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Sintesi

Questa tesi raccoglie parte del lavoro di tre anni svolto presso il Centre Suisse
d’Electronique et de Microtechnique (Neuchétel, Svizzera) sotto la supervisione della
Dr. Martha Liley e in collaborazione con Prof. Horst Vogel dell’ Ecole Polytechnique Fédérale
de Lausanne (Svizzera).

Questo lavoro vuole contribuire allo sviluppo di tecnologie innovative nel trattamento delle
superfici capaci di creare un’ organizzazione laterale di diversi materiali su scala micrometrica
e nanometrica. Si vuole quindi offrire una valida aternativa alle classiche tecniche
litografiche che, pur producendo lavori di alta qualita e precisione, spesso comportano alti
prezzi di produzione e infrastrutture importanti. Inoltre, queste tecniche presentano un limite
di ~70 nm ala dimensione minima delle strutture che possono essere redizzate sulle
superfici.

In questo lavoro sono invece state utilizzate tecniche basate sulla capacita di alcuni sistemi
di auto-organizzarsi. In particolare si € sfruttata la tendenza delle miscele di polimeri
incompatibili e dei bloccopolimeri a formare fasi separate. Film formati da fasi distinte di
polimeri diversi costituiscono le tracce per I'organizzazione di diversi materiali. Questi
materiali sono cosi organizzati alla superficie in strutture la cui grandezza varia dall’ ordine
delle decine di micrometro a quello delle decine di nanometro.

| materiali che piu hanno attratto il nostro interesse sono particelle dal diametro di qualche
nanometro, fatte di semiconduttori (CdSe e ZnS) e di metalli (Au, CoPt; e Co). Le
nanoparticelle presentano proprieta diverse rispetto ai corrispettivi materiali nella forma di

cristalli estesi. Questo € dovuto principalmente a due fenomeni: in una particella i livelli



energetici degli elettroni divengono discreti a causa del loro confinamento spaziale. Poi, gli
effetti di superficie sono molto piu importanti rispetto a quelli che si verificano in un cristallo
esteso. Per esempio, particelle semiconduttrici del diametro di qualche nanometro sono
fluorescenti. La loro fluorescenza € inoltre caratterizzata da lunghi tempi di vita medi. Questo
fatto ha promosso I'indagine, nell’ambito di questa tesi, delle proprieta della fluorescenza di
particelle di ZnS dopate con ioni di Mn. Queste particelle sono risultate avere tempi di vita
medi della loro fluorescenza eccezionalmente lunghi rispetto ai fluorofori utilizzati come
marcatori nelle comuni tecniche di rilevazione dei biosensori. Questa loro singolare proprieta
ha permesso la costruzione di uno strumento semplice e dal prezzo contenuto per la
rilevazione risolta in tempo della fluorescenza delle nanoparticelle. Questa tecnica permette
un notevole aumento del rapporto segnale-rumore nellarilevazione della fluorescenza rispetto
ai metodi convenzionali.

L’ organizzazione di nanoparticelle sulle superfici & stata studiata affrontando due diversi
approcci. In un primo metodo, le nanoparticelle sono state mescolate a una miscela di
polimeri non miscibili e dei film sono stati realizzati con la tecnica dello spin-coating,
tipicamente su delle lamine di vetro o di silicio. Come confermato da simulazioni numeriche,
se le particelle presentano una piu alta affinita per uno dei due polimeri, esse tenderanno a
distribuirsi nella fase corrispondente. Questo comportamento € stato confermato dai nostri
esperimenti. Le dimensioni laterali delle strutture in cui risultano organizzate le nanoparticelle
coprono con continuita gli ordini delle decine di micrometri e al di sotto del micrometro. La
loro forma e stata modellata da una tipologia stocastica ad una ordinata.

Il secondo approccio che € stato studiato consiste nella formazione dei film polimerici
precedente ala decorazione degli stessi con le nanoparticelle. A causa della diversa
interazione dei due polimeri col sistema particella-solvente, un diverso assorbimento delle
nanoparticelle si verifica alla superficie delle due fasi del film. Questa tecnica ha permesso
I’ organizzazione delle nanoparticelle in strutture caratterizzate da periodicita notevolmente
ridotte, tipiche delle decine di nanometri. Rimuovendo le molecole polimeriche per azione di
un plasma, le nanoparticelle sono poi state trasferite su substrati rigidi, preservando la loro
organizzazione.

Sotto particolari condizioni, € stato possibile indurre un’aggregazione delle nanoparticelle
d'oro del diametro di 10 nm, con la conseguente formazione di fili e strutture d'oro
conduttori, la cui larghezza varia dai 25 nm circa al micrometro, mentre la loro lunghezza si
estende per diversi micrometri. La conduttivita’ di tali strutture € stata dimostrata usando un

microscopio a scansione elettronica.



Summary

This thesis describes some of three years work carried at the Centre Suisse d’ Electronique
et de Microtechnique (Neuchétel, Switzerland) under the supervision of Dr. Martha Liley and
in collaboration with Prof. Horst Vogel of the Ecole Polytechnique Fédérale of Lausanne
(Switzerland).

The goal of this work isto contribute to the development of innovative technologies in the
treatment of surfaces, for the lateral organization of various materials on the micrometer and
nanometer scale. The aim is therefore to offer a valid alternative to common lithographic
techniques that often require expensive capital equipment and infrastructures. In spite of the
high-quality and precision of their products, these techniques often have a limit of ~70 nm on
the resolution of the minimum feature size.

In this work, techniques based on the ability of some systems to self-organize were used.
In particular, the tendency of immiscible polymer mixtures and of block copolymers to form
separate phases was exploited. Films made of different polymer phases formed templates for
the organization of various materials, with length scale that varied from some 10 um to some
10 nm.

The materials that were most investigated were particles of the diameter of some
nanometer, made of semiconductors (CdSe and ZnS) and of metals (Au, CoPt; and Co).
These nanoparticles have different properties from the corresponding bulk material. This fact
is due to two main phenomena: in a nanoparticle the electronic energy levels of electrons are
discrete because of their spatial confinement. Also, surface effects arise due to the high
surface to volume atom ratio compared to the bulk material. As an example, semiconductor

particles of the diameter of some nanometers are fluorescent.



Semiconductor nanoparticle fluorescence is usually characterized by long fluorescence
lifetimes. This fact promoted the investigation, in the framework of this thesis, of the
fluorescence properties of Mn-doped ZnS nanoparticles. These particles turned out to have
exceptionally long fluorescence lifetimes compared to the fluorophores commonly used as
fluorescent markers in biological techniques. This singular property allowed the construction
of a simple and cost effective instrument for time-resolved detection of the nanoparticle
fluorescence. This technique allows a remarkable increase of the signal-to-noise ratio
compared to conventional detection methods.

Two approaches were explored to laterally organize nanoparticles on polymer surfaces. In
the first method, the nanoparticles were added into a mixture of immiscible polymers and a
film was formed from the solution by spin-coating, typically on silicon or glass slides.
Numerical simulations by other authors indicate that if the particles have a higher affinity for
one of the two polymers, they will be distributed in the corresponding phase. This behaviour
was confirmed by our experiments. The lateral dimensions of the patterns in which the
nanoparticles organized could be changed with continuity from some 10 um to se sub-
micrometer range. Their shape was modelled from a stochastic to an ordered type.

The second approach explored for the organization of the nanoparticles consisted of the
pre-formation of the polymer films and their subsequent decoration with the nanoparticles.
Due of the different interactions of the two polymers with the particle-solvent system,
different absorption behaviours of the nanoparticles were found on the two polymer phases.
This technique allowed nanoparticle organization on homopolymer demixed films in patterns
having typical sizesin the micron and in the submicron range. Alternatively, the nanoparticles
were organized on block copolymer films in regular patterns having typical periodicities of
the order of 100 nm. Nanoparticles organized on thin block copolymer films could be
transferred on the hard substrate via removal of the polymer molecules by oxygen plasma
etching. This process did not affect the nanoparticle organization.

Under particular conditions, an aggregation of 10 nm gold nanoparticles was induced using
oxygen plasma. This technique allowed the formation of gold nanowires and nanostructures
both on polymer layers and on the hard substrate. Their width varied from about 25 nm to the
micrometer, while their length extended for various micrometers. They presented a fingerprint
like structure or, alternatively, quasi-parallel nanowires extended for several um?, the typical
periodicities being about 100 nm. The conductivity of these nanowires and nanostructures

was demonstrated using SEM.



Chapter 1

| ntroduction

1.1 Nanotechnology and Nanoparticles

In atalk given in 1959 at the annual meeting of the American Physical Society, Richard
Feynman was the first scientist to suggest that devices and materials could someday be
fabricated to atomic specifications without violating the laws of physics. He regarded
microtechnology as a frontier to be overcome in order to develop a new technology able to
produce, assembly and replicate small components [1]. He anticipated concepts that are
nowadays commonly used in nanotechnology such as bottom up and top down approaches to
the fabrication of miniaturized objects. However, it is necessary to wait until September 1981
for the first scientific article on molecular nanotechnology [2].

Investigations of reactive species (free atoms, clusters, reactive particles) throughout the
1970s and 1980s, coupled with new techniques and instruments (innovations in mass
spectrometry, vacuum technology, microscopes, and more) brought nanotechnology to
different fields, including chemistry, physics, material science, engineering, and biology.
Today nanoscale materials represent real and widespread possibilities for interesting
fundamental science aswell as useful technologies.

Nanotechnology and nanoscience are multidisciplinary fields between chemistry, which
deals with atoms, molecules and condensed matter physics, which deals with solids of
essentially an infinite array of bound atoms or molecules of dimension greater than 100 nm.
Fig. 1.1 illustrates typical biological objects whose sizes belong to the significant gap existing
between the two regimes, where particles of 1 to 100 nm (made of 10 to 10° atoms) can be
found [3].
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Fig. 1.1 Size comparison of nanoparticles with bacteria, viruses and molecules.

optical and electronic behaviours of bulk materials can be modified when their size
approaches the nanometer scale. In the last 20 years research has focused on understanding
the origin of these new properties[4].

In the present work we deal with different kinds of nanoparticles whose dimensions vary
from 2.5 to 20 nm in diameter. In the case of semiconductor nanoparticles, they will also be
called quantum dots, since their optical properties strongly depend on their size and they

exhibit quantum effects.

111 Sizeeffectson the density of electronic states

A complete description of the effects of material size confinement cannot be treated in
detail in the present work [6]. Nevertheless, some interesting properties will be briefly
described below.

EA Metal Semiconductor
E Bulk NP Atom Buk NP Atom
i} D ﬁ
EF ‘ ‘ t i
= I B
Densityofstatesr

(@ (b)
Fig. 1.2 Energy levels for the bulk, a nanoparticle (NP) and an atom of (a) metal and (b) semiconductor
materials. Black: occupied states; white: unoccupied states. The Fermi level (Eg) isalso indicated.

—

The formation of ametallic band structure requires a minimum number of electronic levels
of very similar energy so that electrons can move inside the particle by thermal activation.

Delocalisation of electrons in the conduction band is possible as long as the dimension of the



metal particle is a multiple of their de Broglie wavelength A=h/p. Smaller particles have
electrons localized between atomic nuclei and therefore behave like in atypical molecule: the
band structure starts to disappear and discrete energy levels become dominant. Thus, quantum
dots lie in between the atomic and molecular limit of a discrete density of electronic states and
the extended crystalline limit of continuous bands [5;6]. Actually not only in metals, but in
any material, analogous phenomena occur when their size is reduced. For any given
temperature, this occurs at large sizes in semiconductors compared to metals because as the
size of a nanoparticle decreases, the edges of the band structure develop first and the centre
develops last. Thus, in a metal nanoparticle of hundreds of atoms, the Fermi level lies in the
centre of the band where the energy level spacing is still very small and the electrical and
optical properties will resemble those of a continuum (Fig. 1.2a). In semiconductor, however,
the Fermi level lies between two bands, and the electronic level spacing due to size effects is

relevant even at large sizes such as crystallites of 10* atoms (Fig. 1.2b).

1.1.2 Sizeeffectson the number of surface atoms

Another important effect responsible for the change in fundamental properties of a material

on size reduction is the increase in the percentage of surface atoms.

1 shell 2 shell 3 shell 4 shell
Full-shell clusters @ @ @
Total N° of atoms 13 55 147 309
Sur face atoms (%) 92 76 63 52 45 35

Tab. 1.1. Therelationship between the total number of atoms in full-shell clusters and the percentage of
surface atoms.
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Fig. 1.3. (a) Relation between the size of gold particles and their melting point temperature [6].



There are some properties that directly depend on the average coordination numbers of the
participating atoms, such as the melting point or the solid-solid phase transition in a crystal.
The melting point of a solid, for example, is reached when the order of the lattice starts to be
lost; as surface atoms have a smaller coordination number, they are easily rearranged. For
typical bulk materials the melting point is a physical constant, but only as long as the surface
is negligibly small in comparison with the total volume. Tab. 1.1 shows that the number of
surface atoms becomes equal or even exceeds that of the inner core atoms on reducing the
crystal size. In this case the melting process starts at a lower temperature (Fig. 1.3).

As a result of the reduction in the number of neighbouring atoms, surface atoms have

narrower d-bands, so that the density of states can vary considerably.

1.1.3 Theprotective organic shell of the nanoparticles

Colloidal nanocrystals have a solid/liquid interface and, for the colloids to be soluble and
do not aggregate, there must be capping molecules at this interface. Generally two types of
stabilization are used to prevent agglomeration of nanoparticles, namely, steric stabilization
and electrostatic stabilization by steric hindrance or adsorbed molecules [7-8].
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Fig. 1.4. Nanoparticles (a) sIerlcaIIy and (b) electrostatically functionalized with organic molecules.

Steric stabilization (Fig. 1.4a) can be achieved by the adsorption of large molecules, i. e.
polymers, at the surface of the particles. Two distinct effects describe this kind of
stabilization. Firstly, in the interparticle space the adsorbed molecules would be restricted in
motion, which causes a decrease in entropy and thus an increase in the free energy. Moreover,
the interpenetration of the nanoparticle protective shell determines a local increase in
concentration of adsorbed molecules; this causes an osmotic repulsion as the solvent re-
establish the equilibrium by diluting the polymer molecules and separating the particles.

Electrostatic stabilization (Fig. 1.4b) involves the creation of an electrical double layer
arising from ions adsorbed on the surface and associated counterions that surround the

10



particle. Thus, if the electric potential associated with the double layer is sufficiently high, the
Coulombic repulsion between the particles will prevent their aggregation.

Another requirement for good particle stabilization is the use of appropriate solvents. The
stabilizing molecule has to posses a good affinity with the solvent in order to solvate the
particles and form an extended layer for screening the van der Waals attractions between the

particles.

1.1.4 Implicationsfor the miniaturization of electronic devices

In recent years we have witnessed to a continuous process of miniaturization of electronic
devices. If on the one hand we are developing a technology able to product nano-devices, on
the other it is necessary to face the conceptual problems that arise when the dimension of the
electronic components reaches some nanometers: quantum phenomena will increasingly start
to dominate the overall behaviour of such structures and the large surface to volume ratio is
deadly for conventional semiconductor devices.

The electrical conductivity in metals is based on their band structure. As the discrete
energy level structure dominates in nanostructures, Ohm’s law will be no longer valid; we
will be dealing with a very few numbers of charge carriers, if at all, and control of charge and
electrical current on a single electron level will be required. It appears clear therefore that the
miniaturization process towards nano-electronics will not be as natural as it has been for
micro-electronic, but that new concepts need to be developed.

1.2 Bottom-up approaches and self-assembly

Two approaches for the building up of nanoscopic features have been envisaged: the so-
called top-down method and bottom-up methods. In the top down methods, the features are
written directly onto a substrate, for example, by electron beams, and then by applying
appropriate etching and deposition processes, the nanoscopic features are engraved. In the
bottom-up approach, nanocomponents are made from precursors in the liquid, solid, or gas
phase employing either chemical or physical deposition processes that are integrated into
building blocks within the final material structure.

Together with nanoparticles, an impressive variety of nano-building-blocks (e. g. nanorods,
nanocubes, nanotubes, nanowires, etc. [9]), exists and continues to grow with breakthroughs
in synthesis techniques. The application of nanotechnology to areas such as photonics and
electronics, chemical and biological sensors, energy storage, and catalysis requires the

manipulation of these nano-objects into functional materials and devices. Self-assembly
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[10;11] is generally regarded as the most promising means for designing and controlling the
bottom-up assembly of nanometer-scale objects into structures such as sheets, tubes, wires,
nanoelectronic devices and drug delivery systems.

Over the past century, chemists have invented hundreds of reactions that form and
rearrange the strong bound that results when two atoms share electrons, but it’s only in recent
years that scientists have begun to take advantage of the ability to form looser associations
between small molecules. Nature has exploited these interactions in biorecognition and
biomolecular organization for billions of years. This mechanism governs the assembly of
molecules into living organisms, including for example sewing DNA strands into the familiar
double helix, the properties of liquids, the solubility of solids and the organization of
molecules in membranes. Learning from biology, scientists are now developing highly

complex systems from components that interact via non-covalent intermolecular forces.

Free energy of

Kind of interaction . -
interaction w(r)

charge - charge ~-r"

Electrostatic charge - dipole ~-r7?

charge — non polar ~r®

dipole - dipole ~-r®

Van der Waals dipole — non polar ~-r®
non polar — non polar e
Covalent Short range

Hydrogen bond ~-r?

Tab. 1.2. Main physical forces interacting among atoms and molecules and their descriptions in terms of
thekind of interaction and the behaviour of therelative free energy of interaction w(r).

Two main kinds of forces control the physical interactions among atoms and molecules:
electrostatic and van der Waals forces (See ref. [12;13] for more detailed insights). Tab. 1.2
gives a schematic description of these forces and other common interaction among atoms,
molecules and ions. We identified the electrostatic forces with those involving one formally
charged specie, but the classification is actually not rigid. Generally speaking, species
presenting a net charge or a dipole can interact among them via coulombic forces, while the
polarization forces arise from the dipole moments induced in atoms and molecules by electric
fields of nearby charges and permanent dipoles. This last kind of interaction is usually found,

for examples, in solvent medium. Moreover, there are forces in nature that have a quantum
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mechanical origin. Such forces give rise to covalent bonding or to repulsive steric or
exchange interactions that balance the attractive forces at very short distances.

One of the reasons why self-assembly has become a rapidly growing part of organic
chemistry is that it represents one solution to the problem of synthesizing structures larger
than molecules. The stability of covalent bonds enables the synthesis of almost arbitrary
configurations of up to 1000 atoms. Larger molecules, molecular aggregates, and forms of
organized matter more extensive than molecules cannot be synthesized bond-by-bond. Self-
assembly, and the bottom-up approach in general, is one strategy for organizing matter on
these larger scales, providing one solution to the fabrication of ordered aggregates from
components with sizes from nanometers to micrometers; these components fall between the
sizes that can be manipulated by chemistry and those that can be manipulated by conventional
manufacturing. This is the important range of sizes for the development of nanotechnology

(and the expansion of microtechnology into areas other than microelectronics).
1.3 Polymer demixing

1.3.1 Polymers

Polymers are built up of a large number of molecular units (monomers) linked together by
covalent bonds. Usually they are organic compounds made of carbon atoms together with
hydrogen, oxygen etc.. They can be synthetic (polystyrene, polyethylene and other plastics,
artificial fibres, glues, etc.) or have a biological origin (rubber, proteins, nucleic acids such as
DNA, etc.). Polymers are the major components of both natural and artificial composite
materials and can be found in a variety of different physical states: liquid, crystalline, liquid
crystalline and glasses. The polymer chains can be linear, branched or part of a network.
Homopolymers are composed of a single repeated monomer. Copolymers are polymers whose
molecules are formed by different types of repeated units that can either be randomly
arranged along the chain or can be organized in different blocks containing only a single kind
of monomer; in this last case they are called block copolymers.

Despite the very wide variety of different properties of polymers that arise from the
different chemistry that makes them up, it is possible to find some general characteristics
which are the result of generic properties of long, string-like, molecules. As the discussion of
such properties goes beyond the scope of this work, see ref. [14] for an exhaustive description

of polymer physics.
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1.3.2 Theoretical aspects of polymer phase separation

The study of the behaviour of polymer mixtures has been encouraged historically by the
necessity of combining the properties of the different polymeric components in one material.
In the present work, polymer demixing in blends of immiscible polymers is a route to form
structures on almost every kind of surface and to organize nanoparticles in or on them.

The theoretical model for the behaviour of a polymer mixture was proposed by Flory and
Huggins [14;15]. It is based on considerations of the change in the Gibbs free energy of the
whole system. Let us assume that there are fia moles of polymer A contained in a volume A,
and fig moles of polymer B contained in a volume B. If the separation between the two
volumes is removed, the polymer molecules will be free to diffuse in the whole volume
Va + Vg (Fig. 1.5).

n, g n, + g

Vi Vg |::> V,+ Vg

Sa =) SiaB
Fig. 1.5. Variables used in the description of the process of mixing two polymers, denoted A and B.

In order to determine whether mixing would occur, the change in the Gibbs free energy of

mixing (Acmix) has to be considered:
Acimix = GaB - (Ga + &B)
where a, g and ag denote the Gibbs free energy of the compounds A and B in separate
states and of the mixed state, respectively. The Flory-Huggins treatment represents Acmix as
the sum of two contributions:
Acimix = -TAS + Aciioc

which describe the two main aspects of the mixing process. Firstly, mixing leads to an
increase of the entropy associated with the motions of the centre of mass of all the polymer
molecules called trandlational entropy (AS), and secondly, it may change the local
interactions and motions of the monomers (Acioc). The first contribution always favours
mixing; the second term may be favourable or unfavourable, depending on the character of
the monomer-monomer pair interactions. In most cases, for van der Waals interactions, the
attractive energies between equal monomers are stronger than those between unlike pairs.
This behaviour opposes mixing. As a free energy, Aciec @so accounts for changes in the
entropy due to local effects, as is the case, for example, when shrinkage or an expansion of

the total volume occurs.
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The increase in the translational entropy is described by:

A ~ vV _V ~ ~
?S‘:nAInV—A+nBIn@:—nAlnq)A—nBlnq)B

where ¢a and ¢ represent the volume fractions of the two components in the mixture

(¢ + ¢ = 1), and Ris the perfect gas constant.
The change in the local interactions is expressed by the equation:

Adiioc = RT VX,}_’¢A¢B

where 1. denotes the molar volume of a reference unit common to both polymers (e. g. the
monomeric units), while y is the so called Flory-Huggins parameter, which is dimensionless
and determines in an empirical manner the change in the local free energy per reference unit.
The resulting Flory-Huggins formulation for the Gibbs free energy of mixing of polymer
blendis:
ASimix = RTV(?—ZIn O +\¢;—Zln s +%¢A¢B} = RTﬁ{z—iln Op + ’?TBB In g, +;(¢A¢BJ

where it was introduced:

VA:VQ;VB :V?ﬁ—a ; ﬁ'c:X ; NA:V—A and NB:E.

Na Ny A A A

fic is the number of moles of the reference unit, va and vg the molar volumes of the polymers
A and B. Choosing the same monomeric unit of volume v, for both the polymers, Na and Ng
express the degrees of polymerization of the polymers A and B.

The Flory-Huggins equation provides the basis for a general discussion of the miscibility
properties of a pair of polymers. A necessary requirement for mixing is the decrease of the
Gibbs free energy. The entropic contribution to the Gibbs free energy of mixing is always
negative, favouring the mixing; on the other hand AS is extremely small in polymers due to
the typical high molecular weights of their molecules (va, Vs — «°); thusthe critical parameter
inthis case isthe y-parameter:

. If the y-parameter is negative or zero, then mixing takes place.

. If the y~parameter is positive, then the enthalpic contribution opposes the mixing and
no conclusion can be reached a priori. For example Fig. 1.6a shows a case where the y-
parameter, and thus the enthalpic contribution, is postive. The Gibbs free energy

variation can be both positive and negative depending on ¢@a.
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Fig. 1.6. (a) Entropic and enthalpic contributions to the Gibbs free of mixing in the case Na=4Ng=4N and
xN=2.8. (b) Gibbs free of mixing in the case Na=Ng=N and different values of gN. (c) Demixing
mechanism. (d) Binodal and spinodal linesin the case Na=Ng=N.

Fig. 1.6b shows the change in the Gibbs free energy of mixing for different values of the -
parameter in the simplified case Na = Ng = N. Depending on the y-parameter, the curves alter
their shape and above a critical value a maximum between two minima appears. Referring to
Fig. 1.6c, let us suppose we have a polymer blend with an initial relative concentration
polymer-A/polymer-B 30/70 (¢a = 0.3) and a value yN = 2.4. The arrow K indicates that a
homogeneous mixing of A and B would lead to a decrease of Acimix, When compared to two
separate one-components (Acmix = 0). However, as shown by the arrow J, the Gibbs free
energy can be further reduced, if a two-phase structure is formed again, now being composed
of two mixed phases, with composition g’ and ¢a". This further decrease of AGix is only

possible for ga' < ¢ga < @a" (miscibility gap). The boundary between the one-phase and the
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two-phase region is called bimodal line and is determined by the compositions ¢a” and ¢n" of
the equilibrium phase with minimum Gibbs free energies in the miscibility gap (Fig. 1.6d); in
the general case the points of the bimodal line can be determined by the construction of the
tangent to the two minima of the curve of the Gibbs free energy variation.

In this work we are dealing with polymer blends at room temperature, which undergo
solvent evaporation. Thus, we are actually dealing with a system made of three components:
the two polymers and the solvent. These kinds of system have been treated in literature and it
is demonstrated that demixing in a two polymer phases will arise only when the polymer
molecules are present in a certain range of proportions and concentrations [16]. For a diluted
polymer solution the monomer interaction will be low, with y— 0. Solvent evaporation
results in a decrease of the free volume available for local motion of the monomers, lowering
their entropy, while the average monomer spacing diminishes, making them interact. Thus,
solvent evaporation can be described by an increase of y and thus the transformation, under
certain conditions, of the Gibbs free energy of mixing curve from a one-minimum to a two-

minima curve.
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Fig. 1.7. (a) Variation in the Gibbs free energy of mixing due to small fluctuationsin the polymer phase
concentration in the unstable region S and metastableregion N. (b) and (c) Phase formation in the case of
respectively spinodal and nucleation and growth mechanism. The symbol ¢ has been replaced with ¢ for
simplicity.

Immediately after the transition from the homogeneous phase to a two phase region, the
structure is still homogeneous but no longer stable. The type of instability determines which
of two different physical processes, indicated by the arrow N and S of Fig. 1.6b, will occur.
Spontaneous local fluctuations of the polymer concentration result in an increase or decrease

of the Gibbs free energy, depending on the sign of the curvature of Acnix. Case Sin Fig. 1.7a

describes a situation where the homogeneous phase with composition ¢° is unstable because a
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small separation in composition ¢* and ¢~ lowers the free energy; such separations occur
spontaneously and then increase until the lowest Gibbs free energy is achieved, which is the
usual condition given by the tangent to the curve. During this process the amplitude of the
concentration fluctuations increases and the direction of the flow of the A-chains is towards
A-rich regions, as indicated by the arrows in Fig. 1.7b. This region delimited by the two
inflection points is called spinodal line and its boundary is indicated in Fig. 1.6d with the
dashed line.

Case N in Fig. 1.7a represents a metastable phase: small separations in composition all
increase the free energy, but a large composition changes can decrease it. Since small
fluctuations decay, the only way to achieve a decrease in the free energy is a large fluctuation
which leads directly to the formation of a nucleus with the new equilibrium phase with
composition ¢” (Fig. 1.7c). After it has formed it increases in size, with a flux of the A-chains
towards A-poor regions, until equilibrium is achieved. This process is called nucleation and
growth. Fig. 1.7b and c are pictures of typical phase structures resulting respectively from

spinodal decomposition and nucleation and growth behaviour of the polymer blend.

1.3.3 Phase separation in block copolymers

Although the covalent bonds that link the blocks in a block copolymer molecule inhibit
phase separation process, micro-phase separation still takes place leading to different classes
of ordered structures depending on the ratio between the degrees of polymerisation. Fig. 1.8
shows the phase separation diagram for diblock copolymers. For Na << Ng spherical
inclusions of A chains in a B-matrix are formed, forming a body-centred cubic lattice. For
larger values of Na (but still Na < Ng) the A-domains have a cylindrical shape and are
hexagonally arranged. A layered structures forms under symmetrical conditions (Na = Ng),
whilefor Na > Ng the phases are inverted and the A-blocks now constitute the matrix. Under
special conditions a periodic structure occurs (gyroid) in which both phases are continuous.

The lower area of the phase diagram of Fig. 1.8 corresponds to a homogeneous or
disordered phase, analogous to that observed in Fig. 1.6d. However, the line that separates the
homogeneous phase region from the two-phase region does not represent a bimodal line,
because block copolymer melts are a one-component systems and the line therefore describes
a phase transition rather than a miscibility gap. It is interesting to observe that the

homogeneous phase has a larger stability range when compared with a binary symmetric
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mixture: the critical value where the two-phase region begins is given by yN ~ 5 for block

copolymers, while in the analogous case of a binary mixtureit is yN ~ 2.
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Fig. 1.8. Phase diagram of diblock copolymers.

1.3.4 Phase separation on surfaces

The increasing number of applications of polymer thin films has required a deeper
knowledge and understanding of the properties of confined polymer systems and of the
interfacial behaviour of polymers. The molecular shape in a polymer blend or a polymer glass
isellipsoidal [17] and, in a bulk sample, randomly oriented, so that for many purpose it can be
thought of as a sphere characterized by an average value of the radius of gyration

Nb?

R=\"s

where N is the degree of polymerization and b the statistical segment length of the monomer.

