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Abstract 

Novel optical properties in the visible range are foreseen when organizing 

nanoresonators, which can be performed by the self-assembly of plasmonic 

nanoparticles prepared by wet chemistry. In this project, we use templating block 

copolymers structures to organize plasmonic particles. Our goal is to relate the 

structure of the prepared nanocomposites thin films, and in particular the nature, 

density and spatial organization of the nanoparticles, with their optical index.  

For this purpose, we first fabricate lamellar superlattices of diblock copolymers 

(poly(styrene)-block-poly(2-vinylpyridine) of controlled thickness (100nm-700nm), 

controlled lamellar period size(17 nm-70 nm) and optimized alignment and 

homogeneity.  

Following the fabrication of the multilayer templates, an in situ and reproducible 

synthesis of metallic nanoparticles was developed in order to generate 

nanocomposites selectively inside the P2VP layers. The size of Au nanoparticles can 

be well controlled around 7-10 nm. We also found that the reduction process could 

influence the shape (sphere, triangle or cylinder) and size by using different solvents 

or reducing agents. Because the extraction of accurate optical responses from the 

spectroscopic ellipsometry data, which will come in the last part, critically relies on the 

precise knowledge of the sample structure, we have used several experimental 

techniques to access a precise description of the produced materials. In particular, we 

used a Quartz Crystal Microbalance as a measurement tool to ‘kinetically’ study the 

volume fraction of Au loading as we increase the number of gold introduction cycles. 

We find that the amount of gold in the composite layers can be varied up to typically 

40 volume%. 

The optical properties of the nanocomposite films are determined by variable 

angle spectroscopic ellipsometry and analyzed by appropriately developed effective 

medium models. The films are structurally uniaxial and homogeneous, and we can 

define their dielectric permittivity tensor with the ordinary (parallel to the substrate) and 

extraordinary (normal to the substrate) components. The analysis of the lamellar 

structures allows the extraction of the components εo and εe, both presenting a 
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resonance close to =540nm, with a significantly stronger amplitude for εo. When the 

gold load is high enough and the couplings between particles are strong enough, the 

values of εo become negative close to the resonance, and the material reaches the so-

called hyperbolic regime, which constitutes a step towards applications in hyper-

resolution imaging. 
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Résumé 

Des propriétés optiques inédites sont prédites si des nanorésonateurs optiques 

sont organisés dans un matériau, ce qui peut être réalisé par l’auto-assemblage de 

nanoparticules plasmoniques synthétisées chimiquement. Dans ce travail de doctorat, 

nous utilisons des structures ordonnées de copolymères à blocs pour organiser des 

nanoparticules plasmoniques. Nous étudions le lien entre la structure des 

nanocomposites en films minces, et en particulier la nature, la densité et l’organisation 

des nanoparticules, et leurs propriétés optiques.  

Pour cela, nous avons tout d’abord produit des phases lamellaires de 

copolymères diblocs poly(styrène)-block-poly(2-vinylpyridine) (PS-b-P2VP) en films 

minces d’épaisseur (100nm-700nm) et de période lamellaire (17nm-70nm) contrôlées, 

et dont l’alignement et l’homogénéité sont optimisés.  

Nous avons développé une synthèse in situ, au sein de ces films lamellaires, qui 

permet de produire de façon contrôlée et reproductible, des nanoparticules 

plasmoniques de diamètre 7-10nm sélectivement dans les domaines P2VP. Nous 

avons montré que la taille et la forme des particules d’or formées in situ peuvent être 

modifiées en jouant sur le solvant et le réducteur chimique mis en jeu. Nous avons 

étudié en détail la structure des nanocomposites formulés, ce qui est en particulier 

nécessaire à la bonne exploitation des données d’ellipsométrie spectroscopique afin 

de déterminer les réponses optiques. La structure des échantillons a été étudiée par 

différentes méthodes de microscopie (électronique en transmission ou à balayage, à 

force atomique), ainsi que de la diffusion des rayons X. Nous avons utilisé une 

microbalance à Quartz pour étudier la quantité d’or introduite dans les matrices 

lamellaires de manière « cinétique » au fil de son augmentation progressive. La 

quantité d’or atteint des valeurs de 40 % en volume. 

Les propriétés optiques des films nanocomposites sont déterminées par 

ellipsométrie spectroscopique à angle variable et analysées à l’aide de modèles de 

milieux effectifs. Les films sont homogènes et anisotropes uniaxes, et on peut définir 

leur tenseur de permittivité diélectrique avec une composante ordinaire εo (parallèle au 

substrat) et une composante extraordinaire εe (perpendiculaire au substrat). L’analyse 

permet de montrer que les deux composantes εo and εe présentent une résonance 
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proche de la longueur d’onde =540nm, avec une amplitude très supérieure pour εo. 

Lorsque la quantité d’or dans la structure lamellaire est suffisante, εo devient négatif 

au voisinage de la résonance et le matériau atteint le régime appelé hyperbolique, ce 

qui constitue un jalon essentiel pour le développement de matériaux pour des 

applications en imagerie hyper-résolue. 
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General Introduction 

Over the past decades, big interest in fabrication and utilization of nanocomposites 

has grown. Thanks to advances both in manufacturing and measurement.  Artificial 

materials structurally designed with the purpose of producing extraordinary optical 

electrical or magnetic properties. The principle of which was proposed in 1968 by 

Veselago, and which has been a very active field of research since 20 years ago.By 

combining nanostructuration and anisotropy, it is possible to engineer novel and non-

natural dispersion relations, in order to control original propagation properties. This is 

why a recent interest has focused on a special case of uniaxial anisotropic 

metamaterials, called hyperbolic materials. At the nano-scale, lithographic 

manufacturing processes used for producing such metamaterials, are no longer 

adequate due to the complex fabrication process and limited dimensional size. Self-

assembly and nano-chemistry appearance provide a new ways of manufacturing. 

This thesis was carried out within the big project in “meta group”, which aims to 

formulate new generations of metamaterials with innovative optical properties in the 

visible light domain. For this purpose, the aim of this PhD thesis is to study 

methodologies for the fabrication of nanocomposites of block copolymers with gold 

nanoparticles specifically in lamellar systems in metallic nanoparticles, and to control 

their nanostructure also to study the relation between the nanoscale structure of these 

self-assembled materials and their optical properties. 

In first chapter we are interested in the context of our study. We will discuss the 

concepts and fabrication of metamaterials and hyperbolic metamaterial. The various 

strategies envisaged for periodically organizing gold nanoparticles in self-assembled 

diblock copolymers will be described. In order to achieve hyperbolic metamaterial in 

visible range, the anisotropic plasmonic nanocomposites will be produced by 

periodically organizing gold particles in nanostructured matrices of block copolymers. 

Because gold nanoparticles have a well-defined plasmon resonance between 300 and 

900 nm and the block copolymers are known for their self-assembly properties, and 

give access to a wide variety of sizes and shapes of nanostructures with characteristic 

sizes ranging from 10 to 100 nm. The physicochemical and optical properties of gold 
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nanoparticles, and more particularly the parameters influencing surface plasmon 

resonance, will be described. Finally, the thermodynamics and the shaping of lamellar 

systems of diblock copolymers will also be explained.  

In the second chapter, we present the different experimental techniques used to 

study the structure and the optical responses of the target material. The study of the 

optical properties of gold nanoparticles dispersed in a matrix of copolymer will be 

measured by spectroscopic measurements. More particularly, the spectroscopic 

ellipsometry will be described, which is an advanced technique that makes it possible 

in particular to study the optical properties of a material as a function of the photon 

energy or wavelength of the incident beam. The organization of the nanocomposites 

and gold nanoparticles dispersed in the layer will be analyzed by small- angle X-ray 

scattering and electron microscopy.  

The third chapter is devoted to fabrication controlled nanostructure by diblock 

copolymers using poly(styrene)-block-poly(2-vinylpyridine)(PS-block-P2VP)). We try 

to organize characteristic at scales far below the wavelength (typically <λ / 10). Their 

characteristic size and morphology will be determined by small-angle X-ray scattering, 

transmission and scanning electron microscopy. Knowledge of controlling structural 

size of lamellar fabricated by PS-block-P2VP (ie. thickness of sample and thickness of 

layer) will be required to properly achieve the designed nanostructure.  

In the fourth chapter, we will study the method to fabricate gold nanocomposite 

with two different ways. The aim in this chapter is to find a way of selectively organizing 

plasmonic gold nanoparticles in one of blocks of the lamellar diblock copolymer. The 

mechanism of the gold loading and limitation of strategy also discussed here. 

Furthermore, the shape and size of gold nanoparticles analyzed by small-angle X-ray 

scattering, and we provide a method giving access to determine the volume fraction of 

gold in nanocomposite by quartz crystal microbalance. Knowledge of the structure 

information will be required to properly analyze the optical responses of 

nanocomposites. 

The fifth chapter is devoted to the optimizing the target structure by manipulate 

the process of gold loading in chemical ways. The use of self-assembly block and 

loading process in chapter four leads irregular gold particles on the surface of films. 

The aim of this chapter is to find a good after treatment to achieve “better films” for 
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optical properties analyzing. Furthermore, the influence of reducing agent, the solvent 

we use and thermal annealing are going to be discussed here.  

In the sixth chapter, we are going to choose several samples to study how the 

structure influence the optical responses. According to spectroscopic ellipsometry 

data, sample with different thickness, layer thickness and volume fraction of gold are 

analyzed. The optical indices, real and imaginary part of permittivity, are extracted from 

the with various model base on ellipsometry data. More particularly, the influence of 

the volume fraction of gold in the nanostructure were discussed and if the target 

structure could be hyperbolic metamaterial are discussed also based on isofrequency 

dispersion relations. 
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The aim of this PhD thesis is to study methodologies for the fabrication of 

nanocomposites of block copolymers and gold nanoparticles to control their 

nanostructure and to make the link between the nanometric structure of these self-

assembled materials and their optical properties. This structure can be used as an 

optical metamaterials, which are envisioned breakthroughs in the near future: they are 

artificial materials structurally designed with the purpose of producing extraordinary 

optical properties. Their potential in revolutionizing the optical technologies has been 

largely recognized.  

In this first chapter, we are interested in the context of our study, ie research on 

nanostructured and plasmonic materials for optics, and hyperbolic metamaterials that 

may have new optical properties, especially in the visible domain light. We discuss the 

experimental strategies envisaged for the fabrication of these new materials.  

I.1 Metamaterial 

I.1.1 Optics of materials 

A metamaterial is an artificial composite material whose internal structure 

generates electromagnetic properties that do not exist in natural environments. “Meta” 

is from the Greek word μετά meta, meaning "beyond"1,2. In general, metamaterial is an 

artificially engineered structures. It consists of periodically or randomly distributed 

structured elements, whose size and spacing are much smaller than the wavelength 

(λ) of electromagnetic waves (EM) waves. In order to treat the metamaterial as an 

effective medium and avoid diffractive effects, the length scale of the structures is much 

smaller than the wavelength of the electromagnetic (EM) wave: in generally α<λ/10, 

where α is the characteristic scale, λ is wavelength of light. In such systems, it is the 

sub-wavelength features that control the macroscopic electromagnetic properties. In 

the past decades, metamaterials is so attractive mostly due to their wide applications 

including subwavelength imaging3–6, hyperlens6,7 and optical cloaking8,9. Recent 

advances in nanofabrication technologies allow for producing metamaterial systems 

where the dielectric permittivity and magnetic permeability tensor can be designed and 

engineered at will. This ability to control the material they are made from assemblies 

of multiple elements fashioned from composite materials such as metals or dielectrics. 

The materials are usually arranged in repeating patterns, at scales that are smaller 

than the wavelengths of the wave they influence. Metamaterials derive their properties 
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not from the properties of the base materials, but from their designed structures. Their 

precise shape, geometry, size, orientation and arrangement gives them their smart 

properties capable of manipulating electromagnetic waves: by blocking, absorbing, 

enhancing, or bending waves, to achieve benefits that go beyond what is possible with 

conventional materials. In these realizations, one of metamaterial is attracted for us, 

which is called hyperbolic metamaterial. We are going to introduce deeply in I.2. 

 

Figure I. 1 Left is a schematic of an electromagnetic wave, which consist of an oscillating electric 

field and an oscillating magnetic field. Right is the electromagnetic spectrum, and the position 

of the visible wavelengths region. 

It is characterized by its complex refractive index10, which is noted as 𝑛̃ (Equation 

1- 1) and defined from Maxwell's equations in a material. 

Equation 1- 1  𝑛̃(𝜆) = 𝑛(𝜆) + 𝑖 𝑘(𝜆)  

where 𝑛  is the real part of the complex refractive index, also called optical 

refractive index. The imaginary part is the absorption coefficient, noted as k, which 

represents the energy loss of an electromagnetic radiation which passes through the 

medium.11 From Equation 1- 1, we can see that the complex refractive index 𝑛̃ depends 

on the wavelength λ of the EM wave (Figure I. 1). If the complex number is real at some 

wavelength, it means that the electromagnetic wave passes through the medium 

without being absorbed (𝑘(𝜆) = 0), the medium is transparent for this wavelength.  

For all media, the complex refractive index 𝑛̃(𝜆) can be described by 2 parameters: 

the complex electrical permittivity 𝜀̃(𝜆) and the complex magnetic permeability 𝜇̃(𝜆)), 

which describe the response of the medium (see Equation 1- 2) to electrical and 

magnetic excitation, respectively. 
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Equation 1- 2  𝑛̃(𝜆) = √𝜀̃(𝜆)𝜇̃(𝜆)  

 

Figure I. 2 (a) The nomenclature of metamaterials, based on the values of the real parts of their 

permittivity and permeability24,25. DPS: double positive media, ENG: ε negative media, MNG: µ 

negative media, DNG: double negative media, ENZ: ε near zero media, MNZ: µ near zero media, 

ZIM: zero index media. (b) Schematic of all the material. Green part is metamaterial. At visible 

wavelengths, µ is equal to or close to 1, dielectrics have positive ε and metals have negative ε. 

The dielectric permittivity 𝜀̃(𝜆)  and magnetic permeability  𝜇(𝜆)  are the two 

fundamental parameters characterizing the EM property of a medium12,13. They 

classified metamaterial (see Figure I. 2(a)) according to their real part of electrical 

permittivity 𝜀̃(𝜆) and magnetic permeability 𝜇(𝜆). Quadrant I including most dielectric 

materials covers material with simultaneously positive permittivity and permeability and 

DPS stands for “double positive”. In quadrant II and IV, there are two kinds of 

metamaterial with only the permittivity (in IV, called ENG ε negative media) or the 

permeability (in II, called MNG μ negative media) negative. For examples, metals, 

ferroelectric materials, and doped semiconductors shows negative permittivity, which 

are present in quadrant II. Quadrant IV contains some ferrite materials with negative 

permeability. A very interesting part is quadrant III, corresponding to double negative 

media (DNG), which have both a negative permittivity and a negative permeability, and 

which cannot be found in nature. Such metamaterials concept originates from the 

1960’s, when Veselago14 initially discussed the propagation properties of a material 

with simultaneously negative  and , and showed that it would have a negative 

refractive index. Interest for such materials actually really arised only after Pendry 

proposed, in the early 2000’s, that they could produce perfect lenses15 as well as 

cloaking devices16. DNG are also called left-handed media or negative refractive index 

media. DNG present many other interesting phenomena17–23: anomalous refraction, 
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reversed Doppler shift, inverse Cherenkov radiation, opposite group velocity and 

phase velocity, etc. 

According to Figure I. 2(b), natural materials (in blue) represent only a part of the 

εr and μr values. All other parts (in green) correspond to the metamaterials. In the 

visible range, all natural materials have a permeability μ equal to or close to 1, and lie 

along the red line in Figure I. 2(b). Dielectrics have positive ε and metals have negative 

ε. 

When light travels in an ordinary material medium, it is typically slowed down.  The 

amount of slowing depends upon the properties of the medium, and the fraction n by 

which the speed of light is reduced is referred to as the refractive index. According to 

Snell’s law26(Equation 1- 3), when a light is incident from a positive-index medium (n1) 

to another positive-index medium (n2), the light ray is deflected at an angle θ2 with θ1, 

the angle between the incident light ray and the axis perpendicular to the interface (see 

Figure I. 3 left): 

Equation 1- 3   𝑛1 𝑠𝑖𝑛 𝜃1 = 𝑛2 𝑠𝑖𝑛 𝜃2 

When light travels in a negative material medium, Snell’s law is still satisfied. When 

a light beam is incident from a positive-index material to a negative-index one, the 

refracted beam lies on the same side of the normal as the incident. In other words, the 

refracted light bends “negatively” at the interface (see Figure I. 3 right). 

 

Figure I. 3 Schematic of refraction of ordinary material medium (left) and negative material 

medium (right) 

To obtain a negative refraction in a homogeneous and isotropic material, the 

refractive index must be negative, which requires that the electrical permittivity and the 

magnetic permeability must be simultaneously negative. For an anisotropic material 

with a complex refractive index, a negative refraction can be obtained without 
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necessarily having both negative permittivity and permeability. This is called hyperbolic 

metamaterial, which is going to discuss later in I.2.  

I.1.2 Basic theories of EM propagation 

The Maxwell's equations are used for describing all electromagnetic (EM) 

phenomena (Shown from Equation 1- 4 to Equation 1- 7) in vacuum.  

Equation 1- 4  𝛻 ∙ 𝑬 = 0 

Equation 1- 5  𝛻 ∙ 𝑩 = 0 

Equation 1- 6  𝛻 × 𝑬 = −
𝜕𝑩

𝜕𝑡
 

Equation 1- 7  𝛻 × 𝑩 = 𝜇0 (𝜀0
𝜕𝑬

𝜕𝑡
) 

where E is the electric field and B is the magnetic induction, 𝜀0and 𝜇0 are the 

permittivity and permeability of vacuum, respectively. 

In a material medium, the equations additionally include the electric charge density 

 ρ, and the current density given by J=σE, where σ is the conductivity, and the relative 

permittivity  and permeability  of the medium. 

Equation 1- 8  𝛻 ∙ 𝑫 = 𝜌 

Equation 1- 9  𝛻 ∙ 𝑩 = 0 

Equation 1- 10  𝛻 × 𝑬 = −
𝜕𝑩

𝜕𝑡
 

Equation 1- 11  𝛻 × 𝑯 = 𝑱 +
𝜕𝑫

𝜕𝑡
 

Where, 𝑫 = 𝜀𝜀0𝑬, 𝜇𝜇0𝑯 = 𝑩. Equation 1- 4 & Equation 1- 8 represents Gauss’s 

law, and Equation 1- 5 & Equation 1- 9 implies that the north and south poles of 

magnets do not exist separately. Equation 1- 6 & Equation 1- 10 and Equation 1- 7 & 

Equation 1- 11 describe Faraday’s induction law and Ampère’s law modified by 

Maxwell, respectively. 

Combining the Maxwell’s equations, the equations of wave propagation can be 

derived Equation 1- 12 and Equation 1- 13. 
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Equation 1- 12  𝜵𝟐𝑬 − 𝜇𝜇0𝜀𝜀0
𝝏𝟐𝑬

𝜕𝑡2 = 0 

Equation 1- 13  𝛻2𝑩 − 𝜀𝜀0𝜇𝜇0
𝜕2𝑩

𝜕𝑡2 = 0 

When a monochromatic plane wave  𝑓(𝑥, 𝑡) = 𝑔(𝑥) cos𝜔𝑡  propagates in an 

isotropic, homogenous medium, it must follow Equation 1- 14, and this results in a 

spatial oscillation of the electric and magnetic components of the plane wave as shown 

on the Equation 1- 15: 

Equation 1- 14  𝑔(𝑥)′′ + 𝜀𝜀0𝜇𝜇0𝜔
2𝑔(𝑥) = 0 

Equation 1- 15  𝑔(𝑥) = 𝑔0𝑒
𝑖(±√𝜀𝜀0𝜇𝜇0𝜔𝑥) 

with the wavevector k (𝑘2 = 𝜀𝜀0𝜇𝜇0𝜔
2), which defines the optical index of the 

media 𝑛̃ = √𝜀𝜇. We are going to discuss more details of specific propagation properties 

in hyperbolic metamaterials in the Chapter I.2 and VI.3. 

I.2 Hyperbolic metamaterial 

I.2.1 Definition  

(a)       (b) 

   

Figure I. 4 (a) Schematic representation of an electron oscillation propagating along a metal-

dielectric interface. λSPP is the wavelength of surface plasmon-polariton, which is caused by the 

charge density oscillations and associated to an electromagnetic field. The right coordinate 

shows the exponential dependence of the electromagnetic field intensity on the distance away 

from the interface (from Wikipedia) (b) Illustration of the excitation of localized surface plasmon31 

After the pioneer works of Veselago and Pendry, various nanostructures12 were 

demonstrated to exhibit optical properties unobtainable from natural media. Among the 

various metamaterial proposed in the past decades, hyperbolic metamaterials (HMMs) 

were significant noticed, due to their ability of presenting subwavelength resolution 

imaging, as well as of manipulating the near-field of a light emitter or a light scattered. 
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Near-field is defined by the distance, which is relatively shorter than the wavelength of 

light in vacuum. The propagation properties of HMMs  originate from the coupling of 

several surface plasmon modes in their volume27–30. They present the interesting 

particularity of having non-natural light propagation properties, without requiring 

engineering of the permeability , which is notably more complex than playing on the 

permittivity . 

A surface plasmon is a collective oscillation of electrons, which is confined to the 

interface between a metal and a dielectric and propagates along this interface (see 

Figure I. 4 (a)). If the metal is a nanoparticle, localized surface plasmons are excited 

at the surface of the metallic domain (see Figure I. 4(b)). 

I.2.2 Optics of anisotropic materials 

In an anisotropic medium, the relative permittivity and permeability entering into 

the Maxwell’s equations take the form of tensors. In the present study, we are going to 

talk about nonmagnetic medium, so 𝝁 is unit tensor in this work. Permittivity tensor is 

assumed as the following tensor: 

Equation 1- 16  𝜀 = [

𝜀𝑥𝑥 0 0
0 𝜀𝑦𝑦 0

0 0 𝜀𝑧𝑧

] 

In the Equation 1- 16, the three components generally depend on the wavelength, 

or equivalently the angular frequency ω.  When 𝜀𝑥𝑥 = 𝜀𝑦𝑦 = 𝜀𝑧𝑧, the material is isotropic. 

When 𝜀𝑥𝑥 = 𝜀𝑦𝑦 ≠ 𝜀𝑧𝑧 , the material is known as uniaxial. When 𝜀𝑥𝑥 ≠ 𝜀𝑦𝑦 ≠ 𝜀𝑧𝑧 , the 

crystal is known as biaxial.  

In order to determine the dispersion relation of light in the medium with ε described 

by Equation 1- 16, we should combine the anisotropic Maxwell's equations. For a plane 

wave expressed as: 

Equation 1- 17  𝑬 = 𝑬𝟎𝑒
−𝑖(𝜔𝑡−𝑘∙𝑟) 

Equation 1- 18  𝑯 = 𝑯𝟎𝑒
−𝑖(𝜔𝑡−𝑘∙𝑟) 

the Equation 1- 12 of the wave propagation then becomes : 
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Equation 1- 19  𝒌 × (𝒌 × 𝑬) + 𝜔2𝜇0𝜀0𝜀𝑬 = 𝟎 

which can be developed into matrix in Equation 1- 20: 

Equation 1- 20  [

𝑘0
2𝜀𝑥𝑥 − 𝑘𝑦

2 − 𝑘𝑧
2 𝑘𝑥𝑘𝑦 𝑘𝑥𝑘𝑧

𝑘𝑥𝑘𝑦 𝑘0
2𝜀𝑦𝑦 − 𝑘𝑥

2 − 𝑘𝑧
2 𝑘𝑥𝑘𝑦

𝑘𝑥𝑘𝑧 𝑘𝑦𝑘𝑧 𝑘0
2𝜀𝑧𝑧 − 𝑘𝑥

2 − 𝑘𝑦
2

] [

𝐸𝑥

𝐸𝑦

𝐸𝑧

] = 0 

where 𝑘0 =
𝜔

𝑐
= 𝜔√𝜇0𝜀0 is the magnitude of the wavevector and c is the speed of 

light in vacuum. In this thesis, we focus our attention on uniaxial media with  𝜀𝑥𝑥 =

𝜀𝑦𝑦 ≡ 𝜀//  and 𝑘// = √𝑘𝑥
2 + 𝑘𝑦

2 . Substituting 𝑘//  and 𝑘0
2 = 𝜀𝑜𝜇𝑜𝜔

2 in Equation 1- 20 

yields the isofrequency dispersion relation in this material (𝜀𝑧 = 𝜀𝑧𝑧)32,33: 

Equation 1- 21  (𝑘//
2 + 𝑘𝑧

2 − 𝜀//𝜀𝑜𝜇𝑜𝜔
2)(𝑘//

2 𝜀// + 𝑘𝑧
2𝜀𝑧 − 𝜀//𝜀𝑧𝜀𝑜𝜇𝑜𝜔

2) = 0  

where the two terms describe the behavior of waves of different polarizations: 

polarization in the (x,y) plane for the first term (p-polarized) and polarization in a plane 

containing the z direction for the second (s-polarized waves)34. When set to zero, the 

two terms above correspond respectively to a spherical and an ellipsoidal isofrequency 

surface in the k-space. 

 

Figure I. 5 Schematics of the isofrequency surface 𝝎(𝒌𝒙, 𝒌𝒚, 𝒌𝒛) = 𝒄𝒐𝒏𝒔𝒕. in the 3-dimensional k-

space for 2 types of HMMs (a) dielectric (type I) HMMs with 𝜺// < 𝟎 𝒂𝒏𝒅 𝜺𝒛 > 𝟎 and (b) metallic 

(type II) HMMs with 𝜺// > 𝟎 𝒂𝒏𝒅 𝜺𝒛 < 𝟎38 

The term “hyperbolic” describes uniaxial materials in which the anisotropy is 

extremely strong, when one of the two components 𝜀// and 𝜀𝑧 is negative, and another 

one of them is positive, which is extremely rare35 in natural materials in the visible 

wavelength range. We can represent such materials as behaving optically as a metal 
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in one direction and as a dielectric in another direction. Then, the first term defines 

either an isotropic propagation or vanishes because it is algebraically impossible. The 

second term results in a hyperboloidal isofrequency surface, which defines a 

hyperbolic medium. The latter can be written: 

Equation 1- 22  
𝑘//

2

𝜀𝑧
+

𝑘𝑧
2

𝜀//
= 𝑘0

2 with 𝑘0
2 = 𝜀𝑜𝜇𝑜𝜔

2 and 𝑘// = √𝑘𝑥
2 + 𝑘𝑦

2 

There are two choice for the product 𝜀//𝜀𝑧 < 0. If 𝜀// > 0 𝑎𝑛𝑑 𝜀𝑧 < 0, the hyperbolic 

medium is called dielectric hyperbolic (with reference to its behavior in the xy plane) or 

Type I hyperbolic. Its isofrequency surfaces and the dispersion relation are showed in 

Figure I. 5 (a); if 𝜀// < 0 𝑎𝑛𝑑 𝜀𝑧 > 0, the hyperbolic medium is called metallic or Type II 

hyperbolic. Its isofrequency surfaces and the dispersion relation are showed in Figure 

I. 5  (b)36,37. 

I.2.3 Application of HHMs and super-resolution 

As we described previously, HHMs are materials with extreme anisotropy, which 

leads to specific light propagation. Such structures have displayed a variety of 

promising properties, generating a surge in the activity on the topic over the recent 

years: negative refraction39, super-resolution40, sub-wavelength modes41, perfect 

multi-band absorption42, optical topological transition43, epsilon-near-zero light 

propagation44, spontaneous emission and Purcell effect enhancement36,45–48, thermal 

emission engineering49 including super-Planckian regimes50, or biosensing51,52. 

One very attractive property is the so-called “super-resolution” (i.e., sub-diffraction 

imaging), because super-resolution could be profitable to several technological fields. 

Optical microscopy is indeed an essential tool in many fields such as microelectronics, 

biology and medicine. But it is hindered by the intrinsic diffraction limitation as it cannot 

obtain a better resolution than half the wavelength of light. ‘Diffraction limit’ in optics is 

well known: whenever an object is imaged by an optical system, the objects with sizes 

smaller than half the wavelength of the light are unresolved in the image. This loss of 

information is caused by the fact that the object fine features are carried by 

components with high spatial frequency (large wavevectors), which becomes 

evanescent in a usual material. HMMs offer a completely new paradigm to tackle the 

problem. 
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When a beam of light hits an object, the object information is transferred to 

propagating waves and evanescent waves. The propagating waves carry large 

features information which can reach the far field, whereas evanescent waves carry 

fine details which are confined to the near field. Due to the ‘diffraction limit’, if the 

scattered light is collected by a conventional glass lens, the evanescent waves are 

permanently lost before reaching the image plane (Figure I. 6(a)). The hyperlens made 

by a strongly anisotropic metamaterial, can transfer the deep subwavelength 

information into the far field (Figure I. 6(b)). The evanescent waves from the object can 

become propagating waves. With the help of the hyperlens geometry, the waves 

gradually reduce their40 wavevector values along the propagation direction in the 

metamaterial, and thus the waves can continue to propagate even after leaving the 

hyperlens. 

 

Figure I. 6 Light propagation through (a) Conventional lens, and (b) Hyperlens. The blue curves 

and red curves represent propagating waves and evanescent waves, respectively. 40 

Near-field scanning techniques53, and fluorescence-based imaging methods54 

have proposed and validated ways to circumvent this limitation and have brought 

optical microscopy into the nano-world, with the fascinating and revolutionary goal to 

visualize the pathways of individual molecules inside living cells55. Similar intrinsic 

resolution limitations also hinder optical lithography, one of the most important tools 

equipping the semiconductor industry, ubiquitous in our societies. 

The principle of subwavelength imaging was proven by some published works. 

For example, an extremely thin Ag slab can act as a superlens, which enhances 

evanescent waves via resonant excitation of surface plasmons 4040,56.  

I.2.4 Achievement of HHMs 

HHMs are considered amongst the most promising metamaterials, because of 

their ability to provide a multi-functional platform32 to reach different meta-properties. 
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There are two main approaches to achieving the desired hyperbolic isofrequency 

surface using metamaterials. 1) The first type consists in lamellar superlattices with 

subwavelength layer thicknesses fabricated by multilayer showed in Figure I. 11 (a), is 

which a coupling of surface plasmons occurs. 2) The second type consists in lattices 

of metallic nanowires, showed in Figure I. 11(b). The physical mechanism is realized 

by localized surface plasmons29,57. Both of the systems have been studied theoretically 

and experimentally32,38,58,59.  

 

Figure I. 7 Schematics of 2 types of HMMs (a) multilayer of deeply subwavelength alternating 

metallic and dielectric layers (b) lattice of metallic nanowires embedded in a dielectric matrix 

with subwavelength characteristic diensions34 

These 2 designs can achieve the required extreme anisotropy and can be tuned 

to be HHMs in all wavelength ranges from the UV, visible, near-IR to mid-IR with the 

appropriate choice of metal and metallic filling fraction, which can be shown using an 

effective medium theory as following.  

I.2.4.1 Effective medium theory for multilayer structures41,58 

Effective medium theories relate the permittivity of a composite medium to the 

permittivities of the constituents, with some degree of structural information included 

in the relation. In the case of multilayer structures, a simple relation has been proposed 

and is valid if the thickness of the layers is much smaller than the operating wavelength, 

typically smaller than 𝜆/10. Then, if the relative permittivities of the dielectric and metal 

layers are 𝜀𝑑  and 𝜀𝑚, respectively, the uniaxial components of the dielectric tensor  

ε// and εz , are given by 
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Equation 1- 23  𝜀// = 𝜌𝜀𝑚 + (1 − 𝜌)𝜀𝑑  

Equation 1- 24  
1

𝜀𝑧
=

𝜌

𝜀𝑚
+

(1−𝜌)

𝜀𝑑
 

where 𝜌 is the fill fraction of the metal in the unit cell, 𝜌 =
𝑑𝑚

𝑑𝑚+𝑑𝑑
 if the thickness of 

metal is 𝑑𝑚 and the thickness of dielectric is 𝑑𝑑. From the Equation 1- 23 and Equation 

1- 24, the wavelength and strength of the plasmon resonance given by ε// can be 

tunable by the fill fraction of the metal. 

Such systems have been fabricated by electron-beam or sputter deposition in 

vacuum of both the metallic and dielectric constituents. One limitations of these 

deposition techniques is that there is often a limit to the number of periods that can be 

stacked while preserving an actual superlattice structure, which may be a problem to 

achieve bulk samples. However, high number may not be necessary, since as little as 

six layers were shown to achieve an effective hyperbolic behavior by using an electron-

beam evaporator60,61.  

I.2.4.2 Effective medium theory for cylindrical nanowires62,63  

Following a similar approach, an equivalent effective medium representation of 

the nanowire geometry can be given by the generalized Maxwell–Garnett approach. In 

the case of perfectly aligned cylindrical nanorods, the permittivity tensor components 

are given by: 

Equation 1- 25  𝜀// =
(1−𝜌)𝜀𝑚𝜀𝑑+(1−𝜌)

(1−𝜌)𝜀𝑚+(1+𝜌)𝜀𝑑
 

Equation 1- 26  𝜀𝑧 = 𝜌𝜀𝑚 + (1 − 𝜌)𝜀𝑑 

In Equation 1- 25 and Equation 1- 26, where 𝜌 is the volume fraction of metal, or 

equivalently the relative area occupied by the nanowires in a xy section of the medium. 

Also like multilayer HHMs, the response of the media can be tuned to different regimes 

(2 type of HHMs) and different amplitudes by varying frequency and characteristic size 

of the structure. 

Most of the HMMs nanowires are fabricated by electrochemical deposition of Ag 

or Au inside a self-assembled porous alumina (Al2O3) template64–67. Another method 

to realize nanowire material is to use the arrays of carbon nanotubes as the metallic 

domains68.  
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The chemical processes and the self-organization mechanisms, through which 

cylindrical porous templates are manufactured and used for nanowire HHMs 

fabrication, are considered easier and cheaper than the processes used to produce 

multilayer HHMs. In this thesis, we focus on the development of alternative routes for 

multilayer HHMs fabrication, possibly allowing large sample production and low cost.  

I.2.4.3 Fabrication of multilayer HHMs 

One can define two main families of fabrication methodologies to achieve 3-D 

nanostructured materials, usually called top–down and bottom-up. Top-down refers to 

methodologies similar to sculpting or machining matter, like lithography or printing. This 

is very efficient to produce well-defined patterns on surfaces, but is more difficult to 

apply to bulk materials. In particular, nanolithography has been successful in 

manufacturing nanostructured surfaces, evidencing meta-material properties, such as 

hyperlensing15 and cloaking16, at wavelengths larger or close to the visible domain69. 

Bottom-up refer to constructions from elementary molecular or supramolecular bricks 

into a design assembly. In particular the use of chemistry and self-assembly of metallic 

nanoparticles, acting as plasmonic resonators, into dense ordered structures, was 

anticipated as a promising ‘bottom-up’ fabrication route70,71, especially in order to 

produce large-scale, 3D and tunable metamaterials. We develop below a particular 

combination of chemical synthesis and mechanisms of self-assembly, which can be 

used to produce materials with both nano-structuration and anisotropy, and presenting 

hyperbolic propagation properties in the visible or infrared ranges.  

I.3 Self-assembly of block copolymers 

I.3.1 Definitions 

I.3.1.1 Polymer 

A polymer is a macromolecule consisting of a repeated sequence of the same 

units called segment, each bound to its neighbors by covalent bonds. Generally, the 

polymer chains are entangled and therefore in a disordered state. A polymer may be 

natural or chemically synthesized, characterized by degree of polymerization N, 

corresponding to the number of segments in the polymer72,73. 
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Its molar mass M is equal to M=NMsegment. Polymer synthesis routes generally 

lead to macromolecules which have a size distribution. More precisely, the number 

average molar mass Mn and the weight average molar mass Mw (see Equation 1- 27) 

are defined with Ni and Mi, the degree of polymerization and the molar mass of a 

polymer chain, respectively. 

Equation 1- 27  𝑀𝑛 =
∑ 𝑁𝑖𝑀𝑖𝑖

∑ 𝑁𝑖𝑖
  and  𝑀𝑤 =

∑ 𝑁𝑖𝑀𝑖
2

𝑖

∑ 𝑁𝑖𝑀𝑖𝑖
 

The radius of gyration Rg of a polymer chain describes the size of the polymer coil. 

The square radius of gyration is the average squared distance of any point in the 

polymer coil from its mass center. The radius of gyration of an equivalent freely joint 

polymer chain is given by 𝑅𝑔
2 =

1

6
𝑁𝑙𝑘

2 with N being the number of Kuhn segment, lk 

being the Kuhn length, with the Kuhn segment usually approximated to a chemical 

segment. 

The polydispersity index PDI equals the ratio of the weight average molecular 

weight Mw to the number average molecular weight Mn. This index describes the width 

of the polymer molecular weight distribution.  

Equation 1- 28  𝑃𝐷𝐼 = 𝑀𝑤/𝑀𝑛 

When the PDI is 1.0, all the polymers chains have identical length. For real 

polymers, PDI is always larger than 1.0.  

Most polymers have a refractive index n between 1.3 and 1.7. The present a glass 

transition from a vitreous state (hard and rigid polymer) to a rubbery state (soft and 

flexible polymer) characterized by a temperature Tg. A useful parameter is the solubility 

parameter , depending on the chemical nature of the polymer segments, which is a 

quantification of the degree of potential interactions between the polymer and other 

species. It was simply defined by Hildbrand as the energy required to completely 

remove a molecule from its neighbors to infinite separation.  

I.3.1.2. Diblock copolymers 

A polymer consisting of a single type of monomers is a homopolymer. When two 

or more different monomers unite together to polymerize, they are called copolymer. 

Block copolymers is one kind of copolymers, which comprises two or more blocks 

(homopolymer subunits) linked by covalent bonds. The latter are arranged according 
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to a more or less complex architecture, they may be linear (diblock, triblock, multiblock) 

or branched (dendrimers, star) (see Figure I. 8). 

 

Figure I. 8 Schematics of different type of block copolymer 

More particularly, we are interested in diblock copolymers denoted A-B, which are 

defined by their degree of polymerization N, and the mass and volume fraction of each 

block. The expressions of the mass fraction fm(A) and volume fraction fv(A) of the block 

A in an A-B diblock copolymer are the following:  

Equation 1- 29  𝑓𝑚(𝐴) =
𝑀𝑛(𝐴)

𝑀𝑛(𝐴)+𝑀𝑛(𝐵)
 and 𝑓𝑣(𝐴) =

𝑀𝑛(𝐴)/(𝐴)

𝑀𝑛(𝐴)/(𝐴)+𝑀𝑛(𝐵)/(𝐵)
 

where ρ(A) and ρ(B) are the densities of the polymer blocks A and B. Mn(A) and 

Mn(B) are number average molar mass of the blocks A and B, respectively. 

Diblock copolymers are polymers derived from the successive copolymerization 

of two types of chemically different monomers. They can be synthesized by controlled 

anionic or radical polymerization. Advances in polymerization syntheses in recent 

decades have made it possible to have access to a large variety of chemistries and 

structures of diblock copolymers. 

I.3.2 Thermodynamics of diblock copolymers 

I.3.2.1 Phase transition of the diblock copolymers 

A diblock copolymer is a polymer consisting of two types of monomers, A and B, 

linked together by a covalent bond. In the particular case where the two blocks A and 

B are completely miscible, the properties of the diblock copolymer are intermediate 

between those of the two blocks. However, in generally the two blocks are immiscible 

because of the different chemical nature of the two blocks. This incompatibility causes 

the system to try to minimize the interfacial energy between the two blocks, which leads 

to a phase separation of the copolymer into domains with a characteristic period. The 

most characteristic feature of a block copolymer is the strong repulsion between the 

two unlike blocks even when the repulsion between segments is relatively weak. As 
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the blocks A and B are linked together by a covalent bond, the size of the domains is 

restricted to spatial scales of the order of the size of the macromolecules, from 10 to 

100 nm. The propagation of these ordered domains continues to the macroscopic 

scale. This self-assembly process is called the phenomenon of microphase separation. 

The monomer segments will segregate and form regular, often periodic structures73–77. 

The phase micro separation is controlled by the free energy of the system ΔG, 

which depends on a competition between entropy ΔS and enthalpy ΔH. 

The entropy contribution ΔS, which present the configuration energy gain during 

mixing to deform the chains of each of the blocks, is proportional to the number of N 

repeat patterns. 

The enthalpy contribution ΔH, which shows the energy cost of a contact between 

the two blocks A and B,  is linked to the Flory-Huggins interaction parameter χAB which 

reflects the interaction energy between blocks A and B. The parameter χAB depends 

on the temperature and the chemical nature of the blocks. It can be written in two ways.  

With a network model:  

Equation 1- 30   𝜒𝐴𝐵 =
𝑍

𝑘𝐵𝑇
[
𝜀𝐴𝐵−(𝜀𝐴𝐴+𝜀𝐵𝐵)

2
] 

where kB is the Boltzmann constant, T is the temperature, Z is the network 

coordination number, and εij the interaction energy between two monomer i and j. For 

example: 𝜀𝐴𝐴 is the energy interaction between two A monomers. 

With the solubility coefficients:  

Equation 1- 31  𝜒𝐴𝐵 =
𝑉𝑠𝑒𝑔(𝛿𝐴−𝛿𝐵)2

𝑁𝐴𝑘𝐵𝑇
  

where NA is the Avogadro’s constant, A and B are the solubility parameters of 

segment A and segment B, respectively. Vseg is the mean volume occupied by a 

segment of the polymer. 

