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Résumé

Dans cette thése nous présentons différents motifs
formés par auto-organisation de matériaux
azopolymeres soumis a un rayonnement lumineux.
Nous avons montré que de nombreux réseaux de
surface photoinduits, jusqu'a 10, peuvent étre
enregistrés sur la méme zone d'un film azopolymere
pourvu que la polarisation du faisceau d'écriture soit
bien choisie. Cet effet a permis la création d'une grande
variété de motifs complexes. Dans cette thése, nous
montrons de telles structures complexes formées a la
surface de couches minces d'azopolymére via un
ensemble de réseaux superposés (jusqu'a 16 sur la
méme zone). Nous créons ainsi des structures dites
quasi-cristal @ 2 dimensions. La surface d'azopolymere
est alors utilisée comme un moule afin d'étre répliquée
avec un élastomére. La couche d’élastomere ainsi
produite possede la méme structure que le moule en
azopolymere.

Cette couche est flexible, transparente et étirable et
nous l'avons utilisé pour le dépdét de nano-objets
uniques.

Les caractéristiques de deux surfaces photoinduites de
deux azopolymeres chiraux ont été comparées: une
surface aléatoire de type gaussien et une surface avec
des réseaux quasi-aléatoires.

Ces motifs ont été obtenus avec une technique simple
de type ‘bottom-up’ en éclairant la couche mince
d'azopolymere avec un seul faisceau laser. La surface
avec des réseaux quasi-aléatoires peut étre utilisée
pour le couplage de la lumiére dans plusieurs directions
dans un film ultra-mince. Ces deux surfaces ont été
utilisées comme moule et répliquées sur un élastomere
transparent. Elles montrent un trés bon piégeage de la
lumiere. Plus précisément, le piégeage de

la lumiere est 20% meilleur avec les réseaux quasi-
aléatoires qu'avec la surface aléatoire de type gaussien
et il est de I'ordre de 40%.

Mots clés
Azopolymeére, structuration en surface, piégeage de
lumiére

Abstract

In this thesis we present various patterns formed by
self-organization of azopolymer materials subjected to
light radiation.

We have shown that many photoinduced surface
gratings, up to 10, can be recorded on the same

area of an azopolymer film, provided that the
polarization of the writing beam is well chosen.

This effect allowed the creation of a wide variety of
complex patterns. In this thesis, we show such complex
structures formed on the surface of thin layers of
azopolymer, via a set of superimposed networks (up to
16 on the same zone). We thus create so-called quasi-
crystal structures with 2 dimensions. The azopolymer
surface is then used as a mold to be replicated

with an elastomer. The elastomer layer produced has
the same structure as the azopolymer mold.

This layer is flexible, transparent and stretchable and we
used it for the deposition of unique nano-objects.

The characteristics of two photoinduced surfaces of two
chiral azopolymers were compared: a Gaussian type
random surface and a surface with quasi-random
lattices. These patterns were obtained with a simple
bottom-up technique, by illuminating the thin layer of
azopolymer with a single laser beam. The surface with
quasi-random lattices can be used for the coupling of
light in several directions in an ultra-thin film. These two
surfaces were used as molds and replicated on a
transparent elastomer. They show a very good trapping
of light. More precisely, the trapping of the light is 20%
better with the quasi-random gratings than with the
random surface of the Gaussian type and it is of the
order of 40%.

Key Words
Azopolymer, Surface structuration, light trapping
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Abstract

In this thesis we present various patterns formed by self-organization of azopolymer materials

subjected to light radiation.

We have shown that many photoinduced surface gratings, up to 10, can be recorded on the same
area of an azopolymer film, provided that the polarization of the writing beam is well chosen.
This effect allowed the creation of a wide variety of complex patterns. In this thesis, we show
such complex structures formed on the surface of thin layers of azopolymer, via a set of
superimposed networks (up to 16 on the same zone). We thus create so-called quasi-crystal
structures with 2 dimensions. The azopolymer surface is then used as a mold to be replicated
with an elastomer. The elastomer layer produced has the same structure as the azopolymer mold.
This layer is flexible, transparent and stretchable and we used it for the deposition of unique
nano-objects.

The characteristics of two photoinduced surfaces of two chiral azopolymers were compared: a
Gaussian type random surface and a surface with quasi-random lattices. These patterns were
obtained with a simple bottom-up technique, by illuminating the thin layer of azopolymer with a
single laser beam. The surface with quasi-random lattices can be used for the coupling of light in
several directions in an ultra-thin film. These two surfaces were used as molds and replicated on
a transparent elastomer. They show a very good trapping of light. More precisely, the trapping of
the light is 20% better with the quasi-random gratings than with the random surface of the

Gaussian type and it is of the order of 40%.

On the other hand, using a non-coherent irradiance associated with the solvent-droplet-induced-
dewetting method, we have shown a method for producing ordered nano-patterns based on
dewetting. These nanostructures can be categorized as nano-doughnuts and are composed of a

hole surrounded by a ring. Moreover, using the property of the azopolymer films, having a large



macroscopic photoinduced motions, the nanostructures can be optimized and reshaped via a

judiciously chosen light field.

Finally, in this thesis, a new type of colloidal nanoparticles of the ‘janus' type composed of
azopolymer and PMMA were synthesized. These nanoparticles look like soccer balls. Because of
the photo-fluidization of the azopolymer, a restricted portion of the azopolymer layer at the
surface of the nanoparticles can be modified by light in order to obtain unique morphologies

such as; "porcupine™ particles or "pineapple" particles.



Résumeé

Dans cette these nous présentons différents motifs formés par auto-organisation de matériaux

azopolymeres soumis a un rayonnement lumineux.

Nous avons montré que de nombreux réseaux de surface photoinduits, jusqu'a 10, peuvent étre
enregistrés sur la méme zone d’un film azopolymére pourvu que la polarisation du faisceau
d'écriture soit bien choisie. Cet effet a permis la création d'une grande variété de motifs
complexes. Dans cette thése, nous montrons de telles structures complexes formées a la surface
de couches minces d'azopolymeére via un ensemble de réseaux superposés (jusqu'a 16 sur la
méme zone). Nous créons ainsi des structures dites quasi-cristal & 2 dimensions. La surface
d'azopolymére est alors utilisee comme un moule afin d'étre répliquée avec un élastomére. La
couche d’élastomeére ainsi produite possede la méme structure que le moule en azopolymeére.
Cette couche est flexible, transparente et étirable et nous l'avons utilisé pour le dép6t de nano-

objets uniques.

Les caractéristiques de deux surfaces photoinduites de deux azopolyméres chiraux ont été
comparées: une surface aléatoire de type gaussien et une surface avec des réseaux quasi-
aléatoires. Ces motifs ont été obtenus avec une technique simple de type ‘bottom-up’ en éclairant
la couche mince d'azopolymere avec un seul faisceau laser. La surface avec des réseaux quasi-
aléatoires peut étre utilisée pour le couplage de la lumiere dans plusieurs directions dans un film
ultra-mince. Ces deux surfaces ont été utilisées comme moule et répliquées sur un élastomere
transparent. Elles montrent un tres bon piégeage de la lumiére. Plus précisément, le piégeage de
la lumiére est 20% meilleur avec les réseaux quasi-aléatoires qu'avec la surface aléatoire de type

gaussien et il est de I'ordre de 40%.

D’autre part en utilisant un éclairement non cohérent associé a la méthode ‘solvent-droplet-

induced-dewetting’, nous avons montré une méthode pour fabriquer des nano-motifs ordonnés

v



basés sur le démouillage. Ces nanostructures sont assimilables a des nano-beignets et sont
composées d'un trou entouré d'un anneau. De plus, en utilisant la propriété des films
d'azopolymeére a avoir de grands mouvements macroscopiques photoinduits, les nanostructures

peuvent étre optimisées et remodelées via un champ lumineux judicieusement choisi.

Enfin, dans cette thése, un nouveau type de nanoparticules colloidales de type ‘janus’ composées
d'azopolymeére et de PMMA ont été synthétisées. Ces nanoparticules ressemblent a des ballons
de football. A cause de la photo-fluidisation de I’azopolymére, une partie restreinte de la couche
d'azopolymeére en surface de la nanoparticule peut étre modifiée par la lumiére afin d'obtenir des

morphologies uniques comme par exemple des particules “hérissons” ou des particules “ananas”.
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General Introduction

Our environment is a composite of numerous amazing self-organized patterns. The waves of the
sea, the little ripples on the shore, the sweeping curve of the sandy bay between the headlands,
the outline of the hills, the shape of the clouds, patterns on the skin of animals, the nest of social
insects, bacterial colonies, all these are so many riddles of form, so many problems of
morphology, and all of them the physicist can more or less easily read and adequately solve. In
optics self-organized regular patterns emerge from uniform or randomly structured input optical
fields. These patterns can be used in image formation and manipulation techniques to increase
the sensitivity or resolution of optical systems, the manufacturing of optical neural networks and

associative memories and the use of fractal and wavelet algorithms for image compression.

In this regard, Azobenzene and its derivatives are fascinating molecules display that the rever-
sible photoisomerization between the more stable trans and the less stable cis isomers. Although
photoisomerization can result in important changes of properties for azobenzene molecules on
their own, such as a large change in molecular shape and dipole moment, changes that can be
imparted to polymers and liquid crystals when azobenzene is part of their structures or is
associated with them are more interesting. Surface relief grating (SRG) formation in azo-
polymeric materials is a new form of grating formation in optical materials. SRG is a young
branch of research and lot of questions remain unanswered. Migration (diffusion) of azo-
molecules from bright region of two coherent beams interference to its dark region result grating
formation on the surface of polymer film. As such, engineering azopolymer materials can lead to
photoisomerization induced by light, to create different and unique self-induced patterns on the
surface of thin films. The subject of our study concerns the self-organization of azo-molecules to

form a regular patterns through single or multiple exposures in a azopolymer film.
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In this thesis, we present a simple experimental method, based on irradiation of azopolymer thin
films with an interference pattern of laser beam, for formation of complex quasi-crystal
structures on the surface of thin films. Also, using a set of newly synthesized chiral azopolymers,
a 2D quasi Gaussian surface and a quasi-random periodic surface (quasi-random gratings) are
formed on the surface of thin films, based on molecular nano-motor lithography. Advantages of
both surfaces for energy conversion are discussed and two examples of applications, requiring a
high light coupling in a thin film, are presented. Next, a simple bottom-up approach is used to
produce doughnut shaped nanostructures on the surface of azopolymer thin films, by the choice
of a solvent-droplet-induced-dewetting method and an incoherent unpolarized light illumination.
Also, due to the presence of highly photoactive azobenzene derivative in the material,
illumination of these nano-structures by a polarized laser light shows the possibility of a further
growth and reshaping of the structures. Furthermore, using the method of control dewetting on a

pre-patterned substrate, formation of nano-structures are directed and ordered.

The last part of the study deals with a new and excited group of colloidal azopolymer particles,
composed of PMMA and azopolymer, resembling a buckyball, and their unique deformations
under illumination via laser light, with different polarizations. We propose the investigation of
such particles for the study of the SRG formation phenomena and the basic understanding of the

light-matter interaction.

The vitality and sustained interest of this field can easily be noticed from the many research

papers on azobenzene-based materials that continue to appear.

Overview of the thesis

The first chapter is devoted to the presentation of self-organization and a general review of azo-

polymer film deformation. The idea of surface relief grating formation, proposed models will be
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developed in this chapter. The basic background is set to help the general readership understand
the fundamental aspects involved in and the ideas and interests behind the azo materials used in
this study. In this chapter we will also present the concept and advantages of Random and Quasi-
random surfaces, as an active field in disorder photonics. Following, we introduce Dewetting as
a different approach to induce patterns on the surface of azopolymer thin films. Next, we review
and discuss colloidal polymeric particles as the subject of a wide range of studies and
developments. The last part of chapter I, recalls soft lithography as a simple and inexpensive
method, well suited for the fabrication of surface structures for polymers, gels and organic

monolayers.

In the second chapter, we present azopolymer materials used in this study, along with their
characteristics. Plus, this chapter contains the list of solvents, experimental methods,
nanoparticles, optical setups and the equipments (microscops, profilometer and ...) employed in
this project. Last part of chapter Il explains the synthesis process of the new group of

azoparticles.

The third chapter is devoted to describing the results of studies. In first part, we present the
fabrication of surface quasi-crystal structures on azo polymer films through successive
inscription of multiple surface relief gratings. Following, this structures were used as a mold for
replication, via soft lithography, on a transparent elastometer (PDMS) and its applicibility in

nanoparticle deposition.

In second part of chapter Il we discuss the formation of Quasi-random or Gaussian random
structures on azopolymer films, by the method of single beam irradiation. Special characteristics
and properties of these structures are discussed and the possibility of application of these surface
structures in real life fields like, Organic light-emitting diode (OLEDSs) or solar cells, for a better

efficiency of light diffusion or light harvesting, are evaluated.
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In third part of chapter I1l we focus on surface structuring through dewetting. In this part, using
solvent-droplet-induced-method doughnut shaped nanostructures are induced on the surface of
azopolymer thin films. Due to the nature of azopolymer material, there is a possibility of further

growth and reshaping of said nano structures under laser irradiation.

In final part of chapter 111 we review the newly synthesized azoparticles. Properties and behavior
of these particles under single and double beam illumination are studied and the resulted

deformations and unique shapes are presented.

In the appendix, mathematical description of SRGs on the thin films and PDMS replica are
discussed in great details. Also, a quantitative analysis of the evolution of the nanocavities’
dimensions with stretching the PDMS quasi-crystal was done and a method for extraction of
cavities’ dimension on the PDMS sample was presented. Finally, a simulation of the random
Gaussian surface was obtained with a stochastic process, resulting from an acting random

molecular surface process.
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Chapter I:
Introduction of Pattern Formation



1.1. Introduction

The scientific study of self-organizing systems is relatively new, although questions about how
organization arises have of course been raised since ancient times. Many natural systems show
organization (e.g. galaxies, planets, chemical compounds, cells, organisms and societies).

There has been a tremendous increase in the study of self-organization in optical systems.

This thesis is devoted to review optical patterns and surface relief grating (SRG) formation as a
path to form complex structures for different applications. We will also discuss one beam
deformation of azo-materials on a new series of azo-polymers. Two unique surface structures
are introduced; a Gaussian random pattern and a surface with quasi-random gratings.
Following, new set of structures are obtained using the solvent-droplet-induced-dewetting

method. The resulted structures resemble a dough-nut, with the ability for further reshaping.

In the end, we present a new group of synthesize colloidal polymeric particles consist of
PMMA and azopolymer. Due to the unique structure of these particles, under illumination by a

laser beam, the resulted shapes are utterly interesting and unique.



1.2. Patterns/self-organizations

Pattern formation is a truly interdisciplinary science. The similarity in fundamental
mechanisms and the accompanying mathematics brings together scientists from many
disciplines such as; biology, chemistry, fluid dynamics, material science, mathematics,
medicine, geophysics, ecology, physics and surface science. Natural patterns turn up all over.

From sea shells and spiral galaxies to the structure of human lungs, the patterns of chaos are all around
us. Fractals are patterns formed from chaotic equations and contain self-similar patterns of complexity
increasing with magnification. If a fractal pattern is divided into parts, one gets a nearly identical
reduced-size copy of the whole. The mathematical beauty of fractals is that infinite complexity is
formed with relatively simple equations. By iterating or repeating fractal-generating equations many
times, random outputs create beautiful patterns that are unique, yet recognizable. Some of the most

stunning natural examples are found of fractals on our planet.

Like Romanesco Brocoli; this variant form of cauliflower is the ultimate fractal vegetable. Its
pattern is a natural representation of the Fibonacci or golden spiral, a logarithmic spiral where

every quarter turn is farther from the origin by a factor of phi, the golden ratio.

Ammonite Sutures; Extinct for 65 million years, ammonites were marine cephalopods that built

chambered spiral shells. The walls between these chambers, called sutures, were complex fractal
curves. The shells of ammonites also grow as a logarithmic spiral, a pattern that appears often in nature,

as with romanesco broccoli.

Mountains; result of tectonic forces pushing the crust upward and erosion tearing some of that crust
down. The resulting pattern is a fractal. Such as the Rainbow Mountains Of China, earth's paint palette.
Leaves of plants that follow simple recursive formulas in generating their branching shapes and leaf
patterns. Patterns of peacock Feathers, which Peacocks used to attract mates. Snowflakes;

crystallizing water that forms repeating patterns in snowflakes and on frosty surfaces. The patterns have



inspired claims about the power of consciousness to affect matter, as well as one of the first described

fractal curves, the Koch snowflake, and so many other examples all around us (Fig.1.1).

Fig. 1-1: Few examples of self-organized patterns in nature. a) golden spiral of RomanescoBrocoli, b) Leaves of
plants ¢) Rainbow Mountains Of China d) logarithmic spiral ofAmmonite Sutures e)Ripples pattern of a desert
dune f) Pattern of a snowflake

There is always an element of subjectivity in perceiving patterns. There are surely certain
spatial images that are most categorized as patterns; the repeating designs of wallpaper or
carpets, for example. This prompts the idea that a pattern might be regarded as a regularly
repeating array of identical units. This concept can be broadened slightly, and include in
general definition an arrays of units that are similar but not necessarily identical, and which
repeat but not necessarily regularly or with a well-defined symmetry. An example is the ripples
of sand at the seaward edge of a beach or in a desert (Fig.l.1.e). No two ripples are identical,
and they are not positioned at exactly repeating intervals (which is to say, periodically in
space) but nonetheless, it isn’t too hard to persuade one that this might be reasonably called a

pattern, since one can recognize within it elementary units (the ripples) that recur again



throughout space. A mountain range has features of all sizes, from little crevasses to huge
sweeping valleys, but there is still something about the way it looks from above that allows one

to see a pattern.

Form is a more individual affair. It could be defined loosely as the characteristic shape of a
class of objects. Like the elements of a pattern as described above, objects with the same form
do not have to be identical, or even similar in size; they simply have to share certain features so
they can be recognized as typical. Shells of sea creatures are like this. The shells of organisms
of the same species all tend to have a certain form that can be recognized and identified even
by a relatively untrained eye, despite the fact that no two shells are identical. The same is true
of flowers, and of the shapes of mineral crystals. The true form of these objects is that which
remains after all the slight and inevitable variations between individuals have been averaged

away[1].

The problem of creating patterns and forms that we tend to recognize as such is therefore not
one of how to generate the symmetry that they often possess, but of how to reduce the perfect
symmetry that total randomness engenders, to give rise to the lower symmetry of the pattern.
How do the water molecules moving at random in the atmosphere coalesce into a six-petalled

snowflake? Patterns like this are the result of symmetry breaking[1].

The study of complexity provides new insights into how patterns develop in nature. One
exciting finding is that order often arises spontaneously from disorder; patterns can emerge

through a process of self-organization[2].

Self-organized systems are structure formations without any clear association from outside of
the system. Any system that takes a form that is not imposed from outside (by walls, machines
or forces) can be said to self-organize. In other words, a self-organization results from the

interactions among the components of the system and is an internal phenomenon. The



organization can develop in either time or space, maintain a stable form or show transient
phenomena. The size of self-organized patterns typically is much larger than the size of
individual components and in some natural patterns their ratio can reach 10*-10% General
resource flows within self-organized systems are expected (dissipation), although not critical to
the concept itself. For example in spite of conflicting actions between insects, collective
structures which fulfil numerous functional and adaptive requirements are produced[3]. Noise
(fluctuations) can allow metastable systems to escape one basin and to enter another, thus over
time the system can approach an optimum organization or may swap between the various
patterns, depending upon the size and nature of the perturbations. For instance, individual
insects are not able to process a large quantity of information but simply their response to
stimulus from other individuals or environment (these stimulus don’t carry any signs, simply
they are attractive or repulsive, activating or inhibiting) lead to Pattern formation. The

individual units just have access to local information[4].