Both computer simulations [ 18] and experimental results [19;20] agree that hard walls induce
an orientation of the polymer molecules with their longer axis parallel to the plane of the wall,
resulting in a net reduction of the Ry component normal to the wall compared to the parallel
component. The increase of the chains' orientation along the direction parallel to the wall is
significant in film whose thickness is smaller than 6Rg, with a weak dependency on the
polymer molecular weight [19]. For example, for a polystyrene film with N ~ 1000 and
b = 0.68 nm, these effects must be taken into account within about ~ 50 nm of the interface.
As thin polymer films have a lower glass transition temperature than a bulk system, this

molecular conformation seems to cause an increase in the mobility of the chains[21].
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As the thickness of a film decreases, the surface-to-bulk ratio increases and the average
number of neighbour molecules diminishes. For polymer blends, the Flory-Huggins
interaction parameter y should be corrected by taking into account the reduced number of
interactions [22]. Moreover, depending on the interaction between the substrate and the
polymer molecules, the latter may adsorb on the surface, resulting in a reduced mobility of the
polymer chains at the surface (with the subsequent reduction of the glass transition
temperature [23]), and an induced variation of the polymer concentration profile along the
thickness of the film. This last effect affects the demixing behaviour of polymer blends in thin
polymer films compared to bulk systems [24;25]. The properties of the film will depend on
the specific interaction of the polymers with the substrates or with the air-interface and a
theoretical treatment of the system in general terms becomes difficult. This substrate-polymer
interaction can be used under certain conditions to induce an order in the polymer phase
structures arising from the demixing [26].

For block copolymers, the presence of an interface can affect the orientation of the
microdomains [27]. The polymer phase structure is the result of the equilibrium between the
energetically favourable separation of the blocks, the entropically unfavourable stretching of
the individual blocks and the minimization of the interfacial energy at the polymer/substrate
or polymer/air boundary. Laterally-oriented microdomain structures can appear at the surface
when one of the blocks is strongly adsorbed on the substrate and the polymer film thickness is
comparable with the periodicity of the structure (e. g. the lamella periodicity for symmetric
block copolymers). In this case, the adsorbed block (A, say) forms a tightly bound monolayer
on the surface, while the conformation of the other block (B) depends on different parameters:
if the compatibility of the B monomers with air is poor, individual B chains will collapse
forming either surface spherical micelles or a ribbon structure (cylindrical rods lying on the
surface) of B blocks. The type of surface structure depends on the relative lengths of the
blocks and the interaction parameters, apart from some experimental parameters. In the strong
segregation regime (yN >> 10) the free energy of amicelle (aribbon) is[28]:

F,=Fy +F,A+F°
where Farf = 780 + 18038 + 78Sas iS the sum of the interfacial energies S at the surfaces S
(see Fig. 1.9a for an explanation of the symbols). The other two terms are the free energy of
stretching of the block. The resulting phase diagram depends mainly on Na, Na, 0 and
8 = (8 - m0)/760- An exampleis given in Fig. 1.9b.
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Fig. 1.9. (a) Schematic representation of a micelle on a surface. (b) Phase diagram of a A-b-B diblock
copolymer with A blocks strongly adsorbed on the substrate for ygo=y=0.1 and & = (Yas-Ya0)/¥so = -0.5
[28].

For thicker layer, under equilibrium conditions, symmetric diblock copolymers form
lamellar microdomains characterized by a typical periodicity Lo. When both the interfaces
attract the same block the film thickness is given by t = nLo, where n is an integer number.
When the two boundary surfaces have a better affinity with different blocks, flat films are
found for t = (n + 0.5)Lo. Deviations from these quantized values lead to surface relief
structures that appear on top of the flat film [29].

1.3.5 Phase separation of particlefilled systems

The introduction of hard spheres in a polymer blend corresponds in a certain way to the
introduction of new polymer/hard wall interfaces. It is thus expected that some of the
phenomena observed for phase separation on surfaces will be present in particle-filled
polymer systems.

Vacatello [30] performed computer simulations on polymer systems filled with particles of
a size comparable to the polymer chains and found that the polymer units at the interface of
the filler particles were arranged in densely packed and ordered shells analogous to the layers
found near planar solid surfaces. Even in the absence of specific interactions with the
polymer, the filler particles behaved as highly functional physical cross-links, reducing the
overall mobility of the polymer chains with respect to the unfilled melt. For a given volume
fraction of filler, this effect was more pronounced when the particles were smaller. The
conformational distribution of the polymer was strongly perturbed by the presence of the filler
both on the global and on the local scale. In particular, the average dimensions of chain

segments comprising more than a few units was reduced when compared to the unfilled melt.
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Although the systems simulated by Vacatello were characterized by relatively short
polymer chains (N ~ 100) and large particles (diameters from 10 to 16 times the statistical
segment length of the polymer) with a high particle volume fraction (~ 33 %), his results
nevertheless give an indication of the phenomena arising in polymer/nanoparticle composite
systems.

Cole et al. [31] obtained similar results on the basis of simple geometrical considerations:
particles are linked together when enough close to each other so that individual polymer
molecules are simultaneously in contact with more than one of them, forming bridges.
Qualitatively, a transition between bridging to non-bridging will take place for particle
separations similar to the radius of gyration Ry of an individua polymer molecule. By
numerical simulation, they found that the volume fraction of polymer molecules that have at
least one segment in contact with one particle depends on Ry and the particle radius R as
shown in Fig. 1.10b, where the volume fraction is plotted as a function of the distance z from
the particles. For example, in the case of a nanoparticle with aradius R =2 nm in a matrix of
polystyrene molecules with N ~ 1000 (Ry = 8.6 nm), about 10% of the molecules at a distance
equal to Ry would be in contact with it. The ratio RIRy = = in Fig. 1.10b describes the

distribution of the polymer volume fraction with respect to aflat surface.
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Fig. 1.10. (a) Schematic representation of a polymer/nanoparticles mixture. (b) Volume fraction profiles
corresponding to polymer molecules with at least one segment in contact with a spherical particle. The
different curves correspond-to-different ratios of the particle radius to the radius of gyration of the
polymer molecules [31]. (c) Number of polymer molecules with at least one segment in contact with a
spherical particle, asafunction of the particle radius[31].

Fig. 1.10c shows the value AVIR,® as a function of the ratio RIRy, where / is the total
number of polymer chains that have at least one segment in contact with one particle, while V

is the volume occupied by one polymer molecule. S expresses the number of molecules which
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are able to link a given particle with its neighbours by the formation of the bridge and has the

2
ﬂvzzls.{Rj 14.6(R]
Rg RQ Rg

In the previous example (the density of polystyrene is 1.05 g/cm?) /3 takes the value of ~ 15.

expression:

Although the limitations deriving from simple geometrical assumptions which do not take
into account possible interactions between the polymer molecules and the particles or
problems arising from the reduced particles surface in the limit R — 0 (which determines the
number of available contact site), a schematic picture of the local situation of a system of

particles and polymer molecules is given.

1.4 Aim of thework

Nowadays there is a need to learn how to manipulate nanosized particles and form the
ensemble into periodically ordered particulate materials for application into devices making
use of the special physical properties that arise due to the nanometric crystallite sizes, like the
quantum effects, for example. Designing finite mesostructures with a given geometry is the
future challenge to make use of the special properties of nanoparticles for applications.
Ordered assemblies of nanometer-sized particles are thus an interesting class of nanomaterials
that have exceptional potential to achieve one-two- and three-dimensional structures for a
wide variety of applications ranging from photonic devices to memory devices, two-
dimensional arrays of magnetic nanoparticles [32], or single-electron microelectronic devices,
amongst others [33].

The aim of this work is the organization of different kinds of nanoparticles in ordered
surface structures. The building blocks of these structures are nanoparticles and polymeric
molecules, whose synthesis and property description will not be treated. Some of the
collective physical properties of polymer and composite polymer/nanoparticle systems were
studied. The main effort was dedicated to develop bottom-up techniques for the organization
of the nanoparticles on micrometer, sub-micrometer, nanometer, and multiple length scales.
Top-down techniques, such as soft-lithography techniques, were used to push self-organized
structures towards a higher level of order or a multiple length scale design.

An elegant method to organize nanometric particles is by self-assembly, often inspired by
nature. All of the techniques used and developed in this work were concerned with

overcoming the intrinsic limitations of such powerful techniques as, for example,
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photolithographic methods. In spite of their spectacular successes, they have certain

drawbacks that limit their applicability to new devices and fields of studies:

they can not be used with the many organic and biological materials that are
incompatible with typical photoresist and processes;

as the minimum feature size depends on the source light wavelength and on the
numerical aperture of the optical system, a point will be reached where optical
lithography can no longer reduce the feature sizes [34];

the substrate is usually patterned sequentially and therefore the patterning time
scales linearly with the area to be patterned;

they have difficulties in forming features on curved, uneven, or rough objects;

they can only directly pattern a small set of specialized materials;

they can not reproduce features with complex, three dimensional shapes,

they require expensive capital equipment and infrastructures.

Although bottom-up techniques such those presented in this work are still far from having

the topographical precision and reproducibility of photolithographic methods, they do not

present the problems listed above. In addition, self-organizing systems allow the creation of

even complex structures in few elementary processing steps, with a remarkable reduction of

time and infrastructure compared to lithographic techniques.

Polymeric molecules are ideal building blocks for techniques with the characteristics

described above. This is the reason why we have decided to use homopolymer and block

copolymer self-organizing phase properties to create templates for the organization of

nanoparticles. Working with polymers presents several advantages:

a large variety of environmentally friendly and bio-compatible polymers is
available on the market;

they can be chosen to be soluble in water or in organic solvents depending on the
experimental requirements,

they present self organizing properties and the typical structure length scale can
vary from the micrometer (homopolymer phase separation) to the nanometer
(block-copolymer self assembly);

their structure sizes and morphologies can be controlled by several experimental
parameters;

the patterning by phase separation takes place almost simultaneously over the entire

surface, eliminating the effect of size on processing time;
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e they can be combined with soft lithographic techniques, such as micro-contact
printing [35], capillary rise [36] or other top-down methods;

¢ many kind of substrates can be coated with polymers, irrespective of the material
and the shape;

e they are generally low cost materials and easily purchased.

The introduction of nanoparticles in combination with the polymeric templates is done in
tune with the general principle of simplicity of bottom-up approaches: nanoparticles are mixed
with the polymer solution or adsorbed to the polymer structures and spontaneously self-
organize via non-covalent interactions.

The present work reports on strategies for the organization of nano-sized objects that have
been previously synthesized. This means that a very wide range of objects can be used, such

as metallic, semiconductor nanoparticles or even organic molecules.

1.5 Stateof theart

In recent years the synthesis and study of inorganic nanoparticles has become a major
interdisciplinary research area, resulting from their numerous applications in various fields.

For example, the change in the absorption properties with size in metal particles has found
applications in colouring transparent materials since ancient times [37]. However, the range of
colours and their nuances have been considerably extended up to the present time, as the
ability to control the size and the separation of metal nanoparticles has increased [38].

Research on semiconductor nanoparticles with size-dependent optical properties and
electronic properties is motivated by potential uses in the fields of non-linear optics [39], light
emitting devices and display devices [40], solar cells [41], biological labels (see below),
electronics [42], catalysis [43], among others[44].

15.1 Semiconductor nanoparticles areideal biological labels

Semiconductor nanoparticles have attractive photoluminescence properties that have
stimulated interest in their use as a new class of biological labels with properties and
applications that are not available with traditional organic dyes and fluorescent proteins [45].

Fig. 1.11a and b show the normalized absorption and the emission spectra of fluorescein
(an organic dye [46]) and CdSe nanoparticles of the kind described in 2.1.1. The
semiconductor nanoparticles have a huge absorption spectrum compared to the organic dye.
This allows them to be excited by wavelengths from 500 nm down into the ultraviolet, i. e.

spectrally far from their emission wavelength. This property turns to be extremely
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advantageous for practical applications because it alows efficient filtering of exciting
radiation, without affecting emission detection.

Multicolour analysis with different dyes requires multiple excitation sources and
multiplexed channels recorded simultaneously; this greatly increases the complexity of the
detection systems [47]. To simplify microarray systems and analysis, multiple labelling
applications need an alternative technology to organic fluorophores. Quantum dots could
potentially be this technology. The quantum dot emission spectrum is narrower than that of
the fluorescein molecules (Fig. 1.11) and its centra wavelength can be tuned with the
nanoparticles size (Fig. 2.1b). Nanocrystals with different sizes can be excited with a single
radiation wavelength, resulting in many emission colours that can be detected simultaneously
[48].

Florescein CdSe nanoparticles
I 2.5 nm in diameter
emission
absorption emission
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Fig. 1.11. Absorption and emission spectra of (a) Fluorescein organic molecules [46] and (b) CdSe
nanoparticles of 2.5 nmin diameter.

Another important property of nanoparticles is their low photo-degradation compared to
organic dyes, which makes them particularly suitable for in vivo experiments [48;49].
Synthetic fluorophores or fluorescent proteins are currently used as tracers for in vivo
imaging, but these approaches are restricted by photo-bleaching and the limited availability of
different colours. Dubertret et al. [50] demonstrated that CdSe nanocrystals encapsulated in
phospholipid block copolymer micelles could be used in lineage-tracing experiments in
embryogenesis. Moreover the nanoparticles were found to be stable, non-toxic and slow to
photo-bleach when injected into early-stage embryos. Similarly, Dahan et al. [51] observed
the lateral dynamics of individua glycin receptors tracked with quantum dots in the neuronal

membranes of living cells for periods ranging from milliseconds to minutes. Moreover, the

26



quantum dots, being suitable for TEM imaging, provided information on the precise
localization of diffusing glycin and demonstrated access into the core of the synapse.

One of the main questions that has to be solved for future developments of cell-labelling
techniques based on semiconductor quantum dots is that of their toxicity. CdSe nanoparticles,
for example, were found to be toxic under certain condition due to the release of free Cd ions
during surface oxidation [52]. However, surface coatings such as ZnS and BSA were shown
to significantly reduce their cyto-toxicity. In general, the use of quantum dots in in vivo
experiments must be critically examined because they could induce cell death because of their
inherent chemical composition, although novel mechanisms of toxicity due to their size.

The biological application of quantum dots is also limited by problems in surface
chemistry. Semiconductor nanocrystals can be grown directly in agueous solutions [53;54],
but their size distribution and quantum yield are in general poorer than those of particles
grown in organic surfactants. To make organically synthesized particles water-soluble, the
surface species are generally exchanged with monolayers made of bifunctional molecules
[49;55]. Alternatively, a glass shell may be grown around the nanoparticle. Modification of
silica surface with different groups has been used to control the interaction of the
nanoparticles with the biological sample [48;56]. However, these capping techniques
generally produced quantum dots which tended to aggregate and adsorb non-specifically.
Many efforts have been made during last years to face these problems [57]. Recently Baumle
et al. [58] demonstrated the synthesis of CdSe nanoparticles with high fluorescence quantum
yield directly in water; glutathione was used as a stabilizing agent while the quantum dots
were coated with streptavidin for application as fluorescent probes.

A further peculiarity of semiconductor nanoparticles with respect to common fluorophores

istheir long fluorescence lifetime. This thematic will be discussed in ch. 3.

1.5.2 Nanoparticleswithin polymers

Numerical simulations of phase-separating binary fluids, such as polymer blends, have
found that small (nanometer-sized) mobile particles with a selective affinity for one of the
phases will be concentrated into this phase during demixing [59;60]. This partitioning of the
particles into one of the two polymer phases is analogous to the partitioning of chemical
species in immiscible two-phase solvent systems, often used by chemists as a purification
method [16]. A few authors have studied the distribution of nanoparticles in block copolymer
films. These systems are quite similar to nanoparticles in demixed polymer films, but with

two significant differences: the block copolymer/nanoparticle films are much more ordered
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systems and are much closer to thermodynamic equilibrium than demixed homopolymer films
[61;62]. In addition to the partitioning of the nanoparticles in one of the film phases, there
may be an enrichment of the nanoparticles at the polymer interfaces. This effect has been
described in numerical simulations of both homopolymer blends and block copolymer films
containing nanoparticles [59;61]. The particles accumulate at the interfaces between the
different polymers when their presence reduces the interfacial energy of the system, asis the
case for particles with similar energies of interaction for both polymer phases. Alternatively,
the nanoparticles may accumulate at the interface if their movement across the interface in the
film is hindered.

Polymer/nanoparticle composite films are used today in different fields of technology. One
example is the development of hybrid nanocrystal-organic solar cells. Techniques based on
polymer layers instead of Si allow for the manufacturing of ultra-thin flexible devices. The
mixing of the nanoparticles into a polymer medium allows the creation of charge transfer
junctions with high interfacial area. Solar cells based on polymer/nanocrystal composite
blends have been demonstrated to have promising performances for the development of low
cost solar cell devices[41].

Metal nanoparticles have been used as catalysts on conductive polymer supports and their
influence on electrochemical reactions has been investigated [63]. Recently, it has been
demonstrated that conductive polymer films containing Pd nanoparticles showed enhanced
redox current and discharge capacity for polymer lithium battery devices. The enhanced
activity is attributed to the nanosize dispersion of the nanoparticles within the polymer [64].

Nowadays there is a great interest in the possibility of employing magnetic nanoparticle
assemblies as recording media for extremely high-density magnetic hard disk drives [65].
However, before potential applications can be considered, it is necessary to develop a low-
cost technology capable of producing ordered and addressable features of magnetic domains.
Thus, it is necessary to develop atechnique to organize the nanoparticles in a material suitable
to be processed while keeping their chemical integrity and thus their magnetic properties.
Recently, Mn,, clusters were inserted into mesoporous silicates [66] with pore diameters from
2.5 nm to 10 nm. Although the molecular magnets were organized and isolated from each
other by immobilizing the clusters in the channels of the mesoporous materials, no control of
the inter-cluster distance was achieved. An alternative approach to isolate the magnetic
clusters from each other is their incorporation in organic polymers [67]. Inorganic—organic
hybrid polymers starting from molecular clusters capped by polymerizable organic groups
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were developed [68]; the clusters act as cross-linking centres via polymerization of their shell

with the polymer molecules.

15.3 Lateral organization of nanoparticles

A number of different methods for the organization of pre-synthesized nanoparticles or
other sub-micron and nano-scale objects on surfaces have been reported [8]. These include the
use of optical tweezers to individualy position nanoparticles [69] or of charge-charge
interactions to allow the building up of polyelectrolyte/nanoparticle layer structures and thus
the 3D organization of nanoparticles within polymer layers[70].

Capillary forces on particles have been used to obtain ordered aggregates of nanoparticles.
If a droplet of the colloid suspension is dried slowly on an unpatterned polar surface, the
particles aggregate at the rim of the droplet because of attractive capillary forces between the
particles when the water film thickness is of the dimensions of the particle diameter.
Positioning and adhesion in the suspension liquid are controlled by charge and polar
interactions between the substrate and particle surfaces. Thus, capillary forces between the
particles and the surface laterally displace the particles during drying. After complete
evaporation an irreversible reorganization of the particle-substrate interface occurs. Dewetting
of colloidal dispersions from contoured surfaces, attractive capillary forces and geometric
templating can be combined to provide an attractive method of assembling colloidal particles
into complex aggregates. When an aqueous dispersion of colloidal particles is allowed to
dewet from a patterned solid surface with appropriate relief structures, the particles get
trapped and assemble into aggregates whose structures are determined by the geometric
confinement provided by the templates. By this method, the capability and feasibility of

assembling polystyrene beads and silica colloids (~150 nm in diameter) into complex

aggregates have been demonstrated [ 71].

Colloidal particles can be trapped at a liquid surface as a result of the electrostatic and
surface tension forces. The interaction between the ions/macromolecules in solution and
charged lipid Langmuir layers drives the organization at the air-water interface. The
nanoparticles organized in this fashion by the Langmuir-Blodgett method can then be
transferred onto suitable substrates [72]. The surfaces of these colloidal spheres are modified
such that they will only be partially immersed into the surface of aliquid after they have been
spread onto the air-liquid interface [73]. It is the strong attractive interactions between the
colloidal spheres that lead to the spontaneous formation of a 2D aggregate at the interface.

29



Extended ordered aggregates of nanoparticles of this kind have been realized via strict control
of the experimental parameters[74].

During recent years, numerous template-assisted techniques for the lateral organization of
the nanoparticles have been developed. Self-organization on chemically patterned surfaces
can be achieved in a rather straightforward way by the use of charged surfaces, as the
nanoparticles in suspension are most often charged to prevent coagulation. Substrates are
patterned by molecular layers in mesoscale dimensions. Substrates for such chemisorption are
usualy gold surfaces regiospecifically modified with functionalized thiol molecules by
microcontact printing [75] or silica surfaces that have been photo-patterned by a preadsorbed
cationic monomer [76]. However, only moderate packing density of the particles is achieved
due to their mutual repulsion [77]. One way to overcome this problem is the application of
cationic surfactants that increase the charge shielding and, due to adsorption onto the particle
surface, introduce attractive forces such as van der Waals interaction [78]. In one example,
micro-contact printing of charged species was used to create sites for the selective
nanoparticle adsorption [79].

Periodic arrangements of gold nanoclusters were produced on graphite surfaces having
organized nanodefects created by focused ion beam techniques [80]. Alternatively, the
selective deposition of CdSe nanocrystals onto organic channel-like templates fabricated by
Langmuir-Blodgett technique was achieved by anisotropic dewetting of the nanocrystal
solvent [81].

Biological molecules have also been used as templates, for example oligonucleotides and
their analogues have been used as templates, to electrostatically encapsulate cationic-capped
gold nanoparticles [82]. Protein molecules have the ability to build nanometer sized
supramolecules by self-assembly, which can themselves create higher order structures like
cell components. Mirkin et al. [83] and Alivisatos et al. [84] have shown that complementary
DNA oligonucleotides offer possibilities for self-assembled nanoparticles. The concept of
DNA hybridization-based self-organization of molecular compounds has been applied to the
assembly of DNA-derivatized gold colloids [83;84;85] and the fabrication of 3D particle
structures [86].

Application of an electric field results in structural transitions in the colloidal suspension
because the interparticle electrostatic interactions due to polarization are stronger than
Brownian forces. The tendency of particles in suspension to form structures such as chains
upon application of an electric field was reported centuries ago [87]. Recently, it was

demonstrated that at low fields, where the interparticle electrostatic interaction energies are
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low compared to thermal energies, no significant particle association is generally observed
and the nanoparticles tend to sediment to the bottom electrode, if their density is higher than
the solvent density. However, at field strengths ~1000 V/mm, field-induced structures, such
as chains of touching particles, are formed that do not break up due to thermal fluctuations,
implying that the electrostatic energy at contact was many times kT [88].

The variety of structures available using self-assembled block copolymer films, the
tunability of the scale, shape and periodicity of their domains with their molecular weight,
together with the tendency of metals of selective decorating one phase of the film, make block
copolymers ideal templates for the lateral organization of the nanoparticles. Zehner et al. [89]
described an extremely simple and effective technique for the selective decoration of a phase
separated block copolymer film with thiol passivated gold nanocrystals. A photonic crystal
with improved dielectric contrast was made by selective deposition of CdSe nanocrystals to
one domain of a self-assembled triblock copolymer [90]. Recently, Bockstaller et al. [91]
demonstrated a hierarchically patterned nanostructure of ternary mixtures of two different-
sized nanoparticle species (gold and silica) and a block copolymer by strategic design of the
size and the respective surface coatings of the nanoparticles.

15.4 Synthesisof nanowires

The nanowire research field has developed with exceptional speed in the last few years,
driven by new research and development opportunities such as the smaller and smaller length
scales now used in the semiconductor, opto-electronics, magnetic and biotechnology
industries.

Some of the recent successful syntheses of semiconductor nanowires are based on the so-
called vapour-liquid-solid mechanism of anisotropic crystal growth [92]. However, the
template-assisted synthesis of nanowires is a conceptualy simple and intuitive way to
fabricate nanostructures [93]. These templates may contain very small cylindrical pores or
voids within the host material, and the empty spaces may be filled with the chosen material,
which adopts the pore morphology, to form nanowires. Different porous materials can be used
as host templates for nanowire growth. For example, diblock copolymers [94]: by applying an
electric field while the copolymer was heated above the glass transition temperature of the
two constituent polymers, self-assembled cylinders of PMMA could be aligned in a PS matrix
with their main axis perpendicular to the film. Selective removal of the PMMA component
afforded the preparation of 14 nm diameter ordered pore arrays with a packing density.
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The electrochemical deposition technique has attracted increasing attention for fabricating
nanowires. The length of the deposited nanowires can be controlled by varying the duration of
the electroplating process. This method has been used to synthesize a wide variety of
nanowires e.g. metals [95], conducting polymers [96], superconductors [97], semiconductors
[98], etc.

Selective electrodeposition along the step edges in highly oriented pyrolytic graphite was
used to obtain metallic nanowires [99]. In contrast to the template synthesis approaches
described above, in this method the substrate defines only the position and orientation of the

nanowire, not its diameter.

1.6 Structureof thethesis

This first chapter has been an introduction to the fascinating world of nanotechnology and
self-assembly. In the following chapters, the organization of nanoparticles on polymer
structures created by self assembly is treated in more details.

Chapter 2 briefly describes the nanoparticles, the polymers, the techniques and the
instruments used in this work, a necessary foreword for the further comprehension of the
work.

In chapter 3 the use of semiconductor nanoparticles in biosensor technology is discussed.
Nanoparticle fluorescence lifetime measurements are performed on Mn doped ZnS
nanoparticles and the possibility of using them as fluorescent labels in time gated
fluorescence techniques and as mass labels in refractometric techniques is explored.

In chapter 4 a new technique for the lateral organization of nanoparticles in micrometer
and submicrometer structures is described. This technique is based on the demixing behaviour
of immiscible polymer blends. The nanoparticles are initially mixed to the blend of polymers
and they end up embedded in the polymer film. The particle pattern follows that of one of the
polymer phases. The combination of the demixing process with top-down techniques
introduces a higher degree of order in the structures. A single nanoparticle distribution study
is carried out using confocal microscopy. Finaly, the influence of particle filler on the
demixing behaviour of a polymer blend is discussed.

In chapter 5 different kinds of nanoparticles are organized both on demixed polymer films
and on self assembled block copolymer films. The polymer films are dipped in a solution
containing the nanoparticles and these spontaneously adsorb on one phase of the film
structure. Eventually, the polymer molecules are removed and the nanoparticles end up

organized on the substrate.
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In chapter 6 a procedure for the fabrication of continuous gold nanostructures is described.
The technique is based on the decoration of block copolymer film with gold nanoparticles.
The conductivity of these structures is demonstrated using a scanning electron microscope.

Finally chapter 7 contains the summary and the conclusions of the complete work.
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Chapter 2

M aterials and methods

2.1 Nanoparticles

Some of the properties of the nanoparticles used in this work will be described in this
paragraph. Although these materials have a central role in the economy of the thesis, a
detailed description of their synthesis and their properties is remanded to the references that
will be given for each kind of nanoparticle. However, the findings that will be outlined in

chapters 4 and 5 have a general validity and depend only in part on the nanoparticle used.

2.1.1 CdSesemiconductor nanoparticles

CdSe semiconductor nanoparticles and nanorods were synthesized by |sabelle Geissbiihler
in the Ecole Polytechnique Fédérale of Lausanne (Switzerland) following the method
developed by Murray et al. and modified by Qu et al. [100]. Their production depends on a
temporally discrete nucleation event followed by controlled growth of the existing nuclei.
Temporally discrete nucleation is achieved by a rapid increase in the reagent concentrations
resulting in an abrupt supersaturation which is relieved by the formation of nuclei and their
subsequent growth. The rate of crystallite growth shows a strong dependence on temperature.
Lowering the reaction temperature from ~300°C for the growth of largest crystallites, to
~180°C for the smallest crystallites, allows slow steady growth and low defect densities.
Stabilizing agents such as trioctylphosphine oxide (TOPO) (Fig. 2.1a) prevent aggregation
and precipitation of the nanoparticles during the growth; they attach to the quantum dot
surface as a monolayer via dative bonds and provide a repulsive force to counteract the
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inherent Van der Waals attraction between the quantum dots, passivating also the surface
electronic states. The capped nanocrystals are finally dispersed in toluene.

When experimental constraints required the use of a different solvent, the nanoparticles
were subjected to slow solvent evaporation under vacuum and then redispersed in the new
solvent (e.g. hexane). The new dispersion was subjected to short sonication in ultrasound
bath. New absorption and emission spectra of the nanoparticles were measured in order to
check their state of aggregation and no significant changes were observed. The nanoparticle

solutions were stored at room temperature.
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Fig. 2.1. (a) Schematic of CdSe nanoparticlesand of the TOPO ligand shell. (b) Absorption and emission
spectra of CdSe nanoparticles of different size. In theinset a picture of the different nanoparticles
dispersed in tolueneis shown (the size increase from left toright).

As described in the previous chapter, the energy level scheme of semiconductor
nanoparticles resembles that of an atom, with many discrete energy levels because of the
confinement of electrons and holes in the nanometer-sized crystallites. The separation
between energy levels increases as the particle size decreases. In a large semiconductor
crystal the conduction and the valence energy bands are separated by a forbidden energy gap
Ey of ~2 eV (Eg = 1.7 eV in the case of CdSe). When a semiconductor crystal is excited by a
photon of high enough energy, an electron and a hole are generated. Their motion is
correlated in a way that can be described as the simple Coulomb attraction of the electron and
the hole. As in the case of hydrogen atoms, this attraction leads to bound levels, in the lowest
of which the electron and the hole are bound to each other within an effective Bohr radius,
whose value can vary from 1 nm to 10 nm for common semiconductors. The whole system
can be schematised as the absorption of a photon and the consequent creation of a non-
interacting electron-hole pair and a third particle, called an exciton, that represents the

interaction between electron and hole. The absorption spectrum of a semiconductor crystal
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exhibits a pronounced resonance peak at the energy Eg-R, where Ry is the Rydberg energy
which is inversely proportional to the Bohr radius. As the size of the crystal approaches that
of its Bohr radius, the energy gap Eg increases and splits into discrete energy |evels because of
the spatial confinement [101]. Consequently, the absorption and the emission of
semiconductor crystals are generally shifted to wavelengths in the visible and in the
ultraviolet.

Fig. 2.1b shows the normalized absorption and emission spectra of CdSe nanoparticles in
toluene ranging from 2.5 nm to 4.0 nm in diameter, where the size of the nanoparticles was
estimated from the position of the first absorption maximum (exciton peak) [102]. A decrease
in size corresponds to a blue shift of both spectra. The inset is a picture of the four particle
samples, whose colours range from yellow to red with the increase in the diameter of the
particles. The narrow emission spectra are an indication of the good monodispersity of the
particles (better than 10%).

Phenomena such as the turning on and off of the fluorescence (blinking), the stopping of
the fluorescence (bleaching) and the dependency of the fluorescence intensity on the
polarization of the excitation beam are typical behaviour of single crystal [ 103;104,105].