The microphase separation is stronger when the product χABN is high, which 

defines the segregation power of the system. When the interaction parameter 

increases, the incompatibility between the two blocks increases and the phase 

separation is naturally favored. Also, the increase of the polymer chains size leads to 

a relative decrease in the entropy gain and also favors the microphase separation. 
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When χABN becomes greater than a certain critical value denoted as (χABN)OD, a 

microphase separation occurs (see Figure I. 9). Below this characteristic value (χN)OD, 

the system is mixed and described as in a disordered state. 

 

Figure I. 9 Schematic representation of the states of a diblock copolymer 

The microphase separation also depends on the temperature. When the 

temperature is high, the thermal agitation dominates and the repulsive interactions 

between the segments of the blocks A and B no longer lead to the separation of the 

blocks. Beyond a certain temperature, denoted as order-disorder temperature TOD, the 

system is in a disordered state. On the contrary, when the temperature is lower than 

TOD, the blocks are segregated into microdomains (Figure I. 9). The order-disorder 

transition temperature TOD can be measured by scattering of electromagnetic radiation, 

especially small angle X-ray scattering, or rheological techniques78–83. 

 

Figure I. 10 Simplified theoretical phase diagram of a diblock copolymer78 

The order-disorder transition is characterized by the parameters (χ)ODN and TOD 

interconnected by Equation 1- 32, with two constants a and b. 
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Equation 1- 32  𝜒𝑂𝐷 = 𝑎 +
𝑏

𝑇𝑂𝐷
 

The order-disorder transition can be modified by varying the degree of 

polymerization N of the copolymer or the interactions between the blocks A and B by 

changing their chemical nature. In both cases, this requires the synthesis of a novel 

diblock copolymer. The simplest option to change the order-disorder transition is to 

vary the temperature of the system. 

The order-disorder transition of a diblock copolymer also can be tuned by volume 

fraction of one block relative to the other. The simplified theoretical phase diagram of 

a diblock copolymer A-B is plotted as function of the volume fraction of block A in Figure 

I. 10. It shows how the boundary between the ordered and disordered states varies 

with the composition of the diblock, described by the volume fraction fA of block A. 

I.3.2.2 Phase Diagram of Diblock Copolymers 

 

Figure I. 11 Micro phase separation of (a) lamellar phase and (b) cylinder phase 

When the diblock copolymer A-B is in an ordered state, the morphology it adopts 

depends on three factors. The Flory-Huggins parameter χAB, the degree of 

polymerization N and the volume fraction of one block in copolymers affect the 

conformation of the chains and the spontaneous curvature adopted by the interface 

between the two blocks. For a symmetrical 

diblock copolymer (fA ≈ fB ≈ 0.5), the minimum 

free energy is obtained for an identical 

stretching of the two species and leads to the 

formation of a plane interface between the two 

blocks. The microdomains are then organized 

into alternating lamellar phase (Figure I. 11(a)). 

For an asymmetric diblock copolymer (fA > 0.5 

Figure I. 12 Typical SAXS patterns 

observed for equilibrium structures 

formed in diblock copolymer melts128,129 
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or fA <0.5), a plane interface would induce a high entropy stress in the minority block. 

The system then curves its interface to relax this constraint, which can lead to 

cylindrical or spherical morphologies (Figure I. 11(b)). 

The different morphologies (spherical, cylindrical, gyroid and lamellar) of a diblock 

copolymers are shown in Figure I. 13 as a function of χABN and the volume fraction of 

one block f. 

 

Figure I. 13 Diagram of the theoretical phase of a diblock copolymers and corresponding 

morphologies These morphologies can be characterized by transmission electron microscopy 

(TEM) or small-angle X-ray scattering (SAXS), experimental techniques described in Chapter 2. 

In X-ray scattering at small angles, the intensity of the signal scattered by the diblock copolymer 

is observed as a function of the diffusion wave vector q. When the system presents an 

organization, there are peaks due to the scattering by the structure. The relative positions of 

these peaks, defined by the ratio q/q0, are characteristic of the morphology (see Table I. 1 and 

Figure I. 12).77 

Table I. 1 Peak relative positions (expressed as q/q*) of Bragg reflections for various structures 

Structure Ratio q/q* 

Lamellar 1, 2, 3,4,5,6… 

Spherical 1,√2, √3, √4, √5, √6… 

Cylinder 1, √3, 2, √7 … 

Gyroid 1, √4/3, √7/3, √8/3, √10/3,√11/3… 

Our goal is to produce lamellar systems, which is why we are interested in the 

following in the specific case of symmetrical diblock copolymers, with fA ≈ fB ≈ 0.5. 
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I.3.2.3 Symmetric diblock copolymers in different segregation regimes 

When an A-B symmetrical diblock copolymer is in an ordered phase, it has a 

lamellar morphology within a period (or bilayer thickness) denoted as d (Figure I. 11(a)). 

The ability of segregation of the system depends on the segregation power χN and we 

can distinguish four regimes as shown in Figure I. 1484. 

 

Figure I. 14 The phase separation regimes for diblock copolymers84 

I.3.2.3.1 Strong segregation regime 

When the value of χN is very large (typically larger than 100 for a symmetrical 

diblock copolymer), the blocks of the copolymers are very incompatible, there is 

formation of microdomains with net interfaces, the system is within the strong 

segregation limit. As explained in section 1.3.2.1, the free energy of the micro-

separated system of a diblock copolymer is given by the sum of the entropic 

contribution to deform the chains away from their conformation of random coils and the 

interfacial energy between the A and B domains. According to Semenov's theory85, the 

two corresponding terms in free energy are given by Equation 1- 33: 

Equation 1- 33  
𝐹

𝑘𝑇
=

3𝑝

8𝑁𝑎2
𝑑2 +

2𝑝𝑁𝑎

𝑑
(
𝜒

6
)0.5 

Equation 1- 34  𝑑 = 2𝑁2 3⁄ 𝑎 [
1

3
(
𝜒

6
)
1 2⁄

]
1 3⁄

 

where d is the lamellar period, N is the total number of segments of statistical 

length a, p is the number of polymer chains in the system per unit volume and χ=χAB 

is the interaction parameter. The equilibrium lamellar period d of a diblock copolymer 

is obtained by minimizing Equation 1- 33 and is given by Equation 1- 34.  
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It can be seen that the lamellar period (or bilayer thickness) d depends rather 

strongly on the degree of polymerization N but little on the interaction parameter. We 

are going to control d by controlling the N of the polymers in the Chapter III. 

I.3.2.3.2 Low segregation regime 

On the contrary, when the value of χN is low (χN ≈ 10 for a symmetrical diblock 

copolymer), the blocks are mixed and the copolymer is in the vicinity of the order-

disorder transition. It is subject to fluctuations in composition which are organized in 

ordered microdomains with large interfaces. In this case, the system is in a weak 

segregation regime and the lamellar period of the microdomains d varies in N1/2. 

I.3.3 Experimental shaping 

The experimental conditions for obtaining ordered symmetrical diblock 

copolymers are described below, according to two types of evaporation. 

I.3.3.1 Slow evaporation 

 

Figure I. 15 Schematic illustration of the shaping of a symmetrical diblock copolymer by slow 

evaporation of the solvent 

The diblock copolymer may spontaneously self-assemble under certain specific 

conditions, for example by slowly evaporating the solvent. At the beginning of the 

process, the copolymer chains are diluted in a common (or neutral) solvent. As the 

solvent begins to evaporate slowly, the polymer chains get closer and unfavorable 

interactions occur. These repulsions between the blocks A and B cause the chains of 

copolymers to rearrange in order to minimize their contact with each other: the self-

assembly begins. The microdomains are then gradually formed and propagate during 

the evaporation of the solvent until the solvent has completely evaporated. At the end, 
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an ordered sample of lamellar morphology is obtained in the case of a symmetrical 

diblock copolymer (see Figure I. 15). 

I.3.4.2 Rapid evaporation 

In some preparation processes, like the spin-coating deposition of thin films, the 

evaporation of the solvent is very rapid, so the system does not have time to reach its 

thermodynamic equilibrium and the polymer chains therefore do not have time to 

organize. In the rapid evaporation case, the system is amorphous that is, in a 

disordered state, or in a uncontrolled or intermediate state of organization. In order to 

organize the system, it is necessary to provide mobility to the chains later on, like 

thermal annealing, or exposure to a swelling solvent or mechanical shear (see Figure 

I. 16). 

 

Figure I. 16 Schematic illustration of the shaping of a symmetrical diblock copolymer by rapid 

evaporation of the solvent 

 

I.3.4 Thermodynamics of symmetrical diblock copolymers in thin 

films 

This is particularly the case for thin films which are produced by spin coating (rapid 

evaporation as described in I.3.4.2). The spin-coating is a technique to form a film in 

several seconds (details are given in Chapter III.1). According to the rapid evaporation 

experimental conditions, the equilibrium state of the system must be obtained by a 

post-spin-coating treatment, for example, thermal annealing or solvent annealing. Both 

of them can induce the alignment of the lamellar phase, which may be perpendicular 

or parallel to the substrate73,86,87.  
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I.3.4.1 Alignment perpendicular to substrate 

It is possible to obtain a diblock copolymer film aligned perpendicularly to the 

substrate after annealing in the particular situation where the surface of the substrate 

is chemically neutral with respect to the two blocks. The interfacial interactions between 

the substrate and each block are then identical and there is no preferential wetting for 

the two blocks. 

 

Figure I. 17 TEM cross-view of a PS-PMMA film on a substrate consisting of a random mixture of 

PS and PMMA86 

During annealing, which is performed for providing mobility to the chains, the latter 

form microdomains and orient themselves perpendicularly to the neutral substrate. 

However, in most of the cases, one of the blocks of the diblock copolymers has a 

preferential chemical affinity with air, the film orientates parallel to its upper surface, 

which forms mixed alignment films (see Figure I. 17). 

I.3.4.2 Alignment parallel to substrate 

As we mentioned in I.3.4.1, in most of cases, for thin films of diblock copolymers, 

the interfacial energies of each block with the substrate and with air generally induce 

preferential wetting of one of the blocks at the interface of substrate/film and film/air. 

During annealing of the thin film, the lamellar morphology propagates from the two 

interfaces (air / film and film / substrate) to the interior of the film, and parallel alignment 

to the substrate of a diblock copolymer film can be obtained. Depending on the 

thickness of the thin film, the configuration adopted after annealing may be symmetrical, 

unsymmetrical, or more complex. 

I.3.4.2.1 Symmetric and unsymmetrical configuration 

In the particular case, when the thickness of the thin film L of symmetrical diblock 

copolymers is the exactly quantized value dependent on the lamellar period d, the film 

adopts a symmetrical or unsymmetrical configuration. 
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Figure I. 18 Schematic representation of an alignment of a lamellar diblock copolymer film in 

symmetrical (a) and unsymmetrical (b) configurations. 

When L=n*d, where n is an integrate number, and one of the blocks of the 

copolymers has a preferential chemical affinity with both the substrate and air, a 

symmetrical configuration forms (see Figure I. 18(a)).  

And when L=(n+1/2)*d, and one of the blocks has a preferential affinity with air 

and the other block has a preferential affinity with the substrate, an unsymmetrical 

configuration forms (see Figure I. 18(b)). 

I.3.4.2.2 Other configuration 

However the “perfect film” (symmetrical or unsymmetrical configuration) is 

uncommon in real fabrication. Most of the time88, the thickness of the film L is not strictly 

commensurate to the equilibrium lamellar size d( L ≠ n*d and L≠(n+1/2)*d), the 

copolymer will then organize during annealing so as to compensate for this difference 

in thickness89. Holes or islands are formed on the surface of the film (see Figure I. 19) 

with a specific step height (see Figure I. 20) equal to a period size. 

 

Figure I. 19 Illustration of the thin film topography formed by diblock copolymers as a function 

of time 
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The surface energy and material quantity constraints result in the generation of 

areas on the surface of the film. The arrangement adopted by the chains of a 

symmetrical diblock copolymer during annealing is shown in Figure I. 20. The 

difference of thickness between holes and islands on the surface is equal to the 

lamellar period d of the copolymer90. Moreover, the two thicknesses of the thin film are 

equal to n d or (n + 1) d, with n integrate number. 

 

Figure I. 20 Schematic of a thin film of diblock copolymers aligned parallel to the substrate91 

The type of surface topography and the fraction of the surface occupied by islands 

or holes depend upon the initial thickness. This holes or islands have micron-size 

lateral dimensions and can be observed under optical microscope and AFM from our 

samples that will be seen in Chapter III and Chapter IV.  

I.3.5 Dispersion in Solvents 

If the interaction between a solvent and a polymer is favorable, the polymer 

segments will rather be surrounding by the solvent than by other segments, and the 

polymer swells and eventually dissolves. If it is unfavorable, the polymer does not or 

very little swell. In intermediate situations, it may swell but not dissolve. The nature of 

the interaction may be assessed from the difference in solubility parameters polym-solv. 

What will happen when an ordered symmetrical diblock copolymer film is put in contact 

with a neutral or selective solvent? For a diblock copolymers, when we say neutral 

solvents, it means the solvent has a good chemical affinity with the two blocks. When 

swelling an ordered diblock copolymer film in a neutral solvent, the solvent is uniformly 

distributed within the blocks, the structure swells and the interfaces deform strongly 

until the copolymer is completely dissolved in the solvent92. However, for many of block 

copolymers systems, there is no true neutral solvent93. A selective solvent is a solvent 

having a preferential chemical affinity for one of the two blocks of the copolymers. By 

immersing an ordered diblock copolymers A-B in a selective solvent of block B 
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preferential, the solvent swells the B domains of the ordered phase. This results in the 

increase of the layer B thickness. 

 

Figure I. 21 Scheme of a lamellar copolymer A-B dispersed in a selective solvent of block B 

(without thermodynamic equilibrium) 

At thermodynamic equilibrium, the interfaces of the system pushed to minimize its 

free energy and this induces morphological transitions. In the particular case, when the 

block A is not soluble in the solvent, which is the selective solvent for block B, and 

block A is glassy (like poly(styrene)), there is no morphological transition. The solvent 

then selectively swells the B domains of the ordered phase of the A-B diblock 

copolymer without affecting the A domains or the curvature at the A / B interfaces. The 

A domains are then fixed in a state not at thermodynamic equilibrium and they keep 

their shape and size (see Figure I. 21 ) 

Table I. 2 Hilderbrandt solubility parameter for some chemicals 

Compound Hilderbrandt solubility parameter,  (MPa)1/2 

Toluene 18.3 

THF 18.5 

ethanol 26.2 

methanol 29.5 

poly(styrene) 18.3 

poly(2-vinylpyrridine)95 21.3 

According to the work of H. Lin et all94 a solvent that dissolves both blocks would 

easily penetrate into the multilayered structure. When the solvent is selective for only 

one block, the other block will retard the diffusion of the solvent. On the other hand, 
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defects in the multilayers will provide channels through which the solvent can easily 

migrate. 

The poly(styrene)-block-poly(2-vinylpyridine) (PS-PVP) is the main diblock used 

in our study. The solubility parameters of used chemicals are shown in Table I. 2.  

Both toluene and THF are good solvents for PS and moderately good solvent for 

P2VP. THF is a slightly better neutral solvent for the diblock, than toluene. P2VP 

exhibits the swelling characteristics in contact with ethanol and methanol. Water is a 

non-solvent for PS, which is strongly hydrophobic, and a bad solvent for P2VP, with 

unfavorable interactions between the polymer backbone with water only slightly 

compensated by the polar nature of the amine94,96. 

 

I.4 Gold nanoparticles 

A nanoparticle is a solid particle, which is at the nanometer scale in at least one 

dimension. At this scale, the physicochemical and electronic properties of a 

nanoparticle are significantly different from the 

properties of a bulk material which has the 

same chemical composition. In this thesis 

work, we are interested in the specific case of 

gold nanoparticles.  

The first application of the optical 

properties of gold nanoparticles is found97 in 

Lycurgus Cup of 4th-century(see Figure I. 

22), which is made of a mixture of Roman glass 

with gold nanoparticles. It shows a different color according to the lighting conditions. 

If the light lit inside the cup, it is red and it is green when lit the light in front of the cup. 

Also the use of metallic nanoparticles can be found in the windows of certain cathedrals 

(Bourges, Troyes ...) from the middle ages and in certain colored glasses from the 

Renaissance period. Today, the gold are mainly used in jewelry, currency, electronics 

and dentistry because of the noble character of gold bulk.  

 

Figure I. 22 Lycurgus Cup in (a) reflected 

and (b) transmitted light.97 
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I.4.1 Synthesis of gold nanoparticles of solution based 

In the year 1875, Michael Faraday98 found a method to obtain gold colloids. Since 

then, continued researches99–105 led to the publication of different methods of synthesis 

of gold nanoparticles, which can control the size, shape (nanospheres, nanorods, 

nanoshells, nanocages etc, (see Figure I. 23 ) and surface functionality of gold 

nanoparticles.  

 

Figure I. 23 Schematic of different shape of Au nanoparticles 

In this section, we are particularly interested in chemical synthesis of gold 

nanoparticles (NPs), which includes reduction of gold salts based on chemical or non-

chemical reducers.  

1.4.1.1 Reaction based on chemical reducer 

The synthesis of gold nanoparticles by chemical reaction is carried out by reaction 

between a gold salt, a reducing agent and a stabilizing agent. The gold salt is used as 

a precursor and mostly is chloroauric acid (HAuCl4), in which the gold is in oxidation 

state (III). A reducing agent is added to reduce gold ions Au3 + to gold Au0 and often is 

sodium borohydride (NaBH4), sodium citrate (Na3Ct) or ascorbic acid. 

Table I. 3 Serveral ligands affinity for gold surface 

Stabilization 

agent 
thiol≈amines≈phosphines≈silanes>alkane≈halide≈alcohols≈Carboxylic Acid 

Formula RSH ≈RNH ≈      R3P      ≈   R3Si  >   R3C ≈   RX ≈   ROH    ≈       COOH 

As the reaction continues, the solution becomes supersaturated in gold atoms and 

the particles begin to aggregate and precipitate. The addition of a stabilizing agent 

(also called a ligand) makes it possible to control the precipitation and to prevent the 

uncontrolled growth of the nanoparticles. It should be noted that not all ligands have 

the same affinity for the gold surface106 (see Table I. 3). 
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In the majority of syntheses, the shape and size of the nanoparticles can be 

controlled depending on many parameters: different chemical reducing agents and 

their concentration, order of addition of the reactants, stirring speed, pH of the reaction 

solutions, temperature100,101,103–105,107,108. 

1.4.1.2 Reaction based on non-chemical reducer 

The gold precursor also can be reduced by non-chemical reducing methods such 

as temperature, ultrasound or irradiation (UV, gamma ray). In this case, the reduction 

is caused by temperature or ionizing radiation consisting of a light beam, electrons or 

gamma rays109. By controlling the intensity of the beam, the temperature and the 

exposure time, the gold nanoparticles size, shape and dispersion can be well 

controlled. These method have the advantage of reducing the gold salts in films, but 

reports109,110 claimed that the mechanism of thermal annealing process are complex, 

which involved several side reactions and lead to various shape of gold nanoparticles 

(see Figure I. 24). For example, with a thermal annealing in the presence of 

poly(vinylpyrrolidone), which is one of the most frequently used stabilizer, protective 

agent or reactant, various shape of gold NPs can be achieved. 

 

Figure I. 24 SEM images of gold nanoparticles synthesized by thermal annealing in the presence 

of  poly(vinylpyrrolidone) at 60º (a) with 10 g.dm−3 concentration of gold salt,  and 95º (b)& (c)  

with 2 g.dm−3 & 88 g.dm−3 concentration of gold salt respectively.110 

In this thesis work, we are going to use poly(vinlypyridine) playing a role somewhat 

similar to that of poly(vinylpyrrolidone) in the latter study. 

I.4.2 Chemical and physical properties of gold nanoparticles 

Gold is a noble metal because of the stability of its chemistry and its properties. 

The physical –chemistry parameters of gold are listed in Table I. 4. 
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Different from the bulk gold, gold nanoparticles exhibit unique properties in color, 

density, melting point (due to the large ratio of surface atoms to inner atoms), 

mechanical strength and conductivity (due to increases of surface scattering). In 

addition, even slight change of the environment will cause the change of physical or 

chemical properties of gold nanoparticles, which make them a good sensor. Also, gold 

nanoparticle based catalysis can provide better yield, selectivity and are effective even 

at low temperatures in many reactions111 due, in particular, to the high surface 

area/volume ratio.  

Table I. 4 properties of gold (referred from Wikipedia) 

Atomic number 79 Standard atomic weight 196.97 g/mol 

Melting point 1064.18°C Electron configuration [Xe]4f14 5d10 6s1 

Density 19.30 g/cm3 Boiling point 2970 °C 

I.4.3 Optical properties of gold nanoparticles 

I.4.3.1 Permittivity of bulk gold 

The optical response of gold is dominated by two electronic contributions: 

interband and intraband transitions. The complex electrical permittivity of gold is written 

as the sum of the interband and intraband contributions according to Equation 1- 35. 

Equation 1- 35  𝜀𝐴̃𝑢 = 𝜀𝐴̃𝑢,𝑖𝑛𝑡𝑒𝑟𝑏𝑎𝑛𝑑 + 𝜀𝐴̃𝑢,𝑖𝑛𝑡𝑟𝑎𝑏𝑎𝑛𝑑 

Equation 1- 36  𝜀𝐴̃𝑢,𝑖𝑛𝑡𝑟𝑎𝑏𝑎𝑛𝑑 = 𝜀∞ −
𝜔𝑝

2

𝜔2+𝑖𝛾0𝜔
 

Several researchers112,113 determined the values of the real εr and imaginary εi 

part of Au permittivity for wavelengths ranging from 200 to 2000 nm experimentally, 

with some differences between them. In the present thesis, we chose to use the data 

of Johnson and Christy109 (JC), which is shown in Figure I. 25 (dots). In the visible red 

and near-infrared regions, the dielectric function is dominated by the intraband 

component, which can be well approximated by a free-electron Drude model 

(continuous lines in Figure I. 25), written according to Equation 1- 36114,115. Where the 

frequency of the photons of the incidence beam is 𝜔, 𝜀∞ is a constant which gives the 

permittivity of gold in very large frequencies and 𝛾0 is the damping rate of the gold, 

which will be discussed later. 
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The plasma frequency  𝜔𝑝 of the conduction electrons of gold is defined by 𝜔𝑝
2 =

𝑁𝑒𝑒
2

𝜀0𝑚𝑒𝑓𝑓
 with the density of electrons 𝑁𝑒 , the elementary charge 𝑒, the permittivity of 

vacuum 𝜀0  and the effective mass of an electron 𝑚𝑒𝑓𝑓. 

 

Figure I. 25 Permittivity of gold taken from JC (dots) and compared with the Drude model 

approximation (continuous curves) 

The continuous lines in Figure I. 25 represent the adjustment of the JC data by 

the Drude model taking the values of the parameters listed in Table I. 5. 

From Figure I. 25, we can see that the fit between the experimental data of JC and 

the Drude model agrees well in the wavelengths ranging from 600 to 2000 nm, where 

the permittivity is dominated by the intraband response (Equation 1- 35 𝜀𝐴̃𝑢,𝑖𝑛𝑡𝑟𝑎𝑏𝑎𝑛𝑑 

and the first term 𝜀𝐴̃𝑢,𝑖𝑛𝑡𝑒𝑟𝑏𝑎𝑛𝑑  is negligible). On the contrary, for short wavelengths 

below 600nm, the interband contribution 𝜀𝐴̃𝑢,𝑖𝑛𝑡𝑒𝑟𝑏𝑎𝑛𝑑 cannot be neglected, which 

causes the disagreement between the experimental (JC) data and the Drude model. 

There is no proper model for the interband component of the gold permittivity, but we 

use the JC data for reference. Note that the absorption response at 400 nm shown in 

Figure I. 25, which corresponds to the interband contribution, explains the golden 

yellow color of the bulk gold. 

Table I. 5 Values of the Drude parameters for bulk gold (JC) 

Parameter 𝜀∞ 𝜔𝑝
2 𝛾0 𝜄 

Value 9.4 8.92 eV 0.073 eV 12.5 nm 
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The damping of the free (Drude) electrons motion in bulk gold is due to collisions 

with the crystal lattice and the imperfections of the material. So 𝛾0 is related to the 

mean free path of electrons  𝑙 , which is the average distance the electrons travel 

between collisions (see Equation 1- 37 and Figure I. 26(a)). 

Equation 1- 37  𝛾0 =
𝑣𝐹

𝑙
 

With Fermi velocity𝑣𝐹 = 1.4 × 106 𝑚/𝑠 . For bulk gold, 𝛾0 = 0.073 𝑒𝑉  and  𝑙 =

12.5 𝑛𝑚. 

I.4.3.2 Absorption of gold nanoparticles 

The properties of gold nanoparticles differ significantly from that of bulk. In the 

early 20th century, Maxwell-Garnett116,117 explained many of the scattering effects and 

color changes, while the size dependent optical properties of metal spheres were 

explained by Mie118. Because they exhibit novel properties, theoretical and 

experimental studies of metallic nanoparticles have been continuous since then.  

Due to the extremely high surface area/volume ratio, the gold nanoparticles 

generate a phenomenon negligible at the macroscopic scale. When a gold 

nanoparticle is placed in an electromagnetic field whose wavelength is much greater 

than the particle size, all the conduction electrons can be considered as a plasma (gas 

of ionized species of high density). The external field induces a collective oscillation on 

the surface of the nanoparticle in a macroscopic scale. When the frequency of the 

incident field corresponds to the natural frequency 𝜔0  of these oscillations (see 

Equation 1- 38), a resonance phenomenon occurs, which is called surface plasmon 

resonance (as we mentioned before, see Figure I. 4 ). 

Equation 1- 38  𝜔0 =
1

2𝜋
√

𝑘

𝑚𝑒𝑓𝑓
 

 

Figure I. 26 the mean free path of electrons in (a) bulk gold and (b) gold nanoparticles84 
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This resonance of gold nanoparticles which takes place at a visible wavelength 

and induces a strong absorption, gives gold nanoparticles red-to-green color 

depending on the size and shape of the NPs119–121.  

When gold is confined to the nano-scale, the mean free path of electrons 𝑙′ is also 

modified. Colliding with the crystal lattice, electrons also can collide with the surface of 

the particle (see Figure I. 26(b)). 

So the total damping is caused by 𝛾0 in the collision term of bulk gold and the 

collision of surfaces 𝛾𝑐𝑜𝑛𝑓 (see Equation 1.7).  

Equation 1- 39  𝛾𝑡𝑜𝑡 = 𝛾0 + 𝛾𝑐𝑜𝑛𝑓 =
𝑣𝐹

𝑙
+ 𝐴

𝑣𝐹

𝑙𝑐
 

Where A is the surface diffusion coefficient and is equal to 1 and 𝑙𝑐 is a correction 

to the mean free path of the electrons in a gold nanoparticle122. The effective mean 

path 𝑙′  is defined by the mean free path of bulk gold 𝑙  and the correction 𝑙𝑐  with 

Equation 1- 40(see Figure I. 26). 

Equation 1- 40  𝑙′ =
𝑙×𝑙𝑐

𝑙𝑐+𝐴×𝑙
 

From Equation 1- 39 and Equation 1- 40, the interband component is not modified 

by small size effect, so that the intraband contribution of the complex permittivity of 

gold nanoparticles is Equation 1- 41. 

Equation 1- 41  𝜀𝐴̃𝑢𝑁𝑃𝑠,𝑖𝑛𝑡𝑟𝑎𝑏𝑎𝑛𝑑 = 𝜀∞ −
𝜔𝑝

𝜔2+𝑖𝜔(𝛾0+𝛾𝑐𝑜𝑛𝑓)
 

From Equation 1- 41, ε̃AuNPs,intraband depends on the correction of the mean free 

path of electrons 𝑙𝑐. The value of 𝑙𝑐 depends on the size of the nanoparticles.  

In Figure I. 27, dots lines and continuous lines represent the electrical permittivities 

in the case of bulk gold and gold nanoparticle (NPs), respectively. The continuous lines 

in Figure I. 27 represent the adjustment of the JC data by the Drude model as we 

mentioned before. The continuous lines corresponds to the value of ε for nanoparticles 

of diameter of 10.7nm122. 

Table I. 6 values of parameters in JC 

Parameter 𝜀∞ 𝜔𝑝
2 𝛾0 𝜄 𝜄𝑐 𝜄′ 

Value 9.4 8.92 eV 0.073 eV 12.5 nm 10.7nm 5.9nm 
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Figure I. 27  permittivity of gold taken from JC (dots curves), gold nanoparticles (NPs) 

(continuous lines) and the Drude model approximation (dash curves). 

Due to their surface plasmon resonance (as we mentioned in section I.2, Figure I. 

4)119, gold nanoparticles have a strong interaction with light, which induces interesting 

optical properties120,. The surface plasmon resonance of a gold nanoparticle is 

evidenced by a strong absorption on a narrow wavelength band. This absorption can 

be detected when measuring the absorbance of a suspension of gold nanoparticles. 

The absorbance is defined by Beer-Lambert's law: 

Equation 1- 42  𝐴 = 𝑙𝑜𝑔(𝐼0 𝐼⁄ ) = 𝑆𝑐𝐿𝜎𝑒𝑥𝑡 

Equation 1- 43  𝜎𝑒𝑥𝑡 = 𝜎𝑎𝑏𝑠 + 𝜎𝑠𝑐𝑎𝑡𝑡 

where I and I0 are the incident intensity and transmitted intensity, respectively. 𝑆𝑐 

and L are the concentration of the sample solution (in mol/L) and the length of light 

path (in cm). 𝜎𝑒𝑥𝑡 is the extinction coefficient. This extinction consists of the absorption 

and the scattering of the suspension with particles (see Equation 1- 43). Because gold 

nanoparticle (typically <50 nm) are much smaller than the wavelength of light, so the 

contribution of scattering is negligible (𝜎𝑒𝑥𝑡 ≈ 𝜎𝑎𝑏𝑠). And this absorption represents the 

energy loss of the beam that interacts with the particles and is written as follows26. 

Equation 1- 44  𝜎𝑒𝑥𝑡 = 𝜎𝑎𝑏𝑠 = 𝑘 × 𝐼𝑚(𝛼) where 𝑘 = 𝑛 2𝜋/𝜆 

Where k is the wave number and 𝐼𝑚(𝛼) is the imaginary part of the polarizability 

𝛼 of the nanoparticle (see Equation 1- 45). n is the refractive index of the surrounding 

medium and λ is the wavelength of the incidence beam. 𝛼 represents the ability of a 

nanoparticle to polarize by creating oriented dipoles (or by reorganizing existing 

dipoles) along an applied electric field. For a spherical gold nanoparticle, it can be 
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written according to Equation 1- 45, with the sphere volume V, and the permittivity of 

the medium 𝜀𝑚. Combining Equation 1- 42, Equation 1- 44 and Equation 1- 45, the 

absorbance of suspension can be written in Equation 1- 46. 

Equation 1- 45  𝛼 = 3𝑉𝜀𝑚 (
𝜀̃𝐴𝑢−𝜀𝑚

𝜀̃𝐴𝑢+2𝜀𝑚
) 

Equation 1- 46  𝐴 = 𝑆𝑐𝐿
24𝜋2

𝜆
𝑅3𝑛𝜀𝑚

𝜀𝑖,𝐴𝑢

(𝜀𝑟,𝐴𝑢+2𝜀𝑚)
2
+𝜀𝑖,𝐴𝑢

2
 

Where R is the radius of nanoparticles, 𝜀r,Au and 𝜀i,Auare real and imaginary parts 

of the permittivity of gold nanoparticles. According to 

Equation 1- 46, the plasmonic peak depends on: the 

refractive index n and permittivity of the surrounding 

medium, the size and the permittivity of gold 

nanoparticles.  

The absorbance shows84 a strong increase 

when εr, Au=-2εm, which corresponds to the surface 

plasmon resonance of spherical gold nanoparticles. 

According to Figure I. 28, this resonance is around 

520 nm, so the suspension appears red. The 

interband contribution is also visible on an optical 

density measurement, between 400 and 450 nm 

and is independent from the particles size. 

 

Figure I. 29 (a) The position of surface plasmon resonant band depend on the chemical 

composition of particle surfactant shell by changing the refractive index of the surrounding 

Figure I. 28 absorbance of aqueous 

suspension of gold particles with 

radius R=5nm84   
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environment. (b) The aggregation of Au NPs correlates with a red-shift of the surface plasmon 

resonant band position along with an increase in the absorbance from 600 to 800 nm123 

According to Equation 1- 46, the absorbance depends on the refractive index n 

and permittivity of the surrounding medium εm. In particular case, when gold 

nanoparticles bind with other molecules or aggregates, the position of the surface 

plasmon resonance changes123 (see Figure I. 28). This phenomenon can also be 

observed in our studies in Chapters IV and VI. 

When the refractive index of the surrounding medium increases, the net charge at 

the surface of the particle is attenuated, which reduces the resonant force of the 

oscillator and cause the wavelength of resonance towards the red. 

Depending on the size and shape, the suspension of gold nanoparticles shows 

different colors (see Figure I. 29(a) lower image). Compared to spheres, rods give more 

colors, which is due to the difference nature of their plasmon bands. The rods have 

two bands, while spheres have one only which gives rods response more sensitivity to 

their size. 

 

Figure I. 30 The position of surface plasmon resonant band depend on (a)124,125 different size of 

nanoparticles, and the color of suspensions with gold nanospheres for diameters ranging from 

30nm to 90nm (lower plot from left to right) and (b)121,123,126gold nanorods shape of nanoparticles, 

and the color of suspensions with increasing dimensions (scale bars is 100 nm). 
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In our study, we are interested in gold nanoparticles with a diameter of less than 

50 nm. For gold nanoparticles with a diameter of between 10 and 50 nm, the plasmonic 

peak is around 520 nm in an aqueous medium. As the particle diameter increases, the 

peak becomes finer and more intense (see Figure I. 30). For nanoparticles with a 

diameter between 2 and 10 nm, the volume accessible to the conduction electrons is 

very restricted, which leads to a decrease in the mean free path of the electrons. The 

damping of the electronic oscillation caused by the collisions between the electrons 

and the walls of the particle is responsible for the widening of the plasmon resonance. 

Thus, for nanoparticles with a diameter of less than 2 nm, the confining effects 

dominate the signal and the plasmonic peak is totally masked. 

I.4.4 Gold nanoparticles in polymers 

 

Figure I. 31 Real (left) and imaginary (right) part of the nanocomposite permittivity, which 

consists of 50 nm poly(vinyl alcohol) with 24% volume fraction of gold nanoparticles (diameter 

around 14nm). The blue lines are experimental data, the red lines are fitting lines with a Maxwell 

Garnett effective medium model. The black lines are fitting lines with a improved MG  model.127 

After the nanoparticles of gold suspended in a liquid, we are interested in gold 

nanoparticles dispersed in a film of polymer. The optical parameters can be determined 

by spectroscopic ellipsometry (see Chapter II.1). Julien Vieaud122 and Kevin 

Ehrhardt127 studied during their thesis nanocomposite systems composed of gold 

nanoparticles randomly dispersed in a polymer film. It has been shown that such 

systems can exhibit negative permittivity close to the plasmon resonance for dense 

nanocomposite systems with volume fraction of gold larger than 24% (see Figure I. 31). 
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This negative responses give us a possibility to realize the hyperbolic 

metamaterial by lamellar stacks of nanocomposite layer and polymer instead of 

metallic layer and dielectric layer. The organization of the nanoparticles will influence 

the optical responses, and we plan to organize the nanoparticles using block 

copolymers as a structuring matrix. 
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Introduction 

In this chapter, we are presenting the structural and optical techniques we have 

used during this study. This presentation focuses on the use we have made of these 

techniques for the cases of our specific experimental systems: gold nanoparticles, 

polymer and block copolymer thin films, self-organized block copolymers and their 

nanocomposites. 

II.1 Spectroscopic Ellipsometry 

Ellipsometry is an optical measurement technique, based on the measurement of 

the change in the polarization state of a light beam caused by the reflection on the 

material surface or the transmission through the material. From the change in 

polarization, one can deduce the film thickness and/or the optical properties of the 

material. The principle was discovered already more than a century ago. However, 

over the past few decades the technique has progressed rapidly due to the availability 

of computers and thus simulations of high accuracy. Ellipsometry is very efficient and 

precise for homogeneous films of thickness between a few nm and a few tens of nm. 

It has, however, no submicron lateral resolution and the application of ellipsometry to 

nanostructured samples is still quite recent, and usually requires the use of effective 

medium models.1 

II.1.1 General Introduction 

The name ‘ellipsometry’ comes from the fact that polarized light often becomes 

‘elliptical’ upon light reflection. Spectroscopic ellipsometry (SE) is an optical technique 

used for thin films and measures the change of polarization of the reflected (or 

transmitted) light as a function of the wavelength2–5. The two fundamental values in the 

measurements are Ψ and Δ, which represent the module ratio and phase difference 

between light waves known as p- and s-polarized light waves, respectively (see Figure 

II. 1). These are defined with respect to the plane of incidence, which contains by 

definition the incident beam and the normal to the sample surface. The p-polarized 

light is a wave polarized parallel to the plane of incidence and s-polarized light is a 

wave polarized perpendicular, which identifies from the German word “senkrecht”, to 

the plane of incidence. 
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Figure II. 1 Schematic of the principle of ellipsometry 

The measured parameters Ψ and Δ are the ellipsometric angles, and are related 

to the ratio of the complex reflection coefficients (Equation 2- 1) rs and rp , where rs and 

rp are the reflection coefficient for s-polarized light and p-polarized light, respectively.  

Equation 2- 1  𝑟𝑝 = |𝑟𝑝|𝑒
𝑖𝛿𝑝 

   𝑟𝑠 = |𝑟𝑠|𝑒
𝑖𝛿𝑠 

where Φ0 is the angle of incidence and Φ1 is the angle of refraction.  𝑛0 is the 

refraction index of surrounding material (usually air with 𝑛0 = 1  ) and 𝑛1 is the 

refractive index of the sample. |𝑟𝑝| and  |𝑟𝑠|  are the modules and 𝛿𝑝and 𝛿𝑠  are the 

phases of the reflection coefficients .  

The relation between the ellipsometric angles Ψ and Δ and the reflection 

coefficients for parallel and perpendicular polarizations is given by Equation 2- 2: 

Equation 2- 2  𝜌 =
𝑟𝑝

𝑟𝑠
=

|𝑟𝑝|

|𝑟𝑠|
𝑒𝑖(𝛿𝑝− 𝛿𝑠) = 𝑡𝑎𝑛(𝛹) 𝑒𝑖𝛥 

Where    𝑡𝑎𝑛(𝛹) =
|𝑟𝑝|

|𝑟𝑠|
  0° ≤ Ψ ≤ 90° 

   Δ = 𝛿𝑝 −  𝛿𝑠  0° ≤ Δ ≤ 360° 

In this manuscript, we will also present the ellipsometric  data with the so-called 

“pseudo-permittivity” <ε>, defined by: < 𝜀 >= 𝜀1 + 𝑖𝜀2 = 𝑠𝑖𝑛2(∅) {1 + [
1−𝜌

1+𝜌
]
2

𝑡𝑎𝑛2(∅)} 

For a single semi-infinite material of index n1, the reflection coefficients for parallel 

and perpendicular polarization can be expressed using the Fresnel coefficients of the 

interface as: 
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Equation 2- 3  𝑟𝑝 =
𝑛1 𝑐𝑜𝑠 𝛷0−𝑛0 𝑐𝑜𝑠 𝛷1

𝑛1 𝑐𝑜𝑠 𝛷0+𝑛0 𝑐𝑜𝑠 𝛷1
= |𝑟𝑝|𝑒

𝑖𝛿𝑝 

   𝑟𝑠 =
𝑛0 cosΦ0−𝑛1 cosΦ1

𝑛0 cosΦ0+𝑛1 cosΦ1
= |𝑟𝑠|𝑒

𝑖𝛿𝑠 

Where, Φ0 is the angle of incidence and Φ1 is the angle of refraction, 𝑛0 is the 

refraction index of surrounding medium.  

The advantages of SE are as follows: high precision (thickness sensitivity: ∼0.1Å), 

nondestructive, wide application area, various characterizations including optical 

constants and film thicknesses. The disadvantages of SE are as follows: indirect 

characterization, an optical model is needed in data analysis and data analysis tends 

to be complicated. 

II.1.2 Set-up of ellipsometry 

In general, the spectroscopic ellipsometry measurement is carried out in the near 

ultraviolet/visible/near infrared region. Measuring the change of polarization of a 

polarized light after reflection on a surface for a wavelength range, this technique then 

offers the possibility of determining the optical indices (n, k) of thin films as a function 

of the wavelength λ. 

 

Figure II. 2 Experimental set-up of a phase modulated ellipsometer (from Horiba Scientific 

UVISEL model) 

The experiments were performed at the CRPP with a Horiba spectroscopic 

ellipsometer. A non-polarized white light beam is generated by a Xenon lamp in a 

spectral range of wavelengths ranging from 260 to 2060 nm. The beam exposure time 

is controlled by a shutter after the source, it then passes through a polarizer which 

polarizes the beam linearly before illuminating the sample with an angle 0. The 
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reflected light, whose polarization induced by the sample is elliptical, passes through 

a photoelastic modulator, which modulates the phase shift between its components p- 

and s- periodically at 50kHz. Finally, the beam passes through an analyzer before 

reaching a monochromator, which selects the wavelength to be measured by the 

detector.  The set-up of the experiment is shown in Figure II. 2.  

Polarizer and analyzer 

To transform unpolarized light into polarized light, one or more polarizers are used 

to absorb, reflect or refract the unwanted polarization state, depending on the level of 

polarization purity required. There are many varieties of polarizers and polarizing 

beamsplitters, from crystal calcite prisms to wire grids. Here a Rochon polarizer (see 

Figure II. 3) is used in the ellipsometer.  

 

Figure II. 3 Schematics of a Rochon polarizer. The z-axis is the direction of light propagation. 

