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moments auprès de vous et des êtres qui me sont chers. Ces moments en famille
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as toujours les bons mots pour me faire avancer et en particulier dans les moments
un peu moins faciles. Je sais que je n’applique pas tes méthodes pour être productif,
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Un énorme merci à ma sœur, mon frère, Julie, Yaya, Alice, Camille, Jules et
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pour toi ! Merci pour tout ce que tu as fait pour moi pour ce travail mais également
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Summary

Plasmonic nanocomposites based on noble metals have numerous applications such
as optical sensors, non-linear optical activity-based devices, spectrally selective coat-
ings and sensors for bio-medical diagnostics. This class of new attractive materials,
composed of a dielectric matrix and embedded metal nanoparticles (NPs), is a great
topic of research due to a peculiar aspect of their optical properties: the Localized
Surface Plasmon Resonance (LSPR). Well-known in its effect since e.g. the optical
aspect of the Lycurgus cup (4th CE) or of the mosaics of Saint Sabina (5th CE), this
LSPR appears when free electrons of the metal are excited by the electromagnetic
field associated to the propagation of light. This collective oscillation depends on the
geometry of NPs, on the properties of their environment and also their distribution
inside the dielectric matrix.

The most popular way to synthesize these plasmonic nanocomposites is the ”bot-
tom up” approach, which has two separate steps: metal NPs are synthesized as col-
loidal solutions and dispersed in a dielectric matrix. In this thesis, we used a different
approach based on a ”one-pot synthesis” scheme to synthesize the plasmonic mate-
rials: an aqueous noble metal salt solution (AgNO3 for silver or HAuCl4 for gold) is
directly mixed with a polymer solution, the poly-(vinyl) alcohol (PVA). The poly-
mer directly plays the role of the reducing agent and acts as a stabilizer of the NPs,
preventing them to aggregate. This synthesis approach has the advantages to be
simpler, faster and lead to a concentration of NPs in the nanocomposite higher than
other synthesis schemes. However, in the case of ’soft’ matrices such as polymers,
the reproducibility of the NPs distributions in size, shape ... remains difficult to
achieve and slight variations in the experimental conditions leads to different results
evidenced by modifications of the plasmon resonance band parameters. Moreover,
the detailed mechanism linking the optical properties of the nanocomposite to their
structural parameters is today not fully understood although still being the subject
of an increasing number of publications.

In this context, we have prepared nanocomposites embedding silver or gold
nanoparticles. We first studied the impact of the thickness of the film on the local-
ized surface plasmon resonance parameters. We have shown that this experimental
parameter has a large impact on the size of the nanoparticles in situ synthesized in
the polymer matrix: the red shift of the plasmon band lead us to conclude that thin
nanocomposite films induce a larger size of the produced nanoparticles than in the
thicker ones. The variation in the spatial distribution in thin (2D) and thick films
(3D) is a possible explanation for the different behavior on the optical properties.

In a second time, we presented an experimental study of the optical properties
of gold-doped nanocomposites using single wavelength imaging ellipsometry. We
have found that, for a thin polymer film (thickness less than 500 nm) and at low
gold-doping level (volume fraction of gold lower than 0.2%), the growth of the gold
NPs inhomogeneously occurred within the film. Superimposition of ellipsometric
measurements recorded during the annealing and theoretical curves allowed us to
decompose the global growth dynamics in two parts: the first one, at the early stage
of annealing, corresponding to a decrease of film thickness while the second one is
attributed to an increase of the refractive index.



Summary v

Finally, at this low doping level, the optical constant determined by the con-
ventional spectroscopic ellipsometry spectra is only relevant for the polymer ma-
trix. We have shown the advantage of using imaging spectroscopic ellipsometry by
choosing areas on the image with a different intensity contrast. The ellipsometric
spectra of each region of interest were different, especially between 400 nm and 600
nm, the spectral region corresponding to the localized surface plasmon resonance of
gold nanoparticles (AuNPs). Using a theoretical model based on Effective Medium
Approximations (EMAs), we have shown that each zone presents a point-to-point
variation of the volume fraction of gold in the polymer. From the ellipsometric
maps near the resonance wavelength, we were able to calculate two maps decorre-
lated from each other: one of the local thickness of the film and a second one of
the local volume fraction of AuNPs. Beyond unravelling the role played by the film
thickness in the growth of the noble metal nanoparticles, this last result highlights
the strength of the spectroscopic imaging ellipsometry as a local optical analysis
technique.
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1
General introduction

1.1 Context

In the last 40 years, research on metallic nanoparticles (NPs) found an increasing
interest due to the development of new techniques (atomic force microscope, scan-
ning tunnelling microscope, ...) and the continuous progress of existing techniques
(laser, electron microscopy, ...). These great experimental improvements provided
a better understanding of the nanoworld. These days, numerous scientists develop
new materials containing NPs that present unusual and fascinating properties. In
order to create future applications using this new class of materials, it is important
to develop both tools and characterization methods to produce and analyze them.
A big challenge remains to understand all the physical phenomena that occur during
the fabrication, but also the physical properties of the final product. Numerous new
materials seem to be good candidates for applications and, among them, nanocom-
posite materials are full of promise. These latter ones, composed of nano-objects
integrated in a dielectric matrix, present interesting new properties, which do not
arise when considering bulk materials.

Among these nanocomposites, we focus our study on plasmonic nanocomposites,
based on noble NPs (i.e. silver and gold NPs), which possess great optical and elec-
trical properties. These properties come from their conduction electrons that can



2 1 • General introduction

be excited by incident electromagnetic waves. This excitation, that corresponds to
resonating oscillations of the electron gas, leads to peculiar interactions with visible
light called the Localized Surface Plasmon Resonance (LSPR). In fact, the exci-
tation of the plasmonic NPs at their plasmon resonance wavelength results in an
absorption of the electromagnetic energy, which is redistributed to their close envi-
ronment. These plasmonic nanocomposites can be used for applications in optics,
bio-detection, optoelectronics, optical sensors for example.

In order to take benefit of the interesting properties of the plasmonic nanocom-
posites, it is important to manufacture these new materials. In nanofabrication, two
different approaches are possible:

• The top-down approach: starting from a bulk material, the final structure is
obtained by breaking it into smaller pieces using mechanical, chemical or other
forms of energy (electronic lithography or laser ablation for example).

• The bottom-up scheme: from atomic or molecular species, the principle of
this method is to synthesize the material via chemical reactions, allowing the
growth of particles from the precursors, usually a salt of the noble metal.

In the top-down approach, the finished structure is well controlled. However, it
is difficult to prepare large surfaces at once for industrial process and beyond the
upscaling problems, the fabrication costs can be an obstacle. On the contrary, in the
second synthesis approach, the nano-objects are often prepared in solution, which
is usually cheapest but their dispersion on the dielectric matrix can be difficult.
Moreover, the nano-organisation of the NPs within the matrix is rather difficult
to control. Nevertheless, the bottom-up approach has other advantages than the
cost, such as the possibility to manufacture large surfaces at once with an industrial
process.

In order to bypass the problem related to the dispersion of the NPs in the dielec-
tric matrix, another fabrication method exists: the “in situ synthesis”. The idea of
this approach is to directly form NPs inside a (soft) dielectric matrix, such as a poly-
mer matrix. In fact, in a single step, both the metallic precursors and the polymer
solutions are mixed together to prepare the nanocomposite. The reduction of the
cations is provided by an external supply of energy (thermal energy, electromagnetic
energy, ...).

Unfortunately, this synthesis method provides less control on the shape and the
size of the NPs. In an isotropic film prepared from a homopolymer, we can expect the
NPs to be spherical but their growth mechanisms are not yet completely understood
and still subject to investigations. Nevertheless, this method, also known as “one-
pot” synthesis, remains simpler, faster and leads to a higher concentration of NPs
than in other synthesis schemes. Another advantage can be found in the role of the
polymer matrix: reducing agent of the metallic precursors and stabilizer. However,
in the case of “soft” matrices such as polymers, the reproducibility of the NPs
distributions in size, shape ... remains difficult to achieve and slight variations in
the experimental conditions leads to different results evidenced by modifications of
the plasmon resonance band parameters. Moreover, the detailed mechanism linking
the optical properties of the nanocomposite to their structural parameters is today
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not fully understood although still being the subject of an increasing number of
publications.

In this context, we try to provide more information about the growth of the
NPs in a polymer matrix by using non destructive analytical optical methods such
as spectroscopic ellipsometry and spectroscopic imaging ellipsometry. The main
results that will be presented in this thesis are:

• Starting from the same silver-to-polymer mass ratio, nanocomposites with
different refractive index can be obtained by simply tuning the film thickness.

• Despite a very low doping level, the growth of gold nanoparticles in polymer
matrix can be recorded by imaging ellipsometry.

• By choosing areas on the image with a different contrast intensity, the optical
properties at microscale can be obtained by spectroscopic imaging ellipsome-
try. Moreover, physical data maps, i.e. maps of the thickness or the volume
fraction for example, can be calculated by using theoretical models.

1.2 Outline

This work is structured as follows. In chapter 2, we present a brief history of
the metallic nanoparticles (NPs), followed by some of their applications. After an
overview of the optical properties of the NPs, we will focus our state of the art
on the use of bottom-up approaches to prepare plasmonic nanocomposites. This
will mainly concern: (a) the synthesis of the NPs in colloidal solution followed by a
dispersion in a dielectric matrix or (b) the in situ synthesis method of NPs in polymer
matrix. Our investigation was focused on the latter method. Finally, we present
recent developments of the scientific research on the plasmonic nanocomposites with
a particular emphasis on thin polymer films embedding NPs.

We start this chapter with the context of our research and more precisely with a
brief history of the metallic nanoparticles (NPs), followed by the some applications
using NPs. Then, we present one existing approach used to prepare the plasmonic
nanocomposites, as well as the resulting applications. Finally, we present recent
developments of the scientific research on the plasmonic nanocomposites containing
embedded noble metal NPs.

In chapter 3, we introduce various theoretical concepts used throughout the the-
sis. We start with the optical processes that occur when light propagates in an
optical medium and we also define the optical coefficients. Afterwards, we introduce
the optical properties of metallic nanoparticles and more particularly the LSPR. We
also present the model used to interpret results obtained by optical measurements.
Finally, at the end of this theoretical chapter, we introduce the coefficients of reflec-
tion and transmission of polarized light for an optical system defined by a one-layer
model, i.e. a film over a substrate.

Chapter 4 presents all the experimental techniques we employ to optically an-
alyze the nanocomposites. We also detail the selected method to prepare these
nanocomposites. We start with the description of the optical devices: the spec-
trophotometer, the home-build reflectometer and the ellipsometers. Afterwards,
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we introduce the atomic force microscopy (AFM) necessary for nanoscale measure-
ments. At the end, we precisely explain the experimental procedure to generate the
plasmonic nanocomposite thin films.

In chapter 5, we present our study on the optical properties of silver nanoparticles
(AgNPs) embedded in a polymer matrix. We start by the analysis of the dielectric
matrix that compose all our samples: the poly-(vinyl) alcohol (PVA) matrix. By
using spectroscopic ellipsometry, we obtain the optical description of the undoped
polymer, i.e. without NPs. In a second step, we analyze the optical properties of
a thick silver nanocomposite with a high silver doping level during and after the
annealing by spectrophotometry. Throughout this thesis, the term “doping” will
be used to describe the addition of metal precursors or of metal nanoparticles to
the dielectric matrix. It is therefore not relevant of the doping process usually
considered in seminconductors. Then, by varying the thickness of the sample while
keeping constant the mass ratio of silver-to-polymer matrix (i.e. concentration of
silver in the polymer), we study the influence of the film thickness on the position
of the resonance peak. Finally, we use the spectroscopic ellipsometry (SE) and the
classical Lorentz model to demonstrate the influence of the film thickness and the
silver doping of the nanocomposite films on the plasmon resonance parameters.

In chapter 6, we first focus our study on the optical properties of the gold
nanoparticles (AuNPs) embedded in PVA using spectrophotometry. In a second
time, we study the surface topography of a thick annealed nanocomposite film to
acquire information of the AuNPs at the nanoscale. Afterwards, we present results
obtained by single wavelength imaging ellipsometry (IE) on the kinetics of growth
of the AuNPs embedded in the polymer matrix at low doping level. By recording
the modification of the ellipsometric Ψ and ∆ images taken by the IE, we follow the
variations of the optical properties of the nanocomposite at the microscale. This
non-conventional analysis allows us to detect some heterogeneities on the sample
during the annealing and to decompose the dynamics of annealing in two separated
parts (work published in [1]).

Finally, in chapter 7, we extend the work presented in the chapter 6. We provide
additional information about the AuNPs growth in polymer films by reporting on
the local spectroscopic characterization of these films, thanks to the spectroscopic
imaging ellipsometer (SIE). Moreover, by measuring ellipsometric angles on small
selected regions of interest, we can extract physical data, as the volume fraction of
gold, at the microscale. We also compare the analysis carried out by conventional
SE and by SIE, explaining the added value of a local analysis of the optical prop-
erties in this specific case. By taking Ψ and ∆ ellipsometric maps near the LSPR
wavelength and using the Maxwell-Garnett effective medium approximation model,
we calculate physical maps of the sample such as local thickness of the film and the
local volume fraction of AuNPs for example (work published in [2]). We also present
Ψ and ∆ ellipsometric maps of AgNPs embedded in polymer matrix, as well as local
ellipsometric spectra of such plasmonic nanocomposites.
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• C. Guyot, M. Voué, “Intrinsic optical properties of Ag-doped poly-(vinyl) al-
cohol nanocomposites: an analysis of the film thickness effect on the resonance
parameters”, submitted to Thin Solid Films, under revision, 2019.

Contributions to international conferences

In this section we list contributions to international conferences during the PhD, as
participant as well as member of local organizing committees:
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2
State of the art

In this thesis, we focus on the fabrication of plasmonic nanocomposites and their
optical properties, i.e. their optical responses to incident electromagnetic waves. The
electromagnetic waves are everywhere in our daily life and they are used in numerous
applications. These waves are part of the electromagnetic spectrum, ranging from
radio waves to gamma rays. Our work focuses on a region of this electromagnetic
spectrum corresponding to wavelengths from 380 nm to 750 nm. As this wavelength
range coincides with the spectral range of the human eye detection, the development
of applications, like optical sensors, using visible light is very attractive.

We start this chapter with the context of our research and more precisely with a
brief history of the metallic nanoparticles (NPs), followed by the some applications
using NPs. Then, we present one existing approach used to prepare the plasmonic
nanocomposites, as well as the resulting applications. Finally, we present recent
developments of the scientific research on the plasmonic nanocomposites containing
embedded noble metal NPs.

2.1 Metallic nanoparticles

One of the first scientific study on colloidal solutions of NPs was performed by
Faraday in the nineteenth century [3]. However, colloidal system existed since the
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Figure 2.1: (A) - (B) Pictures of the Lycurgus cup (from the British Museum Images,
London). (A) Lit from the outside and (B) illuminated from the inside. (C) Stained glass
“Les joueurs d’échecs” from the Cluny Museum, Paris.

Roman Empire period. Romans empirically developed processes to stain glass by
incorporating small inclusions of gold, silver or copper. One of the best example of
this period is the Lycurgus cup (4th century AD), stored at the British museum,
which presents a peculiar coloration: green and opaque when lit from the outside
and red when illuminated from the inside, as it is shown in the figure 2.1A and
B, respectively. Despite the fact that the first description of the fabrication of ruby
gold glass can be found in the 7th century BC, the industrial process of stained glass
with colloidal particles was established in the seventeenth century by Kunckel [4].
These stained glasses were often prepared for European cathedrals during medieval
period but also to decorate the homes of wealthy merchants. One example of these
stained glass using silver salt for the yellow coloration is the “Les joueurs d’échecs”
made during the fifteenth century, which is shown in the figure 2.1C.

As previously mentioned, Faraday was one of the first scientists to try to describe
the physics of colloidal solutions of gold nanoparticles (AuNPs). He showed that
different coloration of AuNPs colloidal solutions could be obtained from red to blue.
He explained these coloration differences with the size of the AuNPs in the solution
and, moreover, he showed that it was possible to obtain the blue solution from
the red solution while the reverse was impossible. From this, he assumed that the
size of the AuNPs in the red solution are smaller than in the blue solution. Later,
other experimental researches were carried out by Kirchner and Zsigmondy on the
inclusion of AuNPs in a gelatin matrix [5]. They also observed different colorations
that they explained by varying the distance between NPs in the gelatin matrix.

The explanation of the origin of these changes in coloration came from Maxwell-
Garnett in 1904 [6]. He theoretically explained that small inclusions, i.e. NPs, in
a dielectric solution form a composite material presenting different optical proper-
ties than the addition of the two separately taken components. He described this
combination of elements as an effective medium possessing its own effective optical
properties depending on the optical properties of the dielectric solution, on the op-
tical properties of the NPs and on the NPs volume fraction in the effective medium.



2.1 Metallic nanoparticles 9

With his theory, he showed that the environment and the volume fraction of NPs
play a role on the coloration of the solution.

In 1908, Gustave Mie suggested his solution for scattering and absorption of light
by a single, isolated sphere [7]. By solving the Maxwell’s equations, he explained the
color of colloidal AuNPs of different sizes. He managed to calculate the spectra of
small AuNPs with various sizes without any computer for calculations, nor electron
microscopy for a direct determination of the size. Moreover, he explained that for
NPs with a diameter smaller than 50 nm, at this size, the extinction of the light was
dominated by the absorption process. For larger NPs, the scattering process is not
negligible as it will be explained in the section 5.3. Nowadays, this theory is still
widely used for the description of systems containing NPs.

The color of the stained glass or of the colloidal solutions containing noble NPs
comes from the collective oscillations of their conduction electrons excited by inci-
dent light. This peculiar aspect of their optical properties is called the Localized
Surface Plasmon Resonance (LSPR). A plasmon is a coherent oscillation of the free
electron gas in a metallic material, as it will be shown in the section 3.2.3. In 1952,
Pines and Bohm were the first ones to predict plasmons in metallic bulk [8]. Later,
the possibility to excite the surface plasmon resonance (SPR) and detect its propa-
gation at the interface between a metal and a dielectric has been demonstrated. For
example, Otto and Kretschmann presented important experimental results based on
the total reflection in a prism coated with a thin gold film in order to detect the SPR
[9, 10]. As it will be presented in the section 3.2.4, the LSPR corresponds to the
interaction between an incident electromagnetic wave and a metallic nanostructure
in which the electrons are confined [11, 12]. For AuNPs and silver nanoparticles
(AgNPs), the plasmon resonance occurs in the visible or near-infrared region. If we
consider a group of homogeneous nanoparticles and a light beam going through it,
the emerging beam presents a spectrum with a sharp absorption due to the LSPR.
The coloration of the system comes from the transmitted light that presents a dip
in the spectrum, which corresponds to the absorbed light.

It is clear now that in the Middle Ages, the fabrication of the stained glass or
other objects containing noble NPs was made without the knowledge of the nanos-
tructuration of the composite materials. The development of inorganic synthesis
of AuNPs by Turkevitch in 1951 [13] and Frens in 1972 [14] corresponds to the
increase of scientific interest of the nanoworld. Moreover, the development of new
experimental devices to probe elements at the nanoscale allowed multiplying the
research works on this topic. Nowadays, methods for manufacturing materials con-
taining NPs have been developed and numerous synthesis paths can be found in
the literature. As a proof of the important increase and continuous interest, the
number of scientific documents that relate “plasmonic nanoparticles” has reached
one thousand written communications in 2019 (Scopus).

The plasmonic effect is used for numerous applications in a wide range of re-
search fields showing the importance of this research topic. For example, metallic
nanostructures can be used in photonics in order to guide and control light beams
at the nanoscale. The ultimate goal would be to replace electrons by photons in
computer to process the information in order to improve the operating speed [15].
In medicine and biology, beside the bactericide effect provided by AgNPs, we can
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use the plasmonic effect in very sensitive bio-sensors, while it can also help for the
destruction of cancer cells by photothermal therapy [16–20]. In the field of green
energy, the plasmonic NPs are used to improve the efficiency of solar cells [21].

As the topic of this thesis is the plasmonic nanocomposites, we now focus our
state of the art on the progresses made by the scientific researches on this subject.

2.2 Plasmonic nanocomposites

As already explained, a nanocomposite material is a dielectric matrix containing
nano-objects. In this thesis, we prepare the plasmonic nanocomposite by using a
polymer host, more precisely the selected polymer is the poly-(vinyl) alcohol (PVA)
as it will be explained in the section 4.2. Nevertheless, it is important to note that
glass, silicon dioxide or titanium dioxide can play the role of the dielectric matrix
[22–24].

If we take a look in the past, it seems that the oldest preparation using polymer
and metallic inclusions is described in an abstract dating from 1835 [25]. In this
process, a gold salt was reduced in gum arabic and a solid purple nanocomposite
was obtained by coprecipitation with ethanol. Around 1900, uniaxial nanocompos-
ites composed of polymer as a dielectric matrix and oriented inorganic particles as
inclusions were made. In fact, the uniaxial orientation of the NPs was observed due
to the dichroism of the sample, which changes its coloration as a function of the
polarization state of the incident light [26]. In 1910, Kolbe showed for the first time
that these kind of samples with AuNPs was composed by clusters of gold atoms and
not by isolated ones nor cationic states [27]. In 1946, one of the first experimen-
tal design of NPs in PVA matrix was made in order to prepare numerous dichroic
nanocomposites with different metals (Au, Ag, Hg, ...) in stretched PVA.

Nowadays, metal-polymer nanocomposites can be found in numerous applica-
tions such as optical sensors, non-linear optical activity-based devices [28–31], in
spectrally selective coatings to block solar infrared radiation [32, 33], and in random
lasers [34, 35]. More recently, nanocomposites containing AuNPs received even more
attention due to their saturable absorption. Indeed, plasmonic nanocomposites can
be used to design passively Q-switched or mode locked lasers [36–38]. In the organic
solar system, i.e. solar cells based on polymers, the addition of noble NPs provides
an improvement to the efficiency and the lifetime of the system [39, 40].

The optical properties of these nanocomposites are generally studied throughout
the polarizability of the particles as it will be shown in the section 3.2.4. In fact,
numerous studies of the optical properties of nanocomposites embedding NPs and
also colloidal solutions are performed by UV-visible spectrophotometry, as it will
be presented in the next sections. The measure of the transmitted intensity gives
access to the extinction cross section σext of the NPs, which consists in the sum of
the absorption cross section σabs and the scattering cross section σscatt. In fact, an
incident light beam going through a particle can either be absorbed or scattered. In
the case of small NPs, the scattering process is negligible and only the absorption
plays a role in the extinction cross section [41]. We can therefore determine the
σext by the measurement of the absorbance of the sample by spectrophotometry.
Moreover, the computation of σext has been made for numerous shape and size of
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NPs [42]. These days, the improvement of the experimental devices provides the
detection of more complex systems, thus several new theories have to evolve to take
into account the shape, size and surrounding dielectric medium of the NPs [43, 44].

In this thesis, as it will be presented in the section 3.2.5, we use the effective
medium approximations (EMAs) in order to theoretically interpret our experimental
results. The well-known Maxwell-Garnett effective medium approximation (MG-
EMA) [6] or the Bruggeman effective medium approximation [45] are the most used
EMAs. These theories describe the nanocomposite as an effective medium by con-
sidering the optical properties, i.e. dielectric function, of each component and their
volume fraction.

There are numerous experimental procedures to prepare plasmonic nanocom-
posites, i.e. noble NPs embedded in a dielectric matrix. As already explained, two
different approaches exist in nanofabrication: the top down approach, which starts
from a bulk material, and bottom-up synthesis, which starts from atomic or molec-
ular species. In this thesis, we prepare the plasmonic nanocomposites following the
second method. Nevertheless, there are numerous bottom-up synthesis methods for
such nanocomposites, which globally belong to two categories: the synthesis of NPs
in a liquid medium, which provides good control during their growth, or the “in situ
synthesis” of NPs.

When NPs are synthesized in colloidal solutions, with the Frens-Turkevitch
method for example [14], and stabilized with or without further specific coating to
prevent their aggregation, several experimental factors can provide a considerable
control of the formation of NPs. In this “wet chemistry” synthesis, the reduction of
the cations can be provided by photochemistry reduction [46] or by a reducing agent
like sodium borohydride (NaBH4) or sodium citrate. By controlling the reducing
agent, the reagent concentrations, the temperature and/or the reaction time, we can
produce NPs with different size and shape. However, in order to produce plasmonic
nanocomposites, the NPs in the colloidal solutions have to be dispersed and immo-
bilized in a dielectric matrix such as glass or polymer [38, 43, 47, 48]. This approach
has two separate steps: the synthesis of the NPs and their dispersion in the matrix.
Additional reagents like hexadecyltrimethylammonium bromide (CTAB) can inhibit
the isotropic growth of the NPs, resulting in nanorods or nanotriangles, for example.

In the literature, nanocomposites were generally prepared following these two-
steps procedure in numerous scientific articles. The growth of NPs occurring in
those processes of preparation of nanocomposites, i.e. colloidal solution, is often ex-
plained by the LaMer diagram [49]. This diagram is drawn in the figure 2.2 [50] and
corresponds to a schematic explanation of the formation process of monodisperse
particles. It represents the concentration of the precursor solute C as a function of
the time during the growing process. The first part (region I in the graph) corre-
sponds to an increase of the concentration of the precursor solute until the critical
level Ccrit. At this point, the system virtually enters in the nucleation stage (re-
gion II). Due to the balance between the supply rate of the precursors solute, the
consumption rate for the nucleation and the growth of the generated nuclei, the con-
centration of the precursor solute rapidly reaches a maximum. Then, the curve goes
down to Ccrit because of the increasing consumption of the solute for the growth of
the generated nuclei, corresponding to the end of the nucleation stage. Due to the
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Figure 2.2: LaMer diagram as a schematic explanation for the formation process of
monodisperse particles, where C∞ and Ccrit are the equilibrium concentration of solute
with the bulk solid and the critical concentration as the minimum concentration for nu-
cleation, respectively. The regions I, II, and III represent the prenucleation, nucleation,
and growth stages, respectively. Graph and caption from [50].

growth of the generated stable nuclei, the concentration of the precursors solute C
decreases until it reaches the equilibrium concentration of solute with the bulk solid,
i.e. C∞ (region III). In fact, the formation of noble metal NPs in solution is well
documented [51]. However, the growth mechanisms of NPs occurring inside a poly-
mer film are still under investigation because it occurs in a constrained environment
subject to a (very) low mobility of the reactants.

In this thesis, we use another path to prepare the nanocomposites named “in situ
synthesis” of NPs or “one-pot synthesis”. A noble metal salt (AgNO3 or HAuCl4)
is directly mixed with a polymer solution followed by a thermal annealing of the
solid phase. With this second approach, less control on the shape and the size of
the NPs is available. Nevertheless, this method is simpler: in a single step, both the
noble metal salt and the polymer are mixed together to prepare the nanocomposite.
The simplicity of the method is regarded as a great advantage for the production
of nanocomposites for various applications. The principle of in situ methods is the
use of one of the matrix components as a reducing agent for the metal salt. We
therefore need a matrix that plays the role of reducing agent but also contributes
to the stabilization of the NPs: polymers like poly(vinyl pyrrolidone) (PVP) or
PVA are good candidates for this purpose [52]. The self-stabilization process is
another advantage of the in situ synthesis method since it avoids the use of additional
stabilizers like citrate or borohydrate ions. The thermal annealing process allows
the reduction of the metal cations and the in situ growth of metal NPs. Let us note
that other treatments exist such such as laser irradiation to induce the formation of
the NPs, as it will be explained later. As we can see in the figure 2.3A with a thin
film of AuNPs embedded in PVA matrix (e.g. ' 350 nm), this synthesis process
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Figure 2.3: Graphical representation of the two bottom-up synthesis methods. (Left
side) The “one-pot synthesis” and (Right side) the more classical way composed of a
preparation of NPs in colloidal solution followed by a dispersion of the NPs in a dielectric
matrix. Picture: (A) Thin polymer film with in situ grown AuNPs (optical path: ' 350
nm), (B) colloidal solution of AuNPs (optical path: 1 cm).

leads to higher concentration of NPs than other synthesis scheme such as colloidal
solutions of NPs (Fig 2.3B), hence constituting another advantage of this synthesis
scheme. More precisely, in this figure, we can see that the absorbance is equivalent
to that measured with a “classical” AuNPs colloidal solution in a 1 cm optical path
cuvette. This means that the same absorbance can be obtained with a material
thickness ' 2 104 times smaller.

As it will be presented later (Section 4.2), the polymer used throughout this
thesis to prepare our plasmonic nanocomposites is PVA. In fact, PVA is found in
numerous medical applications because of its biocompatibility and low toxicity [53].
This polymer has also interesting properties including the ability to form good films,
a high tensile strength and flexibility and finally high oxygen barrier properties [54].
Moreover, in our case, the electrons originating from the -OH groups of the PVA
molecules allows the reduction step of the silver or gold cations. The glass temper-
ature transition of PVA is around 85◦C for bulk PVA [55], which allows a growing
process of the NPs at a moderate temperature. Another important advantage of
using PVA as the dielectric matrix is its high transparency in the visible range,
which is important for plasmonic applications in the visible range.

Let us note that it is possible to use other polymers to induce the in situ synthesis
of the NPs. For example, poly(ethylene glycol) (PEG) or PVP can also play the role
of reducing agents and stabilizers in the formation of NPs [56, 57]. Abargues and
coworkers presented a comparison between numerous polymers containing AgNPs
in 2009 [58] (except PVA). He showed that the position of the LSPR depends on
the size of the AgNPs and the surrounding dielectric matrix. The studied polymers



14 2 • State of the art

were classified on their reduction capacities. He also showed that for the polymers
of this study, the temperature needed for the growth of the AgNPs is higher than
180◦C, which is much higher than for the PVA case.

Besides the fact that the in situ synthesis using “soft” matrices such as polymers
is easy, the reproducibility of the size and shape distributions of NPs is difficult to
achieve. In fact, slight variations in the experimental conditions lead to different
results evidenced by modifications of the plasmon resonance band parameters. In an
isotropic film prepared from a homopolymer, we can expect the NPs to be spherical
but their growth mechanisms and also the detailed mechanism linking the optical
properties of the nanocomposite to their structural parameters are today not fully
understood. The investigation on these subjects leads to an increasing number of
publications, as we will present in the two next sections.

Finally, in this section, we have presented a brief history of the use of plas-
monic nanocomposites. We have also described experimental processes leading to
the preparation of these nanocomposites. We showed the advantages to synthesize
our NPs by the “one-pot synthesis” that is simpler, faster and provides a higher con-
centration of NPs than other synthesis schemes. As just mentioned above, the PVA
presents numerous advantages for its use in future applications. For these reasons,
we will focus now on recent scientific developments of silver and gold nanocomposites
using usually PVA film as a dielectric matrix.

2.2.1 Silver nanocomposites

As already mentioned, a large number of publications has been devoted to the
study of the optical properties of NPs in solutions, considering the effects of solvent,
temperature synthesis, surfactants,... but much less authors have considered the
growth of the NPs in a polymer film. As already reported before, interest for such
Ag-PVA nanocomposites lays in their possible applications.

In 2005, Khanna et al presented the results obtained by doping the PVA matrix
with AgNPs [59]. In aqueous solutions, they mixed AgNO3, PVA and two different
reducing agents: formaldehyde sulfoxylate and hydrazine hydrate to compare those.
After the formation of the AgNPs in solution, in order to form nanocomposite films,
they evaporated the solvent in air by using an oven at a temperature of 100◦C until
the film became solid. This corresponds to a casting method that creates a film
with a thickness of the order of the micrometer. They showed spectrophotometry
results that presented a resonance peak near 415 nm confirming the presence of the
AgNPs in the film.

Another casting method of the formation of AgNPs embedded in PVA matrix
was presented by Nimrodh et al [60]. The annealing conditions were 50◦C during 24
hours. They measured the absorbance of their sample presenting a peak near 430
nm. By using differential scanning calorimetry (DSC), they also showed that the
temperature of melting (melting point) and the glass temperature transition (Tg)
changed due to the embedded NPs in comparison to the pure PVA. The temperature
of melting increased from 191.65◦ to 193.40◦C and the Tg decreased from 85.78◦C to
80.64◦C. As we can see, the in situ synthesis of NPs induces changes on the physical
parameters of the polymer matrix.
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In 2005, Karthikeyan presented spectroscopic analysis of Ag-PVA nanocompos-
ites formed by casting at ambient temperature during 30 hours followed by a thermal
annealing at 120◦C [61]. He measured the absorbance of nanocomposites, presenting
a peak near 420 nm, as a function of the annealing time, from 1 min to 30 min.
From these measurements, he showed that the intensity of the absorbance of the
sample increased as a function of the annealing time, although the full width at half
maximum (FWMH) of the resonance peak decreased as a function of the annealing
time. He also presented an analysis using a Fourier transform infrared spectroscopy
(FTIR), which supports the presence of bonds between Ag and PVA.

From 2004, the research group of Porel developed an experimental process to
prepare plasmonic nanocomposites. By mixing the metal salt (AgNO3, HAuCl4)
solution with the polymer solution (PVA or PVP), they spin coated the mixed
solution on glass substrates [62–67]. These nanocomposite films were annealed in
order to induce the growth of the NPs. As it will be explained in the section 4.2 of
this thesis, we use the same experimental procedure to prepare our nanocomposites.
Porel and coworkers generally measured the absorption spectra of their sample to
detect the presence of the in situ synthesized NPs. In order to form free-standing
films, their glass substrates were coated with a thin polystyrene (PS) film. With
these free-standing films, they were able to detect the shape of their NPs by using
transmission electron microscopy (TEM). The sizes of their NPs were measured by
atomic force microscopy (AFM). For clarity, hereinafter, we present their results for
AgNPs and AuNPs separately:

• For AgNPs, the annealing conditions were 110◦C under various time duration
ranging from 5 min to 60 min. They also modified the concentration of silver in
the PVA matrix. They showed that the absorbance measured by spectropho-
tometry increased as a function of the annealing time. They also noticed a
small blue-shift of the maximum of the absorbance position as a function of
annealing time. The TEM analysis showed that the embedded AgNPs seem
to be spherical. In [66], they studied the in situ synthesis of AgNPs in PVP
with a varying time of annealing starting from 1 min to 30 hours. They mea-
sured the absorbance of each sample and they showed that the intensity of
the absorbance increased with the annealing time. The figure 2.4 presents
two free-standing nanocomposite films of AgNPs embedded in PVA matrix
(picture and caption from[65]).

• Concerning AuNPs, they annealed the samples at different temperatures rang-
ing from 100◦C to 170◦C under various time duration ranging from 5 to 60
min. They showed that the annealing conditions and the metal-to-polymer
ratio induce large modification of the shape of the AuNPs. By TEM, they re-
vealed different shapes of the AuNPs as triangles, hexagons, pentagons. They
also measured the absorption of their nanocomposites as a function of the
wavelength. They showed that the plasmon resonance position changed as a
function of the shape of the AuNPs.

To sum-up their analysis, as demonstrated by the shape of the grown NPs, the
formation of AgNPs and AuNPs in the PVA seems to be different. Despite the
modification of the metal-to-polymer mass ratio, the AgNPs were spherical. AuNPs
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Figure 2.4: Photographs of free-standing films of AgNPs in PVA matrix; transparency
of the films is demonstrated by placing them on wire frames above a paper on which the
corresponding value of the Ag/PVA mass ratio is printed (picture and caption from [65]).

presented different shapes as a function of the temperature of annealing, the con-
centration of gold and also the annealing time. They followed the kinetics of growth
of the AgNPs by using spectrophotometry measurements during the annealing and
they showed that the value of the absorbance increased as a function of the anneal-
ing time. As we can see with these results from Porel et al, the annealing time with
these spin coated samples is smaller than in the casting case. This represents an
advantage in industrial processes for future applications.

After considering the annealing time as varying parameter, we look at the work
of Clémenson et al, which focused on AgNPs embedded in the PVA matrix under
different annealing temperatures [68, 69]. The experimental conditions were film
thicknesses around 150 nm obtained by spin coating and a thermal annealing varying
from 50◦C to 160◦C during 60 min. They also tested different concentrations of silver
in the polymer. When the annealing temperature is higher than 90◦C, i.e. higher
than the Tg of the PVA (85◦C [55]), they showed that the absorption spectrum
presented a resonance peak near 415 nm. The modifications of the polymer induced
by its glass transition seem to facilitate the diffusion process of atoms or ions to
form AgNPs in the polymer matrix. Despite the modification of the concentration
of silver in polymer, they measured similar values for the size of the AgNPs in situ
synthesized at 110◦C. At a temperature of annealing of 160◦C, which corresponds
to a temperature near the melting point of the polymer, they measured AgNPs
with a larger size than the AgNPs formed at 110◦C. In fact, at this annealing
temperature, the crystalline phase of PVA started to melt, leading to an amorphous
system composed of lamellae. The AgNPs started to grow between these lamellea,
which induced more space for the diffusion and hence, therefore more space for the
growing process. When the annealing temperature was around 110◦C, the AgNPs
were smaller due to a smaller polymer chain mobility. Finally, they showed that a
long annealing at 160◦C induces an insolubility of the PVA film due to cross-linking
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phenomena.

As we have just seen, the optical properties of plasmonic nanocomposites are
usually probed using reflection or transmission spectrophotometry in the UV-visible
spectral range. In order to study the optical properties of Ag or Au-doped PVA
films produced by thermal annealing, we can use spectroscopic ellipsometry (SE).
This optical analysis has the advantages of being non-destructive and moreover of
allowing the simultaneous determination of the film thickness and its complex re-
fractive index values. To date, only a reduced number of studies have been carried
out using SE as analysis technique. Let us note that Oates, Wormeester and Ar-
win published a review on spectroscopic ellipsometry studies of plasmon resonances
at metal-dielectric interfaces of thin films and metallic nanostructures [70]. Nev-
ertheless, the in situ synthesis of nanocomposite is not often mentioned. For the
spectroscopic ellispometry analysis of these kind of samples, we focus on articles
published by Oates et al [71, 72] and Voué et al [73, 74].

In 2006, Oates published an interesting article, demonstrating the possibility to
measure the size of the AgNPs during growth formation indirectly with theoretical
models [71]. The nanocomposites were formed by mixing a silver hexafluoroacety-
lacetonate (Ag(hfac)) solution in toluene with a PS/toluene solution. The thickness
of the films were around 50 nm (spin coating) and different annealing temperatures
were tested, from 120◦C to 220◦C. Despite the difference in experimental processes
compared to the one used in this thesis, this article is interesting since it presents the
optical properties of the nanocomposite during the annealing. They showed large
changes on the optical properties when the samples were heated at 220◦C, which
were explained as a decomposition of the polymer matrix leaving the AgNPs on
the silicon substrate. Moreover, the values of the melting point and glass transition
temperature of the polymer were smaller when the polymer was doped by AgNPs.