The field of self-organization seeks general rules about the growth and evolution of systemic
structure, the forms it might take, and finally methods that predict the future organization that
will result from changes made to the underlying components (past construction sets the stage

for new building actions)[5].

Several researches have been developed on the study of the structure formation through self-
organization in optical systems because optics has several advantages such as flexibility and
the simplicity of handling. Organic materials have been shown to be quite useful for the
fabrication of integrated-optics devices. Responsive polymer-based materials, like
azopolymers, are capable of altering their chemical and/or physical properties upon exposure to

external stimuli.A brief description of these compounds are given in the next section.



1.3. Azobenzene

Azobenzene is a chemical compound composed of two phenyl rings linked by an N=N double
bond. The term azobenzene or simply azo is often used to refer to a wide class of molecules
that share the core azobenzene structure, with different chemical functional groups extending
from the phenyl rings (technically, these compounds should be referred to as diazenes). The
azobenzene compounds strongly absorb light, and were historically used as dyes in a variety of
industries. One of the most intriguing properties of azos is photo-isomerization behavior
between two isomers, the trans and cis configurations[6]. The two isomers can be switched
with particular wavelengths of light: ultraviolet or blue light, which corresponds to the energy
gap of the m-n* (S state) transition, for trans-to-cis conversion, and blue light, which is
equivalent to that of the n-n* (S: state) transition, for cis-to-trans isomerization. For a variety
of reasons, the cis- isomer is less stable than the trans (for instance, it has a distorted
configuration and breaks the aromaticity of the trans configuration) Thus, cis-azobenzene will
thermally relax back to the trans via cis-to-trans isomerization. The trans isomer is more stable
by approximately 50 kJ/mol, and the barrier to photo-isomerization is on the order of 200

kJ/mol (Fig.1.2)[7, 8].
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Fig. I-2 : a) Azobenzene can be converted from the trans to the cis state photochemically, and will revert back to
the stable trans state thermally. Alternately, the cis to trans conversion can be effectuated with a distinct
wavelength of light. (b) Simplified state model for azobenzenechromophores. The exinction coefficients are
denoted &, whereas the quantum yields for the photoisomerizations are labelled ¢. The rate of thermal relaxation is
denoted by k.

The exact wavelength at which azobenzene isomerization occurs depends on the particular
structure of each azo molecule, but they are typically grouped into three classes[6]: the

azobenzene-type molecules, the amino-azobenzenes, and the pseudo-stilbenes (Fig. 1.3).
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Fig. 1-3: Examples of azobenzene molecules that fall into the three spectroscopic classes: (a) azobenzenes (b)
aminoazobenzenes, and (c) pseudo-stilbenes

These azos are yellow, orange, and red, respectively, owing to the subtle differences in their
electronic absorption spectra. The compounds similar to the unsubstitutedazobenzene exhibit a
low-intensity n-n* absorption in the visible region, and a much higher intensity =-z* absorption
in the ultraviolet. Ortho- or para-substituted azo dyes with electron-donating groups (such as
aminos), are classified as amino-azobenzenes, and tend to closely spaced n-n* and n-n* bands
in the visible. The pseudo-stilbene class is characterized by substituting the 4 and 4' positions
of the two azo rings with electron-donating and electron-withdrawing groups (that is, the two
opposite ends of the aromatic system are functionalized). This push-pull configuration results
in a strongly asymmetric electron distribution, which modifies a host of optical properties. In
particular, it shifts the absorption spectra of the trans- and the cis- isomers, so that they
effectively overlap. Thus, for these compounds a single wavelength of light in the visible
region will induce both the forward and reverse isomerization. Under illumination, these

molecules will be constantly cycling between the two isomeric states. The thermal back-



relaxation varies greatly depending on the compound: usually hours for azobenzene-type
molecules, minutes for aminoazobenzenes, and seconds for the pseudo-stilbenes. The energy
barrier for this thermal isomerization is on the order of 90 kJ/mol[9], [10]. The thermal back-
relaxation is generally first-order, although the distribution of highly constrained
configurations that arise in a glassy polymer matrix can lead to anomalously fast decay

components [11]-[13]. Accordingly, higher matrix crystallinity increases the decay rate[14].

The mechanism of isomerization has been the subject of some debate, with two pathways
identified as viable: a rotation about the N=N bond, with disruption of the double bond, or via
an inversion, with a semi-linear and hybridized transition state (Fig.l.4). It has been suggested
that the trans-to-cis conversion occurs via rotation into the S state, whereas inversion gives
rise to the cis-to-trans conversion. It is still under discussion which excited state plays a direct
role in the series of the photoisomerization behavior. However, the latest research on
femtosecond transition spectroscopy has suggested that the S, state undergoes internal
conversion to the S; state, and then the trans-to-cis isomerization proceeds. The conversion
from trans to cis reduces the distance between the ends of the moiety (between the 4 and 4’
positions): from 0.99 nm in the trans state to 0.55 nm in the cis state[15]-[17]. This change in
geometry results in a change in the molecular dipole, increasing it from essentially zero in the
trans state to 3.1 D in the cis form (for the parent azobenzene) [2]. The free volume
requirement of the cis is larger than the trans[18], with estimates of approximately 0.12 nm?
required for isomerization to proceed via an inversion of the azo bond[12], [19], and 0.28 nm?
for a rotation about the azo bond[20]. This large molecular change generates a nanoscale force,
which has been successfully measured in single-molecular force spectroscopy experiments[21],

[22].
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Fig. 1-4 : Rotation and inversion mechanisms pathways for azobenzene isomerization process

1.4. Photo-induced orientation

The photo-isomerization of azobenzene is a unique form of light-induced molecular motion.
This motion can also lead to motion on larger length scales. For instance, polarized light will
cause the molecules to isomerize and relax in random positions. However, those relaxed (trans)
molecules that fall perpendicular to the incoming light polarization will no longer be able to
absorb, and will remain fixed (the probability of photon absorption varies as cos2®, where @ is
the angle between the light polarization and the azo dipole axis). Thus, there is a statistical
enrichment of chromophores perpendicular to polarized light (orientational hole burning)
(Fig.1.5). The photo-orientation is reversible: isotropy can be restored using circularly
polarized light, or a new orientation direction can be selected by irradiation with a new

polarization.



Fig. I-5: The mechanism of statistical photo-orientation of azo molecules. (a) The molecules aligned along the
polarization direction of the incident light will isomerize, and take on a new random orientation. The molecules
that lie perpendicular to the polarization of light cannot absorb a photon and remain fixed. (b) An initially
isotropic distribution of chromophores will become progressively aligned with polarized irradiation. Irradiation
with circularly polarized light can restore isotropy [23]

Polarized irradiation will make an azo-material anisotropic and therefore optically birefringent
and dicroic[24], [25]. In these systems, the physical and optical properties such as the
absorption spectrum, dipole moment, refractive index and molecular conformation can be
reversibly changed through the trans-cis isomerization of azobenzene. This photo-orientation
can also be used to orient other materials (especially in liquid crystal systems). For instance, it
has been used to selectively orient liquid crystal domains, and to create NLO materials and
high density data storage[26]-[31]. Azo isomerization can also be used as switching elements
for microelectronics and to photo-switch the liquid crystal phase of a material [32], [33]. The

azobenzene moiety is robust and adaptable, having been incorporated into a wide variety of



different system types, including: small molecules, doped into polymeric systems,
supramolecular assemblies, liquid crystals, and covalently bonded to crystalline or amorphous
polymers. Although doping is an easy and convenient way to include azobenzene in a matrix of
choice, it is usually found that mobility leads to aggregation and crystallization of the azo
molecules, making the resultant films heterogeneous and optically cloudy. Thus, by far the
most often-employed incorporation strategy is to covalently bind the azochromophore to a

polymer backbone [34].

In 1995, it was discovered that exposing a thin film of azo-polymer to a light intensity (or
polarization) gradient leads to spontaneous surface patterns [35], [36]. In essence, the polymer
material will reversibly deform so as to minimize the amount of material exposed to the light.
This phenomenon is not laser ablation, since it readily occurs at low power and the
transformation is reversible. The exact mechanism of this surface holography is still

unresolved, although it is clearly related to the azobenzene isomerization.

1.5. SRG Formation

In 1995, a remarkable, unusual and unexpected effect was discovered simultaneously by two
independent research groups in the azo-polymer materials well below their glass transition
temperature[35], [36]. Since these first two articles, more than 1000 articles have been
published to characterize the phenomena, to suggest the possible mechanisms and to propose
some future applications. When the material was irradiated with two coherent laser beams
(which generate a sinusoidally varying light intensity or polarization pattern at the sample
surface), the materials spontaneously deformed in order to generate a sinusoidal surface relief
grating (SRG) in this case the first order diffraction efficiency of a low power He-Ne laser (in
the wavelength that polymer is transparent) will increase excessively. This is a one-step

fabrication technique. Usually SRG topological formation is monitored by AFM to distinguish



between bulk (birefringence) and surface gratings. This surface deformation is reversible and
the original film thickness could be recovered upon heating the material past its glass-to-rubber
transition temperature (Tg) and/or in many cases even at room temperature by impinging a
single beam of laser light with the appropriate polarization. SRG has been studied on azo dye
doped polymers (guest-host systems)[37], amorphous side-chain and main-chain
azopolymers[38], [39], and on liquid crystalline azo-polymers[40], [41], mostly in the form of
spin-coated films. Sol/gel materials[42], Langmuir-Blodgett (LB) films[43], and films
assembled by ionic layer-by-layer interactions [44]-[46], single crystals [47] and more recently
monomeric glasses [48] have also been used. Monomeric glasses have fast response to writing
process and smaller birefringence in comparison to grafted polymers [49]. In azo dye doped
systems, the chromophores are not attached to the polymer chains and their photoisomeric
movements are not followed by the polymer chains and consequently the surface modulation is

very weak. This surface modulation is difficult to observe with AFM.

Liu et al. were synthesized azo derivative with fluorescent group which allowed them to use
fluorescence confocal microscopy for observation of molecular migration [50]. Polymer chain
migration, which is thought to be responsible for the large surface relief features, however,
does not appear to occur. As expected, the formation of the surface grating in the main chain
polymers was much slower than the side chain polymers. This is because the polymer has a
rigid backbone and the azobenzene groups are bound to the backbone at both ends, which
restrict the mobility of the chromophores. However, when it is considered that these main
chain polymers have very high Tgs, and relatively low absorption at the writing wavelength
compared to the side chain polymers, the observation of the surface modulation is quite
remarkable. The results of several research groups show that side-chain azo-polymers are the
best materials for inscription of SRG. It is well-established that the surface-patterning

phenomenon is strongly polarization dependent [51]. Both the efficiency of the process (as



measured by topography height) and the exact shape of structures are affected by the incident
polarization state. The two s polarized writing beams produce the largest light intensity
variation (the intensity recording condition). However, there is no polarization gradient of the
resultant electric field and no component of resultant electric field along the grating vector
direction. This configuration only produces a very low diffraction efficiency and small surface
modulation for the SRG (<10 nm). Under the polarization recording conditions, the two writing
beams have orthogonal polarization (s-p). The resultant electric field on the film surface has
the largest variation but the light intensity is uniform over the entire irradiated area. Very small
surface modulation and diffraction efficiency are obtained under this purely polarization
recording condition. Under other recording conditions (p:-p, +45°: —45° and RCP: LCP),
variations of both light intensity and the resultant electric field polarization on the film exist
simultaneously. The SRGs formed have much larger values for the surface modulation and
diffraction efficiency. It has been observed by several authors that illuminated regions of the
grating correspond to pits and dark regions to peaks of the surface, except in the case of side-
chain liquid crystalline polyester of low Ty where the opposite result was obtained. In essence,
the topography encodes both the incident light intensity pattern and the polarization

pattern[52].

1.5.1. Two beam experiment

In order to form the SRGs, it was found that irradiation with a double beam exposure of a light
intensity and/or polarization gradient would lead to spontaneous large-scale motion of polymer
material in the thin film, resulting in surface topographical patterning. Two beams of equal
intensity with appropriate polarizations made to impinge on the surface of sample. The

molecules move from high to low light intensity regions[53].

Fig.1.6 shows the typical experimental setup used for a double beam setup for inscribing SRGs,

and a typical topography of a SRG.
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Fig. 1-6 : a) Typical experimental setup for the inscription of surface relief gratings. In the diagrams, M refers to
mirrors that control the incident beams, WP are polarization-controlling wave-plates, BS is a beam-splitter, and D
is a detector used to measure the diffraction efficiency of a probe laser beam. b) Atomic force microscopy (AFM)
image of a typical surface relief grating(SRG) inscribed on an azo-polymer film

1.5.2. Single beam deformation of azo-polymers
Following the discovery of SRG and the ability of deformation of the azo-polymer surface by
the interference of two coherent beams, several research groups started to study the possibility

of deformation of azo-polymer systems under illumination of a single laser beam.

A single focused laser beam surface deformation experiment was performed by Bian et al. to
study the phase relation between writing beams interference pattern and SRG. The results help

to a deeper understanding of the grating formation mechanism [54], [55]

The experiment demonstrated two important characteristics. First, the photoinduced surface
deformation depends strongly to the input laser beam polarization direction. The maximum
deformation happens along the direction of laser beam polarization. Second, the surface
deformation profile along the polarization is not proportional (positively or negatively) to the
laser intensity. Instead, it approximates to the second derivative of the laser intensity along the

polarization direction (x-axis).




According to the migration (diffusion) model, the azo molecules have tendency to move from
higher intensity region of beam (more trans-cis-trans photoisomerization) to the lower one and
finally to the dark region in the direction of laser beam polarization and deform the surface of

polymer film.

The single-beam experiment is particularly relevant to reveal the photoinduced lateral
migration of polymer chains and to deduce the phase shift of the SRG with respect to the
interference pattern since no such unambiguous assignment could be given in the grating

writing experiment.
1.6. Mechanism of SRG Formation

There remains, however, much controversy surrounding the fundamental origins of all-optical
surface patterning of azo thin films, and no proposed mechanism appears to provide a suitable

explanation for all observations. Here we will review almost all the proposed mechanisms:

1.6.1. Isomerization pressure model

This model is based on pressure gradient induced transport deformation and the resulting
viscoelastic flow to form surface gratings on the azo polymer films[56], [57]. The pressure
gradients arise from the increased cis population in the bright regions, together with the cis
isomer’s large free volume requirement and the viscoelastic flow of the polymer is related to
the velocity components by Navier—Stokes equations (Fig.l.7). The thickness h of polymeric
film, its molecular mass M, its viscosity u (proportional to M) as well as the pressure P are
taken into account and lead to an expression of the temporal evolution of polymeric film
thickness:

fh d° P d° %P
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where X represents the direction according to which the distribution of intensity or polarization
takes place. The theoretical dependence of the rate of inscription (fd/qt) to the thickness of

polymeric film (d®) is checked in experiments [58] for low thicknesses of polymeric films.

Based on this, a relationship between the grating formation rate and intensity of the writing
beams, molecular weight of the polymer and thickness of the film is derived and

experimentally verified.

For thinner films, there is excellent agreement of the experimentally observed and predicted
writing efficiency and film thickness. Inscription rate is found to increase linearly as a function
of light intensity and is accurately accounted for by this model. The gradient of isomerization
pressure model however, does not adequately account for the strong polarization dependent
grating formation process. The theory predicts the highest pressure gradients for two s-
polarized beams. This is in contradiction with experimental data, which demonstrate negligible

diffraction efficiency for this geometry.

Sumaru et al. have developed this approach to successfully describe the evolution of the
surface relief gratings over longer time periods for any initial thickness of polymer film [59],
[60]. However, this model does not take into account the influence of the polarization of

writing beams
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Fig. 1-7: Schematic representation of isomerization pressure model. a) Trans-cisphotoisomerization and
difference in the free volume requirement for trans and cis isomers. b) Intensity modulation rise from two
coherent beams interference (1) that causes more isomerization (2), more pressure (3) and finally deformation of
polymer surface (4)

1.6.2. Gradient electric force mechanisms

This model has been proposed by Kumar et al. [61], [62] and is based on the interaction of the
azochromophore functionalized macromolecules with the optical field induces polarization in
the material in the direction of the field. Efficient trans-cis-trans photoisomerization cycling
leads to a photostationary state when there is a net chromophore orientation perpendicular to
the field direction. The associated decrease in the refractive index and hence the susceptibility
of the material defines the direction of flow of the polymer chains. The unique aspect of the
azo polymer system is that these processes occur simultaneously and the time averaged effect

results in transport of the polymer chains in the field gradient direction. The process is initiated



at the film surface and continues through the bulk of the material as the polymer layers are
moved, leading to high amplitude gratings [63]. The force responsible for the movement of the
polymer involves a spatial variation of the susceptibility of the material and an electric field

gradient (Fig.l.8).

In this case the time-averaged force would take the form:

i =((PRE)

where P = eo CE and E are the optical field induced polarization in the material and electric
field amplitude of optical field, respectively. Thus, the grating inscription would be related to
the spatially-varying materials susceptibility c , the magnitude of the electric field E, and the

gradient of the electric field. This naturally includes the polarization dependence observed in

experiments.

In this model a photo-induced plasticization is assumed, allowing material mobility well below
Tg. The force density estimated for conventional lasers is 100 N/m3 which is two orders of
magnitude smaller than that of the gravitational force (104 N/m?), and thus is too small to be of

influential importance.
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Fig. I-8 : Schematic representation of model. The intensity and surface modulations have phase difference of

More recently Yang et al. have developed this model by adding magnetic force to have an
electromagnetic force[64].This electromagnetic force is driving force for SRG formation
process. They assumed that the medium is not a magnetic medium. They considered polymeric
material as an incompressible viscous fluid and used Navier-stokes equation to describe the
motion of material. The obtained theoretical results of the inscription rates and the expected z-
component surface velocity directions are in good agreement with experimental result. Again

the heart of this model is photoplasticization of polymeric material.



1.6.3. Thermal mechanisms

Models involving thermal effects appear to be the most readily proposed. Thermal gradients
would be created due to the inhomogeneous illumination (light interference pattern) of the
sample surface, but their magnitude and persistence time would be expected to depend strongly
on material parameters, geometry, and size scale. Such mechanisms would be sensitive to the
intensity of the light interference pattern, but not its polarization, counter to observations. For
example, SRGs have been written using a pure polarization pattern, where the intensity of the
light at the film surface is constant. Attempts to produce SRGs with absorbing chromophores
other than azobenzene have not been successful, and it appears that the isomerization is
necessary for the process. Experiments at high laser intensity [55] (and experiments with
pulsed systems[65], which are equivalently high intensity) on the other hand show neither
polarization dependence nor a strict on azobenzenechromophores. Recently Yager et al. have
created a simulation, to clarify the role of thermal gradients in the SRG inscription process[66].
They showed that thermal gradients are negligible for typical modest irradiations (for the
intensities of 50mW/cm? the temperature of sample raise about 5K)[67], and the temperature
gradient achieved within the sample is on the order of 10 K, and does not appear to vary with
inscription or geometric conditions. This gradient cannot lead to an appreciable spatial
variation of material properties, and certainly does not explain the dependence of SRG

inscription on many variables.

The pulsed irradiations are likely causing destructive sample ablation, and not mass transport.

1.6.4. Permittivity gradient model

Baldus and Zilker have proposed a mechanism for SRGs formation based on spatial variation

of the permittivity of material due to the periodic alignment of the polymer side-chains caused



by intensity or polarization modulation of interfering writing beams. This gradient of

permittivity under an optical electric field results in a force[68].

This force is proportional to the square of the optical electric field in the grating vector

direction, and to the gradient of permittivity at any point:

r e

f(x) = —7"Er2(x)Ne

Material is moved out of areas with high gradients of permittivity, and in general is moved out

of areas of illumination and causes the modulations of the surface (Fig.1.9).