Photoelastic Modulator 

Another important element in the UVISEL SE set-up is the photoelastic modulator. 

It is an optical device based on the photoelastic effect of an isotropic transparent 

material becoming birefringent when subjected to a mechanical stress and able to 

induce a modulation of the state of polarization. The modulator used in the 

spectroscopic ellipsometer of this thesis is a silica bar (see Figure II. 4). When stress 

is applied to the silica bar, its optical properties are modified. In its equilibrium state, 

the modulator is optically isotropic with one index of refraction, and becomes 

birefringent (with two indices) under mono-axial stress. A cosine variation of the stress, 

using a piezoelectric transducer, modulates the birefringent state of the silica bar 

(frequency 𝑓 =
Ω

2𝜋
= 50𝑘𝐻𝑧). 

The phase retardation between the two components of the electric field is: 



-Chapter II Instrument and method- 

- 61 - 

 

Equation 2- 4  𝛿(𝑡) = 𝐴0 𝑠𝑖𝑛 𝛺𝑡 where  𝐴0 =
2𝜋𝑑(𝑛𝑒−𝑛𝑜)

𝜆
 

where (ne-no) is the induced birefringence of the silica bar and d is the size of the 

piezo electric bar. The applied stress is wavelength dependent. It is regulated with a 

modulation voltage, so that the modulation amplitude is kept constant. 

 

Figure II. 4 Schematic of Photoelastic Modulator. 

Two configurations 

The UVISEL can acquire data for various azimuth settings of the polarizer, 

modulator and analyzer angles. The two most used configurations in this thesis are 

described as following: they are usually referred to as configuration II for P=± 45º, M=0º, 

M - A=± 45º, and configuration III for P=± 45º, M=45º, M - A=± 45º, where P=angle of 

the polarizer, M=angle of the modulator, A=angle of the analyzer, with all angles 

defined with respect to the incidence plane. Configuration II allows an accurate 

determination of Δ in the whole range but cannot determined Ψ precisely at ca. 45°. 

Configuration III allows accurate determination of Ψ in the whole range but cannot 

determine Δ precisely at around 90° and 270°. 

Through the thesis, the measurement conditions are as follows:  

- the incident beam is circular with a radius of 250 μm 

- several angles of incidence 0 are used among: 50º, 55º, 60º, 65º, 70º, 75º.  

-  λ (photon energy) ranges from 260 to 2060nm (0.6 to 4.0eV) with a increment 

of 2nm (0.025eV) 
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- the integration time is 200msec for each measuring point 

- the configuration II (M=0º and A=+45º) has been used for most of the studied 

samples, and both configurations II and and III (M=-45º and A=+45º) have been used 

for a selection of samples 

- all the thin films observed by SE are obtained by spin-coating on silicon wafers 

of optical index (nSi, kSi) with a thin layer of SiO2 (2nm) with optical index (nSiO2, kSiO2). 

In the case of the phase modulated ellipsometry, like the UVISEL setup, we 

acquire the ellipsometric quantities Is=sin2ΨsinΔ, Ic=sin2ΨcosΔ and Ic’=cos2Ψ, which 

are extracted from the parts of the reflected intensity synchronized with the modulator 

oscillations: 

Equation 2- 5  )cos(.)sin(.0  cs IIII   in configuration II 

Equation 2- 6  )cos('.)sin(.0  cs IIII    in configuration III 

The quantities Is and Ic (or Ic’) will be the quantities calculated and modeled in the 

model adjustments on the SE data, in order to extract the material characterizations. 

II.1.3 Determination of thickness and optical properties of a simple 

film 

We consider here the case of a single sample film on the substrate. The 

ellipsometric model, shown in Figure II. 5, takes into account the thickness and the 

optical indices of the two layers: above the semi-infinite silicon substrate, a first layer 

consists in the silica layer always present on the wafer, and a second layer is the 

sample to be studied, before the ambient surrounding medium (usually air). Depending 

on the sample, more layers may be present and included in the ellipsometric model. 

The model supposes homogeneous and planar layers. 

 

Figure II. 5 Model of samples’ determination 
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As a reminder, the complex index of a material is written according to Equation 2- 

7, where n is the refractive index and k is the absorption coefficient. 

Equation 2- 7  𝑛̃ = 𝑛 + 𝑖𝑘 = √(𝜀𝑟𝑒 + 𝑖𝜀𝑖𝑚)  

The measurement provides the experimental values of the pair (Is, Ic) as a function 

of the wavelength λ (or photon energy) at the different angles of incidence (AOI) o. 

The extraction of the unknown parameters, which are d the thickness of the layer and 

(n(), k()) the optical indices or alternatively the permittivity (’()+ i ”()) of the layer, 

is done by a fit procedure. The optical properties of the layer are initially guessed 

depending on the material nature (dielectric, metal, etc) and are parameterized with an 

analytical dispersion function chosen from the software. 

Tabulated values of the optical indices of silicon Si and silica SiO2 are tabulated 

and found in the software DeltaPsi2 provided by Jobin Yvon/Horiba and shown in 

Figure II. 6(a) as a function of the photon energy. 

   (a)     (b)

  

Figure II. 6 (a) Optical properties of Si and SiO2 from the Jobin Yvon/Horiba database (b) 

ellipsometric data Is and Ic acquired on a bare wafer, and fit of an ellipsometric model to 

determine the thickness of the SiO2 layer, 55º, 60º, 65º and 70º indicate the angle of incidence of 

each measurement. 

 Using these values, we first determine the thickness dSiO2 of the silica layer of the 

substrate, with an ellipsometric measurement made on a bare silicon wafer (see Figure 

II. 6(b)), and dSiO2=2.0 nm is found. All these data concerning the substrate are 

necessary to minimize the number of unknowns and optimize the fit procedure used to 

determine the thickness d and the optical indices (n, k) of the thin film studied with the 

ellipsometric model represented in Figure II. 5. 
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For a thin film of polymers or diblock copolymers, the optical properties can be 

described by several conventional dispersion functions. We use a dispersion function 

called "New Amorphous"6 for describing the pure polymers, which is originally derived 

from the Forouhi-Bloomer function7 and is shown in Equation 2- 8. The new amorphous 

model works well for amorphous materials exhibiting an absorption in the visible and/or 

UV range (absorbing dielectrics, semi- conductors, and polymers). 

Equation 2- 8  𝑛(𝜔) = 𝑛∞ +
𝐵∙(𝜔−𝜔𝑗)+𝐶

(𝜔−𝜔𝑗)
2
+𝛤𝑗

2
 

   𝑘(𝜔) = {

𝑓𝑗∙(𝜔−𝜔𝑔)
2

(𝜔−𝜔𝑗)
2
+Γ𝑗

2
, 𝜔 > 𝜔𝑔

0,                                     𝜔 < 𝜔𝑔 

 

where  𝐵 =
𝑓𝑗

Γ𝑗
∙ (Γ𝑗

2 − (𝜔𝑗 − 𝜔𝑔)
2
) and 𝐶 = 2 ∙ 𝑓𝑗 ∙ Γ𝑗 ∙ (𝜔𝑗 − 𝜔𝑔). In the equations, 

the term n∞ is the value of the refractive index when ω→∞. 𝑓𝑗 is the oscillator strength, 

related to the amplitude of the extinction coefficient peak, Γ𝑗 is the broadening factor of 

the absorption peak, 𝜔𝑗  is the energy at which the extinction coefficient is maximum 

and 𝜔𝑔 is the energy band gap, which equals the minimum energy required for a 

transition from the valence band to the conduction band. 

For a nanocomposite thin film made of polymer and gold nanoparticles, no 

conventional dispersion function can describe the sample. We then have two different 

methods to describe the optical response of the composite layer. 

1) The first method consists in using a mixing law based on an effective 

medium model, as was explained in chapter IV. Knowing the index of both 

components nAu+ikAu, npolym+ikpolym or equivalently their dispersion functions 

’Au+i”Au, ’polym+i”polym, as analytic functions of the wavelength, we can 

use an effective medium model to define analytically the optical properties 

of the composite. For example, we can choose the Maxwell-Garnett effective 

medium law already presented, and we will use : 

Equation 2- 9  𝜀𝑒𝑓𝑓 = 𝜀′𝑝𝑜𝑙𝑦𝑚 + 3𝑓𝜀′𝑝𝑜𝑙𝑦𝑚 (
𝜀′𝐴𝑢+𝑖𝜀"𝐴𝑢−𝜀′𝑝𝑜𝑙𝑦𝑚

𝜀′𝐴𝑢+𝑖𝜀"𝐴𝑢+2𝜀′𝑝𝑜𝑙𝑦𝑚−𝑓(𝜀′𝐴𝑢+𝑖𝜀"𝐴𝑢−𝜀′𝑝𝑜𝑙𝑦𝑚)
) 

with ”polym  0. 
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2) The second method consists in the build-up of a complex dielectric function 

by the addition of several units, providing a dispersion function of the 

appropriate shape for the nanocomposite and including resonances 

described as Tauc Lorentz6 (see Equation 2- 10) or Lorentz8 oscillators. 

Equation 2- 10  𝜀 = 𝜀1 + 𝑖𝜀2 where 

  𝜀1 =
2

𝜋
∙ 𝑃 ∙ ∫

𝜉∙𝜀2(𝜉)

𝜉2−𝐸2 𝑑𝜉
∞

𝐸𝑔
 

  𝜀2 = {
1

𝐸
∙

𝐴∙𝐸0∙𝐶∙(𝐸−𝐸𝑔)
2

(𝐸2−𝐸0
2)

2
+𝐶2∙𝐸2

     , 𝐸 > 𝐸𝑔

0                                   , 𝐸 ≤ 𝐸𝑔

  

Where:  

- E is photon energy; 

- Eg is the optical band gap; 

- E0 is the peak central energy; 

- C is the broadening term of the peak; 

- P is the Cauchy principal value containing the residues of the integral at poles 

located on lower half of the complex plane and along the real axis.  

The real part of the dielectric function 𝜀1 is derived from the expression of 𝜀2 using 

the Kramers-Kronig integration. 

Equation 2- 11  𝜀 =
𝑓𝑗𝜔0𝑗

2

𝜔0𝑗
2 −𝜔2+𝑖𝛾𝑗𝜔

 

With oj the resonance frequency fj an amplitude factor and j the dissipation term. 

The goodness of fit is represented by the χ² value (Equation 2- 12). High χ2 values 

are usually indicative of a poor fit to the experimental data. If we measure and simulate 

the spectra of Is and Ic, then the χ2 value is a comparison of n theoretically calculated 

pairs (Isth, Icth) and n experimentally determined pairs (Isexp, Icexp): 

Equation 2- 12  𝜒2 = 𝑚𝑖𝑛∑ [
(𝐼𝑠

𝑡ℎ−𝐼𝑠
𝑒𝑥𝑝

)
𝑖

2

𝛤𝐼𝑠,𝑖
+

(𝐼𝑐
𝑡ℎ−𝐼𝑐

𝑒𝑥𝑝
)
𝑖

2

𝛤𝐼𝑐,𝑖
]𝑛

𝑖=1  

Where Γi the standard deviation of each data point (generally set to 1), n is the 

number of measurement points. 
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The amount of light scattering by the surface is an additional experimental 

parameter, which must be determined to assess the quality of the measurements. 

Indeed when light is scattered, for instance by surface roughness, it is also depolarized, 

which induces errors in the ellipsometry analysis. It can also reduce the reflected light 

intensity. Therefore, the surface roughness of samples has to be rather small. 

II.1.4 Dispersion relation of poly(styrene) and poly(2-vinylpyridine) 

In this thesis, we are using poly(styrene)-block-poly(2-vinylpyridine) (PS-block-

P2VP) diblock copolymers. In order to minimize the number of fitting parameters, films 

of pure poly(styrene) (PS), pure poly(2-vinylpyridine) (P2VP) and PS-block-P2VP (Mn 

25000-25000) were studied first.  

 

Figure II. 7 (a) model used for analyzing the pure polymer layers (b) index of refraction n and 

absorption coefficient k extracted from experiment for polystyrene (PS) in blue and Poly (2-

vinylpyridine) (P2VP) in red. 

The polymers were spin-coated on silicon wafer from solutions of various 

concentration in order to realize films with different thicknesses. Following the 

deposition, films were measured by SE and multifited with the DeltaPsi2 software. The 

same dispersion function was fitted on several data sets corresponding to films of 

different thicknesses. A model was set up with a Si substrate, 2nm SiO2 and PS layer 

or P2VP layer from bottom to top (see Figure II. 7 (a)), with the tabulated indices for Si 

and SiO2. The fitting parameters were the thickness of the polymer layer and the optical 

parameters of the polymers described by dispersion functions of the type ’New 
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Amorphous’. The extracted optical parameters for PS and P2VP, which are used for 

the analyses presented in the following chapters, are shown in Figure II. 7 (b) and . 

Table II. 1 Parameters of Polymers used in New Amorphous dispersion relation (Equation 2-8) 

Parameters PS-P2VP PS P2VP 

𝑛∞ 1.507 1.541 1.509 

𝜔𝑔(eV) 3.833 3.713 2.895 

𝑓𝑗(eV) 0.055 0.124 0.025 

𝜔𝑗(eV) 5.397 5.408 4.922 

Γ𝑗(eV) 0.593 1.728 0.536 

 

As we see from these results, the optical parameters for the two polymers are very 

similar, which is due to their close chemical nature and density. When organized in 

ordered domain, the PS-b-P2VP block copolymer films present a relatively low contrast 

both in SE and in EM.  

II.2 Small angle X-ray scattering 

II.2.1 General Introduction 

Small angle X-ray scattering (SAXS)9–11 is a technique for obtaining information 

on the structure (size, shape and spatial organization) of solids, liquids or gels at 

dimensions between a few nm and a few tens of nm. X-ray scattering is based on the 

fundamental Bragg relation between the angle of diffraction 2θ and the spacing of a 

diffracting lattice: 

Equation 2- 13  𝑚𝜆 = 2𝑑 𝑠𝑖𝑛 2𝜃 

Where m is an integer; λ is the wavelength of the incident X-ray beam; 2θ is the 

angle of diffraction (small angle means 2θ < 1º); d is the spacing of the diffracting lattice. 

Unlike the conventional X-rays diffraction, SAXS can detect large lattice spacing, of 

the order of hundreds of interatomic distances, which makes it a useful tool for the 

study of block copolymer morphologies and other macro- or supramolecular systems. 

Figure II. 8 shows the geometry of the SAXS. Measurements are commonly 

performed in transmission geometry, using a narrow, collimated, and intense X-ray 

beam of wavelength λ. The beam impinges on a sample and a two-dimensional 
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detector records the scattered intensity in the forward direction. The high intensity 

transmitted primary beam is blocked by a beam-stop to protect the detector. The entire 

flight path before and after the sample is in vacuum to avoid absorption and scattering 

of X-rays by air. 

 

Figure II. 8 Schematic of Small Angle X-ray Scattering (SAXS) geometry 

Depending on the morphologies of the samples, different diffraction patterns (see 

Figure II. 9) are formed on the detector. From the position and intensity of the scattered 

beam, the period size and the morphology or other structural features of the sample 

can be determined. For an pattern that is isotropic along the azimuthal direction, polar 

coordinates are typically used. This is applicable to our systems both for suspensions 

of nanoparticles and block copolymer bulk sample morphology study, as they are 

typically randomly oriented and therefore have isotropic scatterings (see Figure II. 9). 

  

Figure II. 9 Examples of patterns formed on the detector of Small Angle X-ray Scattering (SAXS) 

Like other complementary scattering methods using visible light or neutrons, 

SAXS is a non-invasive structural technique. Unlike the direct imaging methods, the 

determination of the sample structure from scattering experiments requires a more 

complex analysis whether it is fitting to a model or a model-independent analysis. The 
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deduced structural parameters are average values over the entire scattering volume 

involving a large number of scattering units.  

II.2.2 Principle of SAXS 

When an X-ray beam encounters a medium, a secondary radiating source is 

induced by the interaction between the beam and the electrons of the material, 

producing scattering. In the elastic scattering, the wavelength of the incident beam 

(wave vector noted by ki) and scattered wave (wave vector noted by ks) are the same. 

The magnitudes of the incident and scattered wave vectors are equal, |ki|=|ks|=2π/λ. 

When the scattering angle is 2θ, the momentum transfer or scattering vector q=ks - ki, 

and its magnitude are given in Equation 2- 14 and Figure II. 10. 

Equation 2- 14  𝑞 = |𝒒⃑⃑ | =
4𝜋

𝜆
𝑠𝑖𝑛 𝜃 

 

Figure II. 10  Principle of scattering. X-rays are scattered with an angle 2θ. 𝒌𝒊
⃑⃑  ⃑ is the incident plane 

wave, 𝒌𝒔
⃑⃑⃑⃑  is the scattered spherical wave and  𝒒⃑⃑  is the scattering vector 

This quantity (q) indicates the typical length scales probed by the scattering 

experiment in reciprocal space and the corresponding dimension d in real space is: 

Equation 2- 15  𝑑 =
2𝜋

𝑞
 

In order to obtain information I(q), we are going to present how to get I(q) in theory. 

As the starting point, the total amplitude A(q) of the scattered waves (Equation 2- 15) 

is related to the Fourier transform of the electron density distribution, which is noted as 

ρ(r), where the electron density is  𝜌𝑒𝑙 = 𝑁𝐴𝑑
∑ 𝑛𝑘𝑍𝑘𝑘

∑ 𝑛𝑘𝑀𝑘𝑘
, with the Avogadro number NA, the 

density d, the atomic number Z, the molar mass M and the number n of atoms k. 
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Equation 2- 16  𝐴(𝒒) = 𝐴0𝑟𝑒𝑙𝑃(𝜃)
𝑒𝑖𝑘𝑹

𝑅
∫ 𝜌(𝒓)𝑒𝑖𝒒∙𝒓𝑑𝒓
𝑉

 

where A0 is the amplitude of the incident wave, rel is the classical electron radius, 

P (θ) is a constant factor related to the polarization of the incident wave, ρ(r)dr is the 

number of electrons at position r in a volume element dr and R is the distance from the 

scattering volume V to the observation point (detector).  

When a sample consists in distinct objects, the scattered intensity is proportional 

to the number of scattering objects N and their contrast of density relative to the solvent 

(see Equation 2- 17). For a very dilute suspension containing N uniform particles 

(scatterers) per unit volume, the interparticle interactions can be neglected and I(q) 

mainly depends on the shape and the size of the particles. The scattering intensity, 

I(q), from the scatterers with a scattering length density of ρel embedded in a matrix 

with scattering length density of ρmatrix can then be described as follows12:                  

Equation 2- 17  𝐼(𝒒) = 𝑑𝑁∆𝜌𝑒𝑙
2 ∫ 𝑁(𝑟)[𝑉(𝑟)𝐹(𝒒, 𝑟)]2𝑑𝑟

∞

0
 

where dN is the number density, el=el-matrix, N(r) is the normalized size 

distribution function, V(r) is the volume, and F(q,r) is the form factor of the scatterer, 

containing the information on their shape and size. The form factors can be calculated 

for some simple scatterers shapes.  

When the scatterers are less dilute and present mutual interactions, the scattered 

signal is the convolution of the previous form factor with the structure factor, containing 

the information on the inter-particles correlations and the translational order of the 

system. In periodic structures, the structure factor presents a number of high order 

scattering maxima, called Bragg peaks, with positions related to the order symmetry. 

II.2.3 SAXS performance 

In our studies, we use a “Nanostar" set-up from Bruker. The source is a copper 

anode tube operating at a voltage of 40 kV and a current of 35 mA. An optic consisting 

of two Göbels mirrors selects the copper Kα line (λ=1.54 Å). The incident beam is 

obtained after collimation by three slits; it is circular with a diameter of 700μm. The 

sample transmits the X-ray beam to a detector of dimension 22x22cm² placed at a 

distance D from the sample. The resolution of the signal is determined by the width at 

half height of the direct beam without sample and is of the order of 0.003Å-1. The 
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domains of studied wave vectors q differ according to the configuration, with large or 

small sample-to-detector distances D giving access to ranges of small or large angles, 

and defines the ranges of dimensions probed in the real space. According to Equation 

2- 14, the scattering vector q in the reciprocal space is defined by the scattering angle 

2θ. For each scattering vector, there corresponds a size in the real space. Therefore, 

at large angles (D=26cm), for wave vectors between 0.04 and 0.8Å-1, the 

corresponding characteristic sizes are very small, of the order of nanometers. At small 

angles (D=106cm), the accessible wave vectors are smaller, between 0.01 and 0.2Å-

1, which corresponds to larger characteristic sizes, of the order of ca. 10 nanometers.  

If samples are liquid, they are placed in 1 mm diameter cylindrical capillaries 

sealed and placed in a sample holder. If samples are solid, they can be directly placed 

in the sample holder. The holder is then placed in the sample chamber, under vacuum 

to avoid scattering by air, which is important at small angles. A two-dimensional 

spectrum is recorded and, if isotropic, is integrated by an angular grouping, in order to 

obtain the intensity as a function of the scattered vector I(q).  

We are going to discuss the use of this technique for the study of the PS-b-P2VP 

block copolymers in Chapter III and Chapter IV. 

II.2.4 SAXS in diblock copolymers 

Small Angle X-ray Scattering (SAXS) can be used for quantitatively analyzing the 

microdomains structure. The structure factor is analyzed to extract the order symmetry 

and the peak positions in scattering vector q provide the domain spacing d from the 

Equation 2- 15 𝑑 = 2𝜋/𝑞, in the case of simple lamellar spacing for diblock copolymers. 

Table II. 2 Symmetry and scattering maxima relationships12 

Symmetry  Ratio of q values at the scattering maxima peaks 

Lamellar 1:2:3:4:5:6………. 

Hexagonal 1:√3: √4 : √7 ∶ √9: √11…. 

Cubic bcc 1:√2 :√4 : √5 : √6 :…. 

Cubic fcc 1:√4/3 :√8/3 :√11/3 :√12/3 :√16/3  ……… 

Cubic gyroid 1: √4/3 : √7/3 : √8/3 : √10/3 : √11/3 …… 

Depending on the nature of the microdomain order, the scattering peaks exhibit a 

specific spatial relationship. Table II. 2 gives some of them. In the present work, the 
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SAXS technique is employed to determine the the structure of the polymers, and in the 

case of lamellar phases, the bi-layer thickness, equal to the lamellar period, in the 

following chapters.  

II.2.5 SAXS used for nanoparticles in solutions 

SAXS is also an effective tools used for analyzing the size and distribution of 

nanoparticles in solutions. Depicting spherical particles, the scattered intensity I(q) 

consists in two components, (1) the form factor P(q), which provides information 

regarding the mean structural properties of the individual particles (i.e., size and shape) 

and (2) the structure factor S(q), which provides the positional correlation of the 

particles.  

Equation 2- 18  𝐼(𝒒) = 𝑆(𝒒) ∗ 𝑃(𝒒) 

The form factor P(q) provides information on the size and shape of the individual 

particles and the structure factor S(q) provides the positional correlation of the particles 

and is equal to 1 when the particles are dilute (see Equation 2- 18). In that case, the 

analysis of SAXS spectra then corresponds to the form factor analysis and give access  

to the physical characteristics of the particles. For spherical monodisperse particles 

with radius R, the form factor can be written as following: 

Equation 2- 19  𝑃(𝑞) = 𝐹²(𝑞, 𝑅) = (∆𝜌𝑉𝑠𝑝
3(𝑠𝑖𝑛(𝑞𝑅)−𝑞𝑅 𝑐𝑜𝑠(𝑞𝑅))

(𝑞𝑅)3
)² 

where 𝑉𝑠𝑝is the volume of the spheres and ∆𝜌 = 𝜌𝑝 − 𝜌𝑠. 𝜌𝑝 and 𝜌𝑠 stand for the 

scattering length density of the particles and the solvent, respectively.  

For polydisperse particles, the particles size distribution needs to be taken into 

account, and the form factor is defined as: 

Equation 2- 20  𝑃(𝑞) = ∫𝐷(𝑅)〈|𝐹(𝑞, 𝑅)|2〉𝑑𝑅 

Where R is the radius D(R) is the size distribution function. In our study, we 

assume that all the particles are spheres, and the distribution function can be described 

by a Gaussian function (see Equation 2- 21). 

Equation 2- 21  𝐷(𝑅, 𝑅𝑜 , 𝜎) =
𝑒−(𝑅−𝑅0)2/(2𝜎2)

𝜎√2𝜋
 

where 𝑅0 is the mean radius, 𝜎 is the standard deviation.  
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Equation 2- 22  𝑃𝑚𝑜𝑛𝑜(𝑞, 𝑅0) ∝
3(𝑠𝑖𝑛(𝑞𝑅0)−𝑞𝑅 𝑐𝑜𝑠(𝑞𝑅0))

(𝑞𝑅0)3
 

Equation 2- 23  𝑃𝑝𝑜𝑙𝑦 = 𝐷(𝑅0, 𝜎)⨂𝑃𝑚𝑜𝑛𝑜(𝑞, 𝑅0) 

Equation 2- 24  𝑃𝑝𝑜𝑙𝑦(𝑞, 𝑅0, 𝜎) =
𝛼−(𝛽 𝑐𝑜𝑠 2𝑞𝑅0+𝛾𝑠𝑖𝑛 2𝑞𝑅0)∙𝑒−2𝑞2𝜎2

2𝑞6  

   where, {

𝛼 = 1 + 𝑞2(𝜎2 + 𝑅0
2)

𝛽 = 1 − 𝑞2(𝜎2 + 𝑅0
2) + 4𝑞2𝜎2(1 + 𝑞2𝜎2)

𝛾 = (1 + 2𝑞2𝜎2)2𝑞𝑅0

 

Equation 2- 25  𝐷(𝑅0, 𝜎) =
1

√2𝜋𝜎
𝑒−(𝑅−𝑅0)2/2𝜎2

 

In our system, we assume that the nanoparticles are dense homogenous spheres 

in diluted suspensions. Figure II. 11 shows an example of experimental data (EXP) 

fitted with the monodisperse model (Equation 2- 22) with R=4.2nm and the 

polydisperse model (Equation 2- 24 and Equation 2- 23) with a Gaussian distribution 

(Equation 2- 25 and Figure II. 11 inset) of D=2R=8.4nm and σ=1.2nm. The Equation 

2- 24 used in polydisperse model is determined by Denis Bendejacq13. 

 

 

Figure II. 11 Illustration of an example of SAXS experimental data (EXP) and the fits by  

monodisperse (Pmono) and polydisperse (Ppoly) form factor for spheres. The diameter is 8.4 

nm( 2R ), the standard deviation is 1.2 nm. 
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II.3 Electron Microscopy 

Direct observations of the samples were performed by electron microscopy. 

Scanning Electron Microscopy (SEM) is employed to observe global view of films 

nanostructure, while nanoparticles are observed by Transmission Electron Microscopy 

(TEM). 

Electron microscopes14,15 have electron optical lens systems that are analogous 

to the glass lenses of an optical light microscope. It is used to investigate the 

ultrastructure of a wide range of biological and inorganic specimens including 

microorganisms, cells, large molecules, biopsy samples, metals, and crystals. 

 

Figure II. 12 Different signals used from imaging of a specimen in electron microscopy (From 

Hand book of JSM6700F published by JEOL LTD.) 

The used beam in an electron microscope is accelerated electrons. As the 

wavelength of an electron can be up to 100,000 times shorter than that of visible light 

photons, electron microscopes have a higher resolving power than light microscopes 

and can reveal the structure of smaller objects. Once the electron probe illuminates a 

sample, then transmitted or scattered electrons (shown in Figure II. 12) carrying 

information on the sample structure are collected and used to produce the images of 

the sample. 
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II.3.1 Transmission Electron Microscopy 

Transmission electron microscopy (TEM) is based on the transmitted electrons 

(Figure II. 12 ) and allows a magnification of hundreds of thousands of times. A filament 

generally of tungsten or lanthanum hexaboride is heated in order to produce an 

electron beam, which is then accelerated by a high voltage of the order of 100 kV. The 

beam passes through the microscope column under a high vacuum and is focused by 

magnetic lenses. A thin sample, with a thickness of less than a few tens of nanometers 

is placed in the electron beam, and the detection of the electrons transmitted through 

the sample produces an image. Depending on the thickness, chemical nature or 

electron density of the sample, the electrons are more or less absorbed, which forms 

the observed image. The limit of resolution of the TEM depends on the wavelength of 

the electrons; it is of the order of the picometer. Because of the presence of several 

types of aberration of the lenses, the real resolution is of the order of a few 

nanometers14,16. 

Since the TEM is the signal from 

transmitted electrons, the dark parts 

correspond to dense material while the light 

parts correspond to transparent material. 

For example, the dark parts in Figure II. 13 

dark parts correspond to gold particles rich 

layer and light part corresponds to the 

polystyrene layers. 

The transmission electron microscope 

present at the CRPP is a Hitachi H600, 

having an acceleration voltage of 75 kV, for 

magnifications ranging from 700 to 300,000 times. A CCD camera takes digital pictures.  

A high-resolution transmission electron microscope (MET-HR), located at the 

Bordeaux Imaging Center at the Bordeaux University, was also used to study 

nanometer-scale samples more precisely. The TEM-HR is a Hitachi H7650, having an 

acceleration voltage ranging from 80 to 120 kV, for magnitudes ranging from 4000 to 

600000 with a resolution of approximately 1 nm. 

Figure II. 13 Multilayer of polystyrene and 

nanocomposite layer (consists of gold 

nanoparticle and poly (vinylpyridinie) 

imaged by TEM 
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II.3.2 Scanning Electron Microscopy 

The scanning electron microscope17,18 present at PLACAMAT in Université de 

Bordeaux is a JSM 6700F. Most samples were observed under the acceleration 

voltage of 10.0 kV, ca. 8mm working distance for focusing, and magnifications ranging 

from 3000 to 80,000. 

 

Figure II. 14 Schematic of backscattered electron image 

The observation can be performed in two different imaging modes: 1) SEI and 2) 

BSEI. 1) SEI refers to the most common SEM mode, which is detection of secondary 

electrons emitted by surface atoms excited by the electron beam. By scanning the 

sample and collecting the emitted secondary electrons using a specific detector, an 

image displaying the topography of the surface is created. 2) BSEI refers to 

backscattered-electron imaging (Figure II. 14), which is formed using an optional 

backscattered-electron detector and is mostly sensitive to the chemical contrast in the 

sample, with heavier and electron-rich elements scattering more, and appearing 

brighter in the images.19 Combining both imaging modes can be a way to determining 

the number of phases in a material and their mutual textural relationships. 

 

Figure II. 15 SEM images of the side of a lamellar film consisting of polymer layers and 

nanocomposite layers (polymer with gold nanoparticles) under (a) SEI and (b) BSEI, at the same 

position. 
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For example, Figure II. 15 are the SEM images of the side of a lamellar film 

consisting of alternate layers of pure polymer (PS) and nanocomposite (P2VP with 

gold nanoparticles) under (a) SEI and (b) BSEI at the same position. In the BSEI image, 

the white part corresponds to the gold-rich areas and dark parts correspond to the 

polymer domains. The SEI image shows the topography of the sample section, and 

how the structure was damaged by the breaking in two pieces, while the BSEI image 

clearly shows the different material domains but is insensitive to topography. In this 

work, we are combining both imaging modes to analyze the samples. 
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Introduction 

In this chapter, we are interested in the fabrication of polymer templates with a 

lamellar structure and their structural study, using the characterization techniques 

detailed in previous chapter. Indeed, lamellar multilayer nanocomposite could be one 

approach to hyperbolic metamaterial, as detailed in The Chapter I.2. In particular, the 

period size α must be smaller than λ/10, so that they can be treated as effective 

medium. Also, we would like to control the optical properties of material by controlling 

the structure of films. In this chapter, we are going to focus on fabricating different 

thickness of film, different thickness of layers and more morphology. 

This chapter comprises three parts. The first part will present the film fabrication 

and thickness control; the second part will present the study of the copolymers 

morphology; the third part will present the layer thickness study. 

III.1 Film preparation by spin-coating  

III.1.1 Effect of the concentration on the films thickness 

III.1.1.1 Spin coating technique 

 

Figure III. 1 Scheme for spin-coating process 

Spin-coating1 is a simple process for rapidly depositing uniform thin films onto flat 

substrates. The substrate is clamped on a rotator and maintained fixed by aspiration 

(see Figure III. 1). Usually the process can be separated into 3 steps. First of all, the 

material to deposit must be dissolved into a volatile solvent. In the second step, a small 

amount of the solution is applied on the center of the substrate. In the third step, the 

substrate is accelerated up to desired speed by spin coater. During the third step, the 

 

Rotator  
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fluid spreads on the whole substrate because of centrifugal force, meanwhile the 

volatile solvent evaporates. A film deposits homogenously on the substrate, except for 

the edge.2 Due to the high speed of rotation, droplets form at the edge of the substrate 

to be flung off. Thus, a small difference in the thickness may be found between the 

center and the fringe at the edge. 

During the spin-coating, several parameters influence the thickness and 

appearance of the film. They include the characteristics of the coating solution (the 

solution viscosity, the concentration of the coating material, the volatility of the solvent, 

etc), the acceleration and speed of rotation, the time of rotation, the volume of coating 

solution used in the 3rd step. For each different film formation case, we need to optimize 

the process by varying these parameters in order to obtain a film with the desire 

thickness and a homogenous appearance.  

The SCS G3 Spin Coater from A KISCO Company was used in this thesis. It 

provides the access to control rotation speed, spin time, acceleration and deceleration 

time. 

III.1.1.2 Experiment 

Material 

The diblock copolymers poly(styrene)-block-poly(2-vinylpyridine) (Mn25000-

25000, PDI 1.06) were purchased from Polymer Source Inc., denoted as PS25k-

P2VP25k. Toluene and tetrahydrofuran (THF) were purchased from Sigma-Aldrich. The 

polymers, chemicals, and solvent described in this chapter were used without any 

further purification.  

Two types of substrates were employed in this work: silicon wafers and Aclar 

substrates. Silicon substrates were purchased from Wafer Word inc. (thickness of the 

wafer is 450±50μm, P type/Boron, cut 001). Ellipsometric analysis of bare wafers 

established that the wafer surfaces had a 2nm silicon oxide layer on them. Aclar 

substrates (melting point 202o) were purchased from Agar Scientific Limited., and used 

for the preparation of samples for TEM imaging, since they can be sectioned without 

damage with ultramicrotomy knives and are as transparent as glass3. Prior to use, the 

substrates were cleaned by sonicating (Branson 1510DTH, AC input 115 V) for 15min 

in ethanol, following by 10 min in water and dried under a stream of nitrogen. 

Substrates were immediately used for the spin-coating. 
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Film preparation 

PS25k-P2VP25k were generally dissolved in toluene to yield 0.8 weight%, 1.5 

weight%, 3.0 weight%, 6.0 weight% and 10.0 weight% solution and stirred overnight 

at room temperature to ensure complete solution. 

The spin-coating was accomplished by dropping 55 μL of the polymer solution 

onto 1cm2 silicon wafers at 5000 rpm with acc/dec time 3s for 30 s at room temperature. 

It gives homogenous films. 

Measurement 

The topography of films is first observed by optical microscopy. 

The thickness of the films is measured by variable angle spectroscopic 

ellipsometry (VASE) in the spectral range [0.6-4.0ev] in configurations UVISEL II and 

AOI=55º, 60º, 65º, 70º and 75º. 

III.1.1.3 Results and discussion  

After the deposition, the top view of films were observed by optical microscopy 

(see Figure III. 2). We see that the polymer is deposited on silicon wafer homogenously. 

As the concentration of the polymer solution increase, the colors change obviously, 

which indicate the increasing of film thickness. The color on the surface of films is 

caused by interference of reflected light from the upper and lower surfaces of films. 

 

Figure III. 2 Films with different thickness under optical microscope. (a) surface of silicon wafer; 

(b) surface of film made by 0.8wt.% PS-P2VP in toluene; (c) surface of film made by 1.5wt.% PS-

P2VP in toluene (d) surface of film made by 3.0wt.% PS-P2VP in toluene (e) surface of film made 

by 6.0wt.% PS-P2VP in toluene; (f) surface of film made by 10.0wt.% PS-P2VP in toluene. 
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The thickness of films was analyzed by VASE with the simple model presented in 

the Figure III. 3 and the polymer material PS-PVP was described with a New 

Amorphous dispersion 

formula (detailed in 

Chapter II 2.1.1 PS-PVP). 

The film thickness is the 

only fitting parameter in 

model 1. Figure III. 4(a) is 

an example of the fitting 

result, corresponding to 

the films prepared with the 

6.0 wt.% PS-P2VP solution 

in toluene. The thickness of the sample is 272.33nm±0.05 with χ2 equal to 37.30. 

Figure III. 4 (b) and (c) show Is and Ic as function of the photon energy in various 

thickness of films, at the AOI=55º. We can see that as the concentration of polymer in 

the solution increases, the oscillations number of the curves increases, which 

demonstrate the increase of the film thickness.  

The thickness results for all concentrations analyzed from the VASE data are 

shown in the Table III. 1., and displayed on the Figure III.5.(the condition of spin coating 

are the same in most case expect for the 0.8wt.% with the spin speed of 

4000rpm.When the polymer solution is less thicker, a high speed of rotation results 

inhomogeneity of film due to the low solution griping substrate). 

 

Figure III. 3 Model built for extracting the thickness of the 

studied copolymer films 
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Figure III. 4  Is and Ic as a function of the photon energy. (a) Fitting result for the film produced 

with the 6.0 wt.% PS-P2VP/toluene polymer solution at 5 angles of incidence. Blue and red dots 

(continuous lines) are experimental data (fitting curves) of Is and Ic respectively. (b) and (c) shows 

Is and Ic respectively, as function of the photon energy at AOI=55o, dots are experimental 

data(EXP) and lines are fitting results (Fit). The curves are vertically shifted for clarity, which 

show the various oscillations of the samples produced with different concentrations of polymer 

solutions. 

Table III. 1 Relation between the thickness of the films and the concentration of the copolymer 

solutions 

Concentration of the 

polymer solution 
0.8 wt.% 1.5 wt.% 3.0 wt.% 6.0 wt.% 10 wt.% 

Thickness of the film (nm) 26.33 59.42 100.71 272.33 677.33 

On the data of the Figure III. 5, we can adjust the relation between the film 

thickness and the copolymer solution concentration with a quadratic equation 

(Equation 3- 1):  

Equation 3- 1   𝐷 = 4.8683𝑥2  +  18.591𝑥   (𝑅2 = 0.9978)  

Where D is the thickness of the film, x is the concentration of the copolymer 

solution in weight percentage and R2 is the coefficient of correlation. 

As can be seen from the graph and from the value of the coefficient of 

determination close to 1, the equation is a good adjustment of the measurements. It 

can be used for the direct estimation of the thickness of the films from the 

concentrations of PS-P2VP in toluene. 
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Figure III. 5 Thickness of the films as a function of the concentration of the copolymer solution 

(PS-P2VP in toluene). The red dots are the experimental data and the black line is the fitting curve 

described by equations y=4.868x2 + 18.591x. R2 is coefficient of determination 

In conclusion, the concentration of copolymer in solution controls the thickness of 

the films. In particular, the thickness of the PS-P2VP films can be anticipated using 

Equation 3- 1. We can control the thickness of the films on the range 20nm-700nm.  

III.1.2 Effect of different spin-coating conditions on the thickness of 

the films 

Previous section III.1.1 focused on the influence of the concentration of the 

copolymer solutions. In this section, we studying the influence of the spin-coating 

conditions. Since the spin coating process involves several parameters: spin speed, 

volume of solution and acceleration and deceleration time (Acc/Dec time), Taguchi 

optimization methodology was employed to simplify the experiment.  

III.1.2.1 Taguchi optimization methodology 

This study utilizes the Taguchi optimization methodology (L9 orthogonal array) to 

optimize various parameters, which are involved in the spin coating process (spin 

speed, volume of solution and Acceleration and deceleration time).  

Taguchi method4–6 is a powerful tool designed by Dr. Genichii Taguchi, which 

provides a simple, efficient, and systematic approach to optimize operating conditions 

under designated ranges of all selected parameters. The conventional method used in 

the optimization of experimental parameters requires a large number of experiments. 
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Compared to a conventional method, Taguchi experimental strategy can reduce the 

number of experiments as well as identify and quantify the interactions among 

parameters and the contribution of individual parameters. For example, to study the 

effect of four parameters taking three different values, 81(=34) different experiments 

are needed for conventional method and 9 (=L9(34)) designed experiments are needed 

by Taguchi method. Over the decades, this design method has been used in scientific 

world widely, since it can not only simplify experiments, but also inspect the interaction 

among the experimental factors. It is based on orthogonal experimental design tables, 

which is designed Ln(rm), where, n stands for the number of measures in using the 

Taguchi method; r stands for the level (number of taken values) of each factor; m 

stands for the number of factors. 

In the present work, we use 3 factors and 3 levels in the experiments. 33=27 

experiments will be needed if we would like to study all the variables. Instead, 9=L9(34) 

experiments are enough with the Taguchi method. The Table III. 2 shows the selected 

factors and their values. Factor A is the spin speed (Level 1:4500 rpm; Level 2: 4800 

rpm; Level 3: 5100 rpm); Factor B is the volume of solution (Level 1: 55μl; Level 2: 

58μl; Level 3: 61μl); Factor C is the acceleration and deceleration time (Level 1: 2s/2s; 

Level 2:  3s/3s; Level 3: 4s/4s). The Table III. 3 shows the L9 array for the design of 

the experiment by the Taguchi method, with orthogonal columns. A blank row is 

introduced as a control group in the table in order to compare with experimental groups.  