They also published an experimental article using SE (375 – 1000 nm) on the
growth of AgNPs in PVA matrix [72]. In this article, they tested two different
concentrations of silver in the polymer, three different thicknesses (90, 60 and 40
nm) and two different annealing temperatures (120 and 150◦C). At the end of each
experiment they heated the sample at 350◦ to decompose the polymer. They showed
by scanning electron microscopy (SEM) measurements that a higher concentration
of silver led to a higher concentration of AgNPs embedded in the PVA. By using
MG-EMA model, they tried to follow the kinetics of the growth of the AgNPs by a
determination of the mean radii of AgNPs. They showed that the kinetics of growth
seemed to be different at 120◦C than 150◦C. Finally, due to the evaporation of the
polymer at 350◦C, they showed that the AgNPs seemed to merge with each other
and form larger AgNPs with different shapes.

By performing the ellipsometric measurements by a Fourier transform infrared
spectroscopic ellipsometer (FTIR-SE), Voué et al measured the optical properties
of AgNPs embedded in PVA matrix in the 600 – 6000 cm−1 spectral range [73]. The
thickness of their nanocomposite films were 1 – 2 µm, the silver concentration in
polymer was 8% (w:w) and the annealing temperature was set to 110◦C. They first
analyzed the topography of their films by AFM. They measured an increase of the
root-mean-square roughness due to the presence of the AgNPs in situ synthesized.
They determined the optical properties of the nanocomposite on the FTIR range
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Figure 2.5: Extinction coefficient of the Ag-PVA films annealed at 90◦C during 10, 30,
45 and 60 min (respectively from bottom curve to top curve) in UV, visible, near-infrared
range. Inset: refractive index of the annealed films (same order as above; continuous line:
refractive index of the pure PVA film). Graph and caption from [74].

by using Cauchy model and Lorentzian oscillators. When they compared the ellip-
sometric data between doped and undoped PVA, they noticed the presence of two
new peaks on doped samples. Those, situated at 1036 and 1134 cm−1, confirmed
the bond between silver and the PVA matrix.

In 2011, they prepared nanocomposite films of the same kind and they measured
their optical properties by SE in the UV-near infrared spectral domain [74]. The
annealing temperature was set to 90◦C, slightly above the Tg and SE measurements
were taken every 10 min during 60 min. The thicknesses of the films were 1 – 2 µm
and 0.6 – 0.7 µm. In order to extract the optical properties of their ellipsometric
measurements, they used a Cauchy model for the polymer and a Lorentzian oscillator
for the AgNPs. They showed a sharp peak in the extinction coefficient spectrum
near 420 nm, which confirmed the presence of the AgNPs in the PVA matrix, as
it is shown in the figure 2.5. The amplitude of the peak increased as a function of
the annealing time due to an increase concentration of AgNPs in the nanocomposite
film.

From the point of view of the size of the AgNPs during the annealing, this last
article is in contradiction with the article of Oates et al [72]. In fact, Oates et
al assumed that the size of their AgNPs increased as a function of the annealing
time. On the contrary, Voué et al showed that the size of their AgNPs in situ
synthesized seemed to decrease as a function of the annealing time. Let us note that
the thicknesses of the films of these two articles are different (40 - 90 nm for Oates
and 0.6 - 0.7 µm for Voué). We can see here that the time evolution of the particle
size seems to be a complex process and that the film thickness could play a role in
the growth process.

To sum up this section, we have presented recent developments on plasmonic
nanocomposites containing AgNPs. As we can see, the effect of annealing time and
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Figure 2.6: TEM images of Au-PVA films with polygonal nanoplates generated under
different conditions. The Au/PVA mass ratio, temperature of heating (◦C) and time of
heating (min) are indicated in that order in parenthesis: (a) pentagons (0.04, 170, 5); (b)
hexagons (0.08, 130, 30); (c) triangles (0.12, 100, 60) and (d) squares/rectangles (0.18,
100, 60). Scale bar = 50 nm. Images and caption from [62]

temperature on these nanocomposite films have been intensively studied. Numerous
studies determined the optical properties through the UV-visible spectrophotometry.
Only few references presented the optical properties of these kind of nanocomposites
by using SE and none by the spectroscopic imaging ellipsometry (SIE). The summary
of the cited articles is presented in the table 2.1.

In the next section, we present recent scientific researches on plasmonic nanocom-
posites based on AuNPs grown in the polymer matrix.

2.2.2 Gold nanocomposites

Contrary to plasmonic nanocomposites containing in situ grown AgNPs, AuNPs syn-
thesized in situ in a polymer matrix are not often discussed in the literature, despite
the simplicity of the synthesis. Moreover, experimental procedures strongly differ
from one publication to the other, making their results very difficult to compare.
Nevertheless, as we have already explained in the previous section, Porel and cowork-
ers showed the possibility to form AuNPs, more precisely polygonal nanoplates, in
a polymer matrix [62]. These nanocomposites were prepared by spin coating the
mixed solution containing PVA and HAuCl4 and those were annealed to form the
AuNPs. By changing the metal-to-polymer mass ratio, the temperature of annealing
and the annealing time, the shape of AuNPs embedded in the PVA matrix changes,
as we can see in the figure 2.6.

Sakamoto et al presented a study on AuNPs in situ synthesized in PVA matrix
by irradiation instead of a thermal annealing [75]. In that purpose, they needed
to add a reducing agent, benzophenone. To induce the growth of the AuNPs in
the PVA matrix, the samples were exposed to laser pulses at 355 nm and 532 nm
provided by a nanosecond–picosecond two-color two-laser flash photolysis system.
They detected the presence of the AuNPs with the absorption spectra of the sample,
which showed an absorption peak near 523 nm.

In 2009, Sun et al published an article reporting on studies using HAuCl4 as the
metal precursor and PVA as the polymer matrix [76]. In comparison with Porel,
they formed their AuNPs by thermal annealing (80◦C) of the mixed solution con-
taining metal salt and polymer. After the reduction of gold cations in solution, the



20 2 • State of the art

Figure 2.7: (A) Schematics of the local photoreduction in the polymer film induced
by laser irradiation. (B) Representation of the effect of annealing: nanoparticles grow
from reduced gold atoms as well as from the remaining gold ions that diffuse towards the
nanoparticles, while simultaneously experiencing thermal reduction. Both images (A and
B) and caption come from [78].

nanocomposite films were obtained by casting. They used numerous experimental
devices to detect the presence of the AuNPs embedded in the PVA matrix. The
UV-visible spectrophotometry showed an absorption peak near 530 nm, which cor-
responds to the LSPR of the AuNPs in PVA. By varying the annealing temperature,
they also showed that a higher temperature of annealing accelerated the formation
of the AuNPs in the solution. They confirmed the presence of bonds between PVA
and gold atoms by Fourier spectra IR analysis. At the end of their analysis, they
proposed a representation of interactions between PVA chains and AuNPs.

Vieaud presented an interesting work on AuNPs prepared by the well-known
Frens-Turkevitch method [14] and dispersed in PVA matrix [77]. By using spin
coating, the thicknesses of the nanocomposites were between 40 to 150 nm. He
measured the ellipsometric spectra of these nanocomposites by SE and extracted the
optical properties, i.e. n(λ), k(λ), by using the MG-EMA model. He also determined
the volume fraction of gold in the polymer and the thickness of those films. He
measured their topography by AFM.

In 2017, Nadal et al demonstrated the possibility to induce the spatially con-
trolled formation of AuNPs in PVA matrix on glass substrates obtained with a laser
irradiation followed by a short thermal annealing [78]. For that purpose, they used
a Mach-Zender type interferometer to create interference patterns of light on irradi-
ated samples. The growth of AuNPs occurred only on areas exposed to the incident
irradiation, i.e. in bright fringes, which came from a 50 mW laser with an operating
wavelength at 473 nm, as it is shown in the figure 2.7A. They showed that the opti-
mal modulation in the refractive index between dark and bright fringes was obtained
after 18 min of laser irradiation. This photoreduction led to the formation of gold
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atoms, i.e. Au3+ to Au0, and a thermal annealing is used to trigger the formation of
AuNPs (100◦C during 1 min). They detected the presence of the AuNPs within the
film by measuring the topography of the film and also by determining the extinction
spectrum of nanocomposites, which showed an absorption peak near 550 nm. They
also compared their results obtained with a Gaussian beam and with the interfer-
ence pattern, which induced a displacement and a broadening of the plasmon band.
Finally, they explained that the photoreduction was not complete and the thermal
annealing of the sample allowed the reduction of the gold cations located in the
dark fringes. Then, those can diffuse towards the region where the NPs grow. They
assumed that AuNPs acted as seeds and tended to effectively drag the surrounding
gold atoms and contribute to the growth of AuNPs as it is graphically represented
in the figure 2.7.

In the recent study of Omar and coworkers [79], monodispersed gold nanocubes
were synthesized by spin coating of a gold precursor-loaded polymethylmetacry-
late (PMMA) dispersion on N-doped silicon. By using other metallic precursors
as HAuCl4, KAuCl4 and NaAuCl4, the shape of the AuNPs in situ synthesized
were hexagonal, triangular or cubic, respectively. Due to different aspect ratios
of the AuNPs, the plasmon band shifts towards larger wavelengths leading to the
possibility of using this experimental process for medical applications for example.
They used SE to determine the optical properties of these nanocomposites and more
precisely to determine the position of the plasmon band.

Finally, very recently, Nadal and coworkers have published an original synthesis
method of plasmonic nanocomposite under concentrated sunlight [80]. In order to
prepare the nanocomposite films, they mixed a PMMA solution with a gold salt
(HAuCl4) solution (gold-to-polymer mass ratio: 5%) and spin coated it on glass
substrates to obtain a film thickness around 500 nm. They showed that controlling
the solar flux and the sample temperature induced variations of the size distribution
and the shape of the AuNPs in situ grown (spherical to nanoprisms). Thanks to
their experimental device, they presented the possibility to measure in real time the
spectroscopic response of the film. Their results provided details about the growth of
the AuNPs within the film thanks to the absorption spectra taken during the growth
of AuNPs induced by the solar flux. As the solar simulator provided numerous
wavelengths, in addition to the photoreduction, the excitation of the plasmonic
resonance of the AuNPs could result in the production of hot electrons, which could
induce an increase of the reduction rate of the gold precursor.

In the literature, numerous publications on AuNPs in a dielectric matrix describe
a two steps procedure for the preparation of the nanocomposite, i.e. colloidal solution
and dispersion in the dielectric matrix. Nevertheless, as we can see, few research
groups develop the synthesis method preliminary presented by Porel and coworkers.
We have focused our attention on studies using in situ synthesis of AuNPs in polymer
matrix. As we can see, besides thermal annealing, the formation of AuNPs can be
provided by laser irradiation or concentrated sunlight. Finally, the ellipsometric
analysis of these AuNPs in situ synthesized are presented on few articles. The
summary of the cited articles is presented in the table 2.2.
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2.3 Main outcomes of the literature survey

As a summary of this chapter, we have presented a brief history of the development
of the NPs and the development of the plasmonic nanocomposites. We have also
described the “one-pot synthesis” method to prepare these plasmonic nanocompos-
ites. Finally, we have reported numerous applications using NPs in polymer matrix.
This state of the art has been focused on AgNPs or AuNPs in situ synthesized in
polymer matrix by thermal annealing. We have tried to describe other techniques
leading to the formation of NPs in polymer matrix, i.e. laser irradiation, concen-
trated sunlight, ... As we have seen, the fabrication method is simpler, faster but
provides less control of the shape and size of the NPs. We also have presented ar-
ticles in contradiction with one another, which proves that, despite being easy to
produce, numerous questions on these kinds of nanocomposites remain open.

For AgNPs, the effects of annealing time and temperature have also been inten-
sively studied. On the contrary, the influence of the thickness of the film has only
been considered in very few references and most of the time a systematic study of
its influence was not carried out. Moreover, the intrinsic optical properties of the
nanocomposite is usually only considered as a function of the optical properties of
the metal, the polymer and their volume fraction. In the chapter 5 of this thesis, we
try to report in details on the influence the film thickness and on the silver doping of
the nanocomposite films on the plasmon resonance parameters. More precisely, we
compare the resonance parameters in thin (less than 50 nm) and thick films (more
than 300 nm) at a given Ag-doping level. We will show how, starting from the same
silver-to-polymer mass ratio, nanocomposites with different refractive index can be
obtained by simply tuning the film thickness. To the best of our knowledge, the
effect has not yet been reported in the literature.

We also try to provide more information on the growth of the AgNPs (chapter 5)
and AuNPs (chapter 6) by measuring in real time the transmitted intensity every 30
seconds during the annealing of a thick highly doped silver or gold nanocomposite.
This kind of analysis, on AuNPs, looks like the study of the concentrated sunlight
of Nadal but the annealing process is different in our case.

In the case of AuNPs, we try to provide another information using an single
wavelength imaging ellipsometer (IE) during the growth of the AuNPs at very low
doping level in the polymer matrix by real time measurements of Ψ and ∆ ellip-
sometric angles. We show that the imaging ellipsometer provides a local analysis
of the optical properties and allows the optical detection of the AuNPs despite a
doping level undetectable by conventional SE. Finally in chapter 7, by using spec-
troscopic imaging ellipsometer (SIE) and the MG-EMA model, we can measure the
local optical properties of AuNPs embedded in PVA matrix at this low doping level.
This real time analysis and detection of the optical properties at this doping level
has not yet been described in the literature. Moreover, the optical properties of
plasmonic nanocomposites have never been probed by spectroscopic imaging ellip-
sometry, which is a favorable reason to present the results of this thesis related to
this topic.
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Table 2.1: Summary of articles on AgNPs in situ synthesized in a polymer matrix. “d”
is the thickness of the nanocomposite film, “T” is the annealing temperature and “t” is
the annealing time.

Articles Nanocom-
posite

reagents

Experimental
processes

Optical
methods

Main
achievements

Khanna [59] AgNO3, PVA
and reducing

agents

AgNPs formed in
solution and casting,

d: several
micrometers

UV-visible
spectropho-

tometry

Presence of
AgNPs in thick

PVA films

Nimrodh [60] AgNO3, PVA
and NaBH4

Casting, d: several
micrometers, T:

50◦C, t: 24 h

UV-visible
spectropho-

tometry, SEM
and DSC

AgNPs induce
changes on the

physical
parameters of

the PVA matrix

Karthikeyan
[61]

AgNO3, PVA Casting, d: several
micrometers, T:

120◦C, t: from 5 to
30 min

UV-visible
spectropho-
tometry and

FTIR

Increase of the
absorbance as a
function of the
annealing time

Porel
[63, 64, 66, 67]

AgNO3, PVA
or PVP

Spin coating, d: 3 -
6 µm or 500 - 600
nm, T: 110◦C, t:
from 5 to 60 min

UV-visible
spectropho-

tometry, TEM
and AFM

Blue-shift of
λLSPR as a

function of the
annealing,

spherical AgNPs

Clémenson
[68, 69]

AgNO3, PVA Casting or spin
coating, d: several
micrometers or 150
nm, T: from 50 to
160◦C, t: 60 min

UV-visible
spectropho-

tometry,
TEM

Variation of the
annealing

temperature,
higher

temperature
larger AgNPs

Oates [71] AgO2, hfac,
PS

Spin coating, d: 50
nm, T: from 120◦C
to 160◦C, t: 30 min

SE, TEM and
SEM

Determination of
the size of the

AgNPs using SE

Oates [72] AgNO3, PVA Spin coating, d: 90,
60 or 40 nm, T: from
120◦C to 150◦C, t:

60 min

SE and SEM Following the
growth of

AgNPs with SE
in real time

Voué [73] AgNO3, PVA Spin coating, d: 1 -
2 µm, T: 110◦C, t:

60 min

FTIR-SE and
AFM

Measurements in
the IR region by
FTIR-SE, bonds
between Ag and

PVA

Voué [74] AgNO3, PVA Spin coating, d: 1 -
2 and 0.6 - 0.7 µm,
T: 90◦C, t: from 5

to 60 min

SE and AFM Determination of
the optical

properties of
AgNPs in PVA
matrix by SE

This thesis AgNO3, PVA Spin-coating, d: 350
and 30 nm, T:

110◦C, t: 60 min

Real time
UV-visible
spectropho-

tometry, AFM,
SE and SIE
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Table 2.2: Summary of articles on AuNPs in situ synthesized in a polymer matrix. “d”
is the thickness of the nanocomposite film, “T” is the annealing temperature and “t” is
the annealing time or irradiation time.

Articles Nanocom-
posite

reagents

Experimental
processes

Optical
methods

Main
achievements

Porel [62] HAuCl4 and
PVA (from 4%
to 12% mass

ratios)

Spin coating, d:
1.4 µm, T: from
100 to 170◦C, t:
from 5 to 60 min

UV-visible
spectropho-
tometry and

TEM

Growth of AuNPs in
PVA matrix, various

shapes of AuNPs

Sakamoto [75] HAuCl4, PVA
(5% w:w) and
reducing agent

Casting, d:
several

micrometers,
laser irradiation:
λ = 355 and 532

nm

UV-visible
spectropho-
tometry and

TEM

Growth of AuNPs in
PVA using laser

irradiation

Sun [76] HAuCl4 and
PVA

Thermal
annealing of the
mixed solution
(80◦C), casting,

d: several
micrometers

UV-visible
spectropho-

tometry,
FTIR, DSC
and TEM

Higher temperature
leads to an

acceleration of the
formation of the

AuNPs in solution,
presence of bonds

between Au and PVA

Vieaud [77] HAuCl4 and
PVA

Colloidal solution
(Frens method)
and dispersion,
spin coating, d:
from 15 nm to

150 nm

UV-visible
spectropho-

tometry, AFM,
SE and TEM

Ellipsometric spectra
of AuNPs dispersed
in PVA matrix and

extraction of the
optical properties

Nadal [78] HAuCl4 and
PVA (5% w:w)

Spin coating, d:
1 µm, laser
irradiation

(λ = 473 nm), t:
18, 40, 60 min +

annealing T:
100◦C, t: 1 min

UV-visible
spectropho-
tometry and

AFM

Growth of AuNPs in
PVA matrix on glass
spatially controlled

with laser irradiation

Omar [79] HAuCl4,
KAuCl4,

NaAuCl4 and
PMMA

Spin coating, d:
130 nm,

conducting
substrates:

N-doped silicon

UV-visible
spectropho-

tometry, AFM,
SE, SEM

By changing the
metallic precursors
the shapes of the
AuNPs change

Nadal [80] HAuCl4 and
PMMA (20%

w:w)

Spin coating, d:
500 nm,

concentrated
sunlight

irradiation, t: 30
min

Real time
UV-visible
spectropho-
tometry and

TEM

Growth of AuNPs
using concentrated

sunlight,
measurements of the
growth of AuNPs in

real time

This thesis HAuCl4 and
PVA (2% w:w)

Spin coating, d:
350 nm, T:

135◦C, t: 120
min

Real time
UV-visible
spectropho-
tometry, real
time IE, SE

and SIE



3
Theoretical concepts

In this chapter, we will introduce the theoretical concepts to understand and inter-
pret the results of this work. We will start with the optical processes that occur
when light propagates in an optical medium and define the optical coefficients. We
will continue with the optical properties of metallic nanoparticles. We will end this
chapter presenting the coefficients of reflection and transmission of polarized light
for an optical system defined by a one-layer system, i.e. a film over a substrate.

3.1 Polarization states of light

3.1.1 Optical process

As shown in the figure 3.1, an optical medium is defined by two interfaces that
correspond to two medium changes. In the case of the light beam propagating
towards the first interface, two optical processes can occur. A part of the incident
wave is reflected corresponding to the reflection process, while the rest propagates
through the medium that represents the transmission process. The same scheme
is followed at the second interface, the back surface: another part of the wave is
reflected and the rest of the wave is transmitted through the other side. In this
simple example, we have access to three phenomena to describe the interaction of
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Figure 3.1: Optical processes, reflection, propagation and transmission, which can occur
when a light beam propagating through an optical medium

light with an optical medium: reflection, propagation and transmission. During
the propagation of the beam, some other phenomena can occur like refraction at
the interface, absorption and scattering in the optical medium, for example [81].
Refraction, described by the Snell’s law of refraction (Eq. 3.85), causes the bending
of the light rays due to the increase or reduction of the wave velocity during the
passing between two different media. The absorption process takes place when the
frequency of the incident light is resonant with the transition frequencies of the
atoms in the medium, or due to the oscillating electron cloud in the case of small
nanoparticles for example [82]. Due to the absorption, the intensity of the beam
will be attenuated and the transmittance of the medium depends on the absorption
process as we will see later. A selective absorption in the visible range is responsible
for the coloration of optical materials. Finally, Scattering occurs when the light
presents direction changes after the interaction with the medium at the microscopic
level. Despite a total number of photons unchanged, some photons are re-directed
in directions other than the forward direction. In the case of this work, we will focus
on the absorption process of light.

3.1.2 Optical coefficients

The reflection process at a surface is described by the reflectivity or the power
reflection coefficient denoted by R. The definition of the reflectivity is the ratio of
the reflected power to the incident power on the surface. The transmissivity or the
power transmission coefficient T is determined by the ratio of the transmitted power
to the incident power. In the absence of absorption or scattering processes, we have:

R + T = 1 (3.1)

The refractive index, n, defined by n = c/v where c is the velocity of the light in
free space and v the velocity of the light in the medium, describes the propagation
of the beam through a transparent medium. n depends on the frequency of the light
source.

The absorption coefficient α describes the absorption of light by an optical
medium. It can be defined as the fraction of the power absorbed per unit length.
The decrease of the intensity at a position z of beam propagating in the z direction
in an slice of thickness dz is given by:

dI = −α dz × I(z) (3.2)
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which leads to the Beer’s law for absorption:

I(z) = I0e
−αz (3.3)

where I0 corresponds to the optical intensity at z = 0. This coefficient of absorption
is a function of frequency, which is used to describe, in some materials, the absorption
of one color but not another. We will use this coefficient of absorption in the
spectrophotometry experiments.

3.1.3 Complex refractive index

In the previous section, we mentioned the refraction and absorption processes. These
phenomena can both be described by a single parameter called complex refractive
index:

ñ = n+ iκ (3.4)

where ñ is a complex number. The real part of this equation is the usual refractive
index n and the imaginary part is the extinction coefficient κ which is directly related
to the absorption coefficient α by:

α =
4πκ

λ
(3.5)

Generally, we use the dielectric function to optically describe a material. The
dielectric function is characteristic of each material: metals, transparent or opaque
media, insulators or semiconductors for example. Its complex function is expressed
by:

ε̃ (ω) = ε1 (ω) + iε2 (ω) (3.6)

This quantity encloses the entire optical information of the response of the material
to an electromagnetic field wave for the whole frequency spectrum. By definition
the dielectric function is linked to the optical complex refractive index by:

ε̃ (ω) = ñ2 (ω) = [n+ iκ]2 = n2 − κ2 + 2i n κ (3.7)

By identifying the terms of equations 3.6 and 3.7, we have:

ε1 = n2 − κ2 (3.8)

ε2 = 2nκ (3.9)

and also,

n =
1√
2

√
ε1 +

√
ε2

1 + ε2
2 (3.10)

κ =
1√
2

√
−ε1 +

√
ε2

1 + ε2
2 (3.11)

If ε1 and ε2 are known, n and κ can be calculated in a straightforward way. In the
case of a medium with a weak absorption (e.g. insulators), we can consider κ very
small and simplify these equations to:

n '
√
ε1 (3.12)

κ ' ε2

2n
(3.13)
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z

y

x
c

~E

~B

Figure 3.2: Schematic description of an electromagnetic wave propagating in vacuum in
the z direction.

These last equations, valid in the weak absorption limit, show us that the refractive
index is determined by the real part of the dielectric function, while the absorption is
controlled by the imaginary part. For the rest of the manuscript, we will write n and
ε without the tilde for the complex refractive index and for the complex dielectric
function, respectively.

3.1.4 Polarization of light

As shown in the figure 3.2, an electromagnetic wave (EMW) is the superposition of
an electric field coupled to a magnetic field which simultaneously propagate. The
whole physical description of an EMW is described by the Maxwell’s equations.
The plane wave is the simplest solution of these equations and it is a convenient
approximation of an EMW far from the source. In this work, the electric field ~E
and the magnetic field ~B are described by a plane wave. In Cartesian coordinates,
the full expression for the electric field vector of an optical plane wave travelling in
the positive direction of the z-axis in an isotropic medium is given by:

~E(z, t) = ~Ex(z, t) + ~Ey(z, t) (3.14)

~E(z, t) = Ex0e
i(ωt−k0z+δx)~ex + Ey0e

i(ωt−k0z+δy)~ey (3.15)

In these expressions, Ex0 and Ey0 are the amplitude, ω the pulsation, k0 = ωn/c
the wave number with c = 1/

√
ε0µ0 corresponding to the speed of the wave in

void and δx and δy corresponding to the initial phase of the wave on x and y axes,
respectively. With this, we can define the phase difference by: δy − δx (or δx − δy).
The direction of polarization is, by definition, the direction of the electric field.
Indeed, when light interacts with matter, the force acting on the electrons due to
the electric field dominates the force due the magnetic field of the wave. This is
the reason why the polarization is usually defined from the direction of the electric
field. Moreover, when the polarization of the electric field has been measured, the
polarization of the other fields vectors can be found from the Maxwell’s equations.

In order to describe the state of polarization of the light, the absolute values
of the initial phases, i.e. δx and δy, are not required but only the relative phase
difference has to be taken into account. The figure 3.3 presents the variation of the
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Figure 3.3: Schematic representation of (A) a linear polarization, (B) a right circular
polarization and (C) a right elliptical polarization. The phase differences between ~Ex and
~Ey are (A) δy − δx = 0, (B) δy − δx = π/2 and (C) δy − δx = π/4. (Redrawn from [83]).

polarization state with the phase difference δy − δx where Ex0 = Ey0. This leads to
three different cases:

• When δx = δy or δx = δy ± π, there is no difference phases between ~Ex and
~Ey. The orientation of the resultant vector is always 45◦ in the (x, y) plane
and its amplitude is

√
2 times larger than that of Ex0 or Ey0.

• When |δx − δy| = π
2

and Ex0 = Ey0, the polarization is circular. The field
describes a circle in the (x, y) plane. By choosing a point on the z axis, the
synthesized vector on the point rotates towards the right, or clockwise, as the
light propagates with time (the rotation is counterclockwise in the positive
direction of the z axis).

• Other cases, the field follows an elliptic curve: the polarization is elliptic.

3.1.5 Jones Matrix

Introduced by R. Jones in 1941 [84], the Jones formalism allows the mathematical
description of the polarization states of light in an optical setup. We can therefore
represent each optical element by a matrix as we will see in the chapter 4 for polar-
izer and compensator, for example. By applying the Jones matrix, we can express
variations in polarized light from matrix calculations, which is convenient. More-
over, this representation is interesting in our case because it allows the mathematical
description of ellipsometry measurements since it considers totally polarized light.
In this section, we want to present a brief description of the Jones matrices and of
the Jones vectors.

As mentioned in the equation 3.15, the polarization state of light is represented
by the superposition of two waves oscillating parallel to the x and y axes. The Jones
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vector is defined by the electric field vectors in the x and y directions and is given
by:

~E(z, t) =

[
Ex0e

i(ωt−k0z+δx)

Ey0e
i(ωt−k0z+δy)

]
= ei(ωt−k0z)

[
Ex0e

iδx

Ey0e
iδy

]
(3.16)

This latter equation is generally written by omitting the time-dependent prefac-
tor:

~E(z, t) =

[
Ex0e

iδx

Ey0e
iδy

]
=

[
Ex
Ey

]
(3.17)

where

Ex = Ex0e
iδx = |Ex|eiδx (3.18)

Ey = Ey0e
iδy = |Ey|eiδy (3.19)

If we use the phase difference (δx − δy), the last equation can be written:

Ex = Ex0e
i(δx−δy) = |Ex|ei(δx−δy) (3.20)

Ey = Ey0 = |Ey| (3.21)

As the light intensity of EMW is given by:

I = |E|2 = EE∗ (3.22)

we can write:

I = Ix + Iy = E2
x0 + E2

y0 = |Ex|2 + |Ey|2 = ExE
∗
x + EyE

∗
y (3.23)

During the ellipsometric measurements, we are interested by measuring the rela-
tive changes in amplitude and phase of the EMW after the reflection of the light on
the sample. Therefore, in general, the Jones vector is expressed by the normalized
light intensity, i.e. I = 1. In this case, we can write the linearly polarized waves
parallel to the x and y directions by:

~Elinear,x =

[
1
0

]
~Elinear,y =

[
0
1

]
(3.24)

Linearly polarized light oriented at 45◦ with normalized light intensity (as drawn in
the figure 3.3A) is written as:

~E+45◦ =
1√
2

[
1
1

]
(3.25)

Finally, for example, the right-circular polarization ( ~ER) (as drawn in the fig-

ure 3.3B) and the left-circular polarization ( ~EL) are given by:

~ER =
1√
2

[
1
i

]
~EL =

1√
2

[
1
−i

]
(3.26)
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Ellipsometry requires polarizers and/or compensators whose optical axis is ori-
ented with a certain angle relative to the x or y axis. In this case, we have to take
into account of the transformation of the coordinates. If we consider a rotation with
an angle α in the clockwise direction and z axis, the rotational matrix is:

R(α) =

[
cos(α) − sin(α)
sin(α) cos(α)

]
(3.27)

Therefore, we determine the new state of polarization by left multiplying the
initial state by the corresponding rotation matrix:

~E ′(z, t) = R(α) ~E(z, t) =

[
cos(α) − sin(α)
sin(α) cos(α)

] [
Ex
Ey

]
(3.28)

Application of the Jones formalism to ellipsometric measurements will be con-
sidered in the section 4.1.3.

3.2 Optical properties of noble metal nanoparti-

cles

In order to describe the optical properties of materials, we want to use a model to
calculate the frequency dependence of the refractive index and absorption coefficient.
A first simple model is the dipole oscillator which can be used to model several types
of physical phenomena. For example, we have the atomic oscillators due to the os-
cillations of the bound electrons within the atoms, the vibrational oscillators caused
by the vibrations of charged atoms and finally the free electron oscillators in the
metal and doped semiconductors well described by the Drude model. Hereinafter,
we will describe the dipole oscillator model using the classical Lorentz model.

3.2.1 Lorentz model

Let us consider an electromagnetic wave described by its electric field ~Ex = Ex0

ei(ωt−k0z+δx)~ex, which interacts with an atom with a single frequency ω0 =
√
Ks/µ

where Ks is the spring constant and µ is the reduced mass (µ−1 = mN
−1 + m0

−1

where m0 is the effective mass of the electron and mN is the mass of the nucleus).
Due to the bound electrons, the resulting interaction between light and atoms can
be described as a damped harmonic oscillator. The oscillating dipoles can lose
their energy by collisional processes represented by the inclusion of the damping
in the oscillator model, while the electric field of the incident wave induces forced
oscillations of the atomic dipole. In this model, we can ignore the motion of nucleus
because its mass is higher than the mass of electron (µ ' m0). On each electron,
there are three forces:

• the electric force due to the electric field:

~Felec = q ~E; (3.29)



32 3 • Theoretical concepts

• the restoring force caused by the nucleus on the electron (Hooke’s law):

~Frest = −Ksx~ex = −m0ω
2
0x~ex; (3.30)

• the damping force which is proportional to the electron mass and the damping
constant:

~Fdamp = −m0Γ
dx

dt
~ex (3.31)

Thus, the equation of motion is given by:

m~a = ~Felec + ~Frest + ~Fdamp (3.32)

m0
d2x

dt2
= −eE0 −m0ω

2
0x−m0Γ

dx

dt
(3.33)

m0
d2x

dt2
+m0Γ

dx

dt
+m0ω

2
0x = −eE0 (3.34)

On the left-hand side, the first term corresponds to the acceleration of the elec-
tron while the second term is the frictional damping force. Looking for solutions of
equation 3.34, of the form x(t) = C e−iωt, it is possible to identify the constant C
by:

C = − eE0

m0 (ω2
0 − ω2 − iΓω)

(3.35)

The displacement of the electrons from their equilibrium position creates a time de-
pendent dipole moment ~p(t) = −e~x(t). Thus the macroscopic polarization presents
a resonant contribution:

~Presonant = N~p = −Ne~x (3.36)

=
Ne2

m0

1

ω2
0 − ω2 − iΓω

~E (3.37)

where N corresponds to the number of electrons per unit volume. In order to obtain
the total polarization of the material, we need to add the contribution of the non-
resonant background terms which are presented by ~Pnon−resonant. Thus, the electric
displacement ~D of the material is given by [81]:

~D = ε0
~E + ~P (3.38)

= ε0
~E + ~Pnon−resonant + ~Presonant (3.39)

= ε0
~E + ε0χ~E + ~Presonant (3.40)

where χ represents the electric susceptibility associated to the non-resonant modes.
We will assume that the material is isotropic and, in this case, the relative dielectric
tensor is diagonal and reduces to a constant is defined by:

~D = ε0εr ~E (3.41)
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Figure 3.4: (A) Frequency dependence of the real and imaginary parts of the complex
dielectric constant of a dipole oscillator at frequency close to the resonance. (B) Variation
of the real and imaginary parts of the refractive index as a function of the frequency close
to the resonance.

By combining the equations 3.37 and 3.41, we have:

εr = 1 + χ+
Ne2

ε0m0

1

ω2
0 − ω2 − iΓω

(3.42)

The low and high frequency limits of the relative permittivity is given when ω → 0
or ω →∞, respectively:

εr(0) ≡ εst = 1 + χ+
Ne2

ε0m0ω2
0

(3.43)

εr(∞) ≡ ε∞ = 1 + χ (3.44)

where εst represents the relative permittivity for the static case (i.e. caused by a
static electric field). Moreover, we can show that:

εst − ε∞ = 1 + χ+
Ne2

ε0m0ω2
0

− (1 + χ) (3.45)

=
Ne2

ε0m0ω2
0

(3.46)

As this quantity is always positive, we therefore have the εst > ε∞. By using the
equations 3.42 and 3.46, we find that the relative permittivity in the Lorentz model
is given by:

εr (ω) = ε∞ +
ω2

0 (εst − ε∞)

(ω2
0 − ω2 − iΓω)

(3.47)

From this equation, the real and the imaginary parts (ε1 and ε2, respectively) of
the complex dielectric function can be identified. In the figure 3.4A, the representa-
tion of ε1 and ε2 is given as a function of the frequency. We can see, in the graph of
the ε2, a sharp peak with a maximum at the resonant frequency ω0 and a full width
at half maximum equal to Γ, the damping constant. The behavior ε1 is more com-
plex. At lower frequency, the real part of the complex dielectric function gradually
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rises from the value of εst to a peak at ω0 − Γ/2 (not shown in the Fig. 3.4). Then,
it rapidly falls to a minimum at ω0 + Γ/2 before rising again to the high frequency
limit ε∞. From the figure 3.4B, we can follow the variation of the real part of the
refractive index and the extinction coefficient as a function of the frequency. We
see that n approximately follows the frequency dependence of the square of the real
part of the complex dielectric function n ∼ √ε1 and κ keeps more or less the trend
of ε2. This approximation is valid in the case of κ is much smaller than n, which
corresponds to the case considered in this work. It is not valid in the case of bulk
metal. We also notice that the refractive index is affected by the Lorentz oscillator
over a larger frequency range than the absorption. This interesting fact will be used
later during explanation of our results obtained by single wavelength ellipsometry.

3.2.2 Drude Model

The main properties of metals are their high conductivity and their high optical
reflectivity in the visible spectral domain. These properties originate from the free
electrons, which are not bound to a single atom but can freely move in the crystalline
structure of the metal. Their behavior is described by the Drude model and, in this
case, the equation of motion is slightly different from equation 3.34:

m0
d2~r(t)

dt2
+m0γ

d~r(t)

dt
= −e ~E (r, ω) (3.48)

where ω is the frequency of the light, m0 is the (effective) electron mass. The
first difference with the Lorentz model is γ, which corresponds here to the electron
damping rate due to the electron-electron collisions. There is not restoring force in
this case (ω0 = 0). This constitutes second difference between the two models. By
resolving the differential equation following the same calculations than the Lorentz
model, using the definitions of polarization of an electron gas and of the electrical
displacement, we can find the relative permittivity for the Drude model:

εr(ω) = 1− Ne2

ε0m0 (ω2 + iγω)
(3.49)

= 1−
ω2
p

(ω2 + iγω)
(3.50)

with ωp the plasma frequency defined by:

ω2
p =

Ne2

ε0m0

(3.51)

In the case of a weakly damped oscillator the equation 3.50 simplifies as:

εr(ω) ≈ 1−
ω2
p

ω2
(3.52)

We can see that the oscillator model is a simple analytical way providing the Drude
dielectric function of the metal εr (ω).
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Figure 3.5: Complex dieletric function of gold obtained from ellipsometric experiments
from H. Arwin [85] and from analytical model based on Johnson and Christy’s data
[86].(Graphic from [20]).

The Drude model predictions can be compared with the experimental data of
Johnson and Christy [86] for gold (Fig. 3.5 [20]). This graph shows us that the per-
mittivity of the metal is well described by the model in the wavelength region above
600 nm corresponding to the intraband transitions dominated by the conduction
electrons. But, under 550 nm, the model completely dismisses the contribution of
the interband transitions. These interband transitions appears when the incident
light has enough energy to excite bound electrons to the conduction band. Here,
we can see the limitation of the Drude model and in order to describe the optical
properties of gold on all spectral region, we need an explicit description of these
interband transitions.

3.2.3 Surface plasmon resonance

At the plasma frequency ωp usually situated in the UV range for metals, the dielectric
constant of a weakly damped gas of free electrons is equal to zero (Eq. 3.52). A metal
consists of a fixed lattice of positive ions together with a gas of free electrons, which
leads to a global neutral charge (Fig. 3.6A). This plasma system can be perturbed
and we can consider a displacement of the whole free electrons gas. Thus, the fixed
lattice of positive ions will exert a restoring force to cancel this displacement of
electrons. This may cause positive and negative surface charges and also create
a restoring force in the opposite direction: the whole free electrons gas oscillates
backward and forward as shown in the figure 3.6B and C. This oscillations are
called plasma oscillations and quantized plasma oscillations are called plasmons.