The blinking mechanism for semiconductor nanoparticles has not been yet fully
understood [103;106]. It is found that the average on time is about inversely proportional to
the excitation intensity, while the average off time is intensity independent. This supports the
hypothesis that blinking is a light-induced process, while the off times are determined by the
spontaneous lifetime of the non-fluorescent state. At the moment, the explanation that finds
more experimental support presupposes that blinking involves electron or hole tunnelling
events that photoionize the quantum dot. Both on time and off time probability density studies
suggest multiple ionisation states and consequently a distribution of recombination rates
[103].

Bleaching events are probably due to photo-oxidation of the nanocrystal surface [107;105].
It is found that single quantum dot emission undergoes a blue-shift under constant irradiation
in air that can be explained by a shrinking of the crystal due to the oxidation of the outer
atoms shell (or shells). As a result of photo-oxidation at the surface, quenching states are
formed at the CdSe/CdSe oxide interface that decrease the number of photons emitted until
the particle does not emit anymore. This model is supported by the fact that bleaching is
found to be slower when nanoparticles are in a nitrogen atmosphere, or if they are capped
with athick inorganic shell [107].
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It has been reported that hexagonal CdSe nanocrystals have large dipole moments that
strongly depend on the exact structure of the nanocrystal and may vary significantly upon
structural changes [108]. The presence of such an intrinsic dipole inside the quantum dot
determines a preferential absorption of the exciting electric field component parallel to the
dipole axis. Thus, the single crystal emission is affected by the polarization of the exciting
radiation.

2.1.2 ZnS:Mn Semiconductor Nanoparticles

Core ZnS semiconductor nanoparticles doped with Mn?* (ZnS:Mn) and core/shell ZnS:Mn
particles capped in a SiO; shell (ZnS:M/SIO,) were synthesized and characterized by
Yvonne Axmann in the Ecole Polytechnique Fédérale of Lausanne (Switzerland), as reported
in [109]. The nanoparticles were prepared by precipitation of precursors from agueous
solution in the presence of L-cysteine as a stabilizing agent. The white precipitate formed
redisolves on formation of the nanoparticles during incubation under N, and thermal treatment
at 60°C. The dispersions obtained were transparent and were purified by dialysis against
NaOH. For SiO, coated particles 3-(mercaptopropyl)methoxysilane was added to the
dispersion to partially replace the cysteine. Sodium silicate was added and the dispersions
were dialyzed against NaOH. The particle size volume weighted distribution from TEM
images indicates an average core diameter of (5 £ 2) nm.
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Fig. 2.2. (@) Schematic description of ZnS:Mn and ZnS:Mn/SiO, nanoparticles. The nanoparticles are
capped with L-cystein molecules negatively charged. (b) Absorption (grey) and emission (black) spectra of
theZnS:Mn nanoparticles.

The absorption and the emission spectra of ZnS quantum dots are shifted to the ultraviolet
compared to CdSe nanocrystals, the ZnS energy gap being E; = 3.6 eV. Doped systems have
an advantage with respect to semiconductor quantum dots such as CdSe nanocrystals, that

their emission depends on the doping metal and not on the particle size, simplifying the
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production procedure that no longer requires an exact control of the crystal growth. Fig. 2.2b
shows the absorption (in grey) and emission (in black) spectra of the ZnS:Mn nanoparticle
dispersion in water. While the excitation still takes place across the band gap, the emission
comes from the electronic states within the d-orbitals of the dopant and is characterized by a
larger Stokes shift with respect to non-doped nanoparticles. The emission spectra of ZnS:Mn
nanoparticles exhibits a peak at 585 nm. The blue emission at about 400 nm is attributed to
shallow electron traps acting as recombination centres for photo generated charge carriers
[109;110].

ZnS:Mn nanoparticles capped with a SiO, shell exhibit a three times higher quantum yield
with respect to simple core particles [109].

2.1.3 Gold Nanoparticles

The gold nanoparticles used in this work were purchased from Sigma (Sigma Aldrich fine
chemicals, St. Luis, USA). Tab. 2.1 shows the size and the concentration of these particles in
the original solutions. The nanoparticles were electrostatically stabilized with citrate
molecules (Fig. 2.3).

Product Size [C]
name (nm) (NPs/mL)

G-1652 200+14 52x10%

G-1527 86+10  6.9x10%
Tab. 2.1. Size and concentration of the Sigma Gold Colloids (NPs=nanoparticles).

H
\ H=-C—Co0
. ) Ho-t—C00 <=
5 H—#—COO’
< citﬁates
[
.2
I
<]
?
2
<
450 500 550 600 650

wavelength (hm)

Fig. 2.3. Normalized absorption spectra for colloidal gold nanoparticles in water. A schematic
description of Au nanoparticles and citrate molecules asligandsis also shown.
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Some of the properties of gold nanoparticles were described in the previous chapter. One
of the most interesting aspects of metal nanoparticles is that their optical properties depend
strongly upon the particle size and shape. Fig. 2.3 shows a blue shift in the adsorption spectra
of gold nanoparticles due to the change in the particle size from 20 nm to 10 nm. Bulk Au
looks yellowish in reflected light, but thin Au films look blue in transmission. This
characteristic blue colour steadily changes to orange, through several tones of purple and red,
asthe particle size is reduced down to ~3 nm. These effects are the result of changesin the so-
called surface plasmon resonance [111], that occurs at the frequency at which conduction
electrons oscillate in response to the alternating electric field of incident electromagnetic
radiation. For particles much smaller than the wavelength of the incident light, the electronsin
the particle move in phase, that is the electrons can be considered to generate a giant dipole
under the influence of the incident radiation. The electron motion determines the generation
of surface polarization charges on each side of the particle, which act as a restoring force on
the electrons, leading to aresonance frequency in the absorption spectrum.

2.1.4 CoPtz Cu Nanoparticles

CoPt; nanoparticles doped with Cu (CoPts:Cu) with dimension of (3.0 + 0.3) nm
(estimated from the diameter distribution measured by TEM) were synthesised by Christoph
Fromman in the Institut fur Nanotechnologie of the Forschungszentrum Karlsruhe in der
Helmholtz-Gemeinschaft (Germany), as reported in [112]. The authors demonstrate that
CoPt3:Cu nanoparticles form assemblies after annealing at 600°C for 30 min and these exhibit
coercive fieldsof 0.35 T at 5K and 0.06 T at 300 K respectively.

H, [oleylamine

@ (b)
Fig. 2.4. (a) Schematic description of CoPt;:Cu nanoparticles. These present an organic shell of
oleylamine. (b) TEM image of the CoPt3:Cu nanoparticles used in the present work [112].

In the present work, as-prepared nanoparticles of the dimension of ~3 nm were used. The

CoPt3:Cu nanoparticles were obtained in a hexane/octane mixture. Their protection organic
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shell consisted of oleic acid and oleyl-amine molecules (Fig. 2.4a). Fig. 2.4b shows a TEM
image of such nanoparticles. The replacement of the solvent with toluene was carried out as
described for the CdSe nanoparticles.

The same synthesis technique was used for the production of Co nanoparticles of about
(5.0 £ 0.5) nm in diameter. Their protection organic shell was constituted by oleic acid and

oleyl-amine molecules as well and they were obtained in toluene.

2.2 Instruments

Fig. 2.5. Scanning Electron Microscope images of a tic over a block-copolymer film: the nanostructures
result to be much smaller (about 50 timesin width) than atic hair.
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Nanotechnology implies not only the controlled production of functional nanostructures,
but also the capacity to analyse and to study them with the proper instruments. Fig. 2.5 givesa
flavour of how small the structures this work is dealing with can be. In the following a general

description of the main instruments used in this work will be given.

2.2.1 Spectrometers

Emission and excitation spectra of samples in solution were performed with a Perkin
Elmer LS 50 B Luminescent Spectrometer (Wellesley, USA).

Absorption spectra of samples in solution were performed with a Perkin EImer Lambda 14
UV/VIS Spectrometer (Wellesley, USA).

During the measurements the samples were contained in quartz cuvettes (Hellma,

Millheim, Germany).

2.2.2 Optical and Fluor escence Microscopy

Optical investigation of polymer and polymer/nanoparticle composite films was performed
using conventional optical microscopy. Fluorescence microscopy was used to observe the
distribution of fluorescence species, such as semiconductor nanoparticles, embedded in
micro-structured polymer films. The fluorescence microscope (Zeiss Axiovert S 100, Zeiss,
Germany) is equipped with a halogen lamp (Zeiss HALL 100, Zeiss, Germany) and a CCD
camera (CF 8/4 DX (C), Kappa, Gleichen, Germany) connected to a computer for image
acquisition. The filters to select the excitation and the observation wavelengths are mounted
on amobile holder that allows their selection during the observation. The microscope working

principle and the filter specifications are shown in Fig. 2.6.
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Fig. 2.6. Working principle and filter specifications of the fluor escence microscope used.
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2.2.3 Confocal Optical Microscopy (CM)

In aconventional wide-field optical microscope, the sample isilluminated fairly uniformly.
Information is obtained in the image plane over the whole field of view of the microscope,
and along the optical axis over the whole sample thickness. A discrimination of depth
information is only attained through contrast, which is highest in the focal plane. Wide-field
microscopy is a fast technique but it is associated with a high background, which can easily
hide small signals. In contrast, CM reduces the background considerably and has an improved
optical resolution.

In CM the image is acquired as a serial process by scanning a confined excitation volume
over the sample and recording the response point by point.

Fig. 2.7aillustrates the confocal principle. The light originating from a point-like source Ps
is imaged via a (dichroic) beam splitter onto the object plane by a lens creating a diffraction-
limited spot. There, the light interacts with the object Po. The same lens collects the resulting
optical signal and images it onto a point-like detector Pp. Hence, light source, object point and
detector are all conjugated points in the imaging system. Light originating from outside the
focus (for example points A and B in Fig. 2.7b) is not imaged onto the detector and therefore
not detected. Moreover points outside the focus are barely excited. This confinement of the
excitation and detection volume reduces background light efficiently, increases optical
resolution and allows acquisition of three-dimensional images of a thick sample by acquiring

images of several object planes, which are combined afterward by a computer.
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Fig. 2.7. Confocal principle. a) The focus is created by imaging a point-like light source Ps via the
objective lensinto the focal plane. Light emerging from the focal volume Py is collected by the same lens,
separated from the source light by a beam splitter BS, imaged onto the detection pinhole Py and detected
by detector D. b) Light emerging from out of focus objects like A and B is not imaged onto the detection
pinhole Pp and is hardly detected.
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One of the CMs used in the present work is a homemade instrument [113]. The laser light
source is an Ar'-laser (main lines: 488 nm/ 100 mW, ION Laser Technology, Utah, USA. A
red HeNe-laser 632.8 nm /5 mW, Polytec, Germany, was used during the alignment
procedures). The beam polarization can be tuned to any state and can be changed between
trace and retrace of the same scanning. The samples are mounted on glass coverslips. The
fluorescence light is collected by the objective lens and filtered by a dichroic beam splitter
reflecting the excitation and transmitting the fluorescence light and a number of emission
filters matching the emission spectra of the nanoparticles under measurement. The spectrally-
cleaned fluorescence light is split by a polarizing cube beam splitter (Newport, USA) into two
perpendicularly polarised beams. Finally the fluorescence light in each of the two beams is
focused by a lens onto the core of a multi-mode fibre connected to a single photon counting
avalanche photodiodes (EG& G, Canada). Therefore, four images can be obtained for every
scan, depending on the polarization of the excitation beam and on the detected polarization of
the light emitted by the nanoparticles.

The second CM used during this work (WITec, Germany) is equipped with a frequency
doubled Nd:YAG laser (meanline 532 nm). This was used in a simplified configuration, with

one tunable polarization of the excitation beam and one detection channel.

2.2.4 Atomic Force Microscopy (AFM)

The AFMs [114] used in the present work are a Scanning Probe Microscope (Dimension
3100, Veeco Digital Instruments, New York, USA) equipped with a NanoScope llla
controller (Veeco, New York, USA) and a Multimode Scanning Probe Microscope (Veeco
Digital Instruments, New Y ork, USA) equipped with a NanoScope |V controller (Veeco, New
York, USA). They are based on the beam-bounce system [115] consisting of an optical beam
reflected from the mirrored surface on the back side of the cantilever onto a position-sensitive
photodetector. In this arrangement a small deflection of the cantilever will tilt the reflected
beam and change the position of beam on the photodetector. A sharp tip extended down from
the end of a cantilever is scanned relative to the sample and a feedback mechanism enables
the piezo-electric scanners to maintain the tip a a constant force (to obtain height
information), or height (to obtain force information) above the sample surface. As the tip
scans the surface of the sample, moving up and down with the profile of the surface, the laser
beam is deflected off the attached cantilever into a four element photodiode. The
photodetector measures the difference in light intensities between the upper and lower

photodetectors, and converts the signal into a voltage.
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Fig. 2.8. AFM working principle.

Many AFM modes have been developed for special purposes while the technique of AFM
was becoming mature. Here only the commonly used modes are described.

In contact mode the tip scans the sample in close contact with the surface. The force on the
tip is in the nano-newton range and it is set by pushing the cantilever against the sample
surface with a piezoelectric positioning element. The deflection of the cantilever is sensed and
compared in a DC feedback amplifier to some desired value of deflection; if the measured
deflection is different from the desired value, the feedback amplifier applies a voltage to the
piezo to raise or lower the sample relative to the cantilever to restore the desired value of
deflection. The voltage that the feedback amplifier applies to the piezo is a measure of the
height of the features on the sample surface, which is displayed as a function of the lateral
position of the sample.

Excessive forces applied by the probe to the sample can cause problems such as, for
example, sample damage and tip damage. Minimizing the contact force can reduce these
effects, but there are practical limits to the magnitude of the force that can be controlled by
the user during operation in ambient environments. In addition, phenomena such as the
adsorption of a water vapour and nitrogen monolayer on the sample and tip surfaces and
electrostatic interactions between the sample and the tip can contribute to additional attractive
forces between the probe and sample. All of these effects combine, creating a substantial
frictional force as the probe scans over the sample. In practice, it appears that these frictional
forces are far more destructive than the normal force and can damage the sample, dull the
cantilever probe and distort the resulting data.

The frictional forces between the tip and the sample can be detected when the cantilever is
moving in the direction perpendicular to its main axis (friction mode). The forces cause

torsion of the cantilever during the scanning, which can be measured by the difference in
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signal between the left and the right photodetectors. Friction and topographical images can be
acquired at the same time during the scanning. This mode can be used to detect variations in
the surface energy of a sample, but does not provide quantitative measurements of it.

Tapping mode is a key advance in AFM. This powerful technique allows high-resolution
topographic imaging of sample surfaces that are easily damaged, loosely bound to their
substrate, or difficult to image by other AFM techniques. It consists in alternately placing the
tip in contact with the surface and then lifting the tip off the surface to avoid dragging the tip
across the surface. The cantilever oscillates near the cantilever's resonant frequency using a
piezoelectric crystal. The oscillating tip is moved toward the surface until it begins to lightly
touch it and then it follows the surface profile continuing the oscillations. When the tip passes
over a bump in the surface, the cantilever has less space to oscillate and the amplitude of
oscillation decreases; conversely, when the tip passes over a depression, the cantilever has
more space to oscillate and the amplitude increases (approaching the maximum free air
amplitude). A digital feedback loop then adjusts the tip-sample separation to maintain
constant amplitude and force on the sample. Unlike contact mode, the tapping mode presents
the advantage that when the tip contacts the surface, it has sufficient oscillation amplitude to
overcome the tip-sample adhesion forces. Also, the surface material is not pulled sideways by
shear forces since the applied force is always vertical.

Phase imaging is a powerful extension of tapping mode that provides information about
surface structure by mapping the phase of the cantilever oscillation during the scan. Together
with the topography of the sample, variations in composition, adhesion and elasticity can be
detected. Applications include identification of contaminants, mapping of different
components in composite materials, and differentiating regions of high and low surface
adhesion or hardness.

2.25 Electron Microscopy

Light microscopes are widely used for imaging due to their relative ease of use. However,
their maximum resolution is determined by the wavelength of the photons that are used to
probe the sample. Since electrons have both wave and particle properties, a beam of electrons
can in some circumstances be made to behave like a beam of radiation. The wavelength is
dependent on the electron energy and can be much smaller than that of light. Nevertheless
they can still interact with the sample due to their electrical charge. Light microscopes allow a
resolution of about 0.2 um, whereas electron microscopes can have resolutions as low as
0.1 nm.
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Electron microscopes [116] make use of high voltage electron beams generated by
thermoionic or field emission that are focused by magnetic lenses on the specimen. They are
then magnified by a series of magnetic lenses until they hit a photographic plate or light
sensitive sensors producing the so-called electron micrograph. The Transmission Electron
Microscope (TEM) produces images by detecting electrons that are transmitted through the
sample, while the Scanning Electron Microscope (SEM) produces images by detecting
secondary electrons which are emitted from the surface due to excitation by the primary
electron beam. Generally, TEM resolution is about an order of magnitude better than SEM
resolution. However, since the SEM image relies on surface processes rather than
transmission, it can produce characteristic 3-dimensional quality images, useful for judging
the surface structure of the sample.

The SEM used in thiswork is a Philips ESEM-FEG XL 30 (Philips, Netherlands), equipped
with an Energy Dispersive X-ray Spectroscopy (EDAX, Mahwah, USA) for chemical
analysis. The electron beam has an energy ranging from a 200 V to 30 keV. As the primary
electrons strike the surface they are elastically and inelastically scattered by atoms in the
sample. Through these scattering events, the primary beam effectively spreads inside a sample
volume and the interactions in this region lead to the subsequent emission of secondary
electrons, back scattered electrons and characteristic X-Ray. By using the appropriate
detectors, images or chemical analyses are obtained. The standard imaging mode consists of
the detection of secondary electrons; due to their low energy, these electrons must originate
from within a few tenths of a nanometer from the surface. The brightness of the signal
depends on the surface area exposed to the primary beam that is relatively small for a flat
surface, but increases for steep surfaces. Thus steep surface and edges tend to be brighter than
flat surfaces, giving images with good three-dimensional contrast. Using this technique,
resolutions on the order of 2 nm are possible.

The TEM (CM 200, Philips, Netherlands equipped with Energy Dispersive X-ray
Spectroscopy, EDAX, Mahwah, USA for chemical analysis) was used for high resolution
images of the nanoparticles embedded in a polymer film.

2.3 Solvents

In this work the solvents had different roles: not only they were used to dissolve polymeric
molecules or nanoparticles, but they also had an active role in the experiments to promote

specific adsorption behaviour of the nanoparticles to different polymer surfaces.
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The use of techniques based on nanoparticle fluorescence detection required the reduction

of sources of sample contamination, as for example the presence of organic molecules in the

solvents. Moreover, the substrate surface energy turned out to be a critical parameter for the

experiment, requiring strict protocols for their cleaning and solvents of an appropriate quality.

Thus, a careful choice of the solvent quality and its handling were fundamental for the

reproducibility and the cleanness of the experiments. In Tab. 2.2 the main solvents used in

thiswork and the relative use is described.

Solvent Quality Production company Use
- L Washing, rinsing,
Water MilliQ MI||Ip0IL(J':‘,SEI||erIC6, polymer and
nanoparticle solvent
Chloroform for spectroscopy Polymer solvent.
Hexane for spectroscopy Nanoparticle solvent.
Cyclohexane puriss for analysis Polymer removal
Merck, Merck & Co. b
Whitehouse Station, Substrate pre-
Acetone for spectroscopy UsA washing
Methanol for spectroscopy Polymer solvent
Ethanol for spectrosco Thiol solvent,
(high quality) » Py polymer removal
(IO\I/E\/th?JnaCl)ilt ) puriss for analysis Fluka, Sigma Aldrich Sjt\jvs;;qatﬁ]pre
q y fine chemicals, St. Luis, 9
USA
Toluene for spectroscopy Pol ymer and
nanoparticle solvent
SigmaAldrich fine
MEK for spectroscopy chemicals, St. Luis, Polymer solvent
USA
Acetic Acid 99.8% VLS Polymer removal
o Rockwood Electronic ] ]
Sulphuric acid 96% VLSI Materials, Rockwood Piranha solution
Hydrogen peroxide VLSl Speciality Group, Piranha solution and
30% Princeton, USA SC-1 solution
Ammonia 28% VLSI SC-1 solution

Tab. 2.2. Description of the solvents used in thiswork and of their use.

2.4 Oxygen plasma

Oxygen plasma processes were performed with an Oxford Instruments Plasmalab 80 Plus

(Oxford Instruments Plasma Technology, Bristol, United Kingdom, equipped with an Astex



AX2107 Microwave Power Generator, Applied Science and Technology, Woburn, USA and a
ENI ACG-3LP4 RF Power Generator, MKS, Wilmington, USA).

Two different kinds of plasma processes were used depending on the application and they
are summarized in Tab. 2.3. A p-wave oxygen plasma was used for surface cleaning. Radio-
frequency (RF) oxygen plasma was used for polymer etching. The duration of the process
depended on the thickness of the polymer layer to be removed and usually ranged between
3 min and 10 min. This process was also used to remove the protective organic shell of gold

nanoparticles.
Gas Holder Generator Generator
Function Gas pressure temperature type Power (W) Time
(Torr) (K) yp
Surface .
cleaning O, 0.250 273 u-wave 250 3 min
- - 20s

Pol {]ma O, 0050 283 +

etching RF 30 3-10min

Tab. 2.3. Summary of the plasma processes used and their function.

2.5 Substrate preparation

The samples were prepared on different substrates, depending on the experimental
requirements.

Glass coverslips (170 um thick, Menzel, Germany) were cleaned by sonication for 30
minutes at 35°C in a 2 % solution of Hellmanex (Hellma, Millheim, Germany) in milliQ
water, and washed in deionised water (3 times 5 minutes with sonication).

Silicon slides (<100>, Siltronix, Archamps, France) were cleaned with the following
procedure:

e Pre-washing: 5 minutes sonication of the slides in a solution of acetone:ethanol
50:50. Rinsing in MilliQ water.

e Removal of organic residues: 10 minutes in piranha solution (sulphuric
acid:hydrogen peroxide 4:1) at 120°C. Abundant rinsing in flowing MilliQ water.

¢ Removal of metal residues: 10 minutes in SC-1 solution (water:ammonia:hydrogen
peroxide 5:1:1) at 70°C. Abundant rinsing in flowing MilliQ water.

The freshly cleaned silicon substrates were highly hydrophilic (advancing water contact
angle below 5°). The substrate surface could be silanized to vary its surface energy.
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Gold and chromium surfaces were produced by thermal evaporation (AUTO 306
Evaporation System, BOC Edwards, United Kingdom) onto a cleaned glass or silicon
substrate. Gold films were formed over a few nanometers of chromium. Approximately
40 nm thick gold films were sufficiently transparent to allow bright-field optical
measurements when required. To avoid contamination, the samples were deposited on the
metal surfaces immediately after evaporation. Gold surfaces were covered by thiol
monolayers to obtain substrates with different surface energies; the freshly evaporated gold
surfaces were dipped for one minute in a solution of ethanol containing hexadecanethiol
(CH3(CHy)15SH, Lancaster Synthesis, United Kingdom), mercaptohexadecanoic acid
(COOH(CH>)15SH, Aldrich, Sigma Aldrich fine chemicals, St. Luis, USA) or a mixture of the
two (typical concentrations: from 0.5 mM to 1 mM), rinsed in ethanol and dried with
nitrogen. CH3(CHy)1sSH confers an hydrophobic character to the gold surface, while the
COOH(CH_2)15SH an hydrophilic one; using a mixture of the two an intermediate wettability

could be achieved.

25.1 Micro-contact printing

Micro-contact printing [35] was used to create lateral variations in surface energy. Two
silicon masters were used to make the poly(dimethylsiloxane) (PDMS, Sylgard 184) stamps.
One was produced by IBM (Zurich, CH) and had photoresist structures on the surface. The
structures that were used in the present work were 10 um wide parallel lines separated by
10 um wide and 1 um deep grooves (periodicity 20 um), and 1 um wide paralel lines
separated by 1 um wide and 1 um deep grooves (periodicity 2 um). The second stamp was in
silicon and was fabricated by IMT (Neuchétel, CH). It had several different surface structures.
We used a structure made of parallel lines separated by 3 um deep grooves; the width of the
lines and of the grooves varied along the structure so that the total width of a consecutive line
and groove was always 8 um. The narrowest line was 1 um wide and the widest 7 um wide.
Before use, the master was silanized with 1H-1H-2H-2H-perfluorodecyltrichlorosilane (A
Better Choice for Research chemicals, Karlsruhe, Germany).

The PDMS stamp was prepared according to the manufacturer’s directions, by mixing 1
part catalyst with 10 parts base resin. The two components were mixed under continuous
stirring for 10 minutes and placed in a vacuum desiccator for 1 hour in order to eliminate air
bubbles from the mixture. The silicon master was placed on a large plastic Petri dish and a
teflon ring was fitted around the edges of the wafer to contain the PDMS. The pre-polymer
was poured onto the wafer and annealed for about 20 hours at 80°C. The PDMS stamp and
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the master were turned upside down during the last two hours of annealing. After the PDMS
stamp was peeled off from the master, AFM and optical investigation generally revealed good
transfer of topography to the PDM S stamp and no PDMS left on the master. The master was
left for 10 minutes in hexane for cleaning, rinsed with hexane and dried under nitrogen. After
cleaning, the masters were immediately covered with a freshly prepared PDMS pre-polymer
in order to avoid surface contamination, and the stamp was annealed as described before. If
the PDM S stamp was not required immediately, the master was stored without its removal.
The resulting PDMS stamps were 4 mm thick and were cut into smal stamps
approximately 0.25 cm? They were stored in plastic pillboxes taking care that the structured
sides were always in contact with the box surface in order to avoid air contamination. The
same PDMS stamp was used several times but always with the same organic molecules.

Before use they were cleaned with ethanol in an ultrasound bath for some minutes and dried

with nitrogen.

thiol W

4
—»
PDMS stamp Aulayer

1 min inking 10 s printing
s BEE o
55 008 357

(© (d)
Fig. 2.9. (a) Scheme of the micro-contact printing technique procedure. (b) Schematic representation of
the gold surface functionalised with hexadecanethiol and mercaptohexadecanoic acid. (c) AFM
topography and (d) AFM friction image of a gold substrate patterned by micro contact printing with
alter nating stripes of hexadecanethiol and mercaptohexadecanoic acid.

The patterns realized by micro-contact printing consisted of monolayers of different kinds
of thiols on gold surfaces [117]. Fig. 2.9a shows a schematic of the procedure used: a PDMS
stamp was inked with CH3(CH,)15SH, 1 mM in ethanol for 1 min and placed in contact with
the freshly evaporated gold surface for 10 s. Aninitial contact occurs locally at protrusions of
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the substrate, then the energy of adhesion and applied normal forces (e.g. gravity or
electrostatic) help the deformation of the stamp, creating a propagating front of conformal
contact. The thiol molecules were thus transferred to the gold surface, strongly binding to it
via the SH groups. The slide was then dipped in a solution of COOH(CH,);5SH, 0.5 mM in
ethanol, for 30 s, so that the rest of the surface was covered with this second thiol. Finally the
prepared surface was washed with ethanol, in order to remove the unbound thiol molecules
and leave a self assembled thiol monolayer on the gold surface.

Fig. 2.9b shows a schematic of such a monolayer: the SH groups of the thiol molecules
strongly bind to the gold surface, while the CHz and COOH molecular end groups are aligned
in stripes following the stamp pattern. The two thiols had the same chain length and thus no
differences in topography were expected between the stripes, as confirmed by AFM studies
(Fig. 2.9c). On the other hand, the chemically different end groups induce different frictional
forces on the AFM tip, which can be detected in AFM friction mode measurements as shown
in Fig. 2.9d. This shows a strong contrast between the stripes with different surface energies.

The stamp shown in Fig. 2.9d is characterized by an equal width of the lines and the
grooves. Careful observation shows that the darker stripes (corresponding to the
CH3(CH,)15SH areas) are wider than the others. This is probably due to the diffusion of thiol
molecules beyond the edges of the stamp during the printing step [118]. Inside the darker
lines lighter spots are visible, which could be due to the presence of COOH(CH,);5SH
molecules on the CH3(CH2)1sSH region. During the dipping process, in fact, phenomena of
COOH(CH_)15SH adsorption or replacement of a CH3(CH,)15sSH molecule can occur. There
were no indications that this effect influenced the results of the experiments.

Surfaces prepared by micro contact printing were coated with polymer immediately after
preparation.

2.6 Polymers

2.6.1 Homopolymers

The homopolymers used in this work are summarized in Tab. 2.4. All the polymers were
dissolved in the required solvent under shaking for some hours and left overnight at room
temperature to alow their complete solubilisation in the solvent. PVA was dissolved in a
water bath at 80°C under continuous stirring for some hours. PSS was dialyzed against MilliQ
water (molecular weight cut-off of 10000) and lyophilized.
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Fig. 2.10. Spin-coating procedur efor the coating of substrates with a polymer film.

Polymer blend A+B
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substrate

Polymer B

l Polymer A

o L

Name Abbr. Scﬂ\é:gts Source Mw Mw/Mp
Poly(styrene) 1890 1.06
—CHCHA; Polymer 10300 1.03
@ toluene S;Sr’:/diife d 101000 1.03
PS cyclohexane Main27 141000 1.03
chloroform G !
ermany 226000 1.06
(PSS
546000 1.02
Poly(methylmethacrylate) PSS and 106000 1.05
cH, Sigma, Sigma
( toluene S
—fen—c
o PMMA  aceticacid  Aldrchfineos0 212
g chemicals, St.
\CH., LUiS, USA
Poly(2-vinylpyridine)
e, ppvp  chloroform PSS 79100  1.05
iy ethanol
Poly(vinylalcohol)
{CMH; PVA water PSS 40500 1.94
(‘)an
Poly(diallyldimethyl
ammonium chloride)
a— cH—— cn— i Poly water,
| j( DADMAC  acetic acid PSS 44800 147
L o S J
Poly(ethyleneimine) ater +
water !
(,NHCHZCHZ N—CH, CH, ,) PEI 0.5M NaCl Sigma 750000 125
éHZCHQNHZ
Poly(sodium 4-
styrenesulfonate) Aldrich,
~ 7 water + SigmaAldrich
(romgn-), PSS. osMNacl finechemicals, ~700%
St Luis, USA

SO Na

Tab. 2.4. Description of the homopolymers used in this wor k
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Common Selective Selective  Concentration
Polymer 1 Polymer 2

solvent solvent 1 solvent 2 (wiv)

PS PMMA toluene cyclohexane acetic acid 1%-3%
PS P2VP chloroform  cyclohexane  ethanol 1%
PVA PolyDADMAC water acetic acid 5%

Tab. 2.5. Pairs of immiscible polymers with relative common and selective solvents and typical
concentrations used.