The results are statistically analyzed using the variance analysis, referred to as 

ANOVA5–7, to determine the percentage contribution of each individual parameter to 

the response. It is a type of regression analysis, which is employed in this study to find 

out the influence of each factor on the thickness of the films. ANOVA is used to 

calculate the sum of squares (SS), degree of freedom (df), variance, and F value. We 

first determine the sums, K1, K2 and K3 and the mean values. 𝐾1 ,𝐾2 and 𝐾3 𝐾𝑗 of 

the measures yi (here the thickness measures) for the level 1, level 2 and level 3 

respectively. As examples, for parameter A (volume), K1=y1+y2+y3 and 

𝐾1=(y1+y2+y3)/3, because these are the three measurements where the volume is 

55µL (level 1), whereas for parameter B (spin speed), K1=y1+y4+y7 and 

𝐾1=(y1+y4+y7)/3. For each parameter, the value Range(K), which is the difference 

between the largest and the smallest values of K, is already an indication of the 
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influence of the parameter on the measurements, especially when compared to the 

value obtained for the blank row, acting like a random selection of measures.  

Table III. 2 Selected factors and their levels 

     Factor 

 

level 

FactorA: 

Volume (μl) 

FactorB: 

spin speed (rpm/s) 

FactorC: 

acc/dec time (s) 

1 55 4500 2/2 

2 58 4800 3/3 

3 61 5100 4/4 

Table III. 3 L9 Array for design of experiment by Taguchi method 

exp. No. 

Operating parameters 

Blank measure Volume 

(μl) 

spin speed 

(rpm/s) 

acc/dec time 

(s) 

1 1 1 1 1 y1 

2 1 2 2 2 y2 

3 1 3 3 3 y3 

4 2 1 2 3 y4 

5 2 2 3 1 y5 

6 2 3 1 2 y6 

7 3 1 3 2 y7 

8 3 2 1 3 y8 

9 3 3 2 1 y9 

We then calculate the total sum of squares SST:  

Equation 3- 2  𝑆𝑆𝑇 = ∑ (𝑦𝑖 − 𝑦̅)2𝑛
𝑖=1  ,     𝑇 = ∑ 𝑦𝑖

𝑛
𝑖=1  

the sum of squares caused by the parameter j SSj: 

Equation 3- 3  𝑆𝑆𝑗 =
𝑟

𝑛
(∑ 𝐾𝑖

2) −
𝑇2

𝑛

𝑟
𝑖=1   , 𝑆𝑆𝑇 = ∑ 𝑆𝑆𝑗

𝑚
𝑗=1  

and SS4=SSe, the sum of squares caused by blank row is (error row), the degrees of 

freedom:  

Equation 3- 4  𝑑𝑓𝑇 = 𝑛 − 1  , 𝑑𝑓𝑗 = 𝑟 − 1  

the mean squares is MSj (for example MSA is mean square of the parameter A):  
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Equation 3- 5  𝑀𝑆𝑗 =
𝑆𝑆𝑗

𝑑𝑓𝑗
  , 𝑀𝑆𝑒 =

𝑆𝑆𝑒

𝑑𝑓𝑒
    

and the variance ratio: 

Equation 3- 6  𝐹𝑗 =
𝑀𝑆𝑗

𝑀𝑆𝑒
     

The F ratio is a key criterion, which is used to distinguish the important influential 

factor. If the F is more than or equal to 90%, the factor has a significant influence in 

the results. The other terms in the table are discussed in Roy’s book5,6, which we are 

not going to talk in this study.  

III.1.2.2 Experiment 

“Material” and “film preparation” are the same as described in III.1.1.2, expect for 

the concentration of polymer solution (a single concentration 6.0 wt. % PS25k-P2VP25k 

in toluene was used here) and spin-coating conditions. The experiments were carried 

out according to the experimental conditions as shown in Table III. 3. 

Measurement 

The topographies of the films are observed by AFM and Optical Microscopy. 

The thickness of the films is measured by Variable angle spectroscopic 

ellipsometry (VASE) with the spectral range [0.6-4.0eV] in configurations UVISEL II 

and AOI=60º, 65º and 70º. 

III.1.2.3 Results and discussion  

After the nine designed samples were ready, the samples surface was observed 

by optical microscope (see Figure III. 6). We can tell that the thicknesses of the nine 

films are a little different due to the different colors of the surfaces. 

Note that the films are not perfectly flat in this series, which is visible by the color 

stripes they present in the micrographs. We believe this is due to an experimental 

problem with the used solvent, but we also believe the thickness study presented here 

is still valid. 

The thickness of the samples were extracting from the VASE data with the model 

shown in Figure III. 3. The illustration of the measured and adjusted Is and Ic at different 

angles of incidence (AOI) are shown in the Figure III. 7. The Figure III. 7(g) evidences 
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the slight shift of the Is oscillations with the photon energy, which is due to the slightly 

different thickness among the nine samples.  

 

Figure III. 6 Nine designed samples under the microscope. 

Table III. 4 Experimental matrix and results obtained following L9 orthogonal array 

     Factor 

Level 
A B C 

Blank 

outcomes 

Exp. No. 
Volume Spin speed Acc/Dec time Thickness Noted name 

( µl) (rpm) (s) (nm) (nm) 

1 A1 (55) B1 (4500) C1 (2/2) D1 y1=231 A1B1C1D1 

2 A1 (55) B2 (4800) C2 (3/3) D2 y2=250 A1B2C2D2 

3 A1 (55) B3 (5100) C3 (4/4) D3 y3=278 A1B3C3D3 

4 A2 (58) B1 (4500) C2 (3/3) D3 y4=266 A2B1C2D3 

5 A2 (58) B2 (4800) C3 (4/4) D1 y5=283 A2B2C3D1 

6 A2 (58) B3 (5100) C1 (2/2) D2 y6=228 A2B3C1D2 

7 A3 (61) B1 (4500) C3 (4/4) D2 y7=284 A2B1C3D2 

8 A3 (61) B2 (4800) C1 (2/2) D3 y8=233 A2B2C1D3 

9 A3 (61) B3 (5100) C2 (3/3) D1 y9=260 A2B3C2D1 
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   (a)      (b) 

 
   (c)      (d) 

 
   (e)      (f) 

 
(g) 

 

Figure III. 7 Ellipsometry results for the nine designed samples. Dots are experimental data and 

solid lines are fitting curves (a) and (b) for AOI=60o; (c) and (d) for AOI=65o; (e) and (f) for AOI=70o; 
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(g) is a 3D representation of the experimental values of Is, which shows the slight shift of the 

oscillations due to slight differences in the film thickness. 

Table III. 5 Results of ANOVA for film thickness 

Factor A(volume) B(spin speed) C(acc/dec time) Blank 

K1 759 781 692 774 

K2 777 766 776 762 

K3 777 766 845 777 

𝐾1 253 260.3333333 230.6666667 258 

𝐾2 259 255.3333333 258.6666667 254 

𝐾3 259 255.3333333 281.6666667 259 

Range(K) 18 15 153 15 

Range(𝐾) 6 5 51 5 

SSj 72 50 3914 42 

T 2313 

SST 4078 

dfT 8 

dfj 2 2 2   

dfe       2 

MS 36 25 1957   

MSe       21 

F 1.714285714 1.19047619 93.19047619   

Film thickness results are listed in Table III. 4. All the values of ANOVA are 

summarized in Table III. 5, which is used to determine the percentage contribution of 

each parameter to the thickness of the films.  

From the values of Range𝐾̅ and F, it appears that the volume (parameter A) and 

the spin speed (parameter B) have a very small influence on the thickness of films, 

whereas the acceleration and deceleration time parameter C) has a strong influence 

on the thickness of films. , because the value of F is 93%.  
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III.2 Orientation and period size 

We showed that the spin-coating process can produce good films of controlled 

thickness but the produced films have no controlled nanostructure. This is because the 

deposition process is too fast to allow the evolution of the copolymer towards its 

microphase separated equilibrium nanostructure. In this part, we are focusing on 

obtaining controlled lamellar structures in the films. As was explained in Chapter I, the 

block copolymers (BCP) present spontaneous spatial organization depending on the 

polymerization degree and the composition of the block copolymers. In our 

experiments, we restrict the study to symmetric or nearly symmetric diblock, in order 

to produce lamellar morphology. We will then assess how the polymerization degree 

of PS-block-PVP influences the obtained morphologies and period size. 

III.2.1 Experiment 

 “Material” is the same as III.1.1.2. 

Table III. 6 Molecular characteristics of the PS-block-P2VP copolymers 

 Polymer 

PSMnPS-block-PVPMnpvp 

Total Mn 

(*103 g•mol-1) 

Mw/Mn 

(PDI) 

P2VP fraction 

In weight (%) 

Degree of  

Polymerization(N) 

PS34k-block-P2VP18k 52.0 1.12 0.35 506 

PS102k-block-P2VP97k 199.0 1.12 0.49 1899 

PS106k-block-P2VP75k 181.0 1.10 0.41 1762 

PS25k-block-P2VP25k 50.0 1.06 0.50 487 

PS8.2k-block-P2VP8.3k 16.5 1.08 0.50 161 

The diblock copolymers used in this study were purchased from Polymer Source 

Inc. (list in Table III. 6) and were used without any further purification. 

Equation 3- 7  𝑁 =
𝑀𝑛𝑃𝑆

𝑚𝑃𝑆
+

𝑀𝑛𝑃2𝑉𝑃

𝑚𝑃2𝑉𝑃
 

MnPS and MnP2VP are the molar mass of the PS and P2VP blocks. N is the degree 

of polymerization calculated by Equation 3- 7, with molar mass of monomer mPS 

(102.15 g•mol-1 )and mP2VP (103.14 g•mol-1 ). 
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Samples for electron microscope 

Polymers were dissolved in THF to yield 6.0 weight% solutions and stirred 

overnight at room temperature to ensure complete dissolution. The spin-coating was 

accomplished by dropping 55 μL (or 65 μL) of the polymer solution onto 1*1cm2 silicon 

wafers (or 1.5*1.5cm2 Aclar substrates) at 5000 rpm for 30 s at room temperature. This 

step provided homogenous films. 

Following the deposition, thermal annealing at 180o in vacuum (15hours for 

samples on silicon wafers, 2hours for samples coated on Aclar substrates) was used 

to generate well-defined periodic structure. Indeed, it is known that the fast solvent 

evaporation during spin-coating does not allow the copolymer chains to reach the 

equilibrium phase-separated nanostructures, and that thermal annealing can then 

provide the chains with the necessary mobility to reach their equilibrium organization. 

Samples enhanced by iodine and gold nanoparticles were studied by SEM. 

Because the I2 or gold NPs can selectively located in the PVP domains, they induce a 

strong enhancement of the electronic contrast observable by SEM BSEI mode, and 

make the measurement of the lamellar period more accurate (samples enhanced by 

iodine were place in a container with vapor of iodine for 1hour and the gold 

nanoparticles loading process can be found in the following Chapter IV.2.2.) Note that 

the presence of gold nanoparticles may change slightly the thickness of layers or films.  

The samples are then broken into two pieces, to expose the section of the films, 

and are ready for SEM observation. 

Samples for SAXS 

The copolymers were dissolved in toluene or THF to yield 15.0 weight% solutions 

and were stirred overnight at room temperature to ensure complete dissolution.  

 

Figure III. 8 Scheme of the preparation of the bulk samples of copolymer PS-block-P2VP 
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Approximately 3ml copolymer solutions were filled in Teflon molds (Figure III. 8) 

and then placed in glass container with a lid, in order to slow down the solvent 

evaporation, so that the complete drying of the films takes 3~5 days at room 

temperature. Unlike in the spin-coating process, the slow evaporation used here allows 

for the copolymer chains to have a significant mobility for an extended period of time 

and reach their equilibrium phase-separated nanostructure. The final samples have a 

thickness of the order of 1mm. They are then placed in a vacuum chamber at room 

temperature for one day to ensure that the residual solvent is completely evaporated.  

Bulk samples are then ready for SAXS measurements. 

III.2.2 Measurement 

SAXS, SEM and TEM are used for the morphology study of the diblock 

copolymers. In order to observe the sections of the sample, in TEM study, we use 

ultramicrotomy to cut the thin films on aclar substrates into approximate 60nm thick 

sections and in SEM study, samples on silicon substrate were broken in 2 pieces and 

their side is ready for observation. 

SAXS 

The description of SAXS principle was given in Chapter II 2.2. Before analyzing 

the scattered intensities obtained after azimuthal integration of the detector 2D spectra, 

we corrected the data for background scattering. This is a combination of background 

by air, sample holder (capillary) if any, and electronic noise and is usually significant 

only at high wavevector q when the scattered signal is small. The correction can be 

done in two ways, direct and indirect. In the direct route, the scattering pattern is first 

recorded on the detector with a blank sample: empty sample holder or capillary. The 

recorded scattering pattern then contains the information of the background when 

there is no sample and can be subtracted from the signal obtained with sample. In the 

other route, the background is mathematically corrected, using the two assumptions 

that the background signal is a constant, and that the intensity scattered by the studied 

samples follow an asymptotic q-4
 trend at high q. Thus, we can write the total measured 

intensity in the high q region as:  

Equation 3- 8  𝐼(𝑞) = 𝐴(𝑞) × 𝑞−4 + 𝐵 

Where I (q) is the total measured scattered intensity; 
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 A(q) is the scattered intensity from the sample, which we want to determine, and 

which is asymptotically constant at high q; 

 B is the constant background. 

When multiplied by q4 on both sides, Equation 3- 8 transforms into: 

Equation 3- 9  𝐼(𝑞) × 𝑞4 = 𝐵 × 𝑞4 + 𝐴(𝑞) 

In the Equation 3- 9 B represents the slope at high q of a  𝐼(𝑞) × 𝑞4 versus 𝑞4 plot. 

The obtained slope is then subtracted from the measured data to give only the 

scattering from the sample.  

Ultramicrotomy technique 

Because TEM electrons cannot travel across matter on long (>100nm) distances, 

the study of the nanometric structures of polymer composites by TEM requires very 

thin sections carried out by ultramicrotomy.  

 

Figure III. 9  Schema of the TEM sample preparation by ultramicrotomy technique 

Ultramicrotomy3,8 is a cutting sample technique commonly used in the preparation 

of ultrafine sections of films with a thickness between 40 and 80 nm, and can be used 

either at room temperature or in cryogenic conditions. First, the film is cut into mm-size 

pieces and embedded in an epoxy resin, which is cross-linked by baking at 60 ºC for 

72 hours. 1mL of the embedding media is based on 46% Agar 100 resin contain 36% 

Dodecenyl Succinic Anhydride (DDSA) and 18% Methyl-5-Norbornene-2,3-

Dicarboxilic Anhydride (MNA), and 1 drop of the accelerator 2,4,6-tri 

(dimethylaminoethyl) phenol (DMP).  

After the resin containing the sample is completely cross-linked, it is cut into the 

shape of a pencil (see Figure III. 9), and a mm-large even flat tip exposing the sample 

is cut with a glass. Once the surface is flat, automatic cutting is realized by a diamond 
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knife (2 mm, Knife angle 35º, purchased from Diatome Ltd.), in order to obtain ultrafine 

sections of the sample embedded in resin with the thickness of 70nm. 

Ultramicrotomy cannot be performed on hard materials and films on silicon wafers 

cannot be observed with TEM. This is the reason why we use Aclar substrates. 

The Ultramicrotomy was performed in the Bordeaux Imaging Center, a service unit 

of the CNRS-INSERM and Bordeaux University, member of the national infrastructure 

France BioImaging. 

III.2.3 Results 

In certain cases, annealing was extended to 3 days to ensure equilibrium was 

reached, although there was no significant change of the ordering of lamellae after 15 

h. In order to minimize the surface energy9, the P2VP block has a preferential 

interaction with the polar substrate while PS block prefer the free interface with air10. 

This leads to the asymmetric wetting configuration (see Chapter I.3) and during the 

annealing process, the PVP stay at the substrate interface and PS stays at the air 

surface which can be seen in the following SEM images.  

III.2.3.1 Results of electron microscope 

 

Figure III. 10 Section SEM micrographs of a film of PS25k-block-P2VP25k copolymers enhanced by 

iodine after thermal annealing under (a) SEI and (b) BSEI mode 

As we mentioned in the Chapter II.3, in the TEM images, the contrast is dominated 

by the absorption of the electrons beam by the samples, which is increasing with the 

electronic density so that metallic nanoparticles appear dark and polymer appear light. 

On the contrary, the dark parts correspond to polymers and light parts correspond to 

metallic NPs in the images formed by back scattered electrons under the BSEI SEM. 
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Figure III. 11  Section SEM micrographs of films of PS-block-P2VP copolymers of different 

composition, after thermal annealing and gold impregnation, (the process is explained in 

Chapter IV.2.2). (a) PS34k-block-P2VP18k (b) PS102k-block-P2VP97k  (c) PS25k-block-P2VP25k (d) 

PS8.2k-block-P2VP8.3k  

For a pure diblock copolymers, there is no contrast under electron microscope. 

We enhanced the contrast of PVP by iodine and gold nanoparticles. The images of the 

films enhanced by iodine are illustrated in Figure III. 10, which shown the morphology 

of PS25k-block-P2VP25k after thermal annealing self-assembly into lamellar structures. 

However the contrast of the two domains PS and P2VP with iodine is not strong 

enough to measure the thickness. In order to get a better contrast, we use gold 

nanoparticles to increase the contrast. Comparing the contrast enhanced by iodine 

Figure III. 10 and gold nanoparticles Figure III. 11(c), we can see gold nanoparticles 

loading preserves the structure. The other copolymers morphologies were enhanced 

by gold nanoparticles, and are shown in Figure III. 11 and Figure III. 12. 

From the TEM images (see Figure III. 12) and SEM images (see Figure III. 11), 

we know that PS102k-block-P2VP96k, PS25k-block-P2VP25k, and PS8.2k-block-P2VP8.3k 

form lamellar phases when annealed. These results are in good agreement with the 

generic phase diagram of block copolymers, where symmetrical compositions 

(fPVP≈0.5, Table III. 6) correspond to the lamellar phase. When the compositions of 

diblock copolymers are non-symmetrical as with PS34k-block-P2VP18k (fPVP=0.35) and 
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PS106k-block-P2VP75k (fPVP=0.41), it is not easy to obtain lamellar phases parallel to 

substrates.  

 

Figure III. 12 Section TEM micrographs of films ofPS-block-P2VP copolymers of different 

compositions. The sections were prepared by ultramicrotomy of films after thermal annealing 

and gold impregnation process to increase the contrast of two blocks (see detail in Chapter 

IV.2.2)). (a) PS34k-block-P2VP18k (b) PS106k-block-P2VP75k (c) PS102k-block-P2VP97k (d) PS25k-block-

P2VP25k (e) PS8.2k-block-P2VP8.3k  

PS block prefers9,11 an air interface due to its smaller surface energy, and PVP 

stay in the interface of polymer and substrates (silicon or aclar). We can see that clearly 

when polymer deposited both in silicon substrates Figure III. 11 and aclar substrates 

Figure III. 12, half layer of PVP attaching with substrates and an asymmetric lamellar 

film formed. The bilayer thickness d measured by SEM and TEM are listed in Table III. 

9. 

III.2.3.2 Results of SAXS 

Table III. 7 solubility parameters 

Compound Toluene THF poly(styrene) poly(2vinylpyrridine)12 

Hilderbrandt solubility 

parameter,  (MPa)1/2 
18.3 18.5 18.3 21.3 

The dry films are set directly in the beam in the sample chamber. The intensity is 

accumulated for 2.6h. Based on Equation 3- 9, the background B is obtained from the 
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slope of the linear fitting of 𝐼(𝑞) × 𝑞4 versus 𝑞4 plot in the high q region. The Figure III. 

13 shows an example of such data treatment for the case of the PS34k-block-P2VP18k 

copolymer. The higher order peaks of I(q) are usually better defined after background 

subtraction. 

 

Figure III. 13 Example of SAXS analyzing for the PS34k-block-P2VP18k copolymer. (a) Experimental 

measured intensity as a function of the scattering vector q in semi-log coordinates; (b) the plot 

of I*q4 as a function of q4. The red line is the linear fit at high q (see Equation 3- 9), giving the 

background here B=0.92419; (c) Background corrected scattered intensity in semi-log 

coordinates. 

All the SAXS results are shown in Erreur ! Source du renvoi introuvable.. We 

compared the results obtained with copolymers of different polymerization degrees 

cast from THF or from toluene solutions. The Erreur ! Source du renvoi introuvable. 

shows that, in general, samples prepared from THF solutions present better defined 

peaks than samples prepared from toluene solutions. This could be due to the fact that 

THF is a slightly more neutral solvent for the diblock copolymer, while toluene is a 

better solvent for PS than for P2VP12, thus swelling more the PS domains and 

impacting the capacity of the copolymer to reach the equilibrium structure.  

 From the TEM (see Figure III. 12) and SEM images (see Figure III. 11), and in 

agreement with the copolymers composition, we know that PS102k-block-P2VP96k, 

PS25k-block-P2VP25k, and PS8.2k-block-P2VP8.3k are lamellar phases. The sample of 

largest molecular mass PS102k-block-P2VP96k presents a series of Bragg peaks 

characteristic of a lamellar order at positions 1:2:3:4 and corresponding to a period of 

75.5nm. The sample PS25k-block-P2VP25k presents two Bragg peaks at positions 1:3, 
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and corresponding to a period of 37.2nm, with a lack of second order peak probably 

due to a minimum of the lamellae form factor, as is classical with very symmetrical 

compositions13. Finally, the sample PS8.2k-block-P2VP8.3k presents one well defined 

peak, corresponding to a period of 17.0nm. The absence of higher order peaks could 

be due to the fact that the 2d peak would be near the edge of the q-window, or to the 

proximity of the sample to the order-disorder transition line for small diblocks. 

 

Figure III. 14 SAXS profiles depending on polymer degrees of polymerization in semi-log 

coordinates. The curves are vertically shifted for clarity 

Table III. 8 Peak positions and the period sizes 

Copolymers Solvent 

P2VP  

fraction 

q0  

(A-1) Ratio of peaks 

Period size 

based on q0 

PS34k-block-P2VP18k THF 0.35  0.0128 1.0 :2.0:3.0:3.83… 49.0nm 

PS106k-block-P2VP75k THF 0.41  0.0127 1.0 :2.0:3.0… 49.49nm 

PS102k-block-P2VP97k THF 0.49  0.00800 1.0：3.0：4.0… 78.53nm 

PS25k-block-P2VP25k THF 0.50  0.01707 1.0：3.06… 36.81nm 

PS8.2k-block-P2VP8.3k THF 0.50  0.03841 1.0：… 16.36nm 

From the curves obtained with THF, peaks positions are carefully identified (see 

Table III. 8 and Figure III. 14). The period sizes of PS102k-block-P2VP97k, PS25k-block-

P2VP25k and PS8.2k-block-P2VP8.3k are listed in Table III. 8.  

Depending on the publication13, the lamellar period can be shown to relate to the 

total polymerization degree as follow Equation 3- 10. Where 𝑎̅ is average segment size 
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of monomer, were found by segment size of monomer polystyrene 𝑎𝑃𝑆 = 0.67 𝑛𝑚14, 

poly(2-vinylpyridine)𝑎𝑃2𝑉𝑃 = 0.71 𝑛𝑚15 and their respective volume fractions 𝑓𝑃𝑆 and 

1 − 𝑓𝑃𝑆(Equation 3- 11). 

Equation 3- 10  𝑑 = 𝑎̅𝑁2/32√1

3
(
𝜒

6
)
1/23

 

Equation 3- 11  𝑎̅ = √𝑓𝑃𝑆𝑎𝑃𝑆
2 + (1 − 𝑓𝑃𝑆)𝑎𝑃2𝑉𝑃

2  

N is the degree of polymerization (see Table III. 6) and 𝜒 is the Flory-Huggins 

interaction parameter. In this case 𝑎̅ = 0.69 𝑛𝑚, 𝜒 = 0.18 at room temperature16,17.  

 

Figure III. 15 Period size thickness under different measurements and theory 

Table III. 9 Period size under different measurements and theory 

Polymer N d(nm) 

TEM 

d(nm) 

SEM 

d(nm) 

SAXS 

d(nm) 

Theory 

PS102k-block-P2VP97k 1899 137.6 120 78.53 81.80 

PS25k-block-P2VP25k 487 37.74 31 37 33.02 

PS8.2k-block-P2VP8.3k 161 13.66 13.8 16.36 15.76 

For block copolymers with volume fraction approximately equal to 0.5, the 

morphologies are lamellar phases based on SAXS (Figure III. 14) and electron 

microscopy images (see Figure III. 11 and Figure III. 12)(PS102k-block-P2VP97k PS25k-

block-P2VP25k and PS8.2k-block-P2VP8.3k). As shown in the plot Figure III. 15, the period 

measured by SAXS is very consistent with the theory Equation 3- 10, while TEM and 

SEM results are consistent only for the smaller diblock. This is very likely due to the 

fact that the presence of the gold increases significantly the measured dimensions for 

the longest copolymer films. 
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In conclusion, we have obtained several lamellar phases with PS-b-P2VP of 

different total polymerization degrees, when the blocks are equally long (fP2VP≈0.5). 

These phases present lamellar period over a large size range, so that we can produce 

lamellar films of controlled period between 15nm and 78nm.  

III.3 Controlling period thickness of lamellar phase by 

homopolymer addition 

As we discussed in III.2, different polymerization degrees give different period 

thickness. PS102k-block-P2VP97k gives 78nm, PS25k-block-P2VP25k gives 37nm, PS8.2k-

block-P2VP8.3k gives 16nm. Additional and finer modulation of the lamellar period could 

be desirable in our systems. 

For this, we studied the mixture of homopolymer of poly (2-vinylpyridine) into PS-

block-P2VP to increase the layer thickness of P2VP, which will be helpful for fine-tuning 

of the layer thickness (see Figure III. 16) and may also affect the gold growth in the 

systems. 

 

Figure III. 16 the definition for layer thickness: 1 layer PVP + 1 layer PS. 

 

III.3.1 Experimental 

Material 

PS25k-block-P2VP25k (PDI: 1.12) and Poly (2-vinylpyridine) (P2VP, Mn=4500, PDI: 

1.04).  
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Polymer solution 

P2VP was mixed at 5.0 weight%, 10.0 weight% and 15.0 weight% in PS25k-block-

P2VP25k, and then the polymers were generally dissolved in THF to yield 15.0 weight% 

6.0 weight% and 3.0 weight% solutions and were stirred overnight at room temperature 

to ensure complete solution.  

Samples for SAXS were prepared in the same way as we described in III.2.1” 

Samples for SAXS”. 

Samples for SEM were prepared in the same way as we described in III.2.1 

“Samples for electron microscope”, except for 55μl 3.0 weight% and 6.0 weight% 

solutions are spin-coated on silicon wafer only and the spin time is 30seconds with the 

spin speed of 4500 rpm/s, 3 sec of acceleration time and deceleration time. 

III.3.2 Results 

Results of SEM 

 

Figure III. 17 Cross-sections of different P2VP fraction mixtures of polymers under SEM in BSEI. 

(a) 0 w.t. % P2VP in polymers, and 10 layers thickness is 281nm, so 1layer is 28.1nm; (a) 5 w.t. % 

P2VP in polymers, and 8 layers thickness is 251nm, so 1layer is 31.4nm; (a) 10 w.t. % P2VP in 

polymers, and 8 layers thickness is 269nm, so 1layer is 33.6nm.  
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From the SEM images Figure III. 17, we can see that as the concentration of P2VP 

increasing from 0 wt% to 5wt% to 10 wt%, the bilayer thickness is obvious increasing 

from 28.1nm to 31.4nm to 33.6nm (measured from SEM images). Since the resolution 

for SEM is not enough for thickness less than 10nm, we have performed SAXS. 

Results of SAXS 

Based on the same analysis process of III.2.2”SAXS”, Figure III. 18 shows the 

final curves of different concentration of P2VP. As the weight fraction of P2VP grows 

from 50.0 % to 57.5 %( 0wt% added P2VP to 15wt% added P2VP), the q0 peaks shifts 

to smaller values, which indicates an increase of the bilayer thickness in the lamellar 

phase. If the fraction of P2VP increases to 65 %( 30 wt% added P2VP), the lamellar 

morphology is lost.  

 

Figure III. 18 SAXS results of the mixture of PS-block-P2VP with P2VP in various 

concentrations in semi-log coordinates. The curves are vertically shifted for clarity. 

The layer thickness calculated from q0 is listed in Table III. 10. It shows the period 

size of all the results. Compared with the layer thickness measured from SEM, As the 

P2VP weight fraction increases, both SAXS and SEM methods indicate an increase of 

the bilayer thickness following a similar trend. 
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Table III. 10 Peak positions and the period size 

Concentration of 

P2VP in mixture 
Morphology 

P2VP 

weight 

fraction 

q0  

(A-1) 

Period size 

Based on 

SAXS(nm) 

Period size 

based on 

SEM(nm) 

0 lamellar 0.500 0.01686 37.27  28.1 

1.0 lamellar 0.505 0.01617 38.86  - 

5.0 lamellar 0.525 0.01587 39.59  31.4 

10.0 lamellar 0.550 0.01587 39.59  33.6 

15.0 lamellar 0.575 0.01563 40.20  - 

30.0 No 0.650 - - - 

 

Figure III. 19 shows the period size as function of P2VP fraction in mixture. The 

range of variation of the period size is very limited (3nm), which is probably due to an 

incomplete mixture of the homopolymer in the diblock nanostructure. 

 

Figure III. 19 Period size as function of the weight fraction of P2VP in the polymer mixtures 

As a conclusion, the PS-P2VP diblock copolymers can be organized and aligned 

in lamellar structures on large areas by thermal annealing. By controlling the 

concentration of the polymer solution before spin coating, the film thickness can be 

well controlled between 30nm and 800nm. The bilayer thickness in the films can be 

controlled by the polymerization degree of the symmetric diblock copolymers, and is a 

subwavelength size ranging from 17nm to 70nm. 
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Introduction 

Our goal is to fabricate the target nanostructured multilayers (Figure IV. 1) 

consisting of alternate nanocomposite layers and 

polymer layers. We already know how to obtain 

controllable and aligned lamellar structures (see 

Chapter III), and we now want to produce similar 

structures with metallic particles inside some of the 

layers.  

After the work of Clémence Tallet (PhD student 

Year 2010-2013)1, we decided to study in situ 

synthesis processes, because the introduction of 

pre-formed nanoparticles in such lamellar polymer 

structures is often restricted to small nanoparticle 

sizes and small quantities. Figure IV. 2 shows, as an 

example, the nanostructure of a PS-PMMA blend 

with gold Nps (A 0.05 volume % and B 0.58 volume %) covered with a small 

poly(styrene) ligand. 

 

Figure IV. 2 PS-PMMA blend with Au-PS; A volume fraction of Au is 0.05%;B volume fraction of 

Au is 0.58% 1 

There are two main in situ methods we can use. The first one is called one-step 

method in this chapter: it consists in first blending in solution the gold precursor and 

the diblock copolymers and then use the self-assembly properties of diblock 

copolymers to achieve the lamellar nanostructure with nanocomposite and polymer 

layers. The second one is called the impregnation process: it start from the lamellar 

Figure IV. 1 Target structure. NC 

layer stands for polymer with 

metallic nanoparticles. Poly layer 

stands for layer consisting of pure 

polymer.  
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structure template based on self-assembled diblock copolymers (see Chapter III), 

impregnate metallic particles inside one of the block domains and then produce the 

target nanocomposite structures. 

In this chapter, we are going to discuss these two methods and find an efficient 

way to reach the target structure. 

IV.1 One-step method 

IV.1.1 Introduction  

In the one-step process, we mix the Au precursor with the diblock copolymers in 

solution before spin-coating. In the mixed solution the gold ions from HAu(Cl)4 will form 

gold(Ⅲ) complexes with pyridine2.  

 

After the annealing process (solvent or thermal annealing), we may obtain a 

nanocomposite structure with lamellar structures. In this study, chloroauric acid 

(HAuCl4•xH2O) is used as the Au precursor. 

IV.1.2 Experimental 

Material 

The same as we described in chapter III 3.1.1.2 “material”. Hydrogen 

tetrachloroaurate(III) hydrate(HAuCl4•xH2O) is purchased from Alfa Aesar were used 

without any further purification.   

Film preparation 

In order to obtain well dispersed mixture of gold precursor and polymer solution, 

we dissolved the copolymer and the gold precursor separately and then mix them 

together. 

Two different polymer solutions were prepared: PS25k-P2VP25k and PS34k-P2VP18k 

were dissolved in toluene to yield respectively 6.0 weight% and 8.0 weight% solution, 

and stirred overnight at room temperature to ensure complete solution. 
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For the gold precursor solution, HAuCl4•xH2O was dissolved in ethanol to yield 3.0 

weight% solution.  

Two mixed solutions were prepared:  

1) 1 volume of gold precursor solution mixed with 6.4 volumes of PS25k-block-

P2VP25k solution;  

2) 1 volume gold precursor solution mixed with 4.4 volumes of PS34k-block-

P2VP18k solution.  

All the mixed solutions were stirred overnight in room temperature and protected 

from the light, to obtain well-dissolved solutions and were then spin-coated onto silicon 

wafers. Spin time is 30seconds with the spin speed of 5000 rpm/s, 3 seconds of 

acceleration time and deceleration time. 

 

Figure IV. 3 Schematic illustration of the one-step method for Au loading in the films. Mix polymer 

solution and gold precursor solution to obtain mixed solution. Deposit the mixed solution on 

silicon wafer by spin coating. Following the deposition, two different annealing processes were 

used: solvent annealing only or solvent annealing followed by thermal annealing. 

After the film coating, two different annealing processes were used: 

1) Solvent annealing (8h in THF and then dried in room temperature) to obtain 

lamellar phase. 

2) Solvent annealing (8h in THF and then dried in room temperature) followed by 

thermal annealing (180℃ in a vacuum oven for 10 hours). 
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In addition, the solvent annealing was usually followed by one day of slow drying 

in air. Subsequent removal of any residual solvent is carried out under vacuum for an 

additional minimum of 4 hours. 

Table IV. 1 samples preparation conditions by the one-step method 

Samples 
PSm-block-P2VPn 

Mn (m-n) 

Solvent annealing 

(In THF) 

Thermal annealing 

(180ºC in vacuum) 

OT1 25k-25k 8h 0 

OT2 25k-25k 8h 10h 

OT3 34k-18k 8h 0 

OT4 34k-18k 8h 10h 

The prepared samples are listed in Table IV. 1 samples preparation conditions by 

the one-step method. 

Sample observations 

The upper surface of the samples was observed by optical microscopy at room 

temperature. For side view of samples, the films on silicon wafer were broken into half 

manually and observed by SEM.  

IV.1.3 Results 

Figure IV. 4 shows the surface of sample OT2 under optical microscopy after spin-

coating (a), after solvent annealing (b), and after thermal annealing(c). From the 

images we can see that after the solvent annealing, the surface of the sample shows 

globular structures with dark colors, which are preserved after thermal annealing, while 

the colors become lighter, which may be caused by a reflection effect of Au(0).  

 

Figure IV. 4 The top view of sample OT2 under microscopy. (a) After spin-coating. (b) After 

solvent annealing. (c) After thermal annealing. 
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The side view of the samples was observed by SEM under low and high 

magnifications, as shown in Figure IV. 5 and Figure IV. 6. In the samples prepared 

without thermal annealing (a) and (c), there are no visible gold domains inside the films. 

On the contrary, after thermal annealing (b) and (d), we can see that Au nanoparticles 

synthesized successfully. The thermal annealing seems necessary for the reduction of 

the gold salt, whereas when the preparation is limited to a solvent annealing, no 

reduction apparently occurs. For both 25k-25k copolymer samples (a) and (b), we can 

detect indications of the aligned lamellar structure both in BSEI and SEI, indicating that 

the solvent annealing is efficient in the structure alignment. In the case of the 34k-18k 

copolymer samples (c) and (d), elongated structures are visible, but with no obvious 

alignment and it is difficult to conclude that these structures are the P2VP cylindrical 

domains. In thermally annealed samples, the gold nanoparticles are in a very limited 

amount and do not appear to have any order. 

 

Figure IV. 5 Side view of samples (a) OT1 (Lamellar/Solvent annealed), (b) OT2 

(Lamellar/Solvent+thermal annealed), (c) OT3 (Cylindrical/Solvent annealed), (d) OT4 

(Cylindrical/Solvent +thermal annealed), under SEM in low magnification. Left images are BSEI 

while the right images are SEI. Under BSEI images, white parts correspond to gold domains. 

In conclusion, this one-step method is not efficient in fabricating the 

nanocomposite lamellar structures. So we consider using lamellar structures of 

polymer as the templates and loading gold afterwards. 
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Figure IV. 6 Side views of samples (a) OT1, (b) OT2, (c) OT3, (d) OT4, under SEM in high 

magnification. Left images are BSEI while the right images are SEI. Under BSEI images, white 

parts correspond to gold 

domains. 

IV.2 Impregnation 

process 

IV.2.1 Introduction 

As we discussed in 

Chapter III, the nano-scale 

lamellar phase produced by 

PS-P2VP copolymers can be 

well controlled. Various 

thicknesses of films (from 

100nm-700nm) can be 

realized by different 

concentrations of the polymer 

solution before spin coating. In 

the meantime, the bilayer 

thickness within the lamellar 

structures can be controlled by 

using different polymerization 

degrees of the block 

copolymers. Once the lamellar 

structure is obtained and 

aligned, we plan to use selective solvent effects in order to introduce metallic entities 

into the structure directly, while confining them in the P2VP domains, in a well-

controlled manner. Such selective swelling of block copolymer lamellar phases was 

used for the introduction of metal salts by Sang-Hyun Yun et al.1 and B. H. Sohn et al.2 

who studied the conductivity of anisotropy films, and by B. Maxit et al.3 for the 

introduction of small inorganic nanoparticles. 

 



-Chapter IV Metal loading process- 

- 117 - 

 

IV.2.2 Experiment 

Material used in this study is the same as described in IV.1.2 ”Material”. Silver 

nitrate (AgNO3) purchased from Sigma-Aldrich was used without any further 

purification. The diblock copolymers poly(styrene)-block-poly(vinylpyridine) (PS-block-

P2VP) used are listed in Table IV. 2. 

Table IV. 2 Diblock copolymers used in this chapter 

 

 

 

 

 

 

Film preparation 

PS25k-P2VP25k copolymers were dissolved in toluene to yield 0.8 weight%, 1.5 

weight%, 3.0 weight%, 6.0 weight% and 10.0 weight% solutions and stirred overnight 

at room temperature to ensure complete dissolution. 

The spin-coating was accomplished by dropping 55 μL of the polymer solution 

onto 1 cm2-silicon wafers and spin it at 5000 rpm with acc/dec time 3s/3s for 30 s at 

room temperature. This gave homogenous films. 

Following the deposition, a thermal annealing at 180o in vacuum (15 hours for 

samples on silicon wafers, 2 hours for samples coated on Aclar substrates) was used 

to generate well-defined lamellar structure.  

Au loading process 

After we obtained the aligned and organized lamellar phases, we proceed with the 

following process: 

1) We immersed the film in 3.0 wt% HAuCl4 solution in ethanol for 5 minutes 

following by a gentle rinsing of deionized water several times.  

Polymer 

PSMn-block-PVPMn 

Mw/Mn 

(PDI) 

P2VP  

fraction 

(%) 

Layer thickness 

d0 (nm) 

PS102k-block-P2VP97k 1.12 0.49 75.5 

PS25k-block-P2VP25k 1.06 0.50 37.2 

PS8.2k-block-P2VP8.3k 1.08 0.50 17.0 

PS25k-block-P4VP25k 1.15 0.50 / 
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2) The films loaded with HAuCl4 were then immersed into 0.65 wt% NaBH4 

solution in water for 30 sec.  

We repeat the cycle comprising steps 1) and 2) for N times  (N is integrate from 0 

to 30) to increase the concentration of Au NPs. Figure IV. 7 shows the process of Au 

loading. 

Ag loading process 

We used a similar process for loading silver within the films, but we had to change 

the solvent of the first step, because silver nitrate is not soluble in ethanol. So we tried 

two different solvents to introduce the silver precursor in the films, water and a mixture 

water/ethanol (1/1 in volume). Starting from the previously aligned and organized 

lamellar phases, we followed the following process: 

1) We immersed the film in 3.0 wt% AgNO3 solution in water or in water/ethanol 

(1/1 in volume) for 5 minutes and then rinsed it with deionized water several times.  

2) The films with loaded AgNO3 were then immersed into 0.65 wt% NaBH4 solution 

in water for 30 sec.  

We repeated step 1) and 2) for N times (N is integrate from 0 to 15) to increase 

the concentration of Ag NPs.Figure IV. 7 

 

Figure IV. 7 Schematic illustration of the in-situ gold loading process. A film with organized 

lamellar phase was immersed into a 3 wt% HAuCl4 ethanol solution, and Au salts bind with the 

amine functions  in the PVP domains; then the film loaded with Au salt is immersed into a 0.65 

wt% aqueous NaBH4 solution to reduce the Au salts into Au NPs. We repeat the process for N 

times (N is integrate from 0 to 45) to increase the concentration of Au in the PVP domains. 
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Measurements 

The surface topography of samples was imaged with optical microscopy 

(OLYMPUS BX51-P polarizing microscope) at room temperature. 

The samples were studied by variable angle spectroscopic ellipsometry (VASE), 

the experimental details are in Chapter II.1. We use the configuration of UVISEL II with 

AIO=55º, 65º and 75º.  

For side views of the samples, 1) the films on silicon wafer were broken into half 

manually and observed by SEM; 2) the films on Aclar substrates were prepared as 

described in the previous chapter ‘Ultramicrotomy technique’ in III.2.1. The films were 

embedding in epoxy and cut into 60nm thin sections using a diamond knife. The 

sections were floated on deionized water, picked up by TEM grids and observed in a 

TEM. 

After all the measurements, samples 

were dissolved in toluene to disperse the 

resulting Au NPs, which were then 

observed by TEM and SAXS. 

SAXS correction 

The solutions with dissolved thin (ca. 

