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Resumen

En este trabajo de tesis doctoral se estudié la formacién de estructuras superficiales periddicas
inducidas por laser (LIPSS, siglas del inglés Laser Induced Periodic Surface Structures) en
polimeros y compuestos de matriz polimérica en forma de peliculas delgadas, ya sean
autosoportadas o soportadas en diferentes substratos como son silicio, vidrio, acero, oro y
poli(etileno tereftalato) (PET). Los polimeros y compuestos estudiados son PET, poli(trimetileno
tereftalato) (PTT), un nanocomposite compuesto por PTT y nanotubos de disulfuro de wolframio

(WS;) (PTT-WS;) y poli(3-hexiltiofeno) (P3HT).

En el caso de peliculas delgadas de PET depositadas sobre distintos substratos, las irradiamos
con pulsos laser Gaussianos de femtosegundo en el infrarrojo (795 nm, 64 fs, 5 kHz) para
estudiar la influencia del espesor de la pelicula de polimero, y el material y la rugosidad del
substrato en la formacién de LIPSS. Demostramos que el espesor condiciona la formacién de
LIPSS, de hecho, éstas no se formaron para peliculas con espesores mayores de 1300 nm.
Ademas, la irradiacién produjo LIPSS perpendiculares a la polarizacién del ldser en muestras
depositadas sobre substratos de oro de baja rugosidad, y LIPSS paralelas a la polarizacién en
muestras sobre substratos de silicio o vidrio. Sin embargo, no aparecieron LIPSS en las muestras
sobre substratos de PET, ni sobre oro de rugosidad alta, ni tampoco sobre de acero de rugosidad
alta. El periodo, que en general es cercano a la longitud de onda del laser, y profundidad de las
estructuras, medidos con microscopia de fuerzas atémicas (AFM), adquieren valores que estan

condicionados por el material del substrato y el espesor de la pelicula delgada.

A partir de estos resultados, propusimos un mecanismo de formacién adicional a los ya
conocidos, que se activa debido a la excitacion de una onda electromagnética superficial
generada por dispersion (SSW) en la interfaz pelicula delgada-substrato. El caso de las LIPSS
formadas en polimeros sobre substratos de oro, las cuales aparecen orientadas en la direccién
perpendicular a la esperada, decidimos estudiarlo mds a fondo con la ayuda de simulaciones
numéricas del campo eléctrico. La concordancia entre las simulaciones y las medidas
experimentales nos llevd a postular que la SSW que activa el mecanismo de formacién de LIPSS

en este caso es un plasman polaritén superficial (SPP).

Ademads del trabajo que acabamos de describir, también estudiamos el efecto de las LIPSS en

la modificacién de distintas propiedades de nuestras muestras.

En el caso de las peliculas autosoportadas de PTT y PTT-WS,, las irradiamos con haces

Gaussianos de femtosegundo en el ultravioleta (265 nm, 260 fs, 1 kHz), resultando en la
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formacidn de LIPSS paralelas a la polarizacién con un periodo similar a la longitud de onda del
laser. En las muestras con nanoaditivo la energia necesaria para la aparicién de LIPSS fue
ligeramente mayor, efecto que achacamos a su mayor porcentaje de cristalinidad y mayor
disipacion térmica. En cuanto al efecto de las LIPSS en las propiedades micromecdnicas de las
muestras, fue determinado con la técnica de mapeo nanomecdanico cuantitativo de fuerza
maxima (PF-QNM) y fue similar para ambos materiales. El mddulo de Young se mantuvo
constante, pero las fuerzas de adhesion disminuyeron aproximadamente en un factor cuatro
tras el nanoestructurado, lo que atribuimos a un cambio en la quimica superficial. Respecto a la
mojabilidad, la caracterizamos utilizando la técnica de la gota sésil para medir el angulo de
contacto del agua, glicerol y aceite de parafina en las dos muestras. En ambas muestras la
mojabilidad aumenté con la formacion de LIPSS y la energia superficial total permanecié
constante. Sin embargo, su componente polar negativa aumentd considerablemente. También

achacamos este fendmeno a un cambio en la quimica superficial.

Por otro lado, irradiamos peliculas delgadas de PET depositadas sobre distintos substratos con
haces vectoriales de femtosegundo en el visible (515 nm, 180 fs, 3 kHz). La irradiacidn con haces
vectoriales sobre peliculas delgadas de PET provocd la formaciéon de LIPSS paralelas a la
polarizacidon en las muestras depositadas sobre substratos de silicio o de vidrio, consiguiendo
estructuras en forma de radios de bicicleta, anillos concéntricos y en espiral. En cuanto a las
muestras depositadas sobre substratos de oro, aparecieron estructuras perpendiculares a la

polarizacion del laser, pero demasiado desordenadas para poder llamarlas LIPSS.

También utilizamos estos haces para irradiar P3HT, consiguiendo LIPSS con las mismas
direcciones paralelas a la polarizacion del laser. Ademas, utilizamos haces vectoriales y de
vortice optico de nanosegundo en el visible (532 nm, 5 ns, 20 Hz), induciendo la formacién de
LIPSS en el mismo rango que se reportd previamente para haces Gaussianos con la misma
longitud de onda. Esto permitid la generacién de estructuras circulares, radiales y espirales.
Medimos el cambio en la conductividad encontrando una disminucién muy acusada en la parte
superior de las estructuras en comparacién con lo que ocurre en la parte inferior. Este cambio
fue causado por una pérdida de cristalinidad. También caracterizamos el cambio en la
mojabilidad utilizando el método de la gota sésil para medir el angulo de contacto del agua antes
y después de la irradiacion. No encontramos diferencias para las diferentes polarizaciones del
haz. Para todas ellas, la muestra se volvido mas hidréfila después de la irradiacién. Explicamos
este fendmeno teniendo en cuenta los cambios quimicos causados por la oxidacién inducida por

la irradiacion laser.
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Finalmente, irradiamos peliculas delgadas de (6,6)fenil-C71-acido butirico metil ester (PC;1BM)
con esos mismos haces de nanosegundo produciendo LIPSS paralelas a la polarizacién del laser
de un periodo menor que las encontradas en P3HT y en un rango de fluencia mucho mas
estrecho. Sus periodos y profundidades evolucionaron con los pardmetros de irradiacién igual

que las estructuras encontradas en P3HT.






Abstract

In this doctoral thesis, the formation of Laser Induced Periodic Surface Structures (LIPSS) was
studied in polymers and polymer matrix compounds. The samples were studied in the form of
thin films, either self-standing or deposited on different substrates such as silicon, glass, steel,
gold, and poly(ethylene terephthalate) (PET). The polymers and compounds studied are PET,
poly(trimethylene terephthalate) (PTT), a nanocomposite made of PTT and tungsten disulfide
(WS;) nanotubes (PTT-WS;), and poly(3-hexyl thiophene) (P3HT).

PET thin films deposited on different substrates were irradiated with femtosecond Gaussian
laser pulses in the infrared (795 nm, 64 fs, 5 kHz) to study the influence of the thickness of the
polymer film and the material and roughness of the substrate on the formation of LIPSS. We
showed that the thickness of the thin film conditioned the formation of LIPSS, in fact, LIPSS were
not formed for films with thicknesses greater than 1300 nm. In addition, the irradiation
produced LIPSS perpendicular to the laser polarization in samples deposited on low roughness
gold substrates, and LIPSS parallel to polarization in samples on silicon or glass substrates.
However, LIPSS did not appear in samples on PET, high roughness gold, or high roughness steel
substrates. The period, which in general was found to be close to the laser wavelength, and
depth of the structures, measured with Atomic Force Microscopy (AFM), acquired values

affected by the material of the substrate and the thickness of the thin film.

To explain these results, we proposed an additional formation mechanism to the already
known ones, which was activated due to the excitation of a surface scattered wave (SSW) at the
thin film-substrate interface. The LIPSS formed in polymer samples on gold substrates appear in
a perpendicular direction to the expected one. Because of this, we decided to study it further
with the help of numerical simulations of the electric field. The agreement between the
simulations and the experiment led us to postulate that the SSW that activates the LIPSS

formation mechanism in this case is a Surface Plasmon Polariton (SPP).

In addition to the work that we just described, we also studied the effect of LIPSS formation

on the modification of different surface properties of our samples.

In the case of self-standing PTT and PTT-WS; films, we irradiated them with femtosecond
Gaussian beams in the ultraviolet (265 nm, 260 fs, 1 kHz), resulting in the formation of LIPSS
parallel to the polarization with a period similar to the wavelength of the laser. In the samples
with the nanoadditive, the energy required for the appearance of LIPSS was slightly higher, an

effect that we attribute to its higher percentage of crystallinity and thermal dissipation.
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Regarding the effect of LIPSS on the micromechanical properties of the samples, it was
determined with the technique of Peak-Force Quantitative Nanomechanical Mapping (PF-QNM)
and was similar for both materials. The Young's modulus remained constant, but the adhesion
force decreased by a factor of four after irradiation, which we attributed to a change in surface
chemistry. Regarding the wettability of the samples, we characterized it using the sessile drop
technique to measure the contact angle of water, glycerol, and paraffin oil in the two materials.
In both, the wettability increased with the formation of LIPSS, and the total surface energy
remained constant. However, its negative polar component increased considerably. We also

attribute this phenomenon to a change in surface chemistry.

Besides, we irradiated PET thin films deposited on different substrates with femtosecond
vector beams (515 nm, 180 fs, 3 kHz). Irradiation with vector beams in thin PET films provoked
the formation of LIPSS parallel to the polarization of the laser in the samples deposited on silicon
or glass substrates, achieving structures in the form of wheel-spokes, concentric rings, and
spirals. As for the samples deposited on gold substrates, structures perpendicular to the

polarization of the laser appeared, but they were too disordered to be called LIPSS.

We also used these beams to irradiate P3HT, achieving LIPSS in the same directions parallel to
the polarization of the laser. Moreover, we used nanosecond vector and optical vortex beams
(532 nm, 5 ns, 20 Hz), which induced the formation of LIPSS in the same range that was
previously reported for Gaussian beams with the same wavelength. This allowed the generation
of radial, circular, and spiral structures. We measured the change in conductivity, finding a
marked decrease at the top of the structures compared to what happens at the bottom. This
change was caused by a loss of crystallinity. We also characterized the change in wettability
using the sessile drop method to measure the contact angle of water before and after
irradiation. We found no differences for the different beam polarizations. For all of them, the
sample became more hydrophilic after irradiation. We explained this phenomenon considering

the chemical changes caused by oxidation induced by laser irradiation.

Finally, we irradiated thin films of (6,6)phenyl-C 71-butyric acid methyl ester (PC;:BM) with
those same nanosecond beams producing LIPSS parallel to the laser polarization of a shorter
period than those found in P3HT and in a much narrower fluence range. Their periods and

depths evolved with the irradiation parameters like the structures found in P3HT.
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1. INTRODUCTION

Chapter 1

Introduction

In this doctoral thesis, we investigate Laser Induced Periodic Surface Structures (LIPSS)
generated with different kinds of laser beams in several polymeric materials. We study the role
of the materials in the formation of LIPSS, i.e., their optical properties and whether the laser
processing is done to the material in bulk or in a thin film deposited on different substrates.
Moreover, we use three kinds of laser beams, namely Gaussian, vector, and optical vortex

beams, to produce nanostructures with different characteristics.

In this section, we introduce the theoretical background and state of the art concerning this
research field. Afterwards, we discuss the properties of polymers relevant to our studies, as well
as functional polymers and ways to add functionality to polymers. Subsequently, we go into
detail about surface micro- and nanostructuring methods, focusing mainly on laser methods.
Among them, the most relevant in this research, LIPSS, so we present the advantages, history,

and state of the art of this technique. Finally, we present the structure of this thesis.

1.1. General concepts of polymer materials

A polymer is a macromolecule made up of repeated smaller units called monomers via
covalent links [1-3]. The chemical process by which monomers join to form a polymer is called

polymerization [1].

The number of monomers in a polymer is affected by random events in the polymerization
process [1,2]. Therefore, the products of polymerization cannot have a defined molecular
weight. To circumvent that, a statistical treatment is needed, which calculates a characteristic
molecular weight. The most commonly used characteristic molecular weights are the numerical
average molecular weight (M,) and the weight average molecular weight (M,,) (see Figure 1.1)
[1-3]. Assuming a number of molecules N; for each molecular weight M; with a total weight

associated with that molecular weight W; = N; - M;, we can define M, as:



1.1. GENERAL CONCEPTS OF POLYMERIC MATERIALS

M, =Y NiM; /¥ N; (1.1)
and M, as:
M, =X WiM; /X W; =3 NiM% /¥ N; M; (1.2)
A Mn
r »

Number of molecules

Molecular weight

Figure 1.1. Typical distribution of the molecular weights of a polymer. Figure modified from [4].

Another important property of polymers is their molecular structure. According to it, polymers
are classified as amorphous and semicrystalline [1-3]. An amorphous polymer has its chains
randomly distributed, while a semicrystalline polymer has disorganized and organized regions.
In practice, it is impossible to find a completely crystalline polymer, only semicrystalline
polymers with different degrees of crystallinity [1,2]. The hierarchical organization of atoms in

semicrystalline polymers is shown in Figure 1.2.

-
SO

Figure 1.2. Hierarchical structure of a semicrystalline polymer [5].
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In our work, a relevant parameter is the temperature at which the polymer chains can flow, as
we will use a predominantly thermal process to nanostructure the polymeric samples. For
amorphous polymers, that temperature is called glass transition temperature (Tg) [1,2]. Its value
is specific to each polymer and depends on multiple factors such as molecular weight and
chemical interactions. Regarding semicrystalline polymers, their amorphous regions will be able
to flow at Tg, but their crystalline regions will need a higher temperature to break the crystalline

structure. This temperature is called melting temperature (Tm) [2,3].

Polymers by themselves can have interesting unique properties that are often determined by
the presence of chemical functional groups in their structure [6]. Besides, it is possible to give
polymers added functionality with strategies such as including nanoadditives to a polymer
matrix to create a nanocomposite [7,8] or creating micro- and nanostructures on the polymer
surface [9,10]. In this research, we mainly investigated this last method, and we applied it to a
semiconductive polymer i.e., poly(3-hexylthiophene) (P3HT), as a representative of functional
polymers; a nanocomposite —poly(trimethylene terephthalate) (PTT) doped with tungsten
disulfide (WS;) nanotubes (PTT-WS;)—; and a commodity polymer i.e., poly(ethylene
terephthalate) (PET).

1.1.1. Semiconductive polymers

Polymers have been traditionally considered insulator materials. However, some polymers like
P3HT, Poly(2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene) (PBTTT), and Poly (p-
phenylene vinylene) (PPV), are intrinsically conducting due to their particular molecular
structure. They all share either having conjugated bonds, i.e., alternating single and double
bonds, along the polymer backbone; or being composed of aromatic rings joined by carbon-
carbon single bonds [11]. The conductivity of conjugated polymers is due to the delocalization
of t electrons that act like the conduction band in a metal [11]. Therefore, it is affected by the
regioregularity of the polymer since the disposition of the atoms in each monomer must be the
same to keep the chains of alternating bonds uninterrupted [12]. The name used for this
“conduction band” is Lowest Unoccupied Molecular Orbital (LUMO) and the corresponding
“valence band” is called Highest Occupied Molecular Orbital (HOMO). The difference in the
energy levels HOMO-LUMO is the equivalent of the GAP in a semiconductor [11]. Besides this
intrinsic conductivity, chemical doping and mechanical alignment of the polymer chains can

increase the conductivity of a polymer by many orders of magnitude [11].
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The interest in the study of semiconducting polymers has risen due to their potential
applications in electronics, like PBTTT used in field effect transistors [13] and PPV in polymeric
LEDs [14]; and in photovoltaics, such as P3HT used as a light absorber/electron donor material

[15].

1.1.2. Nanocomposites

Nanocomposites are created by introducing some percentage of a nanometric material, called
additive, into a polymeric matrix. Nanomaterials can have excellent mechanical, electrical and
thermal properties that can be partially passed on to the nanomaterial even for ratios of
nanomaterial to polymer matrix smaller than 1%. Its properties can be tailored by changing the
two materials, the diffusion of the additive in the matrix, and the percentage of additive
introduced [16]. These capabilities have popularized their use in biomaterials [17], protective

coatings [18], thin film technology [19] and many others:

e Biomaterials for bone tissue regeneration [17]: a wide array of biocompatible
polymeric matrices such as chitosan, collagen, cellulose, polyethylene glycol, poly
(lactic acid), and polyurethane are used. Regarding nanofillers, nano-hydroxyapatite
[20], nano-zirconia [21], nano-silica [22], silver nanoparticles [23], nano-titanium
dioxide [24], and graphene oxide [25] are frequently employed to render important
properties, such as large surface area, improved mechanical strength, stability,
improved cell adhesion, proliferation, and cell differentiation.

e Protective coatings [18]: given the large number of different properties that
nanocomposites can have it is possible to engineer different systems for different
applications. Some examples are nano-silica in a poly (methyl methacrylate) (PMMA)
matrix, used for anticorrosion [26] and halloysite nanotubes in an epoxy matrix, used
as flame retardant [27].

e Thin film technology [19]: polyamide matrices with a multitude of different fillers such
as zeolite nanoparticles, nano-silica, Ag nanoparticles, and carbon nanotubes have

been investigated for water filtering.
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1.2. Surface micro- and nanostructuring of polymers

Surface nanostructuring is a common strategy consisting of changing the surface of a material
at the nanoscale to improve some of its mechanical, chemical or any other properties. In
polymers, this strategy is useful to improve their surface mechanical properties or to give the
material added functionality [9,10], in some cases imitating nature creating the so-called

biomimetic surfaces [28]. Some examples of their applications are:

e Wettability: The creation of nanostructures on a surface can be engineered to create
superhydrophilic or superhydrophobic surfaces, for instance to provide self-cleaning
surfaces [29]. The control of wettability in a wider sense can apply to any liquid and
has applications in biomaterials as for instance for the control of protein absorption
[9].

e Anti-bacterial: Nanostructuring surfaces with features few times smaller than bacterial
size prevents proliferation, either because it diminishes adhesion, or the
nanostructures puncture the bacteria, killing it [30,31].

e Cell growth: Creating surfaces with features on the scale of cells size can improve cell
growth. Moreover, cell growth may be guided through suitable design of the
nanostructures [32]. This has been applied in fields such as dental implantology [33].

e Tribology: Nanostructuring a surface reduces its contact area and, therefore, its
adhesion and friction properties [34].

e Organic photovoltaics: The electrons and holes are generated in the donor-acceptor
interface. Thus, increasing the area of this interface would improve the performance
of the device. This can be done without enlarging the device by increasing the interface
roughness. Besides, surface nanostructures can also improve light absorption as a
result of scattering and surface plasmon excitation [35].

e Sensors: In the same way they improve photovoltaics performance, nanostructures
can increase the signal of sensors due to field confinement effects [36] or due to the

increase in surface area [37].

Bearing in mind how different all these possibilities are, there is an interest in developing the
nanostructuring techniques adequate for each application. Presently, the most common
techniques for surface nanostructuring are lithographic techniques [38,39]. These techniques
have the advantage of high reproducibility and low cost, but they are generally complex many-

step techniques and require access to a controlled atmosphere facility, like a clean room.
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Besides, their resolution, nanostructured area and versatility are quite limited. For these

reasons, laser processing techniques [40—43] have been rising as a strong alternative.

1.3. Laser surface structuring of polymers

Laser processing techniques take advantage of the ability of the laser to accurately concentrate

energy in a very small area. They are divided into two groups:

e Bottom-up approaches: They are based on the deposit of a controlled amount of
material on a substrate until the desired structure is created. Some examples are Laser
Induced Forward Transfer (LIFT) [40] —useful to deposit a thin layer of a material on a
transparent substrate— and Matrix-Assisted Pulsed Laser Evaporation (MAPLE) [44]
—which uses the mediation of a solvent to efficiently transfer soft materials to a
substrate. Moreover, there are techniques, derived from these, for special cases, like
MAPLE direct writing [44] —for materials sensitive to temperature elevation— and
Laser Induced Thermal Imaging (LITI) [44] —for plastic microelectronic applications.

e Top-down approaches: They start from a bulk material and remove or rearrange parts
of it to create the structures. Some examples are Laser Ablation [42,45] —which uses
the laser beam directly to ablate the material— and Laser Interference Lithography
(LIL) [41] —which uses the interference pattern of two or more laser beams to ablate
the material, creating micro- and nanostructures. The technique that we study in this
thesis —LIPSS—, is also a top-down technique. LIPSS are periodic ripples that form
when irradiating a material with a laser in a particular intensity range. This technique
can create nanostructures with periods from hundreds of nanometers to several
microns and depths that can go from less than ten nanometers up to several hundreds.
Its main advantages are a large processing area, simplicity of operation, and relatively
low equipment requirements [46—48]. We will discuss this method in detail in the next

section.

1.3.1. Laser Induced Periodic Surface Structures

Laser Induced Periodic Surface Structures are periodic ripples that are formed when irradiating
a material with a laser in a particular intensity range. They were discovered by Birnbaum [49] at

the bottom of an ablation crater. Sipe et al. explained them as the result of the interference of
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the incident wave with a surface scattered wave [50-52], which in the case of metals can be a
Surface Plasmon Polariton (SPP), resulting in an inhomogeneous rise in temperature on the
material surface. They even found a formula for their period (2):

A= L (1.3)

Nefftsin

where A is the wavelength of the laser, 0 is its incidence angle and ng is the effective refractive

index close to the surface, also called the selvedge region [53].

Since then, the formation of LIPSS has been reported for laser pulses with different durations
from ns [54] through ps [55] right up to fs [56] in all kinds of materials [57-60], with an
orientation either parallel or perpendicular to the polarization of the laser depending on the
material. Moreover, strategies have been developed that allow for the nanostructuring of large
areas with high regularity and speed [61-63] as well as methods to use LIPSS to create different
nanostructures like linear gratings, grids and arrays of nanodots [54]. The physicochemical
modifications brought by LIPSS formation have also been studied using different methods [64—

67].

The technique to generate LIPSS with femtosecond laser pulses offers some advantages
related to the particular features of laser-matter interaction in this time regime. Those being
that the linear optical absorption of the material is less critical, and a better control of the area
affected by irradiation, since the interaction time is shorter than the thermal relaxation times
resulting in a much smaller thermally affected area [68]. However, it is not fully understood yet.
Bonse et al. [69] adapted Sipe’s theory to consider changes in the refractive index due to the

intensity of the laser following the Drude model, but it cannot explain LIPSS formation in full.

In particular, when using femtosecond pulses, there are two kinds of LIPSS: the already
presented above LIPSS with a period given by eq. 1.3, called Low Spatial Frequency LIPSS (LSFL),
and the so called High Spatial Frequency LIPSS (HSFL), with periods smaller than half the
wavelength of the laser. Depending on the material, HSFL can appear parallel or perpendicular
to the polarization of the laser (see Table 1.1). Although this classification has not been widely
adopted, Bonse et al. [46] further subdivided them in two types: Type 1 HSFL, often observed in
dielectrics and semiconductors, with a period of only a few tens of nanometers and a depth that
can reach the hundreds of nanometers; and type 2 HSFL, often observed in metals, with periods

of a few hundred nanometers and depths of only a few tens of nanometers.
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Table 1.1. Orientation and period of HSFL found in different materials.

Material Orientation Period (/) Reference
Si Parallel N=0.25A [70]
Fused silica Perpendicular N=<0.25A [71]
Quartz Perpendicular N=0.21A [71]
Ti Parallel 0.08sN/A<0.12 [72]
TiN Perpendicular N=<0.16 A [73]
Steel (800H) Parallel 0.15sA/A<0.24 [74]
InP Perpendicular N=0.24 A [75]
Diamond Parallel N=<0.26A [76]

Zn0O Perpendicular 0.25<N/A<0.35 [75,77]

ZnSe Parallel AN~A/2n [78]
Sapphire Perpendicular N<0.34A [75]

The formation mechanism of HSFL continues being controversial today [79]. New theoretical
models have been proposed to explain these phenomena, including a model based on self-
organization from highly electrostatic instabilities originated by the laser [80], one based on thin-
films hydrodynamics [81], another one based on the analysis of an electronic excitation when
short-lived plasma is created [82,83] or another model that uses Finite Differences Time Domain
methods to solve Maxwell’s curl equations for linear, isotropic, dispersive materials with no
magnetic losses [84]. Moreover, the appearance of another kind of larger structures, both in
depth and period, at higher fluences and number of pulses than LSFL and HSFL has been
reported in semiconductors and metals [85]. The scope of this thesis is almost exclusively the

study of LSFL, so from now on we will refer to them as LIPSS.

For both ns and fs pulses, LIPSS in bulk polymers appear parallel to polarization. They can form
not only because of material removal [86] but also, for lower fluences, they appear due to a
rearrangement of the material [47,56]. For this rearrangement to happen, the polymer must be
heated above a temperature at which its polymer chains can flow. As discussed in Section 1.1,

this temperature is T for amorphous polymers and Tn, for crystalline polymers [4,87].

The influence of laser parameters in the formation of LIPSS has been studied quite extensively
both for ns and fs lasers showing similar behaviors [69,88,89]. These studies demonstrated that
the period and depth of LIPSS are influenced not only by the wavelength and the material (as

shown in eq. 1.3) but also by the intensity and the number of pulses used. In general, both the
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depth and period of the structures grow with fluence until they reach a plateau. They have the

same relation with the number of pulses, which is attributed to incubation effects [47,90-92].

Additionally, since the structures are parallel to polarization, the kind of beam we use changes

the direction of the structures. We will explore this using Gaussian, vector, and vortex beams.

1.3.1.1. Types of beams for LIPSS formation

Any beam can be represented by eq. 1.4.

E@)=A"0"t)e () (1.4)
where E is the electric field, 7~ is the position vector, t is time, the argument of the exponential
(¢) is the state of oscillation of the electric field, called phase, the module of A’ isthe amplitude
of the electric field, and its direction is the direction of the electric field, which, taking its

dependence with7~ and t into account, gives the so called polarization of the beam. The locus of

the points where the phase is constant is called wavefront.

For linearly polarized plane harmonic waves [93], that is, waves with only one frequency (f),
constant amplitude, with a direction of the electric field independent of ~ and t, and a plane

wavefront, that equation becomes eq. 1.5.

E(t) = A" eitk:™-w+ 0) (1.5)

2rr

where w = 2nf is the radial frequency, k is called wavevector, its module k ==
e

wavenumber, and its direction is the direction of propagation of the wave, n is the refractive

index, c is the speed of light in vacuum, and ¢ is the initial phase att = 0 and 7~ = 0.

Gaussian Beams

Laser beams can usually be approximated by Gaussian beams [94]. The field can be
represented by eq. 1.6, if it is linearly polarized, with z being the direction of propagation and x
the direction of polarization, with the coordinate origin in the point where the radius of the
beam is minimum.

. . 2 ikzek o1/
Blpz)=Agd "Ce  (pn e ) (1.6)

“w(2)

where A is the peak amplitude of the electric field, wg is the minimum radius of the beam called

— rrw?n
beam waist, w(z) = WO]1 + (—) is the radius of the beam, VARS 0 is the distance along

ZR
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the propagation direction from the waist of the beam to the point at which the area of the beam

ZZ+Z2 . .
R js the radius of curvature

is doubled (w(zg) = \/Z_WO) called the Rayleigh range, R(z) =

Z

of the wavefront, p = JxZ+ yZ is the cylindrical coordinate of radius, ¥(z) = arctan (Z_) is
ZR

the phase advance acquired by the beam around the focal region called Gouy phase and # is

the unit vector in the x direction.