= Driving force

-=== Light intensity
—

Fig. 1-9 : X; component of force under a periodical modulation of the incident light. The material is pulled out of
areas with high gradients of the permittivity (arrows denote the force direction)

In this model they assumed that the softening of the material can achieve thermally, and trans-

cis cycles of the side chains, and therefore chromophore reorientation, play a negligible role.



1.6.5. Asymmetric diffusion (migration) model

Nunzi et al. have developed a model based on the anisotropic translation diffusion of azo dyes
in a direction that is parallel to the polarization direction of the writing beam [69]-[71]. This
translation is due to the photo-excitation and thermal re-conversion (photoinducedtrans-cis-

trans isomerization cycles) of chromophores (Fig.1.10).

Trans isomer Cis isomer

Fig. I-10 : Photoinduced worm-like motion of disperse red 1 azo molecule

The probability of undergoing a statistical random-walk is related to the probability of
excitation, which in turn is related to the intensity of light and the angle between the electric
field vector of the light and the chromophore dipole moment. There is thus a net flux of
molecules out of areas of light and into the dark, aided by pointing the dipoles towards the dark
regions through a polarization-dependent photo-alignment. Once a molecule has diffused into a
dark region, there is a zero probability of it being excited back into a light region, and hence

the azo molecules would be expected to congregate coincident with the interference pattern,



and produce a surface relief grating. Attached azo molecules to backbone polymer chains can
act as tractors that pull the polymer material. This model explains very well the polarization

dependence observed in the azo polymer films.

1.6.6. Mean-field model

Mechanisms based on electromagnetic forces seem promising, since these naturally include
both the intensity and polarization state of the incident radiation. In the mean- field model,
each chromophore is subject to a potential resulting from the dipoles of all other

chromophores[72], [73].

Under irradiation, chromophores at any given point will be oriented perpendicular to the light
polarization at that point. The mean-field that they generate will tend to align other
chromophores in the same direction, and also causes an attractive force between side-by-side
chromophores oriented in the same direction. Overall, this results in a net force on
chromophores in illuminated areas, causing them to order and aggregate. This mechanism
predicts a collection of mass in the areas of high light intensity, at the expense of areas of lower

intensity.

Theoretical predictions of the polarization dependence of the periodicity and shape of the
surface relief profiles have been found to agree well with the experimental results. However,
the model presumes a spatially constant intensity when two orthogonally polarized beams

interfere at an angle (6>0).

This treatment, based on the intrinsic mobility of the LC materials, does not account for the dip
(instead of peak) inscribed in the material where the intensity is maximum, observed in the

amorphous azo polymers.



1.7. Crossed gratings formation

The possibility of inscribing two sets of gratings on the same area of the polymer film was
checked (Fig.l.11). On a set of SRGs of an azopolymer thin film, interfering two laser beams
were irradiated to append another set of gratings. As a result, appended gratings were
superposed on initial gratings and the direction of the mass transfer in the SRG formation was
turned to be restricted along its wave-vector[36].In addition, multiple gratings, up to 10, have
been recorded on the same spot, provided that the polarization of the writing beams was

properly selected, which allowed a variety of complex patterns to be produced.

Fig. I-11 : 2D view of AFM image of two grating recorded on the same area of azopolymer film

1.8. Quasi-Crystal structures through SRG inscription

It is well-known that subtle and complex surface structures can manipulate light through
physical effects such as scattering, diffraction, and interference[74], [75]. These structures can

be seen on various types of minerals, insects, and birds such as opal, butterfly wings, peacock



tails, and hummingbird feathers [74]. Man- made micro/sub micrometer surface relief
structures have found wide applications in various optical devices as diffraction gratings,
microlense arrays, and sensors[76]. Interest on these optical surfaces still rapidly grows

because of many new potential applications [75].

Structures with mesoscale features can be used as an ideal photonic bandgap (PBG)
material[77]. The meso scale quasi-crystal structures have been prepared through
hololithographic methods using materials such as photoresist[78] and polymer-dispersed liquid
crystal[79]. Recently, the quasi-crystal patterns have also been prepared by the dual-beam
multiple exposure technique using photoresist as a processing material[80]. Two-dimensional
surface quasi-crystal structures can be considered a new type of the optical surface, which is
characterized by the 2D long-range aperiodic order with rotational symmetry and can be used
as novel diffraction gratings and so forth[81]. Fabrication of surface quasi-crystal structures on
azo polymer films can be considered a new approach to further develop the surface patterning
technology based on the photo-driven mass- migration scheme. Theoretically, quasi-crystal
surface relief structures on azopolymer films can be inscribed by a suitable multiple exposure
procedure. Therefore, to our knowledge, documentation of fabrication of quasi-crystal surface

structures through the photo-driven mass-migration scheme is still lacking in the literature.

1.9. Random and Quasi-random surface structures

No surface is perfectly flat or ordered at every length scale. However, all natural and man-
made surfaces show some degree of roughness. Moreover, since a rough surface will give rise
to a partly random phase of the scattered electromagnetic field, a complex intensity pattern will
result due to the scattered field interfering constructively or destructively as angle of scattering

is altered. Such patterns are known as speckle patterns and they show rich properties that have



fascinated researchers for decades. Therefore, it is imperative to know how surface disorder

may affect physical process at, or in the immediate vicinity, of the surface[82].

Due to the practical applications of waves, and the number of naturally occurring surfaces
being rough, it is rather remarkable that it took several hundred years from the birth of optics,
as a scientific discipline, to anyone started to consider wave scattering from rough surfaces. As
far as we know today, the first such theoretical study was made at the end of the 19th century
(probably in the year of 1877) by one of the greatest scientists of its time, the British physicist
Lord Rayleigh [83]. He considered the scattering of light incident normally onto a sinusoidal
surface. In 1913 Mandel’shtam studied how light was scattered from liquid surfaces[84]. By
doing so, he became the first to consider scattering from randomly rough surfaces. This, as it
turned out, should define the beginning of an active research area — wave scattering from
randomly rough surfaces — which still today, almost a century later, is an active and vibrant

field [85]-[87]

Disordered photonics has made significant contributions to the field of science and engineering
in the recent past with potential applications ranging from imaging, random lasers to solar
energy harvesting[88], [89]. Most of the natural systems in our daily life such as human tissue,
blood cell, milk colloid, clouds, marble stone etc., strongly scatter light due to their structural
disorder[90]. The surface phenomena such as higher brightness[89], super hydrophobicity,
super lyophobicity, and super oleophobicity also stem from the structural randomness of the
surface[91]. Disordered systems host interesting optical phenomena such as coherent
backscattering[92], Anderson localization[93], super and hyper diffusion[94], wave
focusing[95], random lasing[96], enhanced energy storage[97] and etc. Thus, fabrication of
nanostructured materials for control of light-matter interactions has become particularly

important for improving different phenomena involving a high degree of light scattering[98].



For example, light emitting diodes necessitate out-coupling of light with a large directivity.

Development of solar cells requires the reduction of the active layer.

The usage of the random textures and the diffractive elements (both dielectric and plasmonic)
are crucial in reducing the reflection, increasing the path length of light inside the cell and for
optical coupling [99]. Having both random medium and diffraction features in a single element
is a clear advantage in the case of solar cells. Hence, random grating elements may be useful
for reducing reflection as surface element and at the same time spreading the light inside the

cell due to its dual properties. This certainly enhances the light harvesting capability of the cell.

All physical phenomena in a random medium are demonstrated in arbitrary random structures
that are fabricated by different methods such as removing the particles from random positions
in photonic crystal[100], self-assembly of particles[96], deep reactive ion etching[101],
chemical vapor deposition[102], introducing particles into polymer matrix [103], and femto-
second laser focusing to create randomly distributed voids[104] and electron lithography for
small area fabrication[105]. More or less all fabrication methods suffer from lack of
reproducibility, control and limitations attributed to wide area fabrication. Hence, random
medium is least exploited for device fabrication in spite of all its advantages. However, a
fabrication strategy that results in predictable, tunable and reproducible random and quasi-
random structures will open up new possibilities with which we can tailor them towards future

device applications.

A variety of lithographic techniques are now available for direct processing of materials at the
nanoscale[106], [107]. While the resolution of these techniques has continued to improve, the
cost of their implementation and system complexity have also increased substantially. For
example, traditional photolithographic nanofabrication techniques rely on costly masks[108],

while electron and focused ion beam writing require expensive beam sources and elaborate



control systems[109], [110]. Similarly, sophisticated equipment is required for lithographic
techniques based on scanning probes and optical tweezers[111]-[114]. Alternate strategies,
involving self-assembling nanostructures, have been explored to improve the versatility and
lower the fabrication costs[115], [116]. However, arbitrary direct writing cannot be performed
by these methods due to the lack of mobility of these nano components. Inspired by natural
biological systems[117], [118], the recent development of synthetic nanomotors has paved the
way towards major advances in nanoscience[119]-[121].The nanomotors ‘swim’ over the
surfaces for creating spatially defined complex surface patterns. This approach is made
possible by developing an ‘on-the-fly’ strategy for manipulating the light incident on the
moving nanomotors. Using such a versatile method, various nanoscale features are generated

through modular nanomotor design.

Beside the mentioned methods, there are several techniques used for fabrication of disorder

and ordered structures in literature, as discussed in the next sections.

1.10. Dewetting

Patterned polymer thin films find use in many applications, including in the optoelectronic,
semiconductor, bio-related and medicinal industries, for which a broad range of methods have
been developed to pattern polymers. “Top-down” and “bottom-up” are two strategies to
generate patterns [122]-[124]. Among those bottom-up methods, the spontaneous formation of
micro- and nano-patterns at the surface of soft matter induced by surface instability is a unique
approach. When a liquid film on a solid surface is thick enough, the film is stablized by the
effect of gravity. As soon as the liquid film is thinner than a certain thickness, namely the
capillary wavelength, Acap, Of the liquid, molecular forces dominate over gravitational forces

and the film may dewet[125]-[128]. Controlled dewetting is then a convenient and effective



way to pattern surface on a micro/nano-meter scale without a lithographic process. Pattern
generation by dewetting paves the way for low- cost, large-area, solution-processing
techniques to pattern and orient organic crystals in desired locations, providing important
components for organic field-effect transistors (OFETSs), organic light-emitting diodes

(OLED:s), and organic solar cells [123], [129].

1.10.1. Fundamental of dewetting

It is necessary to clarify the distinction among stable, metastable, and unstable films. The
effective interface potential ¢(h) is defined as the excess free energy per unit area necessary to
bring two interfaces (solid-liquid and liquid—gas interface) from infinity to a certain distance,
h. The distance h then defines the thickness of the liquid layer between them. As shown in
Fig.1.12, h—oo induces ¢(h)—0, indicating stability of a film with infinite film thickness. When
¢(h)>0 and the global minimum lies at infinite thickness, the film is called stable (curve [1] of
Fig.1.12). If the second derivative of ¢ with respect to film thickness is negative, ¢"(ho)<O0,
where ho is the initial thickness of a homogeneous film, the system is unstable (curve [2] of
Fig.1.12), such that capillary waves on the film surface are spontaneously amplified under
thermal annealing. The rupture mechanism is termed “spinodal dewetting” [126], [130], [131].
In curve [3], the film is unstable for small film thicknesses where ¢"(ho)<0, whereas for larger
film thicknesses (¢"(ho)>0), the film is metastable. In the metastable case, the system has to
overcome a potential barrier in order to reach its state of lowest energy at h=h*. Some kind of
nuclei, e.g. dust particles or defects, are required to lower ¢(h) and can therefore induce rupture
of the film, a mechanism called “heterogeneous nucleation”[132], [133]. It is difficult to
distinguish metastable and unstable mechanisms experimentally since both nucleation and
spinodal dewetting can lead to dewetting in unstable films [131], [134], [135]. In case of

unstable system, however, there is a certain wavelength As, the amplitude of which grows



fastest, leading to a characteristic dewetting pattern of the liquid film [136]. The wavelength As

and ¢"(ho) are connected by Eq. (1):
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Fig. 1-12 : Effective interface potential ¢(h) as a function of film thickness h for stable (1), unstable (2), and
metastable (3) films. Reproduced from [136] with permission.

Where, vy is the surface tension of the liquid film (with respect to air) [124]. Numerical
simulations indicate that the dewetting pattern is related to the given surface tension, and there
may be a cross region between the two mechanisms[137], [138]. Close to the sign reversal of
¢"(ho)>0, thermal activation is sufficient to overcome the potential barrier for the nucleation of
holes, a process called “thermal nucleation” or “homogeneous nucleation” representing a third
dewetting mechanism[136], [139]. The characteristic feature of homogeneous nucleation is a

continuous breakup of holes, whereas heterogeneous nucleation causes holes that emerge only



within a narrow time interval[140]. Thus, the hole opening is most likely to happen at locations
having the smallest thickness, which can be caused by fluctuations of the film thickness or
elevated regions on the substrate. A stable film, (¢6"(ho)>0), may become unstable locally on an
elevated heterogeneity if the local thickness decreases below the critical thickness. On a
complex substrate comprising both wettable and less wettable (or unwettable) regions, holes
generate at the unfavored locations and the wettability contrast drives the liquid flow from the

less wettable areas to the more wettable areas, lowering the total energy.

After the hole opening (Early stage), the classical process includes hole growth (Hole growth
and rim), the combination of holes to form ribbons (Intermediate stage), and the decay of
ribbons into droplets (Late stage) [125], [141]. A typical hole shows a circular shape and the
round shape remains stable until holes contact one another. However, fluctuations of the rim
shape in a growing hole may occur [142] and the rim may subsequently become unstable and
form fingers, called finger instability[125]. For films of polymer with molecular weight M
greater than the molecular weight, Me, between entanglements, the period between the fingers,

A, IS a constant after their maturation:

A
If:EMegg hO}/ (2)
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Where, S is the spreading coefficient. Eventually these fingers decay into droplets by Rayleigh
instability [143], and the mean diameter D of droplets grows linearly with the initial thickness

ho of film, D~ho[144].

Dewetting can be understood as one possible route for the preparation of well controlled
surface patterns. In addition to film instabilities driven by van der Waals forces [145],
instabilities due to electrostatic forces [146], [147], elastic forces[148], acoustic

instabilities[149], density fluctuations [150] and temperature gradients [151] were reported.



Methods of dewetting on polymer films worked so far are “Thermal dewetting” and “solvent

vapor induced dewetting”.
I.11. Pattern generation by dewetting

The familiar morphology of a dewetted film is polygonal arranged droplets, suggested to be the
result of competition between order and chaos [152]. But the arrangement is not regular on a
larger scale, exhibiting irregular arranged droplets with polydispersed sizes. However, by
tailoring the substrate with physical or chemical patterns, modifying the topography of the film
surface, controlling the moving front of the three-phase line, and triggering the instability of
film with an external field the manner and the final morphology of dewetting can be controlled

to achieve the desired patterns.

1.11.1. Physical heterogeneous substrate

The presence of physical heterogeneity introduces larger differences between the time of
primary hole “nucleation” and spinodalhole formation. The local film thickness is reduced over
the elevation leading to the faster growth of the instability because of the stronger attractive
force there. Higgins et al. [153] showed that an interfacial roughness on a scale of the order of
Angstroms and with a dominant direction (a kind of nematic roughness), formed by simply
rubbing the substrate, can initiate a corrugated dewetting pattern at a polymer/polymer
interface (Fig.1.13(a)). Such an anisotropic spinodaldewetting at a polymer/polymer interface is
probably initiated by small changes in dispersion forces due to the very small differences in
film thickness (spinodaldewetting is a very sensitive function of film thickness). Similarly, a
PS film on a regularly cor- rugated silicon substrate films started dewetting by the formation of
holes nucleating along the peaks of the corrugations (Fig.l1.13(b)) [154]. Films thicker than a
critical value of 0.55Rg were seen to be stable, probably due to an increasing number of

undistorted chains. Such chains do not minimize their free energy by diffusing to thicker areas



of the film. After the dewetting, PS collected in the grooves forming strips, as shown in
Fig.1.13(c). If one facet of the corrugation is covered with another material (e.g., Au) forming a
chemical heterogeneity on the surface, similar dewetting would also happen, but the location of

resulting PS channels would be determined by the position of coated Au[155].

The PS channels no longer locate symmetrically within the grooves but tend to cover the facets
covered by Au, which has more affinity to PS. Luo et al. [156] studied the dewetting of PS on a
regularly striped substrate (Fig.1.13(d)—(g)). The rupture of film started at the edges of the
elevated strips. The rims moved towards the center of elevated strip, forming a string which
then broke into droplets because of a Rayleigh instability. Irregularly dispersed droplets formed
on the bottom of grooves with same size as the elevated strips. Recently, an array of
approximately 70nm PS droplets were formed on the desired regions of a 200x200 mesa or
indent surface [157], where the undesired area was treated with (tridecafluoro-1,1,2,2,-
tetrahydrooctyl) trichlorosilane (FDTS) and became extremely hydrophobic. Similarly, the
organic light emitting materials of (8- hydroxyquinoline/poly(9-vinycarbazole) (Algs/PVK)
and (CeHsC2HsNH3)2PdI14 (PhE-PdI4/PS)) were collected in the microwells patterned on a
PDMS substrate by solvent vapor annealing [158]. However, on such a square-microwells
patterned PDMS substrate, the sites of hole opening may cause different kinds of dewetting
patterns, such as holes that are circular, tetragon-like [159], square, octagon, or rounded
octagon [160]. With an unfavorable physical heterogeneous pattern (OTS) on the silicon wafer,
Zhang et al. [161]found holes formed exclusively on every small OTS particle. Of course,
dewetting by a heterogeneity does not require that the patch be less wettable compared to its
surroundings. More wettable patches are equally efficient since they cause an inward flow

from the patch periphery to the center, thus causing rupture by an annular hole at the periphery.
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Fig. 1-13 : Optical images of (a) dewetted morphology of Si/PS/PMMA sample, where the PMMA film was
prepared on rubbed glass; Reproduced from [61] with permission. Copyright 2000, Nature Publishing Group. (b
and c) PS film prepared on corrugated substrate before and after heating, respectively, and corresponding
schematic illustration. Reproduced from [154]. AFM images of typical morphological of thin PS films on
physically patterned stripes (d) after spin-casting, and annealed at 167-C for (e) 2min, (f) 8min, (g) 3h,
respectively. Reproduced from[162]

1.11.2. Chemical heterogeneous substrate

Obviously, a chemical heterogeneous substrate would drive material to specific areas
exclusively, forming a pattern [163]. Since Krausch[164] found that mixture of PS and
brominated PS phase separated following the chemical pattern on the substrate and the
observation that phase separation of the similar system of PS/PSxBrS1—x and PS/PVP can also
copy the pattern on substrate [165], considerable attention has been given to the influence of
chemical heterogeneous substrate on the film structure [166]. Recent science and technology
permit the creation of various chemical patterns [165], [167]. Some methods such as
microphase separation of block copolymers[168], technologies based on atomic force
microscopy[169], and so on can even create patterns on the nanometer scale. These make it

possible to study dewetting on chemically patterned substrate on various scales [170], [171].



1.11.3. Pattern generated by topographic structure on film surface

The Navier—Stokes equation governs the stability and spatio-temporal evolution of a thin film
on a rough surface. If the film—substrate interface is homogeneous and the free surface of thin

film is not homogeneous, but exhibits topographic structures, dewetting occurs different.