300nm) and thick (ca. 700nm) films of 

various values of N (N=0, 5, 10, 20 and 30, 

N=0 stands for pure polymer used for 

treatment of the SAXS data) were placed in 

capillaries and were set directly in the 

beam in the SAXS sample chamber. The 

intensity is accumulated for 4h. 

The description of SAXS principle was 

given in Chapter II 2.2. Before analyzing 

the scattered intensities obtained after azimuthal integration of the detector 2D spectra, 

we corrected the data for background scattering following the method detailed in III.2.2. 

Based on Equation 3-9, the background B is obtained from the slope of a linear fitting 

of 𝐼(𝑞) × 𝑞4 versus 𝑞4 plot in the high q region. 

Figure IV. 8 An example SAXS data correction 

on thickness of film 300nm and value of N=20. I0
’ 

stands for the polymer data without gold, I’ 

stands for experiment after background 

correction, and Ic stands for the correction data 

from pure polymers. 



-Chapter IV Metal loading process- 

- 120 - 

 

The recorded scattering pattern after background correction then contains the 

scattering from three different objects in the suspensions: the neat gold nanoparticles, 

gold nanoparticles attached with polymers and single polymer chains. In the case of 

the film with N=0, the suspension contains only the polymer. We subtracted the 

intensity scattered by the suspension N=0 to all the other data, in order to remove most 

of the polymer signal. We then neglected the remaining polymer signal, and analyzed 

the SAXS data with a model of neat gold nanoparticles only, because they present a 

much larger electronic density than the solvated polymer chains. We also assumed 

that the particles are all spheres and that their size distribution can be described by a 

Gaussian function (Equation 4- 2). These are approximations, which should provide a 

simple access to the order of size of the formed nanoparticles. The analyzed data is  

Equation 4- 1  𝐼𝑐 = 𝐼′ − 𝐼0
′ 

where I’=Isample-Bsample is the background-corrected intensity for the sample N≠0 

and I0’=Ipolym-Bpolym is the background-corrected intensity for the pure polymer solution 

N=0. For example, Figure IV. 8 shows the SAXS data after correction with background 

and pure polymer suspension. We can see that the polymer scattering is two orders of 

magnitude smaller that the sample scattering, which is dominated by the gold NPs, for 

the small wavevectors (0.2<q<1nm-1). The polymer signal becomes significant at larger 

q (q>1nm-1) when the nanoparticles scattering vanishes. All the SASX data were 

corrected to Ic. 

IV.2.3 Results and Discussion 

IV.2.3.1 Films with gold nanoparticles 

As we discussed in the previous chapter, the P2VP blocks are preferred at the 

interface with the substrate while the PS blocks are preferred at the interface with air, 

which leads to an asymmetric configuration of the lamellar phase film (see Chapter I.3). 

If the final film thickness after annealing is not exactly equal to nd0 or (n+1/2)d0 (n is 

positive integrate and d0 is the thickness of the bilayers), it is not possible to obtain a 

flat surface and holes or islands form on the free surface with step heights of d0. 

Therefore, observation by optical microscopy or AFM of holes or islands formation on 

the top of the film is a good indication of a multilayered structure of parallel lamellae in 

the film4. 
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Figure IV. 9 Topography of films PS25K-P2VP25K observed by optical microscope with an 

increasing number of impregnation cycles N. N=0 is the film after spin-coating and before 

annealing. The increasing purple color of the film is related to the localized surface plasmon 

resonance of the nucleated gold nanoparticles 

Figure IV. 9 shows the film for N=0 after spin-coating and before annealing, and 

we can see a homogenous film deposited on silicon wafer. After thermal annealing, 

the film is impregnated with gold one time (Figure IV. 9 N=1), and the images show 

islands and holes formation on the topography of the film, which suggests that the film 

is the parallel lamellae morphology. One of the advantages of this infiltration procedure 

is that we can slowly increase, in a controlled way, the volume fraction of introduced 

nanoparticles, by repeating the double dipping process N times. As we can see on the 

Figure IV. 9, each cycle increases the purple color of the film, which is related to the 

localized surface plasmon resonance of the nucleated gold nanoparticles. When the 

cycle number increases, the film keeps the islands and holes on the free surface, which 

means that this gold loading process does not perturb significantly the structure of the 

films. 
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Figure IV. 10 Low-magnification SEM BSEI images of (a) thick (~700nm) and (b) thin (~300nm) 

films at different values of N. 

After the gold nanoparticle formation at various values of N, the films were 

imagined in side-view SEM (under low magnification Figure IV. 10 and under high 

magnification Figure IV. 11). We studied films of two different thicknesses ca. 650nm 

and ca. 300nm. We can see that homogenous PS-block-P2VP films with lamellar 

structures are formed with a half-layer of the PVP block at the substrate interface and 

a half layer of the PS block at the air interface5. As we discussed in Chapter II, the light 

parts in the SEM micrographs are metallic rich domains and the dark parts are pure 

polymer domains, because the SEM images are formed by the signal of backscattered 

electrons.  Under low magnification Figure IV. 10(a) and (b), we can see that the gold 

nanoparticles are well selectively introduced into the P2VP layers and that the 

nanocomposites present a well-aligned lamellar structure in large areas for both thick 

and thin films. 
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Figure IV. 11 High magnification SEM BSEI micrographs of the section of (a) thick (~700nm) and 

(b) thin (~300nm) films in different values of N. 

From the high magnification images in Figure IV. 11, we can see that the gold 

nanoparticles are well selectively introduced both in thin and thick films, along the 

whole film depth. This indicates that  the gold precursors AuCl4- were reduced to gold 

nanoparticles in a homogeneous manner within the P2VP layers by aqueous solutions 

and that both the gold precursors AuCl4- and the reducing agents NaBH4 molecules 

penetrate in a homogeneous manner within the multilayer stack5. The reactants can 

pass through the stack using two possible mechanisms: (1) the reactants access the 

P2VP domains from the edges of the films (2) the reactants access from the top of the 

films by permeation through the different layers and/or through defects. There is no 

direct evidence of the possibility (1) and the homogeneity of the distribution of gold 

nanoparticles in each layer for the whole film, including on very large lateral scales, 

tends to favor rather the possibility (2). Indeed, if the access of reactant was coming 

from the sides of the film, we would expect to see some laterally graded composition 

of the layers due to the diffusion of gold from border to center. This is not seen even 

at low concentration of gold (N=5) or high concentration of gold (N=30). We then tend 

to consider that the reactants diffuse from the top, which means they have to permeate 

through the unfavorable PS6 layers, sometimes in large numbers like in the examples 

of the Figure IV. 11(a) (almost 10 bilayers, D=9.5d0) and (b) (almost 12 bilayers, 

D=11.5d0). As displayed on the micrographs, the PS layers appear to have no obvious 

holes, defects or inhomogeneity, even on large scale images. We thus conclude that 
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the PS does not block the penetration of reactants. This is in agreement with the 

conclusion of others studies in the literature6. 

Concentrated gold nanoparticles in the top two layers are found to form on the 

surface of the films after 20 cycles of impregnation in both thin and thick films. We can 

thus propose that the reactants penetrate from the top of the films. From the 

homogeneity of film in the perpendicular direction to substrate, PS and P2VP domains 

did not block the penetration of reactants (ethanol swells P2VP and can well penetrate 

into films6). 

A significant increase of gold in the top two layers, indicating that loading is going 

from the top and that PS layers tend to hinder it, was observed in some of the samples.  

We can thus propose that the reactants in this loading process could be diffusing 

through all PS and PVP layers. More studies are going to be discussed related to this 

in the next chapter. 

IV.2.3.2 Au nanoparticles in the films 

We dissolved in toluene the final films containing loaded gold nanoparticles with 

different values of N in order to “kinetically” study the gold nanoparticles inside the 

layers. The obtained suspensions were then studied by SAXS and TEM (see Figure 

IV. 12). 

TEM micrographs of the gold particles extracted from the films after different 

values of N were analyzed using the software ImageJ (see Figure IV. 13 ). We 

extracted the distribution of the diameters of the particles in the image and drew a 

histogram (with a step size bin=2nm, and a count of between 100 and 200 

nanoparticles). The fits of these histograms with Gaussian distribution functions 

(Equation 4- 2) are displayed on the Figure IV. 14. 

Equation 4- 2  𝑓(2𝑟, 𝜇, 𝜎) =
1

√2𝜋𝜎
𝑒

−
(2𝑟−𝜇)2

2𝜎2  

Where r is the radius of the gold nanoparticles (2r is the diameter), μ is the mean 

diameter and the σ is the standard deviation. 
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Figure IV. 12 TEM micrographs of the gold nanoparticles extracted from the gold loaded films 

with the values of (a) N=5 (b) N=10 (c) N=20 and (d) N=30. 

 

Figure IV. 13 ImageJ analyses of the micrographs of nanoparticles (Figure IV. 12 ) of (a) N=5, (b) 

N=10, (c) N=20 and (d) N=30. Insets indicate the count number of particles ≥100, and Max and 

Min stand for the maximum and minimum values of particles diameters.  
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Figure IV. 14 Histograms the size distributions of the gold particles observed on TEM images . 

Bin=2nm. The count stands for the number of particles analyzed. Red lines are the fitted 

Gaussian distrubution with the mean radii μ and the standard deviations σ. 

From the diameter distribution of gold nanoparticles, we can see that the diameter 

of the gold nanoparticles is well controlled and increases from 5 nm to 10 nm as N 

increases from 5 to 20. For N=30, we observe more inhomogeneous particles (see 

Figure IV. 12(d) and Figure IV. 13(d)), and we suspect that some of the bigger 

observed objects come from the uncontrolled gold deposition on the surface of the 

films (see irregular particles on surface from N=20 and N=30 in Figure IV. 11), making 

a proper analysis difficult. In conclusion, the nanoparticles size can be well controlled 

around 10 nm. 

 

Figure IV. 15 Experimental SAXS data Ic (blue dots) and fitting results (red dash lines) for the 

particles suspensions extracted from thin (a)(c) and thick (b)(d) films, for the value of N=5 (a)(b) 
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and N=10 (c)(d). Insets are the diameter Gaussian distributions used in the fitting lines. μ and σ 

are the mean diameter and standard deviation of the distribution, respectively. 

We complemented the TEM images analyses in order to access a more statistical 

measurement. For this, we analyzed the same nanoparticles suspensions by SAXS to 

obtain the global view of the size of the nanoparticles and their distributions. Figure IV. 

15 and Figure IV. 16 show the experimental results and the fitting by a form factor of 

spheres modulated by a Gaussian distribution of sizes, for various values of N (5, 10, 

20, 30) and two different film thicknesses ca. 300nm Figure IV. 11(b) and 700nm Figure 

IV. 11(a). 

 

Figure IV. 16 Experimental SAXS data Ic (blue dots) and fitting results (red dash lines) for the 

particles suspensions extracted from thin(a)(c) and thick(b)(d) films in the value of N=20 (a)(b) 

and N=30 (c)(d). Insets are the diameter Gaussian distributions used in the fitting lines. μ and σ 

are the mean diameter and standard deviation of the distribution, respectively. 

Comparing the nanoparticles in thin (a) and thick (b) (or (c) and (d)) films for 

various values of N, we can see that the thickness of the film has no influence on the 

nanoparticles sizes and distributions. When N=5 (Figure IV. 15(a) and (b)), the mean 

value of gold nanoparticles diameter μ=5.2nm and the standard deviation σ=1.4. When 

N=10 (Figure IV. 15(c) and (d)) μ=5.4nm and the standard deviation σ=2.4. When 

N=20 (Figure IV. 16 (a) and (b)), μ=6.8nm and the standard deviation σ=1.6. When 
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N=30 (Figure IV. 16(c) and (d)), μ=6.2nm and the standard deviation σ=1.8. As the 

value of N increases, the nanoparticles size increases but is limited to 7nm, which 

confirmed also by the results of TEM (see Figure IV. 12), showing that the 

nanoparticles size increases but is limited to 20nm. 

From the plot of the gold nanoparticles size, measured by TEM and SAXS, as a 

function of the N value (see Figure IV. 17), we can see that the difference thicknesses 

(400nm difference) of the films have no influence in the size of gold nanoparticles under 

this gold loading method. The size of gold nanoparticle is increased as the 

impregnation process continues and could be confined to ca.8 nm, which is a good 

size to obtain a nanoparticle plasmon resonance. Even though both of the 

measurements give a large error bar, we can thus propose that gold nanoparticles size 

can be well controlled by the bilayer thickness in the film ~15nm. The process appears 

to be the following: the several first cycles of impregnation deposit small nanoparticles 

in the P2VP layers, which then act as seeds of gold and the following loading cycles 

are used for growing the gold NPs.  

 

Figure IV. 17 Comparison of the mean nanoparticles diameter as a function of N, as obtained 

from TEM and SAXS. 

IV.2.3.3 Optical properties of the Au loaded films 

The films were “kinetically” measured by spectroscopic ellipsometry with the 

gradual increase of N. N=0 stands for the structured film without any gold particles 

inside. Considering the film and the silicon wafer as an effective medium, we consider 

the pseudo-epsilon <ε> (see Figure IV. 18) from the ellipsometry data. Note that <ε> 

is not the real permittivity of the films, but it gives a first idea to understand the film 

structures. 
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Figure IV. 18 Real (upper plots) and imaginary (lower plots) parts of <ε> measured at the angle 

of incidence 65º, as a function of the photon energy for gradually increasing values of the 

number N of gold loading cycles (from N=0 to 34). (a) shows the thin films, with thickness ca. 

300 nm while (b) shows the thick films, with thickness ca.700nm. 

As seen on the Figure IV. 18 the pseudo-permittivity <> measured on films 

without gold, N=0, present fringes regularly spaced in the photon energy scale and 

closer to one another for the thicker films, which we interpret as interference fringes 

related to the film thickness. We can see that as the value of N increases, the fringes 

present a red shift and the absorption becomes stronger in the energy range 0.9eV-

2.01 eV (λ ranging from 616.8 nm to 1377 nm) which is caused by the gaining of gold 

in the films. The red shift can either be caused by an increase of thickness or by a 

change in the optical index due to the gaining of gold. From the Figure IV. 11, we can 

see that the thickness increase as N increases is limited. So the shift of the <> fringes 

is more probably caused by the increase of volume fraction of gold nanoparticles. It 

was shown earlier that a single layer of such disordered nanocomposite of 

nanoparticles and polymer presents a plasmon resonance due to the metallic 

nanoparticles7 and that the resonance amplitude increases as the gold volume fraction 

in the nanocomposite increases. As the resonance deepens, the system will ultimately 

reach ε<0 in some frequency range: in fact, the Maxwell Garnett Effective Medium 

Approximation (MG-EMA), although not truthfully applicable for such high fractions, 

suggests this can occur for gold volume fractions beyond approximately 25%. An 
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accurate measurement of the volume fraction of gold nanoparticle is not easy, so we 

use this “kinetically” loading process to give another access to approach the volume 

fraction of accumulated gold. We are going to describe two types of measurements we 

performed for the measurement of the volume fraction of gold nanoparticles in IV.3.  

IV.2.3.4 Films with silver nanoparticles 

Structures 

The structure of the silver films is little different from the gold ones due to the 

solvent used for the impregnation of the precursors. We cannot use the same reaction 

condition because silver nitrate is not soluble in ethanol. So we used 2 different solvent 

to dissolve the silver precursor, water and a mixture water/ethanol (1/1 in volume).  

The well-aligned copolymer films were 

immersed in solutions of silver precursor either 

in water or in water/ethanol (1/1 in volume), 

whereas the solvent for gold precursor was 

ethanol.  

From the side-section TEM image of 

ultramicrotomed films with N=5 cycles, Figure 

IV. 19, we can see that when the loading 

process is made in water the silver precursor 

cannot penetrate the films and accumulate at 

the surface. 

From the side-section SEM micrographs (Figure IV. 20) of films with N=20 cycles, 

we can see that silver nanoparticles were selectively synthesized in the P2VP domains, 

and that the structure of well-aligned multilayers was preserved. In the case of water 

solvent (Figure IV. 20 (a)), the reactant could apparently not penetrate the whole film 

and the silver synthesis was limited to the top 4 bilayers. Confirming the observations 

made on the film on Aclar observed by TEM Figure IV. 19(a), we thus propose that the 

silver precursor dissolved in water cannot penetrate the bilayers and that the silver 

particles present in the top 4 layers resulted from the penetration of precursors through 

defects in the films. In the water/ethanol case, the silver precursors diffused in the 

whole films, which indicates that the reactant permeate through both the PS and the 

P2VP layers. So the solvent use for the impregnation of the metallic precursor is the 

Figure IV. 19 Cross-section of lamellar structure 

loaded by silver nitrate in water solution with 

N=5. 
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key factor for the diffusion and the metal loading. Note however, that the silver 

nanoparticles appear significantly more disordered and polydisperse than what we 

obtained with gold, which means that an optimization study would be necessary to 

obtain nicer films.  

 

Figure IV. 20 High and low magnification SEM SEI and BSEI images of cross-sections of silver 

loaded films by precusor solution in (a) water and (b) water/ethanol(1/1 in volume) with N=20. 

As we discussed in the previous section, the results of silver loading confirmed 

the conclusion that the reactants are diffusing though the bilayers from the top. 

Ethanol2,6 plays an important role in this diffusion, because it is a selective solvent for 

P2VP. In a previous study6 of the penetration of solvents in multilayers, it was shown 

that when the solvent is selective for one block, the other block will retard the diffusion 

of the solvent. In addition, we can see from the results evidenced on the Figure IV. 
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20(a), that even if the solvent can also pass through the defects in the stack, there is 

no efficient penetration if the solvent is not a good solvent for at least  one of the blocks.  

In order to get a selective loading and a good penetration of the precursor, we will 

keep ethanol as the solvent of the precursors in the further study (in particular for the 

reducing agent optimization study). 

Optical responses of the Ag loaded films 

The films were “kinetically” measured by spectroscopic ellipsometry, with the 

gradual increase of N. N=0 stands for the structured film without any particles inside. 

Considering the film and the silicon wafer as an effective medium, we plot the pseudo-

epsilon <ε> (see Figure IV. 21). Note that <ε> is not the real permittivity of the films, 

but it gives a first idea to understand the film response. 

 

Figure IV. 21 Real (upper plots) and imaginary (lower plots) parts of pseudo permittivity <ε> as a 

function of photon energy for different values of silver loading cycles N (from 0 to 15). (a) shows 

the silver precursor loaded in water system while (b) shows the water/ethanol(1/1 in volume) 

system. 

Starting from the film without silver, N=0, we observe fringes, which we interpret 

as interferences related to the film thickness. As the value of N increases (the 
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concentration of silver in the films increases), the curve fringes present a red shift and 

the absorption becomes stronger on the frequency range 1.8eV-2.73eV (λ ranging 

from 455nm to 690nm) which is likely caused by the plasmon resonance due to the 

gaining of silver in the films. Figure IV. 21(a) corresponding to the film with only 4 layers 

of nanocomposite (see Figure IV. 20(a)) shows gradual increase of the amplitude and 

the shift of the curve fringes, which indicates the gaining of silver nanoparticles either 

in quantity or size. Figure IV. 21(b) corresponding to the film with a multilayer of 

nanocomposite spreading over the whole film (see Figure IV. 20(b)) present an 

increase in the amplitude and shift of the curves, which is quite abrupt as soon as N=1, 

in the frequency region around 3eV, which indicates the gaining of silver nanoparticles. 

For N≥11, the curves do not evolve anymore, which probably indicates a saturation of 

the silver in the layers. The films produced with silver precursor loaded by two different 

solvent systems show significantly different signals. This may be caused by both the 

difference in size or dispersion of the silver particles in the two systems (smaller in 

water and larger in water/ethanol) and by the difference in the location of the silver NPs 

in the multilayers. 

IV.3 Study of the volume fraction of Au Nps in the P2VP 

layers 

IV.3.1 Introduction 

As we explained (Chapter II), the multilayer templates is fabricated in a controlled 

way, and gold nanoparticles are selectively synthesized inside the P2VP layers 

(Chapter IV.2). The extraction of accurate optical responses from the spectroscopic 

ellipsometry data, which will come in Chapter VI, critically relies on the precise 

knowledge of the sample structure, and in particular, the gold loading. The quantities 

of gold nanoparticles in the layers are quite small, which is difficult to approach by 

conventional measurement methods. In this part, we are going to use a Quartz Crystal 

Microbalance as a measurement tool to ‘kinetically’ study the volume fraction of Au 

upon loading in the films. 

IV.3.1.1 Introduction of QCM-D 

Quartz Crystal Microbalance with Dissipation monitoring (QCM-D)8 is an 

extremely sensitive sensor capable of measuring mass changes in the nanogram 
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range. It provides novel information regarding structural (viscoelastic) properties of 

adsorbed layers. In the past decade, a lot of QCM5,9 studies were applied to solution-

surface interface systems. 

This technique is based on the piezoelectricity of quartz crystal. Piezoelectric 

effect (Figure IV. 22) is a property of certain materials. When a piezoelectric material 

is placed under mechanical stress, the center of the positive and negative charges in 

the material shifts, which results in an induced electric field. Reversely, when a 

piezoelectricity material is placed under an external electrical field, it causes either 

stretching or compression of the material. 

 

Figure IV. 22 Schematic illustration of piezoelectricity effect. (a) Piezoelectric effect: induced 

electric field caused by mechanical stress (b) reverse piezoelectric effect: compression or 

stretching caused by external electric field.  

If we apply an alternating voltage to the quartz crystal, it will induce mechanical 

oscillations. When the frequency of the induced oscillations is equal to the natural 

frequency of the quartz crystal, we have a stable resonance. Any change of the crystal 

system will induce the change of the resonance frequency. Many studies10–12 have 

studied the relation between the change of mass of the crystal system and the change 

of frequency in operation in vacuum, air, or liquid. The first method is established by 

Sauerbrey13, in the year 1959. Then Nomura and Okuhara10 modify the relation and 

relate the frequency and mass change in a liquid, where viscosity and dissipation 

effects can take place. The relation in Newtonian fluids was set up by Kanazawa and 

Gordon.  
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When one face of a quartz crystal is in contact with a liquid, its resonance 

frequency f and dissipation D values are affected by the liquid density and viscosity. If 

the coated film is a pure elastic mass bound tightly to the QCM surface, the Sauerbrey 

equation Equation 4- 3 is applicable8. In this study, the samples are rigid, distributed 

as an even film and sufficiently thin, which allows us to use the classical Sauerbrey 

relation. We are going to discuss the technique details in the following paragraph. 

Equation 4- 3   ∆𝑓 = −
2∆𝑚𝑓2

𝐴√𝜇𝜌𝑞
   

Where 

∆𝑓 is the measured resonant frequency decrease (Hz) 

𝑓  is the intrinsic crystal frequency 

∆𝑚 is the elastic mass change (g) 

A  is the electrode area (cm2) 

𝜌𝑞 is the density of quartz (2.65 g/cm3) 

μ  is the crystal shear modulus (2.95 x 1011 dyn/cm2) 

IV.3.1.2 Rigid film 

 

Figure IV. 23 Diagram illustrates the difference in the oscillation generated by a rigid (red) and 

soft (green) molecular layer on the sensor crystal (from biolinscientific company technical note). 

In order to choose a good model to calculate the mass loading, we need to find 

out if the film is rigid or viscoelastic. Dissipation is the value for distinguishing the film 

∆𝑓 = −
2∆𝑚𝑓2

𝐴√𝜇𝜌𝑞

= −𝐶𝑓∆𝑚 
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between rigid and viscoelastic. When the driving voltage to the sensor is switched off, 

the energy from the oscillating crystal dissipates and one can calculate: 

Equation 4- 4  𝐷 = 𝐸𝑙𝑜𝑠𝑡/(2𝜋𝐸𝑠𝑡𝑜𝑟𝑒𝑑) 

where Elost is the energy lost during one oscillation cycle and Estored is the total 

energy stored in the oscillator. The Figure IV. 23 shows schematically the oscillations 

for a viscoelastic (green) and rigid (red) film when the driving voltage is turned off.  

The amount of dissipation is extracted from the 

experimental measurements and will be displayed in the 

Experimental part. We will then see that the dissipation is not 

significant in our measurements and that the films can be 

considered as rigid. 

IV.3.2 Experimental 

The quartz sensors (Q-sensor) coated by silicon dioxide 

(SiO2) with diameter 14mm and thickness 0.3mm were used 

in all experiments. They have a fundamental frequency of 4.95MHz±50kHz and were 

purchased from Biolin Scientific. Note that the diameter of the bare surface is 10 mm 

because the films were coated in the center of sensor (See Figure IV. 24). 

IV.3.2.1 Preparation of films on silicon wafer and quartz sensor 

PS25k-block-P2VP25k was dissolved in THF to yield 1.5 weight%, 3.0 weight% and 

6.0 weight% solutions stirred overnight at room temperature to ensure complete 

dissolution. Two different substrates, silicon wafer and Q-sensor (Figure IV. 26), were 

used in the experiments for comparison purposes. 60μl of three different copolymer 

solutions were spin-coated on the substrates to form films of three different thicknesses 

(see Table IV. 3). The spin time is 30 seconds with the spin speed of 4000rpm, 3 

seconds of acceleration time and deceleration time. Then a thermal annealing (180o in 

vacuum for 15 hours) was used to generate well-defined and aligned lamellar structure. 

After annealing, the block copolymer films are ready for the gold loading study. 

The synthesis of gold nanoparticles was carried out according to the chemical 

reduction method using hydrogen tetrachloroaurate(III) hydrate (dissolved in ethanol) 

as the precursor and sodium borohydride (dissolved in water with concentration of 

0.65weight %) as the reducing agent. Here is the chemical reaction14: 

Figure IV. 24 Q-sensor with 

coated silica (from 

biolinscientific) 
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The homogeneity and roughness of the samples were examined by Atomic Force 

Microscope (AFM) imaging carried out under ambient conditions. The volume fraction 

of gold nanoparticles in the PVP layer of the samples on silicon wafer was investigated 

by spectroscopic ellipsometry after different numbers of gold loading cycles, and the 

samples on Q-sensor were subjected to the gold loading cycles within the QCM device, 

as will be explained below. 

Table IV. 3 samples used in the experiments 

Wafer Concentration of polymer solution Thickness of the film 

Silicon wafer 

1.5 weight % 59.4 nm 

3.0 weight % 100.7 nm 

6.0 weight % 272.3 nm 

Q-sensor 
1.5 weight % 52.0 nm 

3.0 weight % 120.6 nm 

IV.3.2.2 Spectroscopic Ellipsometry measurements 

 

Figure IV. 25 Primary VASE data of the film with 5 cycles of gold loading process (N=5). Left Is 

as function of photon energy in 5 angles of incidence. Right Ic as function of photon energy in 5 

angles of incidence. 

The films on silicon wafers are (i) immersed into 3.0weight% HAuCl4-ethanol for 5 

min and then rinsed with deionized water several times (ii) then dipped into 0.65weight% 

NaBH4-H2O solution for 30sec to reduce the precursors to Au nanoparticles, (iii) then 

measured by spectroscopic ellipsometry (SE). We repeat the cycle (i)(ii)(iii) for N times 
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(N is between 1 and 10). The “kinetic” VASE information was thus obtained by 

recording the full spectra in-between each gold loading cycle (step (i) and (ii)). 

Five values of the incidence angle AOI=50º, 55º, 60º, 65º and 70º were used and 

analyzed simultaneously. The VASE data, for one studied film at N=5, are shown on 

the Figure IV. 25, where the ellipsometric parameters Is and Ic are plotted for angles of 

incidence AOI=50º, 55º, 60º, 65º and 70º. The analysis of such data will be given in 

the following paragraph IV.3.3. 

IV.3.2.3 QCM-D measurements 

 

Figure IV. 26 Illustration of QCM-D and Q-sensor. The Q-sensors we used consists of a quartz 

disk with metallic electrodes on both sides. Once alternating voltage is applied, the crystal 

vibrates in its fundamental thickness shear mode. 

QCM-D measurements were performed with the Q-SENSE EXPLORER system 

equipped with flow module from Biolin Scientific. The original data extracted from the 

measurements are the different frequency harmonics and the dissipation. Changes in 

the resonance frequency are related to changes in the attached mass, and the 

dissipation, D, is related to frictional (viscous) losses in the adsorbed layer or at the 

interface between the layer and the liquid. The measurements were performed in a 

liquid environment at a temperature of 25℃ in exchange mode (the ambient solvent of 

sample can be changed during the experiment by a tube). The resonance frequency 

and the dissipation were measured at several harmonics simultaneously. Liquid was 

delivered with the help of a peristaltic pump (ISM935C from Ismatec, Switzerland) with 

a flow rate of 0.2 ml/min. The experiments are completed in 2 steps (i) A freshly dried 
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Q-sensor covered with a lamellar copolymer film was installed in the QCM cell (see 

Figure IV. 26). The measurement started in water to obtain a stable baseline.  

 

Figure IV. 27 Study of solvent exchange influence on the resonance frequency. (a) Primary QCM 

measurements on bared sensor, and (b) on sensor with thin film without gold. For the bare 

sensor, the frequency in water always came back to original position. For the sensor with thin 

film, the frequency in water has a slight change for the first solvent exchange and is stable 

afterwards. 

A first experiment showed that the exchange of solvent (from water to ethanol or 

ethanol to water) has no influence on a bare wafer: the resonance frequency is slightly 

modified, in a reversible manner (Figure IV. 27 (a)). In the case of the copolymer films, 

changing the ambient solvent from water to ethanol induces a change of resonance 

frequency, which we interpret as due to an increased swelling of the PVP domains in 

ethanol, which is not completely reversible when water and ethanol are exchanged 

again. We suppose that constraints in the collapsed conformation of the PVP chains 

in water relax irreversibly in ethanol. Once the sample underwent twice the exchange 

of solvent, the frequency changes become reversible. Hence, the frequency of the 

sensor in the third solvent change of water could be treated as the proper (“second”) 



-Chapter IV Metal loading process- 

- 140 - 

 

baseline for the measurement, which then involves introduction of gold (see Figure IV. 

27(b)). 

 

Figure IV. 28 Schematic illustration of full process of QCM measurement including inside QCM 

device (i) and outside QCM device (ii). Step (i) Measurement inside the QCM-D cell. The 

measurement starts in water, then HAuCl4-ethanol is flushed, then water is flushed to rinse the 

Au3+ which is not bound with pyridine in the PVP layers. Step (ii) Reducing step outside the QCM-

D cell. The sensor is immersed in the reducing agent solution to obtain gold nanoparticles. 

Repeat step (i)(ii) for N times. 

After stabilization of the second baseline, we can consider that the solvent effects 

are reversible, and we can start the gold loading study. A certain concentration of 

HAuCl4 in ethanol (1.0 weight%, 3.0 weight% and 6.0weight %) was flushed inside the 

cell and kept in contact with the film for 20mins. Then water was flushed for 10mins 

and kept for 20mins. Then the film-bearing sensor was taken out of the QCM and 

exposed to a reducing solution (0.65 weight% NaBH4 in H2O) outside the QCM-D 

device in order to synthesis the gold nanoparticles. The reason for not performing the 

reduction step inside the device is that the reaction between HAuCl4 and NaBH4 

produce H2 bubbles, which dramatically changes the surrounding of sensor and the 

frequency of resonance and could not be handled reproducibly. We then repeated 

these steps for N times (N≤10) to increase the gold loading. In fact, the QCM-D 

measurements are related to the mass increase in gold salt and not in gold 

nanoparticles. In order to access the final gold quantity, we assume that all the gold 

salt deposited in the PVP layers is then reduced to gold nanoparticles by NaBH4. After 

the reduction step, the film-bearing Q-sensor is introduced again in the device to 

proceed with more cycles of gold loading. 
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Figure IV. 29 Example of the dissipations measured for films at various N until N=10. 

The Figure IV. 29 displays a representative example of measured dissipation as 

a function of the time during the experiment, at various impregnation cycle numbers N. 

We can see that the dissipation significantly departs from zero only during the first two 

flushes with solvent exchanges, and before gold salt is introduced and frequency 

changes are actually determined. We thus concluded that there is no significant 

dissipation and that the films can be considered as rigid. Moreover, the films are 

sufficiently thin (thickness of quartz crystal is 0.3mm >> thickness of films ca. 100 nm), 

and we can finally use the Sauerbrey relation to calculate the mass changes in the 

PVP layers. 

The determination of the gold nanoparticles mass was carried out using the 

Sauerbrey model2. The change of frequency of the oscillating sensor is proportional to 

the change in the adsorbed mass by the relation:  

Equation 4- 5  
∆𝑓

𝑛
= −

2𝑓2

𝐴√𝜇𝜌𝑞
∆𝑚 

Equation 4- 6  ∆𝑚 = −𝐶
∆𝑓

𝑛
 

Where, 

∆𝑓 measured resonant frequency decrease (Hz) 

𝑓  the intrinsic crystal frequency (4.95MHz±50kHz) 
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∆𝑚  the elastic mass change (g) 

A  the electrode area (d=10mm, A=0.785cm2) 

𝜌𝑞 the density of quartz (2.65 g/cm3) 

μ  shear modulus (AT-cut crystal 2.95 x 1011 dyn/cm2) 

C  the mass sensitivity constant (in this case C is 13.8g/Hz) 

Here, the gained mass noted as ∆mAu, is consisting of Au and Cl in the molar ratio 

1:3, based on the reaction between HAuCl4 and pyridine14. Table IV. 4 shows the basic 

information of the films. The mass change of Au can then be calculated by the change 

of frequency, and the volume fraction of Au in the composite layers can be obtained 

by the linear Equation 4- 7 and Equation 4- 8. 

Equation 4- 7  𝑉𝑜𝑙𝑢𝑚𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝐴𝑢 =
2∗∆𝑚𝐴𝑢

𝐴∗𝑑∗𝜌𝐴𝑢
 where ∆𝑚𝐴𝑢 =

𝑀𝐴𝑢

𝑀𝐴𝑢+3𝑀𝐶𝑙
∆𝑚  

Equation 4- 8  𝑉𝑜𝑙𝑢𝑚𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝐴𝑢 = 6.374 ∗ 10−5 ∗ ∆𝑓 

Table IV. 4 Parameters used in the calculations for the film with 160nm thickness 

Parameters of foreign weight Parameter of Film 

Molecular Mass of Au (MAu) 196.97 Thickness 160nm 

Molecular Mass of Cl (𝑀𝐶𝑙) 35.45 Area 0.785 cm2 

Mass fraction of Au in layer 64.94% Volume of film 1.25663x10-5cm3 

Density of gold 19.9 g/cm3 Volume of PVP 0.62319x10-5cm3 

 

 

IV.3.3 Results 

The results of the thin film with 58nm thickness are not stable, this may be caused 

by the unevenly distribution of polymer on wafers due to the super too small thickness 

(2-3 bilayers). So in this section, we are going to present the results of film with 

thickness around 160nm. 
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IV.3.3.1 Results of ellipsometry measurements 

 

Figure IV. 30 The ellipsometric model used (b) is built based on the information from the thin-

section TEM image (a). PS stands for layer of polystyrene and PVP+Au NPs stands for layer of 

nanocomposite composed of gold nanoparticles and poly(2-vinylpyridine). 

The data were analyzed using the 

DeltaPsi2 software from Horiba Scientific. 

SE data measured on the bare silicon 

substrate were analyzed using the Si and 

SiO2 tabulated dielectric functions and 

yielded a thickness value (2.0 nm) for the 

native silica layer on the surface, which 

was fixed in the further analysis. The 

model (Figure IV. 30 (b)) we used is a 

multilayer stack using the information on 

layers number and thicknesses from the 

thin section TEM images (with an 

example displayed in the Figure IV. 30(a)). We assume that the layers of gold-polymer 

nanocomposite can be described as effective media by the Maxwell-Garnett formula 

(see Chapter II.1, Equation 2- 9) and the volume fraction f of Au nanoparticles is the 

only unknown parameter in the model. The fitting procedure was carried out both on 

the whole measurement wavelength range (320nm-1934nm) and also restricted to the 

UV range (320nm-400nm). 

Figure IV. 31 Volume fraction of Au 

nanoparticles in the composite layers as 

function of the impregnation cycles number. 
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Figure IV. 32 (a)-(j) are the plots of ellipsometry data Is and Ic as a function of the photon energy 

for different values of the number N of cycles in the impregnation process. They are examples 

at the AOI=65° of the SE data and fitting results from model (Figure IV. 30(b)). EXP stands for 

experimental data and Fit stands for fitting lines. 

As the Figure IV. 32(a)-(j) shows, the fitting lines agree well with the VASE data 

for N smaller than N=4 but are not in good agreement with the experimental data after 

N=5. In particular, as the value of N increase, the fits do not adjust well the plasmon 

resonance domain (between 1.5 and 3eV). This is most likely due to the fact that even 

at low concentration of NPs, some coupling exists in such disordered nanocomposites, 

as was shown earlier15. An improved effective medium model can then be used. But it 

did not improve the fitting significantly, and the extracted Au volume fraction was found 

very similar. Another way of avoiding this problem is to fit only on the UV range, where 

the absorption of gold is related to the interband transition and does not relate much 
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to the shape and structure of the gold domains. Also here, we found very similar value 

of gold volume fraction. 

On the Is and Ic plots of the Figure IV. 32, we observe that the initial large 

interference fringes for N=0 are attenuated as the film is loaded with Au particles 

(increasing N), which is due to the absorption associated with the plasmon resonance 

of the gold nanoparticles. Figure IV. 31 shows the volume fraction of gold nanoparticles 

extracted from SE data using the fits presented above. In order to confirm the data, the 

results from another technique QCM-D are compared in the following. 

IV.3.3.2 Results of QCM-D 

Using the QCM-D procedure described in IV.3.2, kinetic measurements were 

performed in order to determine the mechanism of gold impregnation, in particular to 

determine the mass loading and volume fraction of particles introduced by each cycle 

of impregnation.  

 

Figure IV. 33 Primary QCM measurement for N=5, the solution HAuCl4-ethanol is 3.0 weight%, 

expressed as the relative frequency for the fifth overtone vs time. The measurement starts in 

water. Solvent exchange between water and ethanol was performed twice to eliminate the 

frequency changes due to the PVP swelling. Then the frequency in water is the initial frequency. 

Gold salt in ethanol is flushed for 20min and then rinsed by water until the measured frequency 

reached stabilization. Δf stands for the change of frequency caused by the change of mass. 

Figure IV. 33 shows an example of the primary QCM measurement (N=5 in 3.0 

weight% solution of HAuCl4 in ethanol). The change of frequency Δf, is measured 
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between the sensor in water after two solvent exchanges and the sensor in water after 

the gold salt loading. 

The measurement was started in water, a considerable decrease of frequency 

was observed after the first manipulation of solvent exchange, which is attributed to 

the swelling of the PVP layers in ethanol. After the second manipulation of solvent 

change, the relative frequency always came back to its original value, which could be 

treated as the initial frequency. When the solution HAuCl4-ethanol of 3.0weight% 

concentration was pumped and in contact with the film for 20mins, a significant 

decrease in the relative frequency was observed, which confirmed an efficient 

deposition of gold salt in the film. After being rinsed by water, the film stayed in water 

and the final frequency was read. The difference between this final frequency and the 

original one is caused by the mass of gold salt loading. 

As we discussed in 4.3.2 the gained mass consists of Au and Cl in the ratio 1:3 

based on the reaction between HAuCl4 and pyridine. Based on the Equation 4- 6-

Equation 4- 8, the change of mass is calculated for the different samples (see Figure 

IV. 34). 

Figure IV. 34(a) shows the cumulative gold mass gain in the film (thickness 160nm) 

as function of the number of impregnation cycles in three different concentrations of 

gold salt in ethanol solution (1.0 weight%, 3.0 weight%, and 6.0 weight %) with a flow 

rate of 0.2 ml/min. The dash lines are the differential gold gains for each cycle of 

impregnation process. The first impregnation cycles lead to the adsorption of large 

quantities of gold, and the differential gained mass of gold then decreases as the 

number of impregnation cycle increases. After 5 cycles, the differential gain of gold 

mass remains constant. We can recall the results of IV.2.3.2, showing that the diameter 

of the gold NPs is increasing as the number of impregnation cycles increases (Figure 

IV. 17). We can then suggest that the PVP layers get loaded with many gold seeds 

during the first impregnation cycles, and then the seeds grow bigger during the later 

impregnation process. We also studied the influence of the HAuCl4 concentration in 

the ethanol solution used for the impregnation. From the results, during the first cycle 

of the process, the gold gain values are 6.97μg, 6.97μg and 6.68μg for the 1.0, 3.0, 

6.0 weight% solutions, respectively, and the differential gain of gold remain almost 

similar afterwards. In conclusion, the gold loading is independent of the concentration 
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of the Au salt solution for the studied range, and the key factor for the gold loading 

seems to be the capture capacity of the PVP layers. 

 

 

Figure IV. 34 (a) is the plot of the cumulative gold mass gaining (left axis) and differential gold 

mass gaining for each impregnation cycle (right axis) as function of the number of impregnation 

cycles obtained in various gold ionic concentration of HAuCl4 on the film of thickness 160nm 

with flow rate of 0.2 ml/min. The dash lines show that (i) the first impregnation cycles adsorb 

large quantities of gold, and the gold gaining then decreases; (ii) the first loading mass obtained 

from various concentration of gold salt solution are similar; (iii) after 5 cycles of loading process 
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the mass of gold loading for each process cycle is constant. (b) is the plot of the volume fraction 

of Au in PVP layer as function of impregnation cycles, measured by QCM (dash lines) and SE 

(solid lines, analyzed with different model), which shows the good agreement between QCM 

results and SE results. 

The solid lines are the cumulative loading of gold in the film mass. The gained 

mass of gold keeps increasing with the number of cycles and did not reach a maximum. 