Vector Beams

Vector beams [95], also called beams carrying spin, are beams where the phase behaves like

that of a Gaussian beam, but the polarization varies with the azimuth f = arctan ( X), This

variation in polarization forces a zero in intensity at the center of the beam to avoid a singularity,
giving them an annular intensity spatial profile that can be approximated by the Laguerre-Gauss
polynomial LGq; [96]. An important property of these beams is their topological charge I,
defined as the number of rotations in the azimuthal variation of the polarization. A vector beam

propagating in the z direction can be described by eq. 1.7:
E = Ao LGoi(x, y) e (cos ([11B)& - sin(|l|p) ) (1.7)
where %, is the unit vector in the y direction.

These beams have been used to create complex nanostructures in metals [97], semiconductors

[98], and dielectrics [99].

Optical vortex Beams

Optical vortex beams [100], also referred to as beams carrying orbital angular momentum are
beams with the same intensity spatial profile as vector beams but their polarization is circular
and spatially constant, and their phase varies azimuthally. These beams also have an important
property called topological charge [, but here it is defined as the number of rotations in the

azimuthal variation of the phase.

A vortex beam propagating in the z direction can be described by eq. 1.8:

E = 4o LGoi(x,y) e cos(|l|B) (8 + eir/2wy) (1.8)

10
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These beams have been used to create complex nanostructures in materials such as silicon
[101] and metallic alloys [102]. As for polymers, they have been used to create complex

microstructures via ablation in azo-polymers [103].

We show the main characteristics of Gaussian, vector, and optical vortex beams in Figure 1.3.

Gaussian Vector Optical vortex
beam Beam Beam
=1 1=1
2r

Spatial
Profile
- o

Wavefront

o

I

@.
\

Polarization

Figure 1.3. Characteristics of Gaussian, vector, and optical vortex beams. (Image modified,

credit: E-karimi, Creative Commons Attribution-Share Alike 3.0 unported).

1.3.1.2. LIPSS in thin films

There has been growing interest in the investigation of LIPSS on thin films of different materials
due to their potential applications [47,56,104—108]. For the formation of LIPSS, we need to bear
in mind additional considerations, that is, the influence of different substrate properties and film
thicknesses. Cui et al. [107] reported that the thermal conductivity of the substrate affects the
threshold for LIPSS formation in the polymer thin film covering it and linked the LIPSS
organization to the polymer film thickness. Besides, P. Niirberger et al. [108] observed a change
in the orientation of the LIPSS formed on a SiO,/Si layered system by varying the thickness of
the dielectric SiO; on the semiconducting Si substrate. They explained it as a competition

between two mechanisms, the SPP excited in the thin film-substrate boundary, which would

11
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produce LIPSS perpendicular to the polarization of the laser, and the surface scattered wave
produced on the surface of the oxide thin film, which would result in the generation of LIPSS
parallel to it. Moreover, some recent works in which LIPSS are formed on the surface of thin
films of dielectric materials have remarkable interest, as it is the case of some oxides [59,109—
112] in which LSFL are formed without any plasmonic interface. Regarding polymer thin films,
there are studies showing the influence of the material of the substrate in the generation of
LIPSS for UV nanosecond and femtosecond pulses [91,107], where the different heat transfer
properties of the substrate change the intensity range for LIPSS formation. In addition, some
other works using near-IR femtosecond pulses [113] revealed that LIPSS formation only

happened for some types of substrates.

1.3.1.3. Surface Plasmon Polaritons and LIPSS formation

As we have briefly mentioned in the last sections, for metallic samples, the interference of the
incident wave with a SPP excited on the surface of the sample is the mechanism that triggers
LIPSS formation and P. Nirberger et al. [108] proposed SPP as one of the contributing
mechanisms in LIPSS formation in a thin film of SiO, deposited on Si, a semiconductor. As long
as we are studying thin films of polymers deposited on different substrates, some of which are

metallic and semiconductors, it is worth introducing SPP and their properties in more detail.

SPP is a surface scattered wave that can be excited in the interface between a metal and a
dielectric [114]. Solving Maxwell equations for the geometric conditions of SPP excitation gives
as a result a transverse magnetic (TM) evanescent wave. For a plane interfaceaty = 0, the x

axis can be chosen so the SPP field is described by eq. 1.9:

Eqm = (E ,Eyaym, 0) exp(—kyaymy) exp [i(ksppx — wt)] (1.9)
where k. _ w o EdEm is the modulus of the SPP wavevector for plane interfaces and media
SPP ~ ]Ed+Em

with thickness much larger than the penetration distance of the SPP, ¢ is the electric permittivity,

the subindexes d and m correspond to the field in the dielectric and the metal respectively,
w

k2 =k -¢ 2 dE :ikspp E .
— an d
yd,ym SPP d,m (e) yd,ym

Kyd,ym
The properties relevant to our case are the spatial period A and the penetration length in the
metal P,, and in the dielectric P4. The spatial period is defined as usual, and the penetration

length is defined as the distance from the interface at which the SPP field amplitude decays 1/e

times. These properties can be obtained from the wavevector modulus kspp as [114]:

12
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A =2n/kspp ; Py = 1/Re(kyd) ; Pm= 1/Re(kym) (1.10)

SPP is a TM wave, hence the direction of its wavevector is parallel to the projection of the laser
polarization on the interface. As seen in the definition of kgpp, since g4 > 1 and Re(&,) < O,
the SPP wavevector is larger than the one of the incident light (w/c), so to excite SPP we need
to increase this wavevector. There are many irradiation setups to achieve this reported in the
bibliography [115]. In this work, SPPs should be eventually excited just as a result of scattering

due to substrate roughness.

Regarding the influence of the different parameters on SPP, there are theoretical works about
the influence of the properties of a thin film deposited on a substrate and the SPP generated.
According to the theory [116], the thickness of the thin film changes the SPP wavevector and,

therefore, the LIPSS period, following eq. 1.11:

€_4ktfd — kee/Evr+Ks/Es Kee/Eef+Kair/Eair
ktf/Etf-ks/Es Ktf/Etf-Kair/Eair

(1.11)

where k is the wavevector modulus and the subindexes tf, s, and air refer to the thin film,
substrate, and air respectively. As it can be observed in [116], for small thickness eq. 1.11 can

be approximated as:

kspp. = kspp + ka + ky, (1.12)
with k, and k;:
k. = 2rr - E¢e-Eair EairRe(Es) 2 (Etf'Re(Es) - d 3
a= ™ Etf )(Eair+R8(Es)) Eair-RE(ES)) (_Re(ES)gai ) 2 (_ ) (11 )
2(2E? -E?
k = k 1 ka ( air tf) + R(E(Es)-'.Eair _ _1 /m(ES) (114)
b2 2Re(kspp)  Eair(Eair-Et) ~Eair 2 Re(Es)

As for the effect of roughness, there are also studies about its influence on the formation of
SPP [117-120] and its impact on LIPSS properties [121]. These studies are focused on the

influence of two roughness parameters. The root mean square roughness (R),
1 L A
R =]

Z(x,y)2dxdy 1/2 (1.15)
q H\-ro Jo |

with Z(x, y) being the surface height function, which is an indication of the height or depth of
the surface features; and the autocorrelation length (o), defined as the horizontal distance at
which the autocorrelation function (eq. 1.16) decreases to 0.2 at the highest rate, which is an
indication of their width.

L A
20 Y2UC - Ny~ Nd d
ACF(t ,tyy = JoJo ORI ST A (1.16)

ZoyZtyddy
JoJo
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For more information about their mathematical definition see reference [122].

Getting back to the matter at hand, in the appendix of reference [117], it was shown that
fores = &5 + i &5 with |&g | > |&si|, Rq and o cause a change in the wavevector of the SPP,
provided Ry is much smaller than the incident laser wavelength, that follows eq. 1.17:

RIC’IE E 172

2 2
Ak = _cng_m%:fl_ze-ksppm /% e spp’ k, o) (1.17)

sr tf)

where F(kspp, k, o) is a function independent of Rq. From eq. 1.17 and eq. 1.10 follows that
the period and penetration length of the SPP decrease monotonically with Ry and have a more

complex dependence with a.

No need to mention the importance of the material of the substrate itself, since SPP can only
be generated in metal-dielectric interfaces, and their properties are heavily influenced by the

electric permittivity of the materials on both sides of the interface [114].

1.4. Structure of this thesis

This thesis is organized into seven chapters. In this first chapter, we have introduced the

theoretical background and state of the art concerning this research field.

In Chapter 2, we will describe the properties of the materials we worked with and the methods
to prepare our samples, as well as the different irradiation schemes and characterization
techniques used for each sample. Finally, we will explain the numerical simulation methods used

to better understand the changes in some of the samples after irradiation.

In Chapters 3 to 6, we will show the results of our investigations as well as a discussion of these
results. In Chapter 3, we will explore the formation of LIPSS in PET thin films of different
thickness on different substrates. In Chapter 4, we will study the formation mechanism of LIPSS
in the samples with gold substrates with the help of numerical simulations. In Chapter 5, we will
get into the characterization of LIPSS properties that can be interesting for potential
applications, such us the change in micromechanical properties, topography, surface energy,
and wettability induced by LIPSS formation in the nanocomposite PTT-WS.. In Chapter 6, we will
study the changes in conductivity after generating LIPSS with vector beams in P3HT and (6,6)-
Phenyl C;1 butyric acid methyl ester (PC71:BM).

14
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Finally, in Chapter 7, we will summarize the main results of this thesis and possible lines for

future investigations.
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2. MATERIALS AND METHODS

Chapter 2

Materials and methods

In this chapter, we explain the methodology followed in this research. First, we briefly present
the properties of the materials we worked with. Then, we detail the methods by which we
prepared our samples. Afterwards, we describe the different irradiation schemes used on each
sample and the characterization techniques that allowed the measurement of the relevant
properties of the samples and the study of how they changed after irradiation. Finally, we
explain the methods to obtain the surface energy of the different samples from contact angle
measurements and the numerical simulation methods we used to better understand LIPSS

formation.

2.1. Materials

2.1.1. PET

Poly(ethylene terephthalate) (PET) is a polymer of the polyesters family synthesized in the
1940s [1]. It is a thermoplastic polymer usually synthesized by condensation polymerization,
often called polycondensation. This method involves ethylene glycol reacting with dimethyl
terephthalate (DMT) [2]. From this reaction, PET is obtained in an amorphous state with the

chemical structure shown in Figure 2.1.

0 0
|

—-0-C C —O——CH,CH, ——

Figure 2.1. PET chemical structure [9].
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2.1. MATERIALS

Its excellent mechanical properties, chemical resistance, thermal stability, gas barrier, and
resistance to wear and corrosion, have made PET one of the most used polymers both in daily
life and in science [3—6]. The PET used in this work was synthesized and characterized by our
colleagues at the West Pomeranian University of Technology (Poland) [7,8]. Its relevant
properties for laser processing are shown in Table 2.1 as well as optical absorption spectrum in

Figure 2.2.

Table 2.1: Properties of PET used in our experiments: T, [8], T4 [8], crystallization temperature
(Tc) [8], crystallization percentage (X.) [7], heat capacity (AC,) [10], thermal conductivity (K) [10],
thermal diffusivity (o = K/ACpp) [10].

Tm Tg AC, T X K a
(°c) (c) UEA () (%) (WmK)?Y)  (m2s?)

PET 257 85 116 214 12 0.258 1.67-107
25000
20000 A
1} @565=18000 cm™?
< 15000
=
=
S 10000
5000
a795=800 Crn—1
e ]
0

200 300 400 500 600 700 800 900
Wavelength (nm)

Figure 2.2. Optical absorption coefficient (&) of PET. Its values at 265 nm and 795 nm [11] are

highlighted on the figure.

2.1.2. PTT and PTT-WS; nanotubes nanocomposite

Poly(trimethylene terephthalate) (PTT) is a polymer synthesized in the 1940s [1] belonging to
the terephthalate polyesters family that combines the good properties of PET, the ease of

processing of Poly (Butylene Terephthalate), and a higher elasticity provided by the three
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2. MATERIALS AND METHODS

methylenes in its monomer chemical structure (Figure 2.3) [12,13]. This polymer is commonly
found in a semicrystalline state. It can be prepared via in situ polymerization from 1,3-
propanediol and DMT [14], using tetrabutyl orthotitanate as a catalyst and Irganox 1010 as an

antioxidant.

PTT is an interesting material by virtue of its particular crystalline structure and crystallization
rate which allow for processing in many different ways (injection molding, film casting, and film
spinning) [15]. Moreover, it can be fabricated out of a high percentage of renewable materials

[14] and has good mechanical, chemical, and thermal properties [16,17].

T i
+C C—O—CHy,— CHy—CH,— O+

— —in
Figure 2.3. PTT chemical structure [18].

Tungsten disulfide (WS;) inorganic nanotubes (see Figure 2.4) are an appreciated alternative
to carbon nanotubes due to their high impact resistance and good tribological behavior as well
as relatively low fabrication costs, as the precursors are relatively inexpensive [19]. It is because
of these properties that they have applications in high energy absorptive materials [20],
biosensors and nanomedicine [21], and antiballistic and impact resisting materials [22,23],

among many others.

Figure 2.4. a) Scanning Electron Microscopy and b) Transmission Electron Microscopy

micrographs of WS, inorganic nanotubes [24].
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We have worked with a nanocomposite made of a PTT matrix reinforced with WS;inorganic
nanotubes (0.5% in weight). The nanotubes have 2-20 mm length, 40-120 nm diameter and are
disposed randomly in the PTT matrix. The synthesis of the nanocomposite and its
characterization and comparison with simple PTT was detailed in a previous work by our
colleagues in the West Pomeranian University of Technology (Poland) [14]. The more relevant
properties for our work are presented in Table 2.2 and the UV-Vis absorption spectrum of PTT

is shown in Figure 2.5.

Table 2.2. Relevant properties of PTT and PTT-WS,. T, T4, AC,, Tc and X. obtained from [14]; K,
and a, obtained from the PTT data [25]. The values for PTT-WS; have been obtained from the
ones of PTT and the properties of WS, nanotubes applying the rule of mixtures, an approach that

has proven to be effective for other nanocomposites [26].

Tm Tg ACp Tc Xc K a
Sample
) (C) (/gC) () (%) (W(mK)?) (m?s?)
PTT 229 53 0.17 171  30.1 0.22 9.6-10”
PTT-WS, 228 53 0.16 177 321 0.23 10.6-107
200000
150000
£
L 100000
5
50000 -
a265=26000 Cn’l':l
Q795=705 cm™?
0 1 1 hd *

200 300 400 500 600 700 800 900
Wavelength (nm)

Figure 2.5. Optical absorption coefficient of PTT. Its values at 265 nm and 795 nm [25] are

highlighted on the figure.
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2.1.3. P3HT

Poly(3-hexylthiophene-2,5-diyl) (P3HT) is a semiconducting semicrystalline polymer of the
family of polythiophenes. More specifically, it belongs to the group of poly(alkyl-thiophenes). It
has applications as the active layer in organic field-effect transistors (OFET) [27] and organic
solar cells [28] due to its high optical absorption in the visible range.

As we mentioned in Section 1.1 the intrinsic conductivity of P3HT is due to its molecular
structure as a conjugated polymer providing delocalized electrons [29]. However, this
conductivity is affected by the crystallinity of the polymer. The well-ordered structures with
strong intermolecular interactions found in crystalline structures result in efficient charge

pathways on a macroscopic level [30].

The P3HT used in this thesis was bought from Ossila (UK) (batch M106). See its properties in

Table 2.3. and its chemical structure in Figure 2.6.

Table 2.3. Relevant properties of P3HT as given by the manufacturer (Ossila).

Mw Mhn Poly Dispersity Regioregularity HOMO LUMO
Sample
(g/mol)  (g/mol) Index (%) (ev) (ev)
P3HT 34100 19500 1.75 94.7 -5.2 -3.2

CeH13

[\
S ’'n

Figure 2.6. P3HT chemical structure [31].

2.1.4. PC71:BM

PC;1BM is a n-conductor C;o fullerene derivative that is frequently used in organic
photovoltaics along with P3HT. It has replaced PCs;:BM, a Cgo fullerene derivative, due to its

stronger optical absorption in the visible range [32]. C;o fullerene is the most stable fullerene
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excluding Ceo. It presents a less symmetrical structure, which gives it more reactive links than
Cs0. The PC71BM used in this thesis was bought from Ossila (UK) >99% purity (<1% PCs:BM),
HOMO-=-5.9 eV, LUMO=-3.9 eV. See its chemical structure in Figure 2.7.

Figure 2.7. PC,,BM chemical structure [33].

2.2. Sample preparation

2.2.1. Thin films

2.2.1.1. Substrates

PET, P3HT and PC;:BM were deposited as thin films on different substrates.
In the case of PET, thin films were deposited on the following substrates:

e Cover glass (microscope slides, Thermo Scientific).

e Silicon (1 0 0) from Wafer World Inc.

e PET from 3M®.

e Steel Atomic Force Microscopy holder.

e Low Ry gold substrate obtained by sputtering 6 min with Sputter coater S150B (Edwards)
on silicon wafers (1 0 0) polished on both sides.

e High Ry gold substrate prepared from a bulk sample increasing its roughness mechanically
with Buehler MetaDi 1I® monocrystalline diamond paste of 1 um and % pum, as well as

Struers® deagglomerated alpha alumina powder of 0.3 um as abrasive.
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2. MATERIALS AND METHODS

As for the P3HT and PC7:BM thin films, we deposited them on n-silicon (1 0 0) doped with
arsenic from ACM (France). See the roughness parameters of the substrates measured by AFM

in Table 2.4.

Before thin film deposition, the substrates were cleaned by 3 minutes of sonication in acetone
(Sigma-Aldrich® 99.5%), followed by 3 minutes of sonication in isopropyl alcohol (Sigma-Aldrich®
98%), both in an ultrasound bath (J.P. Selecta 3000513, Instituto de Estructura de la Materia
(IEM-CSIC)), and dried at room temperature.

Table 2.4. R, o and thickness of the substrates.

Substrate R, (nm) o (nm) Thickness (mm)
Low Ry Gold 2.4+0.5 3049 (90+6)-10°®
High R4 Gold 52+2 770+£30 1.08+0.04
Silicon 0.4+0.05 440416 0.50+0.01
Doped Silicon 0.4+0.05 406 0.50+0.01
PET 6.0+0.7 22080 0.10+0.01
Steel 90140 490150 1.0+0.1
Cover Glass 1.1+0.4 117114 1.010.1

2.2.1.2. Drop cast

The technique of drop casting requires the polymer to be solved in a solvent and a droplet of

the solution to be poured on a substrate, leaving it to dry. See the scheme in Figure 2.8.

4

~
~

, Drop casting Evaporation
@
!
@

=) )]

M

Figure 2.8. Drop casting scheme [34].
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In our case, we employed this technique to create films of PET. We dissolved PET at room
temperature for 2 hours in trifluoroacetic acid (Sigma-Aldrich®, reagent > 99 %) with a
concentration of 60 g/L. Afterwards, we dropped it on one of our substrates and left it to dry at
room temperature in a vertical laminar flow chamber. The thickness of the film and roughness

parameters of each sample prepared this way can be seen in Table 2.5.

Table 2.5. Thickness and roughness parameters of the PET samples prepared by drop-cast.

Substrate R, (nm) o (nm) Thickness (um)
Low R4 Gold 80130 840+90 16.0£0.5
Silicon 250420 12004200 16.0£0.5
Glass 101+3 1280+120 16.0£0.5

2.2.1.3. Spin coating

In this technique, we also need to prepare a solution, but instead of just dropping it on a still
substrate, the substrate spins at thousands of rpm. The centrifugal force makes the drop expand
and evenly coat the substrate and, once the solvent evaporates, we obtain thin films with low
roughness —see the scheme in Figure 2.9. We employed this technique to create thin films of

PET, P3HT and PC7:BM.

a) b) C) d)

/= %

P — : © ‘:%/;éx

|

Figure 2.9. Spin coating scheme [35].

We dissolved PET, at room temperature for two hours in trifluoroacetic acid (Sigma-Aldrich®,

reagent > 99%) and P3HT and PC;1BM at room temperature for one hour in chlorobenzene
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(Sigma-Aldrich®, Anhydrous, 99.8%). We spun the solutions for 120 seconds at 2380 rpm using
a spin processor (Laurell WS-650 Series (IEM-CSIC)). We varied the concentrations of the
solutions to get different thicknesses. The thickness and roughness parameters of the PET
samples obtained in this way, measured by AFM, are shown in Table 2.6; and those of PC7;:BM

and P3HT are shown in Table 2.7.

Table 2.6. Thickness and roughness parameters of the PET thin films deposited on different

substrates.
PET concentration Thickness Roughness
Substrate
(g/L) (nm) Rq| o (nm)
Low Ry gold 7 9043 61+3 | 260£70
Low R, gold 10 10242 0.5%0.1 | 10448
Low R gold 15 15045 0.50.1 | 17460
Low R, gold 25 1300410 1.0+£0.1 | 110£20
High R, gold 15 165+7 13+1| 900+100
Silicon 10 79+3 0.3+0.1] 320460
Silicon 15 120+20 0.4+0.1 | 300490
Silicon 25 441+14 0.310.1 | 69070
Steel 10 210428 24+7 | 340420
Steel 15 298+58 46116 | 5244142
Glass 15 115+14 0.410.1 | 160+21
Glass 30 205+25 0.610.1 | 160+20
PET 10 243122 13+2 | 550460
PET 15 318+36 5+1 | 300+90

Table 2.7. Thickness and roughness parameters of the PC;:BM and P3HT samples. The substrate

was doped Si in all cases.

Concentration Thickness Roughness
Sample
(/L) (nm) R4 | o (nm)
PC;:BM 40 6517 0.51+0.04|170+70
P3HT 20 275+21 4.7+0.2|176+13
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2.2.2 Free standing films

Our colleagues in the West Pomeranian University of Technology (Poland) [14] prepared PTT
and PTT-WS; free-standing amorphous films of about 200+10 um thickness by press molding
using a Collin P 200E molding press at 245°C and 15 bar for 2 min and subsequently quenched in

ice water (250°C/min). We show their roughness parameters in Table 2.8.

Table 2.8. Roughness parameters of the PTT and PTT-WS, samples.

Sample R, |o (nm)
PTT 4.3+1.6 | 140130
PTT-WS, 1241 | 250440

2.3. Laser irradiation set-up

Here we describe the various laser systems used to modify the surfaces of the different
samples. All the irradiations were done at normal incidence in air at room temperature and

pressure.

2.3.1. Gaussian beams

We used two different ultrashort pulsed laser systems with two different wavelengths, one in

the infrared and the other one in the ultraviolet range.

The infrared ultrashort laser pulses were delivered from a Spectra Physics® system (Facultad
de Ciencias, Universidad de Salamanca) composed of a Ti:Sa oscillator (MaiTai, Spectra
Physics®), which provides seed pulses of 35 fs FWHM (Full Width Half Maximum) and a
maximum pulse energy of 5 nJ at a repetition rate of 84 MHz, and a Spitfire ACE regenerative
amplifier (Spectra Physics®). The ACE turns them into linearly polarized pulses of 64 fs FWHM,

centered at A = 798 nm with a repetition rate of 5 kHz and a maximum pulse energy of 1.2 mJ.

The ultraviolet ultrashort laser pulses were achieved generating the third harmonic of the
fundamental wavelength (795 nm) of the emission of another system (Facultad de Ciencias,

Universidad de Salamanca) consisting of a Ti:Sa oscillator (Tsunami, Spectra Physics®) that
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generates seed pulses of 100 fs FWHM at a repetition rate of 80 MHz and a maximum pulse
energy of 9 nJ. A Spitfire regenerative amplifier (Spectra Physics®) increases the energy of some
of the seed pulses using CPA (Chirped Pulse Amplification) technique. The amplified pulses have
120 fs FWHM, 1 kHz repetition rate, and 1 mJ/pulse as a maximum. To generate the third
harmonic, we used the set-up in Figure 2.10, designed and characterized in [36]. At the exit of
the third harmonic set-up, the pulses have 260 fs FWHM, a wavelength of 265 nm, 1 kHz

repetition rate, a maximum pulse energy of 50 pJ and linear polarization.

w795 nm

w395 nm
Beam | e 265 nm

stoppers ]
Input l Dichroic mirror l \ Output
BBO BBO Dichroic mirror
Crystal Crystal
Mirror

Figure 2.10. Scheme of the third harmonic generation module.

Once generated, the irradiation set-up is the same regardless of the ultrashort pulses selected
(Figure 2.11). In this set-up, we used a shutter to control the irradiation time, which is related to
the number of pulses by the repetition rate. To control the energy of the pulses, we used a
motorized A/2 plate and a linear polarizer. In addition, we moved the sample closer or further

from the focal plane for fine tuning, so we deposited the required energy on the surface of the

sample.
Removable Processing
NE Rl dichroic mirror lens
- “
N A U
Shutter Polarizer 2t
raslation

stage

CCD

Figure 2.11. Scheme of the experimental set-up for sample irradiation.
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2.3. LASER IRRADIATION SET-UP

The pulses were guided by means of mirrors to impinge perpendicular to the samples. The
samples rested on a XYZ motorized translation stage (Pl miCos®), controlled by LABVIEW. An
achromatic doublet lens (f =100 mm, G063201000, CVI Laser Optics® for IR pulses; and
f =100 mm, LA4380-UV, Thorlabs® for UV pulses) focused the pulses on the surface of the
samples. We used a CCD camera (IDS uEye CP INFAIMONZ®) to help focus and position the

samples.

As mentioned in Section 1.3, previous studies proved that LIPSS morphology depends on the
irradiation parameters. Because of that, we have irradiated our samples with different number
of pulses at different fluences. To decide the fluence and number of pulses range, we made
some irradiations to assess at which fluence range each of the samples was modified without

ablation.

2.3.2. Vector and optical vortex beams

As shown in Section 1.3, vector beams, also called beams carrying spin, are beams where the
phase behaves like that of a Gaussian beam, but the polarization varies azimuthally. On the other
hand, optical vortex beams, also referred to as beams carrying orbital angular momentum, are
beams with the same intensity spatial profile as vector beams but their polarization is circular

and spatially constant, and their phase varies azimuthally.

To produce this kind of beams we used a commercial Thorlabs zero order m = 1 vortex half-
wave plate. These plates are designed to affect the radial and azimuthal polarization of light
beams. They can be understood as a half-wave plate where the fast axis rotates continuously

around its center (see Figure 2.12).

Viewed through crossed polarizers with a white light source, these retarders produce an
intensity profile with two modulations. Thus, when used with a linearly polarized light source,
these retarders will generate a polarization pattern with two nodes. The plate turns linearly
polarized Gaussian beams into different vector beams of topological charge 1, according to the

angle of the incident polarization and the 0° fast axis of the vortex plate. See Figure 2.13.

We used vector beams with radial, azimuthal, and spiral polarization, which were generated
with angles between the polarization and the 0° fast axis of 0°, 90° and 45° respectively. This
plate also turns circularly polarized Gaussian beams into optical vortex beams of topological

charge 1 [37].
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Figure 2.12. Vortex half-wave plate m = 1.
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Figure 2.13. Scheme of how a vortex halfwave plate works.

The laser used to generate vector beams in the nanosecond range is a Nd:YAG laser Brilliant-b
(Quantel®) with a frequency doubling module, which gives linearly polarized pulses with a
wavelength of 532 nm, 5 ns FWHM, at a repetition rate of 20 Hz (Dipartimento di Fisica 'Ettore
Pancini' Universita degli Studi di Napoli Federico Il). Since the output power of the laser was
enough to induce LIPSS formation, it was not necessary to use focused beams, and this allowed
us to nanostructure larger areas. We used a pinhole to obtain a more homogeneous spatial

profile with a spot diameter of around 1 mm. See a scheme of the set-up in Figure 2.14.
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Figure 2.14. Irradiation scheme for ns vector beams.

The laser used to generate vector beams in the femtosecond range was a diode pumped
Yb:KGW fiber laser Pharos PH 2 s/n 1211804 (Light Conversion®) with a harmonic generation
module Hiro s/n h21124 (Light Conversion®), which delivers linearly polarized laser pulses
centered at 515 nm and 180 fs FWHM with a customizable repetition rate up to 3 kHz and a
maximum optical power of 6 W (Dipartimento di Fisica 'Ettore Pancini' Universita degli Studi di

Napoli Federico Il). See a scheme of the set-up in Figure 2.15.
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Polarizer Lens
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Figure 2.15. Irradiation scheme for fs vector beams.