Now, let us consider a large and flat infinite piece of metal with periodically
arranged positive charges (nuclei) and bound cloud electrons which are weakly bound
due to the coulombian attraction. When light at a suitable frequency interacts
with the surface of the metal, an instantaneous displacement of electrons density is
created by the coupling between of the electric field of the light and the electrons
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Figure 3.6: (A)-(C) Plasma oscillations in a metallic slab. Metal is considered neutral
when there is a balance between the positive and negative charges inside (A). In (B) and
(C) due to a perturbation, a displacement of the electron gas is created, which leads to
positive and negative surface charges. The restoring forces, which maintain the oscillations
at plasma frequency, are established and caused by this displacement of electrons (redrawn
from [81]). (D) Schematic illustration of propagating surface plasmon in a bulk metal and
the resultant electromagnetic field in both the surrounding medium and metal.

in the metal. Thus, the light is absorbed establishing a periodic oscillation of the
positive and negative charges. As the restoring force originates from the interaction
between negative charges and nuclei, its magnitude depends on the chemical nature
of the metal. These rapid and coherent oscillating electrons produce a strong local
electromagnetic field in the metal and the surrounding medium: the Surface Plasmon
Resonance (SPR) or Surface Plasmon Polariton. A schematic illustration of this
effect is represented in Fig. 3.6D. With this, we understand why the frequency used
to excite the plasmon absorption is function of the metal and the dielectric medium
around it. In this case of bulk metal, these surface plasmons can propagate along
the surface. For certain types of metal used as waveguides or sensors, these surface
plasmons appear in the infrared region of the electromagnetic spectrum.

3.2.4 Localized surface plasmon resonance

If we do not consider a flat metal surface or films anymore but nanoparticles, the
charge oscillations will be different. In this case, as shown in the figure 3.7A, the size
of nanoparticles being much smaller than the wavelength of the incident light, the
electrons cloud of particle is fully surrounded by the electric field. A surface charge
is created by all polarized electrons that accumulate successively at each side of the
particle. This oscillating polarization of the particle creates an electric field opposed
to the excitation field and results in a restoring force (red arrow in Fig. 3.7A). This
oscillation is partially damped through the creation of heat and light scattering. This
effect can be described by a dipolar oscillator with a resonance frequency of ω0. This
resonance is called the Localized Surface Plasmon Resonance (LSPR). For gold and
silver nanoparticles, the plasmon resonance occurs in the visible or near-infrared
region. If we consider a group of homogeneous nanoparticles and a light beam going
though it, the emerging beam presents a spectrum with a sharp absorption at ω0 due
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Figure 3.7: (A) Schematic representation of nanoparticles under the influence of an
excitation wave with a wavelength longer than the radius of the sphere, the polarized
electron cloud oscillate and the system can be represented by an oscillating dipole. (B)
Graphical illustration of a white light travelling through an absorbing medium, which
cause an absorption of the incident light. The transmitted light presents a dip in the
spectrum. (C) Graphical representation of a sphere of radius R in a uniform static electric
field.

to the LSPR. The figure 3.7B represents this absorption peak at a well determined
wavelength. A polychromatic light (white light) is travelled through an absorbing
medium and the transmitted light presents a dip in the spectrum, which corresponds
to the absorbed light.

A theoretical approach for the resonance of a single particle was demonstrated by
Gustav Mie in 1908 [7]. He proposed a general solution for scattering and absorption
from single, isolated spheres based on the Maxwell’s equations. He started this work
in order to explain the color of colloidal gold nanoparticles solutions. With this
theoretical method, he was able to calculate the spectra of gold nanoparticles of
various sizes which is a great achievement even nowadays. In fact, Mie theory gives
the exact solution of a plane wave interacting with a metallic sphere using multipole
contributions. In the case of nanoparticles whose size is less than R = 50 nm, we
can restrain this approach to a dipolar model called the quasistatic approximation.

We will see in the next section that the LSPR depends on the environment close
to the nanoparticle surface. Experimentally, the LSPR is widely used for enhancing
the sensitivity of biosensors [87–89].

Quasistatic approximation

In the quasistatic approximation, by considering a particle with a radius R (with
R � λ, λ corresponding to a wavelength in the visible part of the electromagnetic
spectrum) and a permittivity ε in a dielectric environment with εdiel submitted to
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an excitation electric field (Fig. 3.7C), along the x axis ~E = E0~ex, the electronic
polarization is totally in phase with the excitation field. As the displacement of
the electrons can be treated as a whole, the charge distribution in the particle can
be treated as if it was a static distribution. The inside ~Eint and the outside ~Eext

electric fields are linked to the electric potential Vint(r, θ) and Vext(r, θ), where r is the
distance from the center of the sphere and θ is the angle relative to the propagation
axis in the polar coordinates, by:

~Eint = −~∇Vint (3.53)

~Eext = −~∇Vext (3.54)

where

∇2Vint = 0 (r < R) (3.55)

∇2Vext = 0 (r > R) (3.56)

due to the boundaries conditions. Moreover, the electric potentials are independent
of the azimuthal angle because of the symmetry of the problem. At the particle
surface, the potential and its weighed derivative has to be continuous. It therefore
obeys the continuity equations which lead to:

Vint = Vext (3.57)

ε(ω)
∂Vint

∂r

∣∣∣∣
r=R

= εdiel(ω)
∂Vext

∂r

∣∣∣∣
r=R

(3.58)

These equations correspond to the continuity of the tangential components of the
electric field ~E and the continuity of the normal components of the electric displace-
ment ~D, respectively. Finally, the electric field far away from the particle should be
the excitation field:

lim
r→∞

Vext = −E0x (3.59)

where x is the direction of the electric field and ~ex is the unit vector in this direction.
After some calculations, we can obtain Vint and Vext:

Vint = − 3εdiel

ε+ 2εdiel

E0r cos θ (3.60)

Vext = −E0r cos θ +R3E0
ε− εdiel

ε+ 2εdiel

cos θ

r2
(3.61)

If we look at the potential generated by the electrical dipole moment ~p = p~ex, we
have:

V =
~p · ~r

4πεdielr3
=

p cos θ

4πεdielr2
(3.62)

We can see that the equation 3.61 corresponds to the sum of the potential of the
incident field and of the electric dipolar moment produced by the particle. This
dipole is equivalent to the electric dipolar moment of the sphere:

p = 4πεdielR
3 ε− εdiel

ε+ 2εdiel

E0 (3.63)



3.2 Optical properties of noble metal nanoparticles 39

Therefore, the polarizability of the sphere is given by p = αE0 where α is:

α =
4

3
πR3εdiel

(
ε− εdiel

ε+ 2εdiel

)
(3.64)

The electromagnetic response of the particle is captured in the polarizability and it is
clear that the external field will be maximum when the polarizability is maximized.
As already shown, the permittivity depends on the frequency (ε(ω)), which means
that |α| can be maximized when:

|ε+ 2εdiel| is a minimum (3.65)

The permittivity of the surrounding medium εdiel can be approximated by a constant
and real parameter and the equation 3.65 can be applied on the real part of the ε:

ε1 + 2εdiel = 0 (3.66)

The last equation indicates the condition to observe an LSPR: an opposite sign
between the permittivity of the surrounding medium and the permittivity of the
sphere. It is the case for a metallic particle in a dielectric matrix and this equation
is known as the Fröhlich equation or the Fröhlich resonance condition [90]. For
example, in the case of gold particles in a poly-(vinyl) alcohol (PVA) matrix, εdiel =
2.18, which leads to ε1 = −4.36. It is easy to check from the plot of the dielectric
function of gold (Fig. 3.5) that this value of ε1 corresponds to an LSPR around 530
nm.

As we have just seen, the surrounding medium plays a role in the plasmon reso-
nance through its refractive index ndiel related to the dielectric function (εdiel = n2

diel).
The calculated frequency plasmon resonance in case of spherical gold nanoparticles
in different media can be found in the book of Louis and Pluchery [20]. It shows that
a higher optical refractive index shifts the plasmon resonance to large wavelengths.
For example, the plasmon resonance in water (n = 1.33) occurs at 519 nm and in
titanium oxide (n = 2.79) at 678 nm.

In the case of non-spherical particles, an analytical model to calculate the polar-
izability can be found in the case of ellipsoids and of infinite cylinders. For ellipsoids,
three plasmon resonances are possible, corresponding to the oscillations of electrons
along the three principal (semi-)axes. It is possible to tune the LSPR from the vis-
ible to the infrared region by changing the axes length, i.e. the shape factor of the
nanoparticles. The excitation of one of these plasmon resonances depends on the
direction of the incident electric field and thus on the direction of the light beam and
on its polarization. The polarizability along the axis i (i = x, y or z) of this kind of
particles depends on the depolarization factor Li, which is a purely geometric factor
[20]:

αi =
Ve
4π

ε− εdiel

εdiel + Li(ε+ εdiel)
(3.67)

where Ve is the volume of the ellipsoids given by: Ve = (4π abc)/3 where a, b and
c are the semiaxes of the ellipsoids. As we will show in the chapters 5 and 6, the
nanoparticles that we produce seem spherical. In this case, we will not develop more
this model and we consider the depolarization factor equals to 1/3.
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3.2.5 Effective medium

In the previous section, we have considered a homogeneous medium. In the case of
an inhomogeneous medium with several components, the optical properties are not
a simple combination of the optical properties of each component. Let us consider
a composite material formed by nanoparticles and a homogeneous matrix, then the
optical properties of this mixed material depend both on the nanoparticles and on
the matrix optical and structural properties. This inhomogeneous nanocomposite
can be substituted by an homogeneous material defined by a new complex dielec-
tric function εeff , which is more suitable to determine its optical properties. The
description of a composite material by an effective medium is called the effective
medium approximation (EMA). A model, depending of the nanoparticle properties,
their concentration and the surrounding matrix, has to be established in order to
calculate the εeff . Nowadays, numerous equations for the effective dielectric function
are available based on different approximative models [91].

As a starting point, we will come back on the Claussius-Mossotti relationship,
which gives the permittivity of a medium composed of atomic or molecular dipoles.
Second, we will introduce the simplest approach to an effective medium established
by Maxwell-Garnett.

a) Clausius-Mossotti relation

The Claussius-Mossotti (CM) relation allows to determine the permittivity of a
medium εdiel from the macroscopic polarizability α of atoms or molecules [92, 93].
The local electric field for a given dipole is the sum of four contributions:

~El = ~E0 + ~E1 + ~E2 + ~E3 (3.68)

In this equation, ~E0 is the external field and ~E1 is the depolarization field created
by its superficial charges. ~E2 is the field due to the surface charge density and we
can find:

~E2 =
~P

3εdiel

(3.69)

where ~P is the polarization of the dielectric. The electric field ~E3 created by the
other dipole can be assumed to be zero due the symmetry of the system. The local
electric field on the dipole becomes:

~El = ~E0 + ~E1 +
~P

3εdiel

(3.70)

More over, ~E = ~E0 + ~E1 where ~E is the total macroscopic electric field in the sample
due to the external and depolarization fields. We can write the local electric field
on the dipole:

~El = ~E +
~P

3εdiel

(3.71)

The definition of the macroscopic polarization is ~P = n~p = nα~El where n is the
volume number of dipoles and α the polarizability. By combining this equation and
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the equation 3.71, we have:

~P =
nα~E

1− nα
3εdiel

(3.72)

As the relative permittivity is given by:

~D = εeff
~E (3.73)

= εdiel
~E + ~P (3.74)

therefore, we can write the CM relation:

εeff = εdiel +
nα

1− nα
3εdiel

(3.75)

or its well known version:
εeff − εdiel

εeff + 2εdiel

=
1

3εdiel

nα (3.76)

b)Effective medium approximation models

As already explained, in the case of an inhomogeneous layer, which is the combina-
tion of two or more different materials, we can substitute this layer by a homoge-
neous material defined by a new complex dielectric function εeff . Minor inclusions in
a matrix or a rough surface are good examples and in this kind of situation, it is con-
venient to use EMA. The most famous EMAs are the Maxwell-Garnett (MG), the
Lorentz-Lorenz (LL) and Bruggeman’s one. For all of these, the dielectric properties
of the mixture are described by a global equation:

εeff − εh

εeff + 2εh

=
m∑
j=1

fj
εj − εh

εj + 2εh

(3.77)

where m the number of components, εj, εh and εeff are the complex dielectric func-
tions of inclusions of type j, of the host and of the nanocomposite film, respectively.
fj corresponds to the volume fraction of inclusions of type j in the host material
with a permittivity of εh. The sum of the volume fractions equals unity:

m∑
j=1

fj = 1 (3.78)

In the case of two different materials, 1 and 2, the equation 3.77 becomes:

εeff − εh

εeff + 2εh

= f1
ε1 − εh

ε1 + 2εh

+ f2
ε2 − εh

ε2 + 2εh

(3.79)

where ε1, ε2, εh and εeff are the complex dielectric functions of inclusions of type 1, of
inclusions of type 2, of the dielectric host and of the nanocomposite film, respectively.
In this equation, f1 and f2 = 1− f1 correspond to the volume fractions of metallic
inclusions with a permittivity ε1 and ε2, respectively, in a dielectric matrix with a
permittivity εh. The choice of the host medium defines different EMAs, yielding
either MG, LL or Bruggeman models.
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In the case of the MG approximation, the host is the majoritary component
(i.e. the matrix). Using εh = ε2, the second term of the equation 3.79 vanishes.
Therefore, the complex dielectric function of a dielectric medium containing spher-
ical inclusions is given by:

εeff − ε2

εeff + 2ε2

= f1
ε1 − ε2

ε1 + 2ε2

(3.80)

The MG model is one of the most commonly used EMA. This model was proposed in
1904 to explain the coloration of glasses containing metallic inclusions [6]. This MG-
EMA model will be used in the chapter 7 to determine the local optical properties of
gold nanoparticles (small inclusions) in polymer matrix (host) at low doping level.

The equation 3.80 was developed for spherical particles without interaction with
neighbouring particles. They are completely encapsulated in an insulating matrix
and their size has to be small in comparison with the wavelength of the incident
light. Moreover in the equation 3.80, the volume fraction of the metal f cannot be
higher than 0.3 (i.e. f < 0.3) in order to neglect the particle-particle interactions
[94].

In the LL approximation, the εh = 1 which corresponds to point polarizable
entities embedded in vacuum. The equation 3.79 becomes:

εeff − 1

εeff + 2
= f1

ε1 − 1

ε1 + 2
+ f2

ε2 − 1

ε2 + 2
(3.81)

with always the same meanings for ε1, ε2, εh, εeff , f1 and f2.
Finally, the Bruggeman’s EMA is also a well-known effective medium approxi-

mation which treats both materials on an equal basis and defines the host as the
effective medium itself [45]. The left part of the equation 3.79 equals to zero, leading
to the complex dielectric function of the effective medium of the Bruggeman theory:

f1
ε1 − εeff

ε1 + 2εeff

+ f2
ε2 − εeff

ε2 + 2εeff

= 0 (3.82)

As we can see, in this equation ε1 and ε2 play the same role and can be ex-
changed. This Bruggeman EMA is an interesting model to optically describe in-
terfacial roughness and materials prepared from totally miscible components with
aggregate strucutre.

Extensions of these formula for a mixture with more than two components exist
[95].

As it will be shown later, in order to analyse our ellipsometric measurements of
gold nanoparticles embedded in a polymer matrix, we use the Maxwell-Garnett effec-
tive medium approximation (MG-EMA) because the volume fraction f of nanopar-
ticles embedded in our plasmonic nanocomposite is small.

In order to be precise, the calculation of the optical properties of materials can
be separated in two paths. In A. Heilmann’s book [96], Mie theory is presented
as the results of the rigorous route calculations of the optical properties of the
plasmonic nanocomposites films. The calculations of the optical extinction of single
particles by solving Maxwell’s equations and their use in e.g. the fitting of the UV-
visible extinction spectra is achieved by multiplying the single particle result by a
concentration factor. On the other hand, MG-EMAs, have to be seen as the result
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of a statistical route yielding an effective dielectric function. The concentration
delimiting the use between the former and the latter approach is not clearly defined
and, from a practical point of view, the choice remains difficult and confusing:
Mie theory is commonly used to determine the average size of the nanoparticles in
solution, so far away from the “single particle hypothesis”. Moreover, the size of the
particles appears in the Mie theory only in the prefactor describing the concentration
effect, as the result of the quasi-static approximation. The MG-EMA under its
classical versions only takes into account the metal volume fraction and the shape
parameters, but not the direct size of the particles. Some extensions of the theory
have been proposed to include the particle size [97]. From the ellipsometric point
of view, MG-EMA is easier to introduce in the data analysis. In conclusion, we
have chosen the MG-EMA model to analyze our ellipsometric result as it will be
described in the chapter 6.

3.2.6 The Kramers-Krönig relationships

The discussion of the dipole oscillator and more precisely the Lorentz model shows
that ε1 and ε2, which correspond to the real part and imaginary part of the complex
dielectric function, respectively, are related to each other. In the figure 3.4, we
clearly see that a variation of ε2 induces a variation of ε1. Furthermore, the real
and imaginary parts of the refractive index, n and κ respectively are associated to
ε1 and ε2, which means that a variation of κ induce a variation of n and inversely.
In fact, it is possible to give general relationships between the real and imaginary
parts of the refractive index. These are the Kramers-Krönig (KK) relation and are
given by [83, 98]:

n(ω) = 1 +
2

π
P

∫ ∞
0

ω′κ(ω′)

ω′2 − ω2
dω′ (3.83)

κ(ω) = − 2

π
P

∫ ∞
0

n(ω′)− 1

ω′2 − ω2
dω′ (3.84)

where P is the principal part of the integral. These equations are very useful because
they allow us to measure the absorption as a function of the frequency and then
calculate the refractive index without any measurements of n, provided κ(ω) is
known over a (very) large spectral domain.

3.3 Reflection and transmission of polarized light

We will see in other chapters that we use ellipsometry to analyse our samples. In
order to interpret ellipsometric data when polarized light is reflected by the sample,
the electromagnetic theory of light should be used to have access to the complex
amplitude reflection and transmission coefficients. In this section, we will start with
a simple case of a planar interface between two homogeneous media. After, we will
focus on a system with a film on a substrate.
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Figure 3.8: Schematic illustration of an incident beam reflected and refracted at the
planar interface between two media n1 and n2. The electric field is decomposed in s and
p components corresponding to the perpendicular and parallel orientation to the plan of
incidence, respectively. Due to the reflection, the direction of the reflected electric field is
modified.

3.3.1 Reflection and refraction between two isotropic media

Consider an incident optical wave at the planar interface between two semi-infinite
homogeneous, optically isotropic media described by their complex index of refrac-
tion n1 and n2. As we showed in the section 3.1.1, at an interface, two optical
processes can occur: reflection and refraction. The incident wave from the first
medium gives rise to a reflected wave in the same medium and a refracted (or trans-
mitted) wave in the second medium. As we can see in the figure 3.8, the angle of
incidence θi and the angle of refraction θt are determined from the normal to the
interface (dashed line). The direction of propagation of the incident, reflected, re-
fracted waves must be in the same plane called the plane of incidence. Due to the
law of reflection, the angle of reflection is equal to the angle of incidence. Finally,
the angles of incidence and refraction are related by the Snell’s law given by:

n1 sin(θi) = n2 sin(θt) (3.85)

In optics, depending on the electric field’s oscillation, a general polarization can
be described in terms of superposition of p and s polarizations. When the electric
field is parallel to the plane of incidence, the light is said to be p polarized. In the
other case, when the electric field is perpendicular to the plane of incidence, the light
is s polarized (Fig. 3.8). At the interface, for a given amplitude and polarization of
the incident wave, the amplitude and polarization of the reflected and transmitted
waves can be calculated from the continuity of the tangential components of the
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electric ~E and magnetic field ~H vectors and from the continuity of the normal
components of the electrical displacement ~D and the magnetic flux density ~B = µ ~H
(µ corresponds to the permeability). In this thesis, as we only consider non magnetic
materials, µ = µ0. It is suitable to determine the amplitudes of reflected and
transmitted waves in terms of those of the incident wave for the p and s polarizations.
The advantage is the p and s components can be resolved separately and combined
at the end. In the p polarization, we have [83, 99]:

Eip cos θi + Erp cos θr = Etp cos θt (3.86)

Bip +Brp = Btp (3.87)

where the indices i, r and t corresponds to incident, reflected and transmitted field,
respectively. In the s polarization:

Eis + Esp = Ets (3.88)

−Bis cos θi +Brs cos θr = −Btp cos θt (3.89)

Using the relation nE = cB, we can rewrite the equation 3.87 as:

ni (Eip + Erp) = ntEtp (3.90)

The reflection coefficient is defined by rp ≡ Erp/Eip. By combining the previous
equations, it is possible to eliminate Etp and using the relation θi = −θr (reflection
law), the reflection coefficient becomes:

rp ≡
Erp
Eip

=
nt cos θi − ni cos θt
nt cos θi + ni cos θt

(3.91)

Following the same method, we have access to the transmission coefficient:

tp ≡
Etp
Eip

=
2ni cos θi

nt cos θi + ni cos θt
(3.92)

These equations correspond to the p polarization. For the s polarization:

rs ≡
Ers
Eip

=
ni cos θi − nt cos θt
ni cos θi + nt cos θt

(3.93)

ts ≡
Ets
Eip

=
2ni cos θi

ni cos θi + nt cos θt
(3.94)

These coefficients are the Fresnel complex amplitude reflection (r) and transmission
(t) coefficients for the p and s polarizations. These terms can be written in another
form to easily examine the effect of reflection and refraction on the amplitude and
phase:

rp = |rp|eiδrp rs = |rs|eiδrs (3.95)

tp = |tp|eiδtp ts = |ts|eiδts (3.96)

|rp| and |tp| (|rs| and |ts|) correspond to the ratios of the amplitudes of the vibra-
tions of the electric vectors of the reflected and transmitted waves to the incident
waves when the polarization is parallel (perpendicular) to the plane of incidence.
δrp and δtp give the phase shifts upon reflection and transmission, respectively, for
the p polarization, with similar meanings for δrs and δts .
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Figure 3.9: Schematic illustration of an ambient-film-substrate system. Multiple reflec-
tions and transmissions of partial waves coming from an incident wave on a thin film with
a thickness d1. n0, n1 and n2 correspond to the complex refractive index of the ambient,
the film and the substrate, respectively.

3.3.2 Reflection and transmission by a thin film on a sub-
strate

Numerous ellipsometric studies perform the analysis of the optical properties of
substrate covered by a single film. As shown in the figure 3.9, the simple case
corresponds to a film with parallel-plane boundaries of separation (film thickness
d1) and sandwiched between two semi-infinite ambient (generally air) and substrate
media. The ambient (0), the film (1) and the substrate (2) are homogeneous and
optically isotropic with indices of refraction n0, n1 and n2, respectively.

A plane wave incident in the ambient with an angle of θ0 will give rise to a
resultant reflected wave in the ambient and to a resultant transmitted waves in
the substrate. The goal of this part is to relate the complex amplitudes of the
resultant reflected and transmitted waves to the amplitude of the incident wave
when this incident wave is linearly polarized for polarizations p and s. We as-
sume that when the incident wave first meets the ambient-film interface, a part
of it is reflected in the ambient and a part is refracted in the film, in agreement
with the interface Fresnel reflection and transmission coefficients. The refracted
wave inside the film suffers multiple internal reflections at the film-substrate and
film-ambient interfaces. These interfaces are the delimitation of the film and they
are not perfectly reflecting. Then, each time the multiply-reflected wave in the
film strikes the film-substrate (1-2) or film-ambient(1-0) interface, a partial wave is
transmitted into the semi-infinite substrate or ambient medium. The Fresnel reflec-
tion and transmission coefficients at the 0-1 and 1-2 interfaces are designated by
r01, t01 and r12, t12 respectively, thus the complex amplitudes of the successive par-
tial plane waves that form the resultant reflected wave in the ambient are given by
r01, t01t10r12e

−2iβ, t01t10r01r
2
12e
−4iβ, t01t10r

2
01r

3
12e
−6iβ, .... The complex amplitudes

of the successive partial plane waves that form the resultant transmitted wave in
the substrate are given by t01t12e

−iβ, t01t12r01r12e
−3iβ, t01t12r

2
01r

2
12e
−5iβ. β is the



3.3 Reflection and transmission of polarized light 47

propagation phase of the beam inside the film, and is given by:

β = 2π

(
d1

λ

)
n1 cos θ1 = 2π

(
d1

λ

)√
n2

1 − n2
0 sin2 θ0 (3.97)

where λ is the free space wavelength, d1 the film thickness, n1 the complex refractive
index of the film, θ1 the angle of refraction in the film, n0 the refractive index of the
ambient and θ0 correspond to the angle of incidence.

The total reflected amplitude r012 is given by the addition of the partial waves
which leads to an infinite geometric series:

r012 = r01 + t01t10r12e
−2iβ + t01t10r10r

2
12e
−4iβ + t01t10r

2
10r

3
12e
−6iβ + ... (3.98)

Leading to:

r012 = r01 +
t01t10r12e

−2iβ

1− r10r12e−2iβ
(3.99)

And using the relations r10 = −r01 and t10 = (1 − r2
01)/t01 [99], the total reflected

amplitude is:

r012 =
r01 + r12e

−2iβ

1 + r01r12e−2iβ
(3.100)

In the same way, the total transmitted amplitude t012 is given by an infinite geometric
series for which summation gives:

t012 =
t01t12e

−iβ

1 + r01r12e−2iβ
(3.101)

These equations (Eqs. 3.100 and 3.101) give the overall complex-amplitude re-
flection and transmission coefficients for the substrate covered by a single film in
terms of:

• the interface Fresnel reflection and transmission coefficients at the ambient-
film (0-1) and film-substrate (1-2) interfaces;

• the film thickness that is included in the phase change defined by β (Eq. 3.97),
which is also called the phase film thickness.

These equations are valid when the incident wave is linearly polarized either parallel
p or perpendicular s to the plane of incidence. We can write with j for s or p:

rj =
r01j + r12je

−2iβ

1 + r01jr12je
−2iβ

and tj =
t01j t12je

−iβ

1 + r01jr12je
−2iβ

(3.102)

where β is the same for both p and s polarizations. The Fresnel reflection and
transmission coefficients at the 0-1 and 1-2 interfaces can easily be found from equa-
tions 3.91, 3.92, 3.93 and 3.94. The overall complex-amplitude reflection (rp, rs) and
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transmission (tp, ts) coefficients can be written in terms of their absolute values and
angles to determine the change of amplitude and phase separately:

rp = |rp|eiδrp rs = |rs|eiδrs (3.103)

tp = |tp|eiδtp ts = |ts|eiδts (3.104)

where |rp| and δrp represent the amplitude attenuation and the phase shift respec-
tively when a p-polarized light is reflected by the substrate covered by a single film.
|tp| and δtp correspond to the transmitted case. The similar explanation holds is
true for |rs|, |ts|, δrs and δts in the case of a s polarization.

As previously explained, the figure 3.9 represents a thin film sandwiched between
two semi-infinite ambient (generally air) and substrate media. Let us consider a very
thin film, which means that the phase film thickness β is small. In the case where
the complex refractive indexes of the substrate and the film are similar, i.e. n1 ' n2

(typically a very thin polymer film or an organic self-assembled monolayer on glass),
the complex reflection coefficient (Eq. 3.93) at the interface between thin film and
substrate can be written:

r12 =
n1 cos θ1 − n2 cos θ2

n1 cos θ1 + n2 cos θ2

(3.105)

≈ n1(cos θ1 − cos θ2)

n1(cos θ1 + cos θ2)
(3.106)

≈ 0 (3.107)

thanks to the Snell’s law because when n1 ' n2 then cos θ1 ' cos θ2. This analysis
leads to another expression of the total reflected amplitude:

r012j =
r01j + r12je

−2iβ

1 + r01jr12je
−2iβ

(3.108)

≈
r01j + 0 · 1

1 + r01j 0 · 1
(3.109)

≈ r01j (3.110)

with β and r12 small. In conclusion of this analysis, with a weak optical contrast,
i.e. n1 ' n2, and a small phase film thickness, the optical properties of the thin
film cannot be distinguished from the substrate properties using optical reflection
or transmission measurements. In other words, the optical system composed by a
thin film surrounded by two semi-infinite media becomes two semi-infinite media
with only one interface. In order to have appropriate ellipsometric measurements of
a system with a low optical contrast, the thickness of the film has to be considerable
to detect the film deposited on the substrate.



4
Materials and Methods

In this chapter, we explain the methods we use to synthesize our plasmonic nanocom-
posites and all the techniques we employ to analyze these samples. We start with
an explanation of the optical devices used in this work: the spectrophotometer,
the home-build reflectometer and the ellipsometers. Afterwards, we will intro-
duce the atomic force microscopy necessary for topography measurements at the
nanoscale. Finally, we will explain the experimental procedure to create the plas-
monic nanocomposite thin films.

4.1 Experimental devices

4.1.1 Spectrophotometry

The spectrophotometry is the study of the transmission and reflection properties of a
material as a function of the wavelength of the incident radiation. The spectropho-
tometry works in the visible range and is more specific than the electromagnetic
spectroscopy, which works in a larger spectral range. In order to measure the re-
flectance or the transmittance of the sample, we need a multi-wavelength light source
with an incident intensity I0. A detector is placed after the sample to measure the
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Figure 4.1: Principle of the spectrophotometer used in the laboratory. A xenon flash
lamp illuminates the sample at normal incidence. Then, the transmitted light goes to the
detector, allowing to measure the absorption spectrum of the sample.

transmitted or reflected intensity It(λ) and Ir(λ), respectively.

T (λ) =
It
I0

and R(λ) =
Ir
I0

(4.1)

For this thesis, we use a Genesys 10S UV-visible spectrophotometer (Thermo Fisher
Scientific). A light source (xenon flash lamp) illuminates the sample and the mea-
surement of the transmittance is given by the detector (silicon photodiode), as de-
picted in the figure 4.1. Thanks to the light source and the monochromator, the
spectral range of this device is 190 nm to 1100 nm. We have used this setup to
measure the transmittance at normal incidence of films deposited on glass.

By previously measuring the transmittance of the non-doped polymer, we have
access to the absorbance of the sample by:

A = − log10

(
Tsample

Tpolymer

)
(4.2)

where Tsample and Tpolymer are the measured transmittances of the sample and the
polymer without doping, respectively. We can use this expression if we assume
that the reflexion of the sample and the polymer are the same. We assumed this
approximation in the rest of the manuscript. The absorption is useful, since the
Beer-Lambert’s law (Eq. 3.3) [100] gives access to the extinction cross-section of the
particle σext via:

A ln 10 = σext Nparticle d (4.3)

where Nparticle is the number of particles per unit volume and d is the distance crossed
by the beam, corresponding to the thickness of the films in our case. In order to
fulfill the Beer’s law, the diffusion of the light by particles is supposed to be negligible
and the extinction is dominated by the absorption: σext ≈ σabs. By measuring the
absorbance A, it is possible to calculate σext and have access to the optical properties
of the particles. As a part of this work, we used the spectrophotometer to measure
the absorption spectrum of our samples. Due to the Localized Surface Plasmon
Resonance (LSPR) (Section 3.2.4), the absorption spectra of our nanocomposites
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present a sharp absorption peak in the visible range that can be described by three
parameters:

• the position of the peak λLSPR can be related to the size of the nanoparticles
inside the polymer matrix;

• the height of the peak ALSPR can be connected to the concentration of nanopar-
ticles;

• the full-width at half maximum (FWHM) of the peak, which can be related
to the polydispersity of the nanoparticles embedded in the polymer.

4.1.2 Spectroscopic reflectometry

Another technique to optically study the samples is the spectroscopic reflectometry
(SR). Instead of the spectrophotometry where, in our case, the light travels through
the sample and the transmission spectrum is recorded, the reflectivity of the sample
is recorded with SR (as shown in Fig. 4.2A). This technique is often used to mea-
sure the thickness of transparent or semi-transparent thin films usually on reflective
substrates (silicon, metals, ...). SR is adequate for samples with thicknesses ranging
from few hundred nanometers to several micrometers. This method can be called
spectroscopic interferometry because a part of the light is reflected at the surface
of the film while another part travels into the film before being reflected on the
substrate. All the reflected rays recombine, leading to constructive and destructive
interferences, depending on the difference of the optical paths. As we can see in the
figure 4.2B, there is a phase shift between the light reflected at the top of the film
and the light that has travelled into the film and reflected on the substrate. During
a spectroscopic measurement, the intensity of the reflected light is recorded and, as
it is also shown in the figure 4.2C, the number of interferometric peaks depends on
the thickness of the film. A thick film presents more interferometric peaks than a
thinner one in the measurement spectral range. This partially explains the operating
range of thickness of this technique. The variation in the phase β is explained in the
section 3.3.2 and more precisely in the equation 3.97. In our case, we have worked
with a home-build spectroscopic reflectometer. The light source is a SLS201L stabi-
lized Tungsten-halogen lamp with a working range from 360 nm to 2600 nm and the
spectrometer is a CSS200 CCD spectrometer (Thorlabs). With this instrument, we
are able to analyze the intensity of the reflected light from a sample as a function of
the wavelength. The measurements are made at normal incidence, as it is presented
in the figure 4.2A.

The intensity recorded by the SR is given by:

I(λ) = R(λ) I0(λ) (4.4)

where R(λ) is the reflectivity of the sample and I0(λ) correspond to the intensity
of the light source. This type of measurement requires a preliminary measurement
of a highly reflecting (ideally, 100%) calibrated sample, Spectralon R© surfaces for
example. The goal of this measurement is to determine the reflectivity of a film



52 4 • Materials and Methods

Figure 4.2: A: Schematic description of the home-build spectroscopic reflectometer which
is composed by a tungsten lamp as a polychromatic light source, a bifurcated fiber, which
guides the incident light to the sample and the reflected light towards the spectrometer.
B: Representation of an incident beam reflected on a thin film during a reflectometry
analysis. The difference in optical path induces phase shifts which leads to interferometric
patterns on the measured intensity. C: The measured intensity changes as a function
of the thickness of the film deposited on the substrate: higher thickness means more
interferometric peaks.

deposited on a substrate. In our study, we always proceed to two measurements in
the same condition, one for the substrate (our reference) and one for the sample:

Iref(λ) = Rref(λ) I0(λ) (4.5)

Isample(λ) = Rsample(λ) I0(λ) (4.6)

where Rref(λ) and Rsample(λ) are the reflectivity of the reference (the bare substrate
in our case) and the sample, respectively. By dividing the equation 4.5 by the
equation 4.6, it is possible to calculate the reflectivity of the sample knowing the
reflectivity of the substrate. In this thesis, we use silicon wafers fragments as sub-
strate, for which the reflectivity is well known [101]. This method takes advantage of
the fact that the reflectivity of the silicon substrate is not modified by the presence
of the 2 nm-tick native oxide layer over the 400 - 1000 nm spectral range. Thus the
reflectivity of the sample is given by:

Rsample(λ) =
Rref(λ) Isample(λ)

Iref(λ)
(4.7)

During the measurements, two other parameters are important: the fiber-sample
distance and the exposure time. The distance between the fiber and the sample
determines the illuminated area of the sample due to the conical shape of the light
beam coming out from the fiber (as illustrated in Fig. 4.2A). More precisely, in our
case the numerical aperture (NA) of the fiber is 0.39. This NA can be related to the
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maximal half-angle of the cone of light θ that can exit the fiber by: NA = n sin θ
where n is the refractive index of the medium in which the fiber is operating.

The exposure time corresponds to the recorded time by the spectrometer of the
global reflected intensity. The latter parameter is automatically chosen by using an
automatic setup of the spectrometer gain and its value is always approximatively
10 ms. The fiber-sample distance is of the order of centimeter and is maintained
during all experiments. By using homemade routines, we are able to measure the
reflectivity of the sample as a function of time, during the growing process of the
nanoparticles for example. It is important to keep in mind that this technique leads
to a global measurement of the reflectivity, since it measures the mean value of the
reflected intensity received by the sensor.

4.1.3 Spectroscopic ellipsometry

Spectroscopic ellipsometry (SE) is a non destructive method that analyzes at once
the optical properties of materials and the thickness of the different layers of the
sample. This technique is based on the change of polarization of light after reflection
of an incident light beam on a substrate or on a stratified sample [99, 102]. More
specifically, one measures at a given wavelength the ellipticity ρ, defined by:

ρ =
rp
rs

(4.8)

where rp and rs are the complex reflectance coefficients of the p- and s-component
of the incident light, respectively. These Fresnel’s coefficients are demonstrated in
the chapter 3 (Eqs. 3.91 and 3.93):

rp =
nt cos θi − ni cos θt
nt cos θi + ni cos θt

(4.9)

rs =
ni cos θi − nt cos θt
ni cos θi + nt cos θt

(4.10)

Using the complex notation of equation 3.96, we have:

ρ =

∣∣∣∣rprs
∣∣∣∣ ei(δrp−δrs ) = tan Ψ ei∆ (4.11)

where δrp and δrs are the phase-shifts undergone by the p- and the s-components of
the incident wave during the reflection. Ψ and ∆ are the ellipsometric angles defined
by:

tan Ψ =

∣∣∣∣rprs
∣∣∣∣ (4.12)

∆ = δrp − δrs (4.13)

Ψ corresponds to the angle whose tangent is the ratio of the magnitudes of the
complex reflectance coefficients and ∆ measure the relative phase-shift between the
perpendicular and parallel components of the propagating light wave. Polarizers
and retarders are the main optical components used in all types of ellipsometers.
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• A polarizer (P) is an optical component that gives to light a special state of
polarization at the output. The most common polarizer is the linear polarizer
that suppresses one component of the incident light, while allowing the other
component to go through. If the linear polarizer can be rotated, one may create
a linearly polarized light beam with the direction of polarization corresponding
to the angle of rotation of the axis of the polarizer.

• The analyzer (A) is a second polarizer placed after the sample. It allows to
measure the ratio of the p and s components.

• Retarders, often called compensator (C), are used to shift the phase of one
component of the incident light. A well-known retarder is the “quarter-wave
plate”, which has a “fast” and a “slow” axis leading to a phase-shift equals to
90◦ in the components of the electric field. Retarder can transform the ellipse
of polarization depending on the orientation of the quarter-wave plate. For
example, it can transform linearly polarized light to a circular polarization
when set to 45◦ with respect to the linear polarization axis. We will use in
this manuscript the term compensator to describe a retarder.