Placing a PDMS mold on the surface of a PS film and then heating above T4 of PS, the PS
chains are activated and climbed up the confining walls, thinning the film due to the capillary
force between the stamp and the film. To a certain extent, dewetting of PS film happens under
the physical confinement of PDMS mold, also termed confined dewetting lithography [171]-
[173]. It is found that the dewetting is observed only when the wavelength of the capillary
wave for the residual film is smaller than the pattern size, which indicates that the mold walls
block the propagation of the capillary wave. Otherwise, the capillary wave would be blocked
by the PDMS mold, and no droplets and thus no ordered pattern would appear. So, it’s a pity
that the nano-scaled pattern on a film surface fabricated by techniques such as nano-imprinting
cannot be treated further to form nano-scaled droplets. Using a multi-layered structure, Yoon et
al. [173] fabricated micropatterns with both topographical and chemical contrasts. Selective
partial layer inversion in the imprinted areas resulted in top PS and bottom P4VP layers on the
Si substrate, while the rest of the areas remained with the top P4VP and bottom PS layer.
Combining this dewetting-mediated method with flexographic roll-to-plate transfer technique,
arrays of silver lines of 20pum width, 40um pitch, and 170nm thickness were fabricated over an
area of 25.4mmx93mm in a single transfer step[174]. By removing the PDMS mold before the
rupture of the PS film, an ordered disturbance can be preserved on the film surface, but the
film/substrate interface kept homogeneous. When a film with a topographic structure is
dewetted, either of two different phenomena may be observed, depending on the excess surface
energy AF of the system[175]-[177]. When AF is less than a critical value (i.e., the disturbance

amplitude is under a critical value), the PS film will flatten and finally become stable. If the



size of the disturbance amplitude is larger than the critical value, ordered PS liquid droplets
form by further dewetting (Fig.l1.14(a)—(d)) [178]. In an opposite way, imprinting PDMS mold
into PS film (make sure that PDMS contacts the substrate under PS film), arranged defects
were introduced to the film. These selected locations then broke up, leading to hole or line
opening [179]. Ingeniously, on imbedding arigiflex mold with relief structures into a liquid
film simply by a roller, the liquid film beneath the convex structures thinned, leading to

spontaneous dewetting[180].
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Fig. I-14 : AFM images of (a) the PS film after removing the PDMS; and (b) 180-C for 1.5min; (c) 180-C for 11h;
(d) 180-C for 104h[181].

The advantage of this process is that careful control of mold geometries and process
parameters yields highly reproducible, large-area patterns with a high productivity. Of course,
the necessary condition for the method is that the spreading coefficient of spin-coated liquid be

negative.

However, formation of nanostructures via the dewetting method for a photoinduced material as
azopolymer has not been suggested in the literature. For such materials, due to the presence of
highly photoactive azobenzene derivative, illumination by a polarized laser light shows the

possibility of a further growth and reshaping of the structures.

The possibility to provide a photoinduced reshaping opens a way to the fundamental study of
size-dependent scaling laws of optical properties, photoinduced reshaping efficiency and

possible nanoreactor or nanoresonator behaviors at nanometer scales.

1.12. Colloidal Polymeric Particles

Polymeric particles are used in a diverse array of applications including drug delivery[182],
advanced materials [183], personalcare [184], and medical imaging [185]. They also are used

in fundamental studies in fields such as microfluidics [186] and nanotechnology[187].

Over the last few decades the preparation of dispersions containing spherical particles with a
narrow distribution of particles has been extensively developed and now a wide range of sizes
with defined surface properties have become available [188]-[190]. These materials have
found wide application as model colloidal particles for fundamental studies of the behaviour of

colloidal dispersions. The spherical geometry of the particles and their monodispersity has



enabled excellent correlations to be made between experiment and theory. A subject of
considerable interest is the behaviour of axisymmetric colloidal particles such as ellipsoids, in
particular, their scattering, rheological, coagulation properties etc., since many theories already
exist for such systems. Thus, particle shape is a critical parameter that can significantly
influence particle function. The vast potential of shape, however, has not been fully explored
due to difficulties in creating polymer particles with controlled shapes. Several reports exist on
fabrication of polymeric particles with nonspherical geometries. These approaches make use of
self-assembly [191], [192], photolithography[193], nonwetting template molding[194],
microfluidics[195], [196], and stretching of spherical particles [197], [198]. Collectively, these
methods have produced particles of several distinct shapes. Some of these methods provide
advantages such as scalability, high throughput, and precise control over particle shape.
However, they also suffer from drawbacks including cost, particle size limitations, low

throughput, and limited ability to sculpt particles in three dimensions.

Accordingly, simple, versatile, inexpensive, and high-throughput methods of fabricating

nonspherical particles still remain a bottleneck of future discoveries in a diverse array of fields.

In the polymer colloid field there have been a few reports of non- spherical particles of regular
shape, although Owens [199] reported that cross-linking by divinyl benzene in the formation of
polystyrene particles produced "potato-like" particles and Vanderhoff et al. [199] carried out
extensive work using cross- linking and swelling procedures to produce particles of various
shapes described as egg-like, ice-cream cone-like, popcorn-like multiplets etc. An electron
microscope characterization of ellipsoidal polymer particles was reported by Keville et al.
[200] in 1986, but no details of the preparation were given. In a publication Nagy and Keller
[201] described a method of preparing ellipsoidal polystyrene particles with a predetermined
axial ratio. More recently, a method using a cross-linked poly(dimethylsiloxane) matrix has

been described by Klein et al. [202] to produce ellipsoidal poly- methylmethacrylate particles.



Currently, the main strategy to impart shape-changing abilities to colloidal particles is to utilize

stimuli responsive polymers such as azopolymers.

Incorporating azo polymers into colloidal particles can combine interesting properties of azo
polymers and colloidal particles. Recently, it has been reported by us that, through gradual
hydrophobic aggregation, uniform colloidal spheres can be constructed from amphiphilic
random azo copolymers or azo homopolymers with polydispersity in the molecular
weight[203]-[205]. The colloidal spheres are formed through gradual hydrophobic aggregation
of the polymeric chains in tetrahydrofuran (THF)-H2Odispersion media, which is induced by
continuously increasing the water content in the media[205]. The colloids exhibit some

interesting properties such as photoinduced dichroism18 and photoinduced elongation upon

Ar+ laser beam irradiation(Fig.1.15) [204].

Fig. 1-15: Typical TEM images of the colloidal spheres, a) before and, b) after being irradiated by the linearly
polarized Ar+ laser beam

Nunziet al[206] studied colloidal azopolymernanospheres assembled on a glass substrate

exposed to a single collimated laser beam. The combination of photo-fluidic elongation of the



spherical colloids and lightinduced self-organization of the azopolymer film allows the quasi-
instantaneous growth of a large amplitude surface relief grating. Pre-structuration of the sample
with the nanosphere assembly supports faster creation of the spontaneous pattern. Confinement
into the nanospheres provides exceptionally large modulation amplitude of the spontaneous
relief. The method is amenable to any kind of photoactive azo-materials. Also, photoinduced
deformation of the individual nanospheres under white light illumination was demonstrated by

Nunzi[207].

Despite all efforts, fabrication of new exotic shapes for polymeric particles is still a subject at

large.

1.13. Soft Lithography

The ability to generate small structures is central to modern science and technology. There are
many opportunities that might be realized by making new types of small structures, or by
downsizing existing structures[208]. The lithography has been emerged as a widely used and
standard technique for micro and nano structure fabrication. Significant number of strategies
have been used in this technique such as photo-lithography, nano imprint lithography, electron

beam lithography and soft lithography[209].

Soft lithography, however, extends the possibilities of conventional photolithography. Unlike
photolithography, soft lithography can process a wide range of elastomeric materials, i.e.
mechanically soft materials. This is why the term “soft” is used. For instance, soft lithography
is well suited for polymers, gels, and organic monolayers. PDMS, however, has been the most
widely used material for the applications of soft lithography because of its useful properties

including low cost, biocompatibility, low toxicity, chemical inertness, versatile surface



chemistry insulating, as well as mechanical flexibility and durability, the PDMS can also be

easily manipulated and doing PDMS device can require only few equipment[208].



1.14. Conclusion

In summary, we introduced some natural and optical self-organized pattern formation. Also,
we reviewed SRG formation mechanisms in azo-polymers and their applications. Interference
of two coherent laser beams has been used to writing surface relief grating on azo-polymer
films. Formation and development of SRG depend on the material characteristics and
experimental details. Several mechanisms were proposed to explain the origin of this
phenomenon. Fabrication of surface quasi-crystal structures on azo polymer films through
multiple SRG inscription is considered. The idea of one beam manipulation of azo-materials
was developed. Single laser deforms the surface of azo-polymer materials with the material
diffusion in the direction of input beam polarization. Through such deformation, fabrication of
Random and Quasi-random surface structures on the surface of azopolymer thin films are
deliberated. Next, Dewetting, as a new approach to surface structuring of azopolymer thin
films, is introduced and pattern formation via controlled dewetting is suggested. In the end,
Azo-colloids spheres have been introduced and their deformation by a single laser beam is

presented in liturature.

In the next chapter we will present a azopolymer materials, solvents, optical setups,
equipments, nanoparticles and experimental methods used in this study, for sturcture formation

on azo-polymer films. We will also discuss the synthesis process of new azoparticles.



Chapter II:
Materials and Methods



I1.1. Introduction

In this chapter we will present the azopolymer materials used during this study, along with
their characteristics. The experimental method for thin film preparation and characterization
will be introduced. Different optical setups for the surface deformation of thin films will be
described. PDMS replication of surface structures through soft lithography will be shown. A
list of used solvent in the dewetting process will be given. The experimental equipments and
microscops employed during this project will be presented. Also, the synthesis process of the

new group of azoparticles will be described.
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11.2. Azo-polymers

In this work a series of new azo copolymers for light induced phenomena was used. The
chromophoric monomers were derivatives of azobenzene containing heterocyclic sulfonamide
moieties. The monomers of the methylacrylate type contained aliphatic spacers of different
length between chromophoric and methylacrylic groups. These monomers were polymerized in
order to obtain homopolymers and copolymerized with butyl 2-methylacrylate (MB) and 2-
ethylhexyl acrylate (Al) to get copolymers containing various percentages of chromophoric

units.

The structures of copolymers that used in this work are presented in figure 11-1.
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Fig. 0-1 : Chemical structures of copolymers: a) MBYI and b) Al21&M copolymer series

Another series of azopolymers was used for random and Gaussian surface structuring. The first

material is a chiral azopolymer 1 (figure 11-2.a) which was synthesized by polymerization of
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three-component mixture of azobenzene group containing N-[4-[(E)-[4-[bis(2-hydroxyethyl)
amino] phenyl] azo]phenyl]sulfonylbenzamide, chiral 2,3-O-benzylidene-D-threitol and
isophorone-diisocyanate (molar ratio of azobenzene derivative, chiraldiol and diisocyanatein

that mixture was 1:1:2).

The second chiral azopolymer 2 (figure 11-2b) was synthesized by radical
copolymerization of equimolar mixture of photoisomerizableazobenzenegroup containing
2-[4-[(E)-[4 (acetylsulfamoyl)phenyl]azo]-N-methyl-anilino]ethyl 2-methylprop-2-enoate and

chiral 2-methyl-N-[(1S)-1-phenylethyl]prop-2-enamide.

48



kY
H,C CH,

&

H H

N IO —
\]i T\Cl‘lg o /—\
o b

A\
H,C CH,

b)

Fig. 0-2 : (a) Chemical structure of chiral azopolymerl, b) Chemical structure of chiral azopolymer 2
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11.2.1. Characteristics of the monomers and polymers

Mean molecular weight, Mw, of polymers has been determined by GPC using Waters 917
columns, RIDK-102 detector and APEX ver. 3.1 recorder. A mobile phase was y-
butyrolactone and molecular weight referes to polystyrene standards. A Mettler Toledo DSC
has been used for glass transition temperature (Tg) determination of polymers with scanning of

20K/min. Table 11-1 shows glass transition temperature and Mean molecular weight of the

polymers.
Table 0-1: Characteristics of the polymers
Azopolymer Mw (g/mol) Ty(°C)

MB2I 15800 71.1
MB3I 16500 715
Al2l 16250 57.5

Azopolymer (a) 18400 88

Azopolymer (b) 14700 77

11.3. Thin film preparation

11.3.1. Spin coating

Spin coating is a procedure used to deposit uniform thin films to flat substrates. Usually a small
amount of coating material is applied on the center of the substrate, which is either spinning at
low speed or not spinning at all. The substrate is then rotated at high speed in order to spread
the coating material by centrifugal force. A machine used for spin coating is called a spin

coater, or simply spinner.
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Thin films were prepared by dissolving azopolymer in THF (50 mg in 1 ml of THF) and spin-
coated on a pre-cleaned glass substrate. Prepared films were let inoven overnight at
temperature over polymers’ glass transition temperature to remove any residual solvent and
also forobtaining films whose surface morphology appears featureless or isnot dominated by

pinholes and other surface defects

11.3.2. Determination of Film Thickness

The Dektak is a profilometer for measuring step heights or trench depths on a surface. This is a surface
contact measurement technique where a very low force stylus is dragged across a surface. The display
range of the data is 200 A to 655,000 A (65.5 um) with a vertical resolution of ~ 5 A. The lateral
resolution is limited by the tip shape. A video camera with variable magnification allows for manual
placement of the stylus and the system is programmed for scan length and speed. Data leveling is done
in the software and printouts with cursor locations and step heights are provided. The data can also be

saved to a PC for further analysis.

The film thickness was determined by a Dektak Profilometer and was around 550 600 nm.

11.4. Solvents

All the solvents used in the study were of highest available purity from Merck. The selected

employed solvents are listed in Table 11-2.
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Selected solvents

Solvents & Boiling point
Acetic Acid 6.20 118
Carbon Tetrachlorid 2.24 76.8
Diethyl ether 4.627 34.5
Ethyl acetate 6.25 101.1
n-Heptane 1.92 98
n_Hexane 1.98 69
Pentane 1.84 36.1
1,4-Dioxane 2.21 101.1
Cyclohexane 2.02 80.74
Benzene 2.27 80.1
Toluene 2.38 111
Chloroform 4.81 61.15
Tetrahydrofuran (THF) 7.58 66
Dichloromethane 8.9 39.6
O-Xylen 2.57 144
Aniline 6.7 184.1
Pyridine 12.3 115.2
Triethylamine 2.4 88.9
Hydrogen Peroxide 84.2 150.2
Diethyl Glycol 31.8 246
2-Butanon 18.6 79.6
DMF 38.25 153
DMSO 47 189
1-Butanol 17.8 117.7
Ethanol 24.6 78.5
Methanol 32.6 64.6
2-Propanol 18.3 82.4
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Octane 2.0 125.1

11.5. Dewetting

Dewetting of the thin films were done via the solvent droplet induced method. A droplet of
solvent was dropped on the surface of the film with a LabnetBioPette- Plus Autoclavable,

Adjustable VolumePipettes, Multi-Channel- and let dry at room temperature.

11.6. Optical setups

11.6.1. Single Beam Laser Setup

The A= 473 nm laser beam of a horizontally linearly polarizedDPSS laser is used to excite the
azo polymer absorption close to its absorption maximum. Polarization state of the laser beam is
controlled using half- and quarter-wave plates. Sample is set perpendicular to the incident laser
beam. The size of the collimated laser beam impinging onto the polymer sample is controlled

with a Kepler-type afocal system and a pinhole (Fig I1-3).

Expanding
System Sample
|
Laser O}
A/2 or A/4 |
plates
Pinhole

Fig. 0-3 : Experimental single beam setup for spontaneous patterning on azo polymer surface

53



11.6.2. Double beam set up

Optical set up for double beam exposure was done using a horizontally linearly polarized beam
of a DPSS laser operating at a wavelength of A = 473 nm.The beam was spatially filtered,
collimated and then split by a beam splitter (BS), givingtwo beams of equal intensity. The two
beams, after reflecting from a mirror, are recombine to form an interference pattern and were
incident on the sample stage (Fig I1-4).

SAMPLE

TELESCOPE

BEAM-SPLITTER

LASER

DIAPHRAGM

MIRROR

Fig. 0-4 : Experimental double beam setup for SRG formation on azo polymer surface

11.6.3. White light setup

An incoherent white lightfrom a xenon lamp (Hamamtsu, C2177-01) was used to initiate

thephotoinduced mass transport in the film. The size of the beam is controlled with a selection

of lens system (Fig 11-5).
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Fig. 0-5 : Experimental setup of the white light illumination of the sample in the experiment

11.6.4. Optical setup for diffraction pattern measurement

A circularly polarized laser (He-Ne, 632.8nm) is used to illuminate the PDMS sample. The
PDMS replica of the azo’s SRG is stretched horizontally and/or vertically by a system of
clamps fixed to two linear translation stages. The diffraction pattern of the sample was formed
on a sheet of paper, placed 4.0 cm from the sample, and acting as a diffuser. In order to prevent
the image from saturating, the central spot from laser was masked via a black dot. Pictures of
the diffraction patterns are captured by a Canon camera (EOS 550d and Canon ultrasonic
objective 28-80mm), for every millimeter of stretching and recorded with different exposure

times (Fig 11-6).
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Fig. 0-6 : Optical setup used to observe diffraction pattern

11.7. Inscription of 2D quasi-crystal pattern via surface relief gratings

The inscription of the 2D quasi-crystal pattern is done by irradiation of azo polymer thinfilm
with an interference pattern given by polarized laser beams. It leads to a reversibleand
controlled topographic modification of the polymer film surface, which results in theinduction
of a surface relief grating, in conjunction with the light’s interference pattern. 22 Theprocess
occurs readily at room temperature (well below the T4 of the amorphous polymersused) and it
is believed that a large-scale photo-driven migration of polymer chains occurs during the SRG

formation.

In a surface relief grating experiment, two beams are intersected at an angle 6 at the sample

surface, giving rise to an SRG with period:

- 2sinq

Where, A is the wavelength of the inscription light.
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Microscopic surface relief gratings were inscribed onto the polymer films using a horizontally
linearly polarized beam of a DPSS laser operating at a wavelength of A = 473 nm.The beam
was spatially filtered, collimated and then split by a beam splitter (BS), givingtwo beams of
equal intensity. The two beams, after reflecting from a mirror, are recombinedto form an
interference pattern and were incident on the sample stage. The exposure timefor each gratings
was 5-10 minutes with a laser power of 0.7 W cm~2. However, the highernumbers of gratings
(for 16-fold and 32-fold quasi-crystal structures) needed a higher exposure time to reach the
sufficient efficiency. After each irradiation, the sample is rotated, bya calculated angle
depending of the complexity of the surface structure required, and a newexposure is repeated
on the same spot. The degree of rotation depends on the number ofmultiple exposures done on
the sample. For 2, 4, 8, 16 exposures the degree of rotation is90, 45, 22.5, 11.25 degrees,

respectively.

11.8. Topography study of surface structures

11.8.1. Atomic force microscopy (AFM)

The thin film topography was studied with an atomic-force microscope (AFM). AFM is one
kind of scanning probe microscopes (SPM). SPMs are designed to measure local properties,
such as height, friction, magnetism, with a probe. To acquire an image, the SPM raster-scans

the probe over a small area of the sample, measuring the local property simultaneously.

Direct measurements of topographic characteristics, surface morphology and photoinduced
modifications of the and surface structure of the thin films and PDMS were conducted using an
atomic force microscope AFM (Nano-Observer scientec, Veeco Instruments Inc) in contact

and tapping mode, respectively.
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11.8.2. Scanning electron microscope (SEM)

The scanning electron microscope (SEM) uses a focused beam of high-energy electrons to
generate a variety of signals at the surface of solid specimens. The signals that derive from
electron-sample interactions reveal information about the sample including external
morphology (texture), chemical composition, and crystalline structure and orientation of
materials making up the sample. In most applications, data are collected over a selected area of
the surface of the sample, and a 2-dimensional image is generated that displays spatial

variations in these properties.