All the polymer solutions were stored in the fridge to avoid solvent evaporation, but before
the use they were always allowed to equilibrate to room temperature.

The pairs of immiscible polymers used to create structured films by polymer demixing are
shown in Tab. 2.5, together with their common solvent, their selective solvents and the
concentrations typically used. Once the solutions of each polymer were ready, they were
mixed together in the desired ratios and left to mix under shaking for some minutes.

The polymer films were prepared by spin-coating. A drop of solution was deposited on the
clean substrate, the sample holder rotation was started causing the solution to be largely
thrown off the sample and the solvent to evaporate. During the solvent evaporation, the
polymer concentration increases to a threshold value, above which demixing into two phases
takes place. On continued evaporation of the solvent, the polymer film solidifies, ‘freezing in’
the non-equilibrium microphase structure (Fig. 2.10). For the removal of one of the polymer
phases the sample was immersed for 5 minutes in a selective solvent bath and dried under
nitrogen.

The resulting structure is strongly influenced by both the solution characteristics and the
experimental conditions:

e choice of polymers;

e polymer molecular weight;

e common solvent;

e total polymer concentration;

e relative polymer concentration;
e rotation speed;

e substrate surface energy.

PS'IPMMA films made by polymer demixing have been extensively characterized
[25;119]. Fig. 2.11a and b show topographic AFM images of a typical PS/PMMA film made
by spin-coating on a clean (hydrophilic) SiO, surface, before and after removal of PS by
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selective solvent treatment. A comparison between the two images allows identification of the
pillars with the PMMA phase and the matrix with the PS phase.

The film thickness was measured by scratching the polymer film and measuring the step
height with respect to the Si substrate with AFM. The PS phase was found to be (27 + 4) nm
thick, while the PMMA phase was constituted by a (23 = 4) nm thick layer that completely
covered the SiO, surface and 40 nm height pillars on it (see Fig. 2.11c for a schematic of the
section).

substrate
(©)
]
PS: M, = 1890 IR A
PhkdA b, = 106000 Eo- | =
e 49 nm |
& ¢ =0036 .
= " - 7 sibsirate
5 -0.007 A ;
5 (=]
2 w
) )
Eotoanm] [ e
o 2 04, 08 O substrate
0 02 04y 06 08 1 ] .
0 25
um 50
(d) ©

Fig. 2.11. Examples of typical films made by polymer demixing: AFM topography images
(10pmx10pmx100nm) of (a) a PSYSPMM A blend 50/50, 3% toluene, M (PS)=101000, M (PM M A)=106000,
spin-coated on an Si substrate at 7000rpm. (b) The same film after removal of the PS. (c) Schematic
section of the film in a (d) Gibbs free energy variation for a blend made of: PSSPMMA 50/50,
M (PS)=1890, M,(PMM A)=106000. (¢) AFM cross section of the same PSPMMA blend as in c, spin-
coated on an Si surface at 7000rpm, before and after removal of PS and relative schematic sections.

The presence of a PMMA layer that wets the entire SiO, interface is an example of the
surface effects discussed in 1.3.4. Clean SiO; surfaces are highly hydrophilic and PMMA is
preferentially adsorbed on them due to its higher surface energy compared to PS. Surface
effects are even more evident in the measurement shown in Fig. 2.11e theoretical
calculations for the Gibbs free energy variation of a PS/PMMA 50/50 blend with
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Mw(PS) = 1890 and My(PMMA) = 106000 indicate perfect mixing of the polymers (Fig.
2.11d). AFM cross-section measurements of a film made of such a polymer blend spin-coated
on a Si substrate reveal instead that the polymer phases separate into two layers parallel to the
surface. The PMMA wets the polymer/SiO, interface, while the PS completely covers the
polymer/air interface (Fig. 2.11€). The tendency of PS to be enriched at the air/polymer
interface and of PMMA to preferentially wet hydrophilic surfaces are known from literature
[24;25;119].

It is important to note that the film structures used in these experiments are not in
equilibrium because the demixing process was quenched by the evaporation of the solvent.
This implies that the PS and PMMA formed phases are not pure, but are PS-enriched and
PMMA-enriched phases. The presence of molecules of one polymer in the phase of the other
polymer is to be expected. This observation is supported by AFM measurements performed
before and after one phase removal by selective solvent treatment: in addition to the usual
demixing between PS and PMMA that leads to the formation of PMMA domains in a PS
matrix, the presence of PS phasesin a PMMA domain and vice versa is usually verified. This
means that the PMMA nucleuses that form and grow are actually PMMA-enriched phases,

and further demixing takes place inside them.

2.6.2 Block copolymers

The diblock copolymers used in the present work are summarized in Tab. 2.6. They were

dissolved in chloroform, a solvent common to both PS and P2VP, as described for the

homopolymers.
Name Mw Muw/Mpy % block 1 % block 2
18500 111 75 25
196500 1.11 47 53
PS-b-P2VP 217000 1.09 85 15
380000 1.10 50 50

Tab. 2.6. Description of the block copolymers used in thiswork. All the block copolymers were purchased
from Polymer Source (M ontreal, Canada).

PS-b-P2VP films were prepared by dip-coating asillustrated in Fig. 2.12: the substrate was
dipped in a solution containing the polymer molecules and pulled out of the solution at a
controlled velocity (a). The phenomenon that induces the formation of an ordered pattern of
block copolymers on the substrate depends on the solvent evaporation kinetics at the moving
liquid meniscus [120]. When a drop of liquid on a solid substrate evaporates, most of the

liquid loss occurs at or close to the boundaries of the drop, at the three phase contact line
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where the edge of the drop touches the solid substrate. Rapid evaporation pushes the polymer
molecules together, increasing the concentration of molecules close to the meniscus (b). The
driving forces acting in this process, together with the ability of block copolymers to self-

organise, give rise to an ordered and structured film on the substrate (c and d).

PS
2VP

(a) (b} (c) id)
Fig. 2.12 Dip-coating technique.

The high degree of order and the typical length scale characteristic of block copolymer
structures can be quantified using image analysis. The 2D Fast Fourier Transform (FFT) and
Power Spectral Density function (PSD) reveal periodic surface features that might otherwise
appear random and provides a graphic representation of how such features are distributed.
The FFT of Fig. 2.13ais shown in Fig. 2.13b; the block copolymer structures do not have a
preferential direction, but are nevertheless characterized by a typical width and spacing of the
PS ribbons. The resulting FFT is a ring of radius 12 pm™. These values correspond to a
repeated periodicity in the images of 91 nm. The PSD provides a representation of the
amplitude of a surface's roughness as a function of the spatial frequency of the roughness
(The spatial frequency is the inverse of the in-plane spatial wavelength of the roughness
features). Fig. 2.13c shows the PSD of Fig. 2.13a, which exhibits a peak at 12 um™ (gaussian
fits give a standard deviation of 2.4 um™®).
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Fig. 2.13. (a) AFM topography image of a PS-b-P2VP film (M,~=196500) dip-coated from a solution 0.1%
in chloroform at 0.6 mm/min (5umx5umx15nm). (b) Fast Fourier transform of image a, presenting
circular patterns whose radius correspond to 91nm, 45nm and 30nm. (c) Power spectral density and
relative gaussian fit of thefigurea.
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Chapter 3

Nanoparticles for Biosensors

The introduction of semiconductor nanoparticles as new fluorescent labels for biological
applications presents numerous advantages compared to common organic dyes. These
advantages come from the better quality of their spectral behaviour (e. g. large Stokes shifts,
narrow emission, etc.), but also the novelty of specific properties, that allow the combination
of the fluorescence investigation with other analytical techniques (e. g. TEM).

In this chapter the use of ZnS:Mn nanoparticles as new fluorescent labels is investigated.
We demonstrate that this kind of nanoparticles is characterized by exceptionally long
fluorescence lifetime and it is thus suitable for time-gated fluorescence detection technique.
Moreover, the use of ZnS:Mn nanoparticles as mass and fluorescence labels for waveguide
based sensors will be demonstrated.

3.1 Long-lifetime fluorescence labels have many applications

Common organic fluorophores emit from the first allowed singlet-singlet electronic
transition within a few nanoseconds. Apart from lanthanides and transition metal-ligand
complexes, the fluorescence lifetimes of common probes are less than 100 ns. Unfortunately,
many species in a biological sample and optical components also fluoresce with similar
lifetimes (auto-fluorescence background). Long-lifetime fluorescence labels for time-gated
imaging and fluorescence lifetime imaging [121] have long been sought to enhance contrast
in cellular imaging and analysis [122] and lanthanide chelates with lifetimes in the sub-
microsecond to millisecond range have been imaged successfully using fluorescence lifetime

imaging [123].
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Some probes for the detection of substances (e.g. oxygen in blood, oxygen in water or
water leakage from vesicles) are based on collisional quenching [124]. The excited state is
deactivated upon contact with the quencher and is returned to the ground state in a non
emitting way. This quenching affects the apparent fluorescence lifetime of the probe that can
be measured, thus the concentration of the substance can be known. For this kind of
measurements long lifetime probes have the advantage of being more sensitive since the
excited state is longer.

The use of probes having long fluorescence lifetime is usually accompanied by cheap and
compact instrumentation as it will be shown below. This fact is of great importance for the
development of sensing techniquesin clinical analysis applications.

Very long lifetime probes have a limited photon turnover rate and therefore limited
sensitivity. However, this drawback is compensated for by important experimental advantages
that make this kind of probe an interesting subject for study in combination with optical
biosensors.

Semiconductor nanoparticles have long fluorescence lifetime (from ~10 ns to ~10 us) with
respect to common fluorophores [53;125]. The fluorescence lifetime seems to be influenced
by their functionalization and the medium in which they are dispersed [126]. However, only
doped semiconductor nanoparticles are reported to have fluorescence lifetimes comparables to
lanthanides [109;127].

3.2 Waveguide-based optical sensors

During recent years, pharmaceutical research and development as well as food control and
environmental monitoring have demanded analytical techniques able to achieve lower
detection limits, reduced sample and reagent consumption and an increased degree of
multiplexing capability. These requirements gave a strong impulse to the development of
sensors based on thin-film planar waveguide technology. The chemical, biological or
biochemical analyte molecules bind to the sensor surface, giving a quantifiable signal [128].

Fig. 3.1ashows schematically the section of a planar waveguide constituted of three layers.
The central layer, the film, has a higher refractive index than the others, namely the substrate
and the cover (ns > ng; N, see Fig. 3.1b). As a detailed description of the light propagation
modality inside a waveguide is out of the scope of this work, a simplified description will be
given, whileref. [129] is recommended for deeper insight.
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Fig. 3.1. (a) Schematic section of a waveguide. (b) Variation of the refractive index of the waveguide
materialsthrough the section. (c) Grating to couplethelight into the waveguide film.

Light is coupled into the waveguide film by means of a grating (Fig. 3.1c). Analogously to
what happens in an optical fibre, the light propagates in the film layer through multiple total
internal reflections that give rise to interference effects. Due to their confinement, the optical
waves propagate only in a discrete set of states (modes). One of the fundamental parameters
for the description of the propagating behaviour of the light in a waveguide is the so-called
effective refractive index denoted by N. It can be used to express the phase velocity of a mode
in complete analogy to the phase velocity of a wave propagating in free space
(v(mode) = c/N). Due to the boundary conditions, only a discrete set of values exists for N and
they depend on the waveguide structure, the waveguide mode and its polarization. The
coupling conditions depend on different parameters, including the incident angle of the light
¥, its wavelength A, the grating periodicity A and the layer refractive indexes. In the cover
layer an evanescent field is present and extends for some 200 nm from the film/cover
interface. In sensing applications, the cover layer contains the analyte. This interacts with the
waveguide mode when within the evanescent field. Two typical approaches to waveguide

sensing have been developed so far, based on refractometric and fluorescence techniques.

B2 vinding site A B8 bindingsite B
5> analyte A I reference site < anayteB

Fig. 3.2 Schematic of a waveguide sensor with different sensing regions (pad): the different analytes are
specifically and selectively adsorbed on the respective binding sites. The pad R is the reference: it allows
monitoring of changing dueto environmental factorssuch asthetemperature.

61



Generally, the waveguide surface must be functionalised in order to specifically bind the
analyte or the probe. Moreover, diagnostic and screening analyses often require the detection
and the quantification of different analytes at the same time, so that a precise selectivity is
required of the sensing regions (pads). Fig. 3.2 shows a schematic of a waveguide with three
pads for the detection of two different analytes. Analytes A and B are selectively adsorbed on
the A and B binding sites respectively. The pad R serves as a reference: no analyte adsorbs on
it and its signal allows monitoring of the variation of environmental parameters such as the
temperature; these effects induce a similar variation of the signal of all the pads. The final
measurement value is the difference between the measuring pad signal and the reference pad
signal. The chip geometry, the number of sensing unit, the light coupling and the readout
system vary with the kind of instrument and application.

3.2.1 Methodsbased on fluorescence detection

As generally the analyte itself is not fluorescent, fluorescence- or luminescence-based
waveguide techniques require a pre-treatment of the sample to label the analyte or another
analyte-binding molecule to a fluorescence probe. Different detection assays are used today.
One of the most diffused is the competitive assay. For the detection of an analyte, the sensor
is either coated with a given amount of the analyte molecules, and a given amount of labelled
analyte-binding molecules is added with the sample. The analyte molecules in solution
compete with the analyte molecules coated on the sensor for binding the labelled analyte-
binding molecules (Fig. 3.3a). The signal (labelled molecules fixed on the sensor surface) is
inversely proportional to the amount of analyte molecules in the sample. In a non-competitive
assay or sandwich assay, an analyte molecule with at least two binding sites and two
detection-molecules are needed. A first detection-molecule (capture molecule) is fixed on the
sensor surface. The sample is added, the analyte molecules of the sample bind to the capture
molecules and then the labelled second detection-molecules is applied to obtain the sensor
signal (Fig. 3.3b). In this case the signal is directly proportional to the amount of labelled
moleculesthat binds. Different variations around these two formats are also used.

If a fluorescent probe is within the evanescent field and the illumination wavelength falls
within the excitation spectrum of the probe, this will be excited. Alternatively, the probe can
be excited by an illumination source external to the waveguide.

Part of the fluorescence is coupled into the waveguide and propagates through it. A grating
generally couples the fluorescence out of the waveguide and a detector can collect it. This
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form of detection is usually more sensitive than refractometric systems. On the other hand the
system relies on the binding of the analyte molecules with other detection molecules and on
the labelling of the latter with the fluorescent probes. The labelling is often difficult and costly

and may change or inhibit binding of the analyte to the surface.
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Fig. 3.3. Scheme of detection assay in fluorescence- or luminescence-based waveguide detection systems by
(@) competitive assay and (b) sandwich assay. (c) Measuring principle of time-gated fluorescence
detection.

waveguide film

The large absorption spectrum of semiconductor nanoparticles allows the reduction of
technical constraints; if for example a wavelength around 488 nm, typically a helium-neon
laser, is chosen to couple into the waveguide, an entire set of CdSe nanoparticles emitting
from 530nm to above 600 nm will be available as probes for the same system, without the
necessity of external excitation sources. Different fluorescence wavelengths result in different
out-coupling conditions of the light (e.g. different out-coming angles) and the signal relative
to the different probes can be detected and discriminated during the same measurement.

However, our interest in semiconductor nanoparticles was promoted mainly by their usual
long fluorescence lifetime and their resistance to bleaching that make them suitable for time-
gated fluorescence detection.

If a sample containing fluorescent probes, for example nanoparticles, is excited with a
sharp pulse (theoretically a d-function) of light, an initial population (ng) of nanoparticles is
promoted to the excited state. The excited state population decays with arate I'+k, according

to:
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where n(t) is the number of excited nanoparticles at time t following the excitation, I" is the
emissive rate, and k- is the nonradiative decay rate. Emission is a random event and each
excited nanoparticle has the same probability of emitting in a given period of time. This

results in an exponential decay of the excited state population, n(t) = n, exp(—(I" + k,, )t).

During an experiment, what is observed is the fluorescence intensity, which is proportional to
n(t). Writing this decay law in terms of the fluorescence intensity I(t) and integrating it over
the time yields the usual expression for a single exponential decay:
I1(t) =1,exp(—(t/7))

where |o is the intensity at t = 0. The lifetime 1 is the inverse of the total decay rate and
corresponds to the mean time a nanoparticle remains in the excited state following the
excitation. The lifetime is a datistical average and the nanoparticles emit randomly
throughout the decay.

The impulse response function I(t) is what would be observed with a 3-function for the
instrument response. Unfortunately, such systems do not exist and many instrument response
functions (response of an instrument to a zero-lifetime sample) are several nanoseconds wide.
The excitation pulse can be represented by a series of 3-functions with different amplitude.
The measured function is thus the sum of different exponential decays starting with different
amplitudes and at different times. However, the discrimination of the fluorescence signal from
the instrument response function is critical only when the two decay lifetimes are comparable.

Fig. 3.3c shows an example of fluorescence gated detection: in black, the fluorescence
emission decay of a long lifetime probe following a pulse excitation, while the background
auto-fluorescence is shown in grey. Biological samples and optical components, as well as
most organic fluorophores, generally exhibit fluorescence decays in the nanosecond range and
the emission is completely gone some hundreds of ns after the excitation pulse. The probe
emission, however, can still be discriminated from the background signal after 1.8 ms. The
long fluorescence lifetime is thus a means to distinguish one or more fluorescent species even
if they emit at similar wavelengths. Moreover, the signal-to-noise ratio is reduced if the
fluorescence signal is integrated over an appropriate time window, for which the background
fluorescence is quasi-zero, but the nanoparticle emission is still high (in grey in the figure).

From the point of view of the instrumentation required, gated detection allows an

improvement of the signal-to-noise ratio and thus of the sensitivity of the instrument.
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Moreover, it avoids saturation of the detectors by background which can result in a significant
dead time before the signal can be acquired again. Very long lifetime probes in the micro and
millisecond time domain do not require a particularly fast and typically very delicate and

expensive instrumentation.

3.2.2 Methodsbased on refractometric detection

In refractometric waveguide sensing, the adsorption or the desorption of the analyte
molecules on the waveguide surface gives a variation in the effective refractive index of the
waveguide. This results in a variation of the coupling conditions, for example, the output
angle of the light, that can be detected. This kind of sensor has the advantage of not requiring
labelling of the sample for detection because what is detected is the mass change at the
waveguide surface. The sensitivity of sensors based on label-free analyte detection [130] is
directly related to the molecular mass of the analyte. When low detection limits are required
the sensitivity may not be sufficient. In order to achieve lower detection limits, mass labels
such as latex particles or colloidal gold nanoparticles have been introduced for signal
enhancement [131].

Among the instruments based on refractometric measurements for sensing application
there is the wavelength-interrogated optical sensor (WIOS) [132]. Fig. 3.4 shows a schematic
of the working principle of the WIOS system. The sensor chip is based on a monomode
waveguide structured with two grating regions. The first one acts as in-coupling pad for the
incident beam, and the second grating for coupling the light out of the waveguide onto the
detector. The input grating is illuminated through the transparent substrate with a beam of a
tuneable laser at a fixed angle 9;; the wavelength A(t) of the laser is modulated around
763 nm.

T e
I
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Fig. 3.4. Working principle of WIOS system: the resonance peak of a grating coupler is scanned by means
of acurrent tuneable laser diode. The resonance peak position depends on the effective refractive index of
the waveguide [132].
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The WIOS system has been demonstrated to have excellent performances for bulk
refractometry and affinity measurements. The bulk refractometric measurements show a
detection limit of <10°®. For detecting small molecules, a standard deviation in terms of mass
coverage of 100 fg/mm? was obtained, corresponding to a detection limit of 0.3 pg/mm?.

3.3 ZnS:Mn nanoparticles have long fluorescence lifetimes

Feasibility studies of the use of doped ZnS:Mn semiconductor nanoparticles as new labels
to be combined with waveguide-based optical biosensors were performed in this work.

As afirst approach, the possibility to use these nanoparticles for time-gated fluorescence
techniques was explored. A cheap and compact set-up for time-gated detection wasrealized in
CSEM. Thus, fluorescence lifetime measurements of the ZnS:Mn nanoparticles were
performed. The nanoparticles exhibited exceptionally long fluorescence lifetimes and time-

gated detection was performed to study the resistance of the nanoparticles to photobleaching.

331 Setupin CSEM

The set-up realized in CSEM is shown in Fig. 3.5a. The excitation source was a xenon
flash lamp (Perkin Elmer FX 1151, Wellesley, USA equipped with a Perkin Elmer FlashPac
LS 1130-2, Wellesley, USA, max flash rate 160 Hz) that was filtered to match the absorption
spectra of the fluorescent probes (SCHOTT UG 11, Mainz, Germany, band-pass: 240 nm < A
< 400 nm for the ZnS:Mn nanoparticles; SCHOTT BG 3, Mainz, Germany, band-pass: 260
nm < A < 500 nm for the FluoSpheres). The filter was mounted between two UV lenses
(Edmund Industrie Optik M08-004, Karlsruhe, Germany, focal distance: 50 mm) to focus the
excitation light on the sample. Filter, lenses and collimator were mounted on the same support
and surrounded with black paper to isolate them from external light sources. The liquid
samples were contained in quartz cuvettes (Hellma, Millheim, Germany). Alternatively, a
drop of solution was deposited on a quartz dide and dried under vacuum in a desiccator for
about 30 min. Both the slides and the cuvettes were mounted on a 3D translation stage which
could be rotated to allow the alignment and the focusing of the optical components.

The emission light was filtered (Omega Optical XF-1082, Brattleboro, USA, band-pass:
570nm < A < 644 nm) and collected on a silicon detector (Femto photoreceiver PR-X, Femto
Messtechnik, Berlin, Germany). Again, the filter was mounted on a support between two
achromatic lenses (Edmund Industrie Optik M32-323, Karlsruhe, Germany, focal distance: 50
mm) and surrounded, together with the detector, with black paper. The silicon detector was
replaced with a CCD camera (Sony X C-75CE, Tokyo, Japan) during the alignment procedure,
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to alow the correct alignment and focusing of the detector on the central part of the cuvette or
the sensing area of the sensor chip. The excitation light was chopped at a frequency controlled
by a lock-in amplifier (Stanford Research System SR 530, Sunnyvale, Canada) that triggered
the acquisition of data from the detector. The lock-in amplifier was interfaced to a computer

and all the set up was controlled by a program written in LabView.
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Fig. 3.5. (a) Time-gated fluorescence detection set up @CSEM. (b) Fluorescence decay for FluoSphere
beads (grey triangles), core and cor e/shell nanoparticles (respectively black circles and black squares); the
background fluor escence decay is also reported (grey crosses).

3.3.2 Lifetime measurements

Fluorescence lifetime measurements and photostability tests were performed on ZnS:Mn
nanoparticles to demonstrate their use in time-gated fluorescence. The same measurements
were performed on 40 nm europium-luminescent carboxylate-modified microspheres
(FluoSpheres 365/610, Molecular Probes F-20880, Eugene, USA) as a comparison. These
beads contain Eu** coordination complexes with luminescence decay times of > 600 s and
are well known for their large Stokes shift (~240 nm), their photostability and their long
fluorescence lifetime that make them excellent probes in time-gated fluorescence techniques.

Fig. 3.5b shows typical fluorescence decay curves acquired with the set up in Fig. 3.5a
The flash lamp excited the sample solution in the quartz cuvettes at t = O at a frequency of
30 Hz, while the acquisition was done at 500 kHz. The data curves plotted in the figure are
the average of 30 consecutive measurements. The fluorescence decay following the flash

excitation was measured for ZnS:Mn core nanoparticles (black circles) and ZnS:Mn/SiO,
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core/shell nanoparticles (black squares), as well as for the Eu luminescent FluoSphere beads
(0.005% in MilliQ water, grey triangles). The nanoparticles were dispersed in a solution of
NaOH 0.01 M in MilliQ water. The measurements were repeated with three different
nanoparticle concentrations: 10 mg/mL, 5 mg/mL and 1 mg/mL. Finally, the same
measurement was repeated for a cuvette containing NaOH only to evaluate the background
fluorescence (light grey crosses).

From Fig. 3.5b it is clear that the background fluorescence decays faster than the probe
fluorescence, and after 0.05 ms it reaches its minimum value. The data from the probe decays
were fitted with exponential decay curves. Due to the long fluorescence lifetimes of the
probes, the deconvolution of the fluorescence signal from the instrument response function
was not performed, but the data acquired in the range 0.00 ms < t < 0.05 ms were excluded
from the data analysis. The FluoSphere bead fluorescence decay was fitted to a single
exponential curve with a lifetime of 590 + 10 us. The nanoparticle decay data were better
fitted by a double exponential decay function

[(t)=1,+o, exp(t/z)+a,expt/z,)
the parameters fitted being lo, the amplitudes o1 and o, and the lifetimes 7 and 7. The
reasons for the double exponential decay are unknown. This result could be an indication of
the presence of two different populations of nanoparticles in the sample. Alternatively, the
fluorescence emission could be generated by two (or more) electron recombination
mechanism, each characterized by its own probability. The fractional contribution ¢ of each
decay time to the steady-state intensity was introduced; these values ware used as weights for
the computation of an average lifetime<z>:
o,
“= Z Ty
k

Tab. 3.1 shows the results of the fits of the measurements. Mathematically it is found that

and <7>=) 07, .

the values 7 and ¢ are correlated [133]. This fact was neglected in the error treatment for
simplicity and the errors of the values ¢ and < 7> are therefore probably underestimated.

The lifetime measurements for the core/shell nanoparticles were performed on the same
sample. These measurements allow an estimation of the reproducibility of the measuring and
the data analysis procedures. The 7, ¢ and <7> values are al equa for the three
measurements within the experimental errors, indicating a good reproducibly of the

experimental procedure.
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Nanoparticles o1 (%) T1 (U9 @ (%) T2 (U9 <> (U9

ZnSMn 91+14 710430 942 120+ 11 650 + 130
ZnSIMn (*) 93+ 16 680 + 34 7+2 99+ 14 640 + 140
ZnS:Mn (**) 93+20 630 + 40 7+4 70+ 16 590 + 180
ZnSMn/SiO; 92+7 930+45 7.8+06 155 + 12 870 + 110
ZnSMn/Sio,  92+11 960+ 70 81+09 160+ 17 890 + 170
ZnSMn/Sio,  92+17 860 + 60 76+14 140+ 16 810+ 120
Eu** FluoSphere 100 590 + 10 - - 590 + 10

Tab. 3.1. Fluorescence lifetime measurement results relative to ZnS:Mn and ZnS:Mn/SiO, nanoparticles
obtained with the set up in Fig. 3.5a. Typical nanoparticle concentration: 10mg/mL. (*) [ZnS:Mn NPs]=5
mg/mL; (**) [ZnS:Mn NPs]=1 mg/mL.

Both the ZnS:Mn and the ZnS:Mn/SiO, nanoparticles exhibit long fluorescence lifetimes.
The average lifetimes are similar to or longer than the FluoSphere bead lifetime. The longer
fluorescence lifetime contributes to about 90% of the steady-state fluorescence for both kinds
of nanoparticles. In particular, the core-shell nanoparticles exhibit a longer fluorescence

lifetime compared to the core nanoparticles.

3.3.3 Fluorescence quenching

Steady state measurements indicated an increase of the nanoparticle quantum yield with
their dilution when their concentration was above 0.4 mg/mL [109]. We investigated the
possihility that this phenomenon might be due to self-quenching [124] between the
nanoparticles. Self-quenching occurs when the nanoparticles collide with each other, allowing
nonradiative relaxation of the electrons to the ground state and quenching the fluorescence. In
presence of self-quenching the measured fluorescence lifetime decreases because this
introduces an additional methods for non-radiative electron relaxation.

If such a phenomenon occurs at relatively low concentrations, the use of ZnS:Mn
nanoparticles as fluorescent probes would be complicated by the dependency of the
fluorescence lifetimes on the particles concentration. Detection techniques based on
collisional quenching would require a careful study of this dependency and a strict control of
the nanoparticle concentration in solution.

Tab. 3.1 show the results of the measurements performed on ZnS:Mn nanoparticles having
three different concentrations in solution. The three average lifetimes are equal to within the

experimental errors and there is no indication of self quenching.
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The measurements described above were performed on samples dispersed in water. The
same measurements were repeated on core nanoparticles deposited on a quartz dide and dried
as described. Here also the long lifetime fluorescence was the major component of the steady-
state fluorescence and had a lifetime of 1, = (660 = 120) us, while the short lifetime was
T, = (120 + 30) us. The values are averages of three measurements and the errors the maximal
differences among them. As these measurements are in agreement with those performed on
bulk samples, it is concluded that no self quenching is observed for nanoparticle concentration
[C] 21 mg/mL.

3.3.4 Fluorescence bleaching

The same set up was used to study the fluorescence bleaching of the nanoparticles in

solution. For comparison, identical measurements were performed on the FluoSphere beads.
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Fig. 3.6. Fluorescence bleaching measurement for (a) FluoSpheres beads and (b) ZnS:Mn/SiO2
nanoparticles. (c) The same measurement for the background. (d) Distribution of the measurementsin c
acquired over 18 min.
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Time gated fluorescence intensity measurements were performed. The sample was
illuminated by the flash lamp at a rate of 30Hz for time period up to 15 min. The
fluorescence decay curve was automatically integrated by the software of the set up in the
timewindow 0.05s<1t<0.50 s, asindicated in Fig. 3.5b.

Fig. 3.6 shows the results of these measurements where each data point is the average of 30
consecutive measurements. The data were fitted with a single exponential decay. Fig. 3.6a
shows the fluorescence bleaching behaviour for the FluoSphere beads. The time constant of
the fit was (85 £ 2) s; Fig. 3.6b shows the same measurement performed on the core shell
nanoparticles, which exhibit a time constant of (74 + 1) s. Nanoparticles and FluoSpheres
have comparable performances.