The transformation of polarization state by optical elements can be described
from the Jones matrix (Section 3.1.5). For example, in the case of a polarizer (P)
and an analyzer (A), whose the transmission axis is parallel to the x axis, the Jones
matrix is given by:

P = A =

[
1 0
0 0

]
(4.14)

On the other hand, the Jones matrix of the compensator (C), whose the fast axis
is parallel to the x axis is expressed by:

C =

[
1 0
0 e−iδ

]
(4.15)

In this thesis, we have worked with two different ellipsometers. The first one is
a SOPRA GESP5 rotating polariser spectroscopic ellipsometer (Fig. 4.3) and the
second one is an EP3 imaging ellipsometer (Fig. 4.4). The latter one, which will be
described in the next section, was a single wavelength ellipsometer (IE) that was
upgraded to a spectroscopic imaging ellipsometer (SIE) in summer 2019.

For the spectroscopic ellipsometer (SE), a white light source and a monochro-
mator are used to collect ellipsometric measurements in the visible spectral range.
The monochromator can be placed after the analyzer or before the polarizer. The
configuration of a SE is shown in the figure 4.3. As we can see in this figure, the
non-polarized white light travels through the rotating polarizer. Then, the linear
polarized wave becomes an elliptic polarized wave due to the reflection on the sam-
ple. Finally, the light gets through the fixed analyzer and entering the detector. The
signal received by the detector presents a sinusoidal component due to the rotation
of the polarizer at the rotation speed ω during the measurement: Protating = ωt.

The state of polarization of the beam can be described by the Jones matrix
formulation [103]. The amplitude of the electric field can be decomposed following
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Figure 4.3: Schematic representation of a spectroscopic ellipsometer, corresponding to
a SOPRA GESP5. A xenon lamp as a light source, a rotating polarizer and a fixed
analyzer compose it. After the polarizer, the polarization of the incident beam is linear
and the reflection on the sample leads to an elliptical polarization. After the analyzer, the
monochromator disperses the light and, so the detector intercepts a sinusoidal component

the s and p axes and each operation due to an optical element can be represented
by a 2× 2 matrix:

• Polarizer and analyzer:

P = A =

[
1 0
0 0

]
(4.16)

if the transmission axis is parallel to the x axis.

• Sample:

S =

[
rp 0
0 rs

]
(4.17)

• Rotation matrix:

R(α) =

[
cosα − sinα
sinα cosα

]
(4.18)

where α is the rotation angle of the analyze or the polarizer.

• Isotropic light source:

~E =

[
E0

E0

]
(4.19)

Therefore, the detected amplitude received by the detector is [83]:

~Eout = AR(A)SR(−P )P ~Ein (4.20)
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where ~Ein and ~Eout are Jones vectors corresponding to the polarization states of
light entering and exiting the ellipsometer, respectively. The full notation in Jones
matrices is given by:[

Ep
Es

]
=

[
cosA − sinA
sinA cosA

] [
rp 0
0 rs

] [
cosωt sinωt
− sinωt cosωt

] [
E0

E0

]
(4.21)

After calculation, the intensity received by the detector [104]:

I = | ~Ed|2 = [|rp|2 cos2A cos2 P + |rs|2 sin2A sin2 P

+ (rpr
∗
s + r∗prs) cosA sinA cosP sinP ]| ~E0|2 (4.22)

where A is the fixed angle of the analyzer, r∗p and r∗s are the complex conjugate of
rp and rs, respectively. Using the equations 4.12 and 4.13 and the linearization of
sinus and cosines, the intensity can be written:

I = I0 [α cos(2P ) + β sin(2P ) + 1] (4.23)

where,

α =
tan2 Ψ− tan2A

tan2 Ψ + tan2A
(4.24)

β = 2 cos ∆
tan Ψ tanA

tan2 Ψ + tan2A
(4.25)

I0 =
|rs|2|E0|2

2
cos2A

(
tan2 Ψ + tan2A

)
(4.26)

With these equations, we have access to the definition of α and β (Note that α and
β are different than those presented in equation 3.5 and 3.97). These coefficients
will reveal useful in the chapter 5 for the analysis of the ellipsometric spectra of the
silver nanocomposites when the angle of the analyzer is set to 45◦:

α = cos 2Ψ (4.27)

β = cos ∆ sin 2Ψ (4.28)

The SOPRA GESP5 used in the laboratory is a rotating polarizer ellipsometer.
It can measure the ellipticity of the samples in the range 1.37 to 4.96 eV (250 nm
to 904 nm) due to the spectral range of the xenon flash lamp and a 1024 channels
CCD spectrograph. The arms of the ellipsometer are installed on a high precision
motorised goniometer which allows to measure the ellipsometric parameters as a
function of the wavelength, but also as a function of the angle of incidence (AOI).
The light is polarized by a rotating Rochon polarizer composed by two quartz prisms
adapted to the visible range of the light. The analyzer is adjustable and is fixed
during measurements. During our experiments, the AOI of the SOPRA GESP5 is
set to 70◦. SE results are processed using the SOPRA Winelli II software.
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4.1.4 Spectroscopic imaging ellipsometry

Spectroscopic imaging ellipsometry measurements of the ellipsometric angles Ψ
and ∆ are performed with an EP3-SE spectroscopic nulling ellipsometer (Accu-
rion GmbH). Before introducing the instrument, we focus first on the measurement
method used by this device: the nulling ellipsometry [99]. The optical configuration
for a nulling ellipsometer corresponds to a polarizer-compensator-sample-analyzer,
usually called “PCSA” ellipsometer. The combination of a polarizer and a compen-
sator in the incident arm allows to polarise elliptically the incident beam, such that
the reflected beam is perfectly linearly polarized. By using, in the detector arm, an
analyzer set to 90◦ position with respect to the axis of the reflected linear polar-
ization, it is possible to extinguish the beam. This method is called the “nulling”
method. Finding the “null” during a measurement, corresponds to identify the right
combination of P, C and A that gives a minimum in the signal of the photo-detector
situated in the detection arm of the ellipsometer. As we can see in the figure 4.4,
the incident light gets through a first combination of P-C. After the P, the beam
is linearly polarized and the polarization becomes elliptic after the C. Due to the
reflection of the beam on the sample, the polarization of the beam changes. By
using the appropriate combination of PC, it is possible to get a linearly polarized
reflected beam. By rotating A, the beam can be extinguished in order to determine
the minimum of the signal received by the photo-detector. In the case of the null
ellipsometry, the Jones matrix of this optical system is given by [99]:

~Eout = AR(A)SR(−C)CR(P − C)PR(P ) ~Ein (4.29)

The ellipsometric parameters Ψ and ∆ can be determined by:

tan Ψ ei∆ = − tanA
tanC − tan (P − C)

1 + i tanC tan (P − C)
(4.30)

where P , C and A are the angle of the polarizer, the compensator and the analyzer,
respectively, with respect to the plane of incidence. The most used method, which
is the method that we used in this work, is the so-called “fixed compensator nulling
scheme”. This mode fixes the compensator at a given angle and P and A are
rotated to find the nulling condition. In practice, for the PCSA ellipsometer, the
compensator C is usually set at an angle of 45◦ or −45◦ and the nulling is found
by moving the P and the A, assuming that measurements are made on an isotropic
surface [99]. Two steps are enough to reach the nulling condition: first, rotating
the polarizer to minimum intensity, and second moving the analyzer to the nulling,
while leaving the polarizer at its angle position. Nevertheless, the nulling procedure
can be more complicated to improve the precision of the measurement [105]. As it
can depend on the ellipsometer routines, these procedures can be different from one
type of ellipsometer to the other, and therefore, we do not enter in too much details.
By choosing values of the C = ±45◦ in the equation 4.30, the ellipsometric angles
measured by the ellipsometer are directly related to Pmin and Amin given by:

∆ = 90◦ − 2 Pmin and Ψ = −Amin (4.31)

where Pmin and Amin are the angle value of the polarizer and the analyzer, respec-
tively, when the nulling procedure is completed.
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Figure 4.4: Graphical depiction of the imaging ellipsometer used in this work. The
light source is either a laser diode (single wavelength) or a xenon flash lamp with a filter
wheel composed of 44 filters (spectroscopic). The polarizer, compensator and analyzer
can be rotated in order to extinguish the beam before the detector (a CCD camera). The
polarization states of the beam are drawn for each step of the measurement.

One of the advantages of using IE or SIE instead of conventional SE is the
possibility to acquire an image of the optical properties of the sample. In order to
have a mapping of the optical properties of the sample, a microscope objective is
placed before the analyzer. Furthermore, the detector located after the analyzer is a
spatially resolved detector (a CCD camera in our case). Thus, different zones of the
sample with different optical properties cause a different signal in the camera images.
It means that different areas can fulfil different nulling conditions, i.e. different areas
can have different settings of P, C and A to extinguish the beam. As we will see in
the chapters 5 and 6, the main advantage of using a IE or a SIE is that the received
signal is not averaged over the entire laser spot as it is for the global SE. The optical
response is spatially resolved, which allows to reveal the details at the microscale of
the sample. Moreover, with IE and SIE, it is possible to reduce the ellipsometric
measurements to a particular region of interest (ROI), which is in the field-of-view
of the instrument. As it will be presented later, the definition of multiple ROIs
allows to measure different areas at the same time, which is interesting with samples
presenting different local optical behaviors. By applying different routines (called
“mapping routines”), it is possible to record two ellipsometric maps, Ψ and ∆ maps,
of the sample probed by the IE or SIE. From theses maps, using optical modelling,
it is possible to have access to a thickness map or another quantities, such as the
volume fraction of metal in the nanocomposite for example.

As mentioned before, we used, in this work, an EP3-SE spectroscopic nulling
ellipsometer. The objective of the EP3 is a Nikon CF Plan SLWD 10X objective
(NA = 0.21). The wavelength range is 360 – 1000 nm for the spectroscopic version
and 658 nm for the single wavelength version (laser diode) and the measurements
are carried out at different AOI, typically 42◦, 45◦, 55◦. More precisely, for the
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Figure 4.5: Representation of the operation of an AFM on a coated substrate fixed on a
xyz stage. The tip placed at the edge of the cantilever allows measuring the topography
of the sample at the nanoscale. The deviation of the cantilever can be tracked thanks
to a quadrant of photodiodes receiving a laser beam, which is reflected at the top of the
cantilever. The AFM image is obtained after data processing.

spectroscopic version of the instrument, the light source of the ellipsometer is a xenon
flash lamp and a filter wheel (44 filters) is used to select the operating wavelength
between 360 nm and 1 µm. Unless otherwise specified, the bandpass of the filters
is 10 nm. The IE and SIE results are processed using the EP4 software (Accurion
GmbH).

It is important to keep in mind that the IE and SIE measurements give informa-
tion about local optical properties of the probed sample. In order to measure the
topography of the sample at the nanoscale, we introduce, hereinafter, the atomic
force microscopy.

4.1.5 Atomic force microscopy

Invented by Calvin F. Quate and Christophe Gerber in 1986 [106], the atomic force
microscopy (AFM) is a nearfield microscopy. This technique is derived from the scan-
ning tunnelling microscopy (STM) developed by Gerd Binnig and Heinrich Rohrer,
for which they received the Nobel prize in 1986. The AFM uses the Van der Waals
and adhesion forces to probe the surface at the nanoscale of the sample.

A typical configuration of an AFM is shown in the figure 4.5. As we can see,
the sample is placed on a stage that can move in the xyz direction thanks to a xyz
drive, which is a piezoelectric element. The surface of the sample is probed by the
tip, which is fixed at the edge of the cantilever. This latter one is driven at its eigen
frequency with another piezoelectric element attached at the end of the cantilever.
A laser beam that is first reflected on the top of the cantilever follows the deflection
and motion of the cantilever and a detector composed by a quadrant of photodiodes
intercepts the reflected beam. During a measurement, the tip can meet an obstacle
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Figure 4.6: A Representation of an artifact due to a large radius of curvature of the
AFM tip. B Variation of the film stiffness leading to a phase shifts in the oscillations of
the cantilever

which leads to a deflection of the cantilever. These deflections and the motion of the
cantilever can be recorded thanks to the displacement of the beam on the quadrant.
As shown in the figure 4.5, the deflection of the cantilever leads to displacement of
the beam illustrated by different laser spots on the quadrant of photodiodes (note
that the changes in coloration of the laser beam do not correspond to changes of the
beam wavelength). Then, the recorded displacement is converted in a topographic
image. In general, this configuration leads to two types of measurement: static and
dynamic modes.

In the static mode or “contact mode”, a permanent contact between the tip and
the surface is maintained. It is possible to measure the topography of the surface
but the artifacts are important due to additional forces like adhesion forces and,
moreover, the tip can cause damages on the surface. An unsuitable probe, a poor
operating environment or a rough sample can lead to image artifacts. As shown in
figure 4.6A, the fidelity between the measurement and the surface is not respected.

To avoid the deterioration of the surface caused by the contact mode, we used
in this work a second mode: the dynamic or “tapping” mode. In this setup, the
probe oscillates at a high frequency thanks to a piezoelectric element located at the
end of the cantilever (Fig. 4.5). In this mode, two sorts of image can be acquired:
topographic and phase images. Topographic images give measurements of the height
variation of the sample surface, from which roughness parameters can be calculated.
Phase images bring information about the stiffness of the surface. As shown in the
figure 4.6B, the recorded phase changes due to the variation of the surface. In our
case, both images have an important meaning. As we will explain at the end of
this chapter, the nanocomposites are prepared by growing metallic nanoparticles
embedded in a polymer matrix. Due to their composition, the stiffness of polymer
and nanoparticles are different. In this case, the phase image is appropriate to
enhance the contrast between nanoparticles and polymer, which is less visible in the
topographic image. The latter image can give information of the roughness of the
film, and more specifically, an idea of the position at the surface of the nanoparticles.

In this work, the surface of the films is studied with a Park XE70 AFM (Park
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Figure 4.7: Chemical formula of poly-(vinyl) acetate (PVAc) and poly-(vinyl) alcohol
(PVA)

Systems Corp., Korea), operated in air in intermittent contact mode with commer-
cial ACTA tips (resonance frequency: 309 kHz). Areas of 5 µm x 5 µm, 2 µm x 2 µm
and 1 µm x 1 µm are imaged for numerous samples. The resolution of the images is
256 pixels x 256 pixels. The data are processed with the Gwyddion software1 [107].

4.2 Preparation method of nanocomposites

In this section, we explain the method we used to synthesize our plasmonic nanocom-
posites. First, we start with a reminder on the definition of a plasmonic nanocom-
posite. In order to generate this type of new materials, we need to include nano-
objects in a dielectric matrix. These nano-objects, and more particularly in our
case, metallic nanoparticles (NPs) present plasmonic optical properties: LSPR. We
present hereinafter these two elements to form a nanocomposite plasmonic: NPs
and the dielectric matrix.

As shown before in the chapter 2, the gold and silver nanoparticles have many
applications due to their LSPR well situated in the visible range. The NPs have to
be spherical and small compared to the incident wavelength to have one resonating
mode (Section 3.2.4). In this case, the interaction with the incident electromagnetic
wave is large and it makes it possible to maximize the optical effect.

The second element to manufacture the nanocomposite plasmonic is the dielec-
tric matrix. It is well known that polymers are excellent host materials for metal
or semiconductor NPs [52]. Thus, a polymer matrix is selected: the poly-(vinyl)
alcohol (PVA), which is a linear chain polymer and has the advantage to be soluble
in water and transparent in the visible range. The PVA was first prepared by W. O.
Herrmann and W. Haehnel in 1924 by saponifying poly(vinyl esters) with stoichio-
metric amounts of caustic soda solution [108]. Nowadays, the PVA is obtained by
a hydrolysis of poly-(vinyl) acetate (PVAc), which is synthesized from the vinyl ac-
etate monomer [54, 109]. This hydrolysis reaction is never a complete reaction and is
controlled with the purpose of yielding some groups of vinyl acetate on the polymer
chain. If the reaction of hydrolysis is total, the PVA is insoluble in water due to the
hydrogen bonds binding the hydrolyzed segments. In order to guarantee the solubil-
ity of the PVA in water, the hydrolyzed PVA is a copolymer [PVA]m[PVAc]n-m. The
chemical formula of PVAc and PVA is presented in the figure 4.7. PVA is used in
numerous medical applications because of its biocompatibility and low toxicity [53].

1http://gwyddion.net
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This polymer has interesting properties including the ability to form good films, a
high tensile strength and flexibility and finally high oxygen barrier properties [54].
Nevertheless, these properties can be strongly influenced by the relative humidity
surrounding the polymer. In the case of this work, the PVA is purchased from
Sigma-Aldrich and its characteristics are: 87–89% hydrolyzed and Mw =13k - 23k.
The physical properties of gold, silver and PVA are summarized in the table 4.1.

There are numerous synthesis methods for such nanocomposites, which globally
belong to two categories:

• The most popular way to synthesize these plasmonic nanocomposites is the
“bottom up” approach: metal NPs are synthesized in colloidal solutions, by
the Frens-Turkevitch method [14] for example, and stabilized with or without
further specific coating to prevent their aggregation. In this synthesis, several
experimental factors can provide a considerable control of the formation of
NPs. However, producing plasmonic nanocomposites requires that the NPs in
the colloidal solution are dispersed and immobilized in a dielectric matrix such
as glass or polymer (see e.g. [43, 47, 48, 77, 110] and the references therein).
Therefore, this approach has two separate steps: the synthesis of the NPs and
their dispersion in the matrix.

• The second method, also known as “one-pot synthesis”, is a simpler method:
in a single step, both the metallic salt and the polymer are mixed together to
prepare the nanocomposite. The simplicity of this second approach, derived
from the polyol method, is regarded as a great advantage for the production of
nanocomposites for various applications in nanoptic techniques for example.
The principle of in situ methods is the use of one of the matrix components as
a reducing agent for the metal salt. The self-stabilization process is another
advantage of the in situ synthesis method, since it avoids the use of addi-
tional stabilizers like citrate ions, sodium borohydride, or polyvinyl pyrroli-
done (PVP). The thermal annealing process allows the reduction of the metal
cations. Once in their neutral state, the metal atoms have to diffuse in the
polymer matrix and to aggregate, then yielding nanoparticles. These steps
are improved by annealing the films at a temperature higher than the glass
transition temperature (Tg) of the polymer. For bulk PVA, Tg equals 85◦C
[55]. However, the drawback of this method is a reduced control on the shape
and the size of the NPs.

4.2.1 Spin coating

In order to get a thin film on a glass or on a silicon substrate, we used the spin coating
technique, which consists to obtain a thin solid film by sprawling and drying. In
practice, a drop of solution is placed on the substrate at the center of the spin coater.
Then, the system enters in rotation in order to sprawl the solution. When the liquid
film is created, the solvent in excess evaporates. Then, at the end of the process,
a thin solid film is obtained. The sprawling depends on the speed and the initial
acceleration of the rotation, on the chemical compounds of the solution and the
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Table 4.1: Physical properties of gold, silver and PVA [20]

Property Gold Silver PVA

Atomic number 79 47 -
Atomic mass (amu) 196.9665 107.868 -
Electronic configuration [Xe]4f 145d106s1 [Kr]4d105s1 -
Structure fcc fcc -
Metallic radius (nm) 0.14420 0.14420 -
Specific mass (g/cm3) 19.32 10.5 1.25
Electrical resistivitya(µΩ cm) 2.35 1.59 1018

Fermi velocity vf (×106 m/s) 1.40 1.39 -
Melting temperature (◦C) 1063.85 960.85 ' 200
Glass transition temperature (◦C) - - 85
Molar weight (kDa) - - 13 - 23
Hydrolysis (%) - - 87 - 89

aat 20◦C

substrate and, also, on the viscosity of the solution. A description of the formation
of a Newtonian liquid film is given by [111]:

dh

dt
= −2ρω2h3

3η0

(4.32)

where h is the thickness of the film, ω the speed of rotation, ρ the specific mass of
the solution and η is the viscosity of the solution. Recently, Danglad-Flores et al
[112] demonstrated that the final thickness of a polymer obtained by a spin coating
is given by:

hf = c x0

(
η0

ρ0

)1/3

ω−1/2 (4.33)

where c = (3e/2)1/3 is a constant reflecting the evaporative conditions and e the
evaporative rate, x0 the concentration of polymer in the solution, ρ0 the specific
mass, η0 the viscosity of the polymer and finally ω the speed rotation. With this
approach, it is possible to predict the final thickness hf as a function of the four
main parameters: concentration x0, the rotation speed ω and the ratio between the
viscosity and the specific mass η0/ρ0. In this work, we used a Laurell WS-650-23B
spin-coater and the parameters are adjusted in order to prepare nanocomposites
with a range of thicknesses from 30 nm to 500 nm as explained hereinafter.

4.2.2 Experimental process

As previously explained, the “one-pot” synthesis has numerous advantages and this
method is chosen to create the nanocomposites. This in situ synthesis method is
used previously in the laboratory [73, 74], and is based on the initial experimental
protocol for Ag−PVA nanocomposites of Porel and coworkers [67]. Hereinafter, we
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Figure 4.8: Graphical illustration of the preparation method of the nanocomposites.
First, an aqueous solution including polymer and metallic precursors is prepared. Then,
a small volume of the doped polymer solution is dropped on a clean substrate (glass or
silicon wafers). The thin dry film containing the metallic precursors is realized by a high-
speed rotation of the sample. Then, the samples are annealed to allow the reduction of
the metallic cations in their neutral state.

explain the experimental procedure for both AgNPs and AuNPs, as described in
figure 4.8:

• A 10% (w:w) PVA stock solution is prepared by heating the required amount of
PVA at 85◦C under reflux until complete dissolution of the polymer, followed
by the cooling of the solution to room temperature.

• After cooling the solution to room temperature, an aqueous solution of HAuCl4
or AgNO3 is added to the polymer solution to obtain the desired percentage of
polymer solution containing the wanted percentage of metallic nanoparticles.
The latter percentage refers to the [Au]/[PVA] or [Ag]/[PVA] mass ratio.

• After mixing and filtrating the solution on a 0.45 µm Millipore filter, the
solution containing polymer and metallic cations is spin-coated on <100>
silicon wafers fragments or glass substrate. We choose silicon substrates due to
their high optical contrast with polymer films and their low intrinsic roughness.
The speed of the spin coater is adapted to obtain the desired thickness of the
nanocomposite.

• In order to allow the reduction of the metal cations, the nanocomposites are
annealed in air using a laboratory oven or a high precision heating stage.

All the synthesis are done using 18 MΩ MilliQ water. Moreover, in order to measure
the absorbance of the nanocomposites, these solutions are spin-coated with the same
method for glass and silicon wafers.
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As mentioned here above, we use percentage to refers to the mass ratio between
metal (“m”) and polymer (“p”). From this mass ratio, it is possible to determine
the volume fraction of metal inside the polymer. Assuming that fm is the volume
fraction of metal inside the polymer matrix and Φ is the mass fraction defined by:

Φ =
mm

mm +mp

=

mm

mp

mm

mp
+ mp

mp

(4.34)

=
r

r + 1
(4.35)

where r = mm/mp corresponding to the mass ratio. As seen in the Maxwell-Garnett
effective medium approximation (MG-EMA) model (Section 3.2.5), the dielectric
functions are combined as a function of the volume fractions. They can be can be
related to the mass ratio and specific masses by:

fm =
Vm

Vm + Vp

(4.36)

=
ρm Vm

ρm Vm + ρm Vp

(4.37)

=
mm

mm + ρm Vp

(4.38)

=

mm

mp

mm

mp
+ ρm

ρp
mm

mp

(4.39)

fm =
r

r + ρm
ρp

(4.40)

The specific mass of PVA is ρPVA = 1.25 g/cm3, gold ρAu = 19.32 g/cm3 and silver
ρAg = 10.5 g/cm3.

Substrates cleaning

The cleaning procedure of our substrates are the following: microscope glass and
silicon wafer fragments were first soaked in RBS35 alkaline soap solution in water
(3%) during 30 min in an ultrasonic bath. Oils and organic residues are cleaned using
a two-solvent method: a) the substrates are dipped (10 min) in a warm acetone
bath (not exceeding 55◦C) before being removed and placed in methanol for 2-5
min. Before coating, they are dried by blowing a nitrogen stream. This solvent
cleaning procedure is sufficient to obtain uniform polymer coatings that adhere to
the substrates. As no activation of the surface is required, it is not mandatory to
use either piranha nor RCA1/RCA2 cleaning solutions.

Au-PVA nanocomposites

In the case of gold nanocomposites, a 0.1 M HAuCl4 · 3 H2O (from Sigma-Aldrich)
solution is prepared. These stock solutions, HAuCl4 and PVA (13-23k), are mixed
together in adequate proportions to finally lead to a 8% w:w polymer solution with
a 2% [Au]/[PVA] mass ratio. After the cleaning process, <100> Si wafer fragments
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or glass substrates are coated with that solution by spin coating at 2000 rpm during
90 s. The mass ratio of 2% of gold in polymer corresponds to a volume fraction
fAu = 0.13% in the dry film.

Ag-PVA nanocomposites

In the case of silver nanocomposites, a AgNO3 (99.99%, Sigma-Aldrich) is added to
the polymer solution to obtain a silver concentration of 2.5% or 25%. This percent-
age corresponds to the w:w silver-to-polymer ratio. Afterwards the required amount
of water is added to the polymer stock solution to obtain 2% and 8% polymer solu-
tions. Then, a small volume of the doped polymer solution is spin-coated on silicon
wafers fragments or glass substrates cleaned as previously explained. Depending on
the coating conditions, the final thickness of the dried film ranged from 25 nm (2%
PVA, 60 sec at 6000 rpm) to 300 nm and above (8% PVA, 60 sec at 1600 rpm).
The variation of the polymer concentration leads to a variation of the viscosity of
the polymer solution. The solution with a higher viscosity leads to films with a
higher thicknesses (Eq. 4.33). The mass ratio of 2.5% and 25% of silver in poly-
mer corresponds to a volume fraction fAg = 0.3% and fAg = 2.9% in the dry film,
respectively.

4.2.3 Heating stage

In order to allow the reduction of the metal cations, the thermal annealing process is
an important part of the experiment. During the thesis work, we used a traditional
laboratory oven and a high precision heating stage. For the oven, concerning AgNPs,
the settings of the annealing are 110◦C during 60 or 120 min, while for AuNPs, it is
135◦C during 60, 90 or 120 min. Numerous samples are annealed with the THMS600
Linkam heating/cooling stage in order to follow the kinetics of growth of the AuNPs
or AgNPs during the annealing. In a typical annealing experiment, a temperature
ramp of 10◦C/min starting at room temperature is applied. When the temperature
reached 110◦C in the case of AgNPs, or 135◦C for AuNPs, it is stabilized during 60,
90 or 120 minutes. Thermal fluctuations are less than 0.1◦C.

The ramp temperature and the temperature of annealing are two important
parameters. Changes in these parameters could lead to another results for the
nanocomposites like the size of NPs embedded in the polymer matrix, the number
of NPs, the distribution of the NPs in the polymer, ... ([66, 67, 69, 113]). In this
work, these parameters are never changed.



5
Silver nanoparticles embedded in PVA
matrix

5.1 Introduction

As previously explained, the plasmonic nanocomposites formed by a polymer matrix
and silver nanoparticles (AgNPs) have numerous applications. The simplest method
to prepare this kind of materials is the one called “one pot synthesis”: in the case of
AgNPs, a noble metal salt (AgNO3) is directly mixed with a polymer solution (e.g.
PVA), see section 4.2 for its synthesis. This approach leads to a concentration of
metallic nanoparticles (NPs) in the final nanocomposite higher than in a colloidal
solution. Another advantage of this synthesis scheme is its simplicity because NPs is
synthesized in situ thanks to the thermal annealing of the solid phase. This thermal
annealing provides the energy to promote the reduction of the metal cations. The
reduction step of the silver cations is carried out by the electrons originating from
the -OH groups of the PVA molecules (Fig. 5.1A). Depending on the temperature,
cross-linking of the polymer matrix can also be induced, as shown in the figure 5.1B,
reducing the solubility of the composite [114]. Due to the temperature of annealing
that is higher than the glass transition temperature of the PVA (Tg = 85◦C for
bulk PVA [55]), the silver cations or, after their reduction in their neutral state,
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Figure 5.1: (A) Reduction scheme for the silver cations. (B) Cross-linking of the PVA
chains at high temperature (redrawn from [114]).

the silver atoms can diffuse in the polymer. This displacement corresponds to a
diffusion process. After that, a nucleation process occurs, which leads to the onset
of the nanoparticles. Despite the simplicity to synthesize the silver nanocomposites,
the detailed mechanism linking the final optical properties of such nanocomposites
to their structural parameters is not fully understood nowadays.

In this chapter, we will first focus our study on the optical properties of the PVA
matrix in order to obtain an optical description of the undoped polymer matrix
(i.e. without NPs). This description provides the variation of the refractive index
as a function of the wavelength (Section 5.2). In a second time, we will analyze
the optical properties of a thick silver nanocomposite with a high silver doping
level during and after the annealing by spectrophotometry (Section 5.3.2). Then,
by varying the thickness of the sample while keeping constant the ratio of silver-
to-polymer matrix, we will demonstrate the influence of the film thickness on the
position of the resonance peak (Section 5.4). Finally, we will use the spectroscopic
ellipsometry (SE) and the classical Lorentz model to demonstrate the influence of
the silver doping and the film thickness of the nanocomposite films on the plasmon
resonance parameters (Section 5.5).

5.2 Optical properties of the polymer matrix

In this section, we present the optical properties of the PVA obtained by SE. In
this purpose, we prepare films with different thicknesses in order to determine and
confirm the values of the optimized parameters obtained from the Cauchy model.

As previously explained, the PVA has been selected as the polymer matrix for
embedding the NPs (Chapter 4, section 4.2). This polymer is a linear chain polymer
and has the advantage of being soluble in water and transparent in the visible range.
As PVA is used in numerous applications, its optical properties are well-known and
can easily be described by a Cauchy model (see supporting info of [115]). The
use of the Cauchy model for the polymer matrix is justified by the monotonous
increase of the refractive index of the polymer when going from the infrared to the
UV, as expected for dielectric materials far from the fundamental absorption edge.
The schematic representation of the optical model used for PVA is shown in the
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Figure 5.2: Schematic representation of the optical model used to interpret SE data
of the polymer matrix: (A) PVA layer on silicon, (B) Cauchy model used to describe
the optical properties of the PVA layer. Shaded area between the polymer layer and the
substrate: SiO2 layer. (Not to scale)

figure 5.2.
Typically, in order to determine and confirm the optical properties of the PVA

films by spectroscopic ellipsometry, two different samples are prepared:

• Film A to determine the optical properties, with spinning parameters: 2000
rpm during 90 s.

• Film B to confirm the optical properties, with spinning parameters: 6000 rpm
during 90 s.

Films of PVA have been prepared by spin-coating of a 8% (w:w) polymer solution in
water. Spinning conditions were adjusted to obtain a film thickness in the 200-500
nm range.

Due to the rotation speed of the spin-coater, Film A is thicker than Film B
(Eq. 4.33). The ellipsometric angles Ψ and ∆ were measured using an EP3-SE
spectroscopic ellipsometer. As a reminder, the spectroscopic ellipsometer measures
the ellipticity ρ at a given wavelength, which is the ratio of the complex reflection
coefficients of p and s polarizations. Ψ and ∆ are the ellipsometric angles and they
are explicitly defined by:

ρ =
rp
rs

= tan Ψei∆ (5.1)

tan Ψ =
|rp|
|rs|

and ∆ = δp − δs (5.2)

where δp and δs are the phase-shifts undergone by the p− and the s−components of
the incident wave during the reflection. The angle ∆ therefore measures the relative
phase-shift between the perpendicular components of the propagating light wave,
see section 4.1.3.

The refractive index and the thickness of the PVA film are determined for Film
A using a Cauchy dispersion law [95]:

nPVA(λ) = APVA +
BPVA

λ2
and kPVA(λ) = 0 (5.3)

where APVA and BPVA are the Cauchy coefficients. Higher order terms in the Cauchy
law do not significantly improve the optimisation results. After the processing of
the measurements, the optimized parameters obtained by the ellipsometric measure-
ments are An = 1.509 ± 0.002 and Bn = 3172 ± 296 nm2 (RMSE = 0.966). The
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Figure 5.3: Modeling of the ellipsometric data for PVA thin films. Ellipsometric spectra:
the two curves at the top of the graph correspond to ∆ and the two curves at the bottom
are Ψ. Closed symbols: 365 nm-thick film (modeling of the refractive index and the
thickness). Open symbols: 266 nm-thick film (modeling of the thickness only, using the
refractive index of the 365 nm-thick sample). Plain and dashed lines: best-fit results.

thickness of Film A is 365.2± 0.6 nm. Optical response of Film B is optimized with
respect of the film thickness only to validate the optical properties of the material.
The experimental spectra, as well as the optimization results are presented in the
figure 5.3. The adjusted thickness is 266.1±0.1 nm with a RMSE equal to 1.858. For
both films, the simulated spectra are in very good agreement with the experimental
data.

In order to validate the optical model used for the PVA thin films, we measure
thickness d of a series of film obtained by changing the rotation speed of the spin
coater using the same solution of undoped PVA in water (8% w:w). This corresponds
to calibrate our spin coater for the PVA solution. The results are presented in the
figure 5.4 by black point (errors bars in points). The red curve is the fit of the
data by using a power law d ≈ ωξ. The final thickness of the film is expected to
vary as the inverse of the square-root of the rotation speed (Eq. 4.33 [112]). The
adjusted value of ξ is −0.468± 0.017, in good agreement with the theoretical value.
In the graph, we can also see that the “Film A” and “Film B” thickness used in
the figure 5.3 lay on the calibration curve, which allows us to confirm the measured
thickness and also the model used for the PVA matrix.

As demonstrated here, the Cauchy model is appropriate to describe the optical
properties of the PVA matrix in the visible range. From now on, we will use the
Cauchy model to describe the optical properties of the PVA matrix for both AgNPs
and gold nanoparticles (AuNPs) cases.
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Figure 5.4: Calibration curve of the spin coater from undoped PVA solution in water
(8% w:w). Black points: measured thickness as a function of the rotation speed of the
spin coater. Red curve: power law ωξ with ξ = −0.468± 0.017.

5.3 Spectrophotometry measurements of silver

nanocomposites

In this section, we first analyze the variation of the absorbance of the silver nanocom-
posite as a function of the wavelength. As previously described in the chapter 4 in
section 4.1.1, the measure of the absorbance A is related to the total extinction cross
section σext by:

A =
σext Nparticle d

ln 10
(5.4)

where Nparticle is the number of particles per unit volume and d the distance crossed
by the beam, corresponding to the thickness of the film in this case. The extinction
cross section σext characterizes the extinction suffered by a beam going through
a particle, this beam being either absorbed or scattered. The absorption cross
section σabs and the scattering cross section σscatt describe the absorbed and scattered
light, respectively, upon interaction with the particle. These three cross sections are
related by:

σext = σabs + σscatt (5.5)

However, in order to fulfill the equation 5.4, the diffusion of the light by particles
must be supposed negligible and the extinction is then dominated by the absorption:
σext ≈ σabs. Actually, for small particles, only the absorption plays a role in the
extinction, since the scattering is negligible (Fig 5.6). It was shown by El-Sayed
and co-workers that, for diameter of NPs equals to 20 nm, no scattering occurs and
the particle only absorbs radiation [41]. Starting from a diameter of 80 nm, both
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Figure 5.5: Absorption spectrum of a glass coated with a thick film of AgNPs embedded
in a PVA matrix at high doping level ([Ag]/[PVA] = 25% w:w). The inset picture is the
analyzed sample.

cross sections, i.e. σabs and σscatt, are equivalent and for larger particles, scattering
dominates. In our case, the size of the in situ synthesized AgNPs is smaller than 40
nm, as we will see from the AFM measurements at the nanoscale in the section 5.6.

Following this analysis, we assume in the rest of this thesis that the extinction
is dominated by the absorption. Therefore, the absorbance spectrum presents ad-
equately the extinction that enduring a beam going through the nanocomposite
embedding NPs.

Now, we are able to investigate the variation of the absorbance of the silver
nanocomposites as a function of the wavelength of the incident light. This absorption
spectrum will be presented in the next section. Thanks to this absorption spectrum,
we confirm that the preparation method of samples provides the good conditions for
the growth of AgNPs inside the polymer matrix (section 5.3.1). Then we will show
the real time variation of the absorbance will provide information on the kinetics of
growth of the AgNPs (section 5.3.2).

5.3.1 Absorption spectrum of thick highly doped films

In order to detect the Localized Surface Plasmon Resonance (LSPR), defined in the
section 3.2.4, we perform a spectrophotometric measurement through a thick sample
with a high doping level (TH), i.e. 25% of silver in a 8% w:w PVA matrix. Let us
clarify that a thick sample, for us, is not a sample with a thickness of the order
of a few micrometers (corresponding to a casting technique) but a sample with a
thickness near 400 nm, as it will be shown in the section 5.4.

The absorption spectrum is shown in the figure 5.5 and reveals a sharp peak
centered at λLSPR = 415 nm. The Fröhlich resonance condition (Eq. 3.65) for sil-
ver nanoparticles in PVA (εPVA = 2.18) leads to εAg = −4.36. The plot of the
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Figure 5.6: (A) Calculated σext for different radii of AgNPs. (B) Calculated λLSPR as a
function of the radius of the AgNPs.

dielectric function of silver is given by Johnson and Christy [86] and it is possible
to check that this value of εAg corresponds to an LSPR around 2.95 eV (415 nm).
The inset corresponds to the picture of the analyzed sample that was used for the
spectrophotometric measurement. As explained in the section 3.2.4, when polychro-
matic light (white light) is travelled through an absorbing medium, the transmitted
light presents a dip in the spectrum, which corresponds to the absorbed light. In
this case, the absorption takes place at 415 nm, i.e. in the blue part of the visible
range, resulting in a yellow coloration of the coated glass.

From the position, height and width of the absorption peak, we can characterize
the synthesized NPs. First, the position of the resonance is related to the size of the
NPs [11]. A red shift corresponds to an increase of the size of the NPs and blue shifts
to a decrease of their size. Second, the width of the resonance can be associated to
the polydispersity of the size of the NPs in a first approximation. In our case, the
width of the resonance peak probably corresponds to a narrow distribution of the
nanoparticles size. Third, the height of the peak is connected to the concentration
of the nanoparticles. Let us note that, in figure 5.5, the absorbance is normalized
to be equal to 1 at the LSPR wavelength in order to have a improved view of the
LSPR.