As the gold amount increases not only in the PVP layers but also on the surface of 

films (see AFM images Figure IV. 36), after 10 cycles of impregnation, our 

measurements do not make it possible to distinguish between a mass gaining in the 

layers and a mass gaining on surface. We noticed that for N>10, the QCM-D signal 

presents an increased dissipation, which could be related at least in part to the gold 

particles accumulating on the surface. A more complex analysis mode could maybe 

be used to distinguish the amount of gold inside and above the films.  

 

Figure IV. 35 Schematic illustration of the gold loading process. The left part is the flow of gold 

salt solution in the QCM cell, the gold salts stay in the PVP layer. The right part shows the 

mechanism of the gold loading, gold nanoparticles with small diameter are obtained in the first 

several cycles of the impregnation process, and then the mass gaining is caused by the growth 

of the nanoparticlesdiameter. 

In conclusion, we deposited a homogeneous film on the Q-sensor. The 

concentration of gold precursor solution HAuCl4 has no influence on the cumulative 

loading of gold, the increasing lines are similar. After 5 impregnation cycles, the gold 

loading mass for each cycle is constant, taking a value of ca. 3µg. We can thus reach 

volume fractions of 10% (resp. 20%) with 5 (resp. 10) cycles of impregnation. 
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Figure IV. 36 AFM images on the surface of the Q-sensor. (a)(b)(c)(d) are AFM images of the 

surface of the sensor after 0 cycle of impregnation process, 5 cycles, 7 cycles, and 10 cycles 

respectively. The bright dots are Au nanoparticles, whose quantity increases as the process 

cycle number increases. (e) is a thickness profile along part of image (a) displayed to show that 

the difference in thickness is 25nm (close to a half bilayer thickness) between light and dark 

domains on the images. 

 

Conclusions 

In this chapter, we studied two methods for fabricating multilayer nanocomposites. 

The one-step method is not efficient to load gold nanoparticles in multilayer structures, 

while the impregnation process can load gold nanoparticles inside PVP layer 

effectively, which also works for silver nanoparticles impregnation. 

In the impregnation process, the reactants could be diffusing through all PS and 

PVP layers. However, if the solvent of the metallic precursor change from ethanol to 

water, there is no penetration of the reactants in the films. So we are going to keep the 

solvent of gold precursor to be ethanol in the later studies.  
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The impregnation process used for silver nanoparticles loading need to be 

improved. In order to achieve structures as good as the one with gold nanoparticles, 

the reducing step needs to be optimized.  

Furthermore, the observation of same reduction condition in various value of N 

suggests that the loading of the precursor could reach near-equilibrium: one HAuCl4 

per pyridine unit16. As the value of N increase, the size of the gold nanoparticles 

increases in situ.  

According to the study of the gold nanoparticles inside films by SAXS and TEM, 

the gold nanoparticles inside film are nanospheres with diameter of ±8nm. The 

diameter of nanoparticles is independent of thicknesses of the films and value of N 

(N>5). The several first cycles of impregnation deposit small nanoparticles in the P2VP 

layers, which then act as seeds of gold and the following loading cycles used for 

growing the gold NPs. 

After study the volume fraction of gold with QCM-D and SE, we obtained results 

with a good agreement. The concentration of gold precursor solution HAuCl4 has no 

influence on the cumulative loading of gold. After 5 impregnation cycles, the gold 

loading mass for each cycle is constant, taking a value of ca. 3µg. We can reach 

volume fractions of 10% (resp. 20%) with 5 (resp. 10) cycles of impregnation.  
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Introduction 

As we mentioned in the last chapter, the Au NPs are well introduced into the PVP 

layer of the lamellar phase. However, irregular Au NPs are also synthesized on the top 

of the upper surface of the films for high values of N, and the first two layers are thicker 

than the other layers (Figure V. 1). These structural irregularities are susceptible to 

influence the optical properties of the films, and we have studied the possibility of 

avoiding them. 

 

Figure V. 1 Cross-section of the film under SEM in SEI (secondary electron image) and BSEI 

(backscattered electron image). The sample was fabricated by PS25000-block-P2VP25000 and repeat 

the loading process for N=30. 

This goal leads us to try to understand the processes of impregnation and 

reduction. In this chapter, we are going to study and optimize the Au NPs synthesis 

process and try different ways to fix the irregular particles on surface. In particular, we 

will study how the reduction process depends on the choice of solvent and reducing 

agent. 

V.1 Impregnation process improvement 

V.1.1 Influence of solvent of the reduction step 

V.1.1.1 Introduction 

In the step of impregnation of the film by the gold salts, described in Chapter IV, 

two steps are used: first we immerse the film in a gold precursor solution and then we 

immerse the film in a reducing agent solution, which involves two different solvents, 
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ethanol for the gold salt and water for the reducing agent. In order to know the influence 

of the solvents, we plan to change the solvent of the reducing agent and study the film 

structure and Au nanoparticles shape and size in the films. We are not going to change 

the solvent of the gold because some studies1,2 and our study in Chapter IV show that 

the affinity of the gold salts with the PVP layers is due to the gold salt penetration from 

the top of the film and the solvent plays an important role in this step. In 1995, H. Lin 

et al3 studied the penetration of solvent in ordered thin films and showed that there was 

no penetration of the solvent into the underlying multilayered structure if the solvent is 

poor to one of the block. So the manipulation of solvent in this step is ineffective. Thus, 

in this section we are going to focus on the solvent manipulation in the reducing step. 

Ellipsometric modeling used in this section 

As we mentioned the in V.1.1.2, we repeat the loading process for several cycle 

in order to increase the Au NPs amount. Simultaneously, the samples were analyzed 

by spectroscopic ellipsometry (SE) at each cycle. We analyze the data in two different 

models, shown in Figure V. 2.  

Model 1 (Figure V. 2(a)) assumes the whole sample including substrate as an 

effective bulk media. So we extracted an apparent and not real permittivity, we will call 

it pseudo-permittivity and write it as ‹ε›. Although this ellipsometric model does not 

provide access to the anisotropic effective permittivity of the material, it gives primary 

“kinetic” information on the evolution of the resonance caused by the progressive gain 

of Au NPs.  

Model 2 (Figure V. 2(b) and (d))is built based on the detailed film nanostructure 

obtained from the section SEM images, as schematized in the Figure V. 2(c) for the 

water system or (e) for the water/ethanol system. The materials PS and PVP are 

described by New Amorphous dispersion relation (details are described in 

ChapterII.1.4). 

PS stands for pure polystyrene and NC for the nanocomposite composed of gold 

nanoparticles and poly(2-vinylpyridine). The thickness of the PS and NC layers are 

written as dPS and dNC, respectively. Half thickness layers of PS and NC are present at 

the sample/air interface and sample/substrate interface, respectively. Two different 

effective medium approximations are used to describe the optical constants of the 

nanocomposite layers (NC layers) consisting of dispersion of gold NPs in PVP. They 
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are the Maxwell-Garnett model (MG) and the Bruggeman model (EMA), which were 

already introduced in the ChapterII.1. 

  

(a)      (b)      (c) 

       

(d)    (e) 

Figure V. 2 the models used for analsis.(a) model 1, the whole film and silicon wafer are assumed 

as an effective media bulk. (b) (d) are model 2 for film fabricated in water system and 

water/ethanol system, respectively. They are built based on the detailed film nanostructure 

obtained from the cross-section SEM images, as schematized in (c) for water system and (e) for 

water/ethanol system. PS stands for pure polystyrene and NC for the nanocomposite composed 

of gold nanoparticles and poly (2- vinylpyridine), of varying composition when N increases. The 

trihedral in (c) indicates the ordinary ((x,y) or //) and extraordinary (z) directions. The ε is 

separated into εǁ and εz. 

Let us recall that the MG model is based on the Clausius-Mossotti relationship 

which describes the dielectric function of a set of dilute polarizable spheres 

homogeneously immerged in a host medium. This model defines the dielectric function 

εMG of the effective medium according to the following formula  
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Equation 5- 1  𝜀𝑀𝐺 = 𝜀1
𝜀2(1+2𝑓)+2𝜀1(1−𝑓)

𝜀2(1−𝑓)+𝜀1(2+𝑓)
 

With the dielectric constant of spherical particles ε2 immerged in a host medium 

whose dielectric constant is ε1. f is the volume fraction of the spheres in the matrix. It 

is only valid for low volume of particles. 

In EMA model, the different components of the mixture are treated equivalently, 

without preliminary assumption on the relative proportions. This model is self-

consistent: the mixture of the different materials forms the host medium, which means 

that the dielectric function of the host medium is the EMA-Bruggeman dielectric 

function. In this model the number of phases can exceed 2. The dielectric functions of 

the different materials are εi (with i=1,2,3,…) with corresponding volume fractions fi. 

The dielectric functions verify the equation: 

Equation 5- 2  ∑ 𝑓𝑖𝑖
𝜀𝑖−𝜀𝐸𝑀𝐴

𝜀𝑖+2𝜀𝐸𝑀𝐴
= 0 

In this chapter, two phases are present, the metallic particles of volume fraction f1 

and the polymer matrix, f2=1-f1.The dielectric function of the effective medium fulfills 

the following equation: 

Equation 5- 3  −2𝜀𝐸𝑀𝐴
2 + [3𝑓1(𝜀1 − 𝜀2) + 2𝜀2 − 𝜀1]𝜀𝐸𝑀𝐴 + 𝜀1𝜀2 = 0 

with ε1 the dielectric constant of the gold NPs and ε2that of the PVP matrix. 

The permittivity εNC of the NC layers is determined by fitting the Model 2 to the SE 

data using the Deltapsi2 software and using either a Maxwell-Garnett or a Bruggeman 

effective medium as full fit. This fitting procedure allows to extract εNC(λ) for the different 

values of N. 

Once the NC layers are modeled, the next step in the modeling is to include these 

NC layers in the multilayer structure, alternating with pure PS layers of known thickness 

and permittivity. This is done by considering the effective permittivity of a periodic stack 

of infinite thin layers, which gives access to the anisotropic effective permittivity of the 

lamellar material.  

The optical properties of the uniaxial effective medium ε//(λ)=ε//’(λ)+ i ε//”(λ) and 

εz(λ) + εz’(λ) + i εz”(λ) can be written4–6 in Equation 5- 4 and Equation 5- 5. In these 

equations, the thickness of PS and NC layer, noted as dPS and dNC respectively, as 

usually observed in lamellar block copolymer thin films. The permittivity of PS layer, 
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noted as εPS can be found in the Figure II. 7(b) and the Table II. 1 of Chapter II.1.4. 

The permittivity of NC layer, noted as εNC is extracted by the fitting model mentioned 

previous paragraph. 

Equation 5- 4   

Equation 5- 5   

V.1.1.2 Experiment 

Film preparation: 

 The PS25k-P2VP25k was dissolved in toluene at 6.0 wt %. The polymer solutions 

were stirred overnight and spin-coated onto cleaned wafers. Spin time is 30seconds 

with the spin speed of 5000 rpm/s, 3 seconds of acceleration time and deceleration 

time. Self-assembly of the lamellar structure in the films were obtained by thermal 

annealing (180ºC in oven with vacuum) for 15 h or longer. 

Au loading process 

After we obtained the aligned and organized lamellar phases, 1) we immersed the 

film in 3.0 wt% HAuCl4 solution in ethanol for 5 minutes following by a rinsing of 

deionized water several times. 2) Afterward, the films with HAuCl4 loading were 

immersed into different NaBH4 0.65 wt% solution in water, mixture of water and ethanol 

in volume of 1/5, or methanol for 30 sec. We repeat step 1) and 2) for N times of cycles 

(N is integrate from 0 to 30) to increase the concentration of Au NPs. 

Measurement 

The samples were measured by variable angle spectroscopic ellipsometry (VASE), 

the details are in Chapter II.1.3. We use the configuration of UVISEL II with AIO=55º, 

65º and 75º.  

For cross-sectional view of the samples, the films on silicon wafers were broken 

in half manually and observed by SEM.  

After all the measurements, samples were dissolved in toluene to disperse the 

resulting Au NPs, and then observe them by TEM. 
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V.1.1.3 Results 

Structures 

As we discussed in Chapter III, the PS and PVP domains separate into a lamellar 

phase after thermal annealing. As the film is then dipped into the gold salt solution, the 

solvent brings the gold salt into the PVP layers. Figure V. 3 shows the side view of the 

samples prepared with NaBH4 in 3 different solvent, in water, water/ethanol=1/5 in 

volume, and methanol. In the SEM images, the white part is corresponds to the gold-

rich areas and dark parts correspond to the pure polymer domains (PS). The loading 

process goes well in the aqueous system (Figure V. 3 upper). The gold NPs are well 

introduced into the PVP layers and appear homogenously distributed. In the 

water/ethanol system (Figure V. 3 middle), the thickness of film is increased and the 

gold salts were reduced to gold within the PVP layers. However, the film is 

inhomogeneous and gold particles are obviously bigger than the ones in the aqueous 

system. In methanol (Figure V. 3 (a) below), only a few gold particles were synthesized.  

From Figure V. 4 (a), compared to the samples fabricated in water and methanol, 

we can see that the thickness of the film dipped in the water/ethanol solution increases 

significantly by almost 200 nm, which is likely due to the swelling of the PVP chains in 

ethanol. Concerning the water/ethanol system, since there is a large amount of solvent 

in the layers, several effects can be predicted: (1) a large amount of reducing agent 

NaBH4 enter the layers (2) more particles grow with little bound to PVP. As we 

mentioned in Chapter I, gold nanoparticle also bind with hydroxyl, even though the 

ligand is weaker than the one with amnion.(3) since ethanol can easily penetrate multi 

layers, the particles bound with ethanol have more mobility in the layers. All of these 

results in the larger gold particles in the layers and the increase of the layer thickness. 

Figure V. 4 (b) and (c) show the TEM images of Au particles in the samples after 

the film has been dissolved and resulting NPs have been recovered on TEM grid, and 

the distribution of particles in histograms, respectively. In Figure V. 4 (b) and (c), we 

can see that the Au particles in the film which is reduced in water are spheres of 

diameters ranging from 1 to 15nm. In the case of the film reduced in water/ethanol, the 

Au are irregular and their sizes range from 1 to 230nm. Finally, the few Au particles in 

the film which is reduced in methanol are spheres of diameter ranging from 4 to 46 nm.  
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The Au NPs synthesis in water system works very well, the loading and reduction 

processes preserve the self-assembled block copolymers lamellar structure, and the 

Au NPs shape (sphere) and size (around 10 nm) are well controlled. In the 

water/ethanol system, the loading process preserves the self-assembled lamellar 

structure expect for the nanocomposite layer thickness (the thickness increases), and 

most of the gold particles in the layers are aggregated. We can thus propose that the 

aggregation could be manipulated by the proportion of ethanol and water. This gives 

us a possibility to study the optical response caused by the couplings between the 

Figure V. 3 SEM images of samples cross-section fabricated in different solvent (N=20): 

water, water/ethanol=1/5(volume) and methanol. 
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metallic particles. In the methanol system, the lamellar structure is well kept but the in-

situ synthesis is not working well. However, the gold particles in the layers grow bigger 

than in the water system. It gives us another possibility to increase the size of gold 

particles. 

(a) 
NaBH4 in water    NaBH4 in water/ethanol   NaBH4 in methanol 

 
(b) 

   
(c) 

    

 

Figure V. 4 (a) SEM images of samples cross-section in high resolution. (b) TEM images of Au 

NPs in samples synthesis in-situ in 3 different solvent (c) the distribution of particles in 

histograms. Bin=20. 
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Results of optical properties 

Results of Model 1 

  (a)     (b)    (c)

 

Figure V. 5 Results of model 1. Real (upper plot) and imaginary (lower plot) parts of the pseudo-

dielectric function ‹ε› of the whole sample from the SE study for different values of N=3, 6, 9, 12, 

15, 18 and 20. As the values of N increase, the colour of the line decrease gradually. (a) (b) (c) 

are Au salts reduced in water system, water/ethanol=1/5 (in volume) system and methanol, 

respectively; The resonance amplitude varies as N increases, due to the increasing introduction 

of plasmonic NPs. 

Figure V. 5 shows the primary results of model 1, they are plots of real (upper plot) 

and imaginary (lower plot) parts of the apparent dielectric function ‹ε› of the whole 

sample as function of the photon energy. The reaction in the water system (Figure V. 

5 (a)) and water/ethanol system (Figure V. 5 (b)) are efficient. Indeed, as the value of 

N increases, the fringes of real and imaginary part of ‹ε› present a red shift. As we 

know, interference effects for a film of thickness d will lead to fringes with extrema at 

wavelengths verifying 2𝑛𝑑 = 𝑚𝜆 , where, m is an integer or half integer, 𝒏 = 𝑛 + 𝑖𝑘 is 

the refraction index of the film, k is the extinction coefficient. From the SEM images 

shown previously, we can see that the change of film thickness is very limited, so the 

progressive red shift of the fringes for an increasing value of N can be attributed to a 

change of refractive index of the film. In this case, the change of n is mostly caused by 

the increase of the Au NPs volume. Between photon energy 1.8 and 2.5ev 

(corresponding to the wavelength ranging from 689 to 496 nm), the real parts (upper 
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plot) of ‹ε› decreases as the value of N increases and the imaginary (lower plot) parts 

of ‹ε› decreases at the same time. This is caused by dissipative effect of the Au NPs 

resonance. The signal damping in UV range and amplification in IR range are observed 

in the water system, and the damping in the whole wavelength range is observed in 

the water/ethanol system. They occur following the gain of Au NPs volume, which is 

step by step. On the contrary, the reaction in the methanol system (Figure V. 5(c)) is 

not efficient. And from the shift of ‹ε›, we can see that all the reaction is finished in the 

first step. As the value of N increases, Re (‹ε›) does not evolve much after the first 

cycle. The gold NPs shown in left of Figure V. 4 (c) and (d) are synthesized in the first 

cycle of impregnation process. 

Results of Model 2 

    (a)     (b) 

 

Figure V. 6 Plots of Is and Ic as a function of the photon energy in different fitting models. Black 

dots stand for experimental data (EXP.), red lines and blue lines stand for fitting results of 

effective medium described by Maxwell-Garnett model (MG) and Bruggeman model (EMA), 

respectively. (a) Fitting result of the sample with Au fabricated in water system N=20. It shows a 

good agreement of EXP. in water system and MG fitting. It means the Au NPs in layer are non-

coupling spherical gold nanoparticles. (b) Fitting result of the sample with Au fabricated in 

water/ethanol system N=20. It shows a goodl agreement of EMA fitting and EXP. in water/ethanol 

system. It indicates the Au NPs in layer are large or aggregated.  
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As we illustrate in ‘Ellipsometric modeling’, the MG and EMA models stands for 

two different dispersion state of the Au NPs in the layer. The MG model stands for 

dilute non-coupling spheres while the EMA stands for random mixture of polymer and 

Au. From the Figure V. 6, it appears that the fitting of MG works better in the water 

system and that of EMA works better in the water/ethanol system. The Au NPs in the 

layer reduced in water correspond better to non-coupling spheres while in the 

water/ethanol system, the produced gold correspond better to large Au domains, which 

can be confirmed by the TEM image in the Figure V. 2. At the photon energy from 

1.7eV to 1.8eV (λ~729nm to 690nm), the data of water system (Figure V. 6(a)) present 

a peak which is not exactly fitted by MG model. This is probably because the MG model 

considers monodisperse and perfectly spherical gold inclusions. In the sample, the Au 

NPs, although well defined, present a significant polydispersity, as is confirmed by the 

TEM results showed in the left image of Figure V. 4 (c).  

For the following simulation of water system, the NC layer is described by MG 

model. On the contrary, the simulation of the water/ethanol system is done with the NC 

layer described by the EMA model. 

The real and imaginary parts of εNC of the NC layers in the lamellar stack extracted 

from the SE study with Model 2(Figure V. 2(b) & (d)) are presented in the Figure V. 7 

for different values of N=6, 15 and 20.  

When pushing the Maxwell-Garnett effective medium approximation (MG-EMA) to 

higher N, a degraded agreement is naturally expected: it remains nevertheless 

reasonably good especially below 2.1 eV (above 580nm). These partial agreements 

provide rough estimates of the loading concentration in gold: we find in the water 

system N=6 to correspond to a MG-extracted value of f=7%, and N=15 and N=20 to 

approximately f=23% and f=40%, respectively. And in the water/ethanol system N=6 

to correspond to an EMA-extracted value of f=6%, and N=15 and N=20 to 

approximately f=28% and f=47%, respectively. As the Au NPs loading (fAu) increases 

in the NC layers, the real part of εNC of NC layer corresponding to the Maxwell-Garnett 

effective medium (Figure V. 7 (a) upper plot) takes large values in the IR range, while 

the real part of εNC extracted from NC layer corresponding to the EMA-Bruggeman 

effective medium (Figure V. 7(a) lower plot) decreases in the IR energy range. Also, the 

imaginary part increases in the IR wavelength energy range. Figure V. 7(b) shows the 

comparison of the extracted εNC for the two different Au particles in the NC layers. For 
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the small Au NPs (the water system, solid line), εNC presents a stronger resonance, 

whereas for the large NPs (water/ethanol system, dashed line) εNC presents only a 

small and spectrally broad (for N=6) or no (for N=15 and 20) resonant behavior, and 

has a shape close to that of bulk gold. 

 

Figure V. 7 (a) Real (Re, solid line) and imaginary (Im, dash line) parts of εNC of the NC layers in 

the lamellar stack, as extracted from the SE study for different values of N between 6 and 20. The 

Au NPs reduction process is done in water system (upper plot) and water/ethanol system (lower 

plot); (b) Comparison of the two systems. Real (upper plot) and imaginary (lower plot) parts of 

the dielectric function εNC of the NC layers in the lamellar stack. The resonance amplitude varies 

as N increases, due to the increasing introduction of plasmonic NPs. Au(JC) stands for 

experimental data of gold bulk from publication 7. 

Following the second step of Model 1, the dielectric constants of the uniaxial 

effective medium are first determined using the optical properties of the fitted Au loaded 

polymer layers (NC) and the PS layer, through Equation 5- 4 and Equation 5- 5. The 

resulting effective optical properties are showed in Figure V. 8. ε// and εz are the 

components of the permittivity tensor parallel and perpendicular to the substrate plane. 

Figure V. 8 shows the comparison real part (Re) and imaginary part (Im) 

components ε// (λ) and εz (λ) extracted for N=6, 15 and 20 between the sphere gold 

nanoparticles and gold bulk. As is shown on the solid lines of Figure V. 8, for the gold 

NPs fabricated in water system(MG-extracted), the dielectric functions ε// and εz both 

present a resonance at the a photon energy of 2.1 eV (or alternatively the wavelength 

λ=580 nm), close to the plasmon resonance of the gold nanoparticles. However, the 

resonance amplitudes of the two components significantly differ. In the case of εz, the 
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amplitude of the resonance increases only slightly with the value of N. By contrast, the 

resonance of ε// is increases strongly with N, and it reaches regime of negative ε// at or 

beyond N=20. As a result, strong artificial anisotropies with different characteristics are 

found across the spectrum.  

 

Figure V. 8 Real (upper plots) and imaginary (lower plots) parts of the components ε // (left) and 

εz (right) of the lamellar nanoplasmonic thin films fabricated in water system (solid line) and 

water/ethanol system (dash line), as computed using Eqs. (4) and (5) from the Model 2 SE 

extractions for different values of N 6, 15 and 20 (solid lines: MG-extracted fAu between 7% and 

40%; dash lines: EMA-extracted fAu between 7% and 47%). The resonance amplitude varies as N 

increases in MG-extracted, due to the increasing volume fraction of introduced plasmonic 

nanoparticles. 

As is shown on the dash lines of Figure V. 8, for gold fabricated in water/ethanol 

system (EMA-extracted), the Au inside the NC layers are large objects with some 

similitudes with bulk Au. The NC material is not resonant, and the multilayer structure 

is not well defined enough to present a layer resonance. 

We can compare the 2 different forms of Au particles in the layers, if the Au NPs 

are spheres in NC layer without coupling, a stronger resonance around 580nm can be 

observed. As shown in Figure V. 8, Re(ε//) (continuous lines) has a strong resonance 

around a photon energy of 2.1eV (or alternatively the wavelength λ=580 nm), while the 

resonance of Re(εz) are weaker. If the Au NPs in the NC layers are bigger than 60nm 

or aggregated into thin gold layers, the resonance perpendicular to the substrate Re(εz) 
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can be stronger and the parallel Re(ε//) becomes weaker, which can be seen also in 

dashed lines of Figure V. 8. However the resonance of Re(εz) is not significant in our 

case, this is because the volume fraction of gold in NC layers is not high enough and 

the gold nanoparticles are polydisperse. We can suppose that a more significant 

difference between Re(ε//) and Re(εz) could be observed if more gold particles were 

aggregated into nearly gold layers. 

 

Figure V. 9 (a) Real (upper plots) and imaginary (lower plots) parts of the components ε // (left) 

and εz (right) of the lamellar nanocomposite thin film consisting of infinite alternative 15 nm PS 

layer and Au layer in different thickness(from 1nm to 21nm)  
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(b) Comparison of real (upper plots) and imaginary (lower plots) parts of the components ε // (left) 

and εz (right) of the lamellar nanocomposite thin film consistings of infinite alternative 15 nm PS 

layer and Au layer in different thickness (from 1nm to 21nm, solid lines) and thin films fabricated 

in water/ethanol system in different value of N (N=6, 15, 20, dash lines) 

In order to know the difference between pure gold/polymer multilayer system and 

the gold nanocomposite prepared in water/ethanol system, we set a model with infinite 

alternative layers of pure PS, of thickness 15 nm and pure gold of thickness dAu (from 

1nm to 21nm). Then we simulate the real and imaginary parts of the components ε// 

and εz of the lamellar thin films showed in Figure V. 9(a). 

The in-situ synthesis of Au NPs produces a better defined nanostructure when the 

reduction step is done in aqueous system. A tuning of the proportion of ethanol and 

water in the solvent of the reduction step could lead to different structures or couplings 

of Au particles, which can induce a modulation of the optical properties of the materials. 

V.1.2 Influence of reducing agent 

V.1.2.1 Introduction 

In order to better understand how the mechanisms of the Au NPs synthesis in the 

PVP layers, we varied the reducing agent in the reduction step. It is known that different 

reducing agents produce different shape and size of Au NPs via the reduction of 

HAuCl48–10. In this study, sodium borohydride (NaBH4), trisodium citrate (Na3Ct) and 

L-ascorbic acid (AA) are used as reducing agent. 

V.1.2.2 Experiment 

Material 

The following materials were obtained from Aldrich: auric acid (HAuCl4·xH2O), 

trisodium citrate (Na3Ct), sodium borohydride (NaBH4), L-ascorbic acid (AA). All 

chemicals and solvents were used without further purification. 

(NaBH4)     (Na3Ct)     (AA) 

   
Sodium borohydride   Trisodium citrate    L-ascorbic acid  
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Film preparation is the same as described in V.1.1.2 “Film preparation”. 

Gold loading process 

After we obtained the aligned and organized lamellar phases, 1) we immersed the 

films in 3.0 wt% ethanol solution of HAuCl4 for 5 minutes following by a rinsing of 

deionized water several times. 2) Afterward, the films with loaded HAuCl4 were 

immersed into different 0.65 wt% aqueous solution of NaBH4, Na3Ct or AA for 30 sec. 

We repeat step 1) and 2) for N cycles (N is integrate from 0 to 20) to increase the 

concentration of Au NPs. 

In the case of Na3Ct, step 2) was processed both in room temperature and at 70ºC, 

in order to check the effect of temperature. 

In the case of AA, the step 2) was processed both in neat AA solution, and in a 

AA solution with pH adjusted to pH=11 by NaOH addition, and thermal annealing 

(180ºC in vacuum for 2hours) after all the loading process. 

Measurement 

The samples were studied by VASE using the configuration of UVISEL II with 

AOI=55º, 65º and 75º.  

For cross-sectional views of the samples, the films on silicon wafer were broken 

in half manually and observed by SEM.  

After all the measurements, samples were dissolved in toluene to disperse the 

resulting Au NPs, and then observe them by TEM. 

V.1.2.3 Results 

Structures 

As we mentioned before, In the BSEI SEM images, white parts is corresponds to 

the gold-rich areas and dark parts correspond to the pure polymer domains (PS). 

Figure V. 10(a) shows the SEM image side view of the sample prepared by Na3Ct at 

room temperature and at 70 ºC. Figure V. 10(b) shows the side view of the samples 

prepared by AA at room temperature. We can see that Au NPs are synthesized on 

surface of samples instead of inside the layers. We can thus propose that the reaction 

between the gold salt and organic reducing agents (Na3Ct and AA) works, but that the 
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reducing agent may not penetrate through the layers. We tried a sample prepared 

(Figure V. 10(c)) by AA at room temperature and heating the samples at 180 ºC for 

15h at the end of the loading process. We can see from Figure V. 10(c), that after this 

annealing, gold was formed both on the surface and inside the layers. Therefore, Au 

salts are present inside the layers and are reduced at elevated temperature. We can 

thus propose that Au salts can penetrate through the layers2, but the reducing agent 

AA can not. The reason why most of the gold stay at the bottom of the film, may be 

caused by the reorganization of the block-copolymers under the thermal annealing, 

which tends to expel the Au NPs leading them to be aggregated. The Au shape is also 

changed by the elevated temperature. Figure V. 10(c) shows the low-magnification and 

high-magnification TEM images of Au particles in the sample reduced by AA with 

thermal annealing. The TEM images presents different shapes of synthesized Au NPs, 

like sphere, cylinder, equilateral triangle (side length is 94 nm) and regular hexagon 

(side length is 55nm). The observed cylinder length ranges from 30nm to 230nm, and 

width is 30nm. Although the shape and size of the gold particles are various, they are 

hard to control. Still, it also gives us a possibility to synthesize in situ different shapes 

and sizes of Au NPs inside the layers by manipulating the temperature. Since non-

spherical noble-metal nanoparticles typically exhibit more than one surface plasmon 

resonance mode, the wavelength of which is strongly dependent on their sizes and 

shapes, this could give access to a modulation of the optical properties of the 

nanocomposites. 

   (a)      (b) 

 
   (c)      (d)  
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   (e)     (f)   (g) 

 
   (h)     (i)   (j) 

 
(k) 

 

Figure V. 10 (a), (b), (c), (e) and (h) are SEM images in SEI (secondary electron image) and 

BSEI(backscattered electrons image). The bottom of each images shows a large view of the film 

at low magnification, the upper 2 images are zooms of the same place from white squares in SEI 

and BSEI. In SEI, we can see the film topography. In BSEI, white part is metallic and dark part is 

polymer. (a) SEM images of the sample reduced by Na3Ct (N=8) in SEI and BSEI. (b) SEM images 

of sample reduced by AA (N=8) in SEI and BSEI. (a) and (b) show gold NPs formed on surface of 

the film but not inside the layers. (c) SEM images of sample reduced by AA (N=11) and thermal 

annealing (180 ºC in vacuum) in the last step. A lot of Au NPs have been produced and stay at 

the bottom of the film. The Au NPs observed by TEM are shown in (d). Various size and shape 

(sphere, triangle and cylinder) of Au NPs were synthesized. (e) SEM images of sample reduced 

by AA in pH=11. A few gold NPs were synthesized in the layers. The Au NPs observed by TEM 

are shown in (f) and they are spheres. The distribution of Au particles in histograms is shown in 

(g). Au NPs are polydisperse, the particle diameters range from 6 to-31nm, and there are two 

main sizes of particles, small ones are around 8nm, big ones are around 27nm. (h) SEM images 

of sample reduced by NaBH4 N=20. Gold NPs were well introduced in the layers. The Au NPs 

observed by TEM are shown in (i) and they are spheres. The distribution of Au particles in 

histograms is showed in (j). Au NPs are polydisperse, the particles diameters range from 0.7 to 

15nm, and the diameter of most particles is around 8nm. (k) Comparison of all samples under 
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BSEI SEM images. They have same structures before loading gold. The thicknesses of all the 

films are similar. 

Sample prepared by AA in base solution (pH=11) is shown in Figure V. 10(e), (f) 

and (g). Figure V. 10 (e), (f) and (g) shows the SEM images of the samples, the TEM 

images of Au particles in the samples after the film has been dissolved and resulting 

NPs recovered on TEM grid, and the distribution of particle sizes in histograms, 

respectively. We can see that a few gold particles were synthesized inside layer and 

they are spheres with diameter sizes range from 6nm to 31nm. The distribution of Au 

particle sizes in histograms is shown in (g) and indicates that Au NPs are polydisperse, 

with particles the diameter ranging from 6nm to 31nm, and there are two main sizes of 

particles, small ones are around 8nm, big ones are around 27nm.The big particles size 

is bigger than the layer thickness (20nm), which indicates the damage of the lamellar 

structure.  

The sample prepared by NaBH4 is shown in Figure V. 10(h), (i) and (j). Figure V. 

10(h), (i) and (j) show the SEM images of the sample, TEM images of Au NPs in the 

sample, and the distribution of particle sizes in histograms based on TEM images, 

respectively. We can see that gold particles were well synthesized and introduced 

inside the layers and they are spheres of diameters ranging from 1nm to 15nm. It 

means NaBH4 can penetrate through the layers and get into contact with the gold salt. 

We can compare the SEM images (Figure V. 10(k)) of samples prepared by AA 

with and without thermal annealing in the last step. We believe that the gold precursor 

are well loaded in the PVP layers. From the surface of the sample prepared by Na3Ct 

(Figure V. 10 (a)) and AA (Figure V. 10(b)), there are gold NPs formed on surface. It 

means the gold salt can be reduced by the organic reducing agent. Therefore, the 

absence of reduction inside the layers is rather caused by the fact that the organic 

reducing agent cannot penetrate the layers to reduce Au salt inside samples rather 

than a low reducing ability. 

Comparing the results of samples reduced by different reducing agents (Figure V. 

10(k)), we can see that NaBH4 is more efficient than Na3Ct and AA. NaBH4 (molecular 

weight 37.83 g/mol) has lower molecular weight, which gives it more mobility through 

the porosity of the polymer layers. On the contrary, the organic reducing agents, Na3Ct 

(molecular weight 294.10 g/mol) and AA (molecular weight 176.12 g/mol) have larger 
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molecular weight and seems less capable of penetrating the polymer layers. This tends 

to confirm that the reducing agent permeates from the surface to the bottom of the film. 

Results of optical properties 

In order to trail the “kinetic” loading process, we measured the samples by SE at 

N=0, 3, 6, 9, 12, 15, 18 and 20. For samples prepared in Na3Ct and AA (N=0, 3, 6, 7, 

8), we measured only at N=0, 3, 6, 7 and 8, because as the value of N increased after 

3, the measurement curves did not change anymore. 

 

Figure V. 11 Real (Re, solid line) and imaginary (Im, dash line) parts of ‹ε› for different values of 

N between 0 and 20. The different colors of indicate different values of N. As the values of N 

increases, the line becomes gradually lighter. (A) gold salt reduced by Na3Ct at room temperature 

and at 70 ºC for values of N=0, 3, 6, 7, 8. (B) gold salt reduced by AA for values of N=0, 2, 6, 7, 8. 

(C) gold salt reduced by AA in condition of pH=11 for values of N=0, 3, 6, 9, 11. From the change 

of curves in plots (A) (B) and (C), it appears that the reactions were finished at the first loading 

process. No further reaction occurred after the first step. The fringes shift between N=0 and N=2 

is caused by the increase of the film thickness or gold NPs deposition on the film surface. (D) 

gold salt reduced by NaBH4 for values of N=0, 3, 6, 9, 12, 15, 18 and 20. The resonance amplitude 

varies as N increases, due to the increasing introduction of plasmonic NPs.  
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In this part, Model 1 (Figure V. 2(a)) is used to study the SE data. It assumes the 

whole sample including substrate as an effective bulk media. Although this 

ellipsometric model does not provide access to the anisotropic effective permittivity of 

the material, it gives primary “kinetic” information on the evolution of the resonance 

caused by the progressive gain of Au NPs. Figure V. 11 shows the real part and 

imaginary part of the pseudo-permittivity ‹ε› of the samples. Figure V. 11 A, B and C 

show that for samples prepared with organic reducing agents Na3Ct or AA, the 

reactions were finished after the first loading process. Due to the increasing of film 

thickness and Au particles inside layer (reduced by AA in pH=11, Figure V. 10(e) (f) 

(g)) and on surface (reduced by Na3Ct, Figure V. 10 (a) and AA, Figure V. 10 (b)), red 

shift of the fringes happened, but only at the first impregnation process. In the previous 

results from SEM and TEM, there are several particles in the layer of sample reduced 

by AA in pH=11, which is not obvious from the SE results. This is due to the low 

concentration of Au particles because the reducing process works only at the first step. 

V.2 Removal irregular Au NPs on surface of films with high 

N 

As we discussed in V.1, the best condition we found for the reducing step in the 

gold loading process is the use of an aqueous solution of sodium borohydride. This 

method works efficiently, but uncontrolled gold NPs are gradually deposited on the top 

of the film surface, for large N values, as well as inside the layers. In addition, the first 

two layers from the surface are sometimes loaded with more gold particles than the 

other layers. In order to avoid such inhomogeneous distribution of Au NPs in the layers 

and erase the irregular particles on the surface, two different techniques following the 

loading Au NPs process have been studied and will be presented here: 1. Reorganizing 

block copolymer by thermal annealing; and 2. Etching Au NPs by chemicals. 

V.2.1 Thermal annealing after Au loading process 

V.2.1.1 Introduction 

As we know, block copolymers have the ability to spontaneously form periodic 

morphologies with controllable length scales. The self-assembly of block copolymers 

can be achieved through annealing the block copolymers thin film in a suitable 

environment, either at elevated temperature using thermal annealing11–13,or by solvent 
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annealing14–16. Because solvent annealing is more difficult to control, we have started 

with thermal annealing. Thermal annealing (a temperature higher than the glass 

transition temperature) will give the copolymer a chance to move freely and reorganize 

the lamellar structure, which may “absorb” the Au NPs from surface to layers. 

V.2.1.2 Experiment 

Film preparation follows the same process as described in V.1.1.2, with 0.65 wt% 

reducing agent NaBH4 and AA in H2O. 

Gold loading process 

After we obtain the aligned and organized lamellar phases, 1) we immersed the 

films in 3.0 wt% HAuCl4 solution in ethanol for 5 minutes followed by a rinsing of 

deionized water several times. 2) Afterward, the films with loaded HAuCl4 were 

immersed into different 0.65 wt% aqueous solutions of NaBH4 for 30 sec.  

We repeat step 1) and 2) for N times of cycles (N is integrate from 0 to 30) to 

increase the concentration of Au NPs. This is noted as Normal Process. 

We repeat step 1) and 2) for N times of cycles (N is integrate from 0 to 30) to 

increase the concentration of Au NPs. In additional, thermal annealing (180 ºC in 

vacuum for 2hours) was applied on samples after every 5 cycles of step 1) and 2) until 

N=30. This is noted as Annealing Process. 

Measurement 

The samples were observed by VASE using the configuration of UVISEL II with 

AOI=55º, 65º and 75º. For cross-sectional view of samples, the films on silicon wafer 

were broken in half manually and observed by SEM.  

V.2.1.3 Results 

Structures 

As showed in Figure V. 12, the thermal annealing is an efficient method to remove 

the surface Au nanoparticles and rearrange the Au nanoparticles inside layers. The 

thermal annealing process for every 5 cycles preserves the self-assembled lamellar 

structure but not the arrangement of Au NPs in the layers. In order to understand the 

changes of this rearrangement, the SE data will be explained in the following paragraph. 
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   (a)      (b) 

 

Figure V. 12 SEM images of (a) N=20 (b) N=30. Before means gold loading follow the Normal 

Process. After means gold loading follow the Annealing Process. 

Results of optical properties 

We measured the samples prepared by Annealing Process by SE at N=0, 5, 

5(after thermal annealing), 10, 10 (after thermal annealing), 15, 15(after thermal 

annealing), 20, 20(after thermal annealing), 25, 25(after thermal annealing) and 30, 

30(after thermal annealing), while the samples prepared by Normal Process at N=0, 5, 

10, 15, 20, 25, 30. 

 

Figure V. 13 Comparing of the pseudo-permittivity <ε> before and after thermal annealing in N=5, 

10, 15, 20 and 25. Continuous lines (dash lines) are before (after) annealing, while blue (red) lines 

are the real (imaginary) part of <ε> 
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In this part, Model 1 (Figure V. 2(a)) is used to analyze the SE data. It assumes 

the whole sample including substrate as an effective bulk media. Although this 

ellipsometric model does not provide access to the anisotropic effective permittivity of 

the material, it gives primary “kinetic” information on the evolution of the resonance 

caused by the progressive gain of Au NPs.  

The Figure V. 13 compares the pseudo-permittivities <ε> of samples prepared by 

Annealing Process, before and after thermal annealing for different values of N. We 

can see that as the value of N increases, the fringes of <ε> in the UV range from 2.5eV 

to 4.0eV (λ~496nm to 310nm) are damped. This is due to the interband absorption of 

the gold particles. As the value of N increases the difference between the optical 

responses before and after annealing becomes smaller. In particular the peak around 

2.1eV(λ~590nm) caused by the resonance of the gold NPs, increases after annealing 

at N=5 and then decreases after N=10. We can thus propose that during the annealing 

process at N=5, the shape or size of gold nanoparticles changed and then the 

annealing process have limited influence on the gold nanoparticles when N>5. 

 

Figure V. 14 Comparison of samples prepared in Normal process(lines in blue) and Annealing 

process(lines in black and red) for  N=5, 10, 15, 20, 25 and 30. 
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The Figure V. 14 compares the pseudo-permittivity <ε> of samples prepared by 

Annealing Process and Normal process. We observe a lost of fringes in the UV range 

for the both processes. At N=5, little difference is observed. A significant difference 

between the two processes is observed at the photon energy ranging from 2.1eV to 

1.8eV (λ~590nm to 688nm) when N≥10. We can see that as the value of N increases, 

Re(<ε>) and Im(<ε>) of samples prepared by Normal process increase until N=20 while 

a decrease of the peak is observed in the samples prepared by Annealing Process. At 

N=25, in the case of Normal process the peak caused by resonance of gold NPs can 

still observed but become wider and smaller, which maybe due to the irregular particles 

deposited on the film surface; while in the case of Annealing Process, the resonance 

caused by gold NPs.is hardly visible in measured the signal. At N=30, both processes 

lost the resonance. 