Characterization of the particles was done using a scanning electronic microscope, SEM -

JOEL 6301F, which was operated with an accelerating voltage of 3 kV.
11.9. PDMS replica of azo gratings

The Polydimethylsiloxane (PDMS) prepolymer was purchased from Momentive (RTV 615).
PDMS is a polymeric organosilicon compound. It is optically transparent and does not allows
aqueous solvents to infiltrate and swell the material. The shear modulus of PDMS is typically
in the range of 100 kPa to 3 MPa, rendering the material flexible. The PDMS prepolymer was
prepared by mixing the elastomer base and curing agent in a proper ratio (10:1, wt/wt). The
mechanical properties of the elastomer depend on this ratio. A 10x10x2 mm 3D printed frame
was placed on top of the thin film with the SRG and the prepolymer was poured into the frame
and dried at room temperature for 2 days. The dried PDMS layer was removed from the thin

film afterwards.
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11.10. Extinction measurements

The extinction measurements of the pattern replica were done with a collimated halogen lamp
(SCHOTT KL1500 electronic halogene lamp 15V/150W) covering the spectrum from 400 nm
to 800 nm, transmitted through the sample. The light is collected with a fiber and a collimating
lens and sent to a spectrometer (Edmund optics,Te Cooled CCD Spectrometer 64814, Model

NO BTC112E, Serial Number: 101127304).
11.11. Nanoparticles

Spherical citrate-stabilized silver nanoparticles, with an average diameter of 60 nm were
purchased from Sigma-Aldrich (Sigma-Aldrich, Merck KGaA).An OD1 (i.e. 4 pM) 60nm
silver nanosphere droplet was deposited on a coverslip and the PDMS replica of the azo-SRG
was pressed against it for a few seconds. Then the PDMSSRG was removed and let dry for a

couple of hours.

11.12. Synthesis of azoparticles

The particles composed of the azo polymer and PMMA are fabricated through microphase
separation. These particles were obtained through slow volatilizing of chloroform from
azopolymer/PMMA/chloroform droplets dispersed in aqueous solution of poly(vinyl alcohol).
Azopolymer and PMMA, each with the concentration of 20mg, were dissolved in 2ml of
chloroform. 1 ml of obtained solution was added carefully into the bottom of aqueous solution
of poly(vinyl alcohol) (2,5 wt%, 30 ml), under moderate stirring, to promote the dispersion of
the organic solution into microdroplets. Afterwards, the stirring speed was increased up to ca.

450rpm to disperse the organic phase. In order for the evaporation of the chloroform to be
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slow, the stirring was continued for 24 hours. Subsequently, the obtained suspension was

centrifuged and washed with water several times.
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11.13. Conclusion

In summary, this chapter contains the materials and the methods used in this study. Different
types of azopolymer materials are introduced as a subject of surface structuring. Several optical
setups are employed during these processes and the resulted topographies are studied by
microcops (AFM, SEM). Obtained surface structures are replicated by the soft lithography
method on a transparent elastomeric material (PDMS) for further studies. Also, a new group of

azopolymeric particles are synthesized.

In the next chapter, a more detailed description of the obtained structures and their

characteristics and possible applications will be given.
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Chapter IlI:
Results and Discussion



I11.1. Introduction

Complex and engineered surface structures can manipulate light through physical effects such
as scattering, diffraction and interference. These optical surfaces present a growing interest due
to many new potential applications in photonics. Among all these surface structures, 2D quasi-
crystal structure presents a type of unconventional crystallographic structure possessing a long-
range aperiodic order and a rotational symmetry. Quasi-crystal structures layed out on surface
of polymer thin films can be considered as a new type of optical surfaces and could be used as
novel diffraction gratings. Fabrication of surface quasi-crystal structures on azo polymer films
can be considered as a new approach to further development of the surface patterning
technology based on the photo driven mass migration scheme. Surface-relief gratings (SRGs)
can be inscribed on azo polymer films upon irradiation with an interfering laser beams with a
wavelength in the absorption band of the azo polymer, at temperatures well below the glass

transition temperatures (Tg) of the polymers.

However, azopolymer surfaces are not transparent and are not chemically inert. Here we
propose to adapt the duplication of the photoinduced azopolymer surface-relief gratings
through a soft lithographic approach, to the case of the quasi-crystal in order to create a
transparent, stretchable and chemically inert surface, with tunable and ordered nanocavities for

single nano-objects deposition.
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111.1.1. Formation of quasi-crystal on azopolymer films

We create nano-cavities on an azopolymer film by superimposing multiple sinusoidal phase
grating patterns with different directions. The different grating patterns do not interfere with
each other and simply add-up. Adding multiple sinusoidal grating tends to smooth the surface
and consequently diminish the diffraction efficiency. It is possible to inscribe one-dimensional
(1D) line gratings (Fig.Il1.1-1a) with the varying period, by changing 6 of the interference

angle between the beams.

|
2sing

(111.2)

Following, the second illumination step was added after rotating the samples around the
surface’s normal at 90, with respect to the writing beam. Such an inscription procedure
3resulted in a 2D cross grating with the same period A in both principal directions (Fig.1l1.1-
1c). A successive overwriting of multiple 1D interference patterns give rise to 2D SRGs with
controlled geometries. Writing four SRGs by rotating the sample four times at 45 results in an
interesting flower like structure seen Fig.Ill-1.1e. Continuing overwriting eight and sixteen
SRGs on the same spot by rotating the film at 22.5° and 11.25°, respectively, successively

results in a set of complex structures seen in Fig.I11.1-1g,i.

64



0.0 pm 2.0 4.0 6.0 8.0

0.0 | 7124.7 nm
| 1100
‘ | 100.0
90.0
. 800
4.0 . 70.0
60.0
50,0
40,0

30.0
8.0 20.0

11 aa

2.0

6.0

0.0 pm 2.0 1.0 6.0 8.0

0.0 127.5 nm
110.0
10:0.0
90.0
80.0
70.0
60.0
30.0
10.0
30.0
20.0
10.0
1.0

64.8 nm

55.0
50.0
45.0
40,0
35.0
30.0
25.0
20.0
15.0
10.0

0.6

65



20.0

15.0

10.0 1.7{1/pm}

7.4

26.0 nm

22.0
20.0
18.0
16.0
14.0
12.0
10.0

8.0

6.0

4.0

1.7{1/pm}

1.2

Fig. 111.1-1 : a) AFM measurement of a 1D Grating ¢) AFM measurements ofa 2 superimposed gratings €) AFM
measurement of a 8-fold quasi-crystalstructure g) AFM measurement of a 16-fold quasi-crystalstructurei) AFM
measurements of a 32-fold quasi-crystal structureb,d,f,h,j) FFT of AFM measurements a,c,e,g and i, respectively

111.1.2. PDMS replica of azo gratings

As mentioned in Chapter Il, PDMS replicas of gratings were done through soft lithography.
The PDMS prepolymer was prepared by mixing the elastomer base and curing agent in a
proper ratio (10:1, wt/wt). A 10x10x2 mm 3D printed frame was placed on top of the thin film
with the SRG and the prepolymer was poured into the frame and dried at room temperature for

2 days. The dried PDMS layer was removed from the thin film afterwards.
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111.1.3. AFM measurements on PDMS replica of azopolymer SRG

The AFM measurement of the PDMS replica of a 4, 6 and 8-fold quasi-crystal structure,
(similar to the samples presented on fig.I11.1-1) is shown on fig.1l1.1-2. The PDMS surface is a
fairly good negative reproduction of the initial SRG, as suggested by the four, six and eight

spots pattern on the FFT of the AFM images.

541/um}

=TT

T
-

=

o
B
7
6
5
4

Fig. 111.1-2 : a) AFM image of the surface of an azopolymer4-fold SRG. b) PDMS replica of the same sample. c)
FFT of AFM measurements of PDMS replica (4-fold SRG) d) AFM image of the surface of an azopolymer 6-fold
SRG. e) PDMS replica of the same sample. f) FFT of AFM measurements of PDMS replica (6-fold SRG). g)
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AFM image of the surface of an azopolymer 8-fold SRG. h) PDMS replica of the same sample. i) FFT of AFM
measurements of PDMS replica (8-fold SRG)

111.1.4. Modification of the diffraction pattern while stretching the PDMS quasi-crystal

As pointed out, the PDMS replicas of the surface structures are stretchable. Fig.l11.1-3a
presents the evolution of the diffraction pattern of a 8-fold quasi-crystal PDMS replica under

different horizontal stretching distance.

Reduction of the distance of the horizontal spots from the center indicates a decrement in the
pitch (a compression) for the sinusoidal gratings perpendicular to the stretching direction. On
the contrary, the increase in the distance for the vertical spots indicates an increment (an
elongation) for the sinusoidal gratings colinear to the stretching direction. It is important to
note that these transparent and stretchable quasi-crystal samples could also have interesting
applications in beam steering. These elongations and compressions are linear up to six
millimeters of stretch, as shown on fig.I11.1-3c. From these measurements, we can say that a
stretch at the macroscopic scale of 1mm leads, in microscopic scale, to a compression of 116
nm of the pitch of the sinusoidal gratings perpendicular to the stretching direction and an
elongation of 56 nm for the pitch of the sinusoidal gratings along the stretching direction.
Nonetheless, these evolutions concern only one sinusoidal component of SRG but doesn’t give
direct access to the progress of the dimension of the nanocavities during the stretching of the

PDMS (Refer to Chapter IV for simulations and measurements).
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Fig. 111.1-3 : i) Evolution of 8-fold PDMS SRG diffraction patternwith stretching. a) no stretching b-g) stretching
1 mm to 6mm. ii) Evolution of the 8-folds quasi-crystal SRG on PDMSwith a) Omm, b) 1mm, ¢) 2mm, d) 3mm, €)
4mm, f) 5mm and g)émm of stretching. iii) Evolution of the pitch for 4 gratings. 0° and 22.5°gratings are oriented
following the direction of elongation, 90°and 112.5° gratings are oriented perpendicularly. The line fitgives an
elongation of 116 nm and a compression of 56 nm perlmm of stretch
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111.1.5. Single nanoparticle deposition on PDMS quasi-crystal

As a proof of concept, we show in the fig.Ill.1-4 that a single nanoparticle can easily be
deposited into the nanocavities formed on the PDMS surface. Direct nanoparticle deposition on
a coverslip usually leads to the so-called coffee-ring effect that creates uncontrolled
aggregation of the nanoparticle. Here, the nanoparticle is naturally trappedinside the cavity
during the evaporation of the solvent, as shown for example for a large number of particle by
B. Reinhold et al. with the appropriate concentration of nanoparticle, we can ensure that,
statistically, there is less than one particle per cavities. Since the PDMS is transparent, the
presented PDMS SRG sample is a very effective platform for conducting optical measurement
of a single particle. Through several deposition step, it would also possible to deposit different
kind of nanoparticles inside the same nanocavities; for instance, such as silver and gold
nanoparticle, in order to study the plasmonic response of heterodimer. Moreover, since the
sample is strechable, it is also possible to deposit elongated nanoparticle such as nanorod in the

stretched nanocavities.
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Fig. 111.1-4 : AFM measurement showing a 60nm silver nanosphere deposited in one of thecavities of a
4-fold PDMS SRG
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111.1.6. Conclusion

We have presented the fabrication of surface quasi-crystal structures on azopolymer films and its
replication through soft lithography on a transparent elastomer (PDMS). The quasi-crystal structures
were prepared simply through a multistep light irradiation via an interference pattern of laser beam
without additional manipulation. The printed patterns on PDMS showed the same patterns as the
masters and the same relief depths as the stamps. The light diffracted by the PDMS stamp was used to
observe the deformation of the surface as a function of its stretching. The PDMS SRGs were used as a

tailored surface for the deposition of single nanoparticle in nanocavities.
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111.2. Introduction

Disordered photonics has experienced a burst of activity in the last two decades. Fabrication of
nanostructured materials for control of light-matter interactions has become particularly
important for improving different phenomena involving a high degree of light scattering.
Quasi-random or Gaussian random structures have been proposed as good candidates for

energy harvesting.

Here, we propose a new method to generate a 2D quasi Gaussian surface and a quasi-random periodic
surface (quasi-random gratings) based on molecular nano-motor lithography, where the nanoscale
movements of molecules, acting as nano-motors, is fueled by the laser light. This movement can induce
self-organized randomly dispersed nanopatterns on the surface of a thin film. The nanomotors are
azobenzene molecules. Azobenzene derivatives are one of the most frequently studied class of
switchable compounds. The azobenzene functionality exhibits a cis-trans isomerization. The
thermodynamically stable trans isomer can be converted to the cis isomer by a light stimulus, whose
wavelength is in the absorption band of azobenzene, with a back isomerization induced by a thermal
relaxation. Engineering azopolymer materials can lead to a photoisomerization induced by light, to
create self-induced patterns on the surface of thin films. One example of such induced patterns is the
production of self-organized structures, leading to gratings on the surface of side-chain
azobenzenegraphted copolymer DR1 thin films. This study was the first experimental result of
photoinduced spontaneous structure of azopolymer, generated with a single beam. As such, the use of
azopolymer is a good choice for the fabrication of random nanostructured materials, for the purpose of
controlled light-matter interactions, particularly for the improvement of high light scattering through
different phenomena involving in the process. Through this process, different self-structured surface
patterns were observed, in particular with epoxy-based azopolymers, acrylic polymer bearing the
photoresponsive moieties as side chains of the polymeric backbone or 4VP(OH-DMA) [12], but none

have ever been used for light management in photonics.

72



111.2.1. Quasi Gaussian surface

The first experiment is done by illumination of the azopolymer 1 (Chapter.1l). Fig.111.2-1a
presents the surface topography of azopolymerl, obtained with an atomic force microscope
(AFM). Topography of the first sample is a quasi-random pattern. Illumination by a laser light
induces a spontaneous self-structured surface pattern with spontaneous created cells, with

diameters in the range of nanometer scale, giving a granular aspect.

The cell size has an average perimeter in the order of 2.3 mm. Fig.I11.2-1b gives the Fourier
transform of the surface. The lattice has a Fourier energy concentrated into a well-defined

circular range of k-vectors with a radius value, around 15.2 mm™,

8.0{1 pm )

Fig. 111.2-1: a) Surface pattern of the azopolymer 1 measured with an AFM in the contact mode, b) Fourier
transform of the surface pattern.

A histogram of data given by a statistical roughness analysis, calculated from the topographic
measurements acquired by the AFM, is shown in fig.111.2-2a. Fit of a Gaussian curve to the
roughness histogram gives an excellent match, and the measured average height is 265 + 10

nm. The granular pattern has a very small structuration anisotropy, confirmed by the symmetry
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of Fourier transform. While the laser polarization was linear during the illumination, no

specific correlation of the polarization with the direction of the pattern is observed.

The RMS roughness (s) is 82 £ 2 nm. In fig.111.2-2b, the correlation function of surface
heights’ is also quite close to a Gaussian curve. We measured the lateral correlation length
considering a Gaussian fit (defined as the e half-width of the correlation) and obtained a value
of x =510 £ 10 nm. The ratio s/x is 0.16. With this small ratio, slopes of the surface roughness
are small. This result is confirmed by the Kurtosis parameter (K), which is a dimensionless
quantity giving a measurement of the sharpness of the height distribution function. We found

K = 2.7, close to the value 3, for a Gaussian height distribution.

This low ratio of the surface roughness implies that if we consider a ray-tracing, following the
geometrical optics, multiple scattering or shadowing effects will be attenuated and will be
insignificant at small angles of light scattering (referred to the normal axis). Second order

reflections can take place only for high angles of incidence.

The surface can be described, in details, with a height-height correlation function (HHCF),
H(r) (fig.111.2-2¢).The measured surface is explained in terms of scaling exponents. The HHCF
data reaches a saturation height, which can be related to the roughness of the image as well as
the average grain size, by utilizing the Hurst function given by the following equation (Eq.Il1-

2):

H(@r) = 252 {1 —exp (— (920[)}

(1n-2)

Where, a is the Hurst parameter (or surface roughness exponent), o is the surface roughness

and & is the correlation length. The surface morphology is completely characterized by these
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parameters. The curve reaches a plateau and the Hurst parameter (a) or surface roughness
exponent influences the slope of the function before it reaches the saturation height. The
surface roughness is a measure of changes in height across the surface of sample. The
correlation length influences the saturation height, which is defined as the largest distance in
which the height is still correlated. The surface roughness exponent, «, allows the
determination of the fractal dimension and the frequency of height fluctuations. The fractal
dimension, Dy, corresponds to the changes in surface morphology, which occur due to the
effects of the photoinduced surface patterning. The surface roughness is linked to the fractal
dimension, Dy, of the random surface by Ds = D - a, where D is the Euclidean dimension of the
surface, (D=3) that defines the geometry of the sample. We fitted the Hurst function, plotted in
the figure 3c, to the calculated HHCF data to obtain the values of parameters in Equation (I11-

2).
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Fig. I11.2-2 : a) Histogram of the surface RMS roughness of the azopolymer 1 and its fit with a Gaussian curve, b)
auto-correlation function of the pattern surface and comparison with a pure Gaussian surface (red), c) height—
height correlation function (HHCF) and fit, d) directionality of the light emission from the surface.

The fit shows a great agreement with a model of a Gaussian surface. The surface roughness
exponent, a, obtained from fitting the HHCF data of the AFM surface is 0.92. The Hurst

parameter, a, is close to 1, meaning that the surface is smooth. The fractal dimension, Dy, is

2.08.

The directionality of the emission in fig.I11.2-2d gives a broadband range of angles. The
emission isotropy for this random surface is 52.6 %. This effect is mainly due to the low value
of the roughness angles and the smoothness of the surface, as it was measured with the Hurst

parameter and the ratio s/x. This directionality leads to an emission of light into all directions
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of a hemisphere, with almost constant radiance, and consequently can be considered as quasi
Lambertian.

111.2.2. Quasi random grating surface

The second experiment is done with azopolymer 2 (Chapter.Il). Fig.ll1.2-3a gives the
topographical measurement of the surface after laser irradiation. The surface is spontaneously
organized into sub-zones, oriented with different angles, and a periodic structure giving the
aspects of quasi random periodic structuration. Two different types of subzones, where a
periodic structure appears, are present. Each of these subzones contains a periodic structure
with a pitch, defined as the distance between two maxima, of 0.51 £ 0.2 mm, in the descending
direction, or 0.35 + 0.2 mm, in the ascending direction. The subzones have an average length of
7.8 + 0.3 mm, with a maximum width of 1.6 £ 0.2 mm. These zones inside the whole pattern
appear to be superposed. Some parts of the sample show an overlapping between the randomly
arranged sub-zones of gratings, where the periodic structures are photoinduced.

Self-organization of the thin film surface in multi gratings is the result of a mass transport due
to cis-trans photoisomerization, as the light illuminates the surface. In our experiment, the light
illumination is by a single Gaussian laser beam, without any structuration of light. The long
side chain of the second azopolymer, with high Tg, limits the process of molecular mass
transport on the surface, in order to induce a large periodic structure by increasing the local
viscosity. Another possible involved phenomenon could be the free volume size in the
proximity of the azobenzene chromophore leading opto-mechanical movements. The
calculated molar volume of sulfabenzamide azo derivative with Gaussian09 package, present
in azopolymer 1, is 293 cm®/mol. While, this value for sulfadimethoxine azo derivative present
in azopolymer 2 is distinctly lower, 263 cm®mol (the molar volumes were calculated for trans
isomers of model compounds). The lower molar volume of photoisomerizable azobenzene

derivative present in azopolymer 2 provides more free volume available for trans-cis-trans
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isomerization process. This may explain the higher photoisomerization and thermal relaxation
rates observed for azopolymer 2, favouring grating patterns compare to azopolymer
1.Recently, we have presented results showing that, in the same condition for an azopolymer
with a lower Ty, the self-organization takes place with features with a length of 300 £ 20 nm,

revealing by the superposition of photoinduced periodic sub-structures [18].

Fig. 111.2-3: a) Surface pattern of the azopolymer 2 measured with an AFM in the contact mode, b)
Fourier transform of the surface pattern.