The same measurement was repeated for a NaOH solution in order to monitor fluorescence
noise due to environmental effects. Fig. 3.6¢c shows the background values as a function of
time, while Fig. 3.6d shows the distribution of these values. The major source of error is
represented by the fluctuation of the flash lamp intensity. The histogram was fitted to a
gaussian function with a maximum at X, = 7.945x10° integral area units and a standard
deviation 6 = 0.012x107° integral area units. This standard deviation represents the error on a
single fluorescence integral measurement due to noise fluctuation.

ZnS:Mn nanoparticles exhibited fluorescence bleaching rates comparable to the

FluoSphere beads. We conclude that they are highly resistant to photobleaching.

3.3.5 Lifetime measurementsat the CNRS, Mulhouse

Fluorescence lifetime measurements of core and core/shell ZnS:Mn nanoparticles were
repeated at the CNRS, Mulhouse [134]. This institute possesses, in fact, a more sophisticated
set up for fluorescence lifetime studies. The measurements served as confirmation of the
experimental results obtained at CSEM.

The set up is shown in Fig. 3.7a. To obtain the right excitation wavelength to excite the
nanoparticles, the emission at 355 nm of a Nd:YAG laser was first split in two beams at 829
nm and 620 nm by an optical parametric oscillator; then the emission at 620 nm was doubled
in frequency to get an excitation wavelength at 310 nm. The beam was collected by a pulse
picker that provided an excitation rate of 50 Hz. All the measurements were performed in
solution and the samples were contained in a quartz cuvette.

Before the lifetime measurements, the excitation radiation was allowed to stabilize. Thus,

the instrument response function was measured using pure water in the place of the sample.
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This function isreported in Fig. 3.7b (laser pulse). As the instrument response function is4 ns
wide (FWHM), decays with lifetime of the same order (or longer) can be resolved.
Fluorescence lifetime measurements were performed for both the nanoparticle emissions at
380 nm and 590 nm. The measurements were performed on 7.50 mg/mL and 0.75 mg/mL
solutions of core ZnS:Mn and core/shell ZnS:Mn/SiO, nanoparticles in 0.01 M NaOH. Fig.

3.7b and ¢ show examples of these measurements for core-shell nanoparticles at the higher
concentration.
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Fig. 3.7. (a) Set-up for fluorescence lifetime measurements @CNRS of Mulhouse. Fluor escence decays of
ZnS:Mn/SiO;, nanoparticles (NPs) 7.50 mg/mL concentrated in water containing 0.01 M NaOH for the
emission at (b) 590 nm and (c) 380 nm.

Nanoparticles @ (%) T1 (U9 0 (%) T2 (1S) <1> (us)
ZnS:Mn 84+18 106060 16+4  240+17 930+250

ZnSIMn (**) 96+40 1030+ 140 4+4 110+60 990 + 560

ZnSMn/SiO, 93+17 1740+120 65+17 254125  1640+400

ZnSMn/SIO2 (**) 97+18 1900+120 26+10 50+10 1850%450

Tab. 3.2. Fluorescence life time measurement results relative to the emission at 590 nm of ZnS:Mn and
ZnS:Mn/SiO, nanoparticles (NPs) obtained with the set up in Fig. 3.7a. Typical concentration 7.5mg/mL;
(**) [ZnS:Mn NPs]=0.75 mg/mL.

72



The data were treated with the same software and the same procedure as the data collected
a CSEM for al the emissions a 590 nm. The curves were not deconvoluted from the
instrument response function due to the long decay constant. However, the data in the interval
0.0 ms<t< 1.2 ms were excluded from the data analysis. The curves were fitted to a double
exponential decay and the results are shown in Tab. 3.2.

The long fluorescence lifetime component contributes ~90% of the steady state
fluorescence for al the samples. For the core nanoparticles the lifetime values obtained in
CSEM and at the CNRS are identical, to within experimental errors. However, the lifetime
measured for the core/shell nanoparticles at the CNRS are slightly longer than the values
obtained at CSEM. The reasons for this difference are not clear.

The fluorescence emission at 380 nm was also measured for al the samples. As the
lifetime values were in the nanosecond range, the data were deconvoluted from the instrument
response function before treatment. The data were fitted to a double exponential decay and the
results are shown in Tab. 3.3. The data analysis was performed at Mulhouse and the errors on
the ¢ values were neglected in the error propagation treatment. Core and core/shell

nanoparticles are found to have an average fluorescence lifetime of respectively ~4 ns and

~10ns.
Nanoparticles @1 (%) 71 (NS @ (%) T2 (n9) <t>(ng)
ZnS:Mn 72+5 0.77 £0.01 28+2 11.78+0.08 39+03

ZnS:Mn (**) 66.4+15 1.085+0.005 33.6+0.7 9.50+0.02 3.91+0.09

ZnS:Mn/SiO, 520+04 1.776+0.007 48.0£03 2460+0.08 12.73+0.13

ZnSMn/SiO2 (**) 62+ 3 1.90+0.05 38+1 20.96 + 0.08 9.1+03

Tab. 3.3. Fluorescence lifetime measurement results relative to the emission at 380 nm of ZnS:Mn and
ZnS:Mn/SiO, nanoparticles (NPs) obtained with the set up in Fig. 3.7a. Typical concentration 7.5mg/mL.
(**) [ZnS:Mn NPs]=0.75 mg/mL.

3.3.6 Conclusions

Core and core-shell ZnS:Mn nanoparticles exhibited long fluorescence lifetimes and high
resistance to photobleaching. Their performances were compared with europium
luminescence FluoSphere beads which are well known for their long fluorescence lifetimes
and their high resistance to photobleaching. The nanoparticles exhibit longer fluorescence
lifetime, while their resistance to photobleaching was slightly lower. The semiconductor

nanoparticles exhibited these excellent properties both in solution and in the dry state.
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The decay curve for the orange emission of core nanoparticles showed a double
exponential decay with an initial fast decay (t ~ 100 ps), followed by a slow decay with a
decay time of 670 us. Decay time measurements for the orange emission of the core/shell
nanoparticles show that, after an initial fast decay (t ~ 150 us), a dow single exponential
decay with a decay time of 900 us is present. Fluorescence lifetime measurements were
repeated with a more sophisticated instrumentation in the CNRS of Mulhouse. While the
same values were found for core nanoparticle fluorescent lifetime to within the experimental
errors, core/shell nanoparticles exhibited a longer decay, characterized by a first fast decay
time of ~ 150 us and a longer decay time of 1.8 ms. These last results are in agreement with
the decays of ZnS:Mn emission observed by other groups [135;136].

In the measurements performed in CSEM and CMRS, longer fluorescence lifetimes were
found for core/shell nanoparticles compared to core nanoparticles both for the bulk and for the
dopant emission. Moreover, the core-shell nanoparticles quantum yield is higher than the
core nanoparticles quantum yield [109]. The reasons for this behaviour may be found in the
surface states of the nanoparticles. The main degradation mechanism for semiconductor
nanoparticles is the photo-oxidation of the surface that causes the formation of electron traps,
leading to a decrease in the number of emitted photons. One of the solutions to this problem
consists in capping the nanocrystal with an inorganic shell that binds to the core, minimizing
the number of defects at its surface [137]. The shell saturates some electron traps at the
surface of the nanoparticle core from where the electrons recombined non-radiatively. If these
traps are reduced the quantum yield increases because a higher number of electrons
participates to the fluorescence emission; the increase of the lifetime is due to the suppression
of the trap recombination, which was an additional rate process that depopulated the excited
state.

A change of the nanoparticle’s fluorescence lifetime was expected when comparing the
two states in which the nanoparticles are surrounded by solvent molecules and in which they
are dried on the substrate [134]. Core nanoparticles have in fact their surface electronic states
exposed to the external environment, although a shell of organic molecules covers the surface.
Thus, it was expected that the surrounding molecules could influence the electron relaxation
rate relative to surface states. On the contrary, no effect was observed. We hypothesize that
this organic shell may be sufficient to completely mask the core from the environment.

Alternatively, the set up may be not enough sensitive to detect these changes.
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The possibility of performing time-gated fluorescence detection with ZnS:Mn
nanoparticles was explored; thanks to their performances, a simple and cheap set-up for time-
gated fluorescence intensity measurements was redlized in CSEM and first feasibility
measurements were performed. The nanoparticles exhibit fluorescence signals well above the

background and their emission could be clearly distinguished from that of the environment.

3.4 Nanoparticles used with waveguide-based sensors

In 3.2 sensors based on thin-film planar waveguide technology were introduced as
biosensors able to fulfil the demand for high sensibility, reduced sample and reagent
consumption and increasing degree of multiplexing capability. The possibility to use ZnS:Mn
nanoparticles in combination with this kind of sensors will be thus explored in this section, as
apromising line of development for innovating biosensors.

One route for the improvement of waveguide-based sensor sensitivity and accuracy is the
combination of fluorescence and refractometric detection. However, this requires that the
fluorescence labels are clearly detectable by refractometric measurements. We will
demonstrate that the ZnS:Mn nanoparticles can be used as mass labels for waveguide-based
refractometric sensors.

For this scope, sensor surfaces were functionalized to selectively bind the ZnS:Mn
nanoparticles on one channel. The surface functionalization should fulfil two conditions: the
measurement and the reference pads, that respectively adsorb and do not adsorb the
nanoparticles, should be created on the same chip; the nanoparticles should be organized
within some 200 nm from the waveguide film surface in order to be excited by the evanescent
field.

Many solutions exist to realize surface functionalizations having the required properties.
As the nanoparticles present a net negative charge at the surface due to the L-cysteine
molecules of their protective organic shell (see Fig. 2.2a), we propose a waveguide
functionalization technique based on the electrostatic interaction between the nanoparticles
and the waveguide surface. The example described below involves the organization of the

nanoparticles using polyelectrolytes.

3.4.1 Waveguide surface functionalization

The surface functionalization was performed on the channels of a waveguide-based sensor

chip and the selective adsorption of ZnS:Mn nanoparticles on one channel was demonstrated.
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This technique was applied to a WIOS sensor chip and monitored using the WIOS instrument
itself.

The channel functionalization was achieved by means of polyelectrolytes. These polymers
have ionisable monomers and in polar solvents, such as water, dissociate into charged
polymers and small counter-ions of opposite sign. They are of widespread importance with
many applications in physics, biology and chemistry. The behaviour of polyelectrolytes is
theoretically quite poorly understood, chiefly because it is difficult to deal with their long-
range coulomb interactions. In addition, counter-ions, complex-formation, salt and their
differing length-scales make comparison between theory and experiments difficult because of
questions of the validity of the theories in different regimes [138]. Multilayer structures can
be built on solid substrate via a series of adsorption processes using positively and negatively
charged polyelectrolytes (respectively polycations and polyanions) [139]. As shown in Fig.
3.8, alayer of polycation molecules is first adsorbed on a negatively charged surface. Then
the surface is abundantly rinsed to remove the molecules that are not specifically bound. As a
result, a net positive charge is distributed over the whole surface and now polyanion
molecules can be adsorbed on the surface, conferring a net negative charge to the bilayer
surface. Repetition of the two adsorption steps leads to the formation of a multilayer structure.
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Fig. 3.8. Simplified molecular picture of two polyelectrolyte adsorption steps

charged surface.

The WIOS sensor chip is provided with four measurement channels (for simplicity only
two channels will be considered in the following description). Polyelectrolytes were used to
confer different electrostatic characters to the channels and the structure was thus limited to
one or two polymer layers. PEl and PSS molecules were diluted in MilliQ water containing
0.5M NaCl, respectively in concentrations of 0.6 mg/mL and 0.25 mg/mL. All the solutions
used during the experiment were stored next to the sensor instrument one hour before use in
order to equilibrate the temperatures and minimize the effects due to temperature variations in
the measurements. A double flow cell placed on the sensor chip alowed the physical
separation of the two channels so that they could be functionalized separately. WIOS

measures the change in the waveguide effective refractive index that is induced, in the case of
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these measurements, by two main factors: the adsorption of molecules to the waveguide
surface and the change of the refractive index of the solution. To eliminate the last
contribution, MilliQ water was taken as standard solution and the cells were filled with it
before and after each adsorption process. The solution was introduced into the cells using a
pipette and was extracted via a fluidic system equipped with a pump.

Fig. 3.9 shows the WIOS measurement acquired during the channel functionalization. The
effective refractive index variation is shown, in arbitrary units called WIOS units (see below),
as afunction of the time. The areas dashed in grey correspond to the measurements performed
with pure MilliQ water and quantitative comparison can only be made between data in these
regions. MilliQ water was first introduced in both the cells and a baseline was taken for the
two channels. Then 150 uL of PEI solution was introduced into both the cells and the signal
abruptly increased. The signal variation isin part due to the change of the solution refractive
index, and in part to the adsorption on the surface of the PEI molecules. The pads were
abundantly rinsed with water and the signal decreased to about 40 units which are due to the
adlayer of PEI. The reduction of 60 WIOS units on washing may be due, in part, to the
remova of molecules not strongly adsorbed to the surface and in part to the different

refractive indexes of the solution above the adlayer.
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Fig. 3.9. Channd functionalization: channe 1 is coated with a PEI layer and channel 2 with a bilayer
PEI+PSS. Channel 1 result at its surface positively charged and channel 2 negatively.

150 uL of PSS solution were then introduced into the cell 2, while MilliQ water was kept
in the other cell. The signal of channel 2 increased due to the adsorption of PSS molecules,
while cannel 1's signal remained constant. After rinsing, the PSS adlayer resulted in a tota
increase in the effective refractive index of about 70 WIOS units. At this point, the surface of
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the channel 1 was covered by a layer of PEI with net positive charge, while the surface of

channel 2 was covered by two polymer layers and presented a net negative charge.

3.4.2 Nanoparticlescan be selectively adsorbed on the polyelectrolyte structure

This chip functionalization can be used for measurements with charged species, since a
strong electrostatic attraction occurs between a charged surface and an oppositely charged
molecule in solution. This functionalization was used to selectively adsorb ZnS:Mn
nanoparticles on one channel and demonstrate the feasibility of the use of these nanoparticles
in combination with refractometric biosensors. As the nanoparticles are stabilized with L-
cystein molecules, they exhibit a negative charge at their surface; thus we expect that they
preferentially adsorb on the PEI pad, while they are electrostatically repulsed by the PSS
surface.

The double cell was replaced by a single cell placed over both the sensing channels. A first
baseline was measured with pure water in the cell. Then, 300 uL of 12.5 pg/mL solution of
ZnS:Mn nanoparticles was introduced into the cell. Fig. 3.10a shows the change in the
effective refractive index during nanoparticle adsorption as measured by the WIOS
instrument as a function of time. The solution covered both channels, but while the signal of
channel 1 increased due to the adsorption of the nanoparticles, the signal of channel 2
remained unchanged. Thus the negatively charged nanoparticles are selectively adsorbed on
the PEI as expected, and not on the PSS surface. The adsorption of the nanoparticles was
relatively slow and was not yet at equilibrium after about 75 min.

After the rinsing step, 300 mL of a two times more concentrated solution of nanoparticles
was introduced into the cell. This time the adsorption process was more rapid and reached
equilibrium within about 50 min. Again, the surface was abundantly rinsed to remove those
nanoparticles not selectively adsorbed.

The environmental changes (for example temperature) affect the signals of the two
channels similarly. However, the effect of these changes can be measured by the signal on
channel 2, as no nanoparticle adsorbed on it. The total increase in the effective refractive
index due to the adsorption of the nanoparticles is the difference between channel 1 and
channel 2. The nanoparticles gave a total change of the effective refractive index of
(122 * 2) units, where the value is the average of two measurements.

Fig. 3.10b, ¢ and d show the resonance peaks measured by the instrument during the
phases indicated respectively with A, B and C in Fig. 3.10a While the peak intensity depends

on intrinsic properties of the instrument, the peak may broaden if the adsorbed molecules (in
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this case the nanoparticles) absorb or scatter the guided light, compromising the measurement
results. The widths of the peaks acquired before and after nanoparticle adsorption were found
to be identical ((37 £ 2) units) and it is thus concluded that the nanoparticles do not absorb or
scatter the laser light.
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Fig. 3.10. (a) WIOS measurement of the adsorption of semiconductor nanoparticles: channel 1 is
functionalized with PEI and experiences nanoparticle adsor ption, while channel two, functionalized with
PSSisthe reference pad. The WIOS resonance peaks of the two channelsrelativeto areasA, B and C are
shown in (b), (c) and (d) respectively.

A calibration of the instrument is required to make quantitative measurements of the mass
adsorbed at the surface, i. e. to convert the WIOS units in adsorbed nanoparticle weight per
unit area. This calibration depends on the refractive index of the adlayer on the waveguide
surface and thus should be performed specifically for the analyte and the label to be used.

It is possible to get a rough estimate of it for the measurement shown in Fig. 3.10. If we
hypothesize that the nanoparticles are densely packed on the sensor surface and that each
nanoparticle (NP) coversin projection acircle of 7 nm in diameter, we estimate a nanoparticle
surface density of 2.0x10% NPs/mm? However, this value is an overestimate of the real one,

since the nanoparticles are not densely packed on the surface, but actually assume a random
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distribution. The Random Sequential Adsorption model [140] indicates that non-interacting
hard spheres irreversibly adsorbing on a flat surface cover 55% of it before reaching an
equilibrium in which no more spheres can reach the surface. The adsorption of the ZnS
nanoparticles is random and sequential, thus the model can be applied as a first
approximation; however, they are negatively charged, a fact that implies a reduction of the
maximal covered surface [140]. Thus, we expect an order of magnitude of 10'° NPs/mm?
adsorbed on the surface. AFM investigation of the sensor chip after nanoparticle adsorption
can be used to determine the correct surface coverage value.

Schematizing the nanoparticle as a homogeneous ZnS sphere 5 nm in diameter gives a
surface mass density of about 2x10° pg/mmZ The total signal variation due to the adsorption
of the nanoparticles at the equilibrium was 122 WIOS units. Thus, the conversion
1 WIOS unit ~ 15 pg/mm? is obtained.

3.4.3 Conclusions

We demonstrated that ZnS:Mn nanoparticles can be used as mass labels in refractometric
sensing techniques. The sensing and the reference channels of a waveguide-based sensor chip
were functionalized using polyelectrolytes and the adsorption selectivity was determined by
the different electrostatic interaction between the nanoparticles and the charged channel
surfaces. The nanoparticles were selectively adsorbed on one channel and refractometric
measurements were performed. The WIOS instrument was used for the chip surface
functionalization and the adsorption measurements. However, the described functionalization
does not depend on the instrument used and can be applied as a general method to prepare
sensor surfaces; for example, the polyelectrolytes can be deposited on the surface pads by
microfluidics.

In the present work, polyelectrolytes were used to confer a net electric charge to the sensor
surface. The structures described here were limited to one or two layers, but there are no
theoretical constraints that limit the building of a polymer multilayer on the sensor surface, if
the structure remains confined within some 200 nm from the waveguide film surface. The
possibility to choose the number of polymer layers and thus choose the polymer structure
thickness can be used as a further degree of freedom to control the interactions between the
substrate and any adsorbed molecules. Moreover, this technique alows the incorporation of
different kinds of charged species within the multilayer structure to confer precise

functionalities to the multilayers.
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3.5 Conclusions

Core and core/shell ZnS:Mn nanoparticles were found to possess exceptionally long
fluorescence lifetimes in the ms range; their performances in terms of long fluorescence
lifetime and photostability were compared with europium-luminescent beads and were shown
to be comparable.

The possibility of using these nanoparticles as probes for time-gated fluorescence detection
was demonstrated. In particular, an extremely simple and cheap instrument was successfully
used to perform these measurements: the excitation source consisted of a flash lamp whose
radiation was filtered in order to match the nanoparticle absorption spectrum, while the
acquisition was performed by standard photodetectors. This was possible thanks to the
fluorescence performances of the nanoparticles.

Most known red and near-infrared emitting probes display lifetimes below 4 ns and short
Stokes shifts. The scattered light (most difficult to eliminate at wavelengths close to the
excitation) and environmental auto-fluorescence (lifetimes in the ns range) affect the signal-
to-noise ratio and cannot be significantly improved with time-gated detection [141]. ZnS:Mn
nanoparticles are red emitting probes characterized, instead, by a large Stokes shift and long
fluorescence lifetime. Thus, these nanoparticles present the novel combination of a red
emission with a long fluorescence lifetime and a high signal-to noise ratio when used in
sensing applications. Unfortunately, this advantage is off-set by the excitation frequency in
the UV that is inconvenient because of an extremely high fluorescence background.

Recently, waveguide-based sensors received the attention of many industries involved in
the development of high performance diagnostic and screening technologies thanks to their
high sensibility and reduced sample and reagent consumption. The use of semiconductor
nanoparticles in combination with this kind of sensors for refractometric measurements was
explored. The sensor chip was functionalized to specifically adsorb the nanoparticles on the
sensing channels within 200 nm from the surface sensor surface. In addition, the reference
channel was functionalized in order to avoid nanoparticle binding on its surface. The sensor
channels were functionalized with differently charged polyelectrolytes in order to confer them
an opposite electrostatic behaviour. Selective adsorption of the nanoparticles on one channel
of the sensor was demonstrated.

A route for the improvement of waveguide-based sensor sensitivity and accuracy is the
combination of fluorescence and refractometric detection. However, fluorescence labels

clearly detectable by refractometric measurements are required. In the specific case of
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ZnS:Mn nanoparticles, which absorb UV light, a compact waveguide-based sensor may be
developed using an excitation source external to the waveguide. The nanoparticles should
adsorb within 200 nm from the sensor surface and, once excited, their orange emission could
be collected by the waveguide itself. Alternatively, external excitation source and detection
system can be used, with the same set up described in 3.3.1. The combination of
refractometric and fluorescence measurements opens the possibility to higher sensor

accuracies.
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Chapter 4

Organizing Nanoparticlesvia

Polymer Demixing

Section 1.1.1 described how two immiscible polymers form two separate phases when
dissolved in the same solvent and subjected to solvent evaporation. This phenomenon has
been used to redlize structured polymer films with typical feature size ranging from the
micrometer to the nanometer length scale. Examples of such structures were shown in 2.6.1.

The aim of this chapter is to demonstrate the possibility to form patterns of nanoparticles
using polymer demixing. The nanoparticles are initially mixed with the polymer moleculesin
the same solution and they end up embedded in the polymer film. The nanoparticles are

patterned in micrometer and sub-micrometer sized features.

4.1 Principle

The aim of this study was to use polymer demixing to form patterns of nanoparticles
embedded in the polymer film. The presence of nano-filler inside the polymer blends was
extensively studied in the past by numerical simulations. In spite of the lack of experimental
results, numerical simulations agreed in distinguishing two main cases concerning the
distribution of the filler particles respect to the polymer phases:

o if the particles do not have a preferential affinity for one of the polymers they will
end up at the interfaces between the polymer phases [59;61].

o if the particles present a better affinity for one of the polymers they will be
distributed mainly in the phase enriched in this polymer [59;60].
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Fig. 4.1. Schematic ciiégram of the technique proposed for the nanoparticle organization during polymer
demixing.

Fig. 4.1 shows a scheme of the technique used in this work to organize nanoparticles on
surfaces: the nanoparticles and a pair of immiscible polymers are dissolved in the same
solvent and the blend is spin-coated on a surface to form a film. As the solvent evaporates the
polymers start to form two separate phases. If the particles do not have a preferential affinity
for one of the polymers, they will end up at the interfaces between the polymer phases.
Alternatively, if they have a better affinity for one of the two polymers, they will be more
concentrated in its enriched phase (Fig. 4.1 has to be referred to this last case). Thus, once
evaporation is completed, the nanoparticles end up organized in stochastic patterns
(corresponding to the polymer phases or their boundaries) within the film.

4.2 Nanoparticles can be patterned in stochastic domains

Fluorescent CdSe nanoparticles were mixed into a solution of PS and PMMA in toluene.
The final nanoparticle and polymer concentrations were 6 uM and 3% (w/v), while the PS and
PMMA molecules were respectively 30% and the 70% of the total polymer amount. The
solution was spin-coated on a glass slide forming a film made of polymer and nanoparticles.

Since CdSe nanoparticles fluoresce in the visible, their detection and localization within
the polymer film was particularly easy using fluorescence microscopy. Fig. 4.2ais a typical
fluorescence image of the polymer/nanoparticle composite film, where the bright, fluorescent
domain indicate the presence of nanoparticles. After fluorescence microscopy, the PS phase
of the film was removed by selective solvent treatment and the resulting surface was
characterized using AFM (Fig. 4.2b): the dark dots of Fig. 4.2a correspond to the PMMA
domains of Fig. 4.2b. From this and other similar observations made on different samples
studied by fluorescence microscopy and AFM it was concluded that the nanoparticles were
located in the PS phase of the polymer film. Thus the nanoparticles spontaneoudly partition
into one polymer phase, specifically the PS phase, during the demixing process and self-
organize within the polymer film.

As described in 2.1.1, the CdSe nanoparticles are protected by an organic shell made of
TOPO molecules. These molecules attach to the particles with the PO groups while all the
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methyl groups are exhibited on the outside of the nanoparticle. Due to the highly apolar nature
of the methyl groups, it was expected that the location of the nanoparticles within the PS
phase rather than the PMMA was energetically favourable, since PS is the more apolar of the

two phases.

Fig. 4.2. (a) Fluorescence image of a thin film made of PS, PMMA and CdSe nanoparticles (NPs)
(PS/IPMMA 30/70, 3% in toluene, [CdSe NPs| = 6 pM, spin-coated at 2000 rpm). (b) AFM topography
image of the same film shown in a after PSremoval (Vertical scale 150 nm).

In Fig. 4.2a nanoparticles are patterned in a matrix with holes. Altering the conditions of
deposition of the film and the concentrations of the different components changes the size and
the shape of the bright domain but not its stochastic nature. In Fig. 4.3a, for example, the
same polymer/nanoparticle blend used in Fig. 4.2 was spin-coated on the same kind of
substrate at a higher spin speed. The structure of the film is the same, but the dark domains
have smaller dimensions. In fact, the solvent evaporation rate is controlled through the spin
speed: higher velocities result in higher evaporation rates, thus the demixing process is frozen
into the non equilibrium structure earlier. In the case of Fig. 4.2 and Fig. 4.3a the PS and
PMMA phases separate by nucleation and growth (see 1.3.2), and the demixing is stopped
once the PMMA nuclei have formed and are increasing in size. Since the solvent evaporation
rate was lower for the film in Fig. 4.2, the PMMA domains had a longer time for growth and
reached a bigger size. Thus, controlling the spin-coating speed allows the dimensions of the
phases in which the particles are organized to be tuned without significantly changing their
shape. This ability to directly control the typical structure size in which the nanoparticles are
organized only exists when the polymer film is frozen in a non equilibrium state: when a
polymer film undergoes annealing and the demixing process reaches an equilibrium, the spin
speed can only indirectly influence the resulting phase structure by influencing the film

thickness.
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Fig. 4.3. (a) Fluorescence images of the same blend used for the film shown in Fig. 4.2a spin-coated at 4000
rpm. (b) Fluorescence images of CdSe nanoparticles embedded in a thin film prepared onto a pre-
patterned gold surface (A hydrophilic, B hydrophobic areas), (PS'lPMMA 30/70, 3% in toluene, [CdSe
NPs]~1 pM, spin-coated at 6000 rpm). (c) AFM image of the same film shown in b after PS removal
(Vertical scale 150 nm).

For given coating parameters, the pattern feature (size and shape) in which the
nanoparticles are organized depends on the polymer blend, on the particle concentration (this
second point will be discussed in 4.5) and on the substrate surface energy. Lower molecular
weight polymer molecules gave rise to smaller structures (smaller dots in the case of
nucleation and growth demixing process). The polymer concentration in solution influenced
the domain size while the polymer relative concentrations determined mainly the phase shape.

As anticipated in 1.3.4, the substrate surface energy was found to play an important role in
the polymer film structure: the polymer blend used to form the film in Fig. 4.2 was formed by
30% PS and 70% PMMA molecules diluted in toluene. Flory-Huggins theory predicts the
formation of PS nuclei in a PMMA matrix for this kind of blend. However, due to the better
affinity of PMMA for the hydrophilic substrate, a thin PMMA layer wetted the entire surface
and, above it, PMMA pillars were formed within a PS matrix. The formation of the wetting
film changed the concentration ratios between PS and PMMA near the polymer/air interface,
so that they were no longer 30/70.

To study the influence of the substrate surface energy on the demixing behaviour of
polymer/nanoparticle blend in more detail, a gold surface previously patterned using micro-
contact printing of thiolsto give hydrophilic and hydrophobic stripes (see 2.5.1) was used as a
substrate. A blend containing 30% PS and 70% PMMA 3% (w/v) concentrated and CdSe
nanoparticles ~1 uM in toluene was prepared. The blend was spin-coated on the gold surface
using a spin speed of 4000 rpm. Fig. 4.3b and c show a fluorescence microscopy image and
AFM measurements (the latter after the removal of the PS phase) on the film. The hydrophilic
regions are indicated with an A and the hydrophobic ones with a B. In region A of Fig. 4.3b
and ¢ was found the same structure as in Fig. 4.2 and Fig. 4.3a: the PS and PMMA demix by
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nucleation and growth to form PMMA nuclei and a PS matrix, while a PMMA wetting layer
of about 30 nm is present at the substrate/film interface. In region B the structure is changed:
no wetting layer is present anymore (verified by AFM film thickness measurements),
demixing still takes place via nucleation and growth and this time PS nuclei form ina PMMA
matrix. Nanoparticles partition into the PS phase in both regions A and B independently of the
substrate patter. This is an indication that the nanoparticles are embedded in the polymer film
and their location is influenced by the PS distribution and not by interactions with the
substrate.