In the purpose of analyzing our absorption spectrum, these three parameters,
position, width and height of the resonance peak, are good indicators of the AgNPs
embedded in the polymer matrix. It is possible to compute the value of these
parameters with the Mie theory [11] (Fig. 5.6A). This graph is obtained from MiePlot
computer program which is freely available1. This program was originally developed
to provide a user-friendly interface to Bohren and Huffman’s code known as BHMIE
[42]. The graph represents the extinction cross section σext of AgNPs in PVA with
different radii as a function of the wavelength. The extinction cross section σext

increases with the radius of the AgNPs. For AgNPs with R = 40 nm, we can clearly
see a second peak at larger wavelength [41]. The interesting point of these calculated
spectra is the displacement of the λLSPR as a function of the AgNPs radius as shown
in the figure 5.6B. This allows us to relate the size of the NPs and the position of
the resonance.

1http://www.philiplaven.com/MiePlot.htm.



74 5 • Silver nanoparticles embedded in PVA matrix

In this work, we use these parameters to have a global analysis of the nanopar-
ticles embedded in the PVA matrix. Following these parameters in real time during
the annealing can bring information on the growing process of the AgNPs, as it will
be presented in the next section.

5.3.2 Real-time absorption spectra of AgNPs in PVA ma-
trix

Thanks to a small aperture in the central part of the heating block of the high
precision heating stage, we are able to measure the transmitted intensity during the
annealing of our samples. Starting at room temperature, the temperature is raised
up to 110◦C at a rate of 10◦C/min and stabilized for 60 min. The experimental setup
is similar to the one used for the spectrophotometer (Fig. 4.1) with the following
differences:

• the light source is a Tungsten-halogen light source with a operational range
from 360 nm to 2600 nm;

• the detector is a CSS200 CCD spectrometer (Thorlabs);

• the sample is placed on the heating stage and the beam passes through it
thanks to the small aperture in the heating block.

By using Python home-made routines, we measure in real time the transmit-
ted intensity every 30 seconds during the annealing of a thick highly doped silver
nanocomposite (total duration: 60 min). Each spectrum is the result of an averaging
process of 20 spectra taken every 10 ms. Thanks to the OSA software (Thorlabs),
the recorded intensities are automatically transformed in (120) absorption spectra.
The analysis of these spectra are made by the SpectraGryph software. As shown
in the figure 5.7A, an absorption peak near 415 nm appears during the annealing,
which can be assimilated to the growth of the AgNPs in the PVA film.

In the figure 5.7B, the variation of the absorbance at λLSPR as a function of
the annealing time is plotted. At the beginning (t < 10 min), the absorbance is
zero, since we start heating the sample. Near ten minutes (T ' 110◦C), a large
increase of the absorbance shows that the AgNPs start to growth in the polymer
matrix. At this time, we can clearly see that the temperature of the nanocomposite
has reached the glass transition temperature of the polymer (Tg = 85◦C) [55] (blue
lines in the graph). The black dashed line corresponds to the temperature setup
at the level of the heating stage2. The last spectra plotted on the graph only show
a weak increase of the absorbance. After a linear regression of the absorbance
data as a function of the time t for t between 20 and 60 min, it can be shown
that the growth rate of the absorbance, which can be related to the increasing
number of AgNPs in the polymer matrix, is given by the following equation: A(t) =
(0.00585±0.00005) t+(0.2481±0.0023) (with t corresponding to the time in minute).

2The addition of a thermocouple attached at the surface of the nanocomposite was tested
without satisfactory results due to mechanical constraints exerted on the sample and their influence
of the optical measurements.
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Figure 5.7: (A) Absorption spectra recorded during the annealing of a (∼ 370 nm-thick)
Ag-PVA nanocomposite ([Ag]/[PVA] = 25% w:w). (B) Variation of the absorbance during
the annealing time: open circles are the experimental data and the dashed line is the linear
fit of the linear part of the curve: A(t) = (0.00585± 0.00005) t + (0.2481± 0.0023). The
horizontal blue line is the glass transition temperature Tg and the vertical blue line shows
the time when the temperature of the sample reaches Tg. (C) Variation of the position of
the resonance peak as a function of time. (D) Variation of the position of the resonance
peak in a limited range in order to see the increase of the λLSPR as a function of the
annealing time: open circles are experimental points and the dashed line is the linear fit:
λ(t) = (0.083± 0.008) t + (412.19± 0.32).
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This increase of the absorbance and of the number of AgNPs in the PVA matrix
as a function of the annealing time have been shown by Porel and co-workers [66].
However, in our case, the measurement can be directly made during the heating of
the sample, which leads to a higher precision in timing, temperature and position.
As the measurements are carried out without moving/repositioning of the sample,
the transmission changes over time relate to the same position, making our results
independent of the sample thickness variation. Moreover, in our experiment, we can
have access to more data due to the speed of acquisition.

Another analysis can be made on the position of the resonance peak, which seems
to shift during the annealing, as shown in the figure 5.7C. Points corresponding to the
absorbance measured at t < 10 min are not relevant because there is no absorption
peak in the early stage of the experiment. After the ten first minutes, we can see
a weak increase of the position of the λLSPR. This observation is highlighted in the
figure 5.7D where the y-scale is limited to improve the analysis. In this graph, we
can see a slight increase of the position of the resonance peak, given by a linear
equation: λ(t) = (0.083± 0.008) t + (412.19± 0.32), where t is the time in minute.
As shown by the positive slope, the position of the resonance peak increases during
the annealing time, which can be related to a small increase of the size of the AgNPs
in the polymer matrix [11, 91].

To sum up, the analysis of the absorption spectra during the annealing of the
sample can provide information about the growth of AgNPs. After a first period of
heating, the resonance peak appears, i.e. the value of absorbance increases. That is
attributed to the growth of the AgNPs inside the polymer. The absorbance increase
during the annealing, which corresponds to an increase of the number of the in situ
synthesized AgNPs. A last conclusion is the weak variation of the position of the
resonance peak during the annealing that can be attributed to a slight increase of
the size of the AgNPs.

After these first analyzes of a thick and highly doped silver nanocomposite, which
confirm the growth of the AgNPs in the polymer matrix, we want to investigate the
influence of experimental parameters on the resonance parameters. As the annealing
time and the temperature of annealing have been already studied [66, 67, 69, 113],
we consider the variation of another parameter: the thickness of the film, which is
not often studied. For this purpose, we prepare samples with different thicknesses
while keeping a constant metal-to-polymer mass ratio. As it will be shown in the
next section, despite the same silver/polymer ratio, the variation of the thickness
induces changes on the resonance parameters, a result, which to the best of our
knowledge has not been reported in the literature.

5.4 Variation of the film thickness at a constant

metal/polymer mass ratio

As previously described, the influence of the thickness of the film on the resonance
parameter has not often been studied. On this basis, we want to measure the ab-
sorption spectra of our silver nanocomposites by changing the film thickness, while
maintaining a constant metal-to-polymer mass ratio. In other words, starting with
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Table 5.1: Measured thicknesses of the silver nanocomposite by the EP3-SE using Cauchy
model. The model is applied on the ellipsometric data far from the resonance, i.e. for
incident wavelength larger than 545 nm.

Samples Polymer Thickness RMSE
ID conc. (%) (nm)

[PVA] = 8% 8 374.9± 1.4 1.683
[PVA] = 4% 4 121.1± 0.1 0.709
[PVA] = 2% 2 54.5± 0.3 0.271
[PVA] = 1% 1 28.9± 0.1 0.205

[PVA] = 0.5% 0.5 15.8± 0.1 0.093

a solution where the [Ag]/[PVA] mass ratio is 25% in a 8% polymer solution, we
add the required amount of water to dilute the solution by 2, 4, 8 and 16 factors.
This leads to less viscous solutions yielding therefore thinner films after spin coating
(Eq. 4.33). Due to the dilution by 2, 4, 8 and 16, the polymer solution concentra-
tions become 4%, 2%, 1% and 0.5%, respectively. Experimental spinning conditions
on the glass substrates are 1600 rpm during 90 sec. These samples are annealed
during 1 hour at 110◦C in oven. After the annealing, the absorption spectra of the
glass-coated samples is recorded by the Genesys 10S UV-visible spectrophotometer.
The ellipsometric response of silver nanocomposites prepared under the same exper-
imental conditions on silicon substrate are measured by spectroscopic ellipsometry
in order to measure the thickness of the films.

The values are presented in table 5.1. They are determined by using the Cauchy
model on ellipsometric data far from the resonance (545 ≤ λi ≤ 1000 nm). As
expected, the dilution of the polymer concentration leads to a large variation of the
thickness of the nanocomposite films. Let us note that the thicknesses obtained on
silicon substrates are also valid for the films prepared under the same conditions on
the glass substrates.

The samples prepared on glass substrates are analyzed by spectrophotometry
and their absorption spectra are shown in the figure 5.8A. As we can see, the height
of the peak rapidly decreases as a function of the polymer concentration. The highest
peak corresponds to the 8% polymer solution and the smallest to the 0.5% polymer
solution. The inset in the figure 5.8A shows that the two thinner films nevertheless
present a weak but distinct absorption peak. This decrease of the absorbance can
be explained by the reduction of the thickness of the film, while keeping the same
silver-to-polymer mass ratio. This leads to a smaller number of silver nanoparticles
embedded in the PVA matrix located on the path of the spectrophotometer beam
although we expect the AgNPs density to remain constant. This analysis is well
presented in the figure 5.8B where the analyzed samples are shown. The sample
“[PVA] = 8%” presents a strong yellow coloration, although the sample “[PVA]
= 0.5%” is almost transparent. More striking than the decrease in the saturation of
the intensity is the apparent change of the color, which seems to evolve from yellow
to orange as the thickness of the film decreases.

Another interesting fact is the weak increase of the width of the resonance. This
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Figure 5.8: (A) Absorption spectra of AgNPs embedded in PVA matrix. The variation
of the film thickness is obtained by dilution of the AgNO3-Polymer solution by adding the
required amount of water. Polymer solution concentrations, varying from [PVA] = 8%
to [PVA] = 0.5%. The highest resonance peak corresponds to the thicker film and the
smallest peak is the thinner film (Table 5.1). The inset graph exhibits the weak resonance
peak of the thinner films. A line is drawn in order to guide the eye along the maximum
value of the absorption. (B) Picture of the analyzed samples.

means that a decrease of the thickness of the film leads to a slight increase of the
polydispersity of the size of the AgNPs in the PVA matrix.

Finally, the most interesting information obtained with this analysis is the dis-
placement of the position of the resonance peak as a function of the thickness. As
it is shown in the figure 5.8A by a dashed line connecting the highest values of the
absorbance of each resonance peak. This highest value of the absorbance remains
approximatively constant for [PVA] = 8%, 4% and 2%, however it shifts for [PVA]
= 1% and 0.5%. As already explained, this displacement can be related to the size
of the AgNPs in the PVA matrix. Confirming the visual perception of the film color,
this evolution corresponds to a red-shift that can be interpreted by a larger size of
the AgNPs in the thin films than in the thick films.

In order to confirm this trend observed on a batch of samples, the same ex-
periment has been repeated several times and, for each experiment, the position of
each resonance peak, i.e. λLSPR, is recorded. The results of these experiments is
shown in the figure 5.9. This graph presents the variation of the position of the
LSPR as a function of the polymer concentration. As previously shown (Table 5.1),
the variation of the polymer concentration, i.e. “[PVA]”, while keeping a constant
metal-to-polymer mass ratio leads to a variation of the thickness of the nanocompos-
ite films: the more diluted solution, the thinner film. As showed by the figure 5.9,
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Figure 5.9: Graphical representation of the position of the resonance peak as a function
of the polymer concentration. As the polymer concentration can be related to the thickness
of the film, the λLSPR shows a displacement for thin films. The errors bars represent the
standard deviations of the measured λLSPR.

the value of the LSPR stays at 415 nm for “[PVA]” = 8% and “[PVA]” = 4% poly-
mer concentration. There is a small peak displacement for the “[PVA]” = 2% (418
nm) and a larger shift for “[PVA]” = 1% (420 nm) and “[PVA]” = 0.5% (429 nm).
These shifts are statistically significant. This plot demonstrates the red shift of the
position of the resonance peak when going from high polymer concentration solution
to small polymer concentration solution, i.e. from [PVA] = 8% to [PVA] = 0.5%.
Using the results shown in the table 5.1, we can assume that this plot shows the
red-shift of the position of the resonance peak when going from thick to thin films.
This displacement of the position of the resonance peak can probably be interpreted
as a control of the AgNPs size by the film thickness: decreasing the thickness below
30 nm increases the size of the in situ synthesized AgNPs in PVA matrix.

In fact, the position of the λLSPR can be related to the size of the nanoparticles
using the Mie theory. As explained by Quinten [91], the position of the resonance
peak shifts as a function of the size of the particles for nanoparticles formed in an
aqueous suspension and dispersed in a gelatin matrix. For particles with mean radii
between 5 and 35 nm, the displacement of the peak position of the localized surface
plasmon as a function of the size of the particle is linear for AgNPs (and also for
AuNPs). Remembering that the position of the peak depends also on the refractive
index of the surrounding medium via the Fröhlich equation (Eq. 3.65), for AgNPs
with a mean radius of 10 nm the peak position is near 405 nm. For larger silver
particles with a mean radius of 35 nm, the position of the resonance peak is located
near 437 nm.

Moreover, as demonstrated by Berg and co-workers [116], the size of particles can
be attributed only by the measured λLSPR in the case of small particles with radii
between 5 and 25 nm. They considered small silver particles obtained by sodium-
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silver ion exchange in glass. They have shown a nice representation of their data in a
δ vs λmax graph called Berger diagram (Fig. 2 in [116]). This plot shows the variation
of the width of the resonance δ, i.e. the full width at half maximum (FWMH), as
a function of the position of the resonance λmax. Their data are computed from
results obtained by Kreibig [117] and based on the Mie theory for monodisperse size
of particles. From their analysis, two conclusions can be drawn: first, even if there
exists a size distribution of the particles, with an experimental determination of the
(λmax, δ) pair values, it is possible to attribute a mean diameter from its position on
the δ vs λmax curve computed for monodisperse system. Secondly, for particles with
a mean radius between 5 and 25 nm, only the peak position is sufficient to attribute
a size at the AgNPs.

According to these analyzes, we can assume that the size of the AgNPs can
be attributed from the position of the resonance peak. In our case, we measure
a red shift of the position of the resonance peak as a function of the thickness of
nanocomposite films. This displacement can be explained by a size difference of the
in situ synthesized AgNPs in the PVA matrix between thin and thick films: although
the silver-to-polymer mass ratio remains constant, larger AgNPs are obtained in thin
films than in thicker ones.

From this, let us conclude that the variation of one experimental parameter,
thickness, can lead to a variation of one resonance parameter, the position of the
resonance. In order to investigate deeper the role of the thickness on the resonance
parameters, we present in the next section a more detailed analysis of this thickness
effect by using spectroscopic ellipsometry (SE). One of main advantages of SE over
conventional spectrophotometric methods is that by keeping tracks of the relative
phase changes (in the ∆ ellipsometric angle) it allows in most cases a simultaneous
determination of the optical properties and of the thickness of the layers and not
only the measurement of absorption or of transmission spectra. Finally, at the end
of the chapter, we will try to give an explanation on the growing process leading to
these changes between thick and thin films.

5.5 Film thickness and silver doping effects

In this section, we use SE in order to get detailed information about the influence
of the thickness of the film on the resonance parameters. With this non-destructive
technique described in the chapter 4, we are able to measure the thickness and the
optical properties of the silver nanocomposites and, thus, determine the resonance
parameters with theoretical models.

The purpose of this analysis is two-fold:

• to compare the optical properties of thick and thin films embedding AgNPs
grown in situ from the same polymer solution;

• to investigate the effect of the doping of the film at those thicknesses.

This comparison can lead to a variation of the resonance parameters in both films,
which relates to a modification of the growing process of the AgNPs.



5.5 Film thickness and silver doping effects 81

Table 5.2: Coating conditions for the four types of samples

Samples Polymer [Ag]/[PVA] Coating Coating Approx.
ID conc. (%) mass ratio (%) speed (rpm) time (s) thickness (nm)

TH 8 25 1600 60 300
Tl 8 2.5 1600 60 300
tH 2 25 6000 60 30
tl 2 2.5 6000 60 30

On that purpose, four types of samples are prepared by varying the film thickness
(‘T’: thick ; ‘t’: thin) and the doping level in silver (‘H’: high (25%); ‘l’: low (2.5%)).
In the following, these categorical variables will be referred to as the class of the
sample (‘TH’, ‘Tl’, ‘tH’ or ‘tl’) (Table 5.2). The total number of samples is 90 and
they are equivalently distributed in each class.

In order to study the optical properties of these samples, the complex refractive
index is calculated from SE measurements, i.e. from the Ψ and ∆ spectra. Except
in a very limited number of cases [99], Ψ and ∆ cannot be directly converted into
refractive index and/or film thickness. Indeed, the ellipticity is a complex quantity,
which depends on the angle of incidence, the optical properties of the materials and
the thickness of the layers. Taking into account the dispersion of the dielectric func-
tion, the equation of the ellipticity ρ (Eq. 5.1) has to be inverted in most cases using
numerical methods, assuming specular reflection of light at ideal planar interfaces.

We begin this study by presenting the models used to describe the silver nanocom-
posites. After, once the optical properties of the nanocomposites are determined,
we use a multivariate analysis in order to inspect the influence of the thickness of
the film and the doping level on the resonance parameters.

5.5.1 Modeling of the optical properties

The models used to analyze the SE data are described hereinafter and illustrated
in the figure 5.10. The description of the model used for the dielectric matrix has
already be shown in the figure 5.2

PVA layer: A one-layer Cauchy model is chosen to represent the optical prop-
erties of the PVA films in the transparent range [95].

nPVA(λ) = APVA +
BPVA

λ2
and kPVA(λ) = 0 (5.6)

Ag-PVA layer: A Lorentzian oscillator is added to that model to account for
the localized absorption of the plasmon resonance in visible range [102].

The specific contribution of the plasmon resonance to the wavelength-dependent
complex dielectric function ε(λ) is given by

ε(λ) = εr(λ) + iεi(λ) (5.7)

εr(λ) = ε∞ +
Aλ2 (λ2 − Λ2

0)

(λ2 − Λ2
0)

2
+ Γ2

0λ
2

(5.8)
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Figure 5.10: Schematic representation of the optical model used to interpret SE data:
(A) AgNPs in PVA layer on Si and (B) a Cauchy model and Lorentzian oscillator used to
describe the optical properties of AgNPs in PVA matrix. (Not to scale)

εi(λ) =
Aλ3Γ0

(λ2 − Λ2
0)

2
+ Γ2

0λ
2

(5.9)

where λ denotes the wavelength. Λ0 is the resonance wavelength of the oscillator, A
its oscillator strength (i.e. amplitude of the resonance) and Γ0 its full-width at half
maximum (FWHM) and is hereinafter referenced to as the ‘width’ of the resonance.
ε∞ represents the contributions of the resonances to εr at wavelengths much greater
than the measurable wavelength range.

Figure 5.11 represents the SE data corresponding to a 25.4 nm-thick film (Fig. 5.11A)
and to a 293.9 nm-thick film (Fig. 5.11B). Instead of representing the Ψ and ∆ ellip-
sometric angles, we have chosen to represent the α = cos(2Ψ) and β = sin(2Ψ) cos(∆)
Fourier coefficients, which are closer to the experimental quantities measured by the
ellipsometer (Eq. 4.26). With respect to reference films of equivalent thicknesses,
the ellipsometric data present a spectra distortion in the 3.0-3.5 eV range. This
is unambiguously attributed to the LSPR associated to the AgNPs. This effect is
more noticeable for the thick films (Fig. 5.11B): one can see three peaks in the α-
spectrum (filled symbols) but the second is considerably damped due to the energy
absorption at the resonance. The data generated by the optimized optical model are
also presented in the figure 5.11 (dashed lines). They are in close agreement with
the experimental data: the residual χ2 values are respectively equal to 2.7 10−4 and
2.9 10−3 for the thin and thick films.

As previously described in the figure 5.10, the model of the optical behavior of
our samples is a one-layer Cauchy model, chosen to represent the optical properties
of the polymer matrix, complimented with a Lorentzian oscillator to account for
the localized absorption of the plasmon resonance in the visible range. This model
has already been used to model the optical behavior of these silver nanocomposites
[73]. As already mentioned, the use of the Cauchy model for the polymer matrix is
justified by the monotonous increase of the refractive index of the polymer, from the
infrared to the UV, as expected for dielectric materials far from the fundamental
absorption edge. Details of this model and of its application to pure PVA films
are given in section 5.2. Concerning the AgNPs, the application of the Lorentzian
oscillator in the model is equivalent to using the Maxwell-Garnett effective medium
approximation (MG-EMA) in a view of obtaining the dielectric function of the
nanocomposite films [118–120]. Here, we use the Lorentzian model since it depends
less on the dielectric function of the bulk silver (see tables [86]), which can be
slightly different from the dielectric function of the AgNPs. Moreover, the shape of
the AgNPs is not considered in our Lorentzian model unlike with the generalization
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Figure 5.11: Ellipsometric spectra of Ag nanoparticles-doped PVA films ([Ag]/[PVA]
ratio: 25% w:w): A, ’tH’ thin films (thickness: 25.4 nm); B, ’TH’ thick film (thickness:
293.9 nm). Experimental data: α = cos(2Ψ) (filled circles) and β = sin(2Ψ) cos(∆) (open
circles). Dashed lines: optimized results from the optical model.

of the MG-EMA to take into account the statistical distribution of size and shape of
the NPs. Our model is well-suited for spherical NPs [11, 72, 121] but more complex
approaches are required for non spherical particles (see e.g. [12, 122, 123]). As we
will see in a later section, the AgNPs in our nanocomposites seem to be spherical
thanks to an analysis at the nanoscale by atomic force microscopy (AFM).

Problems related to the doping level of the films are also avoided: indeed, at
high doping levels, it is expected that the nanocomposite films cannot be considered
anymore as diluted solutions of NPs in a polymer matrix. We suppose low doping
level since, in the present case, the volume fraction of silver in the nanocomposite
is less than 3%, which means that the films can be considered as a diluted solutions
of NPs in a polymer matrix. In the case of high doping level, the analysis of the
optical response of nanocomposite is more relevant of the metal island model [124,
125] which has been recently generalized by Wormeester and co-workers [126, 127].
Adding roughness or void inclusions to the model does not significantly improve the
quality of the fits, even for the thin samples.

The optical properties of the AgNPs-doped films (doping: 25%) are represented
in the figure 5.12. For each type of film, the refractive index n and the extinction
coefficient k of two different samples are represented, showing the reproducibility of
the analysis and indirectly, of the sample preparation. The presence of the silver
NPs considerably modifies the optical properties in the doped polymer films: the
absorption peak in the 2.5 - 3.5 eV range of the extinction coefficient spectrum
(Fig. 5.12B) induces a large oscillation in the refractive index value (Fig. 5.12A)
because of the Kramers-Krönig consistency of the optical properties (Eq. 3.83) and
the Lorentzian model of the peak. The perturbation of the refractive index takes
place over the 1.5 - 4.5 eV range although the absorption peak is narrow. Moreover,
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Figure 5.12: Optical properties of thin (plain lines) and thick (dashed lines) silver NPs-
doped PVA films ([Ag]/[PVA] ratio: 25% w:w): A, refractive index n; B, extinction
coefficient k.

the refractive index values are higher than the ones of a pure polymer film. This
variation over a large spectral range of the refractive index is shown in a published
article of Voué and co-workers (Fig. 2.5).

The optical properties of thin and thick films are clearly different as experimen-
tally demonstrated in the figure 5.12. The optimized parameters of the plasmon
resonance peak are given in the table 5.3. As we can see, in thin films, the ampli-
tude of the resonance is higher and the peaks wider than in thick films. Furthermore,
the position of the resonance, Λ0, is 10 nm red-shifted between thick films and thin
films.

Table 5.3: Typical parameters of the plasmon absorption peak (A: amplitude of the
absorption peak; Λ0: position of the resonance; Γ0: width of the resonance) as a function
of the film thickness for highly doped PVA films ([Ag]/[PVA] ratio: 25% w:w). Data
correspond to the optical properties presented in Fig. 5.12.

Sample d (nm) A Λ0 (nm) Γ0 (nm)

Thin 23.4 ± 0.2 0.145 ± 0.006 414.2 ± 0.7 67.6 ± 2.9
25.4 ± 0.3 0.133 ± 0.005 415.6 ± 0.6 69.0 ± 2.6

Thick 305.9 ± 1.7 0.117 ± 0.002 405.4 ± 0.7 47.3 ± 1.6
293.4 ± 1.7 0.118 ± 0.002 409.5 ± 0.6 49.2 ± 1.5
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Figure 5.13: Graphical illustration of the four classes defined on the basis of the thickness
and doping of the samples.

5.5.2 Multivariate analysis on the resonance parameters

As already explained, the 90 samples are distributed in four classes of relatively
equivalent sizes. With this amount of experimental data, it is interesting to use a
multivariate analysis in order to highlight the effect of an experimental parameter
on the resonance parameters.

Keeping in mind that they are normally decorrelated from the thickness of the
film, once the optical properties of the nanocomposites are determined, we consid-
ered the dispersion of the data cloud. The optical response of each nanocomposite
is characterized by 3 parameters A, Λ0 and Γ0:

• A represents the oscillator strength or the amplitude of the resonance,

• Λ0 corresponds to the central resonance wavelength and depends on the size
of the NPs,

• Γ0 describes the width of the resonance and can be used to characterize the
polydispersity of the NPs in the film.

Data clouds of the resonance parameters

The samples considered for this study are distributed among four classes of relatively
equivalent sizes. These classes are defined on the basis of the thickness and doping of
the samples (Table 5.2). Each of the four classes are represented by a different color
as represented in the figure 5.13. As a reminder, there are four classes composed by:

• TH: thick samples with a high doping level, i.e. 25% w:w in green ;

• tH: thin samples with a high doping level in red ;

• Tl: thick samples with a low doping level, i.e. 2.5% w:w in yellow ;

• tl: thin samples with a low doping level in blue .

The mean values and standard deviations of the resonance parameters as a func-
tion of the nanocomposites class are given in the table 5.4.

Let us first consider the link between the thickness of the film and the strength of
the plasmon band A (Fig. 5.14). One can easily see that the data cloud is subdivided
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Table 5.4: Classes size (N), means and standard deviations of the resonance parameters
as a function of the nanocomposite type. Units for thickness (“thick”), peak position
(“L0 ” or Λ0) and peak width (“Gamma” or Γ0) are micrometers.

Means Standard deviations
class N thick A L0 Gamma thick A L0 Gamma

tH 17 0.028 0.125 0.421 0.095 0.014 0.050 0.006 0.046
TH 27 0.311 0.102 0.410 0.064 0.082 0.018 0.005 0.018
tl 16 0.030 0.013 0.437 0.064 0.019 0.014 0.014 0.036
Tl 30 0.254 0.028 0.419 0.127 0.076 0.024 0.013 0.056

into four areas, each of those being assigned to one type of nanocomposite. Samples
with high doping level are on the right side of the plot with a higher value of the
amplitude of the oscillator A in both case (thin and thick films, green and red
symbols, respectively). As expected, the samples with low doping level (i.e. yellow
and blue symbols) are on the left part of the plot.

After this first analysis between the amplitude of the resonance and the thickness,
it is interesting to plot the dispersion cloud for each pair of parameter. In other
words, three plots can be obtained: A vs Λ0, A vs Γ0 and Γ0 vs Λ0. This scatter
plot matrix of the resonance parameters is shown in the figure 5.15. As one can
see in the first row of the matrix (left part of the scatter plot), different behavior
can be identified between the nanocomposites prepared from solutions with a high
AgNO3 concentration (red and green circles) and those prepared from diluted AgNO3

solutions (blue and yellow circles). In each plot, A vs Λ0 and A vs Γ0, it is easy
to draw a virtual vertical line to separate the data in two subclouds thanks to the
value of absorbance A. However, it seems more complicated to separate samples
from different category in the same subcloud: for example, red and green symbols
are overlapping in the right subcloud for both graphs.

Moreover, the same trend is found in the case of the Γ0 - Λ0 plot where all
subclouds are overlapping in a strong way, which complicates the interpretation of
this plot. This graph can be related to the previously presented Berger diagram
(Fig. 2 in [116]). As already mentioned, this diagram presents the width δ as a
function of the peak position λmax for extinction bands, i.e. resonance peak, for
silver particles. The variation of δ vs λmax is not a monotonous one. Starting for
small particles (around 2 nm), an increase of the size of particles leads to a decrease
of the FWHM and a blue shift of the position of the resonance peak until the radius
of the particle has reached 10 nm. For larger particles, both FWMH and position
of the resonance peak increase. As shown here, the analysis of the Γ0 vs Λ0 graph
is complicated and rather difficult to interpret in our case.

This global picture of the data cloud is reinforced by the statistical dispersion of
the resonance parameters in terms of box-and-whiskers plots (Fig. 5.16). The box-
and-whiskers plot is a method to graphically depict groups of experimental data
through their quartiles. This description of the data set is based on five parameters:
the minimum and the maximum of the data but also the three quartiles Q1 repre-
senting 25% of the data set, Q2 (median) and Q3 corresponding to 75% of the data
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Figure 5.14: Scatterplot of the thickness of the film (in µm) versus the strength of the
oscillator. Color coding of the categorical variables is given in the legend and refers to
table 5.2.
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categorical variables are given in the legend. Units for peak position (“L0 ” or Λ0) and
peak width (“Gamma” or Γ0) are micrometers.



5.5 Film thickness and silver doping effects 89

tH TH tl Tl

0.
00

0.
05

0.
10

0.
15

0.
20

(A)

Class

A

tH TH tl Tl

0.
39

0.
40

0.
41

0.
42

0.
43

0.
44

0.
45

0.
46

(B)

Class

L0
 (µ

m
)

tH TH tl Tl

0.
00

0.
05

0.
10

0.
15

0.
20

0.
25

0.
30

(C)

Class

G
am

m
a 

(µ
m

)
Figure 5.16: Box-and-whiskers plots of the resonance peaks parameters: (A) peak height
(A), (B) peak position (L0) and (C) peak width (Gamma). Categorical class definitions
are given in the text.

set. A last important element to construct the boxplot is the interquartile range
(IQR) that is represented by the distance between Q1 and Q3 (IQR = Q3 − Q1).
The box is drawn between Q1 and Q3 and the horizontal line represent the median
of the data set (Q2). Moreover, the size of the whiskers can be tuned by the in-
terquartile range. In our case, the size of the upper and lower whiskers are given
by min {max(x), Q3 + 1.5 IQR} and max {min(x), Q3 − 1.5 IQR}, respectively. The
boxplots are very useful to describe asymmetric statistical distributions for which
the description in terms of mean ± standard deviation is sometimes meaningless.

Equality of variances or heteroscedasticity of the data was checked using a robust
version of Levene’s test. The results show that the null hypothesis H0 (equality of
all the variances) has to be rejected at a confidence level better than 1% (data
not shown) for all the resonance parameters. Although classical analysis of variance
(ANOVA) methods are relatively robust with respect to the non-normal distribution
of the variables, differences in variances are more complicated to handle. As a rule
of the thumb, classical ANOVA can be used if the ratio of the largest to the smallest
variance is < 4. This case is not met by our data. Non parametric tests are therefore
required. Results issued from the Kruskal-Wallis test are presented in the table 5.5.
In a given row of the table, classes represented by the same letter do not statistically
differ form each other.

Boxplot representation of our data are given in the figure 5.16. As expected,
the strength of the oscillator A is strongly dependent on the silver content of the
film (Fig. 5.16A). Two trends emerge from the peak position dispersion: an increase
of the amount of Ag+ present in the films (l → H) decreases the position of the
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Table 5.5: Summary of the Kruskal-Wallis statistical test for the resonance parameters.
In a given row, classes represented by the same letter do not statistically differ form each
other. To be compared with the boxplots in the figure 5.16

Parameter Class
tH TH tl Tl

A a a b c
Λ0 b c a b
Γ0 b c c a

resonance peak, i.e. blue-shifts the resonance peak. Points corresponding to outliers
are outside the box and whiskers. A decrease of the thickness of the films (T → t)
slightly red shifts the resonance wavelength (Fig. 5.16B). The modification of the
film thickness induces a displacement of the position of the resonance peak. This
displacement has been already show by spectrophotometry measurements. This
supports the fact that thickness plays an important role on the resonance parameters
and therefore on the in situ synthesis of the AgNPs.

The evolution of the resonance width is more complicated (Fig. 5.16C). For
example, increasing the film thickness (t → T ) leads to an increase of the FWMH
for high doped samples and a decrease of FWMH for low doped samples. Looking
at the decrease of the amount of Ag+ (l → H) leads to an increase of the FWMH
for thick samples and a decrease of the FWMH for thin samples. By considering
only the FWMH, it is complicated to draw a trend. For that reason, the behaviors
of the films with low and high silver contents have to be separately described in the
remaining parts of this analysis.

Classification in the Γ0 − Λ0 plane

As we have seen from the scatter plot matrix and the box-and-whiskers plots, thick
and thin films behave differently when we consider the resonance width (Γ0) and
the position of the plasmonic band (Λ0). Therefore, we attempted to classify the
films as a function of the silver content of the coated solution (2.5% or 25%). The
classification task is performed for the thin and the thick films separately using
support vector machines (SVM), as shown in the figure 5.17. SVMs are statistical
classification algorithms used to find the best classifier (i.e. separator) between two
sets of (eventually overlapping) data points [128]. The principle of this technique
is to find the best classifier in order to separate two or more data sets. This is
possible by finding a linear separator with the largest margins, which comes back
to maximize the distance from the separator to the nearest data point on each
side. For that reason, SVMs are also named “Large Margin Classifiers”. To this
purpose, the algorithm defines support vectors that are selected data points, which
allow calculating the optimum classifier. In the figure 5.17, these support vectors
are represented by open symbols, the best classifiers are plain lines and the largest
margins are dashed lines.

When the data are presented in the Γ0 − Λ0 plane, one can see that the set
of data points corresponding to the highly doped films (circles) has only a slight
overlap with the cloud of the films prepared from the 2.5% solution (triangles). To
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Figure 5.17: Classification of the weakly and highly Ag-doped film in the Γ0 – Λ0 plane.
(A) Thick films (B) Thin films ([Ag]/[PVA] ratio: 25% (circles) and 2.5% (triangles); Open
symbols: support vectors; Lines: optimum classifier (plain) and margin (dashed).

perform the classification task in a quantitative way, we used a SVM algorithm [129]
derived from the original classification algorithm proposed by Vapnik [128]. In the
case of overlapping data clouds, the classifier has to be tuned with respect to the
penalty applied when an event is misclassified.

Optimum results for the classifiers are represented in the figure 5.17. The figure
shows that, when applied to our data, SVMs discriminate between the high- and
low-doping level films in a very efficient way: only 3 films over 33 are misclassified in
the thin film case and 3 over 54 in the thick film one. The most striking feature of the
classification is the behavior of the classifiers: when comparing panels (A) and (B)
in Fig. 5.17, one can easily see that their slope have opposite signs. The classifiers
slopes are respectively -0.36 (thick films) and +0.30 (thin films). The opposite sign in
the slope of the separator confirm the difference in the optical behavior between thin
and thick films in terms of position and width of the plasmonic band. According to
this last analysis, we conclude that an experimental parameter, namely the thickness
of the film, also controls on the resonance parameters.

5.6 Topographic surface characterization

After these previous multivariate analysis, we measure, at the nanoscale, the sur-
face topography of the annealed film using an AFM in intermittent contact mode in
order to get more information on the AgNPs embedded in the polymer matrix. The
figure 5.18A and B represent the topography and phase images (1 µm × 1 µm) of a
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Figure 5.18: Topography (left) and phase (right) AFM images of Ag-PVA film doped
with 25% AgNO3 (w:w). (A, B) : ' 30 nm-thick film ; (C, D) : ' 300 nm-thick film.
Image size: 1 µm × 1 µm (256 × 256 pixels).

typical 30 nm-thick film. The mass ratio of [Ag]/[PVA] is 25% (w:w). The nanopar-
ticles of silver are clearly observed by a variation of the phase value (Fig. 5.18B),
which provides a local information of the nature of the nanocomposite, and a local
variation of the height. In the figure 5.18C and D, we represent the topography
and the phase images corresponding to a 300 nm-thick film at the same [Ag]/[PVA]
mass ratio. Figure 5.19 presents the AFM images (topography and phase) of the
control films, i.e the undoped PVA film. They do not show a structuration at the
nanoscale. The height and the phase values are normally distributed. The surfaces
are flat.

A first observation of these images of the figure 5.18 shows that the surface
fraction occupied by the AgNPs embedded in thick films is higher than thin films.
Due to the difference in polymer concentration between thick (8%) and thin (2%)
films, it is easy to understand that there are less AgNPs embedded in thin films
even if the [Ag]/[PVA] mass ratio is kept constant. A second observation of these
AFM images shows that the size of the particles is influenced by the thickness of
the film even if the silver-to-polymer mass ratio is kept constant: the size of AgNPs
embedded in thin films seems to be larger than in the thick films. By using a
threshold technique, it is possible to have access to the average radius of the AgNPs
in both case.

Figure 5.20 represents a boxplot of the radii r of the particles as determined
from the AFM images. The radii are corrected for the embedding of the particles
in the matrix following r =

(
r2
eq + h2

)
/(2h) where req is the apparent radius of the

particles and h the height emerging from the polymer matrix. The mean values
are 8.2 ± 2.4 nm and 4.0 ± 2.5 nm for the 25 nm (tH) and 300 nm-thick (TH)
films, respectively. The particles embedded at the surface of the thick sample are
smaller than the particles in the thin one. Remember that previously we indirectly
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Figure 5.19: AFM topographic (left) and phase (right) images of the PVA control films.
(A,B) 30 nm-thick films (C,D) 300 nm-thick films. Image size: 1 µm× 1 µm (256 × 256
pixels).
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Radius (nm)

Figure 5.20: Box-and-whiskers plots of the radius of the particles ([Ag]/[PVA] ratio:
25%; film thickness: 30 nm (’tH’) and 300 nm (’TH’)).



94 5 • Silver nanoparticles embedded in PVA matrix

Table 5.6: Roughness parameters of the doped ([Ag]/[PVA] = 25%) and undoped (pure
PVA) films

Thick film Thin film
Doped Undoped Doped Undoped

Sa (nm) 0.66 0.40 0.59 0.32
Sq (nm) 0.85 0.52 0.77 0.42

showed the particles size reduces with the film thickness, by relating the size with
the position of the plasmon resonance. Here, we have experimental demonstrations
that thickness induces variation on the resonance parameters. The size of the in
situ synthesized AgNPs varies as a function of the thickness of the nanocomposite
film confirming hypothesis formulated with the spectrophotometry analysis.