The quasi random grating structuration is confirmed by Fourier transform of the surface
pattern. Fig.l11.2-3b exhibits the Fourier spectrum of the AFM measurements. The Fourier
spectrum is confined to a circular range of k vectors, where the largest k-space distribution is
due to the small structures confined in the multi gratings. The low k-values in the central part
of the Fourier space are due to the multi gratings, layered in two different directions. We
measured a maximal k-vector value of 17.2 mm, larger than the measured values obtained

with quasi random nanostructures on silicon materials. The width of the k-vector ring is 4.5
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mm-L. Large k-vectors are a valuable property for light trapping applications. Indeed, the exit

angle, 0., of light diffracted by a grating surface is given by:

sin@, = qA.k

o (111-3)
Where, q is the diffraction order, A is the reading wavelength and km is the maximal value of
k-vector in the Fourier transform of the surface pattern. If the exit angle, 6, is greater than 90°,
the light cannot emerge from the surface and is trapped inside the thin film. With a value of kn
= 17.2 mm, wavelengths as small as 360 nm do not exit the surface and are trapped inside the
thin film, creating quasi-guided mode. This trapping effect is experimentally tested in section

3.2.3.

Consequently, we can say that the surface presented in fig.111.2-3a offers an interesting trade-
off between periodic and random domains: the diffraction efficiency presents simultaneously a

concentration of light into very high and very low orders.

A histogram of roughness analysis data, obtained by measurement with AFM, is shown in
fig.111.2-4a. The fit of the roughness can be done with two Gaussian curves and the histogram

is in good agreement with these two curves.

The measured RMS roughness of the whole sample is s = 20.6 nm. We distinguish an average
roughness height of 62.5 nm and 91 nm for the first and the second average height,

respectively, given by the two roughness statistics fitted by a Gaussian curve.
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Fig. I11.2-4 : a) Histogram of the surface RMS roughness of the azopolymer 2 and its fit with a Gaussian curve, b)
auto-correlation function of the pattern surface and comparison with a pure Gaussian surface (red), c) height—
height correlation function (HHCF) and fit, d) directionality of the light emission from the surface.

The correlation function of surface heights (fig.I11.2-4b) gives a lateral correlation length of x =

98 = 10 nm. This correlation function is not Gaussian. The different peaks are explained by

periodicity of the pattern and we find the same correlation length in the other oscillations.

The ratio s/x is 0.21. With this ratio, a large proportion of the surface becomes shadowed, due
to the topology for high angles of incidence of light. Any valleys on the surface start to be
involved in multiple scattering events. So a part of primary reflections on the surface roughness

give rise to secondary ones.

The height fluctuations occur at different length scale. The Hurst parameter corresponds to the

frequency of height fluctuations. The surface roughness exponent parameter obtained from the
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fitting of the AFM scan is a = 0.63, far from the value a = 1, indicating a rough surface.
Fig.111.2-4d shows the light directionality of the quasi-random gratings on the surface. We
calculated an isotropy of 18.3 % in the emission of light from the surface. The directionality of
the emission covers mostly four directions of the space. This anisotropic emission is due to the
large random variation of micrometer length gratings on the surface, associated with a nano-
patterning with a honeycomb form inside the gratings. However close to the surface the
directionality of the emission is almost in the surface plane, allowing the reduction of the
thickness of the trapping film. The surface texture model can be thought as the superposition of

emission from gratings formed by slits, separated from one another with different distances.

111.2.3. Quasi guided modes into the thin film

In order to test the validity of light coupling through quasi-guided modes into the thin film, we
have created four additional grating structures next to the quasi-random grating surface
(fig.111.2-5a). First, the central pattern corresponding to quasi random gratings is spontaneously
created by illuminating the azopolymer 2 with a single beam. Afterwards, four gratings are
made with a laser interferences pattern, illuminating the sample through a pinhole. The sample
was rotated in order to inscribe the 4 gratings, one by one, at the cardinal points, close to the
central quasi random grating surface. The laser interferences pattern is obtained by separating
the beam from a linearly polarized laser beam via a beam splitter and recombining them with

two mirrors.
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Output gratin

Fig. 111.2-5 : Four gratings were inscribed in the cardinal direction in order to show the mode coupling of the light
in all the directions and the outcoupling light by the 4 gratings. The picture on the right shows that light (He-Ne
laser) injected on the quasi random grating surface (coupling grating) is outcoupled by the output gratings. This
confirms the existence of quasi guided modes into the thin film.

The positions of these four gratings match the positions of the diffracted spots given by the
Fourier transform of the surface pattern (fig.111.2-3b). The pitch of these four gratings,
measured from AFM images is L = 0.9 + 0.05 mm with an amplitude of 100 + 10 nm. After
inscription of these gratings, a He-Ne Laser is used to illuminate the central quasi-random
grating pattern of the surface. We used a He-Ne laser in order to avoid possible photoinduced

changes applied on the surface by the laser.

As it can be seen on fig.l11.2-5b, the central pattern diffracts the incoming light with such big
angles that a part of the incoming light cannot directly exit the film. However, the trapped light
can excite the quasi-guided modes into the thin film. The guided energy is then outcoupled by
the 4 satellite gratings. The variation of light intensity in the four gratings is due to amplitude
inhomogeneities in the central pattern, affecting the total repartition of the extracted light into
the four gratings. Tilting the sample, with respect to the incident angle, is important and can

also affect the extracted light. The intensity of the light coming from the gratings can be
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controlled through changing the incident angle. In addition to applications for light harvesting,

the quasi random-grating surface can also be seen as a four beam splitter for thin films.

111.2.4. Light trapping efficiency measurements

Due to the surface relief features, the surface-patterned azopolymer films can be used directly
as a soft lithographic master to cast molds. We replicated the photoinduced surface of the
chiral azopolymers 1 and 2 on a widely used elastomeric material, (poly(dimethylsiloxane
(PDMS)). This material has a low interfacial free energy. The PDMS sample is largely
transparent, since it has an optical absorption of 0.04 % and a transmission above 95 % in the
visible region of the spectrum. The printed replicas showed the same random structures as the
masters, along with the same relief depths. Fig.111.2-6a shows the photographic images of the
stamps. Brilliant and iridescent colors, resulting from the diffraction of the surface gratings,

can be observed for the replica of the quasi-random grating surface (sample A on fig.111.2-6a).

Taking the plane PDMS surface as a reference, we measured the light extinction, induced by
the patterned surface, for both materials. We found an increase of the light extinction ratio of
28% and 41% for the quasi Gaussian surface and quasi-random grating surface, respectively
(fig.111.2-6b). This light extinction is homogeneous over the visible spectrum, which is a
valuable property for light harvesting. Since no absorption can occur inside the PDMS
material, this extinction is due to light scattered by the random surface (for both surface) and

light trapped into the thin film (only for the quasi random grating surface).
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Fig. 111.2-6 : a) Replica modeling of the surface pattern of the azopolymer 1 and azopolymer 2 on an elastomeric
material A and B respectively (A is the quasi-random grating surface). b) Transmission spectrum of the
elastomeric surface with quasi-random gratings, a Gaussian surface and comparison with the reference plane
surface.

Consequently, here light extinction has to been understood in the more general concept of light
harvesting. Therefore, from the measurement we can say that the quasi-random grating surface
is 20 % more efficient, for light harvesting, than the quasi Gaussian surface. This effect is due
to the random gratings associated with honey-comb structures inside the small gratings. We are
similar or quasi better than the obtained results with photonics crystal. Let’s stress out again
that in the quasi random grating structure, we combine the role of random surface with the one
of multi gratings to observe a large concentration of energy in higher orders, approaching the

Lambertian limit. This replicated patterned surface can generate a good light trap.
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111.2.5. Conclusion

We have presented a simple and cost effective way to prepare a quasi Gaussian surface and a
quasi random grating surface using a self-photoinduced process on two chiral azopolymer thin
films. The quasi random grating surface has the same advantages as the quasi Gaussian surface
for light scattering but, as it was experimentally shown, additionally, it allows an induction of
an isotropic mode coupling of light into the thin film, increasing its efficiency by 20% for light

harvesting.
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111.3. Introduction

Considering the importance of surface modification and the numerous applications of
azopolymer thin films, this azopolymer and its relating compounds have been the subject of
studies for investigating the surface deformation through laser illumination. However, the
method chosen to create the initial patterns on the surface of azopolymerthin film here is

solvent-droplet-induced dewetting.

Here, we experimentally showed a simple bottom-up approach to produce doughnut shaped
nanostructures on the surface of azopolymer thin films by the choice of solvent-droplet-
induced-dewetting method and incoherent unpolarized light illumination. Also, Due to the
presence of highly photoactive azobenzene derivative in the material, illumination of these
nanostructures by a polarized laser light shows the possibility of further growth and reshaping

of structures.
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111.3.1. Dewetting

Thin films were prepared by dissolving azopolymer in THF (50 mg in 1 ml of THF) and spin-
coated on a pre-cleaned glass substrate. Prepared films were let in oven overnight at 80°C to
remove any residual solvent and also for obtaining films whose surface morphology appears
featureless or is not dominated by pinholes and other surface defects. A 0.3 ml droplet of

selected solvents was dropped on the thin film surface.

We tested all common solvents mentioned in chapter 2 (Table.ll-2) such as hexane,
cyclohexane, toluene, chloroform, dichloromethane, dimethyl sulfoxide (DMSQO), 1-4 dioxane

and aceton.

Upon contact with solvent droplet, the glass transition temperature of the polymer decreases
below the room temperature due to absorption of the solvent into the polymer matrix,
increasing the free volume of the polymer and resulting in an enhancement of the polymer
molecule mobility. These molecules are now able to reorganize freely which in turn leads to
the rupture and dewetting of the thin film (hole formation). For solvents with high solubility of
azopolymer, penetration of solvent in polymer matrix is high, and the resulted mobility and
movement of polymeric chains result in a chaotic structure, after the evaporation of the solvent

droplet, as can be seen in Figs.111.3-1a-d.
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Fig. 111.3-1: a) Dewetted surface of the azo polymer film via Ethyl amin, b) 2-Propanol, c¢) Butanol, d)
Chloroform

111.3.2. Solvent Droplet Induced Dewetting via the Selected Solvent

Based on the purpose of the study and the need for a controlled structure, finally n-Heptan
was chosen for the optimal pattern on the surface in term of available structures. In a first
experiment, a 0.3 ul droplet of the selected solvent (n-Heptan) was dropped off on the surface

of the azopolymer thin film. A droplet of this volume covers an area of approximately 50mm?
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on the surface. n-Heptan has a medium boiling point of 98°C and an evaporation rate of 2.80
(Butyl acetat:1). Owing to the low solubility of azopolymer in the solvent (n-Heptan), dewetted
films appear completely flat and undisturbed to the naked eye and does not exhibit any changes

in the absorption spectra (Fig.111.3-2).
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Fig. 111.3-2 : Absorption spectra of azopolymer film before and after dewetting

A small quantity of solvent entering in the azopolymer thin film is not sufficient to induce
enough chain mobility. The glassy state is maintained and because the polymer is neither
removed nor evaporated, the dissolved polymer can only be redistributed. The hole formation
is due to migration of the polymer from the center of the hole to the perimeter during solvent
evaporation. The thin film topography was studied with an atomic-force microscope (AFM,

Veeco Instruments Inc) in the contact mode (Fig.111.3-3a,b)
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Fig. 111.3-3: a) typical topographyof azopolymer film dewetted with n-Heptan, b) corresponding height cross-
section shown by the lines

The location of holes appears randomly but can be controlled with initial changes of the film

topography or by dewetting on already prepared patterned surfaces as we demonstrate later.

The mean length scale of the period between nearest nano-holes created by solvent-droplet-
induced dewetting on the surface of azopolymer thin film was calculated via statistical
processing of obtained AFM image (Fig.I11.3-5a). We found an average value Az of 2.5 + 0.1

um (Fig.111.3-4) which is in good agreement with the theoretical results of 2.17 um, given by

Eq.l11-4:
. 7
I :gMegsg% hOA
SEFINYEC (111-4)

With M is the PMMA polymer weight, h, the film thickness (600nm), M. the molecular
weight between entanglements (7000 Da), |S| the spreading coefficient (70 MPa) and ys the
PMMA surface tension (42 mJ/m?). We consider in the calculation that PMMA has the largest

matrix of material so the material was considered as pure PMMA in a simple model.
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Fig. 111.3-4 : Distribution of the distance between nearest neighboring nano-holes
111.3.3. White Light Hlumination of Surface Structures

Multiple trans—cis—transphoto-isomerization cycles of chromophores in azopolymer induce
a mechanical stress and deformations. Studies have recently showed that a well-organized
pattern on the surface of an azopolymer film can be formed by the use of an incoherent light
source. Incoherent light can indifferently propel the photo-patterning process, in comparison
with a laser illumination. Using this technique, it is possible to modify the holes and their
surrounding areas formed on the surface evenly and to induce a polymer growth due to a mass

transport.

The incoherent white light, from a xenon lamp (Hamamtsu, C2177-01) with the effective
power of 180 mW/cm?, was used as an initiating source for a photo-induced mass transport in
the film (White light setup — Chapter.ll). To prove the ability of photo-induced
nanostructuring, a detailed AFM scan of the film, before and after illumination, was done.

Numerous randomly placed doughnut shaped nanostructures were clearly distinguished on the
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film. AFM images show exclusively doughnut shaped nanostructures with diameters varying
from 150 nm to 500 nm. Using this typical film topography one can benefit from this variation
of diameters in any possible applications requiring a simultaneous utilization of similar nano-

objects with different sizes and depths (Fig.111.3-5).
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Fig. 111.3-5 : a) Topographical images of the azopolymer film after the white light illumination, b) corresponding
height cross-section shown by the lines

The illumination time for the sample was 30 min. During this time the force (F) needed to
exert an elastic deformation on the nano-object is derived from the Hertz theory (Eq.I11-5),
which considers the contact deformation of elastic spheres under normal loads in absence of

adhesion and fraction:

4
F=—GD;°DD*
3 (111-5)
Where, G is the elastic modulus of PMMA (1.8 - 3.1), AD = Do — D, the deformation where
Do and D are the initial and final radius of the structure, respectively. Considering the same 1
GPa low bound, an elastic force of 22 uN was acting on the holes to produce a nano-doughnut.

The volume of the doughnuts after illumination grows to reach as average amount of 0.134
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ums3, which results from a growth rate of 0.0032 pum?, considering the 30 minutes of

illumination time to reach the saturation point.

The average distance between the nearest nano-doughnuts is of 2.5 um and is greater than their
own diameters. This feature of the film makes it possible to work with nano-doughnuts in

applications as isolated objects.

111.3.4. Polarized Light lllumination of Surface Structures

Beside the wide range of possible geometrical sizes during fabrication, azopolymernano-

doughnuts exhibit a property of flexible reshaping under illumination.

To irradiate by a polarized light, the samples were placed in a single beam setup (single beam
setup - Chapter I1). A quarter/half wave plate was used to control and change the polarization

and direction of the polarization of the laser beam.

The average diameter of the doughnuts is determined from peak-to-peak distances. A
detailed analysis (using software WSxM and origin) shows that the average diameter of the
photoinduced doughnuts is typically 350 £ 50 nm. The distribution of holes depths on the

surface after dewetting seems almost constant (30 £ 10 nm).

The initial surface modification with holes acts as a mask for the photofluidization of these
nanostructures. The optical manipulation of polymer structures was done by varying the

polarization and irradiation time, allowing an exceptional control of structural features.

Samples were set perpendicular to the incident laser and illuminated by different
polarizations (vertical, horizontal and circular polarizations) for a defined amount of time. It is
seen that the initial symmetry of the nano-doughnut changes with illumination, depending on

the direction of polarization and duration of irradiation.

93



111.3.4.1. Linear Polarization (Horizontal polarization)

When the initial symmetrical doughnuts are irradiated with a linearly polarized light
(horizontal polarization), the symmetry of these structures is modified. Nano-doughnuts shapes

are changed into two semi-rings with a central hole (Fig.111.3-6).

Fig. 111.3-6 : Topographical images of the azopolymer film after the laser illumination (Horizontal polarization)

Under illumination the cis-transphoto-isomerization cycle of azopolymers gives rise to a
light induced mass transport parallel to the light polarization. The molecules under irradiation
are aligned perpendicularly to the incident polarization. This effect unravels the rim around the
central hole. The variation of the two axial components (x or y) is not similar. The molecules
along the x-axis move along the polarization direction, while the two semi-rings perpendicular
to the polarization’s direction build up. As a result, two poles of the doughnuts rim are voided

and the two semi circles grew (Fig.I11.3-7).
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Fig. 111.3-7: a) Typical large scale topography obtained by AFM, b) Three-dimensional AFM image of
nanostructures formed on surface of azopolymer film under laser radiation and corresponding height cross-section.

Such structures resemble a nano-cavity made with two semi-circular mirrors. An interesting
application could be the possibility of creating cavities with nano-particles embedded in the

center or be used to aggregate nano-particles along the rim.

When the illuminating time is increased (up to 10 min), changes in the shapes are even more
severe. The rectangular shape of the initial nano-doughnut reaches an average length of 850 nm
and a width of 450 nm (Fig.111.3-8a-c). These structures are current subject of interest in the

field of surface plasmon behavior with rectangular hole arrays.
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Fig. 111.3-8 : a) Topographical images of the azopolymer film after the laser illumination (Horizontal polarization)
up to 10mins, b) Typical large scale topography obtained by AFM, c) Three-dimensional AFM image of
nanostructures formed on surface of azopolymer film under laser radiation and corresponding height cross-section.
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A further increasing of the irradiation time results in surface relief grating (SRG) formation

and the formed SRG overcomes the nanostructures on the surface.

111.3.4.2. Combination of Two Linear Polarizations (Horizontal and Vertical)

Interestingly, if we continue the photo-reconfiguration by illuminating the holes with a
linearly polarized light, the changes also occur along the vertical direction as well as the lateral
direction. So, a further irradiation with a vertically polarized light (vertical polarization) after
an irradiation with a laterally polarized light (horizontal polarization) onto doughnuts leads to a
transformation of a circular hole into a square hole with an average diameter of 450 — 500 nm,

as shown in the Fig.111.3-9a-c.
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Fig. 111.3-9 : a) Topographical images of the azopolymer film after the laser illumination (Horizontal nad vertical
polarization), b) Typical large scale topography obtained by AFM, c) Three-dimensional AFM image of
nanostructures formed on surface of Azopolymer film under laser radiation and corresponding height cross-
section.

111.3.4.3. Circular Polarization

Moreover, changing the polarization of the incident light to circular polarization, via a
quarter wave plate, leads to growth nano-doughnuts. The average height of nano-doughnuts are
about 15 nm, but measurements on structures created via circular polarization of light shows
that the typical depth of these structures range between 40 — 110 nm. The measured heights for
rims of these objects above the film surface vary from 15 — 25 nm. All the informations

mentioned above lead to the classification of these structures as nano-well (Fig.111.3-10a-c).
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Fig 111.3-10 : a) Topographical images of the azopolymer film after the laser illumination (Circular polarization),
b) Typical large scale topography obtained by AFM, c) Three-dimensional AFM image of nanostructures formed
on surface of Azopolymer film under laser radiation and corresponding height cross-section.
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Detailed analysis show that, not only the structures change their shapes during illumination,
but also due the mass transport of the azopolymer a change in diameter and depth is also
observed. The average diameter of the nanostructures varies in a range from 215 nm to 320

nm. Furthermore, the average depth of the initial structures formed after white light

illumination grows from 12 nm to an average amount of 35 nm (Fig.I11.3-11a-d).
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Fig. 111.3-11 : Distribution of depth, of nano-structures a) before and b) after laser illumination, Distribution of
diameter of nanostructures c) before and d) after laser irradiation

The study reveals a facile way to produce easily reproducible and controllable surface

structures. Moreover, the great possibility of using light to dynamically photo-induce a
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mechanical change of the azopolymer structures presents a significant advantage as functional

materials.