In conclusion, the Annealing Process can efficiently remove irregular particles on 

the film surface. However, the optical responses are impacted because the annealing 

also modifies the NPs inside the films. Therefore, the Annealing Process such as we 

studied is not a satisfying modification process. 

V.2.2 Etching Au NPs on surface 

V.2.2.1 Introduction 

As we discussed in V.2.1, even though the Annealing Process can remove the 

irregular surface gold nanoparticles efficiently, the structure of gold nanoparticles 

inside the layers is changed and the optical responses are impaired because the 

resonance of the Au NPs is mostly lost. Thus, we are going to etch Au NPs by 

chemicals directly to preserve the gold nanoparticles inside the layers. 

Three different chemicals are used here: 11-mercaptoundecanoic acid (11-MUA), 

aqua regia and potassium iodide. 

V.2.2.2 11-MUA 

Introduction 

11-mercaptoundecanoic acid (11-MUA)17,18 is a well-known gold-capping and 

reducing agent, which contains an organosulfur compound thiol–SH. With metal ions, 

thiolates behave as ligands to form transition metal thiolate complexes. The structure 

formula of 11- MUA is shown below Figure V. 15. 
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Figure V. 15 The structure formula of 11- MUA 

11-MUA has a carboxyl group, which deprotonated at high pH.19 When 11-MUA 

is used as ligand for gold nanoparticles, the charge of the carboxylic group induces an 

electrostatic repulsion, which stabilizes the nanoparticles in water. 

 

Figure V. 16 Schematic of the removal of surface Au NPs by 11-MUA. Red part is nanocomposite 

layer of Au and PVP, blue part is PS, yellow part is gold, and black lines are 11-MUA. 

In this study, we plan to use the properties of 11-MUA and attach it to the gold 

nanoparticles on the surface of the film. Due to its large molecular weight, 11- MUA 

cannot easily penetrate in the polymer films. Therefore, the removal of the particles 

may happen only on the surface without collapsing the lamellar structures and the Au 

nanoparticles inside the layers may be preserved, as Figure V. 16 shows. 

Experiment 

The film preparation follows the same process as described in Chapter V.1.1.2.  

Au loading process: 

After we obtained the aligned and organized lamellar phases, 1) we immersed the 

film in 3.0 wt% HAuCl4 solution in ethanol of for 5 minutes followed by a rinsing with 
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deionized water several times. 2) Afterwards, the film with loaded HAuCl4 was 

immersed into an aqueous solution of 0.65 wt% sodium borohydride for 30 sec. We 

repeat step 1) and 2) for N times of cycles(N >=30).  

MUA solution preparation: 

5 mg 11-MUA, 1 mg NaOH were dissolved in 5 ml distilled water. 

Removal process: 

The sample was immersed in 

MUA solution and put in an 

ultrasonic bath for 5-8 mins. 

Measurement: 

The films on silicon wafer were 

broke in halfmanually and observed 

by SEM.  

Results 

Because the reducing agents 

penetrate from the surface as we 

discussed in Chapter V.1, the in situ 

synthesis of Au NPs in PVP layers is 

inhomogeneous, especially the first 

two layers from the top are 

sometimes denser than the others. 

They contain more gold NPs than 

the other layers as we discussed 

previous. Since 11-MUA barely 

penetrates the film, the gold removal 

can only happen on the top surface 

and not inside the layers. This seems confirmed by our observations, as in Figure V. 

17, we can see that the irregular gold nanoparticles on the surface are well removed 

by MUA treatment, and that the first two layers from the top still contain more Au NPs 

than the other layers, and the structure of the film did not collapse. 

Figure V. 17 SEM images of samples before and after 

treatment by 11-MUA with ultrasons. The middle 2two 

images are low-magnification BSEI images. The upper 

two images are the zoom of part of sample before 

treatement by 11-MUA in white square under high-

magnification in SEI and BSEI, respectively. Lower two 

images are the zoom of part of sample after treated by 

11-MUA in white square under high-magnification in 

SEI and BSEI, respectively. 
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There is, however, a 

possibility that this 

treatment damaged the 

film. Figure V. 18 shows a 

thicker film treated in the 

same conditions, which 

was damaged by the 

ultrasons. We would need 

to control the time and 

frequency of ultrasonic 

treatment, depending on 

different polymer 

composition and film thickness in order to avoid the creation of defects on films. 

11-MUA is efficient for removing the gold NPs on the film surface. However, the 

time and frequency of ultrasons needs to be adjusted depending on different film 

polymer and thickness. Besides, the first two layers still need to be fixed. We 

considered to using wet etching to remove Au on the surface and in the first two layers. 

This study is going to be explained in the coming sections. 

V.2.2.3 Aqua regia 

Introduction 

As we know, the traditional medium for dissolving gold is aqua regia. It is a mixture 

of three parts of concentrated hydrochloric to one part of concentrated nitric acid. The 

reactions involved are as follows20: 

 

The last reaction is reversible. If the aqua regia solution is diluted with water, then 

chlorine and nitrosyl chloride recombine to form hydrochloric acid and nitric acid. From 

the SEM images of films (see Figure V. 1), we can see that the size of the gold NPs 

on the surface is around 200 nm. The initial idea is that Aqua regia could dissolve the 

naked Au NPs on surface and the Au in layers could be protected by polymers. Since 

Figure V. 18 Defects caused by ultrasons after treatment by 11-

MUA. 
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the reaction is fast and the reactant aggressive, aqua regia 

should stay only shortly on the film. 

Experiment 

“Film preparation” and “Au loading process” are same as 

V.2.2.1. 

Aqua regia preparation: 

Add 1 part concentrated nitric acid HNO3 to 3 parts 

concentrated hydrochloric acid HCl with slow pouring inside 

of the acid fume hood. The appearance of an orange/red 

solution color and gas bubbles is an indication that the 

reaction is progressing. Aqua regia-is prepared immediately before use. 

Removal process: 

Put 1 drop of aqua regia solution on the samples and rinsing with distilled water 

instantly. And repeat this process for 2, 4 and 6 times in order to get a better surface. 

Figure V. 19 shows the schematic removal process. 

Measurement: 

For cross-sectional view of samples, the films on silicon wafer were broke in half 

manually and observed by SEM. 

The surface were observed by Optical Microscope (OM). 

Results 

Aqua regia is aggressive and the reaction with gold is fast. Our observations after 

6 times of removal process (see Figure V. 20(a)) show that not only the gold NPs on 

the surface but also in the layers of the sample, were removed. We then reduced the 

treatment cycles to 4 times (see Figure V. 20 (b)) and 2 times (see Figure V. 20(c)). 

The gold NPs on the surface became smaller and the Au NPs in the first top two layers 

are similar to the NPs in the other layers.  

This method can remove gold NPs efficiently, but there are two main problems: 

First one is shown in Figure V. 20(d): if there are many defects in the film, the gold NPs 

in the layers will be rinsed to the bottom and will aggregate. The second problem is 

shown in Figure V. 20(e): because the fast reaction between aqua regia and Au, we 

Figure V. 19 schematic 

removal process 
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used drops instead of immersing the films in aqua regia and the reagent concentration 

on the surface is therefore inhomogeneous. As we can see in optical microscope image, 

this causes the different colors on the surface, corresponding to different concentration 

of Au NPs in the layers. 

   (a)      (b) 

 
(c)      (d) 

 
(e) 

 

Figure V. 20 (a) (b) and (c) are SEM images of cross-section of films treated by aqua regia in 6 

cycles, 4 cycles and 2 cycles, respectively. (d) Film with defects after treatment by aqua regia in 

2 cycles. (e) Schematic of inhomogeneous treatment by aqua regia. The middle image is under 

optical microscope. Right images are SEM micrographs of sections corresponding to different 

surface color. 

In order to fix the problem, we plan to use another milder etching agent and we 

chose potassium iodide. The following section will present this study. 
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V.2.2.4 Potassium iodide KI-I2 

Experiment 

“Material”, “Film preparation”, and “Au loading process” are the same as V.2.2.1. 

Potassium iodide solution preparation: 

Add 4 g of Potassium Iodide KI, 1 g of Iodine I2 and 40 ml distilled water in a glass 

container. Then stir until all the solid is dissolved in water.  

Removal process: 

Put 1 drop of KI-I2 solution on the samples and rinsing with distilled water instantly. 

And repeat this process for 2, and 4 times in order to get a better surface. Figure V. 19 

shows the schematic removal process. Or immerse the sample in the KI-I2 solution for 

10 seconds and rinsing with distilled water instantly. 

Measurement: 

For side view of the samples, the films on silicon wafer were broke in half manually 

and observed by SEM. 

Results 

As we mentioned in the Chapter II.3, SEI is secondary electron image and BSEI 

is backscattered electrons image. In SEI, we could see the topography of the film. In 

BSEI, white part is metallic and dark part is polymer. So in order to fully understand 

the structure of film, we should compare SEI and BESI images. Figure V. 21 (a) (b) 

and (c) show the side view SEM images of the samples treated by KI-I2 for 4 drops, 2 

drops and immersed for 10 sec. We can see that after treatment with 4 drops, there 

are some “black holes” in the film, which are not real holes: In SEI, we can see that the 

polymers and the lamellar phase are present, but in BSEI appears like a hole. 

Comparing the SEI and BSEI images, we can see that this “black hole” is actually 

polymer without gold, which results from the fact that the etchant solution permeates 

through the polymer film and removes the Au NPs in the layers.  

The treatment with 2 drops Figure V. 21(b) removes the irregular Au NPs on 

surface and preserves the Au NPs inside the layers. The treatment with 10 sec 

immersing Figure V. 21(c) removes the Au NPs on the surface as well as in the first 2 

layers. As we explained previously, comparing the SEI and BSEI images, we can see 
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that the film seen by SEI appears “thicker” than seen by BSEI. In the first two layers, 

all the Au NPs were removed by the KI-I2 solution. The first two layers are still a lamellar 

phase consisting of pure polymer PS and PVP layers. This is why they appear black 

under BSEI.  

  (a)     (b)     (c) 

 

(d) 

 

Figure V. 21 (a) (b) and (c) are SEM images of side views of the films after treatment by 4 drops 

of KI-I2 solution, 2 drops of KI-I2 solution and 10 seconds immersing in KI-I2 solution, respectively. 

The bottom of each images show large view of the films at lower magnification, the upper two 

images are zooms of the same place from white squares in SEI and BSEI. In SEI, we could see 

the film topography. (d) is the comparison of different level of treatment.  

Figure V. 21(d) shows the comparison of three different treatments by the KI-I2 

solution. The etching reaction with KI-I2 goes soft and controllable. The reaction with 

drops leads to inhomogeneous surfaces like in the case of aqua regia. The immersion 

method is more homogeneous. We can propose, as a conclusion, that the immersion 

with shorter time and lower concentration of KI-I2 could be a better method to remove 

Au NPs on surface and optimizing the Au distribution in the layers. 

As a conclusion, the solvent used for the introduction of the reducing agent is 

important for the gold loading method and can tune the structure of the gold 

nanoparticles. When the value of N is high, irregular particles are present on the film 

surface, and we showed that they can be removed by an etching solution or a thermal 

annealing step. 
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Introduction 

As we discussed in the Chapter III “film fabrication”, Chapter IV “gold loading 

process” and Chapter V “film structure optimization”, we produced our target 

nanostructures with well controlled film thickness, bilayer thickness, volume fraction of 

gold nanoparticles in the PVP layers, shape and size of the gold nanoparticles. Once 

the fabrication and structural characterization steps are completed, we would like to 

choose several typical films to study their optical properties and the relation between 

structure and optical responses.  

In this chapter, we are focusing on the question of how the structure influences 

the optical properties. However, with our self-assembled nanostructures, presenting 

some degree of disorder, it is often difficult to find a good model to analyze the 

experimental data. In this chapter, we are going to study the SE data by several models 

to understand the relations between optical properties and structure parameters. 

VI.1 Ellipsometric modelling 

In order to extract the effective optical properties of the studied films from the SE 

data, two different models were built (see Figure VI. 1).  

 

Figure VI. 1 Models used for analyzing the SE data. (a) Model A is a complete multilayer stack, 

using the SEM information on number and thicknesses of all the layers (b) Model B assumes the 

film is a uniaxial anisotropic layer. PS stands for pure polystyrene and NC for the nanocomposite 

composed of gold nanoparticles and poly (2-vinylpyridine. The “kinetic” SE data are analyzed 

so as to extract the N-independent dimensions dNC,dPS,dEM2, and the N-dependent parameters, 
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which are the thickness dSAu and dielectric function of the upper gold layer, and the dielectric 

functions of the polymer-gold nanocomposite effective media NC, and EM2 

VI.1.1 Model A 

The first model in Figure VI. 1(a) is built using the information on the layer number 

and thicknesses, appropriate interface layers and number of bilayer repetitions inferred 

from the SEM images, as is already mentioned in the Chapter V.1. In this model, the 

thickness of the individual layers are dPS, dNC, where the bottom and top half-layer 

thickness are fixed to dPS/2 and dNC/2, respectively, as usually observed in lamellar 

block copolymer thin films. An additional homogeneous layer of thickness dSAu is added 

in the model, to account for the uncontrolled gold deposit layer. The optical properties 

of the PS layer are fixed to those of the Woolam database. The permittivity εNC of the 

NC layers is determined by fitting the Model A to the SE data using the BSPLINE 

function available in the Complete Ease software and using a Maxwell-Garnett 

Effective medium as an initial guess. This fitting procedure allows to extract εNC(λ) for 

the different values of N. 

Equation 6- 1  𝜀𝑀𝐺 = 𝜀𝑃𝑆−𝑃2𝑉𝑃
𝜀𝐴𝑢(1+2𝑓)+2𝜀𝑃𝑆−𝑃2𝑉𝑃(1−𝑓)

𝜀𝐴𝑢(1−𝑓)+𝜀𝑃𝑆−𝑃2𝑉𝑃(2+𝑓)
 

The unknown, which will be extracted from the fit of model A to the experimental 

data, is the permittivity εNC() of the NC layers. Once this function is determined, the 

optical properties of the uniaxial effective medium ε//(λ)=ε//’(λ)+ i ε//”(λ) and εz(λ) + εz’(λ) 

+ i εz”(λ) can be calculated, using the relation1–3 as follows: 

Equation 6- 2  𝜀// = (
𝑑𝑁𝐶

𝑑𝑁𝐶+𝑑𝑃𝑆
) 𝜀𝑁𝐶 + (

𝑑𝑃𝑆

𝑑𝑁𝐶+𝑑𝑃𝑆
)𝜀𝑃𝑆 

Equation 6- 3  
1

𝜀𝑧
= (

𝑑𝑁𝐶

𝑑𝑁𝐶+𝑑𝑃𝑆
)

1

𝜀𝑁𝐶
+ (

𝑑𝑃𝑆

𝑑𝑁𝐶+𝑑𝑃𝑆
)

1

𝜀𝑃𝑆
  

εNC is the only unknown factor in Equation 6- 2 and Equation 6- 3. To obtain εNC, 

we assume the NC layer can be described by a mixture of polymer (εm listed Figure VI. 

2) and Au NPs (εAu listed Figure VI. 2). The mixture is following the Maxwell-Garnett 

Effective Medium Approximation (Equation 6- 1, detailed in Chapter II.1.3). The 

permittivity of gold nanoparticles and polymers used in this section is shown in Figure 

VI. 2. 
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In order to access the anisotropic effective permittivity of the lamellar material, we 

then apply an effective medium approximation to the perfect periodic lattice of Model 

A. It is well known that the transfer matrix for the superlattice, MSL=(MPS× MNC)m may 

be replaced by the transfer matrix22 of an effective uniaxial layer (Muniaxial) if the number 

of repetitions is large, and 
2𝜋

𝜆𝑜
𝑛𝑃𝑆𝑑𝑃𝑆 ≪ 1 and  

2𝜋

𝜆𝑜
𝑛𝑁𝐶𝑑𝑁𝐶 ≪ 1 , where nPS and nNC are 

optical indices of PS and NC, respectively, the latter being a function of N.  

 

Figure VI. 2 Permittivity of the nanoparticle gold εAu=εAuNP’ + i εAuNP” and of the polymer εm=εP2VP’ 

as used in the Maxwell-Garnett model presented in the analysis of the NC layer properties. The 

gold permittivity is obtained by a well-described modification from the Johnson & Christy 

tabulated data in order to take into account finite size effects in the nanoparticles4, while the 

polymer permittivity was obtained independently.   

 

Figure VI. 3 Three examples of the fitting lines (continuous lines) and experimental data (dots) 

for different values of N, (a) N=5 (b) N=20 (c) N=30. 
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Finally, Model A first allows us to extract εNC from the experimental VASE data, 

from which we then calculate ε// and εz, using Equation 6- 2 and Equation 6- 3. 

This model works efficient to extract ε// and εz of the films, but not well in the high 

volume fraction of gold nanoparticles. Figure VI. 3 show the fitting lines using the 

multilayer model for values of N=5(a), 20(b) and 30(c). We can see that at N=20, the 

model is not good enough especially in the gold plasmon resonance region ca. 1.9eV 

to 2.2eV (λ 625nm to 563nm). So we propose another simpler model of Figure VI. 1(b). 

Spline function is defined as piecewise polynomials of degree n and used as 

approximating functions in mathematics and numerical analysis. The definition5 is 

shown in Equation 6- 4 and Equation 6- 5. 

Equation 6- 4  𝑦 = 𝑆(𝑥) = 𝑃𝑖(𝑥) = 𝑎𝑖 + 𝑏𝑖𝑥 + 𝑐𝑖𝑥
2 + 𝑑𝑖𝑥

3 

𝜉𝑖−1 ≤ 𝑥 ≤ 𝜉𝑖  and 𝜉0 = −∞; 𝜉𝑚+1 = ∞  

Equation 6- 5  𝑃𝑖
𝑘(𝜉

𝑖
 ) = 𝑃𝑖+1

𝑘(𝜉
𝑖
 ); 𝑘 = 0, 1, 2; 𝑗 = 1,2, ⋯ , 𝑚 

Where, 𝑃𝑖
𝑘denotes the kth derivative of the jth polynomial piece. n is the degree 

of the spline function. m is the number of knots. 𝜉𝑗 is the positions of the knots. The free 

coefficients of the spline function is m+n+1. Each polynomial piece has n+1 coefficients, 

and the continuity conditions introduce n bands per knot, leaving (m+1)(n+1)-

mn=M+N+1 free coefficients. Is an example of fitting process. The data treatments 

follow this rules. 

 

Figure VI. 4 spline function(solid curve) with two knots, fitted to data points(crosses) 

Any spline function6 of given degree can be expressed as a linear combination of 

B-spline. B-splines have knots that are equidistant from each other. B-splines can be 

used for curve-fitting because they creates smooth curves. 
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VI.1.2 Model B 

The second model is a direct uniaxial effective medium approach. As 

demonstrated by the SEM images, the films are structurally uniaxial and homogeneous 

and we can define their dielectric permittivity tensor with the ordinary (parallel to the 

substrate, εord=ε//) and extraordinary (normal to the substrate, εextraord=εz)  

VI.1.2.1 Model B-1 

The Model B-1 (Figure VI. 1(b)) is a direct uniaxial effective medium approach 

(compared to the indirect approach using the fitted lamellar stack) in which we use the 

super-lattice results as initial guesses. It combines the surrounding half layers, i.e. the 

bottom dNC/2 and top layer dPS/2 into the effective uniaxial layer, in order to account for 

the whole self-assembled diblock copolymer film. The uniaxial permittivity (ε//, εz) of the 

medium EM2 is determined by fitting the Model B-1 to the SE data using the BSPLINE 

function available in the Complete Ease software and using the results of Model A as 

an initial guess. This fitting procedure allows to extract ε// (λ) and εz (λ) for the different 

values of N. 

VI.1.2.1 Model B-2 

We assume that the film is a uniaxial anisotropic film. Shown in Figure VI. 1(b), it 

consists of the ε//(λ) (for ordinary) and εz(λ) (for extraordinary). In order to construct the 

components ε//(λ) and εz(λ), we can point out that, if εNC(λ) follows a Maxwell-Garnett 

variation (equation 6-3), and εPS(λ) is a constant on most of the wavelength range, then 

equations 6-1 and 6-2 will lead to functions ε//(λ) and εz(λ), which present also a 

Maxwell-Garnett variation, with amplitudes slightly varying with the gold volume 

fraction for ε//(λ) and strongly varying with the gold volume fraction for εz(λ). Therefore, 

in this model, εz(λ) is described 

by a mixture of polymer and 

gold, with a Maxwell-Garnett 

Effective Medium 

Approximation (see Figure VI. 

5) and a gold volume fraction f 

fixed to 5 %(see Equation 6- 

1).  

Figure VI. 5 εz(λ) used in Model B 
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As we detailed in the Chapter II.1, PS-P2VP is described by the New Amorphous 

dispersion relation (see Equation 2-8) with the parameter 𝑛∞=1.507, 𝜔𝑔 = 3.833𝑒𝑉, 

𝑓𝑗 = 0.055𝑒𝑉, 𝜔𝑗 = 5.397𝑒𝑉 and Γ𝑗 = 0.593𝑒𝑉. The permittivity of gold nanoparticles7  

and PS-P2VP are shown in Figure VI. 6. 

 

Figure VI. 6 the permittivity of (a) PS-P2VP and (b) gold nanoparticles used in model. 

For ε//(λ), two different approaches are used. The first one is to also model this 

component as that of a mixture of polymer and gold, with a Maxwell-Garnett Effective 

Medium Approximation (see Equation 6- 1), noted as εMG. It consists of PS-P2VP and 

gold nanoparticles with the volume fraction of gold used as the fitting variable.  

The second approach used is the Tauc Lorentz8 dispersion function of the 

appropriate effective medium with one oscillator (details see Equation 2-10 and 2-11 

of Chapter II.1.3), noted as εTL. Recall from Chapter II.1 Tauc Lorentz8 (see Equation 

2- 10) and oscillators9 dielectric functions (see Equation 2- 11) are the following: 

Equation 2- 10  𝜀 = 𝜀1 + 𝑖𝜀2 where: 

  𝜀1 =
2

𝜋
∙ 𝑃 ∙ ∫

𝜉∙𝜀2(𝜉)

𝜉2−𝐸2 𝑑𝜉
∞

𝐸𝑔
 

  𝜀2 = {
1

𝐸
∙

𝐴∙𝐸0∙𝐶∙(𝐸−𝐸𝑔)
2

(𝐸2−𝐸0
2)

2
+𝐶2∙𝐸2

     , 𝐸 > 𝐸𝑔

0                                   , 𝐸 ≤ 𝐸𝑔

  

- E is photon energy; 

- Eg is the optical band gap; 

- E0 is the peak central energy; 

- C is the broadening term of the peak; 
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- P is the Cauchy principal value containing the residues of the integral at poles 

located on lower half of the complex plane and along the real axis. 

Equation 2- 11  𝜀 =
𝑓𝑗𝜔0𝑗

2

𝜔0𝑗
2 −𝜔2+𝑖𝛾𝑗𝜔

 

With oj the resonance frequency, fj an amplitude factor and j the dissipation term. 

In the Maxwell-Garnett Effective Medium Approximation, the resonance position 

of gold is fixed to a certain position, which leads to disagreement with the experimental 

data for some samples. However εMG give us an initial guess of the volume fraction of 

gold inside layers. The dielectric function constructed with a Tauc Lorentz8 function 

plus one oscillator is more flexible in the resonance position, which may give a better 

approach.  

The data were analyzed using the DeltaPsi2 software from Horiba Scientific.  

VI.2 Dimensions and optical properties 

As we discussed in the previous chapters, we produce well controlled lamellar 

structures with film thickness from ca. 100nm to 700nm and lamellar period from 

ca.17nm to 70 nm. 

VI.2.1 Influence of the film thickness 

VI.2.1.1 Samples structure 

The studied samples were all fabricated from poly(styrene)-block-poly(2-

vinylpyridine) (Mn 25000-25000, PDI 1.06), with lamellar period of 30nm. The 

description of the fabrication can be found in the Chapter III.1.1.2 and the film 

thicknesses were measured by SEM and SE (spectroscopic ellipsometry). The number 

of impregnation cycles are written as N. Note the thickness measurement extracted 

from SE is carried out before gold impregnation process, when the film is not organized 

yet, while the values from SEM are measured after gold impregnation process. Also, 

the SE measurement is an average value on a large area of the sample, while the 

measurements done on the SEM images are very local.  

We show here the comparison of the results obtained on films of PS-b-P2VP 25k-

25k of two different thicknesses. We repeated the loading process for N=10 cycles 
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(see detail of loading process in Chapter IV.2.2), and the volume fraction of gold in the 

PVP layers can be estimated at ca. 20 %( measurement details given in Chapter 

IV.3.3). 

Table VI. 1 Samples used for analyzing the effect of the film thickness 

Samples D1 D2 

Thickness (SE) 287 nm 671 nm 

Thickness (SEM) 287.1 nm 655.1 nm 

The structure of the samples is shown on the side images obtained by SEM BSEI 

mode (see Chapter II.3) in the Figure VI. 7. 

 

Figure VI. 7. BSEI SEM images of films of PS-b-P2VP 25k-25k after N=10 gold impregnation cycles 

(a) D1 with thickness 287.1 nm (b) D2 with thickness 655.1 nm 

VI.2.1.2 Optical responses 

We start by plotting the pseudo permittivity <ε> of the films. The pseudo 

permittivities <ε> are shown in Figure VI. 8(a) shows the pseudo permittivities for the 

samples without gold nanoparticles(N=0), which present the regular fringes related to 

the thickness of the film: their spectral separation is smaller when the thickness is 

larger. When the films are loaded with gold (N=10), the fringes are damped in the UV 

range due to the intraband absorption of gold. Moreover, their amplitude is also 

strongly modified around 2.1 eV (λ ~ 590 nm), which is caused by the surface plasmon 

resonance of the gold nanoparticles. 
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Figure VI. 8 Real (upper plots) and imaginary (lower plots) part of the pseudo permittivity <ε> 

extracted from the ellipsometry data (a) N=0 and (b) N=10. The ellipsometry data are measured 

at AOI 65°. The thicknesses of D1 and D2 are 287 nm and 655 nm, respectively. 

For the films D1 and D2 with N=5 and 10, we fitted the ellipsometry data by the 

uniaxial layer Model B-2, using a fixed MG function for the extraordinary permittiviy εz 

and adjusting the ordinary direction permittivity of uniaxial layer ε//. For εz we use a MG 

function with f=5.0%. For ε//, the first approximation is (MG) Maxwell-Garnett Effective 

Medium: the permittivity of ε// is noted as εMG in this approach. The second 

approximation (TL) is a Tauc Lorentz function with an additional oscillator: the 

permittivity of ε// is noted as εTL. in this case. The fitting is shown in Figure VI. 9, both 

of the fitting are works good, which tend to confirm the anisotropy of our system. When 

comparing the two different fittings in Figure VI. 9, we see that the TC-fitting (in red) 

adjusts better the plasmon spectral range (between2.0 and 2.5eV). This is due to the 

larger flexibility of the TC fitting, in which both the spectral position and the amplitude 

of the resonance can be varied. 
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Figure VI. 9 Fitting with the Model B-2 of the ellipsometric data Is (left plots) and Ic(right plots) 

versus to photon energy (eV). The experimental data (EXP) are in blue, ε// described by Maxwell-

Garnett approximation media (MG) are in black, and by Tauc Lorentz with one oscillator are in 

red. The ellipsometry data are measured at AOI 65°. The thicknesses of (a) D1 and (b) D2 are 287 

nm and 655 nm, respectively. 

For εMG, the fitting results are shown in Table VI. 2 and Figure VI. 10(a). From 

Equation 6- 1, f, the volume fraction of gold inside films is the only fitting parameter in 

this case. We can see that in the low value of N=5, the thicker film takes more gold, 

5.8% in the film D1 with thickness of 287nm and 9.8% in the film D2 with thickness of 

655nm. While in the high value of N=10, there is no difference in the thin and thick 

films, 16.4% in film D1 with thickness of 287 nm and 17.33% in film D2 with thickness 

of 655nm. From Figure VI. 10(a), we can see that the change of film thickness from 

287nm to 655nm have no influence in the properties of the films. The MG model gives 

the same spectral position for the absorption and, which is not exactly in agreement 

with the resonance observed in the experimental data. This is the limitation of the use 

of the MG approach, which could be improved by the TL fit. 
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Figure VI. 10 Real (upper plots) and imaginary (lower plots) parts of the permittivity ε// extracted 

from the ellipsometry data using the Model B-2. The uniaxial media is described by (a) Maxwell-

Garnett Effective Medium Approximation and (b) Tauc Lorentz dispersion formula with one 

oscillator. The ellipsometry data are measured at AOI 65°. The thicknesses of D1 and D2 are 287 

nm and 655 nm, respectively. 

Table VI. 2  Volume fraction of gold used in Maxwell-Garnett Effective Medium Approximation 

Parameters. The thicknesses of D1 and D2 are 287 nm and 655 nm, respectively. 

 D1 D2 

N=5 5.8% 9.8% 

N=10 16.37% 17.33% 

With the second fit εTL, the fitting results are listed in Table VI. 3 and Figure VI. 

10(b). We can see that as the thickness of sample increases the energy position of the 

peak of absorption 𝐸 are similar (2.09eV and 2.08eV). From Figure VI. 10, for N=5, as 

the thickness of layer increase, the resonance become stronger at 2.1eV (λ~590nm), 

while the position of resonance trends to the same when N=10. This results in a good 

agreement with MG fitting. From the ε//(λ) (both εMG Figure VI. 10(a) and εTL Figure VI. 

10(b)) of D1 and D2 are almost overlapped, the thickness of film has little influence on 

the optical properties. 
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Table VI. 3 Tauc Lorentz and oscillator (Equation 2-10 and Equation 2-11) parameters found 

through the fit of the ellipsometry data for the samples with N=5 and 10. The thicknesses of D1 

and D2 are 287 nm and 655 nm, respectively. 

  

D1 D2 

N=5 N=10 N=5 N=10 

𝜀∞ 3.370 4.670 4.190 5.420 

𝐸𝑔 1.600 1.550 1.260 1.510 

𝐴 5.200 20.000 2.410 16.940 

𝐸 2.210 2.090 2.280 2.080 

𝐶 0.640 0.370 0.450 0.320 

𝑓 -0.530 -1.300 -0.990 -1.950 

𝜔0 6.430 5.160 6.300 6.130 

𝛾 -7.950 -3.010 -5.080 -3.640 

 

Figure VI. 11 Comparison of the real (a) and imaginary (b) parts of the ordinary permittivity ε// 

extracted from the ellipsometry data using the Model B-2. The media for ordinary direction is 

described by Maxwell-Garnett Effective Medium Approximation (MG dash lines) and Tauc 

Lorentz dispersion formula with one oscillator (TL continuous lines). The film thicknesses of D1 

and D2 are 287 nm and 655 nm, respectively. The value of N stands for the number of gold loading 

process cycles. The curves are vertically shifted for clarity. 
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The Figure VI. 11 compares the ε// extracted from the two used fits. With the TL 

function, the plasmon resonce spectral position and width are fixed, while the MG 

function restricts these features. As we discussed in previous chapters, our fabrication 

method provides gold nanoparticles with some polydispersity and packed in a dense 

and disordered way in the NC layers, which may lead to wide and red-shifted plasmon 

peaks. At this point, the TL fitting appears more appropriate in this system. TL fitting 

results show that as the value of N increases, the plasmon resonance position has a 

red shift. 

In conclusion, both of the fitting indicate that the results of the gold loading process 

we used do not depend on the thickness of the film in the studied range. With the 

increase of the N value, there might be a small influence of thickness on the films. Also, 

the optical properties analysis can be done in the same way for different film 

thicknesses. 

VI.2.2 Influence of the lamellar period 

VI.2.2.1 Samples structure 

As was detailed in Chapter III.2, using different molar masses of symmetrical PS-

b-P2VP diblock copolymers, we can obtain lamellar films with different lamellar periods 

between 17 nm and 80 nm. The lamellar period extracted by SAXS is obtained on bulk 

samples without gold. 

 

Figure VI. 12 BSEI SEM images of films of PS-b-P2VP 25k-25k after N=10 gold impregnation 

cycles with layer thicknesses (a) t1 16.4 nm (b)t2 31 nm (c)t3 78.5 nm 

The SEM BSEI micrographs in the Figure VI. 12 show the structure of the samples 

after 10 gold impregnation cycles. The structure of the sample t1, from the copolymer 

PS-b-P2VP 102k-97k is not as regular as the two other samples, but we can still 

identify a lamellar organization and count the number of layers. These lamellar 
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samples were shown to have interesting plasmonic response leading to plasmon-

induced Brewster extinction23. For the copolymer PS-b-P2VP 8.2k-8.3k, the image 

indicates a nice lamellar order, but the SEM resolution does not allow counting the 

number of layers. 

Table VI. 4 Characteristics of the samples with different lamellar period. 

Samples t1 t2 t3 

Lamellar period (SAXS) 16.4nm 36.8nm 78.5nm 

Lamellar period  (SEM) // 31 nm (7 layers) 120 nm (4 layers) 

Thickness (SE) 213 nm 225 nm 507 nm 

Thickness (SEM) 265.4 nm 242.6 nm 519.6 nm 

VI.2.2.2 Optical responses 

 

Figure VI. 13 Real (a) and imaginary (b) part of the pseudo permittivity <ε> extracted from the 

ellipsometry data using the Model A. The ellipsometry data are measured at AOI 65°. The layer 

thicknesses of t1, t2 and t3 are 16.4 nm, 31 nm and 78.5 nm, respectively. 

We start by plotting the pseudo permittivity <ε> of the individual film. The pseudo 

permittivities <ε> are shown in Figure VI. 13. For the sample t3, the separation of the 

fringes is due to the difference thickness of film, t1 and t2 are ca.250nm, while t3 is 

520nm (seeTable VI. 4). As we concluded in the previous section, the film thickness 

has negligible influence on optical analysis. We can suppose that the difference in 

thickness will have no effect on our analysis. The fringes are damped in the UV range 

in the presence of gold, due to the intraband absorption of gold. Moreover, their 

amplitude around 2.1 eV (λ~590 nm) is markedly modified as N increases, which is 

due to the plasmon resonance of the gold nanoparticles. However, it is difficult to 

extract more information from the pseudo-permittivities. 
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As for the film thickness analysis, we extract the ordinary direction permittivity of 

uniaxial layer ε// by Model B-2 with a fixed εz (Figure VI. 5) of extraordinary direction 

from t1, t2 and t3 when N=5 and 10. The ordinary permittivity ε//.is modeled either by a 

(MG) Maxwell-Garnett Effective Medium (the permittivity ε// is noted εMG or by a (TL) is 

Tauc Lorentz with one oscillator (the permittivity ε// is noted εTL. in this case). The fittings 

are shown in Figure VI. 14, and both of the fitting are good. When comparing the two 

different fittings in Figure VI. 14, we can see that the MG fitting (in black) adjusts less 

well the experimental data, especially in the spectral range pf the plasmon resonance 

of the gold NPs, while the TL fitting (in red) adjusts better the data. As we said earlier, 

with the TL function, the plasmon resonance spectral position and width are not fixed, 

unlike with the MG function. In the sample t3 (Figure VI. 14(c)), the fitting lines are not 

very good, which is probably related to the unwell defined film (see Figure VI. 12(c)). 

 

Figure VI. 14 Fitting results of Model B-2 for Is (left plots) and Ic (right plots) versus the photon 

energy (eV). The experimental data (EXP) are in blue, fitting ε// described by Maxwell-Garnett 

approximation media (MG) is in black, and fitting by Tauc Lorentz with one oscillator is in red. 
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The ellipsometry data are measured at AOI 65°. The bilayer thicknesses of (a) t1, (b) t2 and (c) t3 

are 16.4nm, 31nm and 78.5nm, respectively. 

For the ε//, the fitting results of MG are shown in Table VI. 5 and Figure VI. 15(a). 

From Equation 6- 1, f, the volume fraction of gold inside the films is the only fitting 

parameter in this case. We can see that for that both values of N=5 and N=10, when 

the bilayer thickness increase, the films have a slightly higher uptake of gold. When 

N=5, 6.2 % and 7.3 % are present in t1 and t2, whose bilayer thickness are 16.4nm 

and 31 nm. While as the bilayer thickness continuous to increase, the structure is not 

well defined and the amplitude around gold plasmon resonance is not as good as t2. 

Furthermore, the MG gives the same position of absorption, which is not exact in the 

experimental data. This is the limitation of the usage of the MG approach, which is 

improved by the TL fit.  

Table VI. 5  Volume fraction of gold used in Maxwell-Garnett Effective Medium Approximation 

Parameters. The bilayer thicknesses of t1, t2 and t3 are 16.4 nm, 31 nm and 78.5 nm, respectively. 

 t1 t2 t3 

N=5 6.2% 7.4% 5.1% 

N=10 10.9% 13.72% 12.7% 

Table VI. 6 Parameters used in Tauc Lorentz and one oscillator (Equation 2-10 and Equation 2-

11). The bilayer thicknesses of t1, t2 and t3 are 16.4 nm, 31 nm and 78.5 nm, respectively. 

  

t1   t2   t3   

N=5 N=10 N=5 N=10 N=5 N=10 

𝜀∞ 3.37 8.71 3.53 4.68 2.74 14.30 

𝐸𝑔 1.78 1.16 1.86 1.59 1.68 1.31 

𝐴 8.06 3.90 20.57 16.70 14.63 13.25 

𝐸 2.40 2.03 2.03 2.07 2.19 1.92 

𝐶 0.50 0.43 0.30 0.36 0.69 0.52 

𝑓 -0.53 -5.67 -0.59 -1.41 -0.34 -11.53 

𝜔0 5.39 16.21 5.43 6.42 4.66 13.08 

𝛾 -1.48 -7.61 -4.57 -4.36 -0.61 -0.54 

The second approximation (TL) is a function Tauc Lorentz with one oscillator (the 

permittivity ε// is noted εTL. in this case), the fitting results are listed in Table VI. 6 and 

plotted in Figure VI. 15(b). We can see that as the bilayer thickness of the samples 
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increases from 16nm to 31nm, both in N=5 and N=10, the plasmon resonance is 

stronger around 2.1eV (λ~590nm) and the position of resonance varies only a little. 

With the increase of volume fraction of gold (comparing N=5 and N=10), all the 

samples show a red shift of the resonance position, which is also observed in the 

samples D1 and D2.  

 

Figure VI. 15 Real (upper plots) and imaginary (lower plots) parts of the permittivity ε// extracted 

from the ellipsometry data using the Model B-2. The uniaxial media is described by (a) Maxwell-

Garnett Effective Medium Approximation and (b) Tauc Lorentz dispersion formula with one 

oscillator. The ellipsometry data are measured at AOI 65°. The bilayer thicknesses of t1, t2 and 

t3 are 16.4 nm, 31 nm and 78.5 nm, respectively.  

The comparison of the ε// extracted from both modeling functions, is seen on the 

Figure VI. 16. From N=5 to N=10, the volume fraction of gold increases, which leads 

to a stronger amplitude ranging from 1.9eV to 2.3 eV (λ ranging from 539nm to 620nm) 

in ε//, and the red shift of the position in εTL. The εMG presents a fixed resonance position 

at 2.3eV (λ=540nm), while with εTL the position of the gold plasmon resonance varies 

a little, and the absorption peak is wider than εMG. As we discussed in previous chapters, 

our fabrication method provides gold nanoparticles with some polydispersity and 

packed in a dense and disordered way in the NC layers, which may lead to wide and 

red-shifted plasmon peak due to inter particle couplings.  At this point, the TL fitting 
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seems more appropriate in this system. TL fitting results show that as the value of N 

increases, the plasmon resonance position does not shift significantly. The absorption 

position for t1, t2 and t3 with bilayer thickness 17nm, 31nm and 78nm are at 2.05eV, 

2.15eV and 1.95 eV. Therefore, the different bilayer thickness can lead to only slightly 

different wavelengths of plasmon resonance. 

In conclusion, both fittings with MG and TL models indicate that as the bilayer 

thickness increases, a slightly higher uptake of gold occurs. However, once the bilayer 

thickness is too large (70nm), the nanostructure of the film is not well defined and leads 

to a lower amplitude of the resonance. The sample with layer thickness 31nm gives 

the strongest resonance. 

 

Figure VI. 16 Comparison of Real (a) and imaginary (b) parts of the permittivity ε// extracted from 

the ellipsometry data using the Model B-2. The media for ordinary direction is described by 

Maxwell-Garnett Effective Medium Approximation (MG dash lines) and Tauc Lorentz dispersion 

formula with one oscillator (TL continuous lines). The bilayer thicknesses of t1, t2 and t3 are 16.4 

nm, 31 nm and 78.5 nm, respectively. The value of N stands for the number of gold loading 

process cycles. The curves are vertically shifted for clarity. 
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VI.3 Different metallic particles and optical properties 

As we discussed in Chapter IV, we can introduce gold or silver nanoparticles 

inside the lamellar films. Also the size and shape of the gold nanoparticles can be 

modified by the choice of the solvent for the reducing step and/or the addition of a 

thermal annealing step, as was explained in Chapter V. We present here our study of 

how these parameters affect the optical properties. 