The hypothesis that the location of the particles is driven by their different affinity for the
two polymers is at the basis of our work. This is in agreement with the computer simulations
that have been performed by other groups [59;60;61]. However, other phenomena could
influence the nanoparticle location inside the film such as, for example, the solvent dynamic.
During the film formation, the different degree of solubility of the two polymers forming the
blend in the common solvent determines the rate of the solvent evaporation from the polymer
phases [25]. Once the solvent is evaporated, the phase relative to the polymer with the lower
solubility is the thicker. For example, PMMA has a lower solubility in toluene compared to
PS and forms the higher phase in the films of Fig. 2.11. We verified that the solvent dynamic
does not influence the nanoparticle location performing the same experiment relative to Fig.
4.2 using a PSYPMMA blend made in MEK. In fact, PMMA has a higher solubility in MEK
compared to PS and its relative phase in a PSYSPMMA demixed film is the thinner. Thus, we
expect that the solvent dynamic in a PSSPMMA film spin-coated from toluene and from MEK
are different. However, CdSe nanoparticles always exhibited to partition in the PS phase,
independently from the solvent used to make the blend. We suggest that the choice of the
common solvent does not influence the location of the nanoparticles during the film formation

by polymer demixing.

4.3 Nanoparticles can be organized in aligned micropatterns

In this section we investigate the formation of ordered patterns of nanoparticles by
inducing an alignment of the polymer phases.

Other authors have shown that the variation in the surface energy of a substrate can be
transferred into a concentration variation of the components of a demixed polymer film [26].
This surface-directed spinodal decomposition is a generally applicable tool for the lateral
organization of the polymer domains, and can be used wherever one of the polymers has a
strong affinity with one of the patterned surface regions. The strong adsorption of PMMA on
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hydrophilic substrates, the influence that the surface energy has on the demixing behaviour of
a PSSPMMA blend and the affinity of the nanoparticles for the PS phase suggest a new
strategy for the lateral organization of nanoparticles in ordered micro-domains. If the spin-
coating is performed on a substrate previously patterned in areas of different surface energies
and the spin speed is tuned to give polymer domains of the same size as the patterned
structures, polymer domains will spontaneously demix forming regular structures and the

nanoparticles will be organized within them (Fig. 4.5).

AR umom)

Fig. 4.4. Scheme of the approach used to organize the nanoparticlesin ordered micro-domains.

Gold substrates were patterned as described in 2.5.1 in hydrophilic and hydrophobic stripes
with a periodicity of 2 pm and 20 um. PSSPMMA polymer blends containing fluorescent
nanoparticles were spin-coated on these substrates with spin speeds varying from 300 rpm to
9000 rpm.

Examples of the resulting polymer films are shown in Fig. 45a and b for stripe
periodicities of 2 um and 20 um. For the 2 um stripes good lateral organization of the
polymer domains was achieved for rotation velocities above 2000 rpm. Fluorescence
investigations revealed well-defined, non-stochastic patterns of nanoparticle domains such as,
for example, the aligned dots shown in Fig. 4.5c. AFM measurements showed that the
nanoparticles partition into the PS phase (see e. g. Fig. 4.5€). This allows us to identify the PS
domains as being aligned on the hydrophobic lines and the PMMA matrix on the hydrophilic
surface.

It was more difficult to obtain lateral patterning of the nanoparticles for the 20 um stripes
than for the 2 um stripe. These were reached for rotation velocities around 600 rpm. Low
speeds caused the formation of large polymer domains uncorrelated with the substrate pattern,
while higher rotation speeds gave a demixing behaviour like that shown in Fig. 4.3b and c.
Two different kinds of demixing were observed. Fig. 4.5d show the firgt, that is a film
analogous to that of Fig. 4.5c¢, i. e. the nanoparticles are in well aligned PS domains in a
PMMA matrix. The PS domains are contained within 10 um wide stripes on to the
hydrophobic substrate regions. These stripes are separated by 10 um wide stripes of PMMA.
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Fig. 4.5. Optical images of a polymer/nanoparticle composite blend (PS'/PMM A 30/70, 3% from toluene,
[NPs]~1 uM, spin-coated respectively at (a) 4000 rpm and (b) 600 rpm. Fluor escence images showing well
aligned nanoparticles domains characterized by a periodicity of (c) 2 pm and (d) 20 um. (e) AFM
topography image of the same kind of sample shown in ¢ (vertical scale 40 nm). (f) Fluorescence image
showing nanoparticles organized in uniform parallel stripes characterized by a periodicity of 20 pm.
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In asecond kind of film a uniform PS phase was formed above athin PMMA wetting layer
on the hydrophilic substrate regions, while large PMMA domains were formed in a PS matrix
on the hydrophobic stripes. This configuration resulted in patterning of the nanoparticles in
amost perfect parallel stripes 10 um wide and separated by 10 um, as shown in Fig. 4.5f.

Fine tuning of the experimental conditions and a spin speed of around 600 rpm resulted in
patterning of the nanoparticles in aligned domains or in a homogeneous stripe phase with a

periodicity of 20 um.

4.4 Singlenanoparticledistribution

In order to quantify the partitioning of the nanoparticles between the PS and the PMMA
phases, individual nanoparticles were counted and allocated to a PS or PMMA phase, using
CM (excitation at 532 nm, see 2.2.3). This single particle detection and counting approach has
the advantage over classical fluorescence microscopy that it does not rely upon the
determination of the absolute level of fluorescence from the different regions of the film or on
a quantitative subtraction of the background fluorescence from the polymers and the
substrate. The possibility to positively identify a bright spot of a CM image with a single
crystal relies on the peculiar fluorescence behaviour of semiconductor quantum dots. Thus,
before showing the results with nanocrystals embedded in a polymer matrix, single CdSe
crystal fluorescence properties will be described.

4.4.1 Fluorescence properties of single CdSe nanocrystals

Single crystal emission is characterized by fluorescence blinking, bleaching and the
dependency on the polarization of the excitation beam [103;104;105]. We want to observe
these phenomena to be able to identify a fluorescent spot with a single nanocrystal.

A very dilute solution of CdSe nanocrystals in toluene ([C]~10°M) was spin-coated onto a
clean glass slide, which was then covered with a thin protective PMMA film. The
nanocrystals were protected by a polymer layer to reduce oxygen contamination. CM
measurements were performed with the set up described in 2.2.3 (excitation at 488 nm). The
irradiation intensity was kept low enough to ensure the possibility of imaging the same
sample area several times before bleaching occurred.

Typical fluorescence CM images of such a sample are shown in Fig. 4.6, Fig. 4.7 and Fig.
4.8a, where the bright spots correspond to fluorescent crystal images.
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200 nm

(a) (b)
Fig. 4.6. (a) CM image of a CdSe nanoparticle (scanning direction: right-left, up-down); the particle
exhibitsthetypical blinking and bleaching behaviour. (b) Emission intensity (a.u.) along the section A.

Fig. 4.6a shows the CM image of a single fluorescent spot, while Fig. 4.6b shows the
fluorescence intensity profile along the cross-section of Fig. 4.6a. The spot presented on and
off states of the fluorescence emission. Off states shorter than 3 pixels (corresponding to a
time of 12 ms, the integration time of each single pixel being 4 ms) could not be resolved.
Three longer off states of 5.07 s, 4.55 s and 1.71s were clearly visible; then bleaching of the
fluorescence occurs.

(a (b)
Fig. 4.7. CM images of the same sample area relative to two different polarizations (a) P1 and (b) P2 of the
excitation beam.

In Fig. 4.7a and b the same component of quantum dot emission is observed, for two
different (and perpendicular) polarizations of the excitation beam. Blinking and bleaching
phenomena were observed, as marked, for example, by the circle and the diamond frames.
The white triangles show an example of strong nanocrystal emission in Fig. 4.7a, but only just
visible if the excitation polarization is changed by 90° (Fig. 4.7b). The situation is inversed
for the spot marked with the square. Thus, the intensity of the fluorescence emission was

found to depend on the excitation beam polarization.

91



The observations relative to Fig. 4.6 and Fig. 4.7 allow us to positively identify the
fluorescent spots with single nanocrystals (see 2.1.1). Blinking and bleaching events are in
fact uncorrelated from the different particles. If one single spot corresponded to an ensemble
of single crystals, the resulting fluorescence intensity would be the sum of the intensities of all
the crystals and the probability to have an off state of the fluorescence for all the particles at
the same time would be minimal. Moreover, when the nanocrystals are spin-coated onto a
surface from a solution, their dipole directions are randomly oriented on the surface plane and
thus respect the direction of the electric field of the polarized excitation. Thus, the absorption
of the excitation radiation varies from one nanocrystal to the other. This is reflected in the

distribution of intensities exhibited by the quantum dotsin Fig. 4.7.

Fig. 4.8. (a) CM images relative to two perpendicular components E1 and E2 of the fluor escence emission
of single CdSe nanorods. (b) TEM image of CdSe nanorods (by I. Geissbuehler).

Fig. 4.8a shows the CM measurements of a particularly interesting sample. The sample
was prepared as usua and was excited with a linearly polarized light. Two perpendicular
components E1 and E2 of the emitted field were observed. The fluorescent spots could be
positively identified as single crystals due to the blinking and bleaching behaviour of their
emission. These single crystals had a highly polarized emission. For example the crystal
indicated by the sharp squares exhibited a strong emission component E1, while the
component E2 was only just visible. Analogous phenomena were observed for the emission of
other single crystals. These measurements suggested that the sample would have been
constituted by semiconductor quantum rods, which are well known to have a polarized
emission [142]. Analogously to the case of Fig. 4.7, the nanorod fluorescence intensities
varied depending on their orientation in the plane. TEM measurements were performed on the
same sample (Fig. 4.8b) and confirmed the hypothesis made on the nature of the nanocrystals.

It is concluded that the fluorescent spots in Fig. 4.6a, Fig. 4.7 and Fig. 4.8a correspond to

the images of single nanocrystals. These can be identified thanks to the blinking and the
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bleaching of their fluorescence emission. Alternatively, the polarization of the excitation

beam can be varied in order to observe intensity variations of the nanocrystal emission.

442 CM observation of a single nanoparticles embedded in a polymer film

In section 4.4.1 it was shown that CdSe single nanocrystal can be identified using CM due
to the typical blinking and bleaching behaviour of their fluorescence. In this section we study
the distribution of the single nanocrystal in a demixed polymer film.

A polymer blend containing a low concentration of CdSe nanocrystals was spin-coated
onto a glass surface at a low rotation speed. These conditions resulted in domain sizes, and
spacings between the nanoparticles, much larger than the resolution of the CM, so that the
individual nanoparticles within the film could be imaged and allocated to one of the two

polymer phases.

= FWHM =700 nm

Fluerescence intensity (a.u.)

um

(€Y (b)
Fig. 4.9. (a) Intensity profile of a single nanocrystal along the section S of figure c. (b) Optical image of a
polymer film with nanocrystals (NCs) embedded in it (PS'/PMMA 50/50, 3% in toluene, [NCs]~0.06 pM,
spin-coated at 500 rpm). () CM image showing single CdSe nanocrystals embedded in the same polymer
film asb.

Fig. 4.9a shows the intensity profile of a single quantum dot. The experimental data
(squares) were fitted to a gaussian function (line) whose resulting full width half maximum
(FWHM) was 700 nm. The spin-coating velocity was chosen to give typical domain diameters
of some microns. Fig. 4.9b shows a CM image of a polymer film with nanocrystals embedded
in it. The excitation light is scattered by the film structures and part of it is then collected by
the detector. The resulting image of the film shows a typical structure: PMMA wetting layer
at the substrate/polymer interface (not shown) and PMMA domains in a PS matrix above.

Fig. 4.9c shows a CM fluorescence image of the same polymer film. Comparison between
images Fig. 4.9b and c allows us to attribute the brighter regions in Fig. 4.9c to the PS phase.

The higher auto-fluorescence of PS in comparison to PMMA allowed direct observation of
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the microphase structure of the film without additional labelling of the polymers and with no
need of bright field images such as in Fig. 4.9b. The round dark areas in Fig. 4.9c correspond
to PMMA enriched domains, while the lighter regions are the surrounding PS enriched
matrix.

In most cases, the bright spots in Fig. 4.9c with count rates above the usual PS background
can be positively identified as single fluorescent nanocrystals by means of their characteristic
properties like blinking, bleaching and polarization effects. This indicates that, under these
conditions, the majority of the nanoparticles in the film do not aggregate, but are present as
isolated particles.

CM measurements of single crystals embedded in PS films and in PMMA films separately
showed no preferential quenching of the quantum dots fluorescence. Films differing in
polymer composition and nanoparticle concentration have been observed. Of 460
nanoparticles counted, about the 20% of them resulted located in the PMMA phase. However,
it was not possible to establish if the nanoparticles were located in the PMMA phase or in
some PSinclusion inside the PMMA phase because of the limited CM microscopy resolution.

Close study of Fig. 4.3 and Fig. 4.9c suggests that, in addition to the partitioning of the
quantum dots in the PS phase, there may be an enrichment of the nanocrystals at the
interfaces between the PS and PMMA phases. About 30% of nanoparticles were found to be
located at or near this interface. Unfortunately the resolution of CM microscopy does not
alow precise definition of the position of the phase interfaces in these images and requires a
very low concentration of nanoparticles in the film. These two limitations make it very
difficult to come to a definite conclusion on this subject. A more detailed study of the
distribution of the particles within the individual polymer phases of the film requires the use
of AFM or TEM to identify the positions of the individual nanoparticles more precisely.

In conclusion CM observation of a polymer film with nanocrystals embedded in it allowed
the observation of a single crystal distribution in the polymer film. The nanocrystals did not
aggregate. More than 80% of the nanocrystals seemed distributed in the PS phase. About 30%
were located near the interface between PS and PMMA.

443 AFM observation of single nanoparticle distribution

Single nanoparticle distribution was observed using AFM.

A gold substrate was immersed for 2 hours in a solution of hexadecane thiol molecules
0.5 mM in ethanol, rinsed with ethanol and dried under nitrogen. The resulting substrate was
hydrophobic. Co nanoparticles were mixed into a symmetric blend of PS and PMMA 1%
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(w/v) in toluene and the solution was spin-coated on the gold substrate. Fig. 4.10a shows the
AFM topography image of the resulting film, that presented a spinodal demixing behaviour.
AFM control measurements indicated that the higher phase was that of the PMMA and both
PS and PMMA phases were in contact with the substrate.

An oxygen plasma was performed on the sample to remove the polymer molecules. Fig.
4.10b and c show the AFM topography image of the sample after polymer removal. The Co
nanoparticle form a pattern similar to that of the PMMA domain in Fig. 4.10a. We conclude
that the nanoparticles were originally embedded in the PMMA phase of the polymer film and
that their pattern within the polymer film could be transferred to the substrate surface by
removal of the polymer molecules.

Substrate surface roughness was a critical parameter for quantitative single particle study
that was not performed. However, close study of Fig. 4.10b indicates an enrichment of the
nanocrystals at the interfaces between the PS and PMMA phases. This phenomenon has been
described in numerical simulations of both homopolymer blends and block copolymer films
containing nanoparticles (see 1.3.5 and [59;61]). The particles accumulate at the interface
between the different polymers when their presence reduces the interfacial energy of the

system, as is the case for particles with similar energies of interaction for both polymer

[ A

(b)
Fig. 4.10. AFM topography images of (a) a polymer/nanoparticles (NPs) composite film spin-coated on a
gold substrate previously functionalized with hexadecanethiols (PS'/PMMA 50/50 1%, [Co NPs]=5mg/mL
in toluene, spit coated at 7000rpm. (10umx10pumx70nm). (b) The same film after polymer removal by
oxygen plasma (10umx10pmx15 nm). (c) Aninset of b (2umx2umx15nm).

4.5 Nanoparticlesinfluencethe polymer demixing behaviour

In 1.3.5 the presence of nanoparticle fillers in polymer films was discussed. The work of
Cole et al. [31] indicates that particles could be linked together when enough close to each
other by individual polymer molecules forming bridges. In this hypothesis, we expect that the
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polymer/nanoparticle solution has a higher viscosity with respect to a polymer solution. The
viscosity should depend on the polymer and nanoparticle concentration. Here the influence of
the nanoparticles presence on the demixing behaviour of PSYPMMA blends is studied.

PS/PMMA blends containing different amounts of CoPt3:Cu nanoparticles were spin-
coated on a clean Si surface. TEM study revealed that the nanoparticles partition in the PS
phase during demixing. AFM measurements were performed on different areas of the same
film and on different films of the same composition.

Fig. 4.11a, b and c show examples of AFM topography measurements of three different
polymer films spin-coated from solutions containing 0.00 mg/mL, 0.20 mg/mL and
1.0 mg/mL of nanoparticles respectively (corresponding to 0.00 %, the 1.3 % and the 6.7 %
by weight of the polymer mass).

Assuming a macroscopic homogeneous distribution of the nanoparticles in the polymer film
and modelling them as perfect spheres of 3 nm in diameter and 18 g/cm?® in density, it is found
that the volumes occupied by the nanoparticles in the polymer film were respectively 0.0 %,
0.08 % and 0.4 %. In fact the volume occupied by the nanoparticles is slightly higher due to
their organic capping shell of about 0.5 nm thickness (estimated from TEM measurements).

On adding the particles, the general film structure consisting of PMMA domains in a PS
matrix, is not altered. Nevertheless an increase in the number of nanoparticles results in
different effects on the film topography. Firstly, increasing nanoparticle concentration results
in a higher number of PMMA domains per unit area, together with an increase in their height.
This effect was quantified measuring the film roughness (calculated as the root mean square
average of height deviations taken from the mean data plane). Roughness measurements were
performed on different areas of the same film and on different films of the same composition.
Fig. 4.11d shows average roughness values as a function of the nanoparticle content, where
the errors are estimated from the maximal variation of measurements of the same film type.
The film roughness increases about linearly with the particle concentration in the film.

As the height of the PMMA domains increases, their diameter reduces, as shown in Fig.
4.11e where the diameter size of the PMMA pillars is shown as a function of the nanoparticle
content. The values are the average between measurements made on different films of the
same composition. A second effect induced by the presence of the nanoparticles is an increase
of the film thickness. Fig. 4.11f shows the film and the pillar thickness as a function of the
nanoparticle volume. Again, the values are the average between measurements made on
different films of the same composition.
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Fig. 4.11. AFM topography images (10 pm x 10 pm x 100 nm) of polymer films containing CoPts:Cu
nanoparticles (NPs) in concentration of (a) 0%, (b) 0.04% and (c) 0.2% by volume. Variation of (d) the
roughness, (¢) the PMMA pillars average diameter and (f) the thickness of polymer films containing
different concentrations of CoPts:Cu nanoparticles. (For all the measurements PS/PMMA 80/20, 1.5%
from toluene, spin-coated at 8000 rpm).
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Fig. 4.12. AFM topography images (10 pm x 10 pm x 10 nm) of polymer films spin-coated by PS'/PMMA
solutions PS molecular weight of (a) 139000, (b) 246000, (c) 546000. Variation of (d) the thickness, (e) the
roughness and (f) the PMMA aver age diameter of polymer films having a different PS molecular weight.
For all the measurements: PSSPMMA 50/50, 1% from toluene, PMMA M,,=106000, spin-coated at 7000
rpm.
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In 1.3.5 it was estimated that about 15 polymer molecules are in contact with each
nanoparticle in a film of PS molecules with N~1000 and nanoparticles with a diameter of
4 nm. This example corresponds well to the filmsin Fig. 4.11. With the hypothesis that 95%
of the nanoparticles are located in the PS phase or at the interface between the PS and the
PMMA domains (estimated from TEM measurements of the same kind of structures, results
not shown) and that one PS molecule touches no more than one nanoparticle, 77 % of the PS
molecules of the film in Fig. 4.11c would be bound to one nanoparticle. In fact the average
distance between the nanoparticles (calculated assuming a homogeneous distribution in the
polymer film) would be ~10 nm, which is of the same order of the radius of gyration of the
polymer molecules (Ry = 8.6 nm). Thus, it is probably more redlistic that fewer than 77 % of
the polymer molecules touch with one or more nanoparticles.

This would give rise to a reduction in the polymer chain mobility due to the nanoparticles
acting as physical cross-links [30;31]. The increase in nanoparticle concentration inside the
polymer film could be therefore modelled by an augmentation of the polymer molecular
weight.

Experimentally this assumption was tested by polymer demixing of PSYPMMA blends with
different PS molecular weights but equal polymer ratios (by weight). The blends were spin-
coated on Si substrates and AFM measurements were performed. The results are shown in
Fig. 4.12. Increasing the PS molecular weight increases the surface density of PMMA pillars
(Fig. 4.12a, b and c), the film roughness (Fig. 4.12d) and thickness (Fig. 4.12f). The PMMA
pillar diameters do not show a significant variation upon PS molecular weight increasing,
(Fig. 4.12¢).

Comparing of Fig. 4.11a, b and ¢ and Fig. 4.12a, b and c we observe and increase of the
PMMA pillar surface density both upon nanoparticle concentration increasing and upon PS
molecular weight increasing. The same behaviour was observed in the case of the film
roughness (comparing Fig. 4.11d and Fig. 4.12d) and thickness (comparing Fig. 4.11f and
Fig. 4.12f). However, the behaviour of the PMMA pillar diameter in the polymer/nanoparticle
composite film and in the proposed model is not the same, as shown by a comparison of Fig.
4.11ewith Fig. 4.12e.

Our model was able to reproduce some of the effects induced by the presence of the
nanoparticles on the film topography. This is an indication that the nanoparticles probably do
act as physical links between the polymer molecules. However, the model is not able to
describe in a complete form the phenomena arising in the blend when the nanoparticles are

mixed to the polymer.
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4.6 Conclusion

A technique for patterning nanoparticles on surfaces has been proposed. This technique is
based on the demixing behaviour of immiscible polymer blends. The nanoparticles are mixed
into a blend of immiscible polymers and afilm is formed by spin-coating. If the nanoparticles
have a better affinity for one of the polymers they locate in that phase. Thus, patterns of
nanoparticles within one polymer phase are formed.

The typical length scales of the nanoparticle pattern vary in the micrometer and sub-
micrometer range and can be controlled by the experimental parameters. In particular,
substrate patterning by micro-contact printing of thiols strongly influenced the demixing
behaviour and an alignment of the polymer domains could be induced.

The nanoparticles located within one phase of the polymer film. Eventually, an oxygen
plasma was used to remove the polymer molecules and the nanoparticle pattern was
transferred to the substrate surface.

Single nanoparticle observation was performed using CM. The single nanoparticles could
be identified thanks to their typical fluorescent behaviour, indicating that the majority of the
nanoparticles in the film do not aggregate, but are present as isolated particles. About the 20%
of CdSe nanoparticles located in the PMMA phase of a PSSPMMA demixed film. However, it
was not possible to establish if the nanoparticles were located in the PMMA phase or in some
PS inclusion inside the PMMA phase because of the limited CM microscopy resolution. In
addition, an enrichment of the nanocrystals at the interfaces between the PS and PMMA
phases was observed. About 30% of nanoparticles were found to be located at or near this
interface.

Finally, the influence of the nanoparticles on the demixing behaviour of an immiscible
polymer blend was studied. We observed that the polymer/nanoparticle film structure depends
on the volume ratio of the nanoparticles and the polymer in the film. An experimental model
was proposed and this was able to partially reproduce the effects induced on the film
topography by the presence of the nanoparticles. However, given the influence of the
nanoparticles on the phase structure, creating identical polymer film structures with different
concentrations of nanoparticles would require a long optimisation of the experimental
conditions that would vary from film to film.

The results that we obtained from our studies are in agreement with the computer
simulations on polymer/nanoparticles composite systems performed by other groups

[59;60;61]. However, the systems that have been simulated present several differences to
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those we studied. For example, they generally treat structures made of small polymer
molecules (N < 1000) at thermodynamic equilibrium, which is not the case for the systems
described in our work. These simulations indicate that if the nanoparticles have a better
affinity for one of the polymers they partition into the phase enriched in that polymer.
Alternatively, they locate at the interface between the two polymer phases. In our experiments
we demonstrated that the location of the particles in the polymer film is guided by their
affinity with one of the polymers in the blend. Furthermore, a certain degree of nanoparticle
enrichment at the polymer phase boundaries was observed in the systems we studied.

To our knowledge, few experimental polymer/nanoparticle composite systems have been
studied, in spite of the numerous simulation works. Moreover, we found few simulation and
experimental studies concerning the influence of the presence of the nanoparticles on the
demixing behaviour of a polymer blends. Tanaka et al. studied the effect of micron-sized
glass beads on demixing in a polymer film a few microns thick [143]. However, a direct
comparison between his results and our work is not possible because of important differences
in the two systems such as, for example, the 3 orders of magnitude size difference between
the particles used.

The proposed approach to organize nanoparticles can be extended to numerous kinds of
nano-sized objects, with the requirement that they can be dispersed in the same solvent as the
polymer blend [144]. However, these kinds of system are known in biology for fractionation
and purification processes [16]. For example, dextran/polyethylene glycol agueous systems
are used to create two liquid agueous phases at their thermodynamic equilibrium. During the
phase separation process the different molecules will concentrate in the phase of the polymer
they have a better affinity with. Although biologists have been using this purification
technique for many years, to our knowledge polymer demixing has not previously been used
as ameans to organize nanoparticles on surfaces.
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Chapter 5

Decor ation of polymer structures

The previous chapter presented a technique to organize nanoparticles and, more generally,
nano-objects, in stochastic or ordered patterns on surfaces. This technique, based on the
demixing behaviour of immiscible polymer blends, has drawbacks concerning the
predictability of the polymer film structure.

For these reasons an alternative approach for nanoparticle organization was developed. In
this chapter we describe a technique where polymer films are formed and the preferential
adsorption of the nanoparticles on one phase instead of the other results in their organization

on that phase.
5.1 Nanoparticles can be organized via decoration of homopolymer films

5.1.1 Principle

This approach for the organization of nanoparticles on surfaces is again based on the
demixing behaviour of immiscible polymer blends, but the organization process is separated
into two main steps to avoid mixing of the nanoparticles with the polymer blend: firstly a
polymer film is realized by spin-coating on a substrate as described in 2.6.1 and then the
substrate is immersed in a solution containing the nanoparticles. After incubation in the
solution, the substrate is removed from the solution and the polymer film is rinsed with the
same solvent in order to remove the weakly adsorbed nanoparticles from the surface. If the
nanoparticles adsorb preferentially on one phase compared to the other, it is possible to

organize them on the demixed polymer film phases (Fig. 5.1).
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Fig. 5.1. Scheme of an alter native approach for nanoparticle organisation on surfaces.

The solution in which the nanoparticles are dispersed in must be a non-solvent for the film
polymers. The nanoparticles diffuse in the solvent and come into the proximity of the film
surface. Here several phenomena can occur and a complete scenario is not easy to describe:
different kinds of intermolecular forces can interact between the nanoparticles and the
polymer molecules determining their attraction or repulsion from the film surface. Moreover,
the interactions between the solvent and the polymer molecules will drive the nanoparticles to
those locations where they can reduce the surface energy at the polymer/solvent interface. The
interplay of different effects makes a prediction of the minimal energy system configuration
extremely difficult. However, we expect a differential adsorption behaviour of the
nanoparticles on the two phases of a demixed polymer film due to the chemical differences
between two immiscible polymers. The nanoparticles could be thus organized in stochastic or

ordered domains on the surface.

5.1.2 Experimentsand Results

The decoration approach described for nanoparticle organization was tested with several

kinds of nanoparticles and pairs of immiscible polymersto test its general validity.

(b)

Fig. 5.2. (a) AFM topography image (5pmx5umx100nm) of a bare PSSPMMA film. (b) AFM topography
image (5Sumx5umx100nm) of CoPts:Cu nanoparticles adsorbed on the PMMA phase of the polymer film.
(c) AFM phase image of b. (PS'/PMMA 50/50, 3% from toluene spin-coated at 7000rpm and dipped in a
solution of CoPt3:Cu nanoparticles 0.04mg/mL in hexane for 40 minutes.
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In a first experiment, a 50% PS and 50% PMMA blend, 3% (w/v) in toluene, was spin-
coated on Si substrates. One of the polymer films was dipped in hexane for 80 minutes and
dried. Fig. 5.2a shows an AFM topography image of PMMA domains of the film: the hexane
does not seem to affect the polymer structure. The other PSYPMMA films were immersed in a
solution containing CoPts:Cu nanoparticles dispersed in hexane (0.04 mg/mL) for times
ranging from 20 min to 80 min. They were then rinsed with hexane and dried under nitrogen.
Fig. 5.2b shows an AFM topography image of the film after dipping for 40 min: nanoparticles
are visible on the surface of the PMMA dots. Thisis clearer in the corresponding AFM phase
image in Fig. 5.2c. The material hardness contrast is very high and the nanoparticles appear
white on the dark polymer background. The nanoparticles are almost exclusively present on
the PMMA domains. AFM inspection of the PS phase did not reveal any nanoparticles on this
phase. Comparison between films dipped for different times in the nanoparticle solution
reveals the same particle concentration at the surface, indicating that the adsorption process
reaches equilibrium within 20 minutes.

This new approach allowed the successful patterning of CoPt;:Cu nanoparticles on the
PMMA domains of a PSSPMMA demixed film. The chemical difference between the two
polymers is enough to produce different adsorption processes on the two phases.

The same experiment was repeated with a solution of CdSe nanoparticles dispersed in
hexane and the same results were obtained: CdSe nanoparticles decorated the PMMA phase
of aPS/IPMMA demixed film.

) T SAYI ML, (b p

Fig. 5.3. (@) AFM topography image of a PVA/PolyDADMAC film (PVA/PoyDADMAC 50/50, 5% in
water, spin-coated at 500rpm, vertical scale 100nm). (b) Fluorescence microscopy image of CdSe
nanoparticles (NPs) adsorbed on thefilmin a ([CdSe NPs|=3.5uM).

CdSe nanoparticles were then organized on a PVA/PolyDADMAC film with the same
technique. Polymer films were made of two different layers, afirst layer of PMMA was spin-
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coated on a glass slide to obtain reproducible surface energy conditions (static water contact
angle of (72 + 2)°). The immiscible polymer blend was then spin-coated at low spin speed.
Fig. 5.3a shows the AFM topography image of the demixed structure characterized by
PolyDADMAC domains in a PVA matrix (determined by AFM topography measurements
before and after selective solvent treatment of the film).

A polymer film prepared as described above (not subjected to selective solvent treatment)
was dipped in a solution containing CdSe nanoparticles in hexane for some hours and then
rinsed with hexane. Fig. 5.3b shows a fluorescence microscopy image of such a film: dark
nuclei are surrounded by a bright matrix, while the film structure is the same as observed by
AFM investigation. Control measurements on polymer films not subjected to nanoparticle
adsorption do not reveal any significant fluorescence signal for the same measurement
conditions. Thus, the fluorescence is due to the particles. Therefore, most of the particles are
selectively adsorbed at the PVA surface leaving the PolyDADMAC domains uncovered.