The fluence of the vector beams was determined by measuring the power of the laser beam
with a Gentec-e Maestro power-meter and calculating the area of the laser beam section with
the method shown by Allahyari et al. [38]. In this method, both the size of the inner and outer
radii of the annular ablation crater created on the target surface are measured. They are a
function of the fluence, and numerical fitting is used to find the threshold fluence and the waist

of the laser beam. For beams m = 1, as it was our case, the fitting equation was eq. 2.1:

aer2b

E(r) =25 (2.1)
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where a = F zw*n/4 and b = 2/w? are the fitting parameters, r is the distance to the center
0 0

of the spot, E is the energy deposited, F }, is the threshold fluence and wg is the beam waist.

2.4. Sample characterization techniques

2.4.1. Scanning Probe Microscopy

Scanning Probe Microscopy (SPM) [39] is a branch of microscopy that is used to characterize
different properties at the nanoscale. The first kind of SPM was Tunnel Effect Microscopy,
invented in IBM Zurich in 1981 by Gerd Binning and Heinrich Rohrer [40], for which they were

awarded the Nobel Prize in Physics.

SPM involves scanning a surface with a probe. The probe consists of a nanotip mounted at the
end of a cantilever, which can have different characteristics depending on the kind of interaction
intended to be explored. When the tip approaches the surface, they interact through different
forces according to the tip properties and the distance between the tip and the surface, causing
the deflection of the cantilever. This deflection is measured by shining a laser on the cantilever,
which is reflected to different positions in a photodiode array depending on the bend of the
cantilever. By using this data as feedback, a piezoelectric tries to either keep the force constant
and measure the deflection, or keep the deflection constant and measure the force. The result
is a matrix of deflections or forces for each position of the tip, which can be translated to a
mapping of some property of the surface of the sample at the nanometric scale. The basic

scheme of a SPM system is shown in Figure 2.16.
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Figure 2.16. Basic elements of any SPM system [41].
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2.4. SAMPLE CHARACTERIZATION TECHNIQUES

All our measurements were done with AFM Multimode 8 (Bruker®) (IEM-CSIC) with the
Nanoscope V (Bruker®) controller. The data were further analyzed with Nanoscope Analysis 1.50

(Bruker®) software.

We have used three different SPM techniques:

2.4.1.1. Atomic Force Microscopy (AFM)

The forces scanned by this technique are interatomic interactions, such as electronic
interactions and Van der Waals forces. These interactions are attractive at long distances and
repulsive at short distances (mechanical contact), see force distance curve in Figure 2.17. This
originates three different regimes which translate to three different measurement modes:
contact mode, non-contact mode, and tapping mode. Contact and non-contact are self-
explanatory and in tapping mode, the cantilever vibrates at its resonant frequency lightly

tapping the sample at maximum deflection.

We used AFM to measure the topography of the samples. We equipped it with silicon tips (NT-
MDT®) with a typical radius of approximately 6 nm, a nominal resonant frequency of 320 kHz,
and a spring constant of 40 N/m. We chose the tapping mode due to the soft nature of our

samples.
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Figure 2.17. AFM force distance curve. The three different regimes are shown [42].
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2.4.1.2. Peak Force-Quantitative Nanomechanical Mapping (PF-QNM)

PF-QNM [43] is a contact mode AFM based protocol, developed by Bruker®. It is based on
making a matrix of indentations on the sample to map the mechanical properties and topology
of the surface at the same time. For each indentation, we measured the peak force as a function
of the cantilever deflection. From that data, the system extracts a force-distance curve and from
it, the values of the elastic modulus, adhesion, and deformation in each point, as seen in Figure

2.18.

60
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Figure 2.18. Force-distance curve of PF-QNM measurement. The difference between the
approach curve or trace (red) and the minimum of the retraction curve or retrace (blue) gives the
adhesion force. The elastic modulus is given by the slope of the F-Tip-Sample distance line in the

retraction curve.

Specifically, the surface elastic modulus was obtained by application of the Derjaguin-Miiller-
Toporov (DMT) model [44]:

F-F 4 % 12 32
aan=7E R d (2.2)

Where F is the force, F,q4, the adhesion force, R the tip radius, and d the deformation, i.e., a

parameter related to the tip penetration into the sample. E* is the so-called reduced modulus,
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2.4. SAMPLE CHARACTERIZATION TECHNIQUES

and it was measured using the retraction force curve. We choose the fit boundary parameters
as 90% and 20% of the peak force for the maximum and minimum values, respectively. In this
fitting range, both load/unload curves superimposed (see Figure 2.18), indicating an elastic
response and validating the use of the DMT model. E* is related to the elastic or Young's

modulus of the sample by:

1 1-v2 1-v2
— = sample + probe (23)
E Esample Eprobe

where Vsample and vy, gpe are the Poisson's ratios of the sample and probe, respectively. If the
probe Young's modulus (E}, ope) is much higher than that of the sample (Esample), as it is the
case for most polymeric samples including ours, the second term in the right side of eq. 2.3 can
be approximated to zero and the elastic modulus of the sample relates to the reduced modulus

measured by PF-QNM as:
Esample = (1 - 1ﬂSample)E* (2.4)

To extract information, we must know the spring constant of the cantilever, the radius of the
tip, and the deflection sensitivity of the cantilever. We obtained this information according to
the following protocol. First, we used Bruker software to calculate the deflection sensitivity by
making an indentation in a standardized sapphire sample. Afterwards, we used Sader’s method
[45] to calculate the spring constant. The spring constant can be related with the length (L) and
width (b) of the cantilever, its fundamental resonant frequency ws, Reynolds number, and the

quality factor (Qf) through eq. 2.5.
k =0.1906p:b2L QI i(wr)w?¢ (2.5)

where I'; is the imaginary part of the hydrodynamic function which only depends on the
Reynolds number and wy. Everything is easily measurable except Qfand wy, which Sader
obtained by measuring the frequency response of the cantilevers at a range of frequencies in
the neighborhood of its fundamental resonance peak. With our set-up, this can be easily

achieved using the software controller.

Finally, to adjust the tip radius, we made indentations in a standardized polystyrene sample,

and adjusted the tip radius until we measured 2.7 GPa as its elastic modulus.
Once the system was calibrated, we measured 2 x 2 um? squares made of 256 x 256 spots.

We used RTESPA-300 (Bruker®) tips with a typical radius of 13 nm and an elastic constant and

nominal resonant frequency of 40 N/m and 300 kHz, respectively.
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2.4.1.3. Conductive AFM (C-AFM)

We used C-AFM to measure the change in conductivity after irradiation and its relationship
with the change in topography, which was measured simultaneously. In C-AFM a voltage is
applied between the tip and the sample holder. By scanning with a conductive tip, a preamplifier
can measure the current that goes through the tip for each point of the scan. Since the voltage
is applied between the holder and the sample, the holder and the tape used to fix the sample to
it must be conductive. Usually, a Faraday cage isolates the sample and improves the signal/noise

ratio of the measurements. See Figure 2.19 for the scheme.
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Figure 2.19. C-AFM scheme. (Original image with elements from [46,47]).

In our case, the tips were conductive Pt-Ir covered Si probes with a low spring constant, k =

0.2 N/m, SCM-PIC by Bruker®.

2.4.2. Contact angle (CA)

The contact angle is the angle between the air-liquid interface and the liquid-solid interface
formed when we deposit a drop of a liquid on a solid. From that angle, we can get information
about the wettability and the surface energy. Wettability defines to what extent a liquid can
keep contact with the surface of a solid. If the contact angle is less than 90° the sample has high
wettability, and, if the liquid is water, we say the sample is hydrophilic. On the other hand, if the
contact angle is more than 90°, the sample has low wettability, and, if the liquid is water, we say

the sample is hydrophobic.
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2.4. SAMPLE CHARACTERIZATION TECHNIQUES

We used the sessile drop technique to measure the contact angles, at ambient temperature
and humidity, using a pocket goniometer PG2 (FIBRO system) (Instituto de Quimica Fisica
Rocasolano (IQFR-CSIC)). This instrument has a built-in camera that captures a picture of the
liquid droplet applied on the surface of the sample. In Figure 2.20 we show an example of the

measurements.

Figure 2.20. Picture of a drop of water on the surface of a PTT sample. The measurement of the

contact angle is shown.

2.4.3. Confocal microscopy

A confocal microscope [48,49] selects a small volume to image by using a set-up that only
collects light from spots very close to the focal point. This selection can be done easier if the
source that illuminates the sample is a point source such as a laser. As long as only a single point
image is needed, the requirements on the lenses and the optical system in general are not very
demanding. The whole picture is then built by scanning. As the system only gets light from a
point in the focal plane, it can measure 3D images instead of just 2D ones. Figure 2.21 shows the
set-up used to select only the light close to the focal point. It is based on filtering the reflected

light with the use of a pinhole and the microscope objective.

A system Alpha300 RAS (WITec, Ulm, Germany) (Dipartimento di Fisica "Ettore Pancini",
Universita degli Studi di Napoli “Federico 11”), which uses an optical fiber with a diameter of 25
pum as pinhole and a He-Ne laser (633 nm) as the illumination source, was used. The system
microscope objective has 50x magnification and a numerical aperture of 0.75, ensuring a
diffraction-limited focused spot in the objective focal plane with a FWHM of approximately 320

nm.
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Figure 2.21. Ray paths in a confocal microscope scanner. Light from sections of the sample

located out of focus will largely fall outside the aperture and is thus strongly attenuated.

2.4.4. Micro-Raman Spectroscopy

Micro-Raman spectroscopy is a non-destructive and non-invasive technique that allows the
chemical and structural characterization of a material. The analyzed samples do not need special

preparation and may exist in any physical state: solid, liquid, or gas.

This technique is based on the Raman scattering phenomenon [50,51]. When a photon from a
monochromatic light beam strikes a molecule, it will interact with the electron cloud of the
system, transiently taking the molecule from an allowed vibrational-rotational energy state to a
higher transient energy state. After the interaction, the molecule will decay to one of the
allowed energy levels, re-emitting a photon. The photon can be elastically scattered by the
material, keeping the same frequency as the incident photon (Rayleigh scattering), which means
that the molecule returns to the same state before the interaction and there is no energy
exchange between it and the incident photon. On the other hand, if the photon is scattered
inelastically, there is energy transfer, and its frequency is modified (Raman scattering). When
the photon gains energy, we speak of an anti-Stokes process, while when it loses energy, we

speak of Stokes scattering. An energy diagram, explaining the process, is shown in Figure 2.22.

The inelastic components give information about the rotational and vibrational motion of the
atomic bonds, atoms and ions that make up the molecules and crystal lattices [52,53]. Such

rotational and vibrational motion occurs at a certain value of energy or at a well-defined

45



2.4. SAMPLE CHARACTERIZATION TECHNIQUES

frequency. The representation of the Raman bands is made based on the normalized wave

number v, which is defined as

_ Vv 1
V=_=- (2.6)

e

In this work, micro-Raman spectroscopy was conducted to detect possible chemical changes
in the samples after being irradiated. Spectra were obtained using a micro-Raman spectrometer
(Renishaw In Via 0310-02) (IEM-CSIC), equipped with an excitation laser source, operating at a
power of 5 mW and a wavelength of 785 nm, and a CCD camera. Raman spectra were acquired
with a spectral resolution of 2 cm™ using a microscope objective with 50x magnification which

gives a beam size < 1 um in diameter.

Transient state = = =g=p = === == o o g s o
Energy
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Allowed states
- m
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Figure 2.22. Schematic of the Raman and Rayleigh dispersion process [35].

2.5. Surface energy calculation

The surface energy is defined as the work necessary to produce a new surface of the material.
In the bulk form of a material, atoms are generally stable and have a balanced set of interactions.
However, the surface atoms will have an incomplete, unbalanced set of interactions and
therefore have unrealized bonding energy. Surface energy is a relative measurement of the

energy at the surface, which is a result of this incomplete bonding [54].

We used two different models to calculate different contributions to the surface energy of the

samples.

2.5.1. Owens, Wendt, Rabel and Kaeble model (OWRK)

This model [55,56] considers the dispersive (yd) and polar ( y?) contributions of the surface

energy. It uses Young’s equation (eq. 2.7) to relate the measured contact angle of a drop of liquid
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resting on the surface of a solid (8), the surface energy of the liquid (y)), the interfacial tension

between the liquid and the solid (yg)), and the surface energy of the solid (ys):

¥s = y1cos0 +yg (2.7)

The interfacial tension is the sum of the surface energies of the liquid and the solid plus their
interaction energy. This interaction is interpreted in this model as the geometric mean of a
dispersive part (due to Van der Waals forces) and a polar part (for the electric interaction

between polar molecules), as shown in eq. 2.8.

1/2
y =y +y - 2[(yivd + (yPyP _1/2] (2.8)
Sl S 1 S 1 S 1

Operating with eq. 2.7 and eq. 2.8 we obtain eq. 2.9.

y,(1+e0S0) _ - p\1/2 yP 1/2 + (yd) /2 (2.9)
— ()™ 2y %
2(n) N

In eq. 2.8 all the terms are known but y? and yd. We can interpret it as the equation of a line

1/2 1/2
y=ax+b where y=y (1+cos0)/2(yd )/ and x = (yp/yd / . For each sample, we
1 1 1 1

measured the contact angle of three different liquids with known surface energies, so we had
three points of the line, and we could simply calculate the linear regression to obtain the polar

and dispersive components of the surface energy of the sample.

2.5.2. Van Oss, Chaudhury and Good method based on Young-

Dupré’s theory

This method [57] calculates two contributions to the polar component of the surface energy:
a polar negative component (y-, associated with electron-donor species) and a polar positive
one (y*, associated with electron-acceptor species). However, it has a requirement, at least
three liquids of different natures (polar and apolar) must be used. Since we used this method as
well as WORK method, our liquids were chosen to meet all their requirements, as shown in Table

2.9.

The components of the surface energy of the liquids, already known, can be related to those

of the solid with eq. 2.10, based on Young-Dupré’s theory.

yTOT(1 + cos®) = Z(ded) Y2201 + 20y (2.10)
1 S 1 S 1 1S
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For the apolar liquid, we can get y4 by directly substituting the values of the components of

its surface energy in eq. 2.10 obtaining:

yg = leOT(l + cos6)?/4 (2.11)

Once y4 is known, we can obtain y+ and Y- using the contact angle measurements obtained
S S S

forthe polarliquidsin eq. 2.10, and from them y»r = 25()/;)/-)1/2 and ZTOT = ysd + yp,
S S

Table 2.9. Components of the surface energy of the liquids used in the contact angle

measurements (mJ/m?) [57].

Liquid (D A (A A A
Deionized Water 21.8 255 255 510 72.8
Glycerol 340 574 392 300 64.0
Paraffin oil 28.9 0 0 0 28.9

2.6. Numerical simulations

While conducting experiments where we irradiated PET on different substrates, we found that
LIPSS formation was particularly difficult to understand when PET was deposited on a gold
substrate. In particular, the direction of the structures was perpendicular to the polarization
instead of parallel. We will explain this in more detail in Chapters 3 and 4. This discovery led us
to assume that a particular electromagnetic mode called a Surface Plasmon Polariton was being
excited and mediated the process. The properties of this mode and the influence of different

parameters in its properties were discussed in Section 1.3.

We simulated this system to try to understand the underlying principles behind it and shed
light on the aforementioned assumption. We simulated the electromagnetic field resulting of
propagation and dispersion of the laser incident wave inside our samples and we compared the

results to the experimental measurements.

2.6.1. Theoretical background

To simplify the problem, we used a plane wave approximation for the incident field

E(r,t) = E(r")ew . With this approximation, since we only consider linear optics, the electric
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field can be separated into a time-independent part and a part that oscillates at the frequency

of the incident radiation.

For linear polarization, which is our case of study, LIPSS are longitudinal structures, therefore,
it is enough to study the problem in 2D where the x direction is parallel to the sample surface

and the direction of laser polarization, and the y direction is normal to the surface (see Figure

2.23). We can now further simplify the electric field as E?(r_’)e'iw = E?(x, y)e-ilezw ),
which alongside eq. 2.12:
Vxul(Vx E)y—k2(e = )E=0 (2.12)
Y wEo

with u the relative magnetic permeability, @ the electric conductivity and i the imaginary unit,

are the simplified Maxwell equations whose solution should be provided by numerical methods.
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Figure 2.23. Diagram of the geometry of our simulations and close-up to show the mesh. Gray
represents air, green is PET, and maroon is gold. The periodic conditions are used for the yellow

boundary and the periodic Port in the red boundary.

We chose these directions since we knew the SPP wavevector should be parallel to the laser
polarization as it corresponds to a TM wave. Information about the behavior of the SPP out of
the plane XY is lost, but we assume there will only be small variations of the field, whose

influence in LIPSS has to do with slight lack of linearity of the nanostructures.

2.6.2. Numerical simulation method

To perform the simulations, we used COMSOL Multiphysics Wave Optics Module, a software
that solves Maxwell equations with finite element methods. In this method, the area of the

problem is divided into subdomains, and in each subdomain, we apply an approximated
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equation of the physics of the problem. This allows for the approximation of the complicated
solution of the problem by a set of simple polynomials. The method also forces the continuity
of the solution and its derivatives up to a chosen order between subdomains. The key features

of this method are:

= The complex region of the problem is modelled by simple subdomains called finite
elements. These finite elements must have a shape that allows the derivation of the
approximation functions.

= In each finite element, the equations that govern them are solved using the relations
imposed by the physics of the problem and some approximation method.

= The equations of all the finite elements are assembled forcing continuity.

In our case, we subdivided the area of the problem into triangular elements of sizes between
1and 50 nm. The lower limit allowed us to accurately model small roughness, whereas the upper
was applied to the zones far from the surfaces, so we could save computing time but still be able
to model our electric field at 16 elements per wavelength (see Figure 2.23). This number of
elements should be more than enough to model the variation of the field in a plane wave, which

would be a good approximation of the expected field far from the interface.

As for the magnitude of the area of the problem shown in Figure 2.23, we chose to simulate a
region of 8 wavelengths in the x direction, which we found was a good compromise between
the computing time and the quantity of data provided. In the y direction, we simulated the
whole thin film, a distance of three wavelengths in air —to have enough space to observe both
the incident wave and the plasmon—, and half a wavelength inside the gold substrate —which
is more than enough, since the penetration distance of the electric field in gold, that was
calculated according to eq. 1.10, is much smaller. This is also why we did not need to simulate
the whole experimental substrate, i.e., a thin layer of gold on silicon, as shown in Section 2.2,

since the plasmon would not feel the silicon presence behind the gold layer.

2.6.2.1. Boundary conditions

In the y direction we used a periodic Port to introduce the plane wave and absorb it. The
periodic Port boundary condition is used when modelling plane waves incident upon
diffraction gratings and similar cases where we know that all waves getting out or going into
the boundary must be plane waves. We checked the differences taking into consideration

other scattering possibilities as the so-called Perfectly Matched Layers (PMLs) [58] or using
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just periodic Ports. We found them insignificant for the sake of our study. Given that the
computing times needed for PMLs are much longer than for periodic Ports, we decided to

discard PMLs.

As for the x direction, we used Floquet periodic boundary conditions to avoid edge effects.
This periodic boundary condition —instead of the standard Ls(—ro*) = E(-Tf)— adds a change in
the field given by E(-ro”) = E(-r1")e 0 ~1) where r” is the position vector and & is the

wavevector of the plane wave introduced in the periodic port.

2.6.2.2. Materials and interfaces definition

We defined the different materials (air, PET, gold) by their relative electrical permittivity (¢ ),
relative magnetic permeability (4 ) and electrical conductivity (®). We show the ¢ used for
each material in Table 2.9. We considered the electrical conductivity of all materials to be 0
since it would only be important to calculate the field in gold and this does not affect the
features of interest. As for their relative magnetic permeability, it was fixed at 1 since none of

our materials have relevant magnetic properties.

Table 2.9. Relative electric permittivity of the simulated materials.

Material &
Air 1
PET 2.25
Gold -24.061-i-1.5068

The roughness profile of the substrate was introduced using a MATLAB® random function
which allowed us to establish a prioriits Rq and o, which now are defined for a line instead of a
surface. To account for the fact that the electric field may depend on further features of the
roughness function in addition to Ry and o, we carried out three simulations with different

roughness functions but the same R, and o for each measurement.

2.6.2.3. Data extraction

We took eight values per simulation of the SPP parameters relevant for LIPSS formation and

gave the average as the result and the statistic deviation as the indetermination. These
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parameters are: (i) period, as it is assumed to match the period of the generated LIPSS; (ii)
penetration distance, as it should be longer than the polymer film thickness in order to induce
the process of LIPSS formation on the surface; and (iii) field amplitude, as it is required to be
comparable to the incident field amplitude to induce any changes, although multiple pulse
irradiation could give rise to comparable effects as far as accumulation is an important issue in

LIPSS formation.

The evaluation of these parameters was carried out following the procedure shown in Figure
2.24, providing the mean value as well as the standard deviation. We used the parallel
component (E ) of the electric field to measure the period and intensity since it is much larger
than the perpendicular component and will contribute the most. We used the perpendicular
component of the electric field (Ey) to measure the penetration length as the SPP is the

overwhelming contribution to this component while it is difficult to isolate the SPP contribution

toE .
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Figure 2.24. a) X component of the simulated electric field across a horizontal cut at the surface
of the thin film. The procedure to determine the period and intensity of the SPP is outlined. B) Y
component of the simulated electric field across a perpendicular cut to the surface which allows

the determination of the penetration length in the thin film.
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Chapter 3

Influence of film thickness and substrate nature on
LIPSS formation in thin films of PET irradiated with fs
Gaussian pulses

In Section 1.3, we mentioned the additional considerations one must bear in mind when trying
to understand LIPSS formation in thin films. In this chapter, we study the influence of the
material of the substrate as well as the thickness of the thin film. We deposited the thin films on
substrates of different nature: a semiconductor (silicon), a dielectric (glass), a dielectric polymer
(PET) and two metals (steel and gold). We expected this to make a difference since the optical
properties (absorption, refractive index) and thermal properties of the substrates are extremely

different, and so we expected the formation range of the LIPSS to change accordingly.

We tried to generate LIPSS in the PET samples described in Section 2.2. We used linearly
polarized fs Gaussian pulses at a wavelength of 795 nm, for which PET has low linear optical
absorption. We made systematic irradiations in a wide range of fluences and number of pulses.
We characterized the spots as long as we observed appreciable changes and until the material

was clearly ablated, insofar as we did not expect LIPSS outside that range.

This surface characterization of the nanostructured samples was done by AFM, as detailed in
Section 2.4. We took one 10 x 10 pm? topography image of each spot, being careful to always
choose the same zone. We made horizontal cuts to measure the period and height of the
structures. We took ten measurements and gave the result as their average and the

indetermination as their statistical deviation.

3.1. Thin films of PET on silicon substrates

We studied the formation of LIPSS on PET thin films of different thicknesses deposited on

silicon substrates. As stated in Section 2.2, the thickness of these films ranges from 79 nm to 16
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um. We will now describe the surface structures found in each of the samples and their

characteristics, starting from the one with the thinnest film.

The sample with the 7943 nm thick film was irradiated with 1000 to 100000 pulses at fluences
from 12 to 46 mJ/cm?. LIPSS appeared parallel to the polarization of the laser at the spots that
had been irradiated with 10000 to 100000 pulses at a fluence of 21 mJ/cm?. For fluences =23
mJ/cm?, the sample was ablated, and for fluences <18 ml/cm?, we did not observe any
modifications. In Figure 3.1, we show an example of the evolution of the structures with the
number of pulses, which was similar to their behavior with fluence. As it has been reported for
other polymers [1-3], the roughness of the sample increased with laser irradiation, and
increasing the number of pulses or fluence gave rise to LIPSS. A further increase brought about
a loss of their periodicity, whereas the surface roughness still increased. The period of the

structures was around 750 nm and their depth around 140 nm.

Figure 3.1. 10 x 10 um? AFM image of a 79 nm thin film of PET deposited on a silicon substrate
a) before irradiation and after being irradiated with b) 20000 pulses, c) 50000 pulses, d) 100000

pulses at a fluence of 21 mi/cm?.

60



3. INFLUENCE OF FILM THICKNESS AND SUBSTRATE NATURE ON LIPSS FORMATION IN THIN...

As for the relation of these features with the number of pulses, we show them in Figure 3.2.
Considering the deviation in our measurements, we can state that both the period and depth of

the structures remained almost constant in this range.
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Figure 3.2. Dependence of a) the period and b) the depth of the structures with the number of

pulses for 21 mi/cm? in a 79 nm thin film of PET on a silicon substrate.

Concerning the sample with the 120£20 nm thick film, we irradiated it with 1000 to 100000
pulses at fluences from 12 to 46 mJ/cm?. LIPSS appeared parallel to the polarization of the laser
on the spots that had been irradiated with 2000 to 100000 pulses at fluences from 18 to 26
ml/cm?. In Figure 3.3, we show an example of the evolution of the structures with increasing

number of pulses. It was similar to the one described for the sample with the 79 nm thick film.

LIPSS period was around 700 nm and their depth around 200 nm. As for the relation of these
characteristics with the parameters of irradiation, we show them in Figure 3.4. They both
increased with the number of pulses until they reached a plateau. Regarding their relationship
with fluence, the fluence range at which LIPSS appeared for a given number of pulses was very
narrow. This means that we found LIPSS for one or two of the chosen irradiation fluences for
each number of pulses, with lower fluences needing a higher number of pulses for LIPSS to
appear in comparison to irradiation at higher fluences, as we can see in Figure 3.4. This is why
stating a definite behavior of the period and depth with fluence is complicated, both the period
and depth of the structures appeared to increase with fluence. As we mentioned in Section 1.3,

this behavior is well known and has been reported for many materials [4-6].
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Figure 3.3. 10 x 10 um? AFM images of a 120 nm thin film of PET deposited on a silicon substrate

a) before irradiation and after being irradiated at a fluence of 26 mJ/cm? with b) 2000 pulses, c)

5000 pulses and d) 10000 pulses. The double-headed arrow shows the polarization of the laser.
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Figure 3.4. Dependence of a) the period and b) the depth of the structures with the number of

pulses for different fluences in a 120 nm thin film of PET on a silicon substrate.
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Concerning the sample with the 16.0+0.5 um thick film, we irradiated it with 1000 to 100000
pulses at fluences from 3.4 to 12 mJ/cm?. We reduced the fluence in this case because at the
fluence range used for the other films the sample was completely ablated. We did not observe
LIPSS formation for any irradiation condition in this range. However, we observed visible
changes in the sample, and its roughness decreased slightly <from Ry = 250 + 20 nm | 0 =
1200 + 200 nm before irradiation, to R = 160 = 40 nm | o = 940 + 110 nm after having
been irradiated with 10000 pulses at a fluence of 5.8 mJ/cm?2. In Figure 3.5, we show the

differences in topography before and after irradiation.

b)

-~

2.0 ym 2.0 um

Figure 3.5. 10 x 10 um? AFM pictures of a 16 um film of PET on a silicon substrate a) before and

b) after irradiation with 10000 pulses at a fluence of 5.8 mJ/cm?.

In summary, for PET thin films deposited on silicon substrates, LIPSS appeared parallel to the
polarization of the laser with a period close to its wavelength, in the samples with film
thicknesses from 79 to 120 nm but not in the one with a 16 pum thick film. In the samples where
LIPSS appeared, the thickness of the film provided differences on their features: the period of
the structures was larger in the 79 nm film than in the 120 nm film and the structures were
deeper in the 120 nm film than in the 79 nm film. Moreover, LIPSS appeared in the 79 nm film

for just one fluence, while in the 120 nm their formation range was broader.