VI.3.1 Gold and silver nanoparticles  

VI.3.1.1 Samples structure 

The samples were all fabricated based on poly(styrene)-block-poly(2-vinylpyridine) 

(Mn25000-25000, PDI 1.06) copolymers, with lamellar period ca.30nm. The fabrication 

description can be found in the Chapter III.1.1.2. The film thicknesses were 288 ± 2 

nm measured by SE carried out before the gold impregnation process. The metal 

loading process was performed as described in the Chapter IV.2.2: in short, in the gold 

loading case (samples are named Au), the film-bearing wafer is dipped into an Au salt 

(HAuCl4) solution and then into a reducing agent (NaBH4) water solution. In the silver 

case loading case, the film-bearing wafer is dipped into an Ag salt (AgNO3) solution 

and then into a reducing agent (NaBH4) water solution (the sample is named Ag1) or 

water/ethanol solution (the sample is named Ag2). We repeat the gold/silver loading 

processes for N cycles (N from 0 to 15). In the case of gold, we know that N=5 and 

N=10 correspond to a volume fraction of gold in the PVP layers of ca. 10% and ca. 

20 %, respectively, according to the QCM study( see Chapter IV.3.3). 

 

Figure VI. 17 BSEI SEM images of films of PS-b-P2VP 25k-25k after N=10 gold impregnation 

cycles (a) gold nanoparticles in P2VP layers (b) silver nanoparticles in the first 4 P2VP layers 

from top (c) silver nanoparticles in P2VP layers 
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The structures of the samples are shown on the side images obtained by SEM in 

BSEI mode (see Chapter II.3) in the Figure VI. 17. The samples Au (Figure VI. 17(a)) 

and Ag2 (Figure VI. 17(c)) are composed of 9 bilayers (PS) + (NC), while the sample 

Ag1 (Figure VI. 17(b)) is composed of 4 bilayers (PS) + (NC), because we do not 

consider the lower part of the film where Ag did not penetrate. 

VI.3.1.2 Optical responses 

We start by plotting the pseudo permittivity <ε> of each film. The pseudo 

permittivities <ε> are shown in Figure VI. 18 and Figure VI. 19. 

 

Figure VI. 18 Real (a) and imaginary (b) parts of the pseudo permittivity <ε> from the ellipsometry 

data. The ellipsometry data are measured at AOI 65°. N stands for the number of the impregnation 

cycles for loading process. Au stands for sample with gold NPs (Figure VI. 17(a)), Ag1 stands for 

sample with silver NPs in top 4 layers (Figure VI. 17(b)), and Ag2 stands for sample with silver 

NPs in the whole film (Figure VI. 17(c)). The curves are vertically shifted for clarity. 

Before the metal loading process, the three samples Au, Ag1 and Ag2 were 

started in the same conditions and in Figure VI. 18, when N=0 the curves of the three 

samples Au, Ag1 and Ag2 overlapped. As the value of N increases, the fringes in UV 

range damped due to the absorption by the metallic particles. Between the 1.8eV and 

2.1eV, the samples with both gold and silver have strong absorption. In the case of 

gold, we can identify an absorption peak, which is caused by the gold nanoparticles 
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plasmon resonance at 2.1eV. On the other hand, the samples with Ag shows a board 

absorption in the whole visible range. From the micrographs of Ag1 and Ag2 shown in 

Figure VI. 17, we can see that the silver particles in Ag2 are much bigger and more 

polydisperse than the ones in Ag1: these large and polydisperse silver particles cause 

strong and borad absorption, as can be observed in the figures. As the value of N 

increases, these phenomena occur more significant. We can see that in Figure VI. 18, 

the dash blue line is almost flat in the whole visible wavelength range.  

 

Figure VI. 19 Real (a) and imaginary (b) parts of the pseudo permittivity <ε> from the ellipsometry 

data. The ellipsometry data are measured at AOI 65°. The different impregnation cycles for 

loading metal N=5, N=10 and N=15 are shown in the figure with gradually lighter colors. Au 

stands for the sample with gold NPs (Figure VI. 17(a)), Ag1 stands for sample with silver NPs in 

the top 4 layers (Figure VI. 17(b)), and Ag2 stands for the sample with silver NPs in the whole 

film (Figure VI. 17(c)). The curves are vertically shifted for clarity. 

As the value of N increases, we can see from Figure VI. 19 that the curves of Au, 

Ag1 and Ag2 change gradually, which indicates that the metallic particles are loading 

little by little. In the case of the sample with gold, the resonance caused by the Au 

nanoparticles ca. 2 eV(λ~620nm) are stronger and have a red shift as the value of N 

increase. In the case of Ag1 and Ag2, the absorption is stronger as the value of N 

increases. A significant difference in optical response is observed between Ag1 and 

Ag2. 
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However, the models we mentioned in VI.1 do not fit well the experimental data 

(see Figure VI. 20). To access the permittivity of the samples with silver, we would 

need a better model of analysis. 

 

Figure VI. 20 Real (upper plots) and imaginary (lower plots) parts of the pseudo permittivity <ε> 

of (a) samples Ag1 and (b) Ag2. EXP stands for the ellipsometry data (blue dots) and MG stands 

for the fitting lines of Model B-2 (red curves). We extract the ordinary direction permittivity of 

uniaxial layer ε// by Model B-2 with the fixed extraordinary component εz (Figure VI. 5) and the ε// 

is the approximation of Maxwell-Garnett Effective Medium. The ellipsometry data are measured 

at AOI 65°. The number of impregnation cycles for metal loading is N=10. Ag1 stands for the 

sample with silver NPs in the top 4 layers (Figure VI. 17(b)), and Ag2 stands for the sample with 

silver NPs in the whole film (Figure VI. 17(c)). 

In conclusion, different metallic particles of Au and Ag in lamellar structure give 

different optical responses. The structures with silver NPs show stronger absorption 

than the one with gold. To analysis the detail of the different responses, we need a 

better fabrication method to reach a better dispersion and homogeneity of the silver 

NPs in the films and a better model for analysis. 
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VI.3.2 Gold nanoparticles shape 

VI.3.2.1 Influence of the shape of the gold nanoparticles 

A step of thermal annealing10,11 can change the shape of gold nanoparticles inside 

the layers. As we mentioned in the Chapter V.1.2, once the thermal annealing process 

was introduced at the end of the gold loading process, significant changes of gold 

nanoparticles shape were observed (Figure VI. 21). However, the shape of the gold 

nanoparticles inside the layers is very diverse, including spheres, prism, and cylinders, 

which induces a broadening of the resonance and a loss of interesting properties. Our 

results suggest that the shape of the nanoparticles can probably be controlled by the 

temperature of the annealing process, and this could be studied in the future. 

 

Figure VI. 21 Gold particles in the film fabricated with impregnation process (N=10) with an 

annealing process after N=5 and N=10. 

We can see from Figure VI. 22 that the samples non annealed (N=0) and annealed 

(AN=0) before gold incorporation give the same optical response (blue lines). After 10 

cycles of impregnation (black lines), a broad peak appears at photon energy of 2eV 

(λ=620 nm), which we attribute to the plasmon resonance of the gold nanoparticles , 

but it is lower in the annealed film (black dash line) than in the film without annealing 

(normal gold loading process, black solid line). As the gold loading goes up to 20 cycles 

of impregnation (red lines), the resonance is increased for the film without annealing 

(red solid line) and shifted to a photon energy of 1.65eV (λ=750 nm), while it has 

completely disappeared for the film with annealing process (red dash lines), which is 

probably due to the fact that the gold nanoparticles fuse and become much less well 
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defined during the annealing. Also, the size of gold nanoparticles becomes larger, 

which is another reason for the red shift of the resonance. 

However, the model B-2 in Figure VI. 1(b) does not work perfectly, because gold 

nanoparticles in the film have various shape and high polydispersity, which makes the 

optical responses complex and difficult to fit.  

 

Figure VI. 22 Real (a) and imaginary (b) parts of the pseudo permittivity <ε> from the ellipsometry 

data using the Model A. The ellipsometry data are measured at AOI 65°. N stands for the normal 

loading process, while AN stands for the gold loading process with thermal annealing every 5 

cycles. And the value after N and AN means the number of cycles of loading processes. 

VI.3.2.2 Ellipsoidal gold nanoparticles 

 

Figure VI. 23 Type of ellipsoid corresponds to semi-principal axes a, b, and c. 

We saw in the previous paragraphs that when we fit the SE data, the resonance 

spectral position and width does not always correspond to what is predicted by a simple 

MG model of spherical gold nanoparticles in a polymer matrix. We know, from the 

previous work of Kévin Ehrhardt12 and Julien Vieaud13, that this could be due to either 

non-spherical shape of the nanoparticles, or interparticle couplings, which can be 
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modeled by non-spherical polarizabilities of the gold NPs. In this section, we are going 

to give simulations of the SE signal for lamellar nanocomposites with various shapes 

of ellipsoid. 

Ellipsoid is a closed quadratic surface that is a three dimensional analogue of an 

ellipse (see Figure VI. 23), where a1, a2 and a3 are called the semi-principal axes (see 

Equation 6- 6).  

Equation 6- 6  
𝑥2

𝑎1
2
+

𝑦2

𝑎2
2
+

𝑧2

𝑎3
2
= 1 

a1, a2 and a3 correspond to the semi-major axis and semi-minor axis of the 

appropriate ellipses (see Figure VI. 23). Sphere is a particular case when a1=a2=a3, 

while when a1=a2<a3 (a1=a2>a3) it is called prolate (oblate). Of course there will be 

some cases of a≠b≠c≠a, we are going to discuss the simple cases with a revolution 

symmetry: sphere, prolate and oblate in this section.  

The depolarization factors Ni in ellipsoid is shown in Figure VI. 24. It can be 

calculated by  

Equation 6- 7  𝑁𝑖 =
𝑎1𝑎2𝑎3

2
∫

𝑑𝑞

(𝑎𝑖
2+𝑞)𝑓(𝑞)

∞

0
 

Where 𝑓(𝑞) = √(𝑎1
2 + 𝑞)(𝑎2

2 + 𝑞)(𝑎3
2 + 𝑞) 

The depolarization factors have the following 

properties 𝑁1 + 𝑁2 + 𝑁3 = 1. If 𝑁1 = 𝑁2 = 1/3 the 

particle is a sphere.  

In the two particular cases of ellipsoids, 

prolate (a1>a2=a3) and oblate (a1=a2 <a3), their 

depolarization factors are described in Equation 

6- 8 and Equation 6- 9, respectively.  

Equation 6- 8  𝑁1 =
1−𝑒2

𝑒2
[−1 +

1

2𝑒
𝑙𝑛 (

1+𝑒

1−𝑒
)] 

Where the excentricity e is defined by 

 𝑒2 = 1 −
𝑎2

2

𝑎1
2
 

Figure VI. 24 the shape of the ellipsoids 

as a function of the depolarization 

factors N1 and N2. The gray area 

corresponds to the case N1 < N2 < N3. 

The spheres are located on the central 

point of the triangle, the intersection of 

the different line segments (figure from 

Bohren and Huffman21). 
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Equation 6- 9  𝑁1 =
𝑔(𝑒)

2𝑒2 [
𝜋

2
− 𝑎𝑟𝑐𝑡𝑎𝑛 (𝑔(𝑒))] −

𝑔2(𝑒)

2
  

Where 𝑔(𝑒) = √
1−𝑒2

𝑒2  and 𝑒2 = 1 −
𝑎3

2

𝑎1
2 

The polarizability of a nanoparticle relates the dipolar moment p, which the NP will 

acquire when submitted to an electric field E, to the field: p=αE. The polarizability of 

an ellipsoid is different depending on the direction of the field, shown as following 

matrix:  

𝛼̿ = (

𝛼𝑥 0 0
0 𝛼𝑦 0

0 0 𝛼𝑧

) 

By definition, the depolarization factor Ni is a geometrical factor in which the 

complexity of the geometrical calculation is hidden. The polarizability can then be 

expressed with a simple expression 

𝛼𝑖 = 𝑉
𝜀𝑝 − 𝜀ℎ

𝜀ℎ + 𝑁𝑖(𝜀𝑝 − 𝜀ℎ)
 

Where 𝑁𝑖 is the depolarization in the direction i. 

The model (see Figure VI. 25) used for simulation is based on the structure we 

fabricated by PS-P2VP with layer thickness 20 nm. The material PS and P2VP can be 

described by New amorphous with the parameters listed in Table VI. 7. The model 

considers a lamellar stack, as shown in the Figure VI. 25 with nanocomposite layers 

described as effective medium consistsing of mixture of P2VP with 20% in volume 

fraction of the non-aligned ellipsoidal gold nanoparticles following Maxwell-Garnett 

theory. The gold nanoparticle used in the model are in Figure VI. 2. The only variable 

parameter in the simulation is the shape 

of ellipsoid with 𝑁1 (see Figure VI. 24). 

When we assume the whole 

samples as a bulk material including 

silicon wafer and all the layers, the 

pseudo-permittivity <ε>  was simulated 

by the DeltaPsi software and is plotted in 

Figure VI. 26 (note not the real 

permittivity). It gives primary indications 

Figure VI. 25 model used for simulation 
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on the optical responses from various ellipsoid particles. As the value of depolarization 

factor approaches 1/3, the value face sphere, the peak caused by the resonance of 

gold at 1.925 eV to 2.1 eV (λ ranging from 644.1 nm to 590.3 nm) is the strongest. 

Once the shape of particles tends to be oblate or prolate, the peak has a red shift and 

the resonance becomes weaker.  

Table VI. 7 Parameters of PS and P2VP used in New amorphous equations 

Parameters 𝑛∞ 𝜔𝑔 𝑓𝑗 𝜔𝑗 Γ𝑗 

PS 1.541 3.713 0.124 5.408 1.728 

P2VP 1.460 2.059 0.017 6.922 0.608 

 

 

Figure VI. 26 the real part of <ε> in various value of depolarization factor N1, whose values 

correspond to the shape of the ellipsoid in Figure VI. 24. The curves are vertically shifted for 

clarity. 

Using ellipsoidal particles in the model did not, however, improve much the fits 

obtained in our systems, compared to a TL fit as presented before. 

VI.4 Effect of the volume fraction of gold particles on the 

optical properties 

As we discussed in VI.2, we know that the film thickness have negligible influence 

on the optical properties and the film with bilayer thickness 31nm have the strongest 

resonance for a given number N of impregnation cycles. We also know that the volume 
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fraction of gold particles plays an important role in optical responses based on previous 

analysis. In order to study the complete optical properties and determine if we can 

access hyperbolic metamaterials, we chose a lamellar nanocomposite structures of 

12~14 layers with characteristic size ca. 30 nm and various volume fraction of gold to 

discuss the possibility of the sample to have hyperbolic properties14,15, based on the 

following features: the material presents a high degree of order and a uniaxial 

symmetry with the lamellar phase in parallel alignment, it has a characteristic size 30 

nm<< 500 nm (wavelength of gold NPs resonance) and combines a gold nanoparticles 

response (ε<0) and a polymer layer response (ε>0). In this section, we are going to 

study the volume fraction of gold nanoparticles influences the optical properties and 

also demonstrate that the studied system achieves the hyperbolic metamaterial regime. 

 

Figure VI. 27 Backscattering scanning electron microscopy side-view image (SEM) of a 370 nm-

thick film of alternating layers of poly(styrene) (PS, appearing black) and Au nanoparticles: P2VP 

nanocomposite (NC, appearing white). The lower and upper black domains of the micrograph 

are the substrate and the air, respectively. The trihedral indicates the ordinary ((x,y) or //) and 

extraordinary (z) directions. 

VI.4.1 Structure details and measurement 

The studied samples were fabricated by poly(styrene)-block-poly(2-vinylpyridine) 

(Mn25000-25000, PDI 1.06), with lamellar period ca.30nm. The fabrication description 

can be found in the Chapter III.1.1.2. The film thicknesses were measured by SE 

(spectroscopic ellipsometry) before gold loading. The film-bearing wafer is dipped into 

an Au salt (HAuCl4) solution and then into a reducing agent (NaBH4) solution. We 

repeat the gold loading process for N cycles (N from 0 to 30 see Chapter IV.2.2). In 

the case of gold, we know that when N=5 and N=10, these correspond to a volume 

fraction of gold in the PVP layers of ca. 10% and ca. 20 % according to the QCM study 

(see Chapter IV.3.3). 
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 (a)   (b)   (c)    (d) 

 

Figure VI. 28 Backscattering scanning electron microscopy side-view image (SEM) of the 265 

nm-thick film of alternating layers of pure polymer (PS, appearing black) and of Au 

nanoparticles:P2VP nanocomposite (NC, appearing white), for a number of cycles of gold 

impregnation and reduction of N=5 (a), 10 (b), 20 (c), 30 (d). 

A structure of alternating pure PS and (NC) (Au nanoparticle plus P2VP 

nanocomposite) layers is produced and measured by SEM (Figure VI. 28) in different 

values of N=5, 10, 20 and 30. Optical studies of the film were performed at different 

steps along the fabrication process by SE, so that the same film was investigated for 

different values of N, which we will refer to in the following as “kinetic” measurements.  

 

Figure VI. 29 Transmission electron microscopy (TEM) image obtained with a grid on which was 

deposited a drop of the dispersion obtained by full dissolution of a film, at the step N=20 of the 

fabrication process, in a good solvent of the diblock copolymer. The image evidences gold 

nanoparticles of mean diameter 7 nm. Note that this observation technique being destructive, it 

was performed on different samples than the ones studied by SEM and VASE. 

The nanoparticles inside films were analysis by TEM and SAXS. Both techniques 

measured a dispersion obtained through the full dissolution of the samples in a good 

solvent of the diblock copolymer at the end of the fabrication process (detail see 

Chapter VI.2.3.2). Results show that the NC layers are composed of individual gold 

nanoparticles (NPs) of relatively homogeneous size (diameter D ~ 7±2 nm). Figure VI. 

29 shows an example of the results obtained by TEM in the case of N=25. We can 
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therefore infer that such 7 nm-gold NPs are dispersed with no specific order and 

surrounded by a P2VP matrix in NC layers. 

VI.4.2 Optical responses 

Let us now present and discuss the optical parameters that were extracted from 

the ellipsometric study for the fabricated nanostructures24. This part of analysis was 

done in collaboration with Morten Kildemo, from the Norwegian University of Science 

and Technology (NTNU), in Trondheim, using the analysis software called Complete 

Ease from J.A. Woolam Company using spline function. 

VI.4.2.1 Primary results 

The “kinetic” VASE information was 

obtained by recording the full spectra 

every five gold loading cycles. This turns 

out to be very important information about 

the stacked structure as it is progressively 

evolving upon increased gold absorption 

in the layers. 

From Figure VI. 30, we can see for 

the initial lamellar structure (before 

infiltration, N=0), periodic oscillations 

typical of interferences driven by 

reflections at the air/film and 

film/substrate interfaces, as both PS and 

P2VP polymers are transparent in the 

studied energy range. As N is increased, 

the extrema shift toward lower energies 

and the fringe spectral separation 

decreases indicating an evolution 

possibly combining an increase in the 

total film thickness and a change in the 

effective dielectric function of the NC (Au 

nanoparticles:P2VP) layers. Moreover, 

their amplitude decreases markedly as 

Figure VI. 30 Evolution of the measured 

ellipsometric angles Ψ and Δ as a function of 

the photon energy for an angle of incidence of 

θo=65° and different values of N between 0 and 

25. The spectroscopic features are damped as 

N increases, due to the increasing absorption 

of the film 
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the volume fraction of Au increases and the absorption of light by the LSPR and 

interband transitions in Au nanoparticles becomes dominant. Nevertheless, the 

interference features are damped but not rubbed out after successive infiltrations, 

showing that light does still travel through the film thickness and that the material 

remains at least partially transparent in this spectral range. 

VI.4.2.2 Nanocomposite (NC) layers 

 

Figure VI. 31 (a)Real (upper plot) and imaginary (lower plot) parts of the dielectric function εNC of 

the NC layers in the lamellar stack, as extracted from the SE study for different values of N 

between 5 and 25. The dotted line is the dielectric function used for the PS layer, with Im(εPS)=0. 

The resonance amplitude varies as N increases, due to the increasing introduction of plasmonic 

NPs. 

We start by extracting the optical properties of the individual NC layers with model 

A (Figure VI. 1(a)) by making up the lamellar stack. From SEM images, we fully 

characterize the structure of the studied multistack films. As can be seen on an 

example for N=5(Figure VI. 28), the film is composed of 9 bilayers of (PS) + (NC), 
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where the thickness of (PS) and (NC) dpoly=dNC=14nm, with an additional (NC) layer of 

6 nm along the substrate surface and an additional (PS) layer of 6 nm along the air. 

The additional homogeneous layer of thickness dSAu in the model A is to account for 

the uncontrolled gold deposit layer on top of films. The thickness of this Au pollution 

layer (dSAu) was found to increase from 4 nm at N=5, to 20 nm at N=25, which is in 

agreement with the SEM observations. In fact, for N ≤ 15, the results show very little 

variation when removing the top layer from the model (dSAu=0), confirming its presence 

is negligible. 

The resulting dielectric functions are consistent with what can be expected for a 

disordered composite of spherical inclusions within a homogeneous matrix. In fact, 

such composite can be described, at least at small gold volume fraction by the 

Maxwell-Garnett effective medium function16 (Equation 6- 1). The Figure VI. 31(b) 

shows how the extracted values of εNC compare with those of εMG, calculated using 

Equation 6- 1 and a dielectric function for gold modified from the Johnson & Christy 

tabulated data4,7 in order to take into account finite size effects, which we used before. 

For small N ≤ 5 (small gold fraction), the agreement is very good on all the red 

part of the spectrum, for wavelengths above the resonance value at ~580 nm, and 

satisfying at lower wavelengths (Figure VI. 31(b)).  

When pushing the Maxwell-Garnett effective medium approximation (MG-EMA) to 

higher N, a degraded agreement is naturally expected: it remains nevertheless 

reasonably good especially for wavelengths above 580 nm. These partial agreements 

provide rough estimates of the loading concentration in gold: we find N=5 to 

correspond to a MG-extracted value of f=7%, and N=10 and N=25 to approximately 

f=18% and f=31%, respectively. It is in good agreement with the QCM results on similar 

systems (see the Chapter IV.3.3). 

Finally, the resulting dielectric function εNC(λ)=εNC’(λ)+ i εNC”(λ) for the NC layers 

in the superlattice, from N=5 to N=30, are shown on Figure VI. 31(a). The optical 

properties of the Au-loaded polymer NC layer are dominated by a resonance at λ=580 

nm, close to that expected 13 for the plasmon resonance of the gold NPs present in the 

NC layers, with an amplitude increasing with the number of loading cycles N, as 

expected. In particular, the NC medium presents a pseudo-metallic behavior beyond 

N=15 with εNC’< 0 on a large wavelength range, of width 80 nm for N=25 and 50 nm 
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for N=20. This “pseudo-metal” behavior being resonant in nature is associated with a 

significant level of losses as can also be seen on Figure VI. 31(a). 

VI.4.2.3 Uniaxial effective medium 

 

Figure VI. 32 Real (upper plots) and imaginary (lower plots) parts of the components ε// (left) and 

εz (right) of the lamellar nanoplasmonic thin films, as computed using Equation 6- 2 and Equation 

6- 3 from the Model A SE extractions for different values of N between 5 and 25 (MG-extracted f 

between 7% and 31%,). The resonance amplitude varies as N increases, due to the increasing 

volume fraction of introduced plasmonic nanoparticles. 

Following the second step of Model A, the dielectric constants of the uniaxial 

effective medium ε//(λ)=ε//’(λ) + ε//”(λ) and εz(λ)=εz’(λ) + i εz”(λ) are first determined using 

the optical properties of the fitted Au loaded polymer layers (NC) and the PS layer, 

through Equation 6- 2 and Equation 6- 3.The resulting effective optical properties are 

shown inFigure VI. 32. 
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The analysis of the SE data through direct inversion as a uniaxial effective medium 

(Model B-1) leads to a similar or better goodness-of-fit, compared to Model A. Figure 

VI. 33 shows the comparison between the components ε//’ (λ) extracted for N=15, N=20 

and N=25 using Models A and Model B-1. Both models were found to give highly 

similar results, within the experimental accuracy, in particular for ε//, although εz shows 

a little more variation between the models. The agreement between the extractions of 

the two models substantiates the main result of this experimental study showing that 

the dielectric functions ε// and εz have opposite signs in a finite wavelength range. 

As is shown on the Figure VI. 32, the dielectric functions ε// and εz both present a 

resonance at the wavelength λ=580 nm (or alternatively a photon energy of 2.1 eV), 

close to the plasmon resonance of the gold nanoparticles. However, the resonance 

amplitudes of the two components significantly differ. In the case of εz, this amplitude 

is limited and varies only little with the value of N, in direct relation with the amount of 

gold nanoparticles in the nanostructure. By contrast, the resonance of ε// is stronger 

and its amplitude significantly increases with N, reaching a regime of negative values 

beyond N=20. As a result, strong artificial anisotropies with different characteristics are 

found across the spectrum. 

 

Figure VI. 33 Comparison between the real part of the ordinary components in the cases of the 

multilayer (Model A, continuous lines) and uniaxial model (Model B-1, dashed lines) for N=15 (a), 

N=20 (b) and N=25 (c). 

Finally note that attempting to combine the top Au deposit layer (of thickness dSAu) 

into the effective uniaxial medium smears its properties and does not produce negative 

ε//, in contrast with the analyses based on the two used models. Therefore, future 

studies will aim at lifting off the uncontrolled detrimental gold deposit top layer. In the 

current analysis, it is regarded as an experimental artifact whose analysis needs to be 

isolated from the analysis of the targeted nanostructure below it. 
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VI.4.2.4 Hyperbolic dispersion relation  

 

Figure VI. 34 Left: Parallel (red continuous line) and perpendicular (green dotted line) 

components of the uniaxial dielectric function of the lamellar nanoplasmonic stack for N=25 

(f=30% in the NC layers). The vertical blue dashed lines indicate the three conditions (A: λ=481 

nm; B: λ=539 nm; C: λ=670 nm) chosen for the calculation of the dispersion relations, which are 

displayed in the right part. Right: Dispersion relation at ky=0, showing the real (blue lines) and 

imaginary (orange lines) parts of the kz component of the wave-vectors in the material as a 

function of the kx component. Thick continuous and dashed lines correspond to opposite 

solutions of Equation 1-22. The thin black continuous circle corresponds to the wavevectors 

propagating in air 𝒌𝒙
𝟐 + 𝒌𝒛

𝟐 = 𝒌𝒐
𝟐, shown for reference. The plot labeled D, shown for reference, is 

a fictional hyperbolic case without losses: at λ=539 nm, ε//’ and εz’ are set to the values for case 

B, whereas ε//” and εz” are set to zero. 

We consider three regions of strong anisotropy denoted A: εz’ > ε//’ > 0 (for example 

λ=481nm), B: ε//’ < 0 < εz’ (λ=539 nm) and C: ε//’ > εz’ > 0 (λ=670 nm) indicated on 

Figure VI. 34, which displays the values of ε// and εz for N=25 (corresponding to a MG-

extracted f=31%). The iso-frequency dispersion diagrams of the constitutive material 

can be produced using the experimental dielectric functions and are also shown on 

Figure VI. 34. For each frequency ω considered (or equivalently, excitation 

wavelength), two wave-vector ranges can be distinguished |𝑘𝑥| < 𝑘𝑥
∗ | and |𝑘𝑥| >  𝑘𝑥

∗ , 

with 
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Equation 6- 10  𝑘𝑥
∗ = 𝑘𝑜√

𝜀𝑧
′2+𝜀𝑧

′′2

𝜀𝑧
′  and 𝑘𝑜

2 = 𝜀𝑜𝜇𝑜𝜔
2 

Cases A and C present typical elliptical dispersion diagrams,when both ε//’ and εz’ 

are positive: one can observe, for small values of |𝑘𝑥| (|𝑘𝑥| < 𝑘𝑥
∗), two symmetrical 

elliptical branches where the real part of kz is significantly larger than the imaginary 

part, typical of an attenuated propagation. For larger |𝑘𝑥| (|𝑘𝑥| > 𝑘𝑥
∗) , hyperbolic 

branches are observed, which are not usually present in ideal elliptical cases, and 

which are characterized by a predominantly evanescent behavior (imaginary part of kz 

much larger than the real part). In the case B when ε//’ < 0 < εz’, we find that the 

dispersion diagram present hyperbolic branches for  |𝑘𝑥| > 𝑘𝑥
∗  , as well as elliptical 

curves at small 𝑘𝑥. 

These diagrams are related to the strong optical anisotropy of the lamellar stack, 

obtained as a consequence of the resonant nature of the NC layers. The significant 

losses (Re(kz) ≈Im(kz)) associated with the hyperbolic propagation are another 

consequence of this resonant nature. 

 

Figure VI. 35 Dispersion relations at ky=0, showing the real (blue line) and imaginary (orange line) 

parts of the kz component of the wave-vectors in the material as a function of the kx component. 

Continuous and dashed lines correspond to opposite solutions of Equation 1-22. The plots (a)–

(d) (resp. (e)-(h)) correspond to fictional elliptical (resp. hyperbolic) cases with ε //’ and εz’ set to 

the values for case C (resp. B), and ε//”=4 εz”=0 (a) and (e); ε//”=4 εz”=0.8 (b) and (f); ε//”=4 εz”=4 

(c) and (g); and ε//”=4 εz”=8 (d) and (h). 
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To understand the significance of these dispersion curves, it is useful to recall the 

usual description of elliptical and hyperbolic media. The ideal cases are displayed in 

the Figure VI. 35 a and d, where two fictitious materials are considered with the real 

parts of the permittivity tensor set to the experimentally determined values in cases C 

(ε//’=1.77, εz’=3.85) and B (ε//’=-1.42, εz’=5.42); and with imaginary parts set to zero: 

ε//”=εz”=0 (lossless materials). We represent the dispersion relation (Chapter I.2.2 

Equation 1-22) in the ky=0 plane. In the elliptical ideal case (Figure VI. 35 (a)), the 

propagative modes (Re(kz) ≠0) are restricted to small wavenumbers (|𝑘𝑥| < 𝑘𝑥
∗), while 

all possible large-|𝑘𝑥 |modes are forbidden17 and only purely evanescent (Re(kz)=0). 

In the hyperbolic ideal case (Figure VI. 35(d)), we observe the opposite situation, with 

forbidden, purely evanescent modes (Re (kz)=0) for small |𝑘𝑥 | and purely propagative 

modes (Re (kz) ≠ 0, Im(kz)=0) for large |𝑘𝑥 |, the latter potentially providing the super-

resolution property. The hyperbolic branches for |𝑘𝑥| < 𝑘𝑥
∗present the shape of a one-

fold hyperboloid, with a forbidden gap in 𝑘𝑥, as expected for a “metallic” 18 or type II19 

hyperbolic medium, when the permittivity tensor ε has two negative and one positive 

components. 

To depart from these idealized situations, let us now introduce a small amount of 

losses in the materials, see Figure VI. 35(b) and (e) (here we arbitrarily took ε//”=4 

εz”=0.8): the dispersion curves become hybrid rather than purely elliptical or hyperbolic 

and present finite Re(kz) and Im(kz) at all values of kx, allowing previously forbidden 

modes to propagate weakly. Purely evanescent waves for the hyperbolic medium at 

small |𝑘𝑥| and the elliptical medium at large |𝑘𝑥| become weakly propagative with 

Re(kz) ≠ 0 and Im(kz) >> Re(kz). The large-|𝑘𝑥| branches of the hyperbolic medium 

(Figure VI. 35 f) present the same one-fold hyperboloid shape as that of the no-loss 

case (Figure VI. 35 e). Interestingly, when the imaginary parts ε//” and εz” are further 

increased to simulate more losses (Figure VI. 35 (c-d) and (g-h)), the modification of 

the propagative and evanescent modes continues to occur, so much so that over most 

of the whole |𝑘𝑥| range, more or less strongly attenuated, propagative modes are 

observable. In particular, we note that the intermediate hyperbolic cases (as 

represented in Figure VI. 35 f and g) still present predominantly propagative modes at 

large |𝑘𝑥| , which can support super-resolution properties: these are the cases 

corresponding to our experimental system in the B situation in Figure VI. 34. 
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In conclusion, the volume fraction of gold nanoparticles in the nanocomposite 

layers plays an important role for defining the position and amplitude of the resonance. 

The results also demonstrate the capacity of our bottom-up self-assembled 

multilamellar stack to respond as a hyperbolic effective medium in a given region of 

the visible spectrum (520 < λ < 560 nm). In the 

hyperbolic region, the dispersion relation allows 

propagative modes for large values of |𝑘𝑥| , 

potentially providing super-resolution. These 

hyperbolic modes are however significantly 

attenuated due to the lossy nature of the media, in 

which the hyperbolic property is obtained from the 

resonant nature of the permittivity. These detrimental 

losses need now to be minimized by tuning the 

nature, size, size dispersity and organization of the 

nanoparticles. Furthermore, the same self-assembly 

methodology for lamellar stacks fabrication could be 

used with other nanoparticles with a resonance of 

better quality factor, or with a lamellar system including gain species (fluorophores or 

quantum dots) which could amplify the plasmons and compensate the losses. In any 

case, we have demonstrated for the first time the possibility of using a self-assembly 

methodology for the fabrication of bulk hyperbolic material, which opens new 

fabrication routes for metamaterials aiming at super-resolution lenses. 

Moreover, the self-assembly methodology we have developed could be beneficial 

for the fabrication of multilayer films of non-planar geometries, such as what is used in 

devices in which hyperbolic metamaterials are used as super-resolution enlarging 

lenses20. 
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General conclusion 

Hyperbolic metamaterials have appeared about ten years ago. They consist in 

anisotropic metal-dielectric nanocomposites and they have innovative optical 

properties for light of wavelength greater than the characteristic size of the internal 

structure of the material. In order to have access to these new properties in visible light, 

resonant nano-objects must be organized on a scale of a few tens of nanometers. 

Our strategy has been to fabricate such structures by assembling gold 

nanoparticles in ordered phases of nanostructured diblock copolymers, in order to 

obtain plasmonic and anisotropic nanocomposites. A state of the art on the different 

ways of incorporating nanoparticles into a single block of a self-assembled diblock 

copolymer of lamellar morphology allowed us to define a fabrication methodology 

taking into account the complexity of these nanocomposite systems and giving access 

to controlled structures.  

Homogeneous thin films of poly(styrene)-block-poly(2vinylpyridine) (PS-block-

P2VP) were obtained by spin-coating on silicon wafer. Their thickness is measured 

precisely by ellipsometry. With certain spin-coating conditions, the thickness of film can 

be controlled by the concentration of polymer solutions. We optimized the spin-coating 

conditions sing Taguchi optimization methodology, and determined that the most 

important factor influencing the thickness of films is the acceleration and deceleration 

time, with longer times producing thicker films. Typical film thicknesses used in our 

study lie in the range 300-700nm. 

We used commercial PS-block-P2VP symmetrical diblock copolymers with 

various polymerization degrees. We showed by small-angle X-ray scattering that the 

PS-block-P2VP copolymers exhibit a lamellar morphology at thermodynamic 

equilibrium. The results are in good agreement with the generic phase diagram of block 

copolymers symmetrical compositions. when annealed PS102k-block-P2VP96k, PS25k-

block-P2VP25k, and PS8.2k-block-P2VP8.3k with the volume fractions of the P2VP blocks 

fPVP≈0.5 form lamellar phases with characteristic size α 78 nm, 37 nm and 16 nm, 

respectively. The characteristic size at scales far below the wavelength of visible light 

(α < λ/10). The film structures were studied by electron microscope. In order to 
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minimize the surface energy, the PVP block has a preferential interaction with the 

substrate while the PS block prefers the free interface with air. This leads to the 

asymmetric wetting configuration. Finally, this process combining spin-coating of a 

relatively dilute polymer solution on a selective surface and thermal annealing, 

produces a flat and homogeneous film with a parallel alignment of the 3-D organized 

structures, throughout the thickness of the film between 20 and 700 nm. This ordered 

structure spans an area as large as the spin-coating process can produce (10*10mm2 

wafers in our case, or larger). 

From the aligned lamellar structures, we fabricate the target multilayer 

nanocomposites consisting in alternate layers of pure polymer and 

polymer/nanoparticles composite, using two different in situ synthesis of gold 

nanoparticles, namely a one-step method and an impregnation process. Both of the 

methods take advantage of the amine group in the P2VP domains. The amine group 

can bind with gold salt. The one-step method consists in blending a gold salt solution 

with the copolymer before casting the film and letting it reach microphase separation 

at thermodynamic equilibrium. This method is not efficient because the presence of 

the gold salt modifies the properties of the copolymer, which does not achieve a 

lamellar morphology. In the impregnation process, the pure copolymer film is first 

produced and aligned by a thermal annealing process. Then, the film-bearing wafer is 

dipped into an Au salt (HAuCl4) solution for 5 mins and then into a reducing agent 

(NaBH4) solution for 30 s. This process mostly preserves the lamellar structure of the 

diblock copolymers and realizes the target structure on large areas. Due to the strong 

insolubility of PS in polar solvents, on the one hand, and the strong affinity of P2VP to 

Au, on the other hand, Au nanoparticles form selectively within the P2VP layers, thus 

producing a structure of alternating pure PS and (NC) (Au nanoparticles:P2VP 

nanocomposite) layers. We developed an impregnation cycles procedure, in order to 

increase, in a controlled way, the volume fraction of nanoparticles in the (NC) layers, 

by repeating the double dipping process N times. Each cycle increases the purple color 

of the film, related to the localized surface plasmon resonance of the nucleated gold 

nanoparticles. Structural and optical studies of the film were performed at different 

steps along the fabrication process, so that the same film was investigated for different 

values of N, which we called “kinetic” measurements. Using scanning electron 

microscopy (SEM), we fully characterize the structure of the studied multilayer films. 
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In the case of the impregnation process, we studied the reactants loading process 

by varying the metal salt (from gold to silver) and the impregnation solvent. The salt 

solution is diffusing through the PS and PVP layers. The pathway of reactant diffusion 

is from the top of samples and pass though PS and PVP layers easily. After compare 

the same process performance in silver. The reactants are diffused though the pathway 

from the top. Ethanol play an important role in this diffusion, because it is a selective 

solvent for PVP. In the study of penetration of solvent in multilayers, where the solvent 

is selective for only one block, the other block will retard the diffusion of the solvent. In 

addition, even if the solvent also pass though the defects, there is no penetration after 

several layers. In order to get selectively loading and well penetration of precursor, the 

solvent of precursors is the key factor. 

The gold nanoparticles synthesized in the PS25k-block-P2VP25k films were studied 

by SAXS and TEM. The nanoparticles in the PVP layers present a controlled size 

around 10 nm. This size can be controlled by the PVP layer thickness (size ca. 17nm). 

The volume fraction of gold nanoparticles in PVP layers were studied by spectroscopic 

ellipsometry (SE) and quartz crystal microbalance (QCM) for different values of the 

number N of impregnation cycles. The SE data were analyzed with a simple multilayer 

model of alternate polymer and nanocomposite layer, the latter being modeled with a 

Gannett effective medium law. We find that the amount of gold in the composite layers 

can be varied up to typically 40 volume%. The data from QCM measurements were 

analyzed based on the Sauerbrey relation, valid for solid films. The results of both 

methods gave similar volume fraction of gold fAu: fAu~10% when N=5 and fAu~23% 

when N=10.  

Finally, we analyzed the optical indices for a sample of bilayer thickness 37nm 

with increasing values of N (from 0 to 25), using spectroscopic ellipsometry. Two 

models were set up to account for the spectroscopic ellipsometry measurements. The 

Model 1, is a perfect periodic superlattice with polymer and nanocomposite layer (NC 

layer), which is considered to determine the optical properties of the individual layers 

of the stack. The optical properties of the PS layer are fixed to those tabulated. The 

permittivity εNC of the NC layers is determined by fitting the Model 1 to the SE data 

using a BSPLINE function available in the Complete Ease software and using a 

Maxwell- Garnett Effective medium as an initial guess. From N=5 to N=30 the optical 

properties of the Au-loaded polymer NC layer are dominated by a resonance at λ~580 

nm, close to that expected  for the plasmon resonance of the gold NPs present in the 
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NC layers, with an amplitude increasing with the number of loading cycles N. In the 

second model (Model 2), we consider the thin film as an anisotropic uniaxial effective 

medium and each component ε// and ε┴ is fitted by a BISPLINE function. This gives 

similar results as Model 1. 

Following the first step of Model 1, the dielectric constants of the uniaxial effective 

medium ε//(λ) and εz(λ) are first determined using the optical properties of the fitted NC 

and the PS layer. The dielectric functions ε// and εz both present a resonance at the 

wavelength λ~580 nm (or alternatively a photon energy of 2.1 eV), close to the plasmon 

resonance of the gold nanoparticles. However, the resonance amplitudes of the two 

components significantly differ. In the case of εz, this amplitude is limited and varies 

only little with the value of N, in direct relation with the amount of gold nanoparticles in 

the nanostructure. By contrast, the resonance of ε// is stronger and its amplitude 

significantly increases with N, reaching a regime of negative values beyond N=20. As 

a result, strong artificial anisotropies with different characteristics are found across the 

spectrum. Then iso-frequency dispersion diagrams of the constitutive material can be 

produced using the experimental dielectric functions. Results demonstrate the capacity 

of our bottom- up self-assembled multilamellar stack to respond as a hyperbolic 

effective medium in a given region of the visible spectrum (520 < λ < 560 nm). In the 

hyperbolic region, the dispersion relation allows propagative modes for large values of 

|kx|, potentially providing super-resolution. We have thus successfully achieved the first 

self-assembled hyperbolic metamaterials. Their hyperbolic-type propagative modes 

are, however, significantly lossy, due to the strong absorption associated with the 

plasmon resonance. An interesting perspective for future work would be to produce 

similar systems with less lossy resonances, for example based on elongated or silver 

nanoparticles.  

The self-assembly methodology we have developed could be beneficial for the 

fabrication of multilayer films of non-planar geometries, such as what is used in devices 

in which hyperbolic metamaterials are used as super-resolution enlarging lenses.   

 