Also in this case, the chemical differences between the two polymers determined different

adsorption behaviour of the nanoparticles on the two phases.

Fig. 5.4 SEM image of (a) 20 nm and (b) 10 nm Au nanoparticles organized on a PS/P2VP films. (PS/P2VP
50/50, 1% in chlor oform spin-coated at 7000rpm; [20 nm Au NPs|=1.3x10™ part/mL in water, [10 nm Au
NPs|=1.7x10" part/mL in water).

Finally, this approach was tested in presence of a polar solvent and hydrophobic polymers.
Gold nanoparticles of 20 nm and 10 nm in diameter were dispersed in water and PS/P2VP
films were prepared as usual. The substrates were immersed in the solution containing the
nanoparticles for some hours. Thus they were rinsed with water and dried under nitrogen.
Example of SEM results for 20 nm and 10 nm Au nanoparticles adsorbed on the polymer film
are shown in Fig. 5.4a and b respectively. The metallic nanoparticles appear bright while the
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polymer is dark. What is shown is, thus, the distribution of the gold nanoparticles selectively
adsorbed on the P2VP interface.

5.1.3 Conclusion

To summarize, a new approach for the organization of the nanoparticles on surfaces has
been proposed. This approach is based on the demixing behaviour of immiscible polymer
blends but does not require the mixing of the nanoparticles within the polymer blend. The
polymer films were prepared and immersed in a solution containing the nanoparticles. Due to
the chemical differences between the film components, the adsorption behaviour of the
nanoparticles on the polymer phases is different and they adsorb to one polymer phase.

We noted that the CoPt3;:Cu and CdSe nanoparticles were located in the PS phase during
the demixing process between PS and PMMA when mixed with the polymer blend. However
when adsorbing to a preformed film, the same nanoparticles adsorb to the more polar PMMA
phase (Fig. 5.2). These two behaviours seem contradictory, but in fact, the forces acting on
the nanoparticles are not the same in the two cases. In spite of their chemical difference, CdSe
and CoPt3:Cu nanoparticles have the same behaviour. However, both the kinds of particles
exhibit methyl groups at the outermost of their organic shell. This suggests that the interaction
of the nanoparticles with the environment is mediated by the organic shell.

When the CdSe and CoPt;:Cu nanoparticles are dispersed in the hexane solution and
approach the polymer film surface two main phenomena arise. On one hand the nanoparticles
have a better affinity for the PS phase, being the less polar of the phases. On the other hand
the PMMA/hexane interface has a higher surface energy than the PS/hexane interface and the
nanoparticle adsorption on the PMMA phase might reduce the surface energy of this
interface. As the nanoparticle adsorption on the PMMA phase was observed, we propose that
the interaction effects between the solvent and the polymers drive the selective nanoparticle
adsorption to the polymer film.

The system of Fig. 5.3 consists of PVA, polyDADMAC and hexane, i. e. hydrophilic
polymers and a non-polar solvent. The interface between both the polymers and the solvent is
characterized by a high interfacial free energy. The nanoparticles locate on the less
hydrophilic PVA phase. In this case we suggest that the better affinity of the nanoparticles for
the less polar PVA phase determines their adsorption at the PVA/solvent interface. It is
possible that the adsorption behaviour could be explained in terms of dynamic effects arising
when the sample is pulled out from the solution. Due to the high interfacial energy between
the polymers and the hexane, dewetting could take place. As PolyDADMAC is the most polar
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of the two polymers, we suggest that dewetting takes place first at the PolyDADMA C/hexane
interface, and later at the PVA/hexane interface. The position of the nanoparticles would be
determined by the phase that is last wetted by the hexane. Thus, the nanoparticles would
concentrate on the PVA phase and remain adsorbed here even after the rinsing in hexane.

In Fig. 5.4 Au nanoparticles decorated the P2V P phase of a PS/P2VP film from water. The
PS/water interface presents the higher interfacial surface energy. However, pyridil groups are
well known to coordinate metals [145]. Thus, it is expected that the gold nanoparticles have a
strong affinity with the P2VP molecules. We assume that in this system the affinity of the
nanoparticles with the P2VP determines their selective adsorption on its phase.

One may wonder if the nanoparticles are absorbed into the polymer phase. Analysis of the
polymer film composition along its section, e.g. TEM measurements, was not performed.
However, removal of the polymer by oxygen plasma reveals that the same organization of the
nanoparticles on the polymer film is transferred to the substrate surface. Thus, absorption of
the nanoparticles in the phase whose surface appears free upon AFM investigation (for
example gold nanoparticles in the PS phase) can be excluded. Kunz et a. [146] performed
experiments on the adsorption of gold nanoparticles of about 20 nm in diameter on P2VP
(M~100000) polymer films. Their findings were that the nanoparticles are absorbed in the
P2VP film under annealing at 179°C only when they are embedded between two polymer
layers. However if the nanoparticles lie at the polymer/air interface they are not absorbed at
room temperature, and only penetrate a few nm from the air/polymer interface under
annealing. On the basis of these observations and of the experiments performed, it is unlikely

that the nanoparticles at the polymer/air interface are absorbed into the film.

5.2 Nanoparticles can be organized via decoration of block copolymer

films

521 Principle

In this and in the next sections we explore the use of block copolymer to organize
nanoparticles by decoration: a substrate coated with a block copolymer film isimmersed in a
solution containing nanoparticles. As described in 5.1, a chemical difference between the two
blocks should result in different adsorption behaviour of the nanoparticles on the two phases
of the film. Preferential adsorption of the nanoparticles on one phase instead of the other will

result in their organization on that phase. Thus, the ability to organize nanoparticles in
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different patterns on a surface will depend on the ability to control the polymer film
structures.

As PS/P2VP demixed films exhibit excellent selective adsorption properties for different
kinds of nanoparticles, PS-b-P2VP block copolymers were chosen to build up the templates
for nanoparticle organization.

Before discussing the results of this technique, it is necessary to introduce in more detail
the properties of the PS-b-P2VP films used as templates for nanoparticle organization. This
description also aims to show the variety of polymer structures available, their typical length

scale ranges and the degree of control over the structures via the experimental parameters.

5.2.2 Controlling the block copolymer template

PS-b-P2VP films realized by dip-coating have been widely studied. Fig. 2.13 shows a
typical coated film. As reported in the literature [147] and confirmed by our experimental
observations, the block copolymer structure can be influenced by different parameters:

e polymer molecular weight;

e PSand P2VP length ratio;

e polymer concentration in solution;
e dipping speed;

e withdrawal speed;

e substrate surface energy.

Fig. 5.5 summarizes the topographies of PS-b-P2VP thin films realized using different
parameters. PS chains are known to form surface micelles when a PS-b-P2VP monolayer is
adsorbed on a hydrophilic surface [147]. Fig. 5.5A, B and C show the influence of the
polymer concentration in solution: a morphology change in the polymer film structure occurs,
from island to tubular surface micelles, when the polymer concentration in solution increases.
An increase in the polymer molecular weight, for the same chain length ratio, gives the same
kind of structure, but with a larger periodicity (Fig. 5.5B and D), while a change in the chain
length ratio gives a complete change in the polymer structure as discussed in 1.3.4 (Fig. 5.5B
and E).

Withdrawal speed is a key parameter to control the film thickness and structure periodicity.
The polymer film thickness increases approximately linearly with speed when the other
experimental parameters are held constant. However, instability phenomena may arise when
the solvent evaporation rate is too fast compared to the polymer molecule deposition
(controlled by the withdrawal speed) [148]. Fig. 5.6a shows an optical image of a block
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copolymer film dip-coated with a withdrawal speed of 1.2 mm/min: regular polymer stripes
dternating between 20 nm and 180 nm in thickness were spontaneously formed
perpendicularly to the withdrawal direction. The typical topographies of the two areas are

shown in Fig. 5.6b and d.

5.0 nm
2.5 nm

0.0 nm

[PS-P2VP] in CHCI,

Fig. 5.5. AFM topography images of PS-b-P2VP film structures on a SiO, surface obtained by dip-coating
varying experimental parameters such as the concentration of the polymer in solution (A, B and C), the
polymer molecular weight (B and D) and the polymer chain relativeratios (B and E).

PS-b-P2VP
190k-190k
T 1.2 mm/min

PSD~120 nm

PSD~133 nm

(®
Fig. 5.6. PS-b-P2VP (M,,=380000) film made by dip-coating (withdraw velocity 1.2 mm/min). (a) Optical
image. (b) AFM topography image on the thinner lines (vertical scale 5 nm) and (c) relative Fourier
transform. (c) AFM topography image on the thicker layer (vertical scale 50 nm) and (d) relative Fourier

transform.
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The meniscus instability phenomena spontaneously introduce a patterning of the film at the
micrometer scale. The distance between the stripes and their width can be controlled by
experimental parameters such as the polymer concentration in solution, the withdrawal speed
and the polymer molecular weight. The regularity of this pattern is maintained for several cm?
(the entire area of the sample). Thus, these films present a double level of structuring: at the
micrometer scale due to the meniscus instability phenomena and at the nanometer scale due to

the typical block copolymer self assembled structure.
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Fig. 5.7. Thicker films are characterized by higher structure periodicities: PSD periodicity vs. thickness of
different PS-b-P2VP structured film.

Fig. 5.6c and e show the FFTs of Fig. 5.6b and d respectively. Thicker layers are
characterized by larger pattern periodicities. Fig. 5.7 shows the PSD of polymer films coated
with different withdrawal velocities as a function of their thickness. The experiment was
repeated for two different molecular weights of the polymer molecules. In both cases an
increase in the film thickness is accompanied by an increase in the structure periodicity and
often results in the orientation of the tubular surface micelles. The reasons for this behaviour
are not completely understood.

The dipping speed was found not to be a critical parameter for the polymer film structure.
If not specified, avalue of 60 mm/min was used.

The substrate surface energy has a strong influence on the film topography and thickness.
Up to now only films on highly hydrophilic surfaces were shown. However, surfaces of
different surface energies can be created by covering gold substrates with thiol molecules (see
2.4). Complete dewetting of PS-b-P2VP molecules was found on hydrophobic surfaces, while
the usual aspect of the block copolymer film was found on hydrophilic surfaces. For
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intermediate surface energies an increase of film thickness with substrate hydrophilicity was
observed. An example of such abehaviour isreportedin Tab. 5.1.

Thiol solution Film thickness (nm)
Hexadecanethiol 0.5 mM in ethanol Complete dewetting
Mixture of
hexadecanethiol/mercaptohexadecanoic 14+2

acid 50/50 0.5 mM in ethanol
mercaptohexadecanoic acid 0.5 mM in
ethanol

Tab. 5.1. Thickness of PS-b-P2VP (M,=380000) films dip-coated (dipping and withdrawal speeds
respectively 60 mm/min and 12 mm/min) on gold surfaces previoudly functionalised via dipping process
(1min) in different thiol solutions, rinsed in ethanol and dried under nitrogen.

26+2

Micro-contact printing was used to create a pattern of wettability on the gold surfaces.
Block copolymer film were dip-coated these substrates and a double level of the film pattern

was achieved.

600 nm

(b)

Fig. 5.8. Influence of the substrate surface energy on the polymer film structure: (a) AFM topography
image of a PS-b-P2VP film dip-coated on a gold surface pre-patterned by micro-contact printing and
scratched (M,,=380000, 0.5% from chloroform, dipping and withdrawal speeds 60mm/min and
12mm/min, the arrow indicates the withdrawal direction. Vertical scale 100 nm) (b) The same film of the
image beforein aregion patterned with wider hydrophobic stripes (vertical scale 40 nm).

Fig. 5.8a shows the AFM topography image of a PS-b-P2VP film coated on a gold surface
previously patterned with COOH- and CHs-terminated thiols (areas A and B respectively) as
described in 2.5.1. The film was then scratched. A topography similar to that of films coated
on clean Si surfaces was found on the hydrophilic regions. In contrast, a very different
topography was found on hydrophobic regions. Complete dewetting on the hydrophobic
regions was found for large stripe spacing (Fig. 5.8b). It is interesting to observe that an
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alignment of the block copolymer domains occurs in Fig. 5.8b where the polymer film
thickness changes rapidly. This phenomenon was observed in other samples and was more
pronounced where the withdrawal direction was perpendicular to the stripe direction.

In conclusion it was shown that PS-b-P2VP film could be coated with a simple dip-coating
technique and their surface structure could be easily modified and controlled by tuning the
experimental parameters. A double level of structuring, at micrometer and at nanometer scale,
could be spontaneously induced due to meniscus instabilities during the withdrawal process.
The substrate surface energy determines the modalities of adsorption of the polymer
molecules at the polymer/substrate interface. A further degree of control over film thickness
and structure was therefore achieved by varying the substrate surface energies. On these
bases, a further level of film structuring could be obtained using micro-contact printing to

pattern the substrate regions (for example with stripes) of different surface energies.
5.3 Experimentsand resultsfor CdSe nanoparticles

5.3.1 Organization of the nanoparticles on the polymer templates

In 5.2.2 the influence of the experimental parameters on the resulting polymer film
structure was described. The control of the polymer structures is automatically transferred to
the nanoparticle patterns.

PS-b-P2VP films were dip-coated on Si substrates. The withdrawal velocity was
18 mm/min for all the samples and resulted in films of uniform thickness. The polymer
structures at the surface could be controlled and varied using solutions of different polymer
molecular weights and different polymer molecule concentrations. The films were incubated
for 24 hoursin a6 uM solution of CdSe nanoparticles in hexane; they were then rinsed with
hexane and dried under nitrogen.

The films were studied using AFM phase imaging. Typical results are shown in Fig. 5.9.
The nanoparticles appear bright in the images due to their higher hardness compared to the
polymer. The nanoparticles form surface patterns similar to those shown in Fig. 5.5. In
analogy to our observation on homopolymer demixed films, we hypothesize that the
nanoparticles have a different adsorption behaviour on the two phases of the film, due to the
chemical difference between the PS and the P2VP. Thus, they are patterned on the block
copolymer films.

The nanoparticles were organized in structures whose periodicity varied between 78 nm

(Fig. 5.98) and 110 nm (Fig. 5.9d). The lower periodicity was obtained by nanoparticle
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adsorption on films of polymers with lower molecular weights and concentrations. In contrast,
higher periodicities corresponded to films dip-coated from solutions having higher molecular
weight polymers and concentrations. The nanoparticles were organized in isolated domain
structures (Fig. 5.9a, ¢ and d) or in a continuous holey phase (Fig. 5.9b) depending on the film
structure.

In conclusion, the nanoparticles have a different adsorption behaviour on the two polymer
phases and this allows the nanoparticle patterning on the polymer films. Controlling the
polymer template it is possible to confer to the nanoparticle patterns different periodicities
and shapes.

© N @

Fig. 5.9. AFM phase images (2um x 2um) of CdSe nanoparticles organized in different structures.
Polymer substrates: PS-b-P2VP dip-coated at 18 mm/min; (a) M,=196000; 0.5% from chloroform. (b)
M,=196000; 1.0% from chloroform. (c) M,,=380000; 0.5% from chlorofor m. (a) M,,=380000; 1.0% from
chloroform. Substrates dipped 24 hoursin a solution of CdSe nanoparticles6 pM in hexane.
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5.3.2 Towhich phase do the nanoparticles bind?

In this section determine the phase the nanoparticles adsorb to.

A PS-b-P2VP film was coated on a Si substrate with a withdrawal velocity of 1.2 mm/min
to form alternating thick stripes and monolayer stripes of polymer. The film was dipped for 2
hours in a solution of CdSe nanoparticles, 0.7 uM in hexane, and then rinsed with hexane.
Fig. 5.10a and b show, respectively, the AFM topography and the phase of the thicker areas.
The nanoparticles adsorbed on the groove phase, leaving the tubular phase amost bare, in
stripes characterized by a periodicity of about 100 nm. Fig. 5.10d and e show respectively the
AFM topography and the phase images of the monolayer film areas. Here the nanoparticles

organize on the tubular micelles in structures characterized by a periodicity of about 80 nm.

P2VP layer

©

Q = pyridil group

SiQ, surface

®

Fig. 5.10. Organization of CdSe nanoparticles (NPs) on PS/P2VP template (Mw=196000, 0.5% in
chloroform, dip-coated at 1.2 mm/min; [NPs]=0.7uM). (a) AFM topography (vertical scale 20 nm) and (b)
AFM phaseimages of the thicker regions of the film decor ated with the NPs. (c) Schematic representation
of the PS-b-P2VP molecules in the thicker film regions with emphasis on the pyridil group position. (d)
AFM topography (vertical scale 10 nm) and () AFM phase images of the thinner regions of the film
decorated with the NPs. (f) Schematic representation of the PS-b-P2VP molecules in the thinner film
regions with emphasis on the pyridil group position. AFM images 1lpm x 1um.

The adsorption behaviour of the CdSe nanoparticles on the two regions of the polymer film
is at first sight inconsistent: the nanoparticles adsorb on the grooves on the thick stripes and

on the ribbons on the monolayer stripes. Two different hypotheses can explain this behaviour:
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o the nanoparticles always adsorb on the same phase and the grooves in the thicker
film regions correspond to the phase of the ribbons in the thinner film regions;
¢ the nanoparticles adsorb in one case to the P2VP and in the other to the PS phase.
We believe that this last hypothesis is correct one for the following reasons. It is known
that the polymer phase structure is the result of the equilibrium between the energetically
favourable separation of the blocks, the entropically unfavourable stretching of the individua
blocks and the minimization of the interfacial energy at the polymer/substrate or polymer/air
boundary. PS laterally-oriented microdomain structures appear at the surface when P2VP is
strongly adsorbed on hydrophilic substrates in thin polymer films [28;147]. Thus, the ribbon
in Fig. 5.10d and e correspond to the PS phase and the nanoparticles adsorb to them.

Fig. 5.11. (a) AFM topography image of a PS-b-P2VP film (M,=196500, 0.1% from chloroform, dipping
and withdrawal speeds 60mm/min and 1.2mm/min; vertical scale 5nm). (b) The AFM phase image of the
filminb.

As tubular micelles are found on both monolayer and on multilayer films, AFM
investigations were performed to verify the nature of their composition. Fig. 5.11b and ¢ show
the AFM topography and the phase image of one film area where the transition from surface
micelles to tubular micelles occurs because of meniscus instabilities. The area covered by
island surface micelles is a monolayer of P2VP strongly adsorbed on the polymer/substrate
interface and PS micelles over it. The tubular micelles lie on a multilayer, as deduced by film
thickness measurements. The PS micelles are clearly visible in the lower part of the images
and exhibit a darker colour in phase mode. Tubular micelles are present in the upper part of

the images and also exhibit a darker colour in phase mode. We conclude that the tubular
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micelles correspond to the PS phase for both thicknesses. If this is correct, the nanoparticles
adsorb on the P2VP phase in Fig. 5.10a and b. This is consistent with the fact that CdSe
nanoparticles adsorb on the P2V P phase of a PS/P2VP demixed film (results not shown).
Thus, the nanoparticles adsorb on the PS ribbon phase of monolayer PS-b-P2VP films, but
on the P2VP phase of thicker PS-b-P2VP films. The reason for such a behaviour must be
found in conformational changes of the P2VP chains. In both the thinner and the thicker film
areas, PS surface micelles are formed on a P2VP layer at the polymer/air interface. However,
in the thicker region the PS surface micelles are formed on a PS/P2VP lamellae structure,
while in the thinner region they lie on a P2V P monolayer strongly adsorbed to the substrate.
In Fig. 5.10c and f these two different situations are sketched. As pyridil groups are well
known to coordinate metals, we hypothesize that the nanoparticle adsorption depends on how
the pyridil groups are displayed within the polymer layer. Fig. 5.10f shows a diagram of the
thin region: the P2VP chains are anchored to the substrates via the pyridil groups and the
resulting P2VP/air interface is poor in pyridil groups. In contrast, Fig. 5.10c is a diagram of
the polymer/air interface of the thick region: in the absence of a strong interaction with the
substrate, the pyridil groups are distributed homogeneously throughout the P2VP phase and
thus also at its interface with air. This is also the case for the demixed PS/P2VP films. If the
schemes of Fig. 5.10 are correct, the P2VP/air (or P2VP/solvent) interfacial surface energy is
different for the two polymer structures. In the case of Fig. 5.10c the nanoparticles adsorb on
the P2V P surface enriched in pyridil groups, the same happens with the case of a PS/IP2VP
demixed films. In contrast, when the nanoparticles approach a thin PS-b-P2VP film as shown

in Fig. 5.10f, there is no interaction with the pyridil groups and they adsorb on the PS phase.

5.3.3 Thepolymer film can beremoved by plasma treatment

In this section we investigate the possibility to transfer the nanoparticle pattern to the
silicon substrate.

Fig. 5.12a shows the AFM topography image of a PS-b-P2VP monolayer. The film was
incubated in a solution of CdSe nanoparticles 0.7 uM in hexane for 24 hours, rinsed with
hexane and dried under nitrogen. The nanoparticles selectively adsorbed on the PS ribbons as
shown in Fig. 5.12b. The film was then subjected to polymer etching via oxygen plasma
treatment. Fig. 5.12c shows the AFM topography image of the sample after the plasma
process.

Visual comparison between Fig. 5.12a, b and ¢ shows that on the silicon substrate the
nanoparticles kept their original organization. Image analysis confirmed this: in Fig. 5.12d the
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normalized power spectral densities of the images of the polymer film, the polymer film with
the nanoparticles organized on it and the nanoparticles organized on the substrate are shown.
The distributions were fitted to a gaussian function: their mean values vary respectively from
82 nm to 87 nm. The width of a line of nanoparticles is slightly narrower than that of the PS
phase and, consequentially, the periodicity value is slightly lower in the case of the polymer

film.
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Fig. 5.12. (a) AFM topography images (vertical scale 10 nm) of (a) a PS-b-P2VP film. (b) CdSe
nanoparticles (NPs) organized on the PS phase of the PS-b.P2VP filmin a. (c) CdSe NPs patterned on a Si
substrate after polymer etching by oxygen plasma. (d) Normalized PSD and relative gaussian fit of AFM
images of a PS-b-P2VP film (light grey), a PS-b-P2VP film decorated with CdSe NPs (dark grey) and the
NPs directly organized on the substrate (black). () Height distribution of the NPs in c and relative
gaussian fit.

In addition, nanoparticles did not aggregate after oxygen plasma process. Fig. 5.12e shows
the nanoparticle height distribution measured on AFM topography images such as Fig. 5.12c;
the distribution was fitted to a gaussian function whose mean was 3.6 nm. This value
represents the average size of the nanoparticles on the surface and it is in good agreement
with the particle sizes derived from their absorption spectrum (see 2.1.1) which was
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approximately 3.5 nm. The asymmetry of the distribution in Fig. 5.12e is due to the image
processing procedure. In addition, a peak around 11 nm is visible in Fig. 5.12d that is due to
nanoparticle aggregation and residual polymer on the surface.

Fig. 5.12 shows the result for nanoparticles originally distributed on a polymer monolayer.
The same experiment was performed using thicker PS-b-P2VP layer. Removal of these
polymer layers requires longer etching (longer than 3 min). As far as the measurements
performed in this work are concerned, the organization of the nanoparticles originaly

adsorbed on thick polymer filmswas lost during the etching.
5.4 Experimentsand resultsfor gold nanoparticles

5.4.1 Organization of gold nanoparticleson polymer templates

Gold nanoparticles of 20 nm and 10 nm in diameter were organized on PS-b-P2VP films
with the same technique described in the previous sections and with similar results as shown
for the CdSe nanoparticles. The possibility to observe gold nanoparticle distribution with
SEM makes them particularly suitable for investigation of their organization on large areas.
The gold nanoparticles and the gold substrate appear bright in the SEM images, while the bare
polymer appears dark.

PS-b-P2VP films were prepared on SiO, and Cr surfaces as described in 5.2.2. The coating
parameters were controlled in order to obtained templates for the nanoparticle organization
presenting different patterns and length scales. The polymer templates were incubated in
1.3x 10" 20 nm Au nanoparticle or, aternatively, in 1.7 x 102 10 nm Au nanoparticle
aqueous solutions for some hours. The samples were then rinsed with water and dried under
nitrogen. The substrates were then observed using SEM.

The nanoparticles selectively adsorbed to one phase of the block copolymer film and result
patterned reproducing the polymer template. Fig. 5.13a shows 10 nm Au nanoparticles
adsorbed to a PS-b-P2VP film dip-coated on a Cr substrate. They are organized in stochastic
patterns. Fig. 5.13b shows, in stead, the same nanoparticles organized in highly ordered
patterns. The nanoparticles were organized in ~70 nm wide and ~7 um long quasi-parallel
lines over tens of pm? The polymer template was prepared by dip-coating PS-b-P2VP
molecules on a Si substrate from a 0.1% solution of polymer in chloroform with a dipping
speed of 30 mm/min and a withdrawal speed of 0.6 mm/min. Then the substrate was
incubated in the Au nanoparticle solution for some hours, rinsed with water and dried under

nitrogen.
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Fig. 5.13. SEM images of 10 nm gold nanoparticles (NPs) organized on PS-b-P2VP film (a) forming
stochastic patterns on the surface (Mw=196000, 0.5% in chloroform, dip-coated at 18 mm/min on a Cr
surface; [NPs|=1.7x10%part/mL) and (b) ordered pattern on the surface (Mw=196000, 0.1% in
chlorofor m, dip-coated at 0.6 mm/min; [NPs|= 1.7x10"part/mL).

5.4.2 Nanoparticle patternswith a double length scale

In 5.2.2 it was described how to realize polymer templates characterized by a double level
of structuring, on the micrometer and on the nanometer scale. One of the techniques used
consisted in the dip-coating of block copolymer molecules on a gold substrate patterned by
micro-contact printing of thiols.

Gold substrates were patterned with thiols by micro-contact printing (see 2.5.1) to have a
pattern of hydrophilicity on the surface. Block copolymer templates were prepared by dip-
coating as shown in Fig. 5.8. The polymer templates were incubated in 1.3 x 10" 20 nm Au
nanoparticles or 1.7 x 10" 10 nm Au nanoparticles in water for some hours, then they were
rinsed with water and dried under nitrogen. The substrates were analyzed by SEM.

Fig. 5.14a shows 10 nm Au nanoparticles adsorbed to a polymer template similar to that
shown in Fig. 5.8a. The brighter areas correspond to the P2VP phase covered with the gold
nanoparticles and the darker with those were the polymer phase that remained bare. The
nanoparticles are patterned in micrometer-wide parallel stripes separated by few micrometers.
The nanoparticle micro-pattern was determined by the design of the stamp used to print the
thiols on the gold surface. It extended over the entire area where the substrate was in close
contact to the PDM S stamp during the printing procedure.

Fig. 5.14b shows the inset indicated by the white square in Fig. 5.14a. The nanoparticles
did not cover uniformly the bright microstripe of Fig. 5.14a, but decorated one block
copolymer phase, ending up patterned in a worm-like structure characterized by a periodicity
of some 10 nm. On the contrary, the dark stripes of Fig. 5.14a do not have nanoparticles on

the surface, with the exception of some patchy bright dots.
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For large distances of the hydrophilic stripes printed by micro-contact printing, polymer
dewetting occurred on the hydrophobic regions, while the typical block copolymer structure
was found on the hydrophilic regions (Fig. 5.8b). 20 nm Au nanoparticles were used to
decorate this kind of polymer templates. Fig. 5.14c shows one polymer stripe on a hydrophilic
region and decorated with the nanoparticles. Similarly to Fig. 5.14a, parallel stripes like this
repeated on the substrates with a periodicity of some microns. Within the polymer stripes, the
nanoparticle organized in lines perpendicular to the stamp stripe direction. Compared to Fig.
5.14b, the nanoparticles present here a more order pattern. The nanoparticle lines have a
periodicity of ~108 nm, while their widths varied from 4 to 1 nanoparticle diameters (i. e.
from 80 nm to 20 nm).

Thus, in both the examples of Fig. 5.14, the nanoparticles were organized on adouble level
of length scale: they were patterned in micrometer-wide parallel stripes and, within the stripes
on ananometer length scale, in patterns typical of the block copolymer structures.

| — L0

@ (b) (©
Fig. 5.14. SEM image of (a) 10nm Au nanoparticles organized on PS-b-P2VP film structured by p-contact
printing. (b) Inset of image a. (c) 20 nm Au nanopar ticles organized on the film shown in Fig. 5.8b.

5.4.3 Thenanoparticles are patterned on the substrate

In the previous sections both 20 nm and 10 nm nanoparticles were organized on PS-b-
P2VP films. Here, the possibility to transfer the pattern of nanoparticles to the substrates is
explored. Analogously to what shown for CdSe nanoparticlesin 5.3.3, a plasmatreatment was
performed on the samples decorated with the Au nanoparticles in order to remove the polymer
molecules.

PS-b-P2VP polymer templates were prepared as usua by dip-coating. Thus, the films were
incubated in 1.3 x 10* 20 nm Au nanoparticles or 1.7 x 10'? 10 nm Au nanoparticles in water
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for some hours. After rinsing with water and drying under nitrogen, the samples were
subjected to oxygen plasma treatment for some minutes. The samples were then studied by
AFM.
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Fig. 5.15. AFM topography images of (a) and (b) 10 nm and (c) 20 nm Au nanoparticles organized on a
PS-b-P2VP film and subjected to polymer etching by oxygen plasma (PS-b-P2VP M,,=196000 , 0.5% in
chloroform, dip-coated on a S substrate at 18 mm/min. [10 nm NPs]=6.9x10" part/mL,
[20 nm NPs|=5.2x10™ part/mL. Vertical scale 20 nm). (d) PSD (dots) and relative gaussian fits (continuous

lines) of 20 nm (black) and 10 nm (grey) nanoparticles on a Si surface organized using a similar PS-b-
P2V P template whose PSD isreported in light grey.

Fig. 5.15a shows the AFM topography image of 10 nm nanoparticles organized on a PS-b-
P2V P film after oxygen plasma. In this area the film thickness varied from zero to tens of nm
in few microns and the effect of the oxygen plasma could be easily investigated using AFM.
On the top of the figure, the flat Si substrate is observed. The film boundary was the thinner
part of the film; in the corresponding region the polymer molecules were removed by the
oxygen plasma and the gold nanoparticles exhibit a pattern typical of the polymer template.