3.2. Thin films of PET on glass substrates

We studied the formation of LIPSS on PET thin films of different thicknesses deposited on glass
substrates. As described in Section 2.2, the samples had thin films of thicknesses from 115 nm

to 16 um.
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We irradiated the sample with the 11514 nm thick film with 1000 to 100000 pulses with
fluences from 25 to 99 mJ/cm?. In this case, LIPSS appeared parallel to the polarization of the
laser at the spots that had been irradiated with 2000 to 100000 pulses with fluences from 44 to
63 mJ/cm?. In Figure 3.6, we show an example of the evolution of the topography with the
number of pulses. This evolution is similar to the one we showed for samples with silicon

substrates.

Figure 3.6. 10 x 10 um? AFM image of a 115 nm thin film of PET deposited on a glass substrate

a) before irradiation and after being irradiated with b) 2000 pulses, c) 5000 pulses, d)100000
pulses, at a fluence of 56 ml/cm? The double-headed arrow shows the direction of the

polarization of the laser.

The period of the structures was ~350 nm, around half the expected one, and their depth
around 20 nm. We show the relation of these characteristics with the fluence and number of

pulses in Figure 3.7. Their period remained almost constant with the number of pulses and their
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depth grew until it reached a plateau. As for their relationship with fluence, their depth tended

to increase with it, but there was no clear-cut relation, and their period presented a more

complicated behavior.

Besides the structures discussed until now, HSFL perpendicular to the polarization appeared
at the spots that had been irradiated with 1000 pulses at fluences ranging from 56 to 73 mJ/cm?
with an even smaller period of 150+40 nm and a depth of 18+8 nm. In Figure 3.8 we show an

example of these structures.
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Figure 3.7. Dependence of a) the period and b) the depth of the structures with the number of

pulses for different fluences in the 115 nm thick film of PET on a glass substrate.

Figure 3.8. 10 x 10 um? AFM image of a 115 nm thin film of PET deposited on a glass substrate
after being irradiated with 1000 pulses at a fluence of 56 mJ/cm?. The double-headed arrow

shows the direction of the polarization of the laser.
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Regarding the sample with the 205+25 nm thick film, we irradiated it with 1000 to 100000
pulses with fluences from 23 to 84 mJ/cm?. LIPSS appeared parallel to the polarization of the
laser at the spots that had been irradiated with 1000 to 100000 pulses at fluences ranging from
44 to 63 mJ/cm?. In Figure 3.9 we show an example of the evolution of the structures with

increasing number of pulses. This evolution was similar to the one reported for the samples

with silicon substrates.

Figure 3.9. 10 x 10 um? AFM image of a 205 nm thin film of PET deposited on a glass substrate
a) before irradiation and after being irradiated with b) 2000 pulses, c) 10000 pulses and d)
100000 pulses, at a fluence of 46 mJ/cm?.

On average, the structures were wavier than the ones found in other samples. Their period
was around ~600 nm and their depth around ~75 nm. As for the relation of these
characteristics with the irradiation parameters, we show it in Figure 3.10. The period of the

structures remained constant with the number of pulses and their depth grew until it reached a
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plateau. Regarding their relationship with fluence, the range at which LIPSS appear for a given
number of pulses was very narrow. As a result, we found LIPSS for one or two fluences for each
number of pulses. Lower fluences needed a higher number of pulses and higher fluences a
smaller number of pulses for LIPSS to appear, as shown in Figure 3.10. It is for this reason that
stating a definite behavior of the period and depth with fluence is complicated, but it seemed

like it had the same influence in these characteristics as the number of pulses.
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Figure 3.10. Dependence of a) the period and b) the depth of the structures with the number of

pulses for different fluences in the 205 nm thick film of PET on a glass substrate.

We irradiated the sample with the 16.0+£0.5 um film with 1000 to 100000 pulses and fluences
from 3.4 to 12 mJ/cm?. As we observed for samples with thin films of the same thickness
deposited on silicon substrates, the material was ablated at fluences close to the ranges used
for thinner films. Therefore, we had to use much lower fluences than in the samples with thinner
films. We did not observe LIPSS formation in any of these irradiation conditions. However, the
irradiation did cause visible changes in the sample, although there were not significant changes
in its roughness —from Rq = 101 + 3 nm | 0 = 1280 + 120 nm before irradiation to Ry =
97 £ 2 nm | 0 = 1250 £ 14 nm after being irradiated with 5000 pulses at a fluence of 8.9

ml/cm?. In Figure 3.11 we show the differences in topography before and after irradiation.

In conclusion, LIPSS appeared parallel to the polarization of the laser for the 115 nm thick film
and the 205 nm thick film. However, they did not appear in the thicker films. The thickness of
the film caused important changes in LIPSS characteristics, although their formation range did

not significantly change. In the 115 nm thick film, LIPSS had a period around half the expected
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one, while in the 205 nm thick one, their period was close to A and the structures were deeper.
Moreover, in the 115 nm thick film, HSFL appeared perpendicular to the polarization of the laser

with a period smaller than A1/4.

500.0 nm

2.0 um 2.0 um

Figure 3.11. 10 x 10 um? AFM pictures of a 16 um film of PET on a glass substrate a) before and

b) after irradiation with 50000 pulses at a fluence of 8.9 mi/cm?.

3.3. Thin films of PET on PET substrates

We studied the formation of LIPSS on PET thin films of different thickness deposited on PET
substrates. As described in Section 2.2, we prepared two samples: one with a 243122 nm thick
film and another with a 318+36 nm thick one. We irradiated both samples with 1000 to 100000
pulses with fluences from 3.0 to 8.1 mJ/cm?. We did not observe LIPSS formation in this range
in any of the two samples. However, we noticed a change in the roughness of the 243 nm thick
sample from Rq =13+2 nm | 0 =550 + 60 nm before irradiation, to Ry = 64+ 17 nm |
o = 1080 + 110 nm after being irradiated with 5000 pulses at a fluence of 4.7 mJ/cm?; and of
the 318 nm thick sample from Ry =5+ 1 nm | 0 = 300 = 90 nm before irradiation, to Ry =
33+ 16 nm | o = 1130 + 150 nm after being irradiated in the same conditions. In Figures 3.12
and 3.13, we show the differences in topography before and after irradiation. We took only 5 x
5 um? AFM images because the high roughness of the samples made measuring larger areas

challenging.
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500.0 nm

a).b)‘

1.0 um 1.0 um

Figure 3.12. 5 x 5 um? AFM pictures of a 243 nm film of PET on a PET substrate a) before and b)

after irradiation with 5000 pulses at a fluence of 4.7 mJ/cm?.

a).b)-

1.0 pm 1.0 pm

250.0 nm

Figure 3.13. 5 x 5 um? AFM pictures of a 318 nm film of PET on a PET substrate a) before and b)

after irradiation with 5000 pulses at a fluence of 4.7 mJ/cm?.

3.4. Thin films of PET on steel substrates

We studied the formation of LIPSS on PET thin films of different thickness deposited on steel
substrates. As described in Section 2.2, we irradiated two samples, one with a film 21028 nm
thick and another with a 298158 nm thick one. We irradiated both with 1000 to 100000 pulses
and fluences from 5.6 to 11.9 mJ/cm?. We did not find LIPSS formation in this range in either of
the two samples. However, we observed a change in the roughness of the 210 nm thick sample
fromRy =24 +7nm | o =340 + 20 nm before irradiation,toR; =96 + 23 nm | 0 =570
110 nm after being irradiated with 50000 pulses at a fluence of 6.4 mJ/cm?; and in the 298 nm
thick sample from Ry = 46 + 16 nm | 0 = 524 + 142 nm before irradiation, to Rq = 250 +
30 nm | ¢ = 1450 + 140 nm after being irradiated with 10000 pulses at a fluence of 6.4

mJ/cm?. In Figures 3.14 and 3.15, we show the differences in topography before and after

69



3.4. THIN FILMS OF PET ON STEEL SUBSTRATES

irradiation. As we did in the samples with PET substrates, we took only 5 x 5 um? AFM images

because of the high roughness of the samples.

a). | - mim

1.0 um 1.0 um

Figure 3.14. 5 x 5 um? AFM pictures of a 210 nm film of PET on a steel substrate a) before and b)

after irradiation with 50000 pulses at a fluence of 6.4 mJ/cm?.

1.0 ym

Figure 3.15. 5 x 5 um? AFM pictures of a 298 nm film of PET on a steel substrate a) before and b)

after irradiation with 10000 pulses at a fluence of 6.4 mJ/cm?.

3.5. Thin films of PET on gold substrates

We studied the formation of LIPSS on PET thin films of different thickness deposited on gold
substrates. As described in Section 2.2, the samples were thin films of thicknesses from 90 nm
to 16 um. We irradiated the samples with 1000 to 100000 pulses at fluences from 2.3 to 17.5
mJ/cm2. We found LIPSS perpendicular to the laser polarization in the samples with film
thicknesses from 90 to 150 nm. As mentioned in Section 1.3, LIPSS in bulk polymers appear

parallel to the polarization of the laser. The fact that, unlike the samples with other substrates
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reported above, LIPSS appeared here perpendicular to the laser polarization points to an
influence of the substrate in the formation mechanism of LIPSS that we will discuss in Section
3.6. Concerning the effects of laser irradiation on the topography of the different samples as a
function of fluence, it was similar for the samples 90 nm, 102 nm and 150 nm thick. As shown in

Figure 3.16, it was the same as the one we showed in samples with silicon or glass substrates.

a) b)

Figure 3.16. 10 x 10 um? topography AFM images of the sample 150 nm thick on low Ry gold a)
before being irradiated and after irradiation with 50000 pulses at a fluence of b) 4.4 mJ/cm?, c)
5.8 mJ/cm? and d) 8.9 mJ/cm?. The black arrow shows the direction of the polarization of the

laser.

The formation range and LIPSS depth and period in each sample are given in Table 3.1 and we
show their behavior with fluence in Figure 3.17. The period of the structures increased with
fluence, in some cases reaching a plateau. As for the depth of the structures in these samples, it
seemed to grow with fluence. However, in some cases, the deviation in the measurements made
it difficult to ascertain if the depth was increasing or remaining constant. Regarding the influence

of the number of pulses, LIPSS appeared for a number of pulses above 50000. With our

71



3.4. THIN FILMS OF PET ON STEEL SUBSTRATES

irradiation conditions, that meant that we had LIPSS for 50000 and 100000 pulses for each
fluence. The depth of the structures was on average slightly smaller for 50000 pulses than for

100000 pulses and their period was almost the same.

Table 3.1. Properties of the samples —substrate roughness and thin film thickness—, fluence and

pulse number range at which LIPSS appeared, and their characteristics.

Substrate Thin film Fluence Period Depth
Pulse Number
R4lo (nm) thickness (hm)  (mJ/cm?) (nm) (nm)
24130 a0 2.7-3.6 50000-100000 650-740 20-50
2.4 30 102 4.0-6.3 50000-100000 530-630 20-45
2.4 30 150 4.4-8.9 50000-100000 600-680  40-65
2.4 30 1300 - - - -
2.41]30 16000 - - - -
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Figure 3.17. Dependence of a) the period and b) the depth of LIPSS with laser fluence for 100000
pulses and c) the period and d) the depth of LIPSS for 50000 pulses for the thin films from 90 to

150 nm thickness deposited on the low Ry gold substrate.
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For the films 1.3 and 16 microns thick, we explored fluences from 2.3 to 9.9 mJ/cm? and
pulses from 1000 to 100000. LIPSS were not found in this range. However, the laser did induce

visible changes in these samples.

In the 1.3 um thick film, there was a small roughness growth from R; = 1.05 nm | 0 = 650

nm before irradiation to Ry = 1.5 nm | o = 1050 nm after irradiation.

As for the 16 um thick film, its roughness diminished from Rq = 80 nm | ¢ = 880 nm before
irradiation to Rq = 54 nm | 0 = 571 nm after irradiation. We will discuss why LIPSS are not

formed for films above a certain thickness in Section 3.6.

The AFM topography images before and after irradiation for samples where LIPSS formation

was not achieved are shown in Figure 3.18.

800.0 nm

1.0 ym

Figure 3.18. Comparison of induced morphological changes at the surfaces before and after
irradiation. The 5 x 5 um? topography AFM images correspond to: 16 um thick film on the low
roughness gold substrate a) before irradiation and b) after irradiation with 50000 pulses at a
fluence of 3.0 mJ/cm?; 1.3 um thick film on the low roughness gold substrate c) before irradiation
and d) after irradiation with 100000 at a fluence of 2.3 mJ/cm?. LIPSS formation was never

observed for these samples regardless the laser fluence and number of pulses.
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3.6. Discussion of the effect of the nature of the substrate

and thickness of the thin film on LIPSS formation

In this section we discuss the experimental differences on the formation of LIPSS on PET films,
as a function of the substrate where the film was deposited. In order to help with this discussion,
we condense in Table 3.3 the data of all the samples where LIPSS formation was achieved and
their characteristics. Besides, we show in Table 3.4 the relevant properties of the different

substrates where LIPSS appeared.

Table 3.3. Features of the LIPSS generated in all the different samples and their formation range.

Thin film Fluence range Pulses Period Depth
Substrate

thickness (nm) (mJ/cm?) range (nm) (nm)

Glass (HSFL) 115 56-73 1000 110-190 10-26

Glass 115 44-63 2000-100000 250-400 2-30
Glass 205 44-63 1000-100000 500-650 10-100
Silicon 79 21 10000-100000 730-780  130-160
Silicon 120 18-26 2000-100000 700-750  100-250

Gold 90 2.7-3.6 50000-100000 650-740 20-50

Gold 102 4.0-6.3 50000-100000 530-630 20-45

Gold 150 4.4-8.9 50000-100000 600-680 40-65

Table 3.4. Optical properties —refractive index at 795 nm (n;95) and absorption coefficient at 795

nm a795— and thermal diffusivity (a) of the substrates in which LIPSS where found.

Substrate N79s a795(cm™) a(m?s?)
Glass 1.5173 [7] 0.38110[7] 5.15-1077 [8]
Silicon 3.6981 [9] 1.0802-10°[9]  9.97-10° [8]
Gold 0.15198 [10] 7.6917-10°[10]  1.27-10*[11]

LIPSS appeared parallel to the polarization of the laser in the samples with glass or silicon

substrates and perpendicular in the samples with gold substrates. Moreover, we observed LIPSS
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formation for the thinner samples (tens to hundreds of nm) with glass, silicon or gold substrates
but not for the thicker ones (microns), nor for the ones with steel or PET substrates. Besides,
LIPSS in different samples appeared for different fluences and number of pulses and with
different periods and depths. Additionally, we only observed HSFL formation in the thinnest
sample with a glass substrate. Several of these results made us confident that the substrate was
involved in the formation mechanism of LIPSS. Therefore, we had to come up with possible
formation mechanisms, since the more popular explanation for LIPSS formation —the
interference between a surface scattered wave (SSW) and the incident irradiation [12-14],
detailed in Section 1.3— does not take the substrate into account and it cannot explain why LIPSS

formation does not take place above a certain thin film thickness.

Our first hypothesis assumed the interference of the incident irradiation with another SSW
excited on the interface substrate-film (SF-SSW) which would compete with the SSW excited on
the air-film interface (AF-SSW). For thin enough films, the penetration distance of this SF-SSW
could be enough to affect the surface of the thin film and trigger LIPSS formation. However, we
need to explain why this SF-SSW can trigger LIPSS formation when the AF-SSW one does not. Its
excitation must be more efficient for this theory to make sense. In the case of silicon and gold
substrates, we could say that the scattering in the thin film-substrate interface must be much
higher than in the air-thin film interface since, at this wavelength, the materials are very
different as far as their optical properties are concerned. This would make the SF-SSW more
intense than the AF-SSW, so that the resulting periodic field is able to heat the polymer above
Tg —the required temperature at which polymeric chains can flow and form the structures [2,3],

as mentioned in Section 1.3.

However, for samples deposited on glass substrates, since glass is as similar to PET as air is in
terms of optical properties —it is transparent and with a close refractive index to PET (see Table
3.4)-at the wavelength we used, the SF-SSW and AF-SSW will have similar intensities. Therefore,
for our theory to work should postulate that even if the SSWs are not intense enough to trigger
LIPSS formation by themselves, for thin enough films, the two SSWs would interfere resulting in

an intensity that can trigger LIPSS formation.

As for the samples on substrates where LIPSS did not appear, we can also explain why if we
think about the excitation and propagation of the SF-SSW. In the samples on steel substrates, as
a result of their high Ry, there would be higher scattering than in the samples with other
substrates, so the intensity of the SF-SSW would be higher. However, this high R, would also

interact with the SF-SSW causing its periodicity to be lost. In our experiments, we observed an
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increase in the Ry of the thin film after irradiation but no LIPSS formation, which is the result
that one would expect. We will discuss the effect of the roughness of the substrate in more
depth in the next chapter. In the case of the samples on PET substrates, the scattering in the
substrate-thin film interface would be even smaller than in the air-thin film interface, since the
substrate and the thin film are almost identical, and the intensity of the SSWs would not be

enough to trigger LIPSS formation.

In the case of the samples on a gold substrate, LIPSS appear perpendicular to the polarization
of the laser. This and the metallic nature of gold lead us to think that, in this case, the SF-should
be a Surface Plasmon Polariton (SPP). We will discuss this theory in more detail in the next

chapter, reinforcing it with numerical simulations.

Concerning the difference in the energy needed for LIPSS formation in samples on different
substrates, taking this mechanism into account we can also explain why the samples on gold
substrates needed the lowest fluences. The field enhancement effect which is well known to
happen in metallic surfaces [15], could make the local fluence responsible for exciting the SF-
SSW much higher than the irradiation fluence. As for the much higher fluences we needed to
trigger LIPSS formation in samples on glass substrates, the reason could be the different
formation mechanism based on the interference of two lower intensity SSWs and the

transparency of glass at this wavelength.

We can also explain why LIPSS formation needed more energy in the samples with thicker
films. Since the SF-SSW is excited in the substrate-thin film interface, the thicker the sample the
more difficult it would be for the SF-SSW to affect the field at the surface and more energy would
be needed. In the limit case where the thin film is too thick, we would overcome the ablation
threshold before the SF-SSW can significantly change the field at the surface, which would
explain why we did not find LIPSS in the thicker films. The other mechanism that could affect the
energy needed for LIPSS formation for different thin film thicknesses would be that, as reported
by Cui et al. [8], the substrate would be less effective as a heatsink the thicker the film. This
would mean that more energy would be needed to reach Tg the thinner the film. In our
experiments, the samples on silicon substrates followed this tendency but in the samples on
gold and glass substrates we noticed the opposite one. These tendencies allow us to identify

which of the two mechanisms prevailed in each case.

Regarding the different period of the LIPSS on samples on different substrates, this theory can

also explain such differences. In Section 1.3 we showed the formula for the period of LIPSS in

76



3. INFLUENCE OF FILM THICKNESS AND SUBSTRATE NATURE ON LIPSS FORMATION IN THIN...

eq. 1.3. This equation related the period of the LIPSS with 71.¢. 11ofr Was defined as the effective
refractive index of a region close to the surface of the film, called selvedge [16]. However, that
was for the case where the AF-SSW is the one that triggers LIPSS formation and following our
theory the SF-SSW would be the main responsible of LIPSS formation. Correspondingly, the
equation for the period of LIPSS would remain the same, but with n.¢ being now the effective
refractive index close to the substrate-thin film interface. This quantity would be affected by the
material of the substrate since it would contribute with a different refractive index. Moreover,
the thickness of the thin film can also have an effect in n1.¢ if it is thin enough. That is because
the selvedge region would be made out of the substrate, the thin film, and air. Therefore,
changing the thickness of the thin film would change 1i.¢ between the limit case where the thin
film is thicker than the selvedge region so there is no air in it, and the limit case where the

thickness of the thin film is 0 so the selvedge region is only made out of the substrate and air.

Unfortunately, this theory does not explain the period of LIPSS in the 115 nm thick film
deposited on glass. In this case, we observed two kinds of structures, one parallel to the
polarization of the laser with a period that is close to half the expected one; and another
perpendicular to the polarization with a period smaller than A/4 (HSFL). As mentioned in Section
1.3, HSFL cannot be explained by the common theory though, being a source of discussion in the
scientific community even when they appear in simpler bulk samples. Several explanations have
been proposed to understand them like a model based on self-organization from highly
electrostatic instabilities originated by the laser [17], another one based on thin-films
hydrodynamics [18] or one based on the analysis of an electronic excitation when short-lived
plasma is created [19,20]. From our experiments we do not reach a conclusion as to which of

these models, if any, is the correct one.

As for the depth of the structures in different samples, we observed how it increased with the
thickness of the sample, and it was higher for samples on silicon substrates than those on gold
substrates. These aspects can be explained turning to the aforementioned effect of the
substrate as a heatsink. In thin films, the thicker the film, the deeper the zone that can heat up
to Tgas the influence of the substrate would be lessened. As for the different substrates, silicon
has a smaller thermal diffusivity than gold (see Table 3.4), so it was a worse heatsink, and
allowed the thin film to heat up to T, at greater depths than gold. Following this explanation, as
glass is the substrate with the lowest thermal diffusivity (see Table 3.4), one would expect it to
be the one with the deeper LIPSS. However, in our experiments the samples on glass substrates

have LIPSS with depths between those of the samples with gold substrates and those of the
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samples with silicon substrates. This contradiction can be solved if we notice the difference in
optical properties between silicon, gold and glass. As reported by Cui et al. in [8], there is almost
no reflected or absorbed intensity as a result of the transparency of glass, making the

temperature increment lower, which can make up for its lower heat dissipation.

3.7. Conclusions

We generated LIPSS with 64 fs laser pulses with a wavelength of 795 nm in PET thin films on

dielectric, semiconductor, and metallic substrates.

In our irradiation conditions, LIPSS appeared in samples on gold, silicon and glass substrates
but not in those on PET or steel substrates. As for the thickness of the thin film, LIPSS appeared
for thicknesses from 79 nm to 205 nm but not for thicknesses larger than 1300 nm. The material
of the substrate and the thickness of the thin film are important parameters in LIPSS formation.
Not only do they determine whether LIPSS can be generated but set the LIPSS formation range

and characteristics.

We proposed that the interference of the incident irradiation with a SSW excited in the thin
film-substrate interface contributes to the mechanism that triggers LIPSS formation in our
samples. In the case of LIPSS in the samples with gold substrates this SSW could be a SPP. We

will explore this in Chapter 4 with the help of numerical simulations.

We found structures parallel to the polarization with a period of ~350 nm in one of our
samples as well as HSFL perpendicular to the polarization with a period of ~150 nm for only this
sample —115 nm thin film on a glass substrate. More work is needed to understand the

characteristics of LIPSS in this sample.
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Chapter 4

Theoretical-practical study of LIPSS formation in thin
films of PET on gold substrates with fs Gaussian
pulses

In Section 1.3, we discussed the additional considerations one must take into account when
trying to understand LIPSS formation in thin films. We already observed the influence of
depositing the thin films of PET on substrates made of different materials in Chapter 3.
Specifically, in Section 3.5 we noticed a change in behavior for different thickness of the thin film
deposited on a gold substrate. This, together with the orientation of LIPSS —perpendicular to
the polarization of the laser— and gold being one of the materials usually studied in SPP
formation [1-3], leads us to the hypothesis that the formation mechanism could be related to
the SPP excited in the boundary between substrate and thin film. The bibliography cited in
Section 1.3 supports this hypothesis since it shows the importance of the thickness of the film
and the roughness of the interface in the formation and properties of SPP [4-7] and how it
translates to LIPSS formation [8]. Nlrnberger et al. also reported that SPP is one of two
competing methods that cause the inhomogeneous electric field that ends up triggering LIPSS
formation [9]. Interestingly, as mentioned above, we did not find LIPSS for the thicker films,
which suggests that the other trigger mechanism discussed in that reference, i.e., the excitation

of a surface scattered wave in the surface of the thin film, did not intervene in our case.

In this chapter, we check the validity of this hypothesis, and we study the influence of
roughness in LIPSS formation. To do so, we study the features of the SPPs that are excited by
roughness in the thin film-substrate interface performing numerical simulations by the method
described in Section 2.6 and comparing the results with the experimental results in Section 3.5.
Besides, we try to generate LIPSS in polymer films deposited om a gold substrate with much
larger roughness than the one studied in Section 3.5. In this way, we tried to ascertain the effect
of roughness on the formation mechanism of LIPSS in our case, and whether it is similar to the
effect of roughness on SPPs mentioned in Section 1.3. When a SPP is formed, the relevant

properties for the formation of LIPSS are: (i) period, which will be the expected period of the
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LIPSS as well, since it is the only spatial modulation of the electric field along the surface; (ii)
penetration length, which gives a measure of how SPP can affect the distribution of the electric
field on the film surface as compared to film thickness; and (iii) intensity, more precisely, the
ratio to the intensity of the incident field which allows us to understand the importance of its
contribution to the total field and whether it is enough to unleash the process of LIPSS

formation. The results discussed in this chapter were published in [10].

4.1. Influence of the thickness of the thin films

Figure 4.1 shows the comparison between the theory described in Section 1.3 and our

numerical simulations.
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Figure 4.1. Dependence of the a) penetration distance and b) period of the SPP with the thin film
thickness for gold substrate roughness parameters Ry = 2.8 + 0.1 nm and o = 30 nm.
Measurements taken from the simulations (blue) and theoretical results (red) are compared. The

roughness parameters were chosen to be as close as possible to our gold substrate samples

fabricated by sputtering.

The results of the simulations for the SPP period and penetration length followed the theory
for thicknesses up to approximately 360 nm. That is, both the SPP period and the penetration
length became smaller the thicker the thin film. Above that value, the simulations did not match
the results of the theoretical model. This abrupt discrepancy was due to the coexistence inside
the thin film of SPPs with higher-order TM modes of light propagation that cannot be excited in
thinner films [11]. Moreover, a film thickness larger than the penetration length prevents LIPSS

formation as long as the SPP intensity on the surface would be unable to significantly modulate
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the electric field. We discarded the effect of high order modes since they could only be excited
for films thicker than 360 nm while their penetration length was around 200 nm at most, so they
could never reach the surface and change the electric field, and thus we considered they did not

alter the formation of LIPSS.
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Figure 4.2. Relation of the amplitude of the simulated SPP with the thin film thickness for gold
substrate roughness parameters Ry = 2.8 + 0.1 nm and o = 30 nm. The roughness parameters

were chosen to be as close as possible to our gold substrate samples fabricated by sputtering.

The amplitude of the incident field was 2.1 x 10* V/m.

4.2. Influence of the roughness (Rq and o) of the substrate

4.2.1. Experimental

In Chapter 3, we tried to generate LIPSS in samples with two metallic substrates. We were
successful in the case of gold substrates but not in the steel ones. One possible explanation is
that the roughness of the steel substrate was too high to allow for LIPSS formation to take place.
Here we try to generate LIPSS in a sample with the high R, gold substrate described in Section

2.2. If we are unable to generate LIPSS then that backs up the previous explanation.

We explored fluences from 4.4 to 17.8 mJ/cm? and pulses from 1000 to 100000 (from the
appearance of surface modifications to the first signs of polymer ablation) finding that LIPSS did

not form. Laser irradiation did induce changes in roughness though, it increased from R = 16
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nm | o =820 nmto Rq= 54 nm | o = 531 nm afterirradiation with 10000 pulses at a fluence

of 10.9 mJ/cm?. We show the AFM measurements of these cases in Figure 4.3.

250.0 nm

Figure 4.3. AFM 5 x 5 um? images of the sample with a 165 nm thick film on a high R substrate

a) before and b) after irradiation with an energy which induced morphological changes.

This dependence of LIPSS formation with the roughness of the substrate supports the
hypothesis that the formation mechanism could be related to the SPP excited in the boundary
between substrate and thin film. In the next subsection we will explore if our numerical
simulations of the SPP can reproduce this result. We will also calculate intermediate cases to

evaluate the influence of Ry and o in the SPP field.