The roughness of doped and non-doped representative samples is characterized
by the average surface roughness parameter (Sa) and by the root-mean-square sur-
face roughness parameter (Sq) [130]. The measurements presented in the table 5.6,
show a significant difference between doped and non-doped film in both cases (thick
and thin films). As seen from both the Sa and the Sq surface roughness values,
the growth of the nanoparticles induced by the annealing of the film controls the
roughness of the surface, although this remains quite low (< 1 nm).

5.7 Conclusion

In summary, we have studied, in this part of the thesis, the surface topography and
the optical properties of nanocomposite containing in situ grown silver nanoparti-
cles, by means of AFM, spectrophotometry and SE techniques. In particular, we
have focused on the influence of the thickness of the film and the silver concentra-
tion in the polymer matrix on the optical properties of the nanocomposite. We have
experimentally observed a different behavior of the thick and thin films as a func-
tion of the silver concentration. Topography and phase images of thin and thick
nanocomposites demonstrated that the size of the AgNPs seemed to be larger in
thin films than in thick films. Moreover the statistical distribution of the plasmon
resonance parameters (A, Λ0 and Γ0), obtained by spectroscopic ellipsometry, are
analyzed using large margin classifiers. This multivariate analysis method leads
to the conclusion that at a given Ag+ doping level, thin and thick films behave
differently.

These different optical behaviors are probably strongly related to the growth
process of the NPs in films of different thicknesses. Since the pioneer work of Lamer
and Dinegar [49], the kinetics of growth of nanoparticles in solution has been the
subject of an increasing number of publications and reported mechanism has been
partially transposed to explain the growth of NPs in films. For both types of sys-
tem (films and solutions), one may expect the precursor solute to reach a critical
level for nucleation. This prenucleation step is fed by the spatial distribution of
the precursors (in our case, the Ag+ ions), which we can consider to be isotropic
within the film volume. As pointed out by Sugimoto [50], in films or sol-gel system,
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Figure 5.21: Scheme of the NPs growth in (A) thin and (B) Thick films. (C) and (D)
represent the accessible dimensions for the diffusion process in thin (2D) and thick film
(3D), respectively.

nucleation and growth of the generated nuclei are separated due to the reduction of
the supersaturation with the stabilization of the matrix, in contrast to the Lamer
mechanism. In our case, it seems that, after the nucleation, the growth process is
limited by the diffusion of Ag+ ions or of the Ag0 atoms in the film. The shape of
AgNPs are spherical in both case (i.e. thin and thick films) but their sizes are dif-
ferent as clearly demonstrated in Fig. 5.20. A possible explanation of the difference
in the growth process can be associated to the diffusion process, as represented in
the figure 5.21. In fact, in films whose thickness corresponds to a couple of NPs
equilibrium diameter, NPs grown in a 2D-like matrix and the diffusion of silver ions
or atoms is constrained in 2 dimensions by the substrate and the film/air interface
(Fig. 5.21A and C). On the contrary, in thick films, the interfacial effect is expected
to be less marked and the NPs rapidly form a 3D structure (Fig. 5.21B and D). This
dimensional analysis constitutes a possible explanation for the discrepancy between
thin and thick films, but the diffusion process of ions in thin solid films still an open
question.
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6
Gold nanoparticles embedded in PVA
matrix

6.1 Introduction

Gold nanoparticles (AuNPs) are interesting nano-objects since their Localized Sur-
face Plasmon Resonance (LSPR) is situated in the visible spectral range (near 530
nm). Moreover, AuNPs are usually used in numerous optical applications that re-
quire a dispersion of the nanoparticles in a dielectric matrix, as mentioned in the
chapter 2. As previously explained, the most used synthesis method consists in a two
step procedure: first, synthesis and the growth of the AuNPs in a colloidal solution
and second their dispersion in a polymer or an inorganic film [38, 77]. As evidenced
by Porel and co-workers [67], it is possible to prepare nanocomposites with in situ
synthesized gold nanoparticles, as it is the case for the AgNPs. For AuNPs, the
noble metal salt HAuCl4 is directly mixed with the polymer solution (e.g. PVA),
followed by a thermal annealing of the solid phase after spin coating of the solution
on a solid substrate (glass or silicon). The gold cations Au3+ or the neutral atoms
Au0 can diffuse in the polymer due to a temperature of annealing higher than the
glass transition temperature of the PVA (Tg = 85◦C for bulk PVA) [55]. Despite the
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Figure 6.1: Representation of the real (dashed lines) and imaginary (plain lines) parts
of theoretical complex dielectric functions. Green for AgNPs and red for AuNPs. Black
line corresponds to the operating wavelength of the IE.

advantages of being simpler, faster and leading to a higher concentration of AuNPs
than in colloidal solution [1], this approach is not often used.

Another reason to analyze this kind of nanocomposites is the opportunity of
carrying out the single wavelength ellipsometer (IE) measurements slightly “off-
resonance” (λi = 658 nm) with respect to the LSPR wavelength. The figure 6.1
represents theoretical calculations of the real and imaginary parts of the complex
dielectric function in two different cases. In both case, the imaginary parts (plain
lines in Fig. 6.1), which corresponds to ε2 = 2nκ (Eq. 3.9), show a sharp peak
centered at 415 and 530 nm representing the effect of the LSPR of AgNPs (green)
and AuNPs (red), respectively. As it is shown in the figure 6.1, the presence of the
absorption peak in the imaginary part of the complex dielectric function induces a
large oscillation in the real part of the dielectric function (dashed lines), i.e. ε1 =
n2−κ2 (Eq. 3.8), because of the Kramers-Krönig consistency of the optical properties
(Eq. 3.83). The operating wavelength of the IE is drawn in the figure 6.1 (black
vertical line). As we can see, at 658 nm, the effect of the LSPR of AgNPs, located
at 415 nm, on the refractive index is weak. Therefore, its detection by IE is not
adapted. However, the operating wavelength of the IE is slightly closer for the
LSPR of the AuNPs that can allow a detection of the variation of the real part of
the dielectric function. The large variation in the refractive index induced by an
absorption peak in the extinction coefficient has already been explained in the case
of AgNPs in the section 5.5.

As we have just shown, IE is adapted to detect variations induced by the LSPR
of AuNPs embedded in polymer matrix. In order to extract physical data of the IE
measurements, we use the Maxwell-Garnett effective medium approximation (MG-
EMA) to take into account of the optical properties of the polymer matrix and
of the AuNPs. In this purpose, theoretical calculations are performed within the
MG-EMA for spherical nanoparticles and are presented in the figure 6.2. On this
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Figure 6.2: Theoretical calculations of the optical properties of Au–PVA nanocomposites
using MG-EMA. (A) Refractive index, (B) extinction coefficient (Red plain line stands for
pure PVA; dashed green line is the Au–PVA with a 0.15% Au volume fraction; dashed
blue line is the same with volume fraction of 0.30%; vertical black line is the operating
wavelength of the imaging ellipsometer).

graph, calculations are made for pure PVA (Cauchy model, section 5.2) in red, for
volume fraction of gold equal to 0.15% in green and 0.30% in blue. As a reminder,
the MG-EMA was developed for spherical particles completely encapsulated in an
insulating matrix, supposing that their size is small compared to the wavelength of
the incident light. It shows that at the operating wavelength of the ellipsometer
(black vertical line) with a small doping level (in our case a volume fraction less
than 0.3%), the variation of the refractive index can be detected by the IE due
its large fluctuation in the visible range. The calculation of the dielectric function
of the MG-EMA depends on the dielectric function of the insulating matrix, the
dielectric function of the metallic nanoparticles and the volume fraction of metal
in the polymer (Eq. 3.80). According to this theoretical analysis, the use of the
single wavelength IE to study our AuNPs embedded in the PVA seems to be a valid
option.

The experimental procedure to synthesize the AuNPs embedded in PVA matrix
is explained in the section 4.2. As a reminder, a mass ratio of 2% of gold in polymer
corresponding to a volume fraction fAu = 0.13% in the dry film is chosen in this
thesis. As we will discuss in this chapter, with this very small volume fraction
some global experimental techniques such as spectroscopic ellipsometry (SE) and
spectroscopic reflectometry (SR), lead to a non-detection of the LSPR of the AuNPs.
In order to bypass this drawback, we adjust in the first series of experiments the mass
ratio of gold in polymer (to 50%) to ensure the detection of the LSPR. The spin-
coating conditions lead to a film thickness of approximatively 380 nm as determined
by ellipsometry.

In the purpose of following the kinetics of growth of the AuNPs during the an-
nealing, numerous samples are annealed with the THMS600 Linkam heating/cooling
stage. This heating stage can be included in different experimental setups as the
IE or the SR. In a typical annealing experiment, a temperature ramp of 10◦C/min
starting at room temperature is applied. When the temperature reached 135◦C, it
is stabilized during 60, 90 or 120 minutes. Thermal fluctuations are less than 0.1◦C.
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As we can see, the temperature of annealing for AuNPs (135◦C) is higher than
the temperature applied of AgNPs (110◦C). This difference can be explained by the
different kinetics of growth between these two noble metals. The cations Ag+ is
easily promoted to his neutral state by one electron of the PVA. For the Au3+, it
seems that kinetics of growth is more complicated and needs more thermal energy to
reduce the gold cations to neutral state. Typically, at 110◦C, the growth of AuNPs
can also be achieved but only after 20 hours. Comparing annealing conditions was
not in the scope of this thesis.

In this chapter, we will first focus our study on the optical properties of the
AuNPs embedded in PVA using spectrophotometry (Section 6.2). In a second time,
we will study the surface topography of a thick annealed nanocomposite film to
gather information of the AuNPs at nanoscale (Section 6.3). Finally, we will present
the results obtained by IE on the kinetics of growth of the AuNPs embedded in
the polymer matrix (Section 6.4). Indeed, the IE acquires images of the optical
properties of the samples at the microscale. Following the evolution of the ellip-
sometric Ψ and ∆ images, we will show the possibility to follow the variations of
the optical properties of the nanocomposite at microscale. As it will be shown, this
“off-resonance” analysis allows the detection of some heterogeneities on the sample
during the annealing. These variations will be described by a simple model that we
will discuss.

6.2 Spectrophotometry measurements of gold

nanocomposites

In this section, we present the measurements obtained by UV-visible spectrophotom-
etry. As already explained in the section 5.3, the absorption spectrum is appropriate
for the study of the extinction of a light beam going through the AuNPs nanocom-
posite. In fact, the absorption spectrum allows to confirm the experimental process
by measuring the LSPR of AuNPs and, moreover, it provides information on the in
situ synthesized AuNPs. Finally, the real time variation of the absorbance will be
shown in order to analyze the kinetics of growth of the AuNPs.

6.2.1 Absorption spectrum of highly doped films

In order to detect the LSPR of AuNPs, defined in the section 3.2.4, we perform a
spectrophotometric measurement through a thick sample with a high doping level,
i.e. 50% of gold in a 8% w:w PVA matrix. This absorption spectrum is shown in
the figure 6.3 and reveals an absorption peak near λLSPR = 530 nm. The Fröhlich
resonance condition for gold nanoparticles in PVA (εPVA = 2.18) leads to εAu =
−4.36. The plot of the dielectric function of gold given by Johnson and Christy [86]
confirms that this value of εAu corresponds to 530 nm. The inset shows the picture of
the analyzed sample that was used for the spectrophotometry measurement, which
is a high-doped sample (i.e. 50% [Au]/[PVA] mass ratio) in order to maximize the
LSPR detection. The reddish color of the coated glass is the result of the absorption
of the green part of the visible light causing a dip in the transmitted spectrum. It
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Figure 6.3: Absorption spectrum of a glass coated with AuNPs embedded in a PVA
matrix. The inset represents a picture of the analyzed sample.

is the same explanation that we used for the yellow coloration of the Ag−PVA
nanocomposite (Section 5.3.1).

With this absorption spectrum, we can make the same analyzes as in the silver
nanocomposites case. Three parameters (the position, the width and the height of
the resonance peak) are important and are good indicators of the optical response
of AuNPs embedded in the polymer matrix:

• Via the Fröhlich equation, the position of the resonance peak is calculated from
the dielectric function of the surrounding medium. Moreover, the position of
the resonance is related to the size of the in situ synthesized AuNPs.

• The width of the peak resonance can be connected to the polydispersity of the
AuNPs in the PVA matrix.

• Finally, the number of particles can be associated to the height of the ab-
sorbance peak.

The exact value of these parameters can be calculated by using Mie theory [11]. In
the figure 6.3, the absorbance is normalized to equal 1 at the LSPR wavelength,
improving the view of the LSPR.

After this first analysis that confirms the formation of AuNPs embedded in
polymer matrix using the “one-pot” synthesis, we use the heating stage in order to
study the absorption spectra of the AuNPs during the annealing of the sample.
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6.2.2 Real-time absorption spectra of AuNPs in PVA ma-
trix

With the same experimental setup as in the silver case and introduced in the sec-
tion 5.3.2, we now study in real time the absorption spectra of the AuNPs during
the annealing. The sample is installed on the heating stage that presents a small
aperture in the heating block, so the light can reach the sample. The incident light
comes from a fiber connected to the light source (Tungsten-halogen light source)
and, behind the sample, the light is collected and guided towards the spectrometer
(CCD spectrometer) with a second fiber.

The same procedure as the one for AgNPs is used in order to measure in real time
the transmitted intensity. Python homemade routines record every 15 seconds the
transmitted spectrum during 120 min, which corresponds to the total annealing time.
Each spectrum is the result of an averaging process of 20 spectra taken every 10 ms.
Thanks to the OSA software (Thorlabs), the recorded intensities are automatically
transformed in 480 absorption spectra. Then, these spectra are analyzed by the
SpectraGryph software.

As shown in the figure 6.4A, few minutes after the beginning of the annealing,
an absorption peak near 530 nm appears: it can be associated to the growth of
the AuNPs in the PVA film. In the figure 6.4B, the position of the resonance peak
(λLSPR) as a function of the annealing time is plotted. The interpretation of the
first part of the dynamics is tedious, since there is no absorption peak in the early
stage of the experiment, and hence, no maximum of absorbance. However, after
20 minutes, the λLSPR slightly shifts as a function of the annealing time (t). The
linear fit on the data for t between 20 and 120 min has the following equation:
λ(t) = (−0.0137± 0.0023) t + (537.90± 0.18). This negative slope means that the
position of the resonance peak decreases during the annealing, a trend that is related
to a small reduction of the size of the AuNPs in the polymer matrix [91].

In the figure 6.4C, the variation of the absorbance at λLSPR as a function of the
annealing time is plotted. The first part, where the absorbance is null, corresponds
to the beginning of the heating of the sample. Near ten minutes (T ' 120◦C), a
large increase of the absorbance confirms the growth of the AuNPs in the polymer
matrix. At this time, we can clearly see that the temperature of the nanocomposite
has reached the glass transition temperature of the polymer (Tg = 85◦C) [55] (blue
lines in the graph). The black dashed line corresponds to the temperature setup
at the level of the heating stage. The last part of the graph shows a weak increase
of the absorbance. The growth rate of the absorbance, which can be related to
the increasing number of AuNPs in the polymer matrix, is given by the following
equation: A(t) = (2.577± 0.033)10−4 t + (0.32424± 0.00026) (with t corresponding
to the time in minute). This rise of the absorbance is highlighted in the figure 6.4D,
where the y-scale is rescaled to improve the analysis. In this graph, we can see two
different increasing rates, a slow one before 90 min and a larger one after 90 min.
These increasing rates are quantitatively expressed by:

• before 90 min: (0.000132± 0.000005) t + (0.33005± 0.00027)

• after 90 min: (0.000323± 0.000012) t + (0.318± 0.0013)
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Figure 6.4: (A) Absorption spectra recorded during the annealing of a Au-PVA nanocom-
posite ([Au]/[PVA] = 20% w:w). (B) Variation of the λLSPR during the annealing time;
open circles are the experimental data; dashed line is the linear fit on data after 20 min:
λLSPR(t) = (−0.0137 ± 0.0023) t + (537.90 ± 0.18). (C) Variation of the absorbance at
the λLSPR as a function of time; open circles are experimental points; dashed line is the
linear fit on data after 20 min: ALSPR(t) = (2.577 ± 0.033)10−4 t + (0.32424 ± 0.00026).
The horizontal blue line is the glass transition temperature Tg and the vertical blue line
shows the time when the temperature of the sample reaches Tg. (D) Variation of the
absorbance at the λLSPR as a function of time in a limited range in order to detect two
different increase rates; open circles are experimental points; dashed lines are the linear fit
[blue fit on data before 90 min: ALSPR(t) = (0.000132± 0.000005) t + (0.33005± 0.00027)
; red fit on data after 90 min: ALSPR(t) = (0.000323± 0.000012) t + (0.318± 0.0013)].
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As we can see, the increasing rate after 90 min is 2.5 times higher than the one
before 90 min. The rise of absorbance can be interpreted by an increasing number
of AuNPs inside the polymer matrix. It seems that, after 90 min of annealing, the
growing process changes and the number of in situ synthesized AuNPs raises faster.

These first analyzes of a highly doped gold nanocomposite confirm the growth
of the AuNPs in the polymer matrix by the simplest “one-pot” synthesis method
as already demonstrated by Porel and coworkers [67]. By using spectrophotometric
measurements during the annealing, we provide some additional information on the
kinetics of growth of the AuNPs:

• After a first period of heat, the resonance peak appears, i.e. the value of
absorbance increases. That is attributed to the growth of the AuNPs inside
the polymer.

• Remembering that the position of the λLSPR is related to the size of the
nanoparticles using the Mie theory [91], another conclusion is the weak vari-
ation of the position of the resonance peak during the annealing that can be
attributed to a slight decrease of the size of the AuNPs. In comparison with
the growth of AgNPs (Fig. 5.7D in section 5.3.2), the size of the synthesized
AuNPs seems to decrease during the annealing, while the size of the AgNPs
increases during the annealing.

• Finally, the variation of the absorbance at λLSPR as a function of the annealing
time shows two different behaviors. After 90 min, the variation rate is 2.5
times higher than the variation rate before 90 min. It seems that the number
of AuNPs inside the polymer matrix rises faster after 90 min.

After this spectrophotometry analysis, we will use AFM to gather information
on the topography of the surface of the Au-PVA nanocomposite at the nanoscale.
Then, by using the IE, we will record the changes on the optical properties induced
by the annealing of low-doped nanocomposites. As it will be shown, despite the
weak volume fraction of gold in the PVA matrix, we are able to detect variations of
the optical properties.

6.3 Topographic surface characterization

In order to get more information on the AuNPs embedded in the polymer matrix,
we measure, at the nanoscale, the surface topography of a thick annealed film using
an AFM in intermittent contact mode. A typical image at 5 µm × 5 µm resolution
is presented in the figure 6.5A. A detailed image (1µm × 1 µm) of the topography
is given in the figure 6.5B. It unambiguously shows the presence of the AuNPs. The
topography of the samples is characterized by the average surface roughness param-
eter (Sa) and by the root-mean-square surface roughness parameter (Sq) [130]. For
the annealed sample, Sa and Sq were Sa = 6.28 nm and Sq = 8.22 nm, respectively.
These structural features do not appear on undoped films (Fig. 6.5C). As typical
roughness parameters for pure PVA films of corresponding thickness are Sa = 0.42
nm and Sq = 0.53 nm, respectively (i.e. 10 to 12 times less), it is clear that the
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Figure 6.5: AFM topography images (Color scale-bars in nm). (A) PVA matrix with
embedded in situ synthesized AuNPs (image size: 5 µm × 5 µm). (B) Details of the
previous image (image size: 1 µm × 1 µm). (C) Undoped PVA matrix (image size: 5 µm
× 5 µm).

annealing process induces roughness at the air/polymer interface, which can be at-
tributed to the in situ synthesis of the AuNPs. At the end of annealing, we detect
the laser spot on the sample, which was not visible at the beginning of the exper-
iment. In order to have measurement of this scattering process, we measure the
bidirectional reflectance distribution function of our samples before annealing and
after annealing. It is clear that the annealing process induces back-reflection over a
large area with also strong forward scattering out of the incidence plane [1].

As we can see, the size of the AuNPs seems larger than in the AgNPs case
(Fig. 5.18). Although numerous particles have a diameter smaller than 50 nm, the
diameter of some particles seems to be in the order of 200 nm. In the present
case, we cannot assume anymore that the extinction of the light is solely due to
the absorption by the particles, i.e. σext ≈ σabs is not valid anymore. We should
therefore take into account the scattering due to the larger particles embedded in
the PVA matrix and, thus, σext = σabs + σscatt. However, by looking at the shape
of the absorbance spectrum presented in the figure 6.3, we do not see the scattering
contribution for those particles. This scattering contribution generally appears in
the absorption spectrum as a second weak peak located in larger wavelengths than
the wavelength of the extinction peak of the absorption spectrum [41]. We can
consequently assume that the number of large particle seems to be small and has
few impact on the absorption spectra, which is dominated by the small particles.

In the detailed figure 6.5B, we observe, besides spherical NPs, AuNPs with nearly
triangular or hexagonal shapes. Similar morphological characteristics were also usu-
ally observed at a larger scale by optical microscopy and scanning electron mi-
croscopy (SEM) [67, 131]. Recently, the shape of the AuNPs was shown to be also
dependent on chemical nature of the counterions in the gold salt [79]. Using a thresh-
old method, nanoparticles can be isolated from the polymer matrix image and their
shape/size characteristics can be determined. In the present samples, shape starts
deviating for the circular shape for which the perimeter/area relationship is given
by P = 2π1/2A1/2 ' 3.55A1/2 where P is the perimeter of the nanoparticle and A
its projected area (Fig. 6.6). Deviation from the later relation reveals the presence
of more complex nanoscale structures, i.e. triangular and hexagonal shapes.
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Figure 6.6: Perimeter-Area relationship of the AuNPs. Symbols: experimental data
determined by height threshold method. Line: theoretical relationship (P = 2π1/2A1/2)
between perimeter P and area A for circular AuNPs.

To conclude this section, we see that, despite the same experimental procedure
to synthesize the NPs inside the polymer matrix, AuNPs are larger than AgNPs.
This difference can be explained by the higher temperature used to form Au-PVA
nanocomposites than the temperature of Ag-PVA nanocomposite [69]. Another
difference is the shape of the AuNPs that seems on average spherical but could
exhibit some deviation, as some triangular and hexagonal particles are observed
(Fig. 6.5). As a reminder, the shape of the AgNPs seems to be spherical in the
AFM images (Fig. 5.18). Concerning the ellipsometric measurements of weakly
doped Au-PVA nanocomposites performed in next sections, we will assume that the
shape of the AuNPs are spherical in order to use the MG-EMA, which supposes
spherical particles.

The experimental procedure followed for the synthesis of Au-PVA nanocompos-
ite is confirmed by the spectrophotometry measurements and the analysis at the
nanoscale. In order to get more information on the optical properties of the sample
during the annealing process, we use IE in the next section. It probes the sample at
the microscale. By taking ellipsometric images of the samples during the annealing,
we present the local modification of the optical properties induced by the growing
process.

6.4 Annealing and local optical properties

Imaging ellipsometry measurements of the ellipsometric angles Ψ and ∆ are per-
formed with an EP3 nulling ellipsometer (Accurion GmbH) at λ = 658 nm. As
explained in the section 4.1.4, the optical configuration for a nulling ellipsometer cor-
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responds to a polarizer-compensator-sample-analyzer (PCSA) usually called “PCSA
ellipsometer”. The combination of a polarizer and a compensator in the incident
arm allows polarising elliptically the incident beam, such that the reflected beam is
perfectly linearly polarized. By using, in the detector arm, an analyzer set to 90◦

position with respect to the axis of the reflected linear polarization, it is possible to
extinguish the beam, which corresponding to the “nulling” conditions (Fig. 4.4). Let
us note that the spectroscopic imaging ellipsometer (SIE), employed in the chap-
ter 7, corresponds to the same experimental setup except for the light source, which
is different. In the case of the IE, the light source is a laser diode with an operat-
ing wavelength λi = 658 nm. The light source for the SIE is a Xenon flash lamp
and the requested wavelength is selected by a filter wheel (44 filters) that allows
spectroscopic measurements in the visible range (360 – 1000 nm).

One of the advantages of using IE or SIE with respect to conventional SE is
the possibility to acquire images of the optical response of the sample. In order
to obtain a map of the optical properties of the sample, a microscope objective is
placed before the analyzer. Furthermore, the detector located after the analyzer is
a spatially resolved detector (a CCD camera, in our case). Thus, different zones
with different optical properties cause a different signal at the CCD sensor level. It
means that different areas can fulfil different nulling conditions, i.e. different areas
can have different settings of polarizer, compensator and analyzer to extinguish the
beam. The main advantage of using an IE or a SIE is that the received signal is not
averaged over the entire laser spot section as it is for the conventional ellipsometry.
The optical response is spatially resolved, which allows revealing the details of the
sample at microscale. Two ellipsometric maps, Ψ and ∆ maps, are usually recorded
per wavelength. In the purpose of following the kinetics of growth of the AuNPs
at the microscale, these Ψ and ∆ maps can be recorded during the annealing of
the sample. As these maps contain the optical properties of the probed sample, we
are able to follow the changes of the optical response during the annealing and to
extract from that response local information on the NPs growth.

Let us remember that IE provides local information about the optical properties
of a (multilayered) material (Section 4.1.4). The information is given by the Ψ and
∆ ellipsometric angles, which are related to the ellipticity ρ defined as the ratio of
the p− to s−polarisation reflection coefficients:

ρ =
rp
rs

= tan(Ψ) ei∆ (6.1)

In PCSA imaging ellipsometer, the polarizer angle (P ) and the analyzer angle (A)
are varied in order to achieve extinction of the signal. P and A are the angle of
the polarizer and analyzer, respectively, and are taken with respect to the incident
plane. With a compensator angle (C) set to 45 degrees with respect to the incident
plane, the angles Pmin and Amin, at which the extinction is observed, are directly
related to the Ψ and ∆ ellipsometric angles by [99]:

∆ = 90◦ − 2Pmin and Ψ = −Amin (6.2)

Following this reminder of the IE principles and its advantages, we will present
the time evolution of the Ψ and ∆ maps recorded during the annealing of low doped
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Figure 6.7: Ellipsometric Ψ and ∆ angles maps of Au-doped PVA films. (Top) Before
annealing. (Bottom) After annealing (135◦C, 120 min). (Left) Ψ angle. (Right) ∆ angle.
(Image size: 450 µm × 380 µm).

gold nanocomposite. We will show that despite the weakly doping level, the IE allows
the detection of inhomogeneities on the sample. Afterwards, by using the statistical
distribution of each Ψ and ∆ recorded maps, we will study, in the section 6.4.2, the
variation of the mean value of the statistical distribution and its standard deviations
as a function of the annealing time. Then, we will present an unusual graph that
gathers the mean values of the statistical distribution of Ψ and ∆ maps, which are
superimposed on theoretical curves of constant angle of incidence (CAI) in order
to extract physical data (Section 6.4.3). As a result of this, the kinetics of growth
can be decomposed in two regimes: a decrease of the film thickness followed by an
increase of the refractive index.

6.4.1 Time evolution of Ψ and ∆ mappings

The IE optical response of Au-doped PVA films ([Au]/[PVA] = 2% w:w) is recorded
during the annealing. At the beginning of the experiment, the temperature is around
20◦C (room temperature). The temperature is raised up to 135◦C at a rate of
10◦C/min. Figure 6.7 shows maps of the ellipsometric angles Ψ and ∆ recorded at
the beginning and at the end of the growth kinetics on a 365 nm-thick film. In order
to maximize the contrast of the images, the angle ranges are different from one image
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to the others. More Ψ and ∆ maps corresponding to intermediate times are given
in the figures 6.8 and 6.9. Before the annealing, the sample is clearly homogeneous
(Fig. 6.7, top images). After 120 min at 135◦C (Fig. 6.7, bottom images), spots can
be observed in the Ψ and ∆ images. They are suspected to be the manifestation of
light intensity diffraction patterns from the AuNPs despite the low volume fraction
of gold in our samples (fAu < 0.2%).

The bottom images of the figure 6.7 clearly show that different zones surrounding
the NPs are present in the ∆ image. They also appear, but in a less obvious
manner, in the Ψ image. This supports the hypothesis of metallic NPs growth,
whose primary effect is the local modification of the relative phase between the
p and the s components of the impinging light, i.e. of the ∆ ellipsometric angle.
Under our experimental conditions, it appears that ∆ is more sensitive to the local
optical response when it remains low to moderate. Indeed, Ψ is closely related to the
intensity changes of the reflected light, as measured in a conventional transmission
or reflection UV-visible spectrophotometry with polarized light.

The growth of the AuNPs requires the diffusion of cations or metal atoms in
the interlaced network of the polymer chains. This diffusion is facilitated by the
annealing of the samples above Tg and it seems that the larger NPs (i.e. only those
whose effect can be detected in the optical response) are built by some kind of
drainage of the metal atoms in their neighborhood, leaving a depletion zone around
the NPs.

As the IE is based on a nulling procedure, it does not provide a direct information
about the depolarization of the sample. Nevertheless, as the signal can almost be
extinguished on the whole images during the “nulling” procedure, the depolarization
effect has to be negligible. Moreover, as mentioned before, the surface roughness
is quite small (Sa = 6.28 nm and Sq = 8.22 nm) and we may therefore expect the
effect of depolarization to be negligible. As shown by Fujiwara et al [82], AFM and
ellipsometry measurements show the same trends when measuring the thickness of
the roughness layer and the AFM roughness of thin films, although quantitative
modeling is far more complex and requires e.g. the correlation length of the surface
to be taken into account [132]. So, the changes in Ψ and ∆ are most likely due to
the growth of the AuNPs, which locally change the optical response of the film.

Other causes of the local changes of the optical response like temperature-
induced thickness changes and refractive index of the substrate changes, can also
be discarded. Indeed, the thermal expansion coefficient of the silicon oxide (0.24×
10−6 K−1) and its thermo-optic coefficient dn/dT (1.29× 10−5 K−1) [133, 134] lead
to statistically insignificant effects on the optical response, while increasing the sam-
ple temperature from room temperature to 135◦C. A similar behavior is expected for
the polymer matrix: around 10−4 K−1 for the linear thermal expansion coefficient
and a negative value around −10−4 K−1 for dn/dT [135].

As previously expressed, the figures 6.8 and 6.9 show Ψ and ∆ extra maps
recorded during the annealing of the Au-PVA nanocomposite. Annealing time in-
creases from left to right and from top to bottom: t= 0, 15, 30, 45, 60, 75, 90, 105, 120
min. As we can see, the Ψ and ∆ maps are homogeneous at the beginning of the ex-
periment. After 60 min, some spots can be observed and the number of these spots
increases as a function of the annealing time. The last three images of each sequence



110 6 • Gold nanoparticles embedded in PVA matrix

Figure 6.8: Ψ maps of Au-doped PVA films (image size: 450 µm × 380 µm). Annealing
time increases from left to right and from top to bottom: t= 0, 15, 30, 45, 60, 75, 90, 105, 120
min. Temperature is maintained at 135◦C, except for the first image for which T = 31◦C.
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Figure 6.9: ∆ maps of Au-doped PVA films (image size: 450 µm × 380 µm). Annealing
time increases from left to right and from top to bottom: t= 0, 15, 30, 45, 60, 75, 90, 105, 120
min. Temperature is maintained at 135◦C, except for the first image for which T = 31◦C.

shows large variations of the recorded ellipsometric angles at the microscale. These
sequences suggest that the growing process has two parts: a first part with a weak
variation of the optical properties followed by a second part that presents a larger
modification on the optical properties after 90 min of annealing.

We also have recorded the Ψ and ∆ maps of undoped PVA films presented in the
figure 6.10. These ellipsometric maps do not show a structuration at the microscale
at the end of the annealing as the gold nanocomposite films. Theses maps stay
homogeneous during the annealing and the variations on the ellipsometric angles is
due to the variation of the thickness of the film. This variation of thickness during
the annealing will be shown in the section 6.4.3 . This last analysis reveals, once
again, that the variations detected on the ellipsometric maps during the annealing
of gold nanocomposite films are due to the growth of the AuNPs inside the polymer
matrix.

Summing up, the ellipsometric maps recorded during the annealing reveal the
presence of spots that are suspected to be the manifestation of light intensity diffrac-
tion patterns from the AuNPs despite the low volume fraction of gold in our samples
(fAu < 0.2%). As it will be shown in the next section, from these maps we calculate
the statistical distribution of ellipsometric maps during the annealing in order to
record quantitatively the modification of the optical properties of the sample.
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Figure 6.10: Ellipsometric Ψ and ∆ angles maps of undoped PVA films. (Top) Before
annealing. (Bottom) After annealing (135◦C, 60 min). (Left) Ψ angle. (Right) ∆ angle.

6.4.2 Statistical analysis of Ψ and ∆ maps

When operated in the mapping mode, the IE allows us to perform statistics on the
Ψ and ∆ values of the sample over a large number of data (typically ca. 120× 103)
and therefore, it gives access to statistical distributions of the ellipsometric angle
values. The analysis of these statistical distributions obtained from the ellipsometric
maps recorded during the annealing is presented in this section.

We show in the figure 6.11 that, during the annealing, the statistical distribution
shifts and the shape of the distribution starts to be asymmetric during the annealing
and presents a tail. This asymmetry can be interpreted as the contribution of
the growth of the AuNPs and is related to the increase of the standard deviations
of the statistical distribution. By calculating the statistical distribution of each
ellipsometric maps during the annealing, we are able to follow the variation of the
mean value and the standard deviation of the statistical distribution, as it will be
shown shortly.

In the figure 6.11, statistical distribution of the Ψ ellipsometric angles as a func-
tion of the annealing time are studied for the sample corresponding to the ellipsomet-
ric maps previously presented. Initially, the values follow a symmetric distribution
around m̄Ψ = 47.52 degrees with standard deviation σΨ ' 0.16 degrees (Fig. 6.11,
left panel). During the annealing, the distribution shifts towards higher values while
its shape starts showing an increasing tail on the right, which is attributed to the
growth of the AuNPs (Fig. 6.11, right panel). At the end of the annealing, the mean
values of the statistical distribution is m̄Ψ = 54.96 degrees and its standard devia-
tion σΨ ' 0.74 degrees (black curves in Fig. 6.11, right panel). As a consequence of
the broadening, the height of the peak strongly decreases. Same results are obtained
for the ∆ angle (data not shown).

We can see that on spatially uniform and homogeneous samples (i.e. in the ab-
sence of thickness gradients or of materials change): it appears that these statistical
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Figure 6.11: Statistical distributions of the Ψ angles. (Left) Before annealing. (Right)
As function of annealing time. [Au]/[PVA] = 2% mass ratio, temperature of annealing
135◦C during 120 min.

Figure 6.12: Statistical distribution of the Ψ angles after annealing (t= 120 min).
Dashed line: experimental data; solid line: Gaussian fit using the left-most part of the
data; Shaded area: contribution of the AuNPs.
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distributions are Gaussian due to the measurement process. That is shown in the
figure 6.11 (left panel) for the nanocomposite before annealing. On non-ideal sam-
ples, the width of the Gaussian depends on its surface state (including its roughness)
and on the size of the region-of-interest over which the measurement is carried out.
The smaller the region, the smaller the width of the statistical distribution. In con-
ventional ellipsometric experiments, these local statistical fluctuations are averaged
over the spot size. From a practical point of view, any deviation from this Gaussian
statistical distribution of Ψ and ∆ values is therefore a clue of some inhomogeneity
(either structural or optical) of the sample.

As we have just discussed, the statistical distribution of Ψ, which is symmetric
at the beginning of the annealing (t = 0, 5, 10 min), clearly becomes asymmetric as
the annealing proceeds with a marked contribution of the AuNPs to the response
at higher Ψ values. This is illustrated in the figure 6.12 at the end of the annealing
(t = 120 min), where the Ψ experimental distribution is compared to a Gaussian
fit performed on the lower experimental Ψ values. The deviation from the Gaussian
fit corresponds to the contributions of the AuNPs growth and is represented by the
shaded area.

By this last figure, we can see that the contribution of the AuNPs modifies the
shape of the statistical distribution. This modification leads to an increase of the
standard deviation. By plotting the variation of the mean value and the standard
deviation of each maps as a function of the annealing time, we can detect the moment
corresponding to the variation of these parameters.

Time evolution of the mean value of the ellipsometric maps

The mean values of Ψ and ∆ maps as a function of time are reported in the fig-
ure 6.13. The behavior of the sample is complex during the first 10 minutes of the
annealing. During that period, temperature rises from room temperature to 135◦C
at a rate of 10◦C/min. We expect that the mechanical constraints induced by the
spin coating relax as soon as the sample temperature reaches Tg, the glass transi-
tion temperature of the polymer. For bulk PVA, Tg equals 85◦C [55]. As already
reported for other polymers, Tg is also a function of the film thickness and differs
from the bulk Tg (see e.g. Clémenson et al [69]). It can also be modified by doping.
Since the pioneered work of Keddie and coworkers [136], it is well known that the
ellipsometric response of films is modified when going through the glass transition.
After this initial period (zone (a) in Fig. 6.13), the values stabilize and only undergo
slow variations (zone (b) in Fig. 6.13). Then, the sample becomes heterogeneous due
to the growth of nanoparticles, as shown by the increase of the standard deviation
of the measurements (zone (c) in Fig. 6.13).

The evolution of the standard deviations of Ψ and ∆ angles during the annealing
is presented in the figure 6.14. There are clearly two regimes in the dynamics: the
first part, before 90 min, corresponding to a slow variation of the standard deviations
and, the second part, after 90 min, with large increase of the standard deviations of
both angles corresponding to the growth of the AuNPs. In the dynamics, consecutive
data point are separated by ∆t = 5 min.

After the interpretation of the mean values and the standard deviations as a
function of the annealing time, quantifying the evolution of pixels from different
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Figure 6.13: Time evolution of the mean values of ellipsometric angles during annealing.
Open squares: Ψ. Closed circles: ∆. Shaded area: standard deviations. (a), (b) and
(c) zones refer to the residual solvent evaporation, to the thickness relaxation and to the
refractive index changes, respectively.