As the film thickness increased, the removal of polymer molecules was more and more
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difficult. On the lower part of Fig. 5.15a both the nanoparticles and the polymer molecules are
observed. Longer oxygen plasma treatments were not able to etch the polymer film. We
hypothesize that the Au nanoparticles mask the polymer film from the action of the oxygen
plasma. Thus, the plasma etching is not effective anymore in the regions thicker than few
nanometers.

20 nm and 10 nm gold nanoparticles were organized on thin PS-b-P2V P films as described
before, and oxygen plasma was performed. Fig. 5.15b shows the AFM topography image of
10 nm Au nanoparticles organized on the silicon substrate. Similarly to what observed in Fig.
5.15a, the thin polymer film was effectively removed by the plasma treatment and the pattern
of nanoparticles could be transferred from the polymer film to the substrate. The same
experiment was repeated with 20 nm nanoparticles. Fig. 5.15c shows the AFM topography
image of the 20 nm Au nanoparticles on the Si substrate. The polymer molecules were
effectively removed by the plasma etching, but the nanoparticles seemed to have lost their
original organization.

The organization of the 10 nm nanoparticles in Fig. 5.15b and of the 20 nm nanoparticles
in Fig. 5.15¢c was studied using image analysis. Fig. 5.15d shows the normalized PSDs (dots)
and the gaussian fits (continuous lines) of the distributions of the 20 nm (black) and 10 nm
(grey) nanoparticles. For comparison, the gaussian fit of the PSD of the original PS-b-P2VP
film is plotted (light grey). The fit of the polymer PSD is centred on 90 nm and is
characterized by a standard deviation of 1.4 um™, while those of the 10 nm and 20 nm
nanoparticles are centred respectively on 84 nm and 117 nm and have standard deviations of
1.6 um™ and 4.6 um™. Therefore, while the 10 nm nanoparticles reproduce faithfully the
polymer template (in agreement to what observed in Fig. 5.15b), the 20 nm nanoparticles lose

much of their order after oxygen plasma.

5.5 Experimentsand resultsfor CoPts:Cu nanoparticles

The approach described for the organization of CdSe and Au nanoparticles was tested on
other kinds of nanoparticles and shown to have a general validity. For example, Fig. 5.16
shows the typical results of CoPts:Cu nanoparticles adsorbed on PS-b-P2VP polymer layers.

The polymer films were dipped in a 0.04 mg/mL solution of nanoparticles in hexane, for
times varying from 2 to 6 hours (The time was not found to have a big influence on the
nanoparticle surface concentration). The sample was then rinsed with hexane. Fig. 5.16a
shows the AFM phase image of nanoparticles adsorbed on the P2VP phase. Fig. 5.16b shows
the nanoparticles aggregated in some areas. It is interesting to observe that the nanoparticle
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aggregations form on the P2VP phase, giving rise to nanowires. This kind of aggregation
could potentially be used to build ordered magnetic nanowires, once the polymer is removed

and the nanoparticles annealed.

@
Fig. 5.16. AFM phase images (2um x 2um) of (a) individual and (b) aggregated CoPt;:Cu nanoparticles
organized on a polymer film. (PS-b-P2VP 0.5% in chloroform, M,=196000, dip-coated at 1.2 mm/min on
aSi substrate).

5.6 Conclusions

An approach for the organization of nanoparticles on surfaces at micrometer, sub-
micrometer and nanometer scale has been described. Homopolymer films structured via
polymer demixing and self-assembled block copolymer films constituted the templates for the
organization of the nanoparticles. The polymer films were immersed in a solution containing
the nanoparticles and these were allowed to adsorb to the film surface. Due to chemical
differences between the polymers forming the two phases of a film, the nanoparticles had
different adsorption behaviours on the polymer phases, and ended up organized on one of the
phases.

This technique allowed the patterning of CdSe, Au and CoPt;:Cu nanoparticles on the
micrometer and sub-micrometer scale using demixed homopolymer films and on the
nanometer scale using self assembled block copolymer film. Micro-contact printing was used
to induce adouble level of organization, on the micrometer and on the nanometer scale, of the
nanoparticles.

Compared to the technique described in the fourth chapter, this method for the organization
of the nanoparticles has the advantage that the polymer film structure does not depend on the
nanoparticle concentration. Thus, a precise control over the polymer structure via the

deposition parameters is kept. Moreover, it was possible to extend this technique to block
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copolymer templates and thus to reduce the nanoparticle pattern periodicities to the tens of
nanometer scale.

Zehner et al. [89] also reported on the selective decoration of a phase separated PS-b-
PMMA block copolymer film with thiol passivated gold nanocrystals. However, their study
was limited to this specific system. In this work we demonstrate the genera validity of the
approach for the organization of the nanoparticles. In the same work, they observed a
dependency in the polymer surface covering on the nanoparticle concentration in solution. We
observed the same phenomenon and we could demonstrate that under certain conditions the
nanoparticles do not aggregate either before or after the action of the oxygen plasma.

In addition, using the same technique we could transfer the nanoparticle patterns to a hard
surface. The organic molecules of thin block copolymer film were removed by an oxygen
plasma leaving the nanoparticles organized on the substrate. Good reproducibility of the
polymer patterns was found for 10 nm Au nanoparticles and CdSe nanoparticles, while the for
the 20 nm Au nanoparticles some of the order was lost on plasma etching. Particle analysis
demonstrated that under certain conditions the technique prevented nanoparticle aggregation.
The experiments described were performed on Au, S and Cr surfaces. However, this
technique can be extended to any kind of substrate suitable for polymer dip-coating,
irrespective of its material and shape, as long as it is resistant to oxygen plasma. Thus, this
technique alows the patterning of different kinds of inorganic nanoparticles on metal or

semiconductor substrates.
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Chapter 6

Conductive nanostructures

This chapter concerns the creation of gold nanostructures and nanowires. Block copolymer
films were used as templates and the nanoparticles were organized on them. Aggregation
between the nanoparticles was induced for the formation of continuous structures. The

conductivity of the gold nanostructures was demonstrated using SEM.

6.1 Au nanoparticles on a thick polymer layer remain electrically
insulated from the substrate

20 nm and 10 nm Au nanoparticles were organized as described in 5.4 on PS-b-P2VP film.
An oxygen plasma was applied to remove the polymer molecules. The oxygen plasma was
effective for thin polymer film removal and the nanoparticles ended up in contact with the Si
substrate. In contrast, nanoparticles on thick polymer layers masked the film from the etching
and the polymer was only partly removed (Fig. 5.15a).

The electrical isolation of the gold nanoparticles from the substrate was verified using
SEM. As described in 2.2.5, SEM makes use of an electron beam to scan the sample surface
and generate secondary scattered electrons which are detected. The beam electrons are then
dispersed via the substrate. If the substrate is not in good electrical contact with the sample,
part of the beam electrons remain confined in the sample metal structures. The increased
electron density induces a higher probability of scattered electrons and thus a higher detected
signal. As a consequence, the sample area with a higher electron density appears brighter

compared to the rest of the sample (charging effect).
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Fig. 6.1. SEM imagesillustrating the charging effect on gold nanostructuresrealized on polymer layersfor
beam electrons energy of (a) 5keV, (b) 10ekV and (c) 30keV. (d) The same effect on gold structures
realized on the Si substrate.

10 nm gold nanoparticles were organized on a PS-b-P2VP film and the sample was
subjected to an oxygen plasma. Fig. 6.1a, b and ¢ shows the gold nanoparticles originally
decorating a thick region of the polymer film after the plasma treatment, while the
nanoparticles in Fig. 6.1d originally decorated a polymer thin area. The SEM images were
acquired after first scanning a small area of the sample (central areas of the images). This
became brighter compared to the rest of the image in Fig. 6.1a, b and c. We hypothesize that
the nanoparticles were insulated from the Si substrates and lay on a polymer layer. On the
contrary no charging effect is visible in Fig. 6.1d. Here, the nanoparticles were in contact with
the substrate, the electrons were dispersed through the substrate and did not remain confined
to the gold nanostructures.

A second test was performed to verify the insulation of the gold nanostructures from the
substrate. The electron beam energy was varied from 5 kV to 30 kV. The higher the electron
energy the deeper their penetration into the sample and the lower the density of electrons that
remain confined in the surface structures. This is exactly what is observed in Fig. 6.1a, b and
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c: the electron beam energy varied from 5 keV to 10 keV to 30 keV respectively. We observe
that the brightness of the structures, and thus the surface electron density, decreased with
increasing the electron beam energy.

We conclude that gold nanoparticles adsorbed on a thick polymer layer and subjected to
oxygen plasma remain electrically insulated from the substrate. On the contrary, the
nanoparticles decorating a polymer monolayer result in electrical contact with the substrate

after the plasma treatment.
6.2 Conductive gold nanowires can be fabricated by self-assembly

6.2.1 Fabrication of continuous gold nanostructures

A careful observation of the gold nanostructures in Fig. 6.1 seems to indicate a certain
degree of aggregation of the nanoparticles. The Au nanoparticles are electrostatically
stabilized with citrate molecules that can be easily removed by the action of the oxygen
plasma. If the protective organic shell is removed and the nanoparticles are close enough to
each other, the nanoparticles will tend to aggregate.

We verified this hypothesis by performing the following experiment. PS-b-P2VP templates
were prepared by dip-coating and decorated with nanoparticles via incubation in a solution of
10 nm Au nanoparticles in water. Severa samples were realized using different
concentrations of Au nanoparticles in solution. Then they were rinsed with water, dried under
nitrogen and subjected to an oxygen plasma.

SEM images of the samples were acquired before and after the oxygen plasma. Fig. 6.2a
and b show the SEM images of 10 nm Au nanoparticles organized on the PS phase of the
polymer layer through dipping in solutions of 1.4x10™ part/mL and 6.9x10" part/mL in
water. A higher density of nanoparticles was observed on the polymer film dipped in the more
concentrated solution. Fig. 6.2c and d show the SEM images of the same samples after the
oxygen plasma process. The nanoparticles in Fig. 6.2c have aggregated to form small gold
nanostructures. The nanoparticles in Fig. 6.2d appear more aggregated, forming uniform
nanowires that follow the PS phase structure.

We conclude that the oxygen plasma treatment induce a certain degree of aggregation of
the gold nanoparticles. The physical extension of these gold aggregates depend on the
nanoparticle surface density on the polymer phase before the plasma treatment, and thus on
the particle concentration in solution during the incubation process. Continuous gold

nanowires were formed using highly concentrated particle solutions (~7x10™ part/mL).
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Fig. 6.2. SEM images of gold nanoparticles (NPs) organized on the PS phase of a PS-b-P2VP film: (a) and
(b) befor e oxygen plasma; (c) and (d) after oxygen plasma. (a) and (c) [NPs]=1.4><1011 part/mL in solution;
(b) and (d) [NPs]=6.9x10" part/mL in solution.

6.2.2 Study of the nanostructures conductivity

Once the fabrication of gold nanostructures and nanowires via nanoparticle aggregation
was demonstrated, SEM was used to study their electrical conductivity.

Gold nanoparticles were organized on a thick PS-b-P2VP film via incubation in a
6.9x10™ part/mL concentrated solution and the samples were subjected to an oxygen plasma.
Fig. 6.3a shows the SEM image of a region of the film where gold butterfly-like
nanostructures are present. The electron beam was focused on a small area indicated with the
white circle in the image (focusing area). In thisway, a high electron density is generated in a
small region (< 1 um?) of the nanostructure.

It is known that when an excess of charges is present on a conductor, they will redistribute
uniformly over the whole conductor surface to reach the electrostatic equilibrium [149]. Fig.
6.3b is the SEM image of the same surface region after the focusing procedure. The charging
effect is clearly visible over an extended gold structure. The electrons are distributed over all

the surface of a single nanostructure, which is isolated from the substrate via the polymer
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layer. The electrons confined in the focusing region travelled along the nanostructure,

implying that the gold nanostructure is conductive.

focusing area
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Fig. 6.3. SEM images of gold conductive nanostructures. (a) Image acquired during the focusing
procedure. (b) Image acquired after the focusing: the electrons diffuse along the gold structures. (c)
Enlargement of image c: the electrons diffuse over more than 10 um long structure. (d) Particular of
image c: interruptionsin the gold structureavoid electronsdiffusion.

Fig. 6.3c is an enlargement of the previous images and shows the entire region charged
during the experiment. Charges have travelled along the nanostructure over more than 10 um
and are interrupted by discontinuities of the gold structures. This can be seen in Fig. 6.3d, a
close up of Fig. 6.3c.

The same sample of Fig. 6.3 was observed using back scattered electron detection in SEM.
No charging effect was observed. In this mode, an incident electron collides with an atom in
the specimen that is nearly normal to the incident's path. The incident electron is then
scattered backward at 180 degrees. Thus, the observed charging effect strictly concerns the
scattering probability of secondary electrons.
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Further investigation of the phenomenon indicates that the charging up of the structures in
Fig. 6.3 stayed for several weeks, even after removal of the sample from the SEM vacuum
chamber and dipping of the sample in a solution containing ions. Therefore, it is not possible
to describe this phenomenon only in terms of charges confined within the metal structures.
We suggest that the initial charging effect is followed by a phenomenon that permanently
modifies the nanostructure, which thus continues to appear brighter than the rest of the
structures under SEM investigation. For example, thermal heating could induce a migration of
peripheral gold atoms of the structures, thus modifying the nanowire roughness and
morphology. These effects would determine a change in the SEM detected signal.

AFM investigation of the gold nanostructures will be performed before and after the
arising of the charging effect in order to investigate this hypothesis on the nature of the effect.

Fig. 6.4a shows parallel gold nanowires formed with the same technique described above.
The wires were ~50 nm wide and their pattern had a periodicity of ~100 nm. We observe that
in some points two adjacent wires were linked by a narrow gold nanowire, as indicated, for
example, by the white circles. These connecting nanowires were ~20 nm wide. However, they
still allowed electrical conductivity.

(b)
Fig. 6.4. Gold nanowires formed by incubation of PS-b-P2VP layer in highly concentrated 10 nm Au
nanoparticle solution in water. (a) The parallel wires are ~50 nm and are electrically connected by thin
gold nanowires ~20 nm wide (white circles). (b) Fingerprint-like pattern of nanowires. The darker wires
areelectrically isolated from the others.

Fig. 6.4b shows gold nanowires having a fingerprint-like pattern. The charging effect
extended to the entire area shown in the figure. However, some irregular dark nanowires were
visible. Since they appeared darker than the rest of the structures, the electron surface density
was lower on these. We conclude that even for these close spacings, part of the gold
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nanostructures are well-isolated one from each other because the electrons diffuse only
through the gold aggregate and not through the substrate.

The conductivity of gold nanowires was also investigated for organized nanoparticles that
did not undergo the oxygen plasma process. An example is shown in Fig. 6.5. 10 nm gold
nanoparticles were organized on a thick PS-b-P2VP film via incubation in a highly
concentrated solution for 1 hour. The sample was rinsed with water and dried under nitrogen.
Then, it was investigated using SEM. Fig. 6.5 shows two SEM images where image A was
acquired before image B. The charging effect extended to the entire Fig. 6.5A during its
acquisition. Fig. 6.5B is a larger view of the same sample area. The charging effect was
visible in the central region of the image and extended outside Fig. 6.5A. The nanoparticle
density on the P2VP phase is similar to that shown in Fig. 6.2b and high enough for
conductive phenomena without plasma treatment. The electrons can be seen to diffuse along
the wires but the area affected is limited to few umz. Thus, the action of an oxygen plasma is
necessary for the aggregation of the nanoparticles and the realization of extended conductive

nanostructures.
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Fig. 6.5. Charging effect on gold nanostructures realized with 10 nm nanoparticles -
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6.2.3 Micrometer-long gold nanowires

Fig. 6.6 shows gold nanowires realized with the technique described above.

The film was dip-coated on a Si substrate from a 0.1% solution of polymer in chloroform
with a dipping speed of 30 mm/min and a withdrawal speed of 0.6 mm/min. Then it was
incubated in the 6.9x10" part/mL 10 nm Au nanoparticle solution for some hours, rinsed with
water and dried under nitrogen. The sample was subjected to oxygen plasma for some
minutes. Then, it was observed by SEM.

Almost parallel conductive nanowires lie on a surface 10 um wide, with a total surface
area of tens of um?. The wires were ~45 nm wide (the width varies along the wire) and could

reach alength of several micrometers.

6.3 Activeinteraction of the electron beam with the nanostructures

The SEM electron beam is a useful tool to address the conductive gold nanostructures on
the surface. Fig. 6.7a shows an example where a current was generated at one extremity of 7
nanowires on the surface; the electrons ran along the nanowires until they met a break. SEM

did not allow a single nanowire to be addressed because the diameter of the used electron
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beam spot was larger than the periodicity of the gold structure. The same experiment was
repeated with the structures shown in Fig. 6.7b. In this case one pm-long wire could be
identified and addressed, because contoured by smaller structures.

It is known that the SEM electron beam can damage the samples [150]. The loss of
electron beam energy in the specimen occurs mostly in the form of heat generation at the
irradiated point. The temperature increase at an irradiated point is dependent on: the electron
beam accelerating voltage and dosage, the scanning area and time and the heat conductivity of
the specimen. Polymer materials are generally easily damaged by the electron beam, because

of their low heat conductivity.
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Fig. 6.7. SEM images of conductive gold nanowires. (a) A small portion of gold nanowires can be
addressed via the focusing procedure. (b) L ong conductive nanowires and isolated wiresin the middle of
them. (c) and (d) The electron beam can act asabridge for the electr ons between adjacent nanostructures.

This damage can induce a modification of the gold nanostructures. For example, Fig. 6.7¢c
and d show two consecutive SEM images after the focusing procedure. The structures
revealed by the charging effect are not identical in the two images. Fig. 6.7c was acquired
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first. The white arrows indicate a nanowire that appears brighter in Fig. 6.7d with respect to
Fig. 6.7c. We conclude that the electron beam modified locally the gold nanostructure during
the first scan, inducing an electrical bridge between the two adjacent nanostructures. The
electrons diffused along the nanowire which was previously insulated and this appeared

brighter in the following image.

6.4 Conclusions

The wide spectrum of possibilities for scientific research and technological application
arisen around the field of nanowire technology induced usto study aroute for the synthesis of
nanowires based on a bottom up approach. A new technique for the production of conductive
nanostructures and nanowires is described here. This technique is extremely simple, fast and
clean.

Continuous gold nanostructures were realized using a block copolymer film as a template.
Thus, the width of the gold nanostructure, as well as their geometry, could be controlled via
the experimental parameters that determine the polymer template pattern (see 5.2.2). The
polymer template was immersed in a solution containing the nanoparticles that selectively
adsorbed on one polymer phase. The higher the nanoparticle concentration in solution, the
higher the nanoparticle density on the polymer phase. An oxygen plasma removed the
protective organic shell of the nanoparticles promoting their aggregation. This allowed the
formation of conductive gold nanostructures and nanowires when high concentrations of
nanoparticles in solution were used during the adsorption process. The structures realized on
thick polymer films remained insulated from the substrate after the oxygen plasma treatment.

The conductivity of the fabricated gold nanostructures was demonstrated using SEM.

10 nm gold nanoparticles could generate continuous and conductive structures over 10 um
long, to give a total surface area of several um® The width of the nanowires varied from
~20 nm to hundreds of nanometers depending on the polymer template.

Controlled deposition of the block copolymer film on the substrate allowed the creation of
highly ordered polymer structures to use as templates for the further organization of the
nanowires. ~45 nm wide and micrometers long gold conductive nanowires were realized. The
wires were almost parallel and covered uniformly areas of tens of um?.

The SEM electron beam could be used to address a few nanowires or electronically bridge
the nanostructures close to each other.
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Template assisted nanowire fabrication is a common technique to obtain order arrays of
nanowires. Block copolymer films have been often used as such templates. However, the
nanowires have been usually formed perpendicular to the film plane and hexagonal arrays
[94]. On the contrary, in our work we describe the fabrication of nanowires lying in the plane
of the film. This approach has the advantage to combine the formation of um-long nanowires,
with the possibility to laterally order them. In addition, the nanowires can be transferred to
hard surfaces.

The study of nanowire electrical transport properties is important for its characterization,
electronic device applications and the investigation of unusual transport phenomena arising
from one-dimensional quantum effects. Important factors that determine the electrical
transport properties of nanowires include the wire diameter (important for both classical and
quantum size effects), material composition, surface conditions, crystal quality, and the
crystallographic orientation along the wire axis. Conductive AFM [151] could be used to
study the nanostructure conductivity: a metal pad may be evaporated on the nanowire
structures and could be electrically connected to a measuring instrument. Single nanowires
may be addressed using the metallic tip, to induce a current in the wire. Current
measurements would suggest to which extent the nanowire conducting behaviour is affected
by quantum effects [152]. The same sample could be investigated with a modified SEM able
to produce a conductivity map of the surface; in this case the wires would be addressed by the
electron beam in stead of the metallic tip. This kind of measurement will be set up in the

future for further investigation of the nanostructure conductivity.
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Chapter 7

Conclusions and Outlook

The aim of this work was the lateral organization of nanoparticles made of various
materials on the micrometer and nanometer scale, using the self-assembling and self-
organizing properties of homopolymers and block copolymers. These bottom-up approaches
for the creation of nanoparticle patterns on surfaces may offer in some cases an alternative to
common lithographic techniques that often require expensive capital equipment and
infrastructures.

Part of this work concerned the study of the fluorescence properties of Mn*" doped ZnS
nanoparticles. Core and core/shell ZnS:Mn nanoparticles were found to possess exceptionally
long fluorescence lifetimes in the millisecond range and high performances in terms of
photostability. These characteristics are very advantageous for time-gated fluorescence
detection methods. This is a powerful technique but usually requires a fast and expensive
equipment due to the necessity to work in the ns and us regime. As ZnS:Mn nanoparticles
exhibited ms fluorescence lifetime, the electronic required was not particularly sophisticated
and the cost of the detection instrument could be kept low. A simple set up for time-gated
fluorescence detection was assembled and fluorescence lifetime measurements were
performed.

Waveguide-based sensors receive at the moment great attention by industries due to their
high sensitivity and reduced sample and reagent consumption. The possibility to use ZnS:Mn
nanoparticles in combination with this kind of sensors was explored. Using the WIOS
instrument it was demonstrated that ZnS:Mn nanoparticles may be used as mass labels for

refractometric measurements.
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A route for the improvement of waveguide-based sensor sensitivity and accuracy is the
combination of fluorescence and refractometric detection. In the specific case of ZnS:Mn
nanoparticles, which absorb UV light, a compact waveguide-based sensor may be developed
using an excitation source external to the waveguide. Their orange emission could be
collected by the waveguide itself or, alternatively, by an external detection system.

In conclusion, our study on ZnS:Mn nanoparticles identified them as promising labels for
time-gated fluorescence and refractometric detection which may contribute to the

development of high sensitive and low costs sensors.

Nanoparticles are the ideal building blocks for the creation of surface structures with new
functionalities. However, the first step towards the realization of concrete devices consists of
the ability to laterally organize these nanoparticles and thus to form patterns of nanoparticles.

Most successful techniques for the fabrication of nanoparticle arrays involve crystal
growth on or within well-defined two dimensional or confined three-dimensional structures.
Polymer structures are mainly used as templates to guide the crystal nucleation and growth,
and give various sizes and shapes. A number of templates have been employed including, for
example, inverse block copolymer micellar systems in which metal ions are located in the
polar phase and further reduction of the metal ions results in the formation of metallic
nanoparticles within the micelles [153]. Alternatively, different kinds of metal have been
evaporated on thin block copolymer films having a fingerprint-like pattern with the two
blocks alternating along the surface and the selective decoration of one polymer phase
[152;154]. In contrast, this work describes two approaches for the formation of patterns of
nanoparticles synthesized before formation of the polymer structure. This means that a very
wide range of objects — metallic, semiconductor nanoparticles or even organic molecules —
can be used.

The first method developed for the creation of nanoparticle patterns is based on the
demixing behaviour of polymer blends. In agreement with numerical simulations performed
by other groups, the nanoparticles organized within a polymer phase or at its boundary and
patterns of nanoparticles were successfully created. The polymer could also be removed by
oxygen plasma so that the nanoparticles were patterned directly on the substrate surface.

This technique is based on the same phenomena observed in the partitioning of chemical
species in immiscible two-phase solvent systems, often used by chemists as a purification

method [16]. However, to our knowledge the technique has not been used to structure thin
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polymer/nanoparticle composite films with the intention of forming patterns of nanoparticles
on asurface. Further studies have shown that this technique can be used to organize biological
molecules on surfaces. For examples, fluorescently labelled Bovine Serum Albumin
molecules have been organized in the Dextran phase of a Dextran/polyethylene glycol
demixed film [155]. The successful use of the polymer demixing technique to organize
biomolecules on surfaces opens up prospects for a wide field of applications in biochip
technology.

The technique described is extremely simple, fast and low cost. The pattern size and shape
can be controlled by experimental parameters such as the rotation speed, the substrate surface
energy and the blend composition. Micro-contact printing of thiols was used to create a
surface energy variation on the substrate and induce an alignment of the polymer domains.
Thus, stochastic and ordered patterns of nanoparticles on surfaces with typical sizes in the
micrometer and sub-micrometer regime were realized. The distribution of single nanoparticle
within the polymer phases was studied using confocal microscopy, atomic force microscopy
and transmission electron microscopy (TEM results not shown).

The influence of the nanoparticles on the demixing behaviour of immiscible polymer
blends was also studied. We observed that the resulting film structure is strongly influenced
by the concentration of the nanoparticles in the polymer blend, making difficult to predict and
tailor the nanoparticle patterns a priori.

The creation of patterns of nanoparticles in the micrometer and sub-micrometer range can
find different kinds of application in fields that range from optics to biosensors technology.
For example, polymer films presenting structure sizes comparable to a visible wavelength can
be used to create special coatings for optical components. The organization of the gold
nanoparticles in the desired pattern within the polymer film using polymer demixing could
represent a valid alternative to the laser processing for mask fabrication in micro-powder
blasting technique [156], with the advantage that the time of processing would not rely on the
patterned surface. The same reduction of time of processing could be achieved in those
technologies that make use of polymer/nanoparticle composite film such as solar cells [41],
lithium batteries [64] and magnetic storage [67] technologies.

The second technique developed is based on the decoration of polymer films presenting
different polymer phases at the surface with nanoparticles. Phase-separated polymer films are
thus templates for the further organization of the nanoparticles. The templates were realized

using both immiscible homopolymer blends and block copolymers.
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With this techniqgue CdSe, Au and CoPt3:Cu nanoparticles were organized in the
micrometer and sub-micrometer range using demixed polymer films as templates and in the
nanometer range using the block copolymer templates. Moreover, the control of the coating
speed or, aternatively, of the substrate surface energy allowed the creation of a double level
of pattern structure, at micrometer and nanometer length scale, on the same film. Oxygen
plasma treatments could be used to remove the polymer film and transfer the nanoparticle
pattern to the substrate surface.

Mixing the nanoparticles inside the polymer blend allows the formation of a large particle-
polymer interface. This is important for those applications where the nanoparticles catalyze
reactions at their surfaces with the polymer film. Nanoparticles organized via decoration of
the polymer films present a reduced polymer/nanoparticle interface. However, a second
polymer layer might be coated or deposited on the first, once the nanoparticles are aready
organized on the polymer film. The possibility to form the polymer template before patterning
the nanoparticles allows better control over the template itself and thus prediction of the
nanoparticle pattern.

The creation of nanoparticle patterns on hard surfaces has also many potential applications.

Nanoparticle patterns on hard surfaces having typical length scale varying from the
micrometer to the nanometer may be used, for example, as reactive sites, e.g. cobalt
nanoparticles may catalyze the carbon nanotubes growth on a chip. Gold nanoparticles may
be patterned on a biochip and functionalized in order to bind specific biomolecules.
Moreover, a surface presenting the nanoparticles organized as the fingerprint-like pattern
typical of block copolymers presents an increased surface with respect to a flat substrate and

thus a higher density of detection sites.

It was shown that the coverage of polymer surfaces with gold nanoparticles depends on the
concentration of nanoparticles in solution. Acting on this parameter, we were able to induce a
certain degree of aggregation of the nanoparticles on the polymer template. Successive
oxygen plasma treatment caused the removal of the nanoparticle protective organic shell
promoting their further aggregation. In this way we were able to produce um-long gold
nanowires and nanostructures. The width of these structures varied from ~25 nm to some um.

The conductivity of these gold nanostructures was demonstrated using the scanning
electron microscopy. Nanowires realized on thick polymer films (> 20 nm) masked the
polymer template from the action of the oxygen plasma so that they remained isolated from

the substrate at the end of the process. Thus, charging of the sample occurred when the
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structures were illuminated by the electron beam. We observed the propagation of the
electrons along the gold nanostructures for um long distances from the illumination area.

The electron beam could be used as an active element to charge selected nanowires or to
modify the gold nanostructure.

The technique described for the formation of conductive nanowires may be extended in the
future to different kinds of metal nanoparticles and block copolymers.

The self-assembly of nanowires may present a way to construct unconventional devices
that do not rely on improvements in photo-lithography and, therefore, do not necessarily
imply increasing fabrication costs. Devices made from nanowires have several advantages
over those made by photolithography. In addition, unlike traditional silicon processing,
different materials can be simultaneously used in nanowire devices to produce diverse
functionalities. Not only wires of different materials can be combined, but a single wire can
be made of different materials.

Sensors for chemical and biochemical substances with nanowires as the sensing probe are
a very attractive application area. Nanowire sensors will potentially be smaller, more
sensitive, demand less power, and react faster than their macroscopic counterparts. Arrays of
nanowire sensors could, in principle, achieve nanometer scale spatial resolution and therefore
provide accurate real-time information regarding not only the concentration of a specific
analyte but also its spatial distribution. For example, a pH sensor was made by covalently
linking an amine containing silane to the surface of the nanowire [157].The variation in
surface charge densities regulates the conductance of the nanowire. The same type of
approach was used for the detection of the binding of biomolecules, such as streptavidin using
biotin-modified nanowires. Favier et al. used a similar approach, making a nanosensor for the
detection of hydrogen out of an array of palladium nanowires between two metal contacts
[158].
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