Changing the irradiation wavelength in the azopolymer absorption band or far from it can
switch the behavior of doughnut-shaped nanostructures and leads to a flexibility of reshaping
initial surface modifications to stable transparent nano-objects, thus covering a wide range of
opportunity of applications. Such nanostructures are of great interest in application fields of
sensors, nano-plasmonics, plasmonic solar cells, nanoparticle trapping, photochemistry, nano-
rectors etc. Also, Smart nano-doughnuts with controlled volumes can be exploited as chemical
reactors for photo-catalytic and enzyme reaction. Conveniently, all the surface modifications
can be reversibly changed to come back to the initial state by heating the sample above the

glass transition temperature.

111.3.5. Controlled Dewetting

As mentioned, dewetting provides a simple, powerful technique for patterning
nanoparticles, small molecules, and polymers. Due to the complexity of the dewetting process
it seems impossible to control well-defined hole/droplet formation. However, by using a pre-

patterned substrate, we are able to direct ordered hole formation during the dewetting process.

Unlike the previous research on controlled dewetting, in which the substrates were patterned
through conventional lithography, microcontact printing (uCP) and vapor deposition methods,

azopolymer films can be patterned readily via an optical patterning.

In this stage, the azopolymer films were illuminated through a double beam exposure
experiment. The sinusoidal light interference pattern at the sample surface leads to a sinusoidal
surface patterning, i.e., a surface relief grating (SRG). We applied the solvent-droplet-induced-

dewetting method to this surface expecting a modification of the surface in the place where the
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solvent is confined. The surface is then illuminated with a white light to produce a change of
the initial surface pattern. The result is visible in the Fig.111.3-12a where the nano-doughnuts are
arranged on the edge of the stripe at regular distances decorating the grating with sub-
structures. We point out that the sizes of the nanostructures are smaller than the previously
obtained nanostructures on a flat surface, due to the limited space for growth and confinement

of the solvent.
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Fig 111.3-12 : a) AFM image of a 1D grating,b) Dewetted structures on a 1D templated film

We continued in this direction, based on results demonstrating that azo compounds have
proven to allow the inscription of multiple superimposed relief gratings providing more
complex structures (Fig.111.3-13c). These gratings were considered as the template for a further
dewetting process. The solvent droplet follows the pattern of the film in the regular nano-
cavities. On these regularly patterned SRGs, we observed a spontaneous alignment of holes at
the center of the trenches (Fig.111.3-13d). Applying solvent on the two superimposed 1D
gratings leads to the formation of a 2D array of ordered holes transformed in nano-doughnuts

on the surface of the film.
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Fig 111.3-13 : a) AFM image of a 2D gratings,b) Dewetted structures on a 2D templated film
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111.3.6. Conclusion

We have demonstrated a route to fabricate the ordered nano-patterns from dewetting. These
results present an exciting opportunity for manipulating structures and properties of an
azopolymer thin film on nanometer scale. The technique chosen for this purpose is dewetting
of azopolymer thin film via a solvent-droplet induced method. The produced nanostructures
can be classified as nano-doughnuts, consisting of a hole and a surrounding ring. Furthermore,
due to the presence of highly photoactive azobenzene derivative in the material, illumination of
these nanostructures by a polarized laser light shows the possibility of a further growth and

reshaping.
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111.4. Introduction

As mentioned in Chapter I, Polymeric particles are used in a diverse array of applications. In
this regard, particle shape is a critical parameter that can significantly influence particle
function. However, due to difficulties in fabrication of polymeric particles with controlled

shapes, this parameter has not been fully explored.

Here, a new and excited group of colloidal azopolymer particles, composed of PMMA and
azopolymer with specific ratio, were synthesized (Chapter.1l). For different ratios of PMMA
and azopolymer, the particles obtained by the same procedure show different phase-separated

structures.
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111.4.1. Characterization of new Azo particles

Characterization of the particles was done using a scanning electronic microscope, SEM -
JOEL 6301F, which was operated with an accelerating voltage of 3 kV. The morphology of the
polymeric particles synthesized by emulsion polymerization is spherical, since the interfacial
tension between particles and surrounding medium can be minimized due to the spherical
shape. However, the newly synthesized azospheres resemble a buckyball or a soccer ball
(Fig.111.4-1). But rather than being hollow they consist of a PMMA core surrounded by

fragments of azopolymer.

Fig. 111.4-1 : SEM images of the new buckyballazopolymer particles

Based on the analysis from the SEM images, the average size of the spheres covers a wide
range from 16 to 90 um. The average diameter of the spheres used in this study is 35 um

(Fig.111.4-2).
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Fig. 111.4-2 : Diameter distribution of the azo spheres

Fragments of azo polymer covering the core are circular in shape, which given the fact that
they cover a spherical core, can’t coat the whole surface, thus it possesses some porosity.
Porosity or void fraction is a measure of the void (i.e. "empty") spaces in a material, and is a
fraction of the volume of voids over the total volume, between 0 and 1, or as a percentage

between 0 and 100%.

p = Vuid -1 (111-6)

total

Based on measurement from the images, the fragments cover about 83+4% of the surface,

meaning the surfaces of the spheres possess an average 17+4% porosity.
111.4.2. Laser irradiation of azo particles

Due to directional photofluidization of azoplymers, compartmentalized layer of azopolymer
can be light manipulated to obtain unique shapes, which can hardly be obtained by other

methods. To investigate this possibility, the azospheres were subjected to laser irradiation.
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111.4.2.1. Laser irradiation of azo particles via linear polarization

Upon laser illumination by a linear polarization, cis_trans photoisomerzation occur at each
fragment of azopolymer on the surface of the core PMMA. The photofluidazation of
azopolymer as a consequence of this isoremazion results in a mass transport of azopolymers, in
direction of the polarization of the laser. The photo-deformation occurs at each fragment of
azopolymer surrounding the core PMMA, resulting in a very unique shape for the initial
spheres. This deformation reaches a saturation point in 15 minutes. At the end of 15 minutes

irradiation time, the final particles look like a porcupine (Samplel - Fig.l11.4-3a).

18Hm

Fig. 111.4-3 : a)Azopolymer particles after illumination with a vertically polarized laser light, b) Azopolymer
particles after illumination with a horizontally polarized laser light

It seems as each fragment is in a struggle between its limitation to being bound to the core and
its desire to move along the polarization’s direction. Unable to break free of the core PMMA,
the azopolymers in the fragments start stretching in the direction of polarization and become

spikes.

As it has been pointed out frequently in the literature, photofluidazation of azopolymer is a
polarization dependent phenomenon. To observe the validity of such dependency for these

particles, direction of the polarization of laser beam was altered to vertical polarization, using a
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half wave plate. The samples subjected to this polarization exhibit the same behavior, but in the
vertical direction (Sample2 - Fig.111.4-3b). The flashes on the images indicate the direction of
the polarization. Furthermore, mass transport of azos under laser irradiation, along with
stretching of the azo fragments, result in inscription of gratings on the particles. Mean pitch

value for these gratings is about 1.5+£0.2um.

The resulted porcupine particles are a set of new and exotic shaped particles, opening new
doors for study of the phenomena of SRG formation and the basic understanding of the light-

matter interaction.

111.4.2.2. Laser irradiation of azo particles via circular polarization

Following the further possibilities of surface deformations and new shapes using light, the
polarization of the laser was changed to circular polarization, via a quarter wave plate. Initially
spherical particles were illuminated by circular polarization for 15 minutes (Sample3). The
final structure of the particles is shown in Fig.I11.4-4. These particles resemble a sea pineapple.
Under illumination with a circular polarization, there isn’t any preferred direction of the
movement for azoplymers. However, through the cis-trans isomerization and movement of the
azopolymers, certain bump shapes are visible on the particles, which results in the particles

resembling a seed or sea pineapple.
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Fig. 111.4-4 : Azopolymer particles after illumination with a circular polarized laser light

Such particles were recently synthesized through a complicated three step process. The seed or
sea pineapple shaped particles have been used as templates for the synthesis of porous

inorganic particles and production of dye-doped nanospheres.

Unlike the mentioned process, our particles, using laser illumination, were obtained faster and

with less effort.

111.4.3. Double beam exposure of azo particles

As mentioned in literature countless times, inscription of gratings in the surface if azopolymer
thin films are done not only by a single beam experiment, but also through an interference
pattern of a double beam exposure. Following the tradition of SRG inscription, a sample of
these azopolymer particles were subjected to an interference pattern (double beam setup —
Chapter I1). As can be seen from Fig.lll.4-5a-c, upon exposure to the interference pattern, a

grating is inscribed on fragments of azopolymer on the particles, during the first 5 minutes of
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irradiation (Fig.I11.4-5a). Continuing illuminating the sample up to 10 minutes, the grating on
the fragments become more dominant and the movement and stretching of the azopolymers
start (Fig.l111.4-5b). After 15 minutes of irradiation, the particles are similar to the particles
exposed to the single linearly polarized beam, spiked like a porcupine, with inscribed gratings

on the fragments (Fig.111.4-5c¢).

18 HMm
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Fig. 111.4-5: a) Azopolymer particles after illumination with an interference pattern of laser light (5mins), b)
Azopolymer particles after illumination with an interference pattern of laser light (10mins), c) continuing
irradiation of particles for 15mins.

Pitch value for the gratings on these azo fragments are about 1.3+£0.1um, which is in agreement

with the degree of the interference pattern (6=10°). Studying the deformation process of
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azopolymer fragments under single and double beam exposure is fascinating and could open a

window and provide a new insight to the origin and mechanism of SRG gratings.

111.4.4. Reversibility of particles’ shapes under irradiation

One of the biggest advantages of azo incorporated polymers has been their reversibility. For
years researchers working with these compounds in SRG formation and photo deformation
have been using methods such as circular polarization and unpolarized light to reverse the
effects applied to the surface and redo the effects again and again. Given the fact that our
particles are consist of a layer of azopolymer shell, there should be a degree of reversibility for

the induced shapes on the particles.

To test this theory, one of the samples, already subjected to linear polarization (Samplel - with
porcupine particles, Fig.111.4-6a) were irradiated by a beam of circular polarization for 15
minutes. Due to the random directional movement of the azopolymers under such illumination,
the spikes on the porcupine particles retreat and change the porcupine shape particles into sea
pineapple particles (Fig.111.4-6b). Again; given the nature of the azopolymers, we should be able
to reapply the changes on the particles through a directional polarization. Hence, the same
sample (samplel), now with pineapple particles, was again irradiated with a horizontally linear
polarized laser beam. Once more we witness the formation of porcupine particles as a result
(Fig.111.4-6c). Again, the flashes on the images indicate the direction of the polarization of the

laser beam.
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Fig. 111.4-6 : a) Azopolymer particles after illumination with a horizontally polarized laser light, b) Azopolymer
particles after illumination with a circular polarized laser light followed by a linear polarized irradiation, c)
Azopolymer particles after illumination with a linear polarization followed by irradiation with a linear and circular
polarization, successively

111.4.5. Stretching of azo particles under irradiation

Beside the unique and exotic shape of these particles under laser illumination, stretching of the
azo fragments effect not only the shape of their particles, but also their coverage area.
Evaluations from the images show that, for a typical size buckyball particles (with a diameter
of 35um), azo fragments exposed to laser beam stretch about 13+1um. This value is about 0.4
of the particles diameter, which leads to a particle that, now can cover an elliptical area 1.5

times more than the circular area it was covering before.
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Fig. 111.4-7 : a) Coverage area of particle before illumination with laser, b) Coverage area of particle after laser
illumination

It should be noted that in this study particles are being investigated as a single particle, but this
fact points out that in the case of bulk study, illumination of these particles effect the shape of
these particles, their occupied volume and also their effect on the neighboring particle

(Fig.111.4-7a,b).
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111.4.6. Conclusion

A group of new colloidal azopolymers were synthesized. This particle group possesses a core
of PMMA and a fragmented shell of azopolymer, resembling a buckyball. Under laser
illumination, this fragmented shell gives rise to a set of unique shape particles such as;

porcupine and sea pineapple particles

117



Conclusions and Perspective

In summary, given the unique properties of different complex ordered and disordered patterns,
we reviewed the fabrication of such patterns on azo polymer thin films. Interference of two
coherent laser beams has been used to writing surface relief grating on azo-polymer films.
Using this property, we have presented the fabrication of surface quasi-crystal structures on
azopolymer films and its replication through soft lithography on a transparent elastomer
(PDMS). The quasi-crystal structures were prepared simply through a multistep light
irradiation via an interference pattern of laser beam without additional manipulation. The
printed patterns on PDMS showed the same patterns as the masters and the same relief depths
as the stamps. The light diffracted by the PDMS stamp was used to observe the deformation of
the surface as a function of its stretching. The PDMS SRGs were used as a tailored surface for
the deposition of single nanoparticle in nanocavities. The methods presented here allows the

fabrication of cost-effective and efficient deposition surfaces for optical single particle study.

As said and seen, no surface is perfectly flat or ordered at every length scale and they show
some degree of roughness. Disordered systems host interesting optical phenomena, which is
why disordered photonics has made significant contributions to the field of science and
engineering. In this regard, Quasi-random or Gaussian random structures have been proposed as

good candidates for energy harvesting.

Here, we have presented a simple and cost effective way to prepare a quasi Gaussian surface and a
quasi random grating surface, using a self-photoinduced process on two chiral azopolymer thin films.
Creation of a more interesting quasi random grating surface is possible, via combination of a
photoisomerization process associated with a good choice of the azopolymer material, in particular with
the correct choice of the copolymer function and the grafted azobenzene. The quasi random grating

surface has the same advantages, as the quasi Gaussian surface, for light scattering but, as it was
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experimentally shown, additionally it allows an induction of an isotropic mode coupling of light into

thin film, increasing by 20% its efficiency for light harvesting.

We have highlighted the applicability of the quasi random gratings surface for realistic devices. The
replication of the surface pattern on a PDMS surface (a transparent and cost effective material), shows
how easily this technique can be used to modify samples like OLEDs or solar cells, for a better
efficiency of light diffusion or light harvesting. Furthermore, we note that the primary photoinduced
surface can be erased, for re-illumination and regeneration of a new photo structured surface. Finally,
the chemical structure of the azobenzene grafted copolymer can be engineered, leading to new

observational patterns.

Beside the conventional methods, here we have demonstrated a route to fabricate the ordered
nano-patterns from dewetting. These results present an exciting opportunity for manipulating
structures and properties of an azopolymer thin film on nanometer scale. In this work, we
experimentally presented a facile bottom-up method for fabrication of doughnut shaped
nanostructures. The technique chosen for this purpose is dewetting of azopolymer thin film via
a solvent-droplet induced method. The produced nanostructures can be classified as nano-
doughnuts, consisting of a hole and a surrounding ring. Such structures can be used in fields
such as nano-cavities, nano-rectors and sensors. Furthermore, as a result of the unique property
of azopolymer thin films leading to massive photoinduced macroscopic motions of polymer
chains, nanostructures of azopolymers can be optimized and reshaped via tailored light fields to
obtain different modified structures. The exposition of the above films to a coherent polarized
beam with an appropriate wavelength results in controlled growth and modification of
structures. The next step is the use of the unique property of self-patterning of azopolymer
films with different solvents in different conditions of surface ordering and temperature in
order to produce desired regular patterns with a controlled dewetting process. This will help to

optimize the control of structures to the required geometric forms.

119



Also, given the importance of polymers and polymeric particles, beside the polymer thin films,
a group of new colloidal azopolymers were synthesized. This particle group possesses a core of
PMMA and a fragmented shell of azopolymer, resembling a buckyball. Under laser
illumination, this fragmented shell gives rise to a set of unique shape particles such as;
porcupine and sea pineapple particles, opening new doors for novel applications and study of
the phenomena of SRG formation and the basic understanding of the light-matter interaction.
Availability of polymeric particles with distinct shapes will prove to be a useful tool in
uncovering the role of shape in applications such as biological systems. Particles can be used
as models for similar- looking objects, like bacteria, not only in biological applications but also
in environmental fields to study bacterial migration in soil or water. In another field,
nonspherical particles also may open new applications in advanced materials due to their
unique scattering and packing properties. These particles also can be used as research tools or
probes in rheology or aerodynamics or as sensors in microrheology studies. The uses and
knowledge gained from particles with defined shapes seem limitless, and the availability of a

simple method to make such particles will catalyze many new discoveries and technologies.

Future perspectives

One cannot hope to participate in all parts of the endeavor sketched above, especially when
taking into account the origin of self-organization in such systems. In the following, we will

focus on future works that are related to the current researchs:

» Maodification of nano cavity sizes by sample stretching for deposition of any shapes of

nanoparticles

» Modification of nano cavity size and shape by stretching the sample from both sides

» Study of transparent elastometer for plasmonic response
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» Application of Gaussian and random structures in Solar cells for light trapping

» Possible fabrication of nano-reactor or nano-trap patterns

» Study the possibility of fabrication of unique particle shape
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Appendix A:



1V.1. Introduction

In a first experiment we characterized, via optical diffraction, the microscopic elongation of
nanocavities, induced by a macroscopic stretching of the elastomeric quasi-crystal. This leads
to a tunable periodicity of the diffraction grating and consequently the manipulation of the size

of nanocavities formed on the surface of elastomer

Beside the experimental results of the 2D Quasi-crystal structures and their replicas on
PDMS, few simulations were also done to obtain a mathematical description and evaluation of

the structures and their evolution.
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IV.1.1. Mathematical Description of the SRG

The PDMS surface acts as a phase grating. Indeed, PDMS istransparent in the visible part of

the spectrum and consequentlydoesn’t absorb light, however, it changes its phase.

The main hypothesis for this mathematical description of thesample is that the SRGs created
by the light interference patterncreate sinusoidal height modulation on the azo-polymer
surface.These modulation are then replicated on the PDMS surface.

1V.1.1.1. 1Dsinusoidal phase grating

At 1D, the surface can be depicted as in fig.1V.1-1.The transmittance of the grating can be

written
e.m . &, XoU
t, (X) =expaj—sing2p —=; (IvV.1-1)
’ 5 2 g L gl
With :
j=+-1
m=2p M (1IV.1-2)

r
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-

incident
plane
wave

glass

“surface relief” grating
Transmission function

gt(z) = exp {1% sin (27?%) }

(n—1)s
A
“phase contrast™

m =27

Useful math property:

+oo
exp {iasin (0)} = Z Jq (o) exp (igf)

gq=—0o0
1, Bessel function of 15t kind,
m-th order

Fig. IV.1-1: Modeling of the 1D sinusoidal phase grating surface. From George Barbastathis, Colin Sheppard,
and Se Baek Oh.2.71 Optics. Spring 2009. Massachusetts Institute of Technology: MIT OpenCourseWare,

https://ocw.mit.edu. License: Creative Commons BY-NC-SA.

is the phase contrast of the grating with :

1. nppys isthe refractive index of PDMS (taken as 1.4)

2. Ar the reading wavelength

3. s the peak-to-peak amplitude of the grating (its heightin nm)

A is the pitch of the grating

X is the abscissa along the 1D grating.
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Indeed, the phase shift correpond to the amount of PDMSthat the wave has crossed. If we
take, for phase reference, thelowest point on the sinusoid, then the additional thickness d

ofcrossed PDMS for a point at!x is equalto:
S . X, S
d(x)=—=sin(2p —) + (=
() 5 (2p I_) (2)
The associated phase shift is equal to:
DF poms = 2P Nppys —y—

Interferences arise from phase shift of two wave and consequently we have to compare the
phase shift of a beam crossingthe thickness d(x) of PDMS to the phase shift of a beam

crossingthe same amount of air (Nair= 1)

de) _,, d(x)
I =2p I

r r

DFa = 2p nall’
In the end, the total phase shift is:

(Neoms — 1) (Meoms 1) s . &, Xx6_m . &  Xb
DF =2p >~ oM (x) =2p ~BMS /= ging2p —= =—sin¢2p —+ IV.1-3
p " (x)=2p | > gpl_ﬂ > gpl_g ( )

r r

and consequently tg(x) is:

t,(x) = exp[jDF] expej—smg2pl(—)u
ou

This expression can be rewritten3using bessel function, J, of the first kind:

Taking for the origin of the x axis such as sin(x) = 0
Zsinus is comprised between -1 and 1, or between 0 and 2 with the shift,hencethe division by 2 for s/2
Swe have the identity :

exp[jb sin@)]= &3, (b)exp[jaq]

g=-¥
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t,(x) = aJ expgqup H (IV.1-4)

Physically, each g term of the sum correspond to a plane wave propagating with the angle
sing = qI—Lr, that is to say onediffraction order of the grating.