Figure 6.14: Correlation plot between the standard deviation of the Ψ and ∆ ellipsomet-
ric angles during the film annealing (open circles: experimental data, lines: linear fits).
Filled circle corresponds to t = 0 min.
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Figure 6.15: (A) ∆ map of a Au−PVA film at the end of the annealing (135◦C, AOI
= 42◦, λ = 658 nm). Film thickness: ' 380 nm. Color scale: ∆ (◦). (B-C-D) Details
of the thresholded images (unselected pixels set to zero: dark blue color): (B) ∆ < T2,
(C) T2 ≤ ∆ ≤ T1, (D) T1 < ∆. Same color bar and same scalebar as in (A). (E)
Deconvolution of the ∆ histogram at the end of the annealing. Open circles: experimental
data, plain lines: best-fit and Gaussian components. (RMSE: 1.35)

zones in the ∆ map as a function of the time appears interesting to asses our
analysis. As shown in the figure 6.7, at the end of the annealing, the Ψ and ∆
maps present some heterogeneities due to the growth of the AuNPs. Practically,
the formation of these heterogeneities can be followed by studying the evolution of
selected zones on maps and reversing the time in the experiment.

Time evolution of selected zones of the ∆ map

As already shown, the optical response is spatially homogeneous at the beginning of
the annealing procedure and the growth of the nanoparticles induces heterogeneity
as clearly seen in the figure 6.15A. As already demonstrated in the figure 6.12, the
histogram of the ellipsometric angles cannot be described by a single Gaussian. It
has to be deconvoluted and as it is shown in the figure 6.15E, it is well fitted by
the sum of 3 Gaussian peaks. The sum of two Gaussian peaks was also tested
but the root-mean-squared error (RMSE) was more than two times higher than in
the retained option (two peaks: RMSE = 3.13; three peaks: RMSE = 1.35). A
shoulder appears at the right of the maximum near 184◦. This value was chosen to
threshold the image 6.15A (T2) and the rightmost tail of the distribution was chosen
for ∆ > 187◦ (T1).

Based on these two threshold values T1 and T2, we were able to define three sets
of pixels at the end of the annealing (Fig. 6.15E) and to follow their mean values as
a function of the time (Fig. 6.16). The curves are similar to each other during the
first 60 minutes of the experiment, confirming the homogeneity of the sample until
the end of this period. Afterwards, the average value in the region ∆ < T1 starts to
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Figure 6.16: Evolution of the mean value of the ∆ angle of each zones obtained from
the threshold shown in Fig. 6.15E. Open circles: ∆ < T2, closed circles: T2 < ∆ < T1 and
triangles: T1 < ∆.

decrease. The most striking feature is the strong divergence of the curves for t > 90
minutes. This can be related to the figures 6.13 and 6.14, where it is shown that
the standard deviation of the ∆ and Ψ statistical distributions strongly increased at
that time. As a reminder, the behavior of the ∆ values is complex during the first
ten minutes due to the residual solvent evaporation, the relaxation of the mechanical
constraints induced by the spin coating and the glass transition temperature of the
polymer.

As a conclusion of this section, we have shown that the statistical analysis of the
Ψ and ∆ maps combined with the analysis of batches of pixels allow to decompose
the annealing of the sample in three different parts. Firstly, large modifications of
the Ψ and ∆ values due to the relaxation of the constraints induced by the spin
coating. Secondly, a weak variation of the values between 20 and 90 minutes. The
third part appears, after 90 minutes of annealing, by an increase of the standard
deviation of the Ψ and ∆ maps. This variation can be related to the increase of
AuNPs in the polymer film. Moreover, the analysis of batch of pixels of the ∆ map
reveals that the growth of the AuNPs inhomogeneously occurred within the film. In
the next section, we will try to extract variation of physical data, i.e. variation of
the refractive index and the thickness, during the annealing.

6.4.3 Theoretical constant angle of incidence curves

Ellipsometric data have to be processed according to an optical model to extract
physical data. This model assumes flat interfaces between adjacent layers, each of
them being characterized by its thickness and its (frequency-dependent) complex re-
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Figure 6.17: One-layer optical model with variable thickness and adjustable real refrac-
tive index (adjustable parameters are indicated by * in the figure), while the extinction
coefficient being set to zero: operating wavelength of the IE (λ = 658 nm) is far from the
LSPR of the AuNPs (λLSPR = 530 nm).

fractive index or dielectric function. In the case of layers containing mixed materials,
which is the case for our nanocomposite layers, the optical properties of the com-
ponents are combined according some mixing rules, the Effective Medium Approxi-
mations (EMAs) (Section 3.2.5). For non-interacting nanoparticles embedded in a
host matrix, Maxwell-Garnett EMA (MG-EMA) is usually used to interpret stan-
dard spectroscopic ellipsometric data. However, for metal volume fractions in the
composite less than 1%, the effect of doping is usually not experimentally detected
using MG-EMA when the optical measurements are carried out out-of-resonance.
Such an effect has been previously modelled in the figure 6.2. For those reasons, as
the metal volume fraction used in our experiments is' 0.13%, our experimental data
will be processed on the basis of a one-layer optical model with variable thickness
and adjustable real refractive index, the extinction coefficient k being considered to
be null. This model is schematically represented in the figure 6.17.

In our case, this model is suitable to interpret data obtained by the IE. As we
have shown in the previous section, by using statistical distribution, we are able to
follow the evolution of the ellipsometric Ψ and ∆ maps as a function of the annealing
time. In order to extract physical data, i.e. refractive index and thickness, it is
convenient to study these data in the (Ψ, ∆) space [99, 137]. In other word, it may
be convenient to plot ∆ directly versus Ψ. On this graph, we can plot theoretical
curves called “constant angle of incidence” (CAI) curves, which depend on the angle
of incidence and the wavelength of the incident light. These curves are parametrized
as a function of the film thickness and of the refractive index. Drawing this family
of curves as well as our experimental data allows us to directly relate the kinetics to
the changes of thickness and/or of refractive index. It should be kept in mind that
this superimposition is only allowed for a valid optical model, as explained by the
figure 6.2.

These CAI curves will be used hereinafter in order to have a physical interpreta-
tion of the measured ellipsometric data of three types of samples: (a) SiO2 sample,
(b) undoped film, i.e. PVA polymer without AuNPs and (c) Au−PVA nanocompos-
ite films .
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Figure 6.18: (A) Constant angle of incidence Ψ-∆ curves at wavelength λ = 658 nm and
angle of incidence θi = 42◦ for refractive index varying from n = 1.43 (left most curve)
to n = 1.56 (right most curve) and varying film thickness. Open circles: ellipsometric
response of the 350 nm-thick undoped PVA film during annealing. Open triangles: el-
lipsometric response of a 350 nm-thick SiO2 sample during annealing. (B) CAI curves
at wavelength λ = 658 nm and angle of incidence θi = 42◦ for refractive index varying
from n = 1.46 (left most curve) to n = 1.56 (right most curve) and varying film thickness.
Color dots: ellipsometric response of the undoped PVA film during annealing (different
color for different time labels).

Silicon substrate and polymer matrix

This paragraph summarizes the CAI curves analysis results for the (a) and (b)
samples. The CAI curves are presented in the figure 6.18A, where each theoretical
curve corresponds to a specific refractive index values, is calculated at θi = 42◦ and
at a fixed wavelength (λ = 658 nm). The direction of the variation of the film
thickness among these curves is indicated by an arrow. The refractive index of the
CAI curves increases from n = 1.43 to n = 1.56 (left to right), as shown by an
arrow. As we can see, by varying the refractive index, the CAI curves form a group
of curved lines with a common origin on the left part of the plot. This is consistent
with the existence of a limit thickness above which the Ψ and ∆ values are periodic,
for a fixed wavelength. This limit thickness is given by [95]:

d =
λ

2
√
n2

1 − n2
0sin

2θ0

(6.3)

which corresponds to β = π in the equation 3.97. We decide, in this first graph, to
show the entire plot of the CAI curves in order to present the shape of this sort of
curves.

In the figure 6.18A, the experimental data superimposed to the CAI curves
correspond to the measured Ψ and ∆ angles during the annealing of the SiO2 sample
(4) and an undoped PVA film (©). The thicknesses of these films are 345.1± 0.1
nm and 344.8 ± 0.4 nm for the SiO2 sample and the PVA film, respectively. As
we can see, the (Ψ, ∆) values of the SiO2, depicted by triangular symbols, do
not present a variation during the annealing as shown by the superposition of the
experimental points. As previously presented, the modifications of the SiO2 during
annealing are very weak and can be neglected due to the very low values of the
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thermal expansion coefficient (0.24× 10−6 K−1) and of the thermo-optic coefficient
dn/dT (1.29× 10−5 K−1) [133, 134].

In comparison, data for the PVA film, represented by open circle symbols, present
large variations of the (Ψ, ∆) values. In order to highlight this shift, we plot all the
data points taken during the annealing on a limited (Ψ, ∆) space as it is shown in
the figure 6.18B. In this dynamics, consecutive data point are separated by ∆t = 15
sec. At the beginning of the annealing, as already observed in the figure 6.13, we see
a considerable variation of the Ψ and ∆ values, which correspond to the relaxation
of the mechanical constraints induced by the spin coating (green points on the plot).
Afterwards, we observe a “zig-zag” feature in the data points that can be attributed
to the large modification of the polymer induced by the glass transition temperature
(red points). In this period, the refractive index decreases from 1.51 to 1.49 [136].
Finally, for the end of the annealing, the data points follow the theoretical curve
for n = 1.49, which corresponds to a weak decrease of the thickness of the film at
constant refractive index.

In the figure 6.19, we decide to represent Ψ and ∆ as a function of the annealing
time. We also plot the variation of the temperature stage (dashed lines). Starting
at room temperature, a temperature ramp of 10◦C/min is applied. When the tem-
perature reaches 135◦C, it is stabilized during 60 minutes. Temperature stability is
expected to be 0.1◦C. The variation of Ψ and ∆ values as a function of time are
shown in the figure 6.19A and B, respectively. These evolutions can be compared to
the plot obtained with the variation of the mean values of the statistical distribu-
tion of the Au-PVA nanocomposite (Fig. 6.13). Despite a different number of data
points, we see that the evolution follows more or less the same trend with different
parts corresponding to large modification in the initial period followed by a weak
evolution of the ellipsometric angles.

Figure 6.19: Time evolution of the ellipsometric angles during annealing. (A) Ψ angle
and (B) ∆ angle. Color circles: different time labels during the annealing: blue before the
annealing, green from 0 to 3 min of annealing, red from 3 to 20 min of annealing and the
blue-green from 20 to 60 min of annealing. Temperature profiles are given by the dashed
line. The glass transition temperature is represented by an orange horizontal dashed lines
(Tg = 85◦C [55]).

The purpose of these graphs is to make the link between the expected tem-
perature of the sample and the modification of the ellipsometric angles during the
annealing. The first part of the dynamics, which correspond to the relaxation of the
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constraints induced by the spin coating brings large modifications on the Ψ and ∆
values, as represented by the green points. Then, just after the end of the annealing
ramp, we can see an unusual behavior of the Ψ and ∆ ellipsometric angles. In fact,
these fast variations of the optical properties, in red in these graphs, are due to the
modifications of the polymer when its temperature has reached the glass tempera-
ture of the polymer (Tg = 85◦C for bulk PVA [55]). After this initial period, the
values stabilize and only undergo slow variations due to the slow and weak decrease
of the film thickness. Thanks to the plot of the temperature ramp, we can clearly
see the effect of the annealing temperature on the polymer matrix.

After this analysis with the SiO2 and the PVA matrix, we are able to analyze
the result for the gold nanocomposite.

Gold nanocomposites

Let us now consider sample (c). As previously shown in the figure 6.2, in our case,
the extinction coefficient of the film can be assumed to be neglected due to the
operating wavelength of the IE and the low volume fraction of gold in the sample.
Only the real part of the refractive index is expected to slightly vary according to
the gold concentrations. For those reasons, our experimental data will be processed
on the basis of a one-layer optical model with variable thickness and adjustable real
refractive index.

On the figure 6.20, the refractive index of the CAI curves increases from n = 1.46
to n = 1.56 (left to right). The direction of the variation of the film thickness among
these curves is also indicated by an arrow. The experimental data correspond to the
mean value of the statistical distribution obtained from the Ψ and ∆ ellipsometric
maps, which are superimposed on CAI curves. The axes are adjusted in order to have
an improved reading of the graph. Unfortunately, we never succeeded to measure
the variation of Ψ and ∆ directly during the annealing with a separation between
consecutive point equals to ∆t = 15 sec. In fact, changes of the experimental Ψ and
∆ parameters are too fast with respect to the dynamics of the EP3 acquisition.

As we can see in the figure 6.20, a slow variation of the ellipsometric angles clearly
appears as belonging to two different regimes: the first part of the dynamics (t = 0
min to t = 90 min) corresponds to a decrease of the film thickness (approximately
from 370 nm after 10 min annealing to 365 nm after 90 min), while the second part
(t = 90 min to t = 120 min), associated to the increase of the standard deviation
of the data, corresponds to a local increase of the refractive index (Fig 6.14). As
previously mentioned, the thermo-optic coefficient dn/dT of pure PVA is negative,
inducing a decrease of refractive index when temperature increases. Thus, this
local increase of the refractive index during the second part of the dynamics is
unequivocally due to the growth of the AuNPs, and not the thermal response of the
PVA film.

In fact, this two parts in the dynamics can be related to the results obtained
by spectrophotometry (Fig. 6.4D) on different samples prepared under the same
experimental conditions. As a reminder, in this graph, we showed two different
increasing rates: one before 90 min and another one after 90 min. It seems that
after 90 min, the number of AuNPs increase faster demonstrated by its increasing
rate that is 2.5 times higher than the first one, i.e before 90 min. We show the
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Figure 6.20: Constant angle of incidence Ψ-∆ curves at wavelength λ = 658 nm and
angle of incidence θi = 42◦ for refractive index varying from n = 1.46 (left most curve)
to n = 1.56 (right most curve) and varying film thickness. Open circles: ellipsometric
response of the Au-PVA nanocomposite during annealing (time labels added identify the
time course).

same experimental trend here with another experimental technique. It seems that
before 90 min of annealing at 135◦C, the growth of AuNPs is different than after
90 min of the annealing leading to a higher growing rate. As shown in this section,
the second part of the dynamics is attributed to an increase of the refractive index.
This modification of the refractive index can be associated to an increase of the
number of in situ synthesized AuNPs in the polymer film. The spectrophotometry
measurements and analysis made from IE measurements show the same behavior,
confirming the physical significance of our results.

As a conclusion of this section, we have presented an unusual way to extract
physical data from experimental ellipsometric data obtained with an IE. By using
theoretical Ψ−∆ CAI curves, we have studied the annealing of a SiO2 sample, an
undoped PVA-film and a gold nanocomposite. For the SiO2, as previously explained
with the small thermal expansion coefficient and the weak thermo-optic coefficient,
there are no evolution of the ellipsometric angles during the annealing as expected.
The annealing of the PVA film brings more information: a fast modification of
the Ψ − ∆ values at the beginning of the experiment of the annealing and a large
variation of the refractive index at the glass temperature transition. After this initial
period, the evolution of the Ψ and ∆ angles follows a CAI curve, which corresponds
to a slow variation of the film thickness at a constant refractive index. For the gold
nanocomposite, the same trend is found thanks to the CAI curves in the first part of
the dynamics. However, after 90 min of annealing, due to the growth of the AuNPs
in the film, there is a large variation of the refractive index. The dynamics can be



6.5 Spectroscopic reflectometry measurements 123

decomposed in two parts: the first one, at the early stage of annealing, corresponding
to a decrease of film thickness, while the second one is attributed to an increase of
the refractive index.

In the next section, we will present results obtained by SR. These measurements
provide spectroscopic analysis of the reflectivity of the gold nanocomposite. As it
will be shown, at this low doping level, the SR does not detect the presence of the
AuNPs in the polymer film. This imposes us to increase the doping level of our
films.

6.5 Spectroscopic reflectometry measurements

The reflectivity of the Au-PVA nanocomposite is recorded by using SR. As pre-
viously explained in the section 4.1.2, this technique is often used to measure the
thickness of transparent or semi-transparent thin films usually on reflective sub-
strates (silicon, metals, ...). As it has been illustrated in the figure 4.2A, we work
with a home-build spectroscopic reflectometer. The light source is a SLS201L stabi-
lized Tungsten-halogen lamp with a working range from 360 nm to 2600 nm and the
spectrometer is a CSS200 CCD spectrometer (Thorlabs). With this instrument, we
are able to analyze the intensity of the reflected light from a sample as a function
of the wavelength. The measurements were made at normal incidence and therefore
independently of the polarization state. As a reminder, the intensity recorded by
the SR is given by:

I(λ) = R(λ) I0(λ) (6.4)

where R(λ) is the reflectivity of the sample and I0(λ) corresponds to the intensity
of the light source. As previously demonstrated in the section 4.1.2, it is possible to
calculate the reflectivity of the sample, Rsample, by using the equations 4.5 and 4.6
and knowing the reflectivity of the substrate:

Rsample(λ) =
Rref(λ) Isample(λ)

Iref(λ)
(6.5)

where Rref is the reflectivity of the reference, Isample and Iref are the recorded inten-
sities of the sample and the reference, respectively. By using homemade routines,
we are able to measure the reflectivity of the sample as a function of time, during
the growing process of the nanoparticles. This sort of measurements give access to
a map of the sample reflectivity with the wavelength as the ordinate (in nm), the
annealing time as the abscissa (time in seconds) and the colorbar corresponding to
the value of the reflectivity of the sample. Due to the interference fringes pattern
of such kind of films, reflectivity spectra are usually more complex to interpret be-
cause this pattern is sensitive to both the layer thickness and to the refractive index
changes. Caution should also be taken in the design of the experiments to avoid
missing reflection order effects, i.e. energy absorption at a wavelength corresponding
to a destructive interference valley in the spectra.

In the figure 6.21A, the reflectivity of the undoped PVA (i.e. without AuNPs)
film is presented as a function of the time. As we can see, the reflectivity do not
present large modification. We can see a weak shift of the darkest part, which solely
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Figure 6.21: (A) Reflectivity map of the undoped PVA film as a function of the annealing
time. (B) Reflectivity map of the weakly doped Au−PVA (2% w:w) film as a function of
the annealing time. (C) Reflectivity map of the highly doped Au−PVA (50% w:w) film
as a function of the annealing time. In (A)-(B)-(C), the orange dashed line represent the
time when the temperature of the sample has reached 135◦C. (D) Reflectivity spectra of
the highly doped Au−PVA (50% w:w) film before (red curve) and after annealing (orange
curve).
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corresponds to the variation of the film thickness during the annealing (displacement
of the interferometric peaks).

The figure 6.21B presents the reflectivity map of a gold nanocomposite with a low
doping level corresponding to a mass ratio of [Au]/[PVA] of 2%. The reflectivity
map present the same trend that the one of the undoped PVA. The growth of
AuNPs, which is generally noticed by a decrease of the reflectivity near 530 nm due
to the LSPR, is not detected by the SR. It seems that the volume fraction of gold is
too low to detect the presence of the AuNPs on the reflectivity map. In comparison
to the IE, which is a local analysis of the optical properties. On the other hand, SR
leads to a global measurement of the reflectivity, since it measures the mean value
of the reflected intensity received by the sensor.

In order to bypass this non-detection of the AuNPs by the SR, we increase the
mass ratio of gold in the polymer matrix. To ensure the detection of the LSPR, we
choose a mass ratio of 50% w:w. The reflectivity map of this sample is shown in the
figure 6.21C. As we can see, the reflectivity presents large variations at the beginning
of the annealing because of the relaxation of the constraints due to the spin coating.
After this initial period, as expected, we can see a dip in the reflectivity near 530 nm
due to the presence of the AuNPs in the polymer matrix. This increase of the mass
ratio, i.e increase of the volume fraction of gold in the polymer matrix (Eq. 4.40),
leads to a detection of the LSPR.

The figure 6.21D presents the reflectivity spectra of the gold nanocomposite
before and after the annealing. The process of annealing leads to a decrease of the
film thickness, represented by an arrow in this graph, corresponding to a shift of the
interferometric peaks. The LSPR due to the growth of the AuNPs in the polymer
matrix produces a dip in the reflectivity spectrum of the sample after annealing.

Remembering that SR technique measures the mean value of the reflected in-
tensity received by the sensor, one of the optical quantity is missing with this ex-
perimental method with respect to the IE experiments: the optical phase-shift.
Actually, by recording the reflected intensity, the SR measurement leads to a detec-
tion of the |rp| / |rs|. As shown in the ellipsometric maps presented in the figure 6.7,
the Ψ and ∆ maps show that different zones surrounding the NPs are present at
the microscale. Moreover, remembering that the ∆ angle is related to the relative
phase change undergone by the p− and s−polarized components of the incident
light, the ∆ maps clearly bring evidence for a local change of the relative phase
upon reflection. Moreover, the reflectivity spectra obtained by the SR is measured
at millimeterscale.

We will present in the next chapter results obtained by the spectroscopic imaging
ellipsometer, which allows spectroscopic detection at the microscale. We will also
compare our experimental data to a theoretical model in order to have physical
information on the local optical properties.

6.6 Conclusion

In this chapter, we have studied the optical properties of nanocomposites containing
in situ grown AuNPs. In particular, we have focused our study on the optical
response of Au-doped PVA film during the annealing. By using spectrophotometry
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during the annealing, we are able to extract information of the kinetics of growth
of the AuNPs in the polymer matrix. Besides the weak variation on the position of
the resonance peak, we have demonstrated two different behaviors in the growing
process by analyzing the increasing rate of the absorbance of the film during the
annealing. After 90 min of annealing, the variation rate of absorbance is 2.5 times
higher than the increasing rate before 90 min, which can be explained by a larger
increase of the AuNPs number inside the polymer matrix after 90 min.

We observe an increase of the surface roughness due to the growth of AuNPs
thanks to the AFM measurements. The AFM images have revealed that, despite
the same experimental procedure to synthesize the NPs inside the polymer matrix,
AuNPs are larger than AgNPs. This difference can be explained by the higher
temperature required to form Au-PVA nanocomposites than the temperature used
for Ag-PVA nanocomposite [69].

Thanks to imaging ellipsometry, we clearly observed diffraction patterns due to
the formation of AuNPs in spite of the low volume fraction of gold in the nanocom-
posite. The ellipsometric Ψ and ∆ maps reveal that the growth of the AuNPs
inhomogeneously occurred within the film. By using the mean value of the statis-
tical distribution of each map, we have shown that the behavior of the sample is
complex during the first 10 minutes of the annealing due to the relaxation of the
constraints induced by the spin coating. After 90 min, the sample becomes hetero-
geneous due to the growth of nanoparticles, as shown by the increase of the standard
deviation of the measurements.

In order to extract physical data, the ellipsometric data have been processed ac-
cording to a simple model based on a one-layer optical model with variable thickness
and adjustable real refractive index. Theoretical CAI curves are parametrized as a
function of the film thickness and of the refractive index. Drawn in the (Ψ, ∆) space,
these CAI curves are used to extract a physical interpretation of the measured el-
lipsometric data acquired by the IE. Superimposition of ellipsometric measurements
of the PVA recorded during the annealing and theoretical Ψ − ∆ curves allowed
us to see the impact of the complex bahavior of the sample at the beginning of
the annealing. We have shown the variation of the refractive index induced by the
modifications of the polymer at the glass transition temperature. After this period,
only a variation of the film thickness at constant refractive index is recorded. In the
case of gold nanocomposite, after this initial period, we have shown that the dy-
namics of the annealing is composed of two distinct parts: the first one corresponds
to a decrease of film thickness, while the second one is attributed to an increase of
the refractive index. This increase of the refractive index appears after 90 min of
annealing and can be attributed to an increase of the number of in situ synthesized
AuNPs in the polymer film. This experimental procedure gives the same results
that the real time spectrophotometry measurements.

In the last section of this chapter, we have shown that the global measurement
of a lowly doped gold nanocomposite obtained by the SR has led to a non-detection
of the presence of the AuNPs in the polymer film. Indeed, SR measures the mean
value of the reflected intensity received by the sensor and can not measure the phase-
shift. This measure at low doping level reveals one of the advantages of the use of
IE, bringing information on the local optical properties at the microscale. In order
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to bypass this non-detection, we increased the mass ratio of gold in the polymer.
Beyond these results, we show that the two noble metals used in this thesis,

silver and gold, have different behaviors during their growth as NPs in a polymer
matrix. Indeed, the temperature of annealing has to be higher in the case of gold
nanocomposite. The necessity of a higher temperature of annealing can lead to
larger NPs as it has shown by the AFM analysis. This higher temperature can be
explained by a different growing process. In the case of silver, the cations only need
one electron to promote to their neutral state. It seems that it is more complicated
in the case of gold.

Finally, as we have shown, the increase of the refractive index appearing after
90 min of annealing is related to the formation of inhomogeneities detected by the
IE. The spectrophotometry measurements present a variation at this moment of the
annealing and show an increase of the absorbance, corresponding to an increase of
the AuNPs embedded in PVA. This result could be related to the work of Nadal [78],
already explained in the chapter 2. As a reminder, they demonstrated the possibility
to induce to formation of AuNPs in PVA matrix on glass substrates in interference
patterns thanks to laser irradiation followed by a short thermal annealing. They
explained that the photoreduction was not complete and the thermal annealing of
the sample allowed the reduction of the gold cations located in the dark fringes.
Then, those can diffuse towards growing AuNPs. They assumed that AuNPs acted
as seeds and tended to effectively drag the surrounding gold atoms and contribute
to the growth of AuNPs. In our case, the first part of the dynamics, i.e. before
90 min of annealing, allow the reduction of gold cations Au3+ to gold atoms Au0

and the growth of AuNPs. The difference recorded during the second part of the
dynamics, i.e. after 90 min of annealing, could be related to the grown AuNPs acting
as seeds and dragging the surrounding gold atoms, leading to the growth of larger
AuNPs. This effect has be shown in the bottom images of the figure 6.7, where the
larger NPs (i.e. only those whose effect can be detected in the optical response) are
built by some kind of drainage of the metal atoms in their neighborhood, leaving a
depletion zone around the NPs.
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7
Spectroscopic imaging ellipsometry of gold
and silver nanocomposites

7.1 Introduction

In the previous chapter, we have shown that AuNPs at very low doping level (volume
fraction fAu around 0.13%) in a PVA matrix grow according to a two-step process.
The steps are evidenced by a change of the optical properties of the nanocomposite
film during the annealing. More precisely, the largest particles are surrounded by
polymer film regions, whose optical response is clearly different from that of the
background. This analysis was based on results obtained from the single wavelength
ellipsometer operated slightly off-resonance (658 nm). Additional measurements
could recently be carried out in spectroscopic mode using an upgraded version of
the EP3 to EP3-SE. It allows us to determine the optical properties by using a
theoretical model that takes into account the spectral dispersion.

In this chapter, we provide additional information about the AuNPs growth in
polymer films by reporting on the local spectroscopic characterisation of these films.
Moreover, by measuring ellipsometric angles on small selected regions of interest, we
are able to extract physical data at the microscale, such as the volume fraction of
gold. In the section 7.2.2, we also compare the analysis carried out by conventional
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spectroscopic ellipsometry (SE) and by spectroscopic imaging ellipsometry (SIE).
In order to justify the added value of a local analysis of the optical properties in
this specific case. To the best of our knowledge, such results on the local optical
response of low-doped Au−PVA films have never been reported. Finally, from Ψ
and ∆ ellipsometric maps near the Localized Surface Plasmon Resonance (LSPR)
wavelength and with the Maxwell-Garnett effective medium approximation model,
we are able to calculate two maps: one of the local thickness of the film and a second
one of the local volume fraction of AuNPs (Section 7.2.3).

At the end of this chapter, we present the local spectroscopic characterisation of
highly doped silver nanocomposites (Section 7.3.2). By selecting regions of interest
on the sample, we can determine the optical properties based on a Cauchy model and
Lorentzian oscillator, which we have already used to describe the optical properties
of AgNPs in PVA matrix at the microscale.

7.2 Gold nanocomposites at low doping level

With ellipsometry as a non-destructive optical technique to analyze nanocomposites,
the doping level of the polymer by the metal is a cornerstone parameter that plays
a central role in probing the changes in the optical properties of the films. As
already explained in the chapter 2, the volume fraction detected by a conventional
spectroscopic ellipsometry (SE) is usually of the order of 1% in thin films [44, 77].
Under this level, the extinction spectrum is not significantly modified by the presence
of the NPs.

In this section, we present the spectroscopic characterization of low-doped gold
nanocomposite (fAu < 0.2%). The experimental procedure to prepare this gold
nanocomposite has already be presented in the section 4.2. As a reminder, the gold-
to-polymer mass ratio is equal to 2%. This leads to an average volume fraction of
gold in the polymer matrix of fAu = 0.13% in the dry film. The spinning conditions
are 2000 rpm during 90 s. To induce the growth of the AuNPs, the samples are
annealed using a THMS600 Linkam heating/cooling stage. In a typical experiment,
temperature is raised from room temperature (around 23◦C) to 135◦C at the heating
rate of 10◦C per minute. After that, a plateau value is maintained to reach an
experiment duration of 120 minutes.

In order to determine the optical properties at the microscale, spectroscopic
imaging ellipsometry (SIE) measurements of the ellipsometric angles Ψ and ∆ are
performed on Au−PVA thin films with an EP3-SE spectroscopic (nulling) ellip-
someter (Accurion GmbH, Gottingen). The SIE has already been presented in the
section 4.1.4. The wavelength range is 360 – 1000 nm and the measurements are car-
ried out at three different angles of incidence (AOI) (45◦, 55◦ and 65◦), as a function
of the analysis type. Imaging ellipsometry techniques is extensively used to explore
the local optical properties of the thin films, namely, the complex dielectric function
and absorption coefficient along with the film thickness and roughness. Multiple
regions of the sample are investigated at once, allowing us to record the local optical
behavior. Data are processed using the EP4 software (Accurion GmbH). The spatial
resolution is 1.07 µm × 1.07 µm per pixel at 45◦of incidence.
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Figure 7.1: Schematic representation of the optical models used to interpret ellipsometric
data: (A) PVA layer on silicon, (B) Cauchy model used to describe the optical properties
of the PVA layer, (C) AuNPs in PVA layer on Si and (D) a Cauchy model and Maxwell-
Garnett EMA used to describe the optical properties of AuNPs in PVA matrix. Shaded
area between the polymer layer and the substrate: SiO2 layer (Not to scale).

Conventional SE measurements are also performed with a SOPRA GESP5 spec-
troscopic ellipsometer in parallel beam configuration and at an angle of incidence of
70◦ (Section 4.1.3). The small diameter of the spot on the sample is about 4 mm.

As the size of the pixels in the Ψ and ∆ maps obtained with the SIE is 1.07µm,
the lateral resolution is improved by a factor 4000 compared to the conventional SE.
This improvement of the lateral resolution highlights the strength of the SIE as an
local optical analysis technique compared to the SE.

7.2.1 Modeling of the optical properties

Two optical models are used to analyse our ellipsometric data. These models are
schematically represented in Fig. 7.1. The optical constants of crystalline silicon and
silicon dioxide are well known and are obtained from classical optical databases.

Model 1: As already presented in the section 5.2, and due to the high transparency
of the polymer film in the visible range, the optical properties of PVA are adequately
described by a Cauchy law for the index of refraction n(λ), the extinction coefficient
k(λ) being set to 0 [73, 74, 95]. The undoped PVA samples are therefore described
by a two-layers model including the polymer film, the native oxide layer and the
< 100 > silicon substrate. The thickness of the native silicon oxide layer is 2 nm
and is not optimized throughout the rest of our study.

Model 2: In order to analyze the optical response of the plasmonic nanocompos-
ites after annealing, a second optical model is proposed, as follows. The Cauchy
dispersion law parameters determined on undoped film are kept constant (negligible
effect of the particles on the polymer matrix itself) and a gold volume fraction fAu is
accounted within the Maxwell-Garnett effective medium approximation (MG-EMA)
according to [95]:

εeff − εPVA

εeff + 2εPVA

= fAu
εAu − εPVA

εAu + 2εPVA

(7.1)
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where fAu is the volume fraction of gold in the polymer matrix, εAu, εPVA and
εeff are the complex dielectric functions of gold, of the polymer matrix and of the
nanocomposite film, respectively.

This approach of data analysis is a standard approach in ellipsometry to account
for the contribution of spherical inclusions at low volume fractions. Furthermore,
in the limit of very small fAu, the MG-EMA converges to the quasi-static Mie case
[97]. This applies in particular to the AuNPs and the volume fractions considered
in our study.

Effects of the metal nanoparticles embedded in a polymer film on the composite
film optical properties can be described from different theories. They have been
reviewed by Oates and coworkers [138] and their key points will be briefly reminded
hereinafter. A spherical solution to Maxwell’s equations was presented by Mie which
accurately predicts the resonance frequency of spherical metal particles. This ap-
proach is commonly used within the quasi-static approximation for which only dipo-
lar resonance are observed. In the dipolar-dominated small size limit, the particle
may be considered as a classical oscillating dipole and the absorbed photons are thus
efficiently reradiated. Mie theory results are quite often compared to the results of
EMA theories. As quoted by Oates et al [138], MG-EMA uses the Rayleigh formu-
las and takes the first order approximation of this relation, i.e., all particles give a
similar change to the dielectric function and the change in the dielectric function of
the host is negligible with the inclusion of more particles. Although, the Mie theory
is a ’single particle’ theory, it is commonly used to describe the optical properties of
colloidal solutions and the limit that would determine the use of either Mie theory
or MG-EMA is not clearly defined. In this study, the number of particles per unit
of volume is sufficiently large to consider the use of the MG-EMA in the analysis of
our data.

As the models are defined, we are able to analyze the ellipsometric measure-
ments obtained by the SE and the SIE on the low-doped gold nanocomposite. We
decompose this analysis in two part:

• First, we report the measurements obtained by the conventional SE. This
global optical analysis leads to a non-detection of the presence of the AuNPs
in the nanocomposite.

• Secondly, SIE measurements are performed on the same kind of nanocom-
posite. Those reveal the presence of heterogeneities in the optical response.
By selecting different regions of interest, the ellipsometric spectra of these
zones appear to be slightly shifted in the spectral domain, where the LSPR
is found, hence confirming the detection of the local optical properties of the
gold nanocomposite by the IE.

7.2.2 Global optical properties of the Au−PVA thin films

Let us start this analysis by the measurements obtained with the SE. The ellipso-
metric angles Ψ and ∆ are measured in the 1.5 – 4.0 eV energy range with a Sopra
GESP5 ellipsometer. Control experiments have been carried out on undoped films
under similar experimental conditions.
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Figure 7.2: Global ellipsometric response of: (A) a 358 nm-thick undoped-PVA film and
(B) a 441 nm-thick Au−PVA film with average fAu = 0.13%. Open symbols: cos (2Ψ),
closed symbols: sin (2Ψ) cos (∆). Plain lines: best-fit of the experimental data by (A) a
Cauchy dispersion law (undoped polymer) or (B) a Cauchy dispersion law and a Maxwell-
Garnett approximation that accounts for the contribution of the AuNPs.

As already shown in the section 5.5, the ellipsometric data are presented as
α = cos (2Ψ) (open symbols) and β = sin (2Ψ) cos (∆) (closed symbols) in the
figure 7.2. For clarity, only one experimental point over 10 is drawn in the figure.
For the undoped samples (Fig. 7.2A), the optimized thickness is 358.1 ± 0.1 nm
and the optimized spectra are in excellent agreement with the experimental data
(RMSE = 1.49×10−3). As the annealing of the samples at 135◦C (i.e. above the glass
transition of the polymer, Tg = 85◦ C [55]) promotes the growth of the AuNPs in
the film, the α and β spectra are analyzed on the basis of the second model (Model
2), i.e. including the contribution of the nanoparticles to the dielectric function via
the MG-EMA. In this model, the thickness of the film and the gold volume fraction
fAu are the adjustable parameters.

After optimization of the ellipsometric data (Fig. 7.2B) using Model 2, the
thickness of the film is found to be 441.8±0.1 nm and fAu is 2.6 10−3±2.9 10−3%, a
value much lower than the one expected on the basis of the experimental protocols
(fAu = 0.13%). Moreover the relative error on the gold fraction is higher than 110%
which means that this result is not significantly different from zero. No specific
feature is seen in the ellipsometric spectra at about 2.33 eV. This energy corresponds
to the energy of the localized plasmon as determined from the Fröhlich equation
[90] and the complex refractive index of both gold and PVA. Furthermore, the
optimization can be carried out using Model 1, i.e. without taking into account the
gold contribution, yielding comparable thickness (441.9 ± 0.1 nm) and root-mean-
squared error (RMSE) (2.019 10−3). It is therefore obvious that conventional SE
does not allow us to distinguish between the undoped and the doped samples at low
gold-to-polymer mass ratio. The main reasons for this lack of success in modeling
lie probably in the spatial averaging of the optical response over the measurement
spot area and of the local heterogeneity of the samples in thickness and chemical
composition, as highlighted in the chapter 6.
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Figure 7.3: Ellipsometric enhanced contrast (grey levels, in false color) image of the
Au−PVA film at the end of the annealing (Scalebar: 100 µm, wavelength: 533 nm, AOI:
55◦). Red rectangles indicates the regions of interest “0” and “1” used for spectroscopic
characterization.

7.2.3 Local optical properties of the Au−PVA thin films

As already explained, SIE provides access to the local optical response due to the
improvement of the lateral resolution by a factor 4000 compared to the conventional
SE. Based on the nulling concept, the polarizer and analyzer of the ellipsometer can
be rotated respectively to each other in order to enhance the contrast of the images,
hence determining the optical response in terms of ellipsometric angles Ψ and ∆.
This technique is usually referred to “ellipsometric enhanced contrast microscopy”.
A typical ellipsometric enhanced contrast image taken at 533 nm is presented in the
figure 7.3 and clearly reveals the heterogeneity of the optical response.

To strengthen our analysis, ellipsometric Ψ and ∆ maps have been measured in
the 360 – 1000 nm spectral range. Some of them are presented in the figure 7.4 for
λ = 533, 660 and 920 nm. The wavelengths have been chosen close to the resonance
(533 nm) and far from it (920 nm). The middle one is chosen in the purpose of com-
parison with our previous study (Chapter 6) with the single wavelength ellipsometer
(658 nm). The contrast of the images is strongly influenced by the wavelength but
also depends on the choice of the ellipsometric angle (Ψ and ∆). Images obtained in
the NIR region only bring little information on the optical response heterogeneity.