4.2.2. Simulations

In our simulations, the amplitude of the SPP increases with R, reaching a plateau above
Ry = 20 nm (Figure 4.4). This increase in amplitude can be attributed to a higher excitation
efficiency. Moreover, for Rqabove 20 nm, the error became too large to determine a period.
This means the SPP lost its periodicity. To sum up, the larger the R, the higher the coupling
between the incident beam and the SPP, resulting in higher amplitude. However, for R values
higher than a certain threshold, periodicity was destroyed. Although there was a formation of
hot spots on the surface, due to excessive scattering induced by oversized roughness, they
cannot propagate to generate a periodic field (SPP) [12]. The final effect was a local field
enhancement dependent on the specific roughness profile of the substrate but without
periodicity (Figure 4.5). This explains why we did not observe LIPSS formation for the sample

with the higher R substrate, but we did observe an increase in its roughness after irradiation.
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Figure 4.4. Relation of the simulated amplitude of the generated SPP with the R of the substrate

for a thin film thickness of 100 nm and o = 30 nm. The amplitude of the incident field was 2.1 x

10* V/m.
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Figure 4.5. X component of the electric field (V/m) for 150 nm thick thin films with roughness
parameters a) Rq = 2.8 nm, 0 = 30 nm and b) Rq = 70 nm, o = 1600 nm. The parameters
were chosen to mimic the experimental conditions of a thin film on a) the low Ry substrate and
b) the high Ry substrate. The black line at y = 200 nm indicates the surface of the polymer. The

mean line of the substrate-thin film boundary is located at y = 0.

Another effect of roughness not considered by the theoretical models mentioned in Section
1.3 —which are valid for small roughness— is that if the average roughness is comparable to the

film thickness and the penetration length of the SPP, at a point of the surface the real situation
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is that thickness might be much smaller or larger than the average thickness of the film. This
implies that, for each point, the penetration length will be enough to reach the surface or not,
depending on the local surface profile. Thus, even if we had a perfectly periodical SPP on the
substrate-thin film interface, the electric field on the surface of the thin film, and therefore LIPSS
formation, would strongly depend on the particular roughness profile and LIPSS would not

appear anyhow.

According to eq. 1.17, the dependence of the wavevector with Ry is AKspp = YRZ, where y is
a quantity independent of Ry. In Figure 4.6, we have fitted y by the minimum squares method
for the period and penetration length, using their dependence with Ksppin eq. 1.10, getting
almost the same value, which indicates a good agreement between theory and simulations. For
small changes in R, the period of the SPP diminishes with R, as the theory predicts, although,
above Ry = 20 nm, the definition of a period becomes questionable as far as SPP scattering can

break its periodicity.

As for the penetration distance, although the theory states that it should diminish with Ry, and
the fitted curve suggests it behaves in this way, the statistical error is so high that stating a

definite behavior is risky (Figure 4.6).
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Figure 4.6. Relation of the SPP a) period and b) penetration distance with the R of the substrate
for a thin film thickness of 100 nm and o = 30 nm. We show in blue the measurements taken

from the simulations and in orange the minimum squares fitted curve to the theory.

Regarding the effect of the correlation length, as it can be seen in Figure 4.7, it can result in
the generation of hotspots smaller than the SPP wavelength if it is much smaller than the SPP
period. These hotspots may be caused by the generation of localized plasmons in the

nanobumps and nanoholes of the surface. If this is the case, the thin film is not thick enough to
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rearrange those hotspots and can induce the destruction of the SPP periodicity or, in less severe
cases, the creation of a substructure in the SPP wave, which will depend on the specific substrate

roughness.

o=30nm o=120nm V/m

b)

F 250 -

‘; 10000
200} 200
150} 150 5000
100} 100

g g
b ) 3 0
3 3
0 o
9 50¢ ¢ S0
> > -5000
. f
0 ' \ !‘ ’ 0 "
!
f \ v 10000
-508 : s N N -50K& . R . 2
0 250 500 750 1000 0 250 500 750 1000

x~coordinate (nm) x~-coordinate (nm)

Figure 4.7. Simulated Y component of the electric field (V/m) for a thin film 100 nm thick and
substrate roughness Rq= 13 nm with a) o = 30 nm and b) 0 = 120 nm. The surface of the thin

film is at y = 100 nm and the average height of the substrate-thin film boundary is at y = 0.

4.3. Conclusions

We have performed numerical simulations of the influence of the substrate roughness and film
thickness on the formation of LIPSS in PET films deposited on gold with a near-infrared ultrashort

pulsed laser and compared them with experimental results.

When LIPSS did not appear experimentally, the simulations allowed to understand why: (i) for
the gold substrate with high R,;, we measure such a large dispersion in the simulated period of
SPP that we should not be talking about periodic structures; and (ii) for the thickest films, the
penetration distance of the SPP is much smaller than the film thickness, so the coupling with the
electric field at the film surface is negligible. We observe the same tendencies in the

experimental period of LIPSS and the period of the SPP measured in the simulations.

Our simulations are not only coherent with the theoretical models in their application range
(small roughness and film thickness), but also allow us to understand qualitatively the behavior
of SPP out of that range. They are able to reproduce the general tendency of the experimental

results and predict the range of substrate roughness and thin film thickness at which LIPSS form.
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Besides, both the experiments and simulations agree with the hypothesis that for LIPSS in thin
films of a non-absorbing polymer deposited on a metal, the inhomogeneous electric field that
triggers the mechanism of LIPSS formation is the SPP generated in the thin film-substrate

interface.
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Chapter 5

LIPSS in the nanocomposite PTT-WS; with fs Gaussian
pulses

Chapters 3 and 4 were focused on the formation mechanism of LIPSS. From this chapter
onwards, we change our focus to LIPSS capabilities to change the properties of the samples. In
Section 1.1, we explained the interest of nanocomposites as a way of improving the properties
of polymers using nanomaterials as additives in a very small percentage of the material
composition. Besides, in Section 1.2, we discussed the advantages of nanostructuring polymers
and, in Section 1.3, we presented LIPSS as a suitable technique to obtain surface nanostructured

materials.

In this chapter, we study the formation of LIPSS in PTT-WS,, a nanocomposite described in
Section 2.1, and we compare the results with LIPSS formed on the surface of PTT. We
systematically irradiate samples of both materials with linearly polarized Gaussian fs UV pulses,
using the set-up described in Section 2.3, and study the change in the topography of the samples
as a function of the laser fluence and the number of pulses used. We also characterize the
wettability and surface energy, as well as micromechanical properties of both materials, before

and after irradiation, by the methods described in Section 2.4.

The results of this study were published in [1].

5.1. Topography

We have successfully produced LIPSS in a narrow fluence range, from 15.9 to 31.3 mJ/cm? for
PTT, and from 19.1 to 33.9 mJ/cm? for PTT-WS,. In both materials, LIPSS formed parallel to the
laser polarization with a period close to the wavelength of the laser. The fluence range where
LIPSS appeared was below the ablation range in both materials. To prove it, we measured the

topography image of the limit between a non-irradiated and an irradiated area (Figure 5.1) with
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AFM. In this image, we notice how the peaks and valleys of the structures lie, respectively, above

and below the original surface.
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Figure 5.1. AFM image and corresponding profile at the boundary of an irradiated area of PTT
with 10000 pulses at 16.9 mJ/cm?.

Figures 5.2 and 5.3 display subsets of AFM measurements which are representative of the
evolution of the topography of the samples as we increased the fluence and the number of
pulses respectively. The initial samples had low roughness —PTT Rq = 3 nm, PTT-WS; Rq = 4
nm— and, when we irradiated them with barely enough energy to trigger LIPSS formation, LIPSS
of small length and depth started appearing parallel to the laser polarization with a period close
to the wavelength of the laser, which became longer and deeper as we increased the energy
deposited until we reached a certain threshold where LIPSS started losing periodicity and

became disordered structures.

From the difference in the ranges of fluences and number of pulses which led to LIPSS
formation, we concluded that the presence of the nanoadditive increased the energy density
needed to trigger LIPSS formation. Since we knew that T, is the same for both samples, as shown
in Section 2.1, this could be caused by the higher thermal dissipation of PTT-WS, —from
9.6 - 107 m?stin PTT to 10.6 - 1077 m2stin PTT-WS,— or its higher crystallization percentage —
from 30.1% in PTT to 32.1% in PTT-WS,. The thermal dissipation affects the LIPSS formation
threshold, because the higher it is, the less efficient the laser heating, and, therefore, the more
fluence and pulses are necessary to heat the sample. Regarding crystallization percentage, as
explained in Section 1.1, crystallized polymers need to reach a temperature (Ty,), which is much
higher than the one amorphous polymers need (T;) to be able to flow and form LIPSS, so an
increase in crystallinity implies an increase in the temperature needed for LIPSS formation, and

thus, more fluence and pulses are needed to reach it.
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Figure 5.2. AFM images (5 x 5 um?) and height profiles over five-micron horizontal lines of PTT
(upper row) and PTT-WS; (lower row) samples after irradiation with 10000 pulses and increasing

fluences. The laser polarization direction is represented by the double-sided black arrow.
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Figure 5.3. AFM images (5 x 5 um?) and height profiles over five-micron horizontal lines of PTT
(upper row) and PTT-WS; (lower row) samples after irradiation with increasing number of pulses
at a fluence of 26.9 mJ/cm?. The laser polarization direction is represented by the double-sided

black arrow.
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For the determination of the period and depth of the structures, we acquired three 5 x 5 pm?
AFM images in different regions of the spots. We made horizontal cuts to measure the period
and height of the structures. We performed fourteen measurements per image and gave the
result as their average and the indetermination as their statistical deviation. Employing this
method, we got the dependence of the period and depth of LIPSS on the number of pulses and

fluence. We display a representative sample of these measurements in Figures 5.4 and 5.5.
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Figure 5.4. Dependence of LIPSS period in a) PTT and c) PTT-WS, and depth in b) PTT and d) PTT-

WS; on the irradiation fluence for different number of pulses, as labelled.

For PTT, LIPSS formed in a fluence range from 15.9 to 31.3 mJ/cm?, and from 19.1 to 33.9
mJ/cm? for PTT-WS,. For both materials, the period of the structures remained almost constant
with fluence and number of pulses, close to the wavelength of the laser. Regarding the depth of
the structures, there was no clear dependence with the fluence, but it grew with the number of

pulses until it reached a plateau for most of the fluences studied.

This dependence of the characteristics of the structures with the fluence and number of pulses
has already been reported for other polymeric materials [2] and has been explained according

to the mechanisms of LIPSS formation in polymers. As previously discussed, the polymer

94



5. LIPSS IN THE NANOCOMPOSITE PTT-WS, WITH FS GAUSSIAN PULSES

temperature must increase above its T so segmental chain dynamics are allowed. When

increasing the fluence of the laser pulses, the maximum depth of the sample that is heated

above Tgincreases, and so, the depth of the structures grows. If we keep increasing the fluence,

it will get to a point where the whole surface of the polymer can flow and LIPSS stop forming.

LIPSS dependence with the number of pulses is similar to their behavior with the fluence. This is

a consequence of the well-known importance of the feedback and incubation mechanisms

present in the formation of LIPSS [3].
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Figure 5.5. Dependence of LIPSS period in a) PTT and c) PTT-WS; and depth in b) PTT and d) PTT-

WS, on the number of pulses for different irradiation fluences, as labelled.

5.2. Wettability and surface energy

Figure 5.6 shows the measurement of contact angle for both raw and nanostructured PTT and

PTT-WS; and the three test liquids (deionized water, glycerol and paraffin oil). We chose one of

the samples, with the irradiation conditions that resulted in more regular LIPSS —5000 pulses at

a fluence of 20.3 mJ/cm?—, as the nanostructured sample. We took five measurements for each

sample-liquid pair and show the average results and their statistical deviation in Table 5.1.

95




5.2. WETTABILITY AND SURFACE ENERGY
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Figure 5.6. Measurement of the contact angles of the three sample liquids in our raw samples

and after being irradiated with 5000 pulses at a fluence of 20.3 mJ/cm?.

Table 5.1. Average contact angles measured by means of the sessile drop technique with
deionized water, glycerol and paraffin oil for non-irradiated samples and samples irradiated with

5000 pulses and a fluence of 20.3 mi/cm?.

Sample Deionized water Glycerol Paraffin Oil
PTT 64+1 5845 12+1
PTT LIPSS 4414 57+3 1244
PTT-WS; 6743 6115 1745
PTT-WS; LIPSS 504 58+3 1642

Both PTT and PTT-WS; were found to be hydrophilic before and after LIPSS formation on their
surfaces. There were no significant differences between both materials, which could be
expected given the percentage of additive was very small. For irradiated samples, the water CA
decreased, which indicates that the materials became more hydrophilic after irradiation. This

could be explained assuming a homogeneous wetting model for water, Wenzel’s model [4]. This
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model assumes that resulting from viscosity and chemical interactions, the contact between
water and the surface of the sample is not altered by the presence of air. It explains the variation
of the contact angle as a function of a parameter called r. The r parameter is given by the
relation between the total surface of solid in the solid-liquid interface, and the projection of the

total surface of solid in the interface:

o al Su faee

r = (5.1)

p ojee ed Su faee

cosB* = r cos6O (5.2)

Therefore, since r increases after LIPSS formation, if the original sample is hydrophilic, it will
become more hydrophilic, and if it is hydrophobic, it will become more hydrophobic. However,

for glycerol and paraffin oil, there are no significant changes in CA values after irradiation.

As explained in Section 2.5, we calculated the surface energies following OWRK’s model and

Van Oss, Chaudhury and Good’s model. They are presented in Tables 5.2 and 5.3 respectively.

Table 5.2. Values of the polar (y»), dispersive (y4) and total (yT°T) contributions to the surface
energy for non-irradiated samples and samples irradiated with 5000 pulses and a fluence of 20.3

mJ/cm?. Calculated according to the OWRK’s model (mJ/m?).

Sample Y? ye yTor
PTT 14+1 27+1 41+1
PTT LIPSS 27+3 2313 504
PTT-WS; 1341 26+1 39+1
PTT-WS; LIPSS 23+2 2442 47+3

Table 5.3. Values of the polar positive (y*), polar negative (y-), dispersive (yd) and total (yToT)
surface energy for non-irradiated samples and samples irradiated with 5000 pulses and a fluence

of 20.3 mJ/cm? according to the van Oss, Chaudhury and Good’s model (mJ/m?).

Sample Y b yP 74 yror
PTT 1.59+0.07 17+1 10.50.5 28.210.2 38.7x0.5
PTT LIPSS 0.40£0.04 47+2 8.7+0.5 28.2+0.4 36.7+0.7
PTT-WS; 1.32+0.08 1743 9+1 27.6%0.7 37+1
PTT-WS, LIPSS  0.57+0.05 3945 9.4+0.7 27.9+0.3 37.3+0.8
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The values obtained for the surface energy components differed depending on the method
used for their calculation, mainly y». In OWRK’s model, for both materials, y? increased when
the sample was irradiated while y4d slightly decreased, which adds up to a small increment of
YTOT, Meanwhile, in Van Oss, Chaudhury and Good’s model, for all the samples, y* was much
smaller than y-. This difference was even more prominent for irradiated samples, given the
increase in - and the decrease in y* after irradiation. Since y4 remained constant, yT0T
changed directly in relation to the changes in the polar components. There were no significant
changes in the total surface energy of both samples. The discrepancies can be attributed to the
unreliability of OWRK’s model to calculate y» when hydrogen bridges come into play (see
Fowkes [5] and Panzer [6]) as it was the case when water was our test liquid in the contact angle

measurements.

In summary, the total surface energy did not change significantly from non-irradiated to
irradiated samples. However, there was an important increase in the negative polar component
of the irradiated samples. This cannot be exclusively explained on the basis of a topography
change, though. It suggests the formation of polar hydrophilic species caused by a reaction with
the oxygen in the air, catalyzed by the ionization and high temperature on the surface of the

sample while the irradiation took place.

Micro-Raman spectroscopy analysis of the irradiated films is displayed in Figure 5.7.
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Figure 5.7. Micro-Raman spectra of PTT before and after irradiation with 5000 pulses at a fluence

of 20.3 mi/cm?.
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This analysis revealed a slight broadening of the band corresponding to the stretching vibration
of the C=0 bond (band at around 1722 cm™), which is an indication of new carboxylic acid group

formation. Similar results have been reported previously for the case of PET [7,8].

5.3. Micromechanical properties

As discussed in Section 2.4, to obtain the elastic modulus of the samples we need to know their
Poisson ratio (eq. 2.4). In these cases, Vsample Was fixed to a constant value of 0.3, since we did
not find any reason to think that the nanocomposite would have a different Poisson ratio than

PTT, as the nanotubes were randomly oriented.

Figures 5.8 and 5.9 show the mechanical properties of PTT and PTT-WS; before and after

irradiation.
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Figure 5.8. PF-QNM measurements of PTT surfaces before and after irradiation with 5000 pulses
at a fluence of 20.3 mJ/cm?. (2 x 2 um? images and their corresponding profiles over a 2 um

horizontal line).
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Figure 5.9. PF-QNM measurements of PTT-WS; surfaces before and after irradiation with 5000
pulses at a fluence of 20.3 mJ/cm?. (2 x 2 um? images and their corresponding profiles over a 2

um horizontal line).

The non-irradiated samples presented a very small roughness, as measured with AFM, and
their adhesion forces, Young’s Modulus (where eq. 2.3 has already been applied to the values in
the images) and deformation (shown in Table 5.4) were homogenous in the whole image. The
irradiated samples exhibited values of the mechanical properties that, nonetheless, were
topographically dependent, showing nonhomogeneous values across the nanostructured
surface. This effect is not due to the actual properties of the sample, but it is an effect derived
from the way we were measuring them. When we adjusted the radius of the tip, as it was
explained in Section 2.4, it was not considered that the sample surface might be curved, so the
measurements gave only real values for plane surfaces. Therefore, reliable values of the
mechanical properties must be taken from the tops of the hills and the bottom of the valleys of
the LIPSS, as in these zones the contact between the tip and the material could be considered
equivalent to the normal contact of the tip with a planar surface, in contrast with the contact
with the walls of the nanostructures. Following this criterion, we obtained the results in Table

5.4.

The measurements for the non-irradiated samples agreed with previous characterizations [9].
For the irradiated samples, we found that there were no significant changes in the values of the
elastic modulus, but the adhesion force decreased by a factor of approximately four. The

decrease of adhesion force after surface nanostructuring has already been reported in other
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polymers such as poly(methyl methacrylate) (PMMA) and polyurethane acrylate (MINS) after
soft lithography [10], and PET after plasma etching [11]. However, that decrease was attributed
to a smaller contact surface between the sample and the measuring device, as a result of the
new surface morphology. Since in our experiment, the spatial resolution of our measuring
technique —PF-QNM— was smaller than the size of the LIPSS, this decrease in adhesion cannot
be explained on the same basis. Together with the magnitude of the contact surface between
tip and sample, according to Dupré’s equation [12], the adhesion force between two surfaces is
given by their respective surface and interaction energies. As long as the tip is always the same
standardized one, a change in adhesion implies modifications either on the total surface energy
of the sample or on its interaction with the tip. From the contact angle measurements, we knew
that although there is no appreciable change in the total surface energy, there is an important
decrease in the polar positive component as well as an important increase in the polar negative
component. Although a combination of several intermolecular interactions and phenomena
influencing adhesion should be considered —factors such as van der Waals or dipole-induced
forces, electrostatic forces, H-bonding and capillary forces— electrostatic and H-bonding
interactions represent a major part of the molecular forces acting between both contact
surfaces. Considering that the negative polar component of the surface increased after
irradiation and that silicon surface might be easily negatively charged, electrostatic repulsion

may play the most relevant role in this case.

Table 5.4. Measurements of the deformation, adhesion forces, and Young’s Modulus (E)

obtained with PF-QNM for non-irradiated samples and samples irradiated with 5000 pulses and

a fluence of 20.3 mi/cm?.
Sample E (GPa) Adhesion (nN) Deformation (nm)
Non-irradiated PTT 3.0+0.5 24.0+8.0 2.1+0.8
Irradiated PTT 3.3+0.2 6.8+1.3 0.5+0.2
Non-irradiated PTT-WS; 2.4+0.2 9.0£2.0 1.3+0.3
Irradiated PTT-WS; 2.3+0.2 2.2+0.7 2.1+0.4

Additionally, if we consider that the surface becomes more hydrophilic, low values of adhesion
have been obtained before for —OH coated surfaces [13] and this was explained considering that
high polarity of this tail group confers a high reactivity especially with contamination in air, and

similar for -COOH groups. Furthermore, similar results to ours have been previously observed
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by repetitive UV laser irradiation of PMMA at fluences below ablation threshold and are related

to the UV photomodification of the polymer [14].

5.4. Conclusions

We have induced LIPSS with UV femtosecond laser pulses in both PTT and PTT-WS; surfaces.
In all cases, the nanostructures were parallel to the polarization of the incident laser. The period

of the structures was around 260 nm, close to the laser wavelength (265 nm).

LIPSS emerged for fluences below the ablation threshold of the materials, from 15.9 to 31.3
mJ/cm? for PTT, and from 19.1 to 33.9 mJ/cm? for PTT-WS,, conditioned by the number of pulses
(500—10000). From this data, we can conclude that the presence of the nanoadditive leads to an
increase of the energy density needed to trigger LIPSS formation. We explained this as the effect

of the higher crystallization percentage and thermal dissipation of PTT-WS,.

The behavior of LIPSS period and depth with the fluence and number of pulses was similar to
that reported for other polymers and was explained turning to the formation mechanism of

LIPSS in polymers and the importance of feedback and incubation in the generation of LIPSS.

We have studied the wettability and surface energy of the samples, finding that the former
increased with the formation of LIPSS, whereas the total surface energy remained constant.
However, its negative polar component increased heavily. This suggests the formation of polar
hydrophilic species, caused by a reaction with the oxygen in the air, catalyzed by the ionization
and high temperature of the surface of the sample while the irradiation took place. This theory
was corroborated by micro-Raman spectroscopy that showed the formation of new carboxylic

acid groups.

We characterized the topography and mechanical properties of the sample, finding that the
formation of LIPSS did not change the Young’s modulus remarkably, but it induced a decrease
of the adhesion force in both materials by a factor of four. We attributed this effect to the

change of surface chemistry, as it was also indicated by the contact angle measurements.

In conclusion, LIPSS appeared at slightly higher energies for the nanocomposite than for raw
PTT but produced almost equal effects in both PTT and PTT-WS,. Therefore, LIPSS surface
nanostructuring can be used in this nanocomposite without any demerit. Hence, we can use

LIPSS to easily change the surface properties of the nanocomposite, specifically the mechanical
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ones. Moreover, given the high control over the nanostructured area, we could create small

zones with different nanostructures and thus, different surface properties.
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Chapter 6

LIPSS generated by complex beams in PET and
semiconductive organic materials

In the previous chapter, we switched from the more theoretical study of LIPSS done in Chapters
3 and 4 to a study that focused on the capability of LIPSS to change the properties of the samples.
In this Chapter, we keep investigating this aspect of LIPSS. We do so by using vector beams and
optical vortex beams to generate LIPSS with complex structures in PET. We also apply this
method to a semiconductive polymer (P3HT) and an organic semiconductor (PC;:BM) that, as
we mentioned in Section 2.1, are often used together in organic solar cells. We characterize the
changes that LIPSS formation induces in their topography, conductivity, wettability and surface
chemistry with the techniques described in Section 2.4 —AFM and confocal microscopy, C-AFM,

sessile drop and micro-Raman spectroscopy, respectively.

6.1. LIPSS generated with femtosecond vector beams in PET

We used femtosecond vector beams at a wavelength of 515 nm —as explained in Section 2.3—
to generate LIPSS in PET thin films of different thicknesses deposited on silicon, glass and low R
gold substrates —described in Section 2.2. The repetition rate of the laser may be varied from
10 Hz to 3 kHz. Therefore, we adjusted the repetition rate to the number of pulses needed
bearing in mind that the minimum aperture time of the mechanical shutter was 100 ms. Since
the behavior of the samples was very similar for all the vector beam polarizations, we show only

one of them.
6.1.1. PET on silicon substrates

We irradiated three samples at a repetition rate of 10 Hz, one with a 7943 nm thick PET thin
film, one with a 120£20 nm thick film and another one with a 441+14 nm thick film.
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We irradiated the sample with the 79 nm film with 2 to 2000 pulses at fluences from 83 to 198
mJ/cm?. In Figure 6.1, we show the evolution of the topography with the number of pulses in a
region of a spot irradiated with a radial vector beam. LIPSS appeared parallel to the polarization
of the laser after irradiation with 5 to 500 pulses at fluences from 102 to 198 mJ/cm?. Since LIPSS
are parallel to polarization, we observed vertical structures in this area. The raw sample had
low roughness and after irradiation with a low number of pulses LIPSS started appearing. They
increased in depth with the number of pulses but for a high enough number of pulses the

periodicity was lost. This is an expected result which we have mentioned in previous chapters.

Figure 6.1. 10 x 10 um? AFM image of a spot irradiated with a radial vector beam built from
femtosecond laser pulses at 10 Hz and a fluence of 158 mJ/cm? in a 79 nm thick film of PET on
the silicon substrate a) before irradiation, b) with 5 pulses, c) with 7 pulses, d) with 10 pulses. The
scheme in the right side represents the kind of beam with the black lines showing the direction

of the polarization and the white square the location where the measurements were carried out.

In Figure 6.2, we show the dependence on the number of pulses of the features of the
structures for three different fluences. In all cases, the period of the structures remained almost
constant (~400 nm). As for their depth, it grew with the number of pulses for the two higher
fluences (~100-200 nm), and it was much smaller (~3 nm) and almost constant with the number

of pulses for the lowest fluence.
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Figure 6.2. Dependence with the number of pulses of the a) period and b) depth of LIPSS in a 79

nm thick PET film on a silicon substrate and fluences of 102 mJ/cm? 121 mJ/cm? and 158 mJ/cm?.

As for the sample with the 120 nm thick film, we irradiated it with the same number of pulses
and fluences as the previous sample, but LIPSS appeared in a smaller formation range: from 5 to
10 pulses and fluences from 132 to 148 mJ/cm?. The structures were parallel to the polarization
of the laser, and they had a period of 450+40 nm and a depth of 140+40 nm. In Figure 6.3, we
show the evolution of the topography with the number of pulses, which exhibited the same

behavior as the previous sample.

Finally, we show in Figure 6.4 the evolution of the sample with the 441 nm thick thin film after
irradiation with an increasing number of pulses. We irradiated the sample with the same number
of pulses and fluences as the previous two, but we could only find LIPSS of short length after
irradiating the sample at a fluence of 182 mJ/cm? with 5 pulses (Figure 6.4 b). They had a period
of 480450 nm and a depth of 80+20 nm. The fact that they appear only for one set of irradiation
parameters and their small length makes us wonder whether LIPSS formation had been aided
—in this particular case— by a surface defect like a scratch, as it has been known to happen in
other samples described in the literature [4]. We would need to repeat these experiments in the

future and collect more data to know what the reason of this weird behavior was.
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Figure 6.3. 10 x 10 um? AFM image of a spot irradiated with a radial vector beam —the same
region as of Figure 6.1— built from femtosecond laser pulses at 10 Hz and a fluence of 132 mJ/cm?
in a 120 nm thick film of PET on a silicon substrate a) before irradiation, b) 7 pulses, c) 10 pulses,

d) 20 pulses.

Figure 6.4. 10 x 10 um? AFM image of a spot irradiated with a radial vector beam —the same
area described in Figure 6.1— from a femtosecond laser at 10 Hz in a 441 nm thick film of PET on
the silicon substrate at a fluence of 182 mJ/cm? a) before irradiation, b) with 5 pulses, ¢) with 10

pulses.