Fraunhoffer’s diffraction pattern is the Fourier transform ofthe transmittance of the object.

The Fourier transform of thefunction exp [jXo] is:

geXpSJZpl ;: =d¥k, iﬂ dk, - f,) (IV.1-5)

Where:

kx is the relative variable* in the Fourier space : it is an angular frequency.

d is Dirac function.
1. . )
f, = m is the spatial frequency of the grating

The Fourier transform of the transmittance can be written as:

¥ ) ¥
TF(tg(X)) §§1J expgquD H =q §2° gexngqZp Hg (IV.1-6)
q=-¥ q=-¥

Consequently, the light vibration amplitude U(kyx) is (viaequation 1V.1-5) :

¥ .
U(k,)=TF(t,(0)= & J, %Engk _42 (IV.1-7)
q=-¥ e Lg

a(x) = ) Alk,)e'® " dk,
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If we put a screen at distance D from the diffracting object,the spatial frequency kx give rise

to a measurable distance. More precisely, the function d %kx —%9 is a point in the angular
e

g
frequency space. It means than a plane wave (i.e. a beam) is propagating out of the grating with

the angular frequency kx = qA,or, stated differently, with the angle 64 such as:

r

sing, =q—
d, =9 L
The beam creats a spot on the screen at position X as:

tanq, = —

Finally, the special frequency k, = % creates a position X such as:

e . I U
X = DtanéarcsmacSq—r9(J (IV.1-8)
8 e Lag

. . 1 .
Conversely, if we measure X, we have access to the spatial frequency f, = L via:

1 1 X U
— smearctang 0 (IV.1-9)

L qlr EU

The screen where the diffraction pattern is formed has the same axis of frequency kx with a
magnification factor given by formula IV.1-8. If we go back to the electrical field (eq IV.1-7),
we obtain the normalized intensity with the square of the electrical field. Strictly speaking, we

have:
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In principle, we should consider all double products of the form Jo J1. However, thanks to the

delta function all these double products are canceled out because the different points, g/A, in

the frequency space are never superposed and consequently they can’t be non-zero at the same

time. Consequently, we have:

g & 00 %
k)= & 9.8 (b e > Apu e bl a0s
=¥ €2g ¢ Log  qox 29 ¢ L o7

Which, if we limit the sum to the first terms, gives:

1V.1.1.2. 2D sinusoidal phase grating

We have to adapt the transmittance (eqlV.1-1) :

cos(@)x+sin(a)you
L i

t,(x,y) =expgjmsina§2p
62 ¢

a is the angle of the grating relative to the axis x. Which can be rewritten® as:

t,(x,y) :expgj %sin (K, r)ﬁ

With:
Ksr, the wave vector of the grating with :

Ky =2Tp(cosa e, +sina ey)

Svectors are in bold

(IV.1-10)

(IV.1-11)

(IV.1-12)
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I = Xex + yey, the position vector on the plan defined bythe 2D grating.

Using once again the Bessel functions:

¥
tg(x,y)=ang——exp[JqK r] ang——expgqup

q=-¥ =-¥

13)

Then, the Fourier transform of the grating becomes:

¥
Ulk,.k, )= 53599;1& dgk -

X1ty
4=-¥ e

cos(@) o sin(@) ¢u

L o

s@)xu__ é. sin(@) yu
—'eXp*Jq2D—'
(I L
(IV.1-

For each order g, we have, in the frequency space, a point atcoordinates (cos o/A, sin o/A ).

For instance, for o = 0, that isto say a grating with a vector K¢ parallel to the axis x, or

stateddifferently; with vertical fringes (along y), we have a point atcoordinate (1/A, 0), that is

to say on axis X.

As before, this point in the angular frequency space gives torise to a beam that creates a spot

on a screen, placed at distance D, at the coordinate (X, Y) such as:

e g 01 cosadgu
X = Dtangarcsingq— k¥
é L U
e € au
e g I sinagu
Y = Dtangarcsingg—- k¥
€ L M
e € au

And we also have:

(IV.1-14)
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1. sin earctang X o _;sm earctang Y ol (IV.1-15)
L qcosal, eDgu gsina l, Dgu
S . amp qcosa § qsina(j('j2
k.k, )= Q§J —dk— 28k, - 3z
( y) qa¥§ qg L ge L g9

1V.1.1.3. Sum of 2D sinusoidal phase gratings

Assuming there are no interactions between the N gratings, we have to sum the

transmittances of all of them:

- u_ 3
.m; 2 pCOS(a)X-'-Sm(a)y(.J _aexp jSII’Ig 'K r+ U(IV]' 16)

i=0 ;0 2 Li g =0 e
Then
8 & . gmoé @ cos(a,)d sin (a, ) 0l
U(kx,ky)=é équ—+ gd gk, - geos(@,)? dgk —q—():
i0g=¥ €2 gé L, g L, g
And finally
5 &8 b 6 @ ina, 60
§ & gm. o qcosa, ¢ gsina, ot
Ik, k J=a a &J,c—=d gk, -———3d gk, - —*37
( y) i:Oq:—¥§ quﬂ g Li ¢ gy L op

In our experiment, as soon as N > 2, the orders with g > lare note visible anymore and we

can write®:
N m. § am. g€ @ cosa, 0 & sina, cosa, 0 & sina.
k) 02800 (0)+ 028 M 05y By 4 q S0y L SIN&D, 4 | Cosaily k, -gq——
( y) |:Oogzﬂ() 132,56% Lillagy Liﬂ g Llﬂg i
(IV.1-17)

swith J2(X) = JZ(X)
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1V.1.1.4. Sinusoidal grating amplitude from intensity measurements

From the intensity of the diffracted spots, we get a relative scalebetween the different value
of si. If we want an absolute scalefor the s;, we have to measure the ratio, y;, of the intensity

ofthe order 0 beam, lo, and the intensity of one of the first orders,l1(i), beam, that is to say :

o S
Al

Then, we can make two estimations:

The diffraction efficiency is very small. All the light’s energy is with the Oth

order and consequently all Jo(mi/2)> Term are almost equal :

g‘]o(mi /2)2 »NJ, (m/z)2

=0

Where m is the mean phase contrast.

Consequently:

_LG0) 37 (m/2) ]
LN [m2) (1V.1-18)

The phase contrast values, m;, are also small and we can use the asymptotic

form’of the Bessel function J; :

2

J2(X) » XT (IV.1-19)

If we summarize:

a 2
X X0
73, (x)» a—g With a = 1 and T (2) = 1, consequently we have J; (X) » gx0 , which is very good
¢
G( a+t 1) €2g €29

approximation up to x = 0.25 (less than 2% of relative error)
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From the measurement of y; (cf eq. 1V.1-18), via a numerical resolution (for
instance dichotomy), we have access to the phase contrast, m;, of grating i and
consequently to the absolute peak-to-peak amplitude, si, of grating i, from the formula
IV.1-2.

The relative peak-to-peak amplitude, si and sj, between two sinusoidal gratings
can be deduced from their relative intensities, Ij and I;, respectively, using the formula

IV.1-19:

s. = |-Ls (1V.1-20)

Let’s stress the fact that this relation is not linear.
IV.2. Optical Height Measurement of the SRG

As explained from the previous section, the relative intensity measurement between the Oth
order of diffraction and one of the diffracted spots permit us to measure the height of one of the

sinusoidal gratings composing the SRG.

These measurements were done with a Si photodiode (Thor-labs DET100A). Since the Oth
order beam is 4 order of magnitude more intense than the diffracted spot, the intensity
measurement for the Oth beam requires a calibrated attenuation of the reading laser. We have
used two partially crossed polarizer and applied Malus law to precisely determine this

attenuation.

Experimentally, we have found, for a 6-fold PDMS SRG a value of y;= 1.1.10% £ 1.10°5,

leading to s;= 5 £ 0.5 nm.

The absolute values of s; and sz are obtained via the intensity of the diffraction pattern with

the camera and through applying formula 1V.1-20.
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The PDMS surface is then reconstructed from the diffraction pattern and the height of the

cavities are around 15nm, which isin good agreement with the AFM measurements.

IV.3. AFM and optical measurements on PDMS replica of azopolymer SRG

The AFM measurement of the PDMS replica of a 8-fold quasi-crystal structure, (similar to
the sample presented on Fig.111.1-1e)) is shown on Fig.IV.3-1. The PDMS surface is a fairly
good reproduction of the initial SRG as suggested by the eight spots pattern on the FFT of the

AFM image. The height distribution is a Gaussian centered on 32nm.

Fig.IV.3-2 shows the comparison of the FFT of AFM image of azo-SRG (a), the FFT of
AFM image of the PDMS replica (b), and the optical measurement of the diffraction pattern
obtained on the PDMS replica. The three figures, that correspond to a 8-fold quasi-crystal
structure, are very similar. Moreover, the mathematical reconstruction of the PDMS SRG via
the optical diffraction measurements leads to the same surface structure as the AFM

measurement (Fig.1V.3-1).

Additionally, we have measured the ratio of the intensity of the zeroth order non diffracting
optical spot to each of the other diffraction spots. This measurement leads to an optical
measurement of the physical height of each SRG, which is in good agreement with the

experimental AFM measurements (Fig.1V.3-1).

Consequently, we can say that AFM and optical measurements of the diffraction patterns lead
to the same results after characterization of the surfaces of these samples. Nonetheless, optical
measurements have one major advantage: these measurement are faster and thus permit one to
study the modification of the quasi-crystal during the stretching of the PDMS sample in real

time.
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Fig. 1V.3-1: Surface of a 8-fold PDMS quasi-crystal a) measuredwith AFM b) reconstructed from optical
measurements.
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Fig. 1V.3-2: a) FFT of the azopolymer 8-fold quasi-crystal surface measured by AFM. b)Optical Diffraction
pattern of a 8-fold quasi-crystal. ¢) FFT of the PDMS replica of 8-foldquasi-crystal surface measured by AFM
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IV.4. Quantitative analysis of the evolution of the nanocavities dimensions

with stretching the PDMS quasi-crystal

A more detailed analysis of the diffraction pattern, shown in section 3.1.4, is conducted in
order to have a more deep understanding of the reconfiguration of the quasi-crystal during

stretching. In particular, for each spot, we measure:
1. The distance from the center, in order to recover the pitch of the i-th SRG, A

2. The angle between its position relative to the x axis, in order to recover the angle, i, of the

corresponding SRG.

3. The intensity, in order to determine the height, si , of the corresponding SRG.
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Fig. IV.4-1: a) Initial diffraction pattern for a 16-fold quasi-crystal structure. b,c,d) Diffractionpattern of
a 16-fold quasi-crystal after respectively 2mm, 4mm and 6mm of stretch in adirection corresponding to
the horizontal direction of the picture €) Evolution the diffractionpattern ellipticity with the stretch

The optical measurements {ai, Si, Ai} are used as parameters for the equation 1V.5-1. In one

optical measurement, we are able to reconstruct the surface of the stretched PDMS quasi-

crystal.

Using the methods explained in section, we have access to the dimensions of each kind of

nanocavities formed on the surface of the PDMS replica.
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Fig. 1V.4-2 : 3-fold quasi-crystal SRG on PDMS with no stretch (a) and 5Smm of stretch (b),reconstructed from
optical diffraction measurement. (c) Evolution of the ellipticity of thecentral nanocavity with the stretch ; the long
axis of the ellipsoid goes from to 280nm to400nm and the short axis from 320 to 260nm.

We have performed these measurements on different kind of SRGs. Fig.IV.4-2 presents the
evolution of the topography of the 6-fold quasi-crystal SRG on PDMS, reconstructed from the
optical measurements. A 6-fold quasi-crystal structure is particularly interesting for single
particle deposition applications. Indeed, the azo surface of 6-fold quasi-crystal pattern is made

of evenly spaced hills that transfer to evenly spaced valley for to the PDMS replica (see

Fig.111.1-2 d&e).
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From Fig.1V.4-2 a&b we can see that the macroscopic stretching directly translate to a
microscopic stretching of the cavities. Fig.IV.4-2¢ shows the quasi-linear evolution of the
ellipticity of the nanocavities during streching. For instance, for 5mm of stretch, the central
nanocavity is elongated by 40% in the direction of stretching and is compressed by 20% in the

direction perpendicular to the stretching.

A similar evolution is seen with a 4-fold quasi-crystal structure, with an interesting transition
from cavity to a canal during the stretching (Fig.1V.4-3). However, the situation is more
complicated for n-fold (n > 8) SRGs. As it can be seen in Fig.IV.4-5, evolution of the surface
of a 8-fold quasi-crystal SRG on PDMS leads to a complex remodeling of the surface. This
effect is mainly due to the fact that cavities can coalesce during this process, cavities can
transform to hills and vice versa. Whereas, it complicates the particle deposition process, it
would be interesting to see if this remodeling of the surface would permit performing a sub-

micron transportation of single nanoparticle from one cavity to another.
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Fig. IV.4-3: A) Evolution of 4-fold PDMS SRG diffraction patternwith stretching. a) no stretching b-g)
stretching 1 mm to 6mm B) Evolution of the 4-folds quasi-crystal SRG on PDMS with a) Omm, b) 1mm,
c¢) 2mm, d) 3mm, e) 4mm, f) 5mm and g) 6mm of stretching
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Fig. IV.4-4 : A) Evolution of 6-fold PDMS SRG diffraction patternwith stretching. a) no stretching b-
g) stretching 1 mm to 5mm B) Evolution of the 6-folds quasi-crystal SRG on PDMSwith a) Omm, b)

1mm, ¢) 2mm, d) 3mm, ) 4mm and f) 5mm ofstretching
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Fig. IV.4-5: A) Evolution of 8-fold PDMS SRG diffraction patternwith stretching. a) no
stretching b-g) stretching 1 mm to 6mm B) Evolution of the 8-folds quasi-crystal SRG on
PDMSwith a) Omm, b) 1Imm, c) 2mm, d) 3mm, €) 4mm, f) 5mm and g)6mm of stretching
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Fig. IV.4-6 : A) Evolution of 16-folds PDMS SRG diffraction pattern a)no stretching b-g) stretching 1
mm to 6mm, B) Evolution of the 16-folds quasi-crystal SRG on PDMSwith a) Omm, b) 1mm, c¢) 2mm,
d) 3mm, e) 4mm, f) 5mm and g)6mm of stretching
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The PDMS surface structure, in theory, could be obtained through the Fourier Transform of
the experimental diffraction pattern. However, this approach leads to very pixelated images,
from which it is very hard to get quantitative measurements of the cavity sizes on the PDMS

surface.
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A more practical approach is to take into account the fact that we already know that a
structured surface can be described as a sum of sinusoidal gratings. From the measured Ai ,0i

and si we can mathematically describe the surface S(x, y) of the grating as :

. o
s(x.y)=as, cosEZp X058, * ysina, 9 (IV.5-1)

L, p

Contrary to the Fourier Transform of the diffraction pattern, the S(x, y) profile can be
reconstructed with an arbitrary precision. In order to find the size of the nano-cavities, we first
have to find their positions. That is to say the minima of S(x, y). First, we list the critical points
{(Xc, Yc)} of S(X, y), where both partial derivative are zero, with respect to x and y. Then, we
apply a second derivative test for the functions of two variables:
1°s 61°s 0’

o) - e——(x,, y. )i IV.5-2
() B ) (v52)

(0]

ﬂZ
ﬂ'Z

DX, Vo) = o (%, ¥e)

>
=
<

In order to know if the given critical point (X ,yc ) corresponds to a minimum (D > 0 and

1°s

1%x

1°s

1%x

£ 0 amaximum (D >0 and p O or a saddle point (D < 0).

Once a minimum is found, we create a list of close maxima and neighboring saddle points,
that is to say maxima and saddle points with a distance smaller than the distance between the

current minimum and the other closest minima.

The last step to obtain a quantitative estimation of the size of this nanocavities is to find the
minimum-volume covering ellipsoid that encloses all the neighboring maxima and saddle
points. For this purpose, we used the Moshtag’s MVEE 28 (minimum volume enclosing

ellipsoid) algorithm.
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A flowchart of the algorithm is shown in Fig.IV.5-1. The procedures were implemented in

the Python programming language (Python 3.5.1), with the numpy (version 1.10.4) and scipy

(0.17.0) modules.

The source code of our home made software, Quasi Crystal Diffraction Pattern Analysis

(gcdpa), can be found at : https://github.com/MLoum/gcdpa
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Fig. IV.5-1 : Flow chart of the nanocavities’ analysis algorithm.
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https://github.com/MLoum/qcdpa

1V.6. Simulation of the random Gaussian surface

In order to confirm that the photoinduced surface on the thin film is a random surface,
obtained with a stochastic process and resulting from an acting random molecular surface
process, we simulated the Gaussian surface pattern, considering the same lateral correlation
length as the experimental measurements.

The simulated surface is characterized using terms from probability theory, such as; height
distribution function (hdf) or the statistical moments of mean and variance (or rms height [c]).
The surface variations in the lateral directions are described by the auto covariance function
(acf), which describes the covariance (correlation) of the surface with translationally shifted
versions. The correlation length (1) is the typical distance between two similar features (e.g.
hills or valleys). Simulation of the random rough surface with a Gaussian statistics is done
using a method outlined in, where an uncorrelated distribution of surface points, using a
random number generator (i.e. white noise), is convolved with a Gaussian filter to obtain
correlation. This convolution is most efficiently performed using the discrete Fast Fourier

Transform (FFT) algorithm. Basically, the simulated surface can be generated by

Zpq = Yk=o Xi=o MkeMp+rq+e (VI1.6-1)

With p=0,1,2,...,(M-1), g = 0,1,2,...,(N-1). hw, called the FIR filter (Gaussian filter), is the
coefficient defining the system and h is a series of Gaussian random numbers. Thus, a M x N
point surface with a given m x n ACF is generated. m and n should be less than M and N. We

take hrs and Hg as:
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Hie = T75 533 hysexp (i2m [+ 7)) (IV.6-2)

m n

- - . k l
hrs = — SIS SH23 Hy pexp (—i2m [ +2)) (IV.6-3)

n

Withk=0,1,2,.....,(m-1)and Is=0, 1, 2, ..., (n-1). The FFT of equationl gives:

Zki(W) = Hii(W)Aki(w) (1V.6-4)

Where, Ax,i(w) is the FFT of h and H, is the transfer function. We take the inverse FFT of

Z,1(w) to obtain the simulated random surface.

The result of the simulations is given in fig.IV.6-1. It is seen that we are unable to find
information of short range or very short range periodicities in the simulated surface structure,
like in the measured AFM surface (Fig.l11.2-1). By taking the fast Fourier transform (FFT) of
the surface corresponding to the image in frequency domain, these short range periodicities are
particularly probed in this simulation and in the experiment. fig.IV.6-1b shows the FFT
spectrum of the simulated random surface, which is a random distribution of data points in
frequency domain and is confined to a circular range of k-vectors, similar to the random

photoinduced surface (Fig.111.2-1b).
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This 2D Fourier transform does not show any specific frequency distributions, characterized
by two symmetrical spots generally attributed to short range periodicity, confirming the
absence of short range periodicities.

This figure is in agreement with Fig.I11.2-1b, confirming the similarity between these two
surfaces. Hence, the name of quasi random surface for the self-photostructuration of

azopolymer 1 is justified.

8.0 [1/pm]

X[pum]

Fig. IV.6-1: a) Simulation of a Gaussian surface considering the parameter of the photoinduced surface with the
azopolymer 2, b) Fourier transform of the simulated surface.
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