In order to take into account the heterogeneity of the optical response, ellipso-
metric spectra in Ψ and ∆ are measured in two different regions-of-interest labelled
ROI0 and ROI1 as indicated by the rectangles in the figure 7.3. The ellipsometric
spectra are presented in the figure 7.5 (average size of ROIs: 700.32 µm2). The
insets in the left (Fig. 7.5A) and right (Fig. 7.5B) panels show the details of the
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Figure 7.4: Ψ (A-B-C) and ∆ (D-E-F) images of the Au−PVA film (AOI = 45◦). Each
image corresponding to a different incident light wavelength: (A) and (D) λ = 533 nm,
(B) and (E) λ = 660 nm, (C) and (F) λ = 920 nm. (Image size: 430 µm × 400 µm and
color scale in (◦)).

ellipsometric response in the plasmonic band region (500-600 nm). Although the
data coincide with each other for wavelengths smaller than 400 nm and larger than
700 nm, they appear to be slightly shifted in the spectral domain were the LSPR
has to be found. The insets of the figure 7.5A and B enhance the details of this
effect.

As already done in the case of conventional SE data, the SIE data are analyzed
based on our second model, i.e. including a MG-EMA contribution to the dielectric
function of the nanocomposite layer and fitting on both the thickness of the layer
and its gold volume fraction. For the PVA matrix, the optical properties of the poly-
mer matrix is well described by a Cauchy dispersion law (Section 5.2). Optimized
parameters for the PVA matrix are An = 1.509 ± 0.002 and Bn = 3170 ± 300 nm2

(RMSE = 0.966). Then, the value of the An and Bn are fixed for the MG-EMA
used in the second optical model. For both ROIs, Model 2 adequately describes
the experimental data as shown in the figure 7.5. The best-fit parameters as well
as the RMSE are given in the table 7.1. The correlation coefficients between the
thickness of the film and the gold volume fraction fAu in the film are −0.769 and
−0.742 for ROI0 and ROI1, respectively. The thickness in the different ROIs are
slightly different but this difference cannot completely explain the shift between
the Ψ and ∆ curves. The gold volume fraction fAu is significantly higher in ROI1

(fAu = 0.103 ± 0.013) than in ROI0 (fAu = 0.006 ± 0.013). The fAu of ROI0 is
not statistically relevant and its relative error is around 216%. This result could be
equivalently associated to a null volume fraction of gold in the polymer in this area.

The heterogeneity of the optical response can therefore be attributed to a local
change of the metal fraction. Our results also show that the growth of the AuNPs
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Figure 7.5: Local spectroscopic optical response of the Au−PVA film. (A) ∆ (◦) (B)
Ψ (◦). Open and close symbols respectively corresponds to ROI0 and ROI1 in Fig. 7.3.
Plain and dashed lines: best-fit data. Insets: details of the ellipsometric spectra in the
plasmonic response wavelength range.

Table 7.1: Best-fit results of the ellipsometric data presented in figure 7.5 within
the Maxwell-Garnett approximation. Optical properties of gold are from Johnson and
Christy’s paper. [86]

ROI Thickness Gold fraction fAu RMSE Correlation
(nm) (%)

0 359.8 ± 0.2 0.006 ± 0.013 0.682 -0.736
1 360.8 ± 0.1 0.103 ± 0.013 0.688 -0.730

inhomogeneously occurs in the polymer matrix. Furthermore, our results demon-
strate the possibility of detecting gold-doping with SIE at low concentration. Due
to the (sub)microscale analysis of our Au−PVA nanocomposites, we are able to de-
tect a volume fraction of gold around 0.1%, while the volume fraction detected by a
conventional SE is usually admitted to be higher than 1% in thin films. At a lower
doping level, corresponding to a volume fraction of 0.06%, the optical properties of
Au−PVA nanocomposites do not significantly differ from those of a pure PVA film
(data not shown). It seems that a gold doping level of 0.10% is rather close to the
lower limit of detection of the technique.

The optical properties of the selected zones of the film, i.e. ROI0 and ROI1, are
represented in the figure 7.6. For each region of interest, the refractive index n and
the extinction coefficient k as a function of the wavelength are drawn, based on the
optimized parameters of table 7.1. The difference in the volume fraction between
the two ROIs considerably modifies the optical properties of the doped polymer
film. For ROI1, the presence of the absorption peak near 530 nm in the extinction
coefficient spectrum (Fig. 7.6B) induces a large oscillation in the refractive index
value (Fig. 7.6A) due to the Kramers-Krönig consistency of the optical properties
(Eq. 3.83). We can see here, the variation over a large spectral range of the refractive
index, which allowed the detection of the growth of the AuNPs with the single
wavelength ellipsometer (Section 6.4). For ROI0, we can see that the extinction
coefficient is near zero over the spectral range. This leads to a variation of the
refractive index over the spectral range induced by the PVA matrix. Let us note
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Figure 7.6: Optical properties of 365 nm-thick gold nanocomposite film ([Au]:[PVA]
ratio: 2% w:w): A, refractive index n; B, extinction coefficient k.

that the values of the extinction coefficient are very small, which demonstrates the
power of detection of the IE.

Finally, from the Ψ and ∆ ellipsometric maps measured near the LSPR wave-
length (λ = 533 nm), it is possible to calculate using Model 2 both the local
thickness of the layer d(x, y) and the local gold fraction fAu(x, y) for each pixel
of the image. The starting parameters of the optimization are the parameters ob-
tained by our SIE analysis over ROIs 0 and 1 (Table 7.1). These results as well as
the relative error on fAu are given in the figure 7.7A to C. During the numerical in-
version of the ellipsometric equations, the parameters are constraint as follows: 300
nm≤ d ≤400 nm and 0% ≤ fAu ≤ 1%. From the comparison between the figure 7.3
and the figure 7.7A, it appears that the regions with the same color than the ROI1

in the figure 7.3 are regions for which fAu is significantly different from zero and
that the relative error on fAu is small contrary to the remaining part of the image
(fAu ' 0) for which the associated relative error is several orders of magnitude larger
(red regions in Fig. 7.7B). This can be explained by local values of fAu close to the
lower bound imposed to the optimization algorithm and to the lack of significance
of this parameter in these regions (almost undoped polymer). The thickness map
(Fig. 7.7C) does not reveal specific features, which allows us to confirm that the
optical heterogeneities come from the growth of the AuNPs. Additional analysis of
the data presented in the figure 7.5 to include surface roughness or void inclusions
in the models are not conclusive. The thickness and the metal volume fraction pre-
sented in the figure 7.7 have also been plotted as a function of each other, without
providing us additional significant information on their correlation. This lead us to
conclude that the main effect of the annealing of the film is a modification of the
local refractive index due to the increase of the gold volume fraction in some regions
of the film.

As a conclusion of this section, we have shown an experimental study of the
optical properties of gold-doped nanocomposites using SIE. At a low doping level
(fAu < 0.2%), the optical constant determined by the conventional SE spectra is
only relevant for the polymer matrix. We have also shown the advantage of using
spatially-resolved spectroscopic ellipsometry by choosing areas on the image with
a different intensity contrast. The ellipsometric spectra of each region of interest
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Figure 7.7: Results maps for the (A) Gold fraction fAu (%), (B) Relative error δfAu/fAu
(%) and (C) Film thickness (nm). Images at λ = 533 nm. Scalebar: 100 µm.

are different, especially between 400 nm and 600 nm, i.e. the spectral region corre-
sponding to the localized surface plasmon resonance of gold nanoparticles. Using the
MG-EMA model, we have shown that each zone presents a point-to-point variation
of the volume fraction of gold in the polymer. From Ψ and ∆ ellipsometric maps
near the LSPR wavelength and with the MG-EMA model, we are able to calculate
two maps: one of the local thickness of the film and a second one of the local vol-
ume fraction of AuNPs. This last result highlights the strength of the spectroscopic
imaging ellipsometry as a local optical analysis technique.

7.3 Silver nanocomposites at high doping level

In this section, we study the local optical properties of silver nanocomposites by
SIE. By using the same analysis procedure than in the AuNPs case, we are able to
extract physical data: the refractive index n and the extinction coefficient k as a
function of the wavelength.

The experimental procedure to synthesize the AgNPs embedded in PVA matrix
is explained in the section 4.2. The analyzed nanocomposite is a thick and highly
doped sample, i.e. the silver-to-polymer mass ratio is 25% and the polymer solution
is 8% w:w (volume fraction fAg = 2.9%). The spinning conditions are 60 sec at
1600 rpm. After drying in open-air atmosphere, the coatings are annealed 60 min
at 110◦C.

As previously explained for the AuNPs case, we use the EP3-SE in order to
measure the ellipsometric angles Ψ and ∆ at the microscale. The wavelength range
is 360 – 1000 nm and the measurements are carried out at an angle of incidence of
42◦. The spatial resolution is 1.07 µm × 1.07 µm per pixel at 42◦of incidence.

We start this study by the description of the models used to extract the optical
properties of the silver nanocomposite. Then, we measure the ellipsometric angles
in two selected regions of interest presenting different optical contrast. By using
the model, we can compare the values of the refractive index and the extinction
coefficient of these zones.
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Figure 7.8: Schematic representation of the optical model used to interpret SIE data: (A)
AgNPs in PVA layer on Si and (B) a Cauchy model and Lorentzian term used to describe
the optical properties of AgNPs in PVA matrix. Shaded area between the polymer layer
and the substrate: SiO2 layer. (Not to scale).

7.3.1 Modeling of the optical properties

The model used for AgNPs embedded in PVA matrix is illustrated in the figure 7.8
(already discussed in section 5.5). The description of the model used for the dielectric
matrix has already been shown in the figure 5.2 (Section 5.2).

PVA layer: A one-layer Cauchy model is chosen to represent the optical prop-
erties of the PVA films in the transparent range [95].

nPVA(λ) = APVA +
BPVA

λ2
and kPVA(λ) = 0 (7.2)

Ag-PVA layer: A Lorentzian oscillator is added to that model to account for
the localized absorption of the plasmon resonance in visible range [102].

In the EP4 software the Lorentzian term is given by:

ε(E) = 1 +
AE0

E2
0 − E2 − iΓE

(7.3)

where E and E0 are given in eV and correspond to hν and hν0, respectively. ν0 is
the resonance frequency of the oscillator, AE0 (eV2) its oscillator strength and Γ0

(eV) its full-width at half maximum (FWHM), the damping of the oscillator.
Once these models defined, we are now able to analyze the ellipsometric mea-

surements obtained by the SIE.

7.3.2 Local optical properties of the Ag−PVA thin films

We start this analysis by taking an ellipsometric enhanced contrast image as we have
shown for the Au-PVA nanocomposite. This image is presented in the figure 7.9 and
reveals few heterogeneities of the optical response of the silver nanocomposite. As we
can see, this enhanced image is quite different than the one obtained for the AuNPs
case (Fig. 7.3). This difference can be explained by the use of Ag+ instead of Au3+

as the precursors for the metal nanoparticles or by different annealing settings. For
AgNPs, these settings are 110◦C during 60 min while, for the AuNPs these are 135◦C
during 120 min. Another difference is the doping level between Au-PVA and Ag-
PVA nanocomposite (2.9% for AgNPs and 0.13% for AuNPs). Nevertheless, we can
see different zones on the enhanced image, which correspond to areas with different
nulling parameters. These regions of interest are represented by red rectangles in
the figure 7.9 and named ROI0 and ROI1. These rectangles surround two areas that
seem to present different optical contrast.
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Figure 7.9: Ellipsometric enhanced contrast (grey levels, in false color) image of the
Ag−PVA film at the end of the annealing (Scalebar: 100 µm, wavelength: 545 nm, AOI:
42◦). Red rectangles indicates the regions of interest “0” and “1” used for spectroscopic
characterization.

Table 7.2: Best-fit results of the ellipsometric data obtained with the SIE on AgNPs
embedded in PVA matrix within the Lorentzian term in order to take into account the
absorption peak.

ROI Thickness Amplitude Frequency Damping RMSE
(nm) (eV2) (eV) (eV)

0 445.7 ± 3.0 0.786 ± 0.021 3.000 ± 0.014 0.480 ± 0.021 3.179
1 445.2 ± 3.3 0.608 ± 0.021 2.979 ± 0.012 0.378 ± 0.027 3.405

We measure the ellipsometric spectra in Ψ and ∆ in these two regions of interest
labelled ROI0 and ROI1. The SIE data are analyzed thanks to the model previously
described, i.e. a Cauchy law for the matrix and a Lorentzian term for the resonance.
The optical properties of the polymer matrix is described by a Cauchy dispersion
law (Section 5.2) with the following optimized parameters for the PVA matrix:
An = 1.538±0.009 and Bn = 4600±760 nm2. The value of the An and Bn are fixed
in order to determine the oscillator parameters. The best-fit parameters, as well as
the RMSE, are given in the table 7.2. The thickness and the oscillator parameters
in the different ROIs are slightly different. The amplitude of the oscillator is smaller
for the ROI1 than for ROI0, while its damping is higher. These differences lead to
a variation of the optical properties of the two selected zones as presented in the
figure 7.10.

For each region of interest, the refractive index n and the extinction coefficient
k as a function of the wavelength are drawn based on the optimized values of the
table 7.2. The difference in the two ROIs modifies the optical properties of the doped
polymer film. For both ROI1 and ROI0, the presence of the absorption peak near 415
nm in the extinction coefficient spectrum k (Fig. 7.10B) induces a large oscillation
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Figure 7.10: Optical properties of 445.7 nm-thick silver nanocomposite film ([Ag]:[PVA]
ratio: 25% w:w): A, refractive index n; B, extinction coefficient k.

in the refractive index value (Fig. 7.10A) due to the Kramers-Krönig consistency
of the optical properties (Eq. 3.83). Due to the high doping of the sample, the
extinction coefficient at the LSPR is large, which leads to an important oscillation
in the refractive index compared to the AuNPs case.

To sum up, we used the EP3-SE in order to determine the local optical prop-
erties of silver nanocomposite at microscale. By using the same method as in the
AuNPs case, we are able to compare the optical properties of different areas, which
seem different on the enhanced grey scale image. This promising method, that we
validated in these two previous section, can be used in other experiments in order
to analyze the local optical properties of this kind of nanocomposites.

7.4 Conclusion

In this chapter, we have presented an experimental study of the optical properties
of lowly doped gold and highly doped silver nanocomposites using spectroscopic
imaging ellipsometry.

Concerning AuNPs, despite a very limited volume fraction of gold (fAu < 0.2%)
in the polymer matrix, we have shown that the growth of the AuNPs inhomoge-
neously occurred within the film. At this low doping level, the optical constant de-
termined by the conventional spectroscopic ellipsometry spectra is only relevant for
the polymer matrix. We have also shown the advantage of using spatially-resolved
spectroscopic ellipsometry by choosing areas on the image with a different intensity
contrast. The ellipsometric spectra of each region of interest are different, especially
between 400 nm and 600 nm, the spectral region corresponding to the localized sur-
face plasmon resonance of gold nanoparticles. Using the MG-EMA model, we have
shown that each zone presents a point-to-point variation of the volume fraction of
gold in the polymer. From Ψ and ∆ ellipsometric maps near the LSPR wavelength
and with the MG-EMA model, we are able to calculate two maps: a first one of the
local thickness of the film and a second one of the local volume fraction of AuNPs.
This last result highlights the strength of the spectroscopic imaging ellipsometry
as a local optical analysis technique. Compared to the conventional spectroscopic
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Figure 7.11: Mechanism of growth of AuNPs in PVA matrix at very low doping level
during the thermal annealing at 135◦C. (A) Homogeneous distribution of the metallic
precursor within the film. (B) Isotropic reduction of Au3+ to Au0 in the film. (C) Gold
atoms start to gather to form small clusters. (D) Growth of the small gold clusters on
AuNPs. (E) Increase of the number of small AuNPs in the film. (F) Large AuNPs acting
like seeds to drag isolated gold atoms and/or gold cations remaining in the film.

ellipsometry, the SIE allows to detect the optical response of a local volume fraction
of gold nanoparticles of ca. 0.1% in the polymer film at a (sub)microscale. It seems
that the detection limit of the average gold volume fraction by the SIE is near 0.06%,
while the conventional SE presents difficulties for less than 1%.

We have also presented an ellipsometric enhanced contrast image (Fig. 7.3) and
Ψ and ∆ images of the gold nanocomposites taken at different wavelengths (Fig. 7.4).
As we showed in the chapter 6, we clearly see from the ellipsometric images that the
AuNPs grow inhomogeneously within the film. As explained in the chapter 6, this
result could be related to the work of Nadal [78], already introduced in the chapter 2.
They assumed that gold atoms (Au0) and gold cations (Au3+) can diffuse in the
polymer towards growing AuNPs, this latter which act as seeds and tend to drag
the surrounding gold atoms to contribute to the growth of AuNPs. The analysis
of the local volume fraction map calculated from the MG-EMA model confirms
that larger AuNPs are built by some kind of drainage of the metal atoms in their
neighborhood, leaving a depletion zone around the AuNPs.

In this context, we try to propose a mechanism leading to this nanostructura-
tion at this very low doping level. At the beginning of the annealing, the reduction
of Au3+ in Au0 is isotropic within the film. Theses Au0, which can diffuse in the
polymer, start to gather, leading to the formation Au clusters. This local agglom-
eration induces an optical response detected by the SIE. With their growth, these
clusters become AuNPs but cannot diffuse in the polymer anymore due to their too
large size. These large AuNPs start to act as seeds and drag the surrounding gold
atoms or cations to contribute to their growth. This drainage of the metal atoms
leads to a depletion zone surrounding the AuNPs as we can see in the figures 7.3
and 7.4. Indeed, the optical response of Au3+ and isolated Au0 cannot be detected
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by the SIE due to their small size. This probable mechanism is presented in the
figure 7.11 and can be explained as follows. After the spin coating, the metallic pre-
cursor is homogeneously distributed in the film (Fig. 7.11A). After the start of the
thermal annealing, the reduction of the gold cations Au3+ to gold atoms Au0 occurs
(Fig. 7.11B). These gold atoms diffuse in the polymer in order to form small gold
clusters (Fig. 7.11C). The figure 7.11D presents the transformation of gold clusters
to small AuNPs. The constant thermal annealing leads to a higher concentration of
the AuNPs within the film (Fig. 7.11E). These first images (A to E) correspond to
the first part of annealing. After 90 min, in our case, some AuNPs are too large and
cannot diffuse in the film. These large AuNPs start to act like seeds and try to drag
the smaller AuNPs and/or the gold cations remaining in the film, as represented by
an arrow in the figure 7.11F. This should be the explanation of the growth mecha-
nism of AuNPs in the PVA matrix. However, at this time, this growth mechanism
is still to be experimentally or numerically confirmed.

Concerning AgNPs, we have first shown that the ellipsometric enhanced contrast
image is clearly different than the ellipsometric image of AuNPs. That difference
can be explained by the difference between optical properties of the metals used, but
also by the different heating conditions for gold (135◦C, 120 min) or silver (110◦C,
60 min) nanocomposites or by the difference in the doping level. By selecting two
areas, which seem to present different optical properties, we have calculated the
optical properties of each zones. The optical properties between the two zones
slightly differ as it is demonstrated on the extinction coefficient spectra.

Finally, the spatially resolved optical response obtained by the SIE reveals the
details of the sample at the microscale. Therefore, the ellipsometric measurements
can be reduced to a particular region of interest. These zones can present different
optical properties leading to different optical responses in the camera images. These
different signals are interpreted by different setting of the angles of polarizer and
analyzer to extinguish the beam, leading to a different recorded value of Ψ and ∆
angle of each areas. Thus, it is possible to measure, over the visible range, the
optical properties of these regions of interest that lead to a detection of the optical
properties at the microscale.

This experimental process is probably also valid for another type of nanocompos-
ites or samples. Here, we demonstrated the strength of the spectroscopic imaging
ellipsometry as a local optical analysis technique.
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8
Conclusion and outlook

Throughout this thesis, we studied the optical properties of nanocomposites embed-
ding silver or gold nanoparticles. This class of new attractive materials, composed
of a dielectric matrix and embedded metal nanoparticles (NPs), is often studied
due to one aspect of their optical properties: the Localized Surface Plasmon Reso-
nance (LSPR). At the beginning of the analysis of both silver nanocomposites and
gold nanocomposites, we demonstrated that the preparation method called “one-pot
synthesis” is convenient to synthesize this type of nanocomposites. This synthesis
approach has numerous advantages: it is simpler, faster and lead to higher concen-
tration of NPs in the nanocomposite than other synthesis schemes. We especially
focused our study on the optical properties of a model system: silver nanoparticles
(AgNPs) and gold nanoparticles (AuNPs) embedded in a polymer dielectric matrix,
the poly-(vinyl) alcohol (PVA).

We started in chapter 5 by studying the LSPR parameters of AgNPs in a PVA
matrix. More precisely, our goal was to study the impact of the thickness of the
film and of the silver concentration in the polymer matrix on the LSPR parameters.
We experimentally observed a different behavior between the thick and thin films
as a function of the silver concentration. The measurements made at the nanoscale
by atomic force microscopy (AFM), i.e. topography and phases images, have shown
that the size of the AgNPs seems to be larger in thin films than in thick films. This
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trend has also been evidenced by spectrophotometry. By keeping the same silver-
to-polymer mass ratio, we measured a red-shift of the position of the resonance
peak while changing the thickness of the film from thick to thin samples. Since the
position of the resonance peak can be related to the size of the AgNPs embedded
in the polymer matrix, we concluded that thin nanocomposite films induce a larger
size of the grown nanoparticles than in the thicker ones.

At the end of the chapter 5, we measured samples with different thicknesses and
different silver concentration in the polymer by using spectroscopic ellipsometry. We
acquired ellipsometric spectra and determined the plasmon resonance parameters
(A, Λ0 and Γ0). By using multivariate analysis on these samples, we have shown
that at a given Ag+ doping level, thin and thick films behave differently. These
differences can be related to the growing process of the AgNPs in the polymer matrix:
the AgNPs differently growth in thick and thin films. A possible explanation of this
different growth process can be associated to the diffusion process. More precisely, in
thin films, the NPs grow in a 2D-like matrix due the thickness of the film constrained
by the substrate and the film/air interface. The diffusion process of silver ions or
atoms is therefore limited leading to larger NPs. On the contrary, in thick films,
the interfacial effect is expected to be less marked and the NPs rapidly form a 3D
structure.

In chapter 6, we studied the optical properties of nanocomposites containing in
situ grown AuNPs. In particular, we focused the study on the optical response of
Au-doped PVA films during the annealing, i.e. during the growth of AuNPs. The
samples were annealed during 120 min at 135◦C and we measured their optical prop-
erties by spectrophotometry and imaging ellipsometry. By measuring the absorption
spectra during the annealing, we experimentally showed that the variation rate of
absorbance, at the LSPR wavelength, changes near 90 min. More precisely, it was
2.5 times larger after 90 min than the increase rate before 90 min. This can be
explained by a larger increase of the AuNPs number inside the polymer matrix after
90 min.

Afterwards, we focused our analysis on a weakly doped gold nanocomposite,
which correspond to a theoretical volume fraction fAu = 0.13%. Thanks to imaging
ellipsometry, we have clearly observed diffraction patterns due to the formation
of AuNPs in spite of the low volume fraction of gold in the nanocomposite. The
ellipsometric Ψ and ∆ maps reveal that the growth of the AuNPs inhomogeneously
occurred within the film. We have presented ellipsometric maps taken during the
annealing of the sample. By calculating the statistical distribution of each maps,
we plotted the variation of the mean value and the standard deviation of these Ψ
and ∆ maps, which highlight the increase of the standard deviation after 90 min of
annealing corresponding to an increase of the AuNPs in the polymer matrix.

Also in chapter 6, we presented an unusual analysis of these mean value of the
statistical distribution of each map during the annealing. Due to the operating
wavelength of the imaging ellipsometer (λi = 658 nm), we showed that we can pro-
cess our ellipsometric data by using a simple model based on an one-layer optical
model with variable thickness and adjustable real refractive index. In order to ex-
tract physical parameters, we plotted the constant angle of incidence (CAI) curves
and superimposed our experimental data, hence providing the variation of the thick-
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ness and the refractive index during the annealing. We showed that after an initial
period, the dynamics of the annealing is composed by two distinct parts: the first
one corresponds to a decrease of film thickness, and the second one is attributed to
an increase of the refractive index. This increase of the refractive index, appearing
after 90 min, can be related to the increase rate of the absorbance in the spectropho-
tometric measurements. Based on the result obtained by Nadal and coworkers [78],
this variation could be related to the grown AuNPs acting as seeds and dragging
the surrounding gold atoms, leading to the growth of larger AuNPs and leaving a
depletion zone around the AuNPs.

Finally, we measured the reflectivity spectra of weakly doped gold nanocompos-
ite. This weak doping level induce a non-detection of the presence of the AuNPs
in the polymer film. The reason of this non-detection is found in the measurement
of the reflectivity. In fact, the spectroscopic reflectometer measures the mean value
of the reflected intensity received by the sensor and moreover, cannot measure the
phase-shift. With a higher gold-to-polymer mass ratio, we showed that it is possible
to detect the LSPR by spectroscopic reflectometry (SR).

At the beginning of chapter 7, we used spectroscopic ellipsometry (SE) on low-
doped gold nanocomposite in order to measure the phase-shift missing in the SR
measurements. The ellipsometric spectra did not reveal the presence of the AuNPs
at this low doping level. In fact, the SE measurement is an averaged measure of the
reflected light on the spot size. More precisely, at this low doping level, the optical
constant determined by the SE spectra is only relevant for the polymer matrix.

These drawbacks are bypassed with the spectroscopic imaging ellipsometry (SIE).
Despite a very limited volume fraction of gold (fAu < 0.2%) in the polymer matrix,
we have shown that the growth of the AuNPs inhomogeneously occurred within the
film. We have also shown the advantage of using spatially-resolved spectroscopic
ellipsometry by choosing areas on the image with a different intensity contrast. The
ellipsometric spectra of each region of interest are different, especially between 400
nm and 600 nm, the spectral region corresponding to the LSPR of gold nanoparti-
cles. By using the Maxwell-Garnett effective medium approximation (MG-EMA),
we have presented the optical properties of these two regions of interest at mi-
croscale. From Ψ and ∆ ellipsometric maps near the LSPR wavelength and with
the MG-EMA model, we have presented two physical data maps: one of the local
thickness of the film and a second one of the local volume fraction of AuNPs. This
last result highlights the strength of the SIE as a local optical analysis technique.
Compared to the conventional SE, the SIE allows to detect the optical response of
a local volume fraction of gold nanoparticles of ca. 0.1% in the polymer film at a
(sub)micron scale.

In the last chapter of the thesis, we also proposed a mechanism of growth of
AuNPs in the PVA matrix at very low doping level. The reduction of Au3+ in Au0

is isotropic within the film at the beginning of the thermal annealing. These reduced
gold atoms diffuse in the film and start to gather to form small gold clusters. This
local agglomeration allows the formation of small AuNPs, which can be detected
by the SIE. The growth of these small AuNPs leads to larger AuNPs that cannot
diffuse in the film due to their large size. The growing process is determined by
the seeds effects of the AuNPs, which try to drag the isolated gold atoms and/or
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the gold cations remaining within the film. This drainage of the metal atoms leads
to a depletion zone surrounding the AuNPs. Let us note that this explanation
to depict the growing process is only valid in the weak doping level. At a larger
doping level, the growing process could be different due to the higher concentration
of AuNPs within the film. Nevertheless, this growth mechanism has to be confirmed
by experimental or numerical results.

At the end of chapter 7, we showed that the detection of the optical properties
at microscale can be used for other types of nanocomposites. We have measured
the local optical properties of AgNPs embedded in the polymer matrix. This ex-
perimental process can be used for another type of nanocomposites or samples. We
have evidenced here the strength of the spectroscopic imaging ellipsometry as a local
optical analysis technique.

Let us now consider some outlooks or further possible developments. This thesis
is an experimental work, which means that there are numerous experimental pa-
rameters playing a role in the preparation of these nanocomposites. This work has
partially lifted the veil on the reduction mechanisms of noble metals in nanoplas-
monic compounds but, despite these results, several questions remain open. More
precisely, our work has unravelled the effect of some experimental parameters in the
onset of the plasmon resonance for nanocomposites.

Concerning AuNPs, a first idea for a future work is to change the ramp temper-
ature from 10◦C/min to 1◦C/min in order to follow the kinetics of growth of NPs
with different annealing conditions. We can also bypass this annealing ramp by
directly setting the temperature at 135◦C. We can expect a variation in the growing
process leading finally to different sizes of AuNPs for example. Secondly, another
prospect is to achieve to follow the cations or the atoms during the annealing of the
nanocomposite. A possibility is to attach fluorescent markers on cations or atoms.
This experiment can be interesting to understand the relative change in the optical
properties after 90 min of annealing. By adjusting the temperature of annealing and
the mass concentration of gold in the polymer, it could be possible to experimentally
confirm this impact.

For AgNPs, it could be interesting to change the temperature of annealing to
135◦C, the same temperature as AuNPs. As shown by Clémenson [69, 113], higher
temperature of annealing induces larger AgNPs in the polymer. These larger AgNPs
can produce diffraction patterns on the sample detected by SIE as in the AuNPs
case. By using the same experimental procedure than for the growth of AuNPs
(i.e. 135◦C, 10◦C/min and 120 min of annealing), we could detect different variation
rate of absorbance, at the LSPR wavelength, during the annealing with real time
spectrophotometric measurements. We could make more experiments in order to
interpret the size difference of AgNPs in thinner films than in thicker films. One
possibility is to measure the spatial distribution of the AgNPs in the polymer film
thickness by using transmission electron microscopy (TEM). These measurements
are highly challenging due to two factors: the rigidity contrast between the polymer
matrix and their substrate and the very low thickness of the films (< 50 nm).

For both AuNPs and AgNPs, an interesting outlook could be the measurement
of the surface parameters of the nanocomposite films at the nanoscale during the
annealing. By placing the sample on a heating stage attached to the atomic force
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microscope, it could be possible to measure the topography and the phase during
the annealing of the sample. This experiment can provide numerous information
about the growth of NPs and more precisely, in the case of AuNPs, on the variation
rate of growth observed after 90 min of annealing.

Another future work could be the measure of the optical properties as a function
of the temperature of a prepared sample, i.e. after the formation of the NPs in the
PVA matrix. With this, we could measure the thermo-optic coefficient dn/dT of the
prepared nanocomposite, for example.

Finally, the experimental procedure to analyze the sample at the microscale
thanks to the SIE can be used for other materials. More precisely, materials com-
posed of different areas presenting different optical contrasts can be measured at the
same time. As presented in chapter 6, we are able to calculate physical data map of
the sample by using theoretical model. Nevertheless, this pixel-by-pixel calculation
is time-consuming. We have already tested a new approach to improve and speed
up this calculation by using hierarchical clustering. More precisely, each pixel of the
ellipsometric maps can be gathered in clusters. By using agglomerative hierarchical
clustering, we can finally have two clusters containing the other clusters. Then, we
can process models on these two clusters. Finally, the optimized parameters are
repropagated on all pixels of the Ψ and ∆ map. This improvement has to be tested
on different samples.

As shown by this thesis, the preparation of these kind of nanocomposites is sim-
ple, but understanding the growth process is challenging. Besides the experimental
results presented in this thesis, more experimental and numerical works are needed
to clearly understand all mechanisms playing a role during the growth of NPs. With-
out a doubt that one day, we will be able to successfully unravel the mysteries of
the growth of NPs in a polymer matrix.
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dynamics and light scattering of gold nanoparticles in situ synthesized at high
concentration in thin polymer films,” Beilstein Journal of Nanotechnology,
vol. 10, pp. 1768–1777, 2019.
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Sächs. Ges. Wiss. Leipzig Math. Phys. Klasse, vol. 51, pp. 13–15, 1899.

[27] E. Kolbe. PhD thesis, Jena, 1913.

[28] R. Kuladeep, L. Jyothi, S. Chakradhar, and D. Rao, “Fabrication of metal
nanostructures in a polymer matrix using femtosecond laser writing tech-
nique,” Optical Engineering, vol. 53, p. 071823, 2014.

[29] E. Cattaruzza, G. Battaglin, F. Gonella, R. Polloni, B. Scremin, G. Mattei,
P. Mazzoldi, and C. Sada, “Au / Cu nanoparticles in silica glass as composite
material for photonic applications,” Applied Surface Science, vol. 254, pp. 1017
– 1021, 2007.

[30] S. Anthony, S. Porel, D. Rao, and T. Radhakrishnan, “Thin films of metal-
organic compounds and metal nanoparticle-embedded polymers for nonlinear
optical applications,” Pramana - Journal of Physics, vol. 65, pp. 871–879,
2005.

[31] X. Chen, J. Tao, G. Zou, Q. Zhang, and P. Wang, “Nonlinear optical proper-
ties of nanometer-size silver composite azobenzene containing polydiacetylene
film,” Applied Physics A: Materials Science and Processing, vol. 100, pp. 223–
230, 2010.

[32] H. Chowdhury, X. Xu, P. Huynh, and M. B. Cortie, “Radiative heat transfer
across glass coated with gold nano-particles,” Journal of Solar Energy Engi-
neering, vol. 127, pp. 70–75, 2005.

[33] X. Xu, M. Stevens, and M. B. Cortie, “In situ precipitation of gold nanopar-
ticles onto glass for potential architectural applications,” Chemistry of Mate-
rials, vol. 16, pp. 2259–2266, 2004.

[34] J. Yin, G. Feng, S. Zhou, H. Zhang, S. Wang, and H. Zhang, “The shape
effect of Au particles on random laser action in disordered media of Rh6G dye
doped with PMMA polymer,” Journal of Modern Optics, vol. 63, pp. 1998–
2002, 2016.



154 BIBLIOGRAPHY

[35] X. Meng, K. Fujita, Y. Moriguchi, Y. Zong, and K. Tanaka, “Metal–dielectric
core–shell nanoparticles: Advanced plasmonic architectures towards multiple
control of random lasers,” Advanced Optical Materials, vol. 1, pp. 573–580,
2013.

[36] L. De Boni, E. Wood, C. Toro, and F. E Hernandez, “Optical saturable ab-
sorption in gold nanoparticles,” Plasmonics, vol. 3, p. 171, 2008.

[37] T. Jiang, Y. Xu, Q. Tian, L. Liu, Z. Kang, R. Yang, G. Qin, and W. Qin,
“Passively Q-switching induced by gold nanocrystals,” Applied Physics Let-
ters, vol. 101, p. 151122, Oct. 2012.

[38] D. Wu, J. Peng, Z. Cai, J. Weng, Z. Luo, N. Chen, and H. Xu, “Gold nanopar-
ticles as a saturable absorber for visible 635 nm q-switched pulse generation,”
Optics Express, vol. 23, pp. 24071–24076, Sep 2015.

[39] E. Stratakis and E. Kymakis, “Nanoparticle-based plasmonic organic photo-
voltaic devices,” Materials Today, vol. 16, pp. 133–146, Apr. 2013.

[40] H. A. Atwater and A. Polman, “Plasmonics for improved photovoltaic de-
vices,” Nature Materials, vol. 9, pp. 205–213, Feb. 2010.

[41] P. K. Jain, X. Huang, I. H. El-Sayed, and M. A. El-Sayed, “Review of
some interesting surface plasmon resonance-enhanced properties of noble
metal nanoparticles and their applications to biosystems,” Plasmonics, vol. 2,
pp. 107–118, July 2007.

[42] C. F. Bohren and D. R. Huffman, Absorption and Scattering of Light by Small
Particles. Wiley, Apr. 1998.

[43] K. L. Kelly, E. Coronado, L. L. Zhao, and G. C. Schatz, “The optical properties
of metal nanoparticles: The influence of size, shape, and dielectric environ-
ment,” Journal of Physical Chemistry B, vol. 107, pp. 668–677, 2003.

[44] Y. Battie, I. Izquierdo-Lorenzo, A. Resano-Garcia, A. E. Naciri, S. Akil,
P. M. Adam, and S. Jradi, “How to determine the morphology of plasmonic
nanocrystals without transmission electron microscopy?,” Journal of Nanopar-
ticle Research, vol. 18, p. 217, Aug 2016.

[45] D. A. G. Bruggeman, “Berechnung verschiedener physikalischer konstanten
von heterogenen substanzen. i. dielektrizitätskonstanten und leitfähigkeiten
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film. PhD thesis, Université de Bordeaux 1, Bordeaux, France, 2011.

[78] E. Nadal, N. Barros, H. Glénat, J. Laverdant, D. S. Schmool, and
H. Kachkachi, “Plasmon-enhanced diffraction in nanoparticle gratings fab-
ricated by in situ photo-reduction of gold chloride doped polymer thin films
by laser interference patterning,” Journal of Materials Chemistry C, vol. 5,
no. 14, pp. 3553–3560, 2017.

[79] R. Omar, New way of synthesis of uniform gold nanoparticles for the detection
of few molecules. PhD thesis, Université de Lorraine et Université Libanaise,
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Plasmonic nanocomposites embedding gold and silver nanoparticles: in situ 
synthesis and local optical properties by spectroscopic imaging ellipsometry

During the last 40 years, research on metallic nanoparticles found an increasing interest due to 
the development of new techniques to probe the nanoworld. Numerous scientists developed 
new materials called nanocomposite and composed of nano-objects integrated in a dielectric 
matrix. Among them, plasmonic nanocomposites based on noble metals have numerous 
applications such as optical sensors, spectrally selective coatings and sensors for bio-medical 
diagnostics. This class of new attractive materials is a great topic of research due to a peculiar 
aspect of their optical properties: the Localized Surface Plasmon Resonance.
In this experimental thesis, we try to have a better understanding on the growth process of gold 
and silver nanoparticles in situ synthesized in a polymer matrix. The in situ synthesis is a simpler 
and a faster preparation method than conventional methods for plasmonic nanocomposites but 
less control on the size and shape of the nanoparticles is possible. As the in situ growth of 
metallic nanoparticles is not completely understood, we used advanced optical techniques to 
unravel the detailed mechanism linking the optical properties of the nanocomposite to their 
structural parameters. 
In this context, we have prepared nanocomposites embedding silver or gold nanoparticles. We 
first studied the impact of the thickness of the film on the localized surface plasmon resonance 
parameters. We have shown that this experimental parameter has a large impact on the size of 
the nanoparticles in situ synthesized in the polymer matrix. Furthermore, we presented an 
experimental study of the optical properties of gold-doped nanocomposites using single 
wavelength imaging ellipsometry. We have found that, for a thin polymer film and at gold-
doping level less than 0.2%, the growth of the gold nanoparticles inhomogeneously occurred 
within the film. Finally, at this low doping level, the optical constant determined by the 
conventional spectroscopic ellipsometry spectra is only relevant for the polymer matrix. We 
have shown the advantage of using imaging spectroscopic ellipsometry by choosing areas on 
the image with a different intensity contrast and have access to the local optical properties at 
microscale. 
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