In conclusion, LIPSS appeared parallel to the polarization of the laser in the three samples.
Their formation range was the widest for the thinnest film and became narrower the thicker the
film. Regarding their characteristics, the period of the structures grew from ~400 nm in the

thinner film to ~480 nm in the thickest one. As for their depth, it diminished from ~200 nm in
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the thinner film to ~80 nm in the thickest one. If we compare the formation range to the one
obtained in Chapter 3 for the same kind of samples but irradiated with Gaussian pulses with a
wavelength of 795 nm and a repetition rate of 5 kHz, we easily realize that LIPSS appeared here
for a much lower number of pulses. Moreover, in Chapter 3, both the fluence and number of
pulses formation range widened with the thickness of the film, unlike what we observed here.
Regarding the period and depth of the LIPSS, they also behaved the opposite way with the thin
film thickness than the ones studied in Chapter 3. We are unsure whether the differences were
caused by the change in wavelength and repetition rate of the laser or by the use of structured

beams.

6.1.2. PET on gold substrates

We irradiated two samples, one with a 1505 nm thick PET thin film and another with a

1300+10 nm thick one.

We irradiated the 150 nm thick sample with 2 to 100 pulses at fluences from 22 to 53 mJ/cm?
at a repetition rate of 10 Hz, and with 300 to 150000 pulses at fluences from 5.9 to 38 mJ/cm?
at a repetition rate of 3 kHz. We found structures perpendicular to the polarization of the laser
at spots that had been irradiated with 50 to 100 pulses at a fluence of 53 mJ/cm? and a repetition
rate of 10 Hz, but they were too disordered to be called LIPSS. Regarding the irradiations at 3

kHz, they increased the roughness of the sample but did not induce any structures.

In Figure 6.5, we show the typical evolution of the 150 nm thick sample after irradiation with
increasing number of pulses. The evolution of this disordered structures after being irradiated
with increasing number of pulses was very similar to the one of LIPSS in the samples on silicon
substrates. The only difference is that the film was slightly ablated for the higher number of

pulses in this case. The period of the structures was 280+50 nm and their depth 70+20 nm.

As for the sample with the 1300 nm film, we irradiated it with 300 to 150000 pulses at fluences
from 4.5 to 35 mJ/cm? and a repetition rate of 3 KHz. We did not find LIPSS in this range, but we
did notice that the irradiation produced changes on the topography of the sample, as shown in

Figure 6.6.

To sum up, LIPSS appeared perpendicular to the polarization of the laser for the 150 nm thick
sample deposited on low Ry gold substrate. However, we did not find periodic structures in the

1300 nm thick sample on low R4gold substrate. Both the orientation of the LIPSS and their
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appearance only for thin enough films are coherent to our previous experiments with Gaussian

beams in the same kind of samples, discussed in Chapter 3.

Figure 6.5. 10 x 10 um? AFM image of a spot irradiated with a radial vector beam built from
femtosecond pulses at 10 Hz and a fluence of 53 mJ/cm? in a 150 nm thick film of PET on the low
roughness gold substrate a) before irradiation, b) 10 pulses, c) 50 pulses, d) 100 pulses. The
scheme in the right side represents the kind of beam, with the black lines showing the direction

of the polarization and the white square the location where the measurement was carried out.

Figure 6.6. 10 x 10 um? AFM images showing the change in the topography of the 1300 nm thick
sample. We show the sample a) before irradiation, and the spot after being irradiated with a
radial vector beam —the same region as in Figure 6.5— at a repetition rate of 3 kHz with 150000

pulses at a fluence of b) 4.5 mJ/cm? and c¢) 21 mJ/cm?.
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6.1.3. PET on glass substrates

We irradiated two samples with 300 to 150000 pulses at fluences from 53 to 116 mJ/cm? and
at a repetition rate of 3 kHz. One with a 115214 nm thick film and another one with a 20525

nm thick film.

We found LIPSS in the 115 nm thick sample at the spots that had been irradiated with 30000
to 60000 pulses at a fluence of 85 mJ/cm?. Their period was around 330430 nm and their depth

around 8516 nm. We show the evolution of the topography of the sample with the number of

pulses in Figure 6.7.

Figure 6.7. 10 x 10 um? AFM images showing the evolution of the 115 nm thick sample with the
number of pulses. We show the sample a) before irradiation, and a spot after being irradiated
with a radial vector beam at a repetition rate of 3 kHz and a fluence of 85 mJ/cm? b) 30000 pulses
and c¢) 60000 pulses. The scheme in the right side represents the kind of beam with the black lines
showing the direction of the polarization and the white square the region where the

measurements were carried out.

Regarding the 205 nm thick sample, we observed short structures parallel to the polarization
of the laser at the spots that had been irradiated with 30000 to 60000 pulses at a fluence of 85
mJ/cm?. We also found short structures perpendicular to the polarization of the laser at the spot
irradiated with 6000 pulses at a fluence of 85 mJ/cm?. Given the short length of the structures,
it was difficult to measure their period and depth, but the structures that appeared after
irradiation with 30000 to 60000 pulses have a period around 300 nm and a depth around 20 nm,
while the other structures have a period around 100 nm and a depth around 20 nm. We show
the evolution of the topography of the sample in Figure 6.8, where we can also see both kinds

of structures.
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Figure 6.8. 10 x 10 um? AFM images showing the evolution of the 205 nm thick sample with the
number of pulses. We show the sample a) before irradiation, and a spot after being irradiated
with a radial vector beam with a fluence of 85 mJ/cm? and b) 6000 pulses, c) 30000 pulses d)
60000 pulses at a repetition rate of 3 kHz. The scheme in the right side represents the kind of
beam with the black lines showing the direction of the polarization and the white square the

region where the measurements were carried out.

In conclusion, we found LIPSS parallel to the polarization in the 115 nm thick sample in a
narrow fluence and number of pulses range with a period ~330 nm. Furthermore, in the 205
nm thick sample we found short structures difficult to identify. However, we think that the
structures obtained for 6000 pulses at 85 mJ/cm? are HSFL, since they appear perpendicular to
the polarization of the laser with a very small period (~100 nm), and the structures obtained
from 30000 to 60000 pulses at 85 mJ/cm? are LSFL, since they appear parallel to the polarization

of the laser and with a period ~300 nm = A/2.

6.2. LIPSS generated by complex beams in P3HT

6.2.1. LIPSS generated with femtosecond vector beams

We irradiated P3HT with the same femtosecond vector beams employed for PET in the

previous section, but with a repetition rate of 1 kHz. LIPSS in P3HT appeared parallel to the
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polarization of the laser. In Figure 6.9, we show the direction of LIPSS in five areas of the spot,
showing how for radial polarization we have wheel-spokes structures. In this case we did not
perform systematic irradiations to find LIPSS formation range. However, LIPSS appeared after
irradiating the sample at a fluence of 33 mJ/cm? with 500-5000 pulses. The dependence of the
period and depth of the structures with the number of pulses is shown in Figure 6.10. Both their

depth and their period remained almost constant around 20 nm and 420 nm, respectively.

100.0 nm

Figure 6.9. Orientation of the structures in P3HT at different areas of the spot irradiated with

radial vector beams with 2000 pulses at 33 mJ/cm? from a femtosecond laser at 1 kHz.
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Figure 6.10. Dependence of the a) period and b) depth of the structures in P3HT with the number

of pulses at a fluence of 33 mJ/cm?.
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6.2.2. LIPSS generated with nanosecond complex beams

6.2.2.1. Topography

On the basis of our previous work with Gaussian pulses with similar irradiation conditions [5],
we irradiated P3HT with fluences from 11 to 42 mJ/cm? and 1200 to 8400 pulses, as long as this
was the range of parameters for which LIPSS appeared. Given the size of our spots, to measure
the period, depth and orientation of the structures we decided to take five 10 x 10 pm? AFM

images distributed across the spot and one 100 x 100 um? confocal microscope image.

The structures formed by vector beams were parallel to the electric field polarization at each
point of the beam, creating wheel-spokes-like structures for radial vector beams, concentrical
structures for azimuthal vector beams and whirlwind-like structures for spiral vector beams. In
Figure 6.11, we show three images of the left side of a spot irradiated with a radial vector beam
taken with different techniques. Since the structures are parallel to the polarization of the beam,

they appear horizontal.

Figure 6.11. Images of the left side of a spot in P3HT for radial vector beams from a nanosecond
laser at 6000 pulses and 23 mJ/cm? taken by a) an optical microscope x20, b) a confocal
microscope and c) AFM. The blue rectangle in a) shows the AFM measurement area and the red
one the confocal measurement area. The red, green, and blue inset image in b) represents the
kind of beam. The black lines show the direction of the polarization and the white square the

area of the measurement.
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In Figures 6.12 and 6.13, we present AFM images of different areas of the spot to show the
orientation of the ripples for the optimal conditions of fluence and number of pulses. We took

the radial and azimuthal vector beams as an example.

200.0 nm

Figure 6.12. Orientation of the structures in P3HT at different areas of the spot for radial vector

beams from a nanosecond laser for 6000 pulses at 23 mJ/cm?.

200.0 nm

Figure 6.13. Orientation of the structures in P3HT at different areas of the spot for azimuthal

vector beams from a nanosecond laser for 6000 pulses at 23 mJ/cm?.

Regarding the influence of fluence and number of pulses in the period and depth of the
structures, we found that it was independent of the polarization of the vector beam, and similar

to the one found for Gaussian beams. Figures 6.14 and 6.15 show the evolution of a sample of
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P3HT after being irradiated with increasing fluences and number of pulses, respectively. The
evolution was similar in both cases, for low number of pulses and fluences we could only detect

shallow structures, and, when we increased the energy deposited, these structures

correspondingly deepen until they begin to lose periodicity.

o 300.0 nm

Figure 6.14. 10 x 10 um? AFM image of the right part of the spot irradiated with an azimuthal
vector beam —see the scheme in Figure 6.13— from a nanosecond laser in P3HT with 6000 pulses

at a fluence of a) before irradiation, b) 11 mi/cm?, ¢) 17 mJ/cm?, d) 36 mJ/cm?.

200.0 nm

Figure 6.15. 10 x 10 um? AFM image of the right part of the spot irradiated with an azimuthal
vector beam —see the scheme in Figure 6.13— from a nanosecond laser in P3HT with a) before

irradiation, b) 1200 pulses, c) 3600 pulses, d) 8400 pulses at a fluence of 23 mJ/cm?.

LIPSS appeared for almost all the irradiation conditions. For the lowest number of pulses, i.e.
1200, a fluence above 30 mJ/cm? was needed for LIPSS formation. For a number of pulses above
6000, the structures lost their periodicity above a fluence of 42 mJ/cm?. This interplay between
number of pulses and fluence is a consequence of the well-known accumulation effects involved
in LIPSS formation [6]. Their period grew from around 400 nm for the lowest fluences up to a
value of approximately 475 nm at 30 mJ/cm? remaining almost constant for higher fluences.
Their depth increased until it reached a plateau that depends on the number of pulses at around
30 mJ/cm?, as seen in Figure 6.16. The structures were much deeper but had a similar period to

the ones generated with femtosecond pulses for the same fluence and number of pulses.
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Figure 6.16. Dependence of the a) period and b) depth of the structures in P3HT with the fluence

for different number of pulses for azimuthal vector beams.

We also studied LIPSS generation using optical vortex beams. The structures generated by

vortex beams can be seen in Figure 6.17. They are honeycomb-like structures with a periodicity

close to that of the structures generated with vector beams but a smaller depth. For 42 mJ/cm?

and 6000 pulses, the structures have a period of 462166 nm and a depth of 355 nm. In principle,

the phase of the irradiation should not affect the structures, and its shape should be due to the

circular polarization of the laser beam. However, in other materials the nanostructures that

result from circularly polarized irradiation are uniformly distributed nanodots [3]. This is close

to the negative of what we see in Figure 6.17. Although we could not find experimental

structures like ours in the bibliography, Varlamova et al. [7] simulated structures close to ours,

when trying to explain their experimental nanodots.

Figure 6.17. Structures in P3HT irradiated with vortex beams with 6000 pulses at 42 mJ/cm?.
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6.2.2.2. Conductivity

As for the effect on the conductivity, it can be seen in Figure 6.18. The conductivity in the hills
was lower than the one in the valleys due to the amorphization of the P3HT up there. The
explanation for this behavior was reported in more detail in [5]. As explained in Section 1.1,
P3HT conductivity is linked to its regioregularity and crystallinity. This amorphization of P3HT in

the hills drastically lowers these properties, producing abrupt decrease in conductivity.

b) 100ﬁ PA
0.0

400.0 nm

Figure 6.18. 2 x 2 um? C-AFM images of P3HT a) before and b) after irradiation with 3600 pulses

at a fluence of 23 mJ/cm? with a vector beam with azimuthal polarization.

6.2.2.3. Wettability

To analyze the change in wettability, we prepared samples with nanostructures on an area
wide enough to contain a drop of water (6.4 x 5.5 mm?). We irradiated the sample surface
following a pattern of slightly overlapping scans (the pitch was 0.9 mm whereas the spot
diameter was 1 mm). We measured the contact angle of three drops of deionized water for each
polarization case and a raw sample. We performed the measurements five months after the

irradiation.

The raw samples had a contact angle of 102+3°, which means they were slightly hydrophobic.
After irradiation with 3600 pulses at a fluence 34 mJ/cm? the contact angle diminished to around
85+6°, so we can say the samples became slightly hydrophilic. This result was maintained
irrespectively of the beam polarization. The contact angle before irradiation is consistent to the
one reported previously by members of our group (96+2°) [5]. However, in that work, it was
shown that for Gaussian beams, with the same wavelength as the ones we used here, there was

a slight increase instead of a decrease in the contact angle after processing. This small change
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might be caused by the difference in the repetition rate, which was half the one we employed

in this work.

The change in wettability that appears after laser nanostructuring can have either a
morphological or a chemical explanation. The morphological contribution can only increase the
character of the raw sample (Wenzel’s model [8]) or make a sample more hydrophobic (Cassie-
Baxter model [9]), so it is unable to explain our case. Therefore, this change must have a
chemical explanation: the formation of hydrophilic species. They would form due to a reaction
with the atmospheric gases catalyzed by the high temperatures and ionization during laser

irradiation.

Given the success achieved in P3HT, we decided to extend the study to an organic
semiconductor which is also absorbent at this wavelength and, as discussed in Section 2.1, is

frequently used with P3HT in solar cells applications: PC;:.BM [10].

6.3. LIPSS generated with nanosecond complex beams in

PC;1BM

On the basis of our previous work with Gaussian pulses with similar irradiation conditions [11],
we irradiated PC7:BM with fluences from 17 to 19 mJ/cm? and 1200 to 8400 pulses, as far as
those were the conditions where LIPSS were found. The structures formed by vector beams
were parallel to the electric field polarization at each point of the beam, creating wheel-spokes-
like structures for radial vector beams, concentrical structures for azimuthal vector beams and
whirlwind-like structures for spiral vector beams. In Figure 6.19, we show three images, with
different magnifications, taken with different techniques, showing the bottom side of a spot that
had been irradiated with radial vector beams. Since the LIPSS appeared parallel to the
polarization, which is vertical in this area, we observed vertical structures. Besides, in Figures
6.20 and 6.21, we show AFM images of different areas of the spot of a radial (Figure 6.20) and
an azimuthal (Figure 6.21) vector beam to show the orientation of the ripples for optimal

conditions of fluence and number of pulses.
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Figure 6.19. Images of a spot in PC;:BM for radial vector beams —the same region as in Figure

6.7— from a nanosecond laser at 6000 pulses and 17 mJ/cm? taken by a) an optical microscope
x20, b) a confocal microscope and c) AFM. The blue rectangle in a) shows the AFM measurement

area and the red one the confocal measurement area.

200.0 nm

Figure 6.20. Orientation of the structures in PC7:BM at different areas of the spot irradiated with

radial vector beams from a nanosecond laser with 6000 pulses at 17 mJ/cm?.
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200.0 nm

Figure 6.21. Orientation of the structures in PC7:BM at different areas of the spot irradiated with

azimuthal vector beams from a nanosecond laser with 6000 pulses at 17 mJ/cm?.

In PC71:BM LIPSS appeared from 1200 to 8400 pulses with a fluence from 17 to 19 mJ/cm?. Their
period is around 340 nm, and their depth grows from 30 to 100 nm when increasing fluence and

number of pulses as seen in Figure 6.22.
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Figure 6.22. Dependence of the a) period and b) depth of the structures in PC;:BM with the

number of pulses at a fluence of 17 mJ/cm? with azimuthal vector beams.

The structures generated by vortex beams are similar to the ones found in P3HT, as can be
seen in Figure 6.23. They are honeycomb-like structures with the same periodicity and depth as

the structures generated with vector beams.
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200.0 nm

2.0 um

Figure 6.23. Structures in PC-:BM for vortex beams for 8400 pulses at 17 mJ/cm?.

6.4. Conclusions

We were able to generate LIPSS with complex shapes using vector beams and optical vortex

beams in PET, P3HT and PC71BM.

In the PET samples on Si substrates, LIPSS appeared, parallel to the polarization of the laser,
for thin films from 79 to 441 nm thick. Their period increased with the thickness of the film from
400 to 480 nm. As for their depth, it decreased with the thickness from 200 to 80 nm. In general,
the behavior of the structures is quite different to the one discussed in Chapter 3 for the same
kind of samples but a different femtosecond laser. We are not sure whether the differences
were caused by the change in wavelength and repetition rate of the laser or by the use of vector

beams.

In the ones with gold substrates, structures appeared perpendicular to the polarization of the
laser for the 150 nm thick sample, not ordered enough to be called LIPSS. However, we did not
find any structures in the 1300 nm thick sample. Both the orientation of the structures and their
appearance only for thin enough films are coherent to our previous experiments with Gaussian
beams in the same kind of samples, discussed in Chapter 3. However, they appear here much

more disorderly.

In the ones on glass substrates, we found LIPSS parallel to the polarization in the 115 nm thick
sample in a narrow fluence and number of pulses range with a period ~330 nm. Furthermore,
in the 205 nm thick sample we found two kinds of short structures: HSFL perpendicular to the

polarization of the laser with a period of ~100 nm at the spots irradiated with 6000 pulses at 85
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mJ/cm?, and LSFL with a period ~300 nm at the spots irradiated with 30000 to 60000 pulses at
85 ml/cm?.

We generated LIPSS in P3HT both with femtosecond and nanosecond vector beams. LIPSS
appeared parallel to the polarization of the laser in both cases with a period close to its
wavelength. However, the structures were much deeper for nanosecond pulses (~100 nm) than

for femtosecond pulses (~20 nm).

Regarding the LIPSS generated with nanosecond pulses in P3HT and PC7;:BM, their formation
range and characteristics were similar to the ones generated with Gaussian beams. LIPSS
affected the conductivity of P3HT and PC;1BM, creating a sort of wires with the original

conductivity of the samples in the valleys of the structures.

The wettability of P3HT changed from slightly hydrophobic to slightly hydrophilic after LIPSS
formation. We explain this change as the influence of the hydrophilic species that appear due
to a reaction with the atmospheric gases catalyzed by the high temperatures and ionization

during laser irradiation.

Finally, the irradiation with optical vortex beams resulted in the creation of periodic
honeycomb-like structures in both P3HT and PC7;:BM. The different phase of the irradiation of
optical vortex beams should not affect the structures, and its shape should be due to the circular
polarization of the laser beam. However, in other materials the nanostructures that result from

circularly polarized irradiation are uniformly distributed nanodots.
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Chapter 7

Conclusions

In summary, in this work we have firstly carried out a series of experiments with the objective
of finding how different parameters affect LIPSS formation in thin films of polymers. Secondly,
we have also studied the effect of LIPSS formation in the modification of the properties of the
samples by characterizing the change in the micromechanical properties, topography,

wettability, surface energy, surface chemistry and conductivity of the samples after irradiation.

1) Study on how the thickness of the thin film and the roughness and material of the

substrate affect LIPSS generation in thin polymeric films with low optical linear absorption

We irradiated thin films of PET of different thickness deposited on different substrates, with a

795 nm wavelength femtosecond laser.

As seen in Table 7.1, LIPSS were generated for thin films but not for micrometric films. LIPSS
were also generated on samples with silicon, gold, and glass substrates; but not on samples with
steel, PET or high R gold substrates. As for their direction, LIPSS appeared perpendicular to the
polarization of the laser in the samples with gold substrates and parallel to it in the other
samples. Moreover, in the samples where LIPSS were generated, the thickness of the thin film

and the material of the substrate affected the period and depth of the structures.

In the case of samples on gold substrates, LIPSS appeared perpendicular to the expected
direction. Because of this, we decided to study it further with the help of numerical simulations
of the electric field. Through them, we explored in more detail the effect of the thin film
thickness and substrate roughness in LIPSS formation. Moreover, we compared it with the
theoretical effect of these parameters on Surface Plasmon Polaritons (SPP) and our
experimental results. We found good agreement between our simulations and the theory in its
application range. Moreover, using our simulations we could qualitatively understand what
happened outside of this range. Besides, these simulations qualitatively reproduced our

experimental results.

125



7. CONCLUSIONS

Table 7.1. LIPSS type, direction relative to the laser polarization, and formation range for each

sample. “N.A” means that LIPSS did not appear in that sample.

Thickness LIPSS Fluence Number
Substrate LIPSS Type
(nm) direction (mJ/cm?)  of pulses
Low R, Gold 90 1 LSFL 2.7-3.6 50k-100k
Low R, Gold 102 1 LSFL 4.0-6.3 50k-100k
Low R, Gold 150 1 LSFL 4.4-8.9 50k-100k
Low R, Gold 1300 N.A. N.A. N.A. N.A.
Low R, Gold 16000 N.A. N.A. N.A. N.A.
Silicon 79 [ LSFL 21 10k-100k
Silicon 120 [ LSFL 18-26 2k-100k
Silicon 16000 N.A. N.A. N.A. N.A.
Glass 115 Il & L LSFL & HSFL 44-73 1k-100k
Glass 205 Il LSFL 44-63 1k-100k
Glass 16000 N.A. N.A. N.A. N.A.
PET 243 N.A. N.A. N.A. N.A.
PET 318 N.A. N.A. N.A. N.A.
Steel 210 N.A. N.A. N.A. N.A.
Steel 298 N.A. N.A. N.A. N.A.
High R4 Gold 165 N.A. N.A. N.A. N.A.

From these results we extract the following conclusions:

o The material and roughness of the substrate and the thickness of the thin film are
key parameters in LIPSS formation: For femtosecond pulses in thin films of a polymer
with low optical linear absorption, not only do they change LIPSS formation range and
characteristics, but they can also be the factor that determines if LIPSS can be
generated. In the case of the thickness of the thin film, we can apply this conclusion to
bulk polymers if we think of them as a film with very high thickness. It is possible for
LIPSS to not appear in a polymer in bulk and to appear for thin enough thin films.

e The formation mechanism for LIPSS in these samples is affected by the excitation of
a Surface Scattered Wave (SSW) in the substrate-thin film interface: For femtosecond

pulses in thin films of a polymer with low optical linear absorption, this SSW is more
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intense than the usual SSW excited in the surface of the sample and it is the reason
behind the importance of the material and roughness of the substrate, and the
thickness of the thin film. Considering its influence, we can explain all our experimental
results except the ones related to thinnest sample on a glass substrate. In this sample,
both LSFL and HSFL appeared with periods that we were unable to explain completely.

o Inthe case of samples on gold substrates this SSW is a SPP: The numerical simulations
of the electric field showed the formation of an SPP in the substrate-thin film interface.
Moreover, they reproduced our experimental results, which made us confident that in
the samples with gold substrates the aforementioned SSW is a SPP.

e Inthe case of samples on gold substrates LIPSS period diminishes with the substrate
R, and the thickness of the thin film: Using numerical simulations, we explored in
more detail the effect of the thin film thickness and substrate roughness and
compared it with the theory on how these parameters affect SPPs and our
experiments. We found good agreement between our simulations and the theory in

its application range.
As for future research paths, we propose the following:

o Investigating the substrate roughness and film thickness regime that allows LIPSS
formation: For logistical reasons, in this thesis we only irradiated samples on
substrates with either very low or very high roughness. As for film thicknesses, in our
thesis we did not irradiate samples between 205 nm and 1300 nm. Although we
studied intermediate cases with our numerical simulations, it would be interesting to
try to study them experimentally and check if we reproduce the results of the
simulations.

e Investigating the optical linear absorption range at which the SSW excited in the
substrate-thin film interface influences LIPSS formation: The irradiation of the same
kind of samples with femtosecond Gaussian beams, but with different wavelengths
would allow us to explore different optical linear absorption ranges and define the
range in which we need to take this SSW into account. The study could be made for
samples on low Ry gold substrates, since the difference in orientation would be the
easiest property to monitor.

e |nvestigating the structures that appeared in the thinnest sample on a glass
substrate: The irradiation of samples with thicknesses between 100 and 200 nm could
help us understand the different structures observed as a function of thickness.

Another option would be to try to extend the numerical simulations done for samples

127



7. CONCLUSIONS

on gold substrates to these samples and study the differences in the electric field

between samples of different thicknesses.

2) Study of the effect of LIPSS formation on the modification of the properties of materials

We have studied LIPSS generation in self-standing films of a nanocomposite made from a PTT
matrix dopped with WS; nanotubes. Moreover, we have tried to use complex beams to generate
complex structures in one step, applying this method to thin films of PET deposited on different
substrates, as well as thin films of P3HT and PC7;:BM, two organic semiconductors with

applications in organic solar cells, deposited on dopped silicon.

Regarding the PTT-WS;samples, we irradiated them with femtosecond Gaussian beams at 265
nm generating LIPSS. We also studied LIPSS generation in plain PTT samples to investigate the
effect of the nanoadditive. In both samples the structures appeared parallel to the polarization
of the laser with a period close to its wavelength. The presence of the nanoadditive led to an
increase of the energy density needed to trigger LIPSS formation. We explained this as the effect
of the higher crystallization percentage and thermal dissipation of PTT-WS,. Besides, we
characterized the wettability and surface energy of the samples. In both of them, the wettability
increased with the formation of LIPSS, and the total surface energy remained constant.
However, its negative polar component increased heavily. This was due to the formation of polar
hydrophilic species, caused by a reaction with the oxygen in the air, catalyzed by the ionization
and high temperature of the surface of the sample while the irradiation took place. Finally, we
used PF-QNM to characterize the change in the surface nanomechanical properties after
irradiation. In both samples, the formation of LIPSS did not change the Young’s modulus
remarkably, but it induced a decrease of the adhesion force by a factor of four. We attributed

this effect to the change of surface chemistry.
From these results we extract the following conclusions:

e LIPSS can be used to change the topography of these samples, giving them added
functionality, without damaging them: This technique is non-ablative and the Young's
modulus of the sample remained unchanged.

e LIPSS allow the creation of small zones with different nanostructures: Given the high
control over the irradiated area, we could change the irradiation parameters at
different areas of a sample, creating small zones with nanostructures with different

periods, depths and orientations.
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e LIPSS surface nanostructuring can be used in this nanocomposite without any
demerit: Besides needing a small increase in the intensity of irradiation, LIPSS
appeared with the same characteristics in PTT and PTT-WS,, and the changes they

provoked in the surface properties of the samples were very similar.
We also propose the following research line:

e Investigating the influence of the percentage of nanoadditive and its orientation in
LIPSS formation: In our experiments, the percentage of nanoadditive was 0.5% in
weight and it was evenly distributed in the PTT matrix with the nanotubes taking
random orientations. It would be interesting to check if the mild impact (described
above) that the nanoadditive made on LIPSS generation would increase if we
augmented this percentage or if the nanotubes were predominantly oriented in one

direction.

Concerning the irradiations with complex beams, we irradiated thin films of PET on different
substrates with femtosecond vector beams at a wavelength of 515 nm. LIPSS appeared parallel
to the polarization of the beams in samples with silicon or glass substrates. However, in samples
on gold substrates, structures oriented perpendicular to the polarization appeared, but too

disordered to be called LIPSS.
From our results we extracted the following conclusions.

e We achieved the formation of LIPSS in PET with complex shapes using a single-step
process: We generated structures in the shape of wheel-spokes, concentric circles, and
spirals in one-step using femtosecond vector beams.

o There are differences between LIPSS induced by Gaussian beams and those induced
with vector beams: LIPSS appeared in a different fluence and pulses ranges and
changed differently with the thickness of the thin films. However, we are unsure
whether the differences are due to the difference in wavelength (795 nm in one case
to 513 nm in the other) and repetition rate (5 kHz vs 10 Hz-3 kHz) or due to the use of

vector beams instead of Gaussian beams.
As for future research paths, we propose the following:

o Investigating the differences between LIPSS induced by Gaussian beams and those

induced with vector beams: To isolate the effect of the kind of beam from that of the
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irradiation wavelength and repetition rate, we could repeat the experiment with

Gaussian and vector beams with the same wavelengths and repetition rates.

Regarding P3HT, we used femtosecond vector beams at a wavelength of 515 nm finding LIPSS
parallel to the polarization of the laser with a period close to the irradiation wavelength. We also
used nanosecond vector and optical vortex beams at 532 nm. Using nanosecond vector beams
we found LIPSS parallel to polarization with a period close to irradiation wavelength much
deeper and better defined that the ones generated with femtosecond pulses. Moreover, we
measured a steep decline of conductivity on the upper part of the structures compared to the
change in their lower part. We affirmed that this change was caused by a loss of crystallinity.
Besides, we characterized the change in wettability finding the same response for the different
polarizations of the beam. For all of them, the sample became more hydrophilic after irradiation.
We think this effect is due to chemical changes caused by oxidation by laser irradiation.
Additionally, after irradiation with optical vortex beams, we observed honeycomb-like LIPSS

with similar periods and depths to the ones generated with vector beams.

Finally, we irradiated PC71BM films with nanosecond vector and optical vortex beams at 532
nm producing LIPSS parallel to the polarization of the laser of a smaller period than those found
in P3HT and in a much narrower fluence range. Their characteristics evolved with the irradiation

parameters like the structures found in P3HT.
From these results we extract the following conclusions:

e We achieved the formation of LIPSS in P3HT and PC;;BM with complex shapes using
a single-step process: The use of vector beams allowed the creation of LIPSS in a
radial, concentrical or spiral pattern —following the polarization of the beam.

e These structures could be applied to the creation of nanowires with these complex
shapes: The steep decline of the conductivity on the upper part of the structures could
be used to create nanowires with these different geometries.

e We achieved the generation of LIPSS with a honeycomb-like shape in one step: The
use of optical vortex beams allowed the creation of LIPSS with a honeycomb-like
shape. The different phase of the irradiation of optical vortex beams should not affect
the structures, and its shape should be due to the circular polarization of the laser
beam. However, in other materials the nanostructures that result from circularly

polarized irradiation are uniformly distributed nanodots.

As for future research paths, we propose the following:
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Investigating the origin of the LIPSS with a honeycomb-like shape: In other to know
whether this shape is caused by the circular polarization of the beam or the different
phase of optical vortex beams, one possibility is to irradiate P3HT and PC71:BM with
nanosecond Gaussian beams with different ellipticities and check if we can recreate

this honeycomb-like structures.

3) Methodological conclusions

Besides these scientific conclusions, from a methodological standpoint, while | was working on

this thesis | have applied and acquired expertise on the following techniques:

Surface processing of polymers: | learned how to process polymers both as thin films
and in bulk, with femto- and nanosecond Gaussian, vector and optical vortex beams
at wavelengths that went from the near infrared to the ultraviolet.

Characterization: | learned different techniques to characterize several surface
properties of polymers both before and after irradiation. Specifically, the PhD student
can use the following techniques independently: AFM to characterize the topography
of the samples, and the sessile drop technique to characterize their wettability.
Calculation of their surface energy: | learned two different methods to calculate
different contributions to the surface energy from contact angle measurements
performed using the sessile drop technique. He also learned how to critically compare
the results given by the two methods.

Numerical simulations of the electric field: | learned how to use the Wave Optics
Module of COMSOL Multyphisics ™, a program based on Finite Elements Methods to
simulate the electric field in a thin film of polymer deposited on a gold substrate. |
worked independently to understand what approximations and parameters he should

use to get the desired results.

To conclude, in this work we have studied how different parameters affect LIPSS formation in

thin films of polymers and the capabilities of LIPSS formation to modify the properties of the

samples. As the main contribution of this thesis, we have identified the key role of the material

and roughness of the substrate and the thickness of the thin film on the formation of LIPSS in

thin films of polymers with low optical linear absorption deposited on different substrates,

finding an explanation for this importance in the generation of a SSW in the substrate-thin

film interface and studying it in detail with numerical simulations. In this sense, we believe
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that we have contributed to the better understanding of LIPSS formation in thin films of

polymers using femtosecond pulses.
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Capitulo 7

Conclusiones

En resumen, en este trabajo primero estudiamos experimentalmente codmo diferentes
parametros afectan a la formacién de LIPSS en peliculas delgadas de polimeros. Ademas,
estudiamos el efecto de la formacion de LIPSS en la modificacion de las propiedades de las
muestras caracterizando el cambio en las propiedades micromecanicas, topografia, mojabilidad,

energia superficial, quimica superficial y conductividad de las muestras tras la irradiacién.

1) Efecto del espesor de la pelicula delgada y la rugosidad y el material del substrato en la

formacién de LIPSS en peliculas poliméricas delgadas con baja absorcion lineal dptica

Irradiamos peliculas delgadas de PET de diferente espesor depositadas sobre diferentes

substratos, con un laser de femtosegundo con una longitud de onda de 795 nm.

Como se ve en la Tabla 7.1, las LIPSS se generaron para peliculas delgadas, pero no para
peliculas micrométricas. Las LIPSS también se generaron en muestras con substratos de silicio,
oro y vidrio, pero no en muestras con substratos de acero, PET u oro de alta Rg. En cuanto a su
direccién, las LIPSS aparecieron perpendiculares a la polarizacién del laser en las muestras con
substratos de oro y paralelas a ella en las demas muestras. Ademas, en las muestras donde se
generaron LIPSS, el espesor de la pelicula delgada y el material del substrato afectaron al periodo

y la profundidad de las estructuras.

El caso de las muestras sobre substratos de oro, para el que las LIPSS aparecieron en la
direccién perpendicular a la que esperdabamos, se estudié en mds detalle con la ayuda de
simulaciones numéricas del campo eléctrico. Mediante éstas, exploramos con mas detalle el
efecto del espesor de la pelicula delgada y la rugosidad del substrato a la formacion de LIPSS.
Ademads, lo comparamos con el efecto tedrico que tienen estos pardmetros en los Plasmones
Polaritones Superficiales (SPPs) y con nuestros resultados experimentales. Los resultados de

nuestras simulaciones reprodujeron la teoria en su rango de aplicacién. Ademas, usando
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nuestras simulaciones pudimos entender cualitativamente lo que sucede fuera de este rango.

Las simulaciones también reprodujeron cualitativamente nuestros resultados experimentales.

Table 7.1. Tipo de LIPSS, direccion respecto a la polarizacion del Idser y rango de formacidn en

cada muestra. “N.A” indica que las LIPSS no aparecieron en esa muestra.

Espesor Direccion de Tipo de Fluencia Nidmero de
Substrato
(nm) las LIPSS LIPSS (mJ/cm?) pulsos
Oro de baja Ry 90 1 LSFL 2.7-3.6 50k-100k
Oro de baja Rq 102 1 LSFL 4.0-6.3 50k-100k
Oro de baja Ry 150 1 LSFL 4.4-89 50k-100k
Oro de baja Ry 1300 N.A. N.A. N.A. N.A.
Oro de baja Rq 16000 N.A. N.A. N.A. N.A.
Silicio 79 I LSFL 21 10k-100k
Silicio 120 I LSFL 18-26 2k-100k
Silicio 16000 N.A. N.A. N.A. N.A.
Vidrio 115 ly L LSFLy HSFL 44-73 1k-100k
Vidrio 205 I LSFL 44-63 1k-100k
Vidrio 16000 N.A. N.A. N.A. N.A.
PET 243 N.A. N.A. N.A. N.A.
PET 318 N.A. N.A. N.A. N.A.
Acero 210 N.A. N.A. N.A. N.A.
Acero 298 N.A. N.A. N.A. N.A.
Oro de alta Ry 165 N.A. N.A. N.A. N.A.

De estos resultados extraemos las siguientes conclusiones:

e El material y la rugosidad del substrato y el espesor de la pelicula delgada son
parametros clave en la formacion de LIPSS: Para pulsos de femtosegundos en peliculas
delgadas de un polimero con baja absorcidn lineal dptica, no solo cambian el rango de
formacidn de las LIPSS y sus caracteristicas, sino que también pueden ser el factor que
determine si se pueden generar LIPSS o no. En el caso del espesor de la pelicula delgada,
podemos aplicar esta conclusidn a polimeros en bulk si los describimos como peliculas
con un espesor muy alto. Es posible que las LIPSS no aparezcan en un polimero en bulk

pero si en peliculas delgadas del mismo polimero.
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e Elmecanismo de formacidn de LIPSS en estas muestras se ve afectado por la excitacién
de una onda superficial generada por dispersion (SSW) en la interfaz substrato-
pelicula delgada: Para pulsos de femtosegundos en peliculas delgadas de un polimero
con baja absorcidn lineal dptica, esta SSW es mas intensa que la SSW habitual excitada
en la superficie de la muestra y es la razén detrds de la importancia del material y la
rugosidad del substrato y el espesor de la pelicula delgada en la formacidn de LIPSS.
Teniendo en cuenta su influencia, podemos explicar todos nuestros resultados
experimentales excepto los relacionados con la muestra mas delgada sobre un substrato
de vidrio. En esta muestra, tanto LSFL y HSFL aparecieron con periodos que no pudimos
explicar por completo.

e En el caso de muestras sobre substratos de oro, esta SSW es un SPP: Las simulaciones

numeéricas del campo eléctrico mostraron la formacidn de SPP en la interfaz substrato-
pelicula delgada. Ademas, estas simulaciones reprodujeron cualitativamente nuestros
resultados experimentales, lo que nos asegurd que en las muestras con sustratos de oro
la SSW mencionada anteriormente es un SPP.

e En el caso de muestras sobre sustratos de oro, el periodo de las LIPSS disminuye con
el R, del substrato y el espesor de la pelicula delgada: Usando simulaciones numeéricas,
exploramos con mas detalle el efecto del espesor de la pelicula delgada y la rugosidad
del substrato y lo comparamos con la teoria sobre cdmo estos parametros afectan a los

SPP, y con nuestros experimentos. Encontramos un buen acuerdo entre nuestras

simulaciones y la teoria en su rango de aplicacidn.
En cuanto a las futuras lineas de investigacidon, proponemos lo siguiente:

e Investigar el régimen de rugosidad del substrato y de espesor de la pelicula que
permite la formacidn de LIPSS: Por cuestiones logisticas, en esta tesis sélo irradiamos
muestras sobre substratos con rugosidad o muy baja o muy alta. En cuanto a espesor de
la pelicula, no irradiamos espesores entre 205 nm y 1300 nm. Aunque estudiamos casos
intermedios con nuestras simulaciones numeéricas, seria interesante intentar estudiarlas
experimentalmente y ver si reproducimos los resultados de las simulaciones.

e Investigar el rango de absorcidn lineal dptica en el que el SSW excitado en la interfaz
substrato-pelicula delgada influye en la formacidén de LIPSS: La irradiacién del mismo
tipo de muestras con haces Gaussianos de femtosegundos, pero con diferentes
longitudes de onda, nos permitiria explorar diferentes rangos de absorcion lineal dptica

y definir el rango en el que debemos tener en cuenta esta SSW. El estudio podria hacerse
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para muestras sobre substratos de oro, ya que la diferencia de orientacion seria la
propiedad mas facil de monitorizar.

e Investigar las estructuras que aparecieron en la muestra mas delgada sobre un
substrato de vidrio: La irradiacidon de muestras con distintos espesores entre 100 y 200
nm podria ayudarnos a comprender el efecto del espesor de la pelicula en la formacién
de distintas estructuras. Otra opcion seria tratar de extender las simulaciones numéricas
realizadas para muestras sobre substratos de oro a estas muestras y estudiar las

diferencias en el campo eléctrico entre muestras con distintos espesores.

2) Estudio del efecto de la formacidn de LIPSS en la modificacion de las propiedades de los

materiales

Hemos estudiado la generacidn de LIPSS en peliculas autosoportadas de un nanocompuesto
formado de una matriz de PTT dopada con nanotubos de WS,. Ademads, hemos tratado de utilizar
haces complejos para generar estructuras complejas en un solo paso, aplicando este método a
peliculas delgadas de PET depositadas sobre diferentes substratos, asi como a peliculas delgadas
de P3HT y PC71:BM, dos semiconductores orgdnicos con aplicaciones en células solares organicas,

depositadas sobre Silicio dopado.

En cuanto a las muestras de PTT-WS,, las irradiamos con haces Gaussianos de femtosegundos
a 265 nm generando LIPSS. También estudiamos la generacién de LIPSS en muestras de PTT para
investigar el efecto del nanoaditivo. En ambas muestras las estructuras aparecieron paralelas a
la polarizacién del laser con un periodo cercano a su longitud de onda. La presencia del
nanoaditivo condujo a un aumento de la densidad de energia necesaria para desencadenar la
formacion de LIPSS. Explicamos esto como el efecto del mayor porcentaje de cristalizacion y
disipacién térmica del PTT-WS,. Ademas, caracterizamos la mojabilidad y la energia superficial
de las muestras. En ambas muestras, la mojabilidad aumentd con la formacién de LIPSS, y la
energia superficial total se mantuvo constante. Sin embargo, su componente polar negativa
aumentd considerablemente. Esto se debié a la formacidn de especies hidréfilas polares,
causadas por una reaccién con el oxigeno en el aire, catalizada por la ionizacién y la alta
temperatura de la superficie de la muestra mientras se producia la irradiacién. Finalmente,
utilizamos PF-QNM para caracterizar el cambio en las propiedades nanomecanicas de la
superficie después de la irradiacién. En ambas muestras, la formacion de LIPSS no cambid

notablemente el médulo de Young, pero indujo una disminucion de la fuerza de adhesién en un
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factor de cuatro. Atribuimos este efecto al cambio de la quimica superficial. De estos resultados

extraemos las siguientes conclusiones:

e Las LIPSS se pueden utilizar para cambiar la topografia de estas muestras, dandoles
una funcionalidad adicional, sin dailarlas: Esta técnica no es ablativa y el médulo de
Young de la muestra se mantuvo sin cambios tras la irradiacidn.

e Los LIPSS permiten la creacidon de pequenas zonas con nanoestructuras diferentes:
Gracias al alto control sobre el area irradiada, podriamos cambiar los pardmetros de
irradiacién en diferentes areas de una muestra, creando pequefias zonas con
nanoestructuras con diferentes periodos, profundidades y orientaciones.

e El nanoestructurado superficial con LIPSS se puede utilizar en este nanocompuesto sin
ningun demérito: Exceptuando que se necesita un pequefio aumento en la intensidad
de lairradiacidn, las LIPSS aparecieron con las mismas caracteristicas en PTT y PTT-WS,,
y los cambios que provocaron en las propiedades superficiales de las muestras fueron

muy similares.
También proponemos la siguiente linea de investigacién:

¢ Investigar la influencia del porcentaje de nanoaditivo y su orientacién en la formacion
de LIPSS: En nuestros experimentos, el porcentaje de nanoaditivo fue del 0,5% en peso
y se distribuyé uniformemente en la matriz PTT con los nanotubos tomando
orientaciones aleatorias. Seria interesante comprobar si el leve impacto (descrito
anteriormente) que el nanoaditivo tuvo en la generacion de LIPSS aumentaria si
incrementamos este porcentaje o si los nanotubos estuvieran predominantemente

orientados en una direccion.

En cuanto a las irradiaciones con haces complejos, irradiamos peliculas delgadas de PET sobre
diferentes substratos con haces vectoriales de femtosegundos a una longitud de onda de 515
nm. Las LIPSS aparecieron paralelas a la polarizacidn de los haces en muestras sobre substratos
de silicio o vidrio. Sin embargo, en muestras sobre substratos de oro, aparecieron estructuras
orientadas perpendiculares a la polarizacién, pero demasiado desordenadas para ser llamadas

LIPSS.
De estos resultados se extrajeron las siguientes conclusiones.

e Conseguimos generar LIPSS en PET con formas complejas utilizando un proceso de un
solo paso: Generamos estructuras en forma de radios de bicicleta, circulos concéntricos

y espirales en un solo paso utilizando haces vectoriales de femtosegundos.
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e Hay diferencias en las LIPSS inducidas por haces Gaussianos y aquellas inducidas con
haces vectoriales: Las LIPSS aparecieron en un rango de fluencia y pulsos diferente y
cambian de manera diferente con el espesor de las peliculas delgadas. Sin embargo, no
estamos seguros de si las diferencias se deben a la diferencia en la longitud de onda (795
nm en un caso, 513 nm en el otro) y la tasa de repeticion (5 kHz frente a 10 Hz-3 kHz) o

son debidas al uso de haces vectoriales en lugar de haces Gaussianos.
En cuanto a las futuras lineas de investigacidon, proponemos la siguiente:

e Investigar las diferencias entre las LIPSS inducidas por haces Gaussianos y las inducidas
con haces vectoriales: Para aislar el efecto del tipo de haz del de la longitud de onda de
irradiacién y la tasa de repeticidon, podriamos repetir el experimento con haces

Gaussianos y vectoriales con las mismas longitudes de onda y tasas de repeticion.

Con respecto al P3HT, utilizamos haces vectoriales de femtosegundos a una longitud de onda
de 515 nm. Encontramos LIPSS paralelas a la polarizacion del haz. También utilizamos haces
vectoriales y de vértice dptico de nanosegundos a 532 nm. Utilizando haces vectoriales de
nanosegundos generamos LIPSS paralelas a la polarizacion mucho mas profundas y mejor
definidas que las generadas con pulsos de femtosegundos. Ademas, medimos una inhibicidn de
la conductividad en las partes altas de las estructuras. Afirmamos que la causa de este cambio
fue una pérdida de cristalinidad. También caracterizamos el cambio en la mojabilidad sin
encontrar diferencias para las diferentes polarizaciones del haz. Para todas ellas, la muestra se
volvié mas hidrofila después de la irradiacion. Creemos que esto se debe a cambios quimicos
causados por la oxidacién por irradiaciéon laser. Por otro lado, para los haces de vortice dptico
vemos LIPSS en forma de panel de abeja con periodos y profundidades similares a las otras

estructuras.

Finalmente, irradiamos peliculas de PC;1BM con haces vectoriales y de vértice dptico de
nanosegundos a 532 nm produciendo LIPSS paralelas a la polarizacion del laser de un periodo
menor que los encontrados en P3HT y en un rango de fluencia mucho mas estrecho. Sus
caracteristicas evolucionaron con los parametros de irradiacién igual que las estructuras

encontradas en P3HT.
De estos resultados extraemos las siguientes conclusiones:

e Conseguimos generar LIPSS en P3HT y PC;;:BM con formas complejas en un solo paso:
El uso de haces vectoriales permitié la creacion de LIPSS con un patréon radial,

concéntrico o espiral —siguiendo la polarizacién del haz.
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Estas estructuras podrian aplicarse a la creacion de nanocables con estas formas
complejas: La acusada disminucidn de la conductividad en la parte superior de las
estructuras, respecto al efecto en su parte inferior, podria utilizarse para crear
nanocables con estas geometrias.

Conseguimos generar LIPSS con forma de panal de abeja en un solo paso: El uso de
haces de vdrtice dpticos permitid la creacion de LIPSS con forma de panal de abeja. La
diferente fase de los haces de vértice dptico no deberia afectar a las estructuras, por lo
gue creemos que su forma se debe la polarizacién circular del haz. Sin embargo, en otros
materiales, las nanoestructuras que resultan de la irradiacién circularmente polarizada

son nanopuntos distribuidos uniformemente.

En cuanto a las futuras lineas de investigacién, proponemos lo siguiente:

Investigar el origen de las LIPSS con forma de panal de abeja: Para comprobar si esta
forma esta causada por la polarizacidn circular del haz o la fase diferente de los haces
de vortice dptico, una posibilidad es irradiar P3HT y PC7:BM con haces Gaussianos de
nanosegundos con diferentes elipticidades y comprobar si podemos recrear estas

estructuras en forma de panal.

3) Conclusiones metodoldgicas

Ademads de estas conclusiones cientificas, desde un punto de vista metodolégico, he aplicado

y adquirido conocimientos avanzados sobre las siguientes técnicas durante el transcurso de esta

tesis:

Procesado superficial de polimeros: Se aprendié a procesar polimeros tanto en forma
de peliculas delgadas como en bulk, utilizando haces Gaussianos, vectoriales y de vortice
Optico de femto- y nanosegundos en longitudes de onda que fueron desde el infrarrojo
cercano hasta el ultravioleta.

Caracterizacion: Se ha logrado familiarizarse con diferentes técnicas para caracterizar
propiedades superficiales de los polimeros tanto antes como después de la irradiacion.
Especificamente, se aprendid a utilizar de manera auténoma AFM para su topografia y
la técnica de la gota sésil para su mojabilidad.

Calculo de su energia superficial: Se aprendieron dos métodos diferentes para calcular
diferentes contribuciones a la energia superficial a partir de mediciones de dngulo de
contacto realizadas mediante la técnica de la gota sésil y a hacer una comparacidn critica

de los resultados obtenidos por cada método.
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e Simulaciones numéricas del campo eléctrico: Se aprendid a utilizar el Médulo de Optica
de Ondas de COMSOL Multyphisics ™, un programa basado en Métodos de Elementos
Finitos para simular el campo eléctrico en una pelicula delgada de polimero depositada
sobre un substrato de oro. He trabajado independientemente para entender qué

aproximaciones y parametros utilizar para obtener los resultados deseados.

En resumen, en esta tesis hemos estudiado como diferentes pardmetros afectan a la formacién
de LIPSS en peliculas delgadas de polimeros y la capacidad que tiene la formacién de LIPSS para
modificar las propiedades de las muestras. Como principal aportacién de esta tesis, hemos
identificado el rol clave que el material y rugosidad del substrato y el espesor de la pelicula
delgada juegan en la formacidn de LIPSS en peliculas delgadas de polimeros con baja absorcion
lineal 6ptica depositados sobre diferentes sustratos, y hemos encontrado una explicacion para
esta importancia en la generacion de una SSW en la interfaz substrato-pelicula delgada.
Ademas, hemos estudiado este rol en detalle con simulaciones numéricas. En este sentido,
creemos que hemos contribuido al avance de la comprensidon de la formacién de LIPSS en

peliculas delgadas de polimeros utilizando pulsos de femtosegundos.
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Resumen

En este trabajo de tesis doctoral se estudié la formacién de estructuras superficiales periddicas
inducidas por laser (LIPSS, siglas del inglés Laser Induced Periodic Surface Structures) en
polimeros y compuestos de matriz polimérica en forma de peliculas delgadas, ya sean
autosoportadas o soportadas en diferentes substratos como son silicio, vidrio, acero, oro y
poli(etileno tereftalato) (PET). Los polimeros y compuestos estudiados son PET, poli(trimetileno
tereftalato) (PTT), un nanocomposite compuesto por PTT y nanotubos de disulfuro de wolframio

(WS;) (PTT-WS;) y poli(3-hexiltiofeno) (P3HT).

En el caso de peliculas delgadas de PET depositadas sobre distintos substratos, las irradiamos
con pulsos laser Gaussianos de femtosegundo en el infrarrojo (795 nm, 64 fs, 5 kHz) para
estudiar la influencia del espesor de la pelicula de polimero y el material y la rugosidad del
substrato en la formacién de LIPSS. Demostramos que el espesor condiciona la formacién de
LIPSS, de hecho, éstas no se formaron para peliculas con espesores mayores de 1300 nm.
Ademas, la irradiacién produjo LIPSS perpendiculares a la polarizacién del ldser en muestras
depositadas sobre substratos de oro de baja rugosidad, y LIPSS paralelas a la polarizacién en
muestras sobre substratos de silicio o vidrio. Sin embargo, no aparecieron LIPSS en las muestras
sobre substratos de PET, ni sobre oro de rugosidad alta, ni tampoco sobre acero de rugosidad
alta. El periodo, que en general fue cercano a la longitud de onda del laser, y profundidad de las
estructuras, medidos con microscopia de fuerzas atémicas (AFM), adquieren valores que estan

condicionados por el material del substrato y el espesor de la pelicula delgada.

A partir de estos resultados, propusimos un mecanismo de formacién adicional a los ya
conocidos, que se activa debido a la excitacion de una onda electromagnética superficial
generada por dispersion (SSW) en la interfaz pelicula delgada-substrato. El caso de las LIPSS
formadas en polimeros sobre substratos de oro, las cuales aparecen orientadas en la direccién
perpendicular a la esperada, decidimos estudiarlo mds a fondo con la ayuda de simulaciones
numéricas del campo eléctrico. La concordancia entre las simulaciones y las medidas
experimentales nos llevd a postular que la SSW que activa el mecanismo de formacién de LIPSS

en este caso es un plasman polaritén superficial (SPP).

Ademads del trabajo que acabamos de describir, también estudiamos el efecto de las LIPSS en

la modificacién de distintas propiedades de nuestras muestras.

En el caso de las peliculas autosoportadas de PTT y PTT-WS,, las irradiamos con haces

Gaussianos de femtosegundo en el ultravioleta (265 nm, 260 fs, 1 kHz), resultando en la



formacidn de LIPSS paralelas a la polarizacién con un periodo similar a la longitud de onda del
ldser. En las muestras con nanoaditivo la energia necesaria para la aparicion de LIPSS fue
ligeramente mayor, efecto que achacamos a su mayor porcentaje de cristalinidad y mayor
disipacion térmica. En cuanto al efecto de las LIPSS en las propiedades micromecdnicas de las
muestras, fue determinado con la técnica de mapeo nanomecdanico cuantitativo de fuerza
maxima (PF-QNM) y fue similar para ambos materiales. El mddulo de Young se mantuvo
constante, pero las fuerzas de adhesion disminuyeron aproximadamente en un factor cuatro
tras el nanoestructurado, lo que atribuimos a un cambio en la quimica superficial. Respecto a la
mojabilidad, la caracterizamos utilizando la técnica de la gota sésil para medir el angulo de
contacto del agua, glicerol y aceite de parafina en las dos muestras. En ambas muestras la
mojabilidad aumenté con la formacién de LIPSS y la energia superficial total permanecié
constante. Sin embargo, su componente polar negativa aumentd considerablemente. También

achacamos este fendmeno a un cambio en la quimica superficial.

Por otro lado, irradiamos peliculas delgadas de PET depositadas sobre distintos substratos con
haces vectoriales de femtosegundo en el visible (515 nm, 180 fs, 3 kHz). La irradiacidn con haces
vectoriales sobre peliculas delgadas de PET provocd la formaciéon de LIPSS paralelas a la
polarizacidon en las muestras depositadas sobre substratos de silicio o de vidrio consiguiendo
estructuras en forma de radios de bicicleta, anillos concéntricos y en espiral. En cuanto a las
muestras depositadas sobre substratos de oro, aparecieron estructuras perpendiculares a la

polarizacion del laser, pero demasiado desordenadas para poder llamarlas LIPSS.

También utilizamos estos haces para irradiar P3HT, consiguiendo LIPSS con las mismas
direcciones paralelas a la polarizacién del laser. Ademas, utilizamos haces vectoriales y de
vortice optico de nanosegundo en el visible (532 nm, 5 ns, 20 Hz), induciendo la formacion de
LIPSS en el mismo rango que se reportd previamente para haces Gaussianos con la misma
longitud de onda. Esto permitio la generacién de estructuras circulares, radiales y espirales.
Medimos el cambio en la conductividad encontrando una disminucién muy acusada en la parte
superior de las estructuras en comparacién con lo que ocurre en la parte inferior. Este cambio
fue causado por una pérdida de cristalinidad. También caracterizamos el cambio en la
mojabilidad utilizando el método de la gota sésil para medir el angulo de contacto del agua antes
y después de la irradiacion. No encontramos diferencias para las diferentes polarizaciones del
haz. Para todas ellas, la muestra se volvido mas hidréfila después de la irradiacién. Explicamos
este fendmeno teniendo en cuenta los cambios quimicos causados por la oxidacién inducida por

la irradiacion laser.



Finalmente, irradiamos peliculas delgadas de (6,6)fenil-C71-acido butirico metil ester (PC;1BM)
con esos mismos haces de nanosegundo produciendo LIPSS paralelas a la polarizacién del laser
de un periodo menor que las encontradas en P3HT y en un rango de fluencia mucho mas
estrecho. Sus periodos y profundidades evolucionaron con los pardmetros de irradiacién igual

que las estructuras encontradas en P3HT.

\
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1. INTRODUCCION

Capitulo 1

Introduccion

En esta tesis doctoral investigamos las estructuras superficiales periddicas inducidas por laser
(LIPSS) generadas con diferentes tipos de laser en varios materiales poliméricos. Estudiamos el
papel de los materiales en la formacién de LIPSS, es decir, el impacto que tienen sus propiedades
Opticas y si el procesamiento laser se realiza en el material en bulk o en una pelicula delgada
depositada sobre diferentes substratos. Ademas, utilizamos tres tipos de configuracién de la
seccion del haz laser, a saber, haces Gaussianos, vectoriales y de vortice dptico, para producir

nanoestructuras con diferentes caracteristicas.

En esta seccién, presentamos los antecedentes tedricos y el estado del arte en este campo de
investigacion. Posteriormente, discutiremos las propiedades de los polimeros relevantes para
nuestros estudios, asi como los polimeros funcionales y las formas de dar funcionalidad a los
polimeros. Posteriormente, entraremos en detalle en los métodos de micro- y nanoestructurado
de superficies, centrandonos principalmente en los métodos laser. Entre ellos, el mas relevante
en esta investigacion es la generacidn de LIPSS, por lo que presentamos las ventajas, historia y

estado del arte de esta técnica. Finalmente, presentamos la estructura de esta tesis.

1.1. Conceptos generales sobre materiales poliméricos

Un polimero es una macromolécula hecha de unidades mds pequenas repetidas, llamadas
mondmeros, a través de enlaces covalentes [1-3]. El proceso quimico por el cual los monémeros

se unen para formar un polimero se llama polimerizacion [1].

El nimero de mondmeros en un polimero se ve afectado por eventos aleatorios en el proceso
de polimerizacion [1,2]. Por lo tanto, los productos de polimerizacién no pueden tener un peso
molecular definido. Para lidiar con esto, se necesita un tratamiento estadistico, que calcule un
peso molecular caracteristico. Los pesos moleculares caracteristicos mas utilizados son el peso

molecular medio en nimero (M) y el peso molecular medio en peso (M,,) (véase la Figura 1.1)
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[1-3] . Suponiendo un niumero de moléculas N; para cada peso molecular M; con un peso total

asociado a ese peso molecular W; = N; - M;, podemos definir M, como:

M, =Y NiM; /¥ N; (1.1)
y M, como:
M, =Y WM;/ X W;=3 NM3/Y N; M; (1.2)
M,
3 \ M,
3
(o]
£
kS
g
£
= ]
—

Molecular weight

Figura 1.1. Distribucion tipica de los pesos moleculares de un polimero. Figura modificada de

4.

Otra propiedad importante de los polimeros es su estructura molecular. Segun ella, los
polimeros se clasifican como amorfos o semicristalinos [1-3]. Un polimero amorfo tiene sus
cadenas aleatoriamente distribuidas, y uno semicristalino tiene regiones desorganizadas vy
regiones organizadas. En la practica, es imposible encontrar un polimero completamente
cristalino, solo polimeros semicristalinos con diferentes grados de cristalinidad [1,2]. La

organizacién jerarquica de los atomos en polimeros semicristalinos se muestra en la Figura 1.2.

Figura 1. 2. Estructura jerdrquica de un polimero semicristalino [5].
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En nuestro trabajo, la temperatura a la cual las cadenas poliméricas puedan fluir es un
parametro relevante, ya que utilizaremos un proceso predominantemente térmico para
nanoestructurar las muestras poliméricas. Para los polimeros amorfos, esa temperatura se llama
temperatura de transicidn vitrea (Tg) [1,2]. Su valor es especifico de cada polimero y depende
de multiples factores como el peso molecular y las interacciones quimicas. En cuanto a los
polimeros semicristalinos, sus regiones amorfas podrdn fluir a Tg, pero sus regiones cristalinas
necesitardn una temperatura mas alta para romper la estructura cristalina. Esta temperatura se

denomina temperatura de fusién (Tn) [2,3].

Los polimeros por si mismos pueden tener propiedades Unicas interesantes que a menudo
estan determinadas por la presencia de grupos funcionales en su estructura quimica [6].
Ademas, es posible dar a los polimeros una funcionalidad adicional con estrategias como incluir
nanoaditivos en una matriz polimérica para crear un nanocomposite [7,8] o crear micro- y
nanoestructuras en la superficie del polimero [9,10]. En este trabajo, investigamos
principalmente este Ultimo método y lo aplicamos a un polimero semiconductor,
concretamente, poli(3-hexiltiofeno) (P3HT), como representante de polimeros funcionales; a un
nanocomposite: poli(trimetileno tereftalato) (PTT) dopado con nanotubos de disulfuro de

tungsteno (WS;) (PTT-WS;); y a un polimero basico: poli(etileno tereftalato) (PET).

1.1.1. Polimeros semiconductores

Los polimeros se han considerado tradicionalmente materiales aislantes. Sin embargo, algunos
polimeros como P3HT, poli(2,5-bis(3-tetradeciltiofeno-2-yl)tieno[3,2-b]tiofeno) (PBTTT) y poli(p-
fenileno vinileno) (PPV) son intrinsecamente conductores debido a su estructura molecular.
Todos ellos tienen o bien enlaces conjugados, es decir, enlaces simples y dobles alternos a lo
largo de la columna vertebral del polimero, o estdn compuestos de anillos aromaticos unidos
por enlaces simples carbono-carbono [11]. La conductividad de los polimeros conjugados se
debe a la deslocalizacién de electrones 1t que actiian como la banda de conduccién en un metal
[11]. Por lo tanto, se ve afectada por la regioregularidad del polimero ya que la disposicién de
los 4tomos en cada mondmero debe ser la misma para mantener las cadenas de enlaces alternos
ininterrumpidas [12]. El nombre utilizado para esta “banda de conduccion” es Orbital Molecular
Desocupado Mas Bajo (LUMO, del inglés Lowest Unoccupied Molecular Orbital) y la “banda de
valencia” correspondiente se llama Orbital Molecular Ocupado Mas Alto (HOMO, del inglés
Highest Occupied Molecular Orbital). La diferencia en los niveles de energia HOMO-LUMO es el

equivalente al GAP en un semiconductor [11]. Ademas de esta conductividad intrinseca, el
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dopaje quimico y la alineacion mecanica de las cadenas poliméricas pueden aumentar la

conductividad de un polimero en muchos érdenes de magnitud [11].

Elinterés en el estudio de polimeros semiconductores ha aumentado debido a sus aplicaciones
potenciales en electrénica como el uso de PBTTT en transistores de efecto de campo [13], el de
PPV en LED poliméricos [14] y el de P3HT en el ambito de los dispositivos fotovoltaicos como

absorbente de luz y/o material donador de electrones [15].

1.1.2. Nanocomposites

Los nanocomposites se crean introduciendo un porcentaje de un nanomaterial, llamado
aditivo, en una matriz polimérica. Los nanomateriales tienen excelentes propiedades mecanicas,
eléctricas y térmicas que pueden transmitirse parcialmente al nanomaterial incluso para
proporciones de nanomaterial a matriz polimérica inferiores al 1%. Sus propiedades se pueden
adaptar modificando los dos materiales, la difusion del aditivo en la matriz y el porcentaje de
aditivo introducido [16]. Estas propiedades han popularizado su uso en biomateriales [17],

recubrimientos protectores [18], tecnologia de pelicula delgada [19] y muchos otros:

e Biomateriales para la regeneracion del tejido éseo [17]: se utiliza una amplia gama de
matrices poliméricas biocompatibles como quitosano, colageno, celulosa,
polietilenglicol, poli(acido lactico) y poliuretano. Con respecto a los aditivos, la nano-
hidroxiapatita [20], la nano-zirconia [21], la nano-silice [22], las nanoparticulas de plata
[23], el diéxido de nano-titanio [24] y el dxido de grafeno [25] se emplean con
frecuencia para conseguir propiedades tales como una gran drea de superficie,
resistencia mecanica mejorada, estabilidad, adhesidn celular mejorada, proliferacion
y diferenciacidn celular.

e Recubrimientos protectores [18]: dado el gran nimero de propiedades diferentes que
pueden tener los nanocomposites, es posible disefar diferentes sistemas para
diferentes aplicaciones. Algunos ejemplos son la nano-silice en una matriz de
poli(metacrilato de metilo) (PMMA), utilizada para materiales anticorrosivos [26] y
nanotubos de halloysita en una matriz epoxi, utilizada como material ignifugo [27].

e Tecnologia de pelicula delgada [19]: se han investigado matrices de poliamida con una
multitud de aditivos diferentes, como nanoparticulas de zeolita, nano-silice,

nanoparticulas de Ag y nanotubos de carbono para el filtrado de agua.
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1.2. Micro-y nanoestructurado superficial de polimeros

El nanoestructurado superficial es una estrategia comun, que consiste en cambiar la superficie
de un material en la nanoescala para mejorar algunas de sus propiedades mecanicas, quimicas
o de cualquier otro tipo. En los polimeros, esta estrategia es util para mejorar sus propiedades
mecanicas superficiales o para dar al material una funcionalidad afiadida [9,10], en algunos
casos imitando a la naturaleza y creando las llamadas superficies biomiméticas [28]. Algunos

ejemplos de sus aplicaciones son:

e Mojabilidad: La creacién de nanoestructuras en una superficie puede disefiarse para
crear superficies superhidroéfilas o superhidrofobas, por ejemplo, para proporcionar
superficies autolimpiables [29]. El control de la mojabilidad en un sentido mds amplio
puede aplicarse a cualquier liquido y tiene aplicaciones en biomateriales como por
ejemplo para el control de la absorcién de proteinas [9].

e Antibacteriano: Las superficies nanoestructuradas con caracteristicas con un tamafio
mds pequefio que las bacterias evitan su proliferacion, ya sea porque disminuye la
adherencia, o porque las nanoestructuras perforan la bacteria, matandola [30,31].

e Crecimiento celular: Crear superficies con caracteristicas en la escala del tamafo de
las células puede mejorar el crecimiento celular. Ademas, este crecimiento puede ser
guiado a través de un disefio adecuado de las nanoestructuras [32]. Esta estrategia se
ha aplicado en campos como la implantologia dental [33].

e Tribologia: El nanoestructurado de una superficie reduce el area de contacto y por lo
tanto las propiedades de adhesion y friccion [34].

e Fotovoltaica orgdnica: Los electrones y los huecos se generan en la interfaz donante-
aceptor. Por lo tanto, aumentar el drea de esta interfaz mejoraria el rendimiento del
dispositivo. Esto se puede hacer sin incrementar el tamafio del dispositivo
aumentando la rugosidad de la interfaz. Ademas, las nanoestructuras superficiales
también pueden mejorar la absorcion de luz como resultado de la dispersién y la
excitacion de un plasmén superficial [35].

e Sensores: De la misma manera que mejoran el rendimiento fotovoltaico, las
nanoestructuras pueden aumentar la sefal de los sensores debido a los efectos de

confinamiento del campo [36] o debido al aumento del area de superficie [37].

Teniendo en cuenta lo diferentes que son todas estas aplicaciones, existe un interés en

desarrollar las técnicas de nanoestructurado adecuadas para cada aplicacion. Actualmente, las
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técnicas mas comunes para el nanoestructurado superficial son las técnicas litograficas [38,39].
Estas técnicas tienen la ventaja de una alta reproducibilidad y bajo coste, pero generalmente
son técnicas complejas de muchos pasos y requieren acceso a una instalacion de atmodsfera
controlada, como una sala limpia. Ademas, su resolucion, area nanoestructurada y versatilidad
son bastante limitadas. Por estas razones, las técnicas de procesado laser [40—43] han ido

desarrollandose como una alternativa.

1.3. Estructurado superficial laser de polimeros

Las técnicas de procesado laser aprovechan la capacidad del ldser para concentrar con

precision la energia en un area muy pequefia. Se dividen en dos grupos:

e Enfoques bottom-up: se basan en el depdsito de una cantidad controlada de material
sobre un substrato hasta que se crea la estructura deseada. Algunos ejemplos son la
transferencia directa inducida por laser (LIFT, del inglés Laser Induced Forward
Transfer) [40], util para depositar una capa delgada de un material sobre un substrato
transparente, y la evaporacidén por laser pulsado asistida por matriz (MAPLE, del inglés
Matrix Assisted Pulsed Laser Evaporation) [44], que utiliza la mediacién de un
disolvente para transferir eficientemente materiales blandos a un substrato. Ademas,
existen técnicas derivadas de ellas, para casos especiales, como la Escritura Directa
MAPLE [44] —para materiales sensibles a la elevacidon de temperatura— y la Imagen
Térmica Inducida por Laser (LITI, del inglés Laser Induced Thermal Imaging) [44] —para
aplicaciones microelectrdnicas plasticas.

e Enfoques top-down: Parten de un material en bulk y eliminan o reorganizan partes de
éste para crear la estructura deseada. Algunos ejemplos son la Ablacidn Laser [42,45],
que utiliza el laser directamente para eliminar el material, y la Litografia de
Interferencia Laser (LIL, del inglés Laser Interference Lithography) [41], que utiliza el
patrén de interferencia de dos o mas haces laser para eliminar el material, creando
micro y nanoestructuras. La técnica que estudiamos en esta tesis —LIPSS—, es
también una técnica top-down. Las LIPSS son ondulaciones periddicas que se forman
al irradiar un material con un laser en un rango de intensidad particular. Esta técnica
puede crear nanoestructuras con periodos desde cientos de nanémetros a varias
micras y profundidades desde menos de diez nandmetros hasta varios cientos. Sus

principales ventajas son una gran area de procesado, simplicidad de operaciény que,
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comparada con otras técnicas, no requiere grandes equipos [46—48]. Discutiremos

este método en detalle en la proxima seccidn.

1.3.1. Estructuras superficiales periddicas inducidas por laser

Las estructuras superficiales periddicas inducidas por laser son ondulaciones periddicas que se
forman al irradiar un material con un laser en un rango de intensidad particular. Fueron
descubiertas por Birnbaum [49] en el fondo de un crater de ablacién. Sipe et al. [50-52] las
explicaron como resultado de la interferencia de la onda incidente con una onda dispersada en
superficie, que en el caso de los metales puede ser un Polariton de Plasmon Superficial (SPP, del
inglés Surface Plasmon Polariton), lo que resulta en un aumento no homogéneo de la
temperatura en la superficie del material. Incluso encontraron una formula para su periodo (A):

Ne——— (1.3)

- Neffxsin0

donde A es la longitud de onda del laser, 8 su angulo de incidencia y ne¢r el indice de refraccién

efectivo en una regidn cerca de la superficie, lamada regidn selvedge [53].

Desde entonces, se ha descrito la formacién de LIPSS para pulsos ldser con diferentes
duraciones, desde ns [54], pasando por ps [55], hasta fs [56], en todo tipo de materiales [57—
60], con una direccién que es paralela o perpendicular a la polarizacidn del laser, dependiendo
del material. Ademas, se han desarrollado estrategias que permiten el nanoestructurado de
grandes areas con alta regularidad y velocidad [61-63], asi como métodos para usar LIPSS para
crear diferentes nanoestructuras como redes de difraccién lineales, rejillas y matrices de
nanopuntos [54]. Las modificaciones fisicoquimicas producidas en el proceso de formacion de

LIPSS también se han estudiado utilizando diferentes métodos [64—67].

La técnica para generar LIPSS con pulsos laser de femtosegundo ofrece ventajas relacionadas
con las caracteristicas particulares de la interaccion ldser-materia en este régimen de tiempo. A
saber, la absorcién éptica lineal del material es menos critica, y el tiempo de interaccidén es mas
corto que los tiempos de relajacion térmica, dando como resultado una zona afectada
térmicamente mucho menor [68], lo que permite un mejor control de la zona nanoestructurada
por la irradiacion. Sin embargo, esta técnica aun no se entiende completamente. Bonse et al.
[69] adaptaron la teoria de Sipe para considerar los cambios en el indice de refraccién debidos
a la intensidad del laser, siguiendo el modelo de Drude, pero no se pudo explicar la formacién

de LIPSS en su totalidad.
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En particular, cuando se utilizan pulsos de femtosegundos existen dos tipos de LIPSS: las
anteriormente descritas LIPSS con un periodo dado por la ec. 1.3, llamadas LIPSS de baja
frecuencia espacial (LSFL, del inglés Low Spatial Frequency LIPSS), y las llamadas LIPSS de alta
frecuencia espacial (HSFL, del inglés High Spatial Frequency LIPSS), con periodos inferiores a la
mitad de la longitud de onda del laser. Dependiendo del material, las HSFL pueden aparecer
paralelas o perpendiculares a la polarizacidn del laser (ver Tabla 1.1). Aunque esta clasificacion
no ha sido ampliamente adoptada, Bonse et al. las subdividieron en dos tipos [46]: las HSFL tipo
1, a menudo vistas en dieléctricos y semiconductores, con un periodo de solo unas pocas
decenas de nanémetros y una profundidad que puede alcanzar los cientos de nandmetros; y
HSFL tipo 2, a menudo vistas en metales, con periodos de unos pocos cientos de nandmetros y

profundidades de solo unas pocas decenas de nandmetros.

Tabla 1.1. Orientacion y periodo de las HSFL encontradas en diferentes materiales.

Material Orientacion Periodo (A1) Referencia
Si Paralelo N=<0.25A [70]
Silice fundida Perpendicular N=<0.25A [71]
Cuarzo Perpendicular N=<0.21A [71]
Ti Paralelo 0.08<sAN/A<0.12 [72]
TiN Perpendicular N<0.16 A [73]
Acero (800H) Paralelo 0.15sAN/A<0.24 [74]
InP Perpendicular N=0.24A [75]
Diamante Paralelo N=<0,26A [76]

Zn0 Perpendicular 0.25<N/A<0.35 [75,77]

ZnSe Paralelo A~A/2n [78]
Zafiro Perpendicular N=<0.34A [75]

El mecanismo de formacién de las HSFL sigue siendo controvertido hoy en dia [79]. Se han
propuesto nuevos modelos tedricos para explicar estos fendmenos, incluyendo un modelo
basado en la autoorganizacion a partir de altas inestabilidades electrostaticas originadas por el
Iaser [80], uno basado en la hidrodinamica de peliculas delgadas [81], otro basado en el analisis
de una excitacion electrénica cuando se crea plasma de corta duracién [82,83] u otro modelo
que utiliza métodos de diferencias finitas en el dominio para resolver las ecuaciones

diferenciales de Maxwell para materiales lineales, isétropos, dispersivos y sin pérdidas
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magnéticas [84]. Ademas, se ha reportado para semiconductores y metales [85] la aparicion de
otro tipo de estructuras mas grandes, tanto en profundidad como en periodo, a mayores
fluencias y numero de pulsos que LSFL y HSFL [85]. El alcance de esta tesis es casi exclusivamente

el estudio de LSFL, por lo que a partir de ahora nos referiremos a ellas como LIPSS.

Para pulsos de ns y fs, las LIPSS en polimeros en bulk aparecen paralelas a la polarizacién.
Pueden formarse no sélo debido a la eliminacion de material [86], sino también, para fluencias
mas bajas, debido a una reorganizacién del material [47,56]. Para que ocurra este
reordenamiento, el polimero debe calentarse por encima de una temperatura a la que sus
cadenas poliméricas puedan fluir. Como se discutidé en la Seccién 1.1, esta temperatura es T,

para polimeros amorfos y T, para polimeros cristalinos [4,87].

La influencia de los pardmetros del laser en la formacién de LIPSS se ha estudiado
extensamente tanto para laseres de ns como de fs mostrando comportamientos similares
[69,88,89]. Estos estudios demostraron que el periodo y la profundidad de las LIPSS estan
influenciados no sdlo por la longitud de onda y el material (como se muestra en la ec. 1.3) sino
también por la intensidad y el nimero de pulsos utilizados. En general, tanto la profundidad
como el periodo de las estructuras crecen con la fluencia hasta estancarse. Tienen la misma

relacidon con el nimero de pulsos, lo que se atribuye a efectos de incubacién [47,90-92].

Ademas, dado que las estructuras son paralelas a la polarizacién, el tipo de haz que utilizamos
puede cambiar la direccidon de las estructuras. Exploraremos esto usando haces Gaussianos,

vectoriales y de vortice dptico.

1.3.1.1. Tipos de haces para la formacién de LIPSS

Cualquier haz puede ser representado por ec. 1.4.

E@ ) =40 te () (1.4)
donde E es el campo eléctrico, 1~ es el vector de posicidn, t es el tiempo, el argumento de la
exponencial ¢ es el estado de oscilacién del campo eléctrico, llamado fase, el médulo de A” es la
amplitud del campo eléctrico, y su direccion es la direccidon del campo eléctrico, que, tomando
sudependenciaconr” yt en cuenta, da la llamada polarizacién del haz. El conjunto de los puntos
donde la fase es constante se Ilama frente de onda. Para ondas armadnicas planas polarizadas
linealmente [93], es decir, ondas con una sola frecuencia (f), amplitud constante, con una
direccién del campo eléctrico independiente de r” y t, y un frente de onda plano, esa ecuacidn

se convierte en ec. 1.5.
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E(r,t) = A” eitk:"-w+ 0) (1.5)

. . g , wn 2rrn
donde w = 27 f es la frecuencia radial, k es el vector de onda, su médulo k=__="__¢el

e

numero de ondas, su direccién es la direccion de propagacién de la onda, n es el indice de

refraccion, c es la velocidad de la luz en el vacio, y ¢ es la fase inicialat = 0y 7~ = 0.

Haces Gaussianos

Los haces laser generalmente pueden ser aproximados por haces Gaussianos [94]. El campo
puede ser representado por la ec. 1.6, si esta polarizado linealmente, siendo z la direccion de
propagacion y x la direccion de polarizacion, poniendo el origen de coordenadas en el punto
donde el radio del haz es minimo.

R R SR ek PIf (2)-
E(p,zt) :Aoux_wo—e (2)? el( ok ) (1.6)

wi(z)

donde Ag es la amplitud maxima del campo eléctrico, wq es el radio minimo del haz llamado

. 24 2 . rrw?n . .
cintura del haz, w(z) = wgJ1 + (¢) eselradiodel haz,zg = ©° esladistanciaalo largo
ZR

de la direccion de propagacion desde la cintura del haz hasta el punto en el que se duplica el

Z2+Z2

area del haz, llamado rango de Rayleigh (W(zr) = V2 wo), R(z) = Z R es el radio de

curvatura del frente de onda, p =jx2 + y2 es la coordenada cilindrica del radio, Y (z) =

arctan (i) es la diferencia de fase adquirida por el haz alrededor de la regién focal, llamada
ZR

fase de Gouy, y %, es el vector unitario en la direccion x.

Haces Vectoriales

Los haces vectoriales [95], también llamados haces con espin, son haces donde la fase se
comporta como la de un haz Gaussiano, pero la polarizacidn varia con el acimut 8 = arctan (—Z).
Esta variacion en la polarizacion fuerza un cero en intensidad en el centro del haz para evitar
una singularidad, dandoles un perfil espacial de intensidad anular que puede ser aproximado
por el polinomio de Laguerre-Gauss LG [96]. Una propiedad importante de estos haces es su
carga topoldgica [, definida como el nimero de rotaciones en la variacién azimutal de la
polarizacidon. Un haz vectorial que se propaga en la direccidon z puede describirse mediante la

ec.1.7:

E = A LGoi(x,y) e™ (cos (|LIB) ¥y - sin(|lIB) &) (1.7)
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donde ), es el vector unitario en la direccion y.

Estos haces se han utilizado para crear nanoestructuras complejas en metales [97],

semiconductores [98] y dieléctricos [99].

Haces de vortice dptico

Los haces de vortice éptico [100], también conocidos como haces con momento angular
orbital, son haces con el mismo perfil espacial de intensidad que los haces vectoriales, pero su
polarizacion es circular y espacialmente constante, y su fase varia acimutalmente. Estos haces
también tienen una propiedad importante llamada carga topoldgica [, pero aqui se define como

el nUmero de rotaciones en la variacién azimutal de la fase.

Un haz de vértice que se propaga en la direccion z puede describirse mediante la ec. 1.8:

E = Ao LGoi(x, y) e cos([l|B) (u™y + ein/24) (1.8)
Estos haces se han utilizado para crear nanoestructuras complejas en materiales como el silicio
[101] y en aleaciones metalicas [102]. En cuanto a los polimeros, se han utilizado para crear
microestructuras complejas por ablacién en azo-polimeros [103].
Mostramos las principales caracteristicas de los haces Gaussianos, vectoriales y de vortice

6ptico en la Figura 1.3.

Gaussian Vector Optical vortex
beam Beam Beam
1=0 1=1 =1

Spatial
Profile
- o

Wavefront

Figura 1.3. Caracteristicas de los haces Gaussianos, vectoriales y de vdrtice dptico. (Imagen

modificada, crédito: E-karimi, Creative Commons Attribution-Share Alike 3.0 unported).
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1.3.1.2. LIPSS en peliculas delgadas

Ha habido un creciente interés en la investigacidn de LIPSS en peliculas delgadas de diferentes
materiales debido a sus posibles aplicaciones [47,56,104—108]. Para la formacién de LIPSS,
debemos tener en cuenta consideraciones adicionales, como la influencia de las diferentes
propiedades del substrato y del espesor de la pelicula. Cui et al. [107] reportaron que la
conductividad térmica del substrato afecta al umbral de formacién de LIPSS en la pelicula
delgada de polimero que lo cubre, y vincularon la organizacion de las LIPSS al espesor de la
pelicula de polimero. Ademas, Nirberger et al. [108] observaron un cambio en la orientacion de
las LIPSS formadas en un sistema multicapa de SiO,/Si variando el espesor del SiO, dieléctrico
sobre el substrato semiconductor de Si. Lo explicaron como una competencia entre dos
mecanismos, el SPP excitado en la frontera pelicula delgada-substrato, que produciria LIPSS
perpendiculares a la polarizaciéon del laser, y la onda superficial dispersada excitada en la
superficie de la pelicula delgada de 6xido, lo que resultaria en la generacién de LIPSS paralelas a
la polarizacidon. Ademas, algunos trabajos recientes en los que se forman LIPSS en la superficie
de peliculas delgadas de materiales dieléctricos tienen un interés notable, como es el caso de
algunos dxidos en los que se forman LSFL sin ninguna interfaz plasménica [59,109-112]. En
cuanto a las peliculas delgadas de polimero, hay estudios que muestran la influencia del material
del substrato en la generacién de LIPSS para pulsos de nanosegundos y femtosegundos UV
[91,107], donde las diferentes propiedades de transferencia de calor del substrato cambian el
rango de fluencia para la formacién de LIPSS. Ademas, otros trabajos que utilizan pulsos de
femtosegundos en el infrarrojo cercano [113] revelaron que la formacién de LIPSS solo ocurrié

para algunos tipos de substratos.

1.3.1.3. Plasmones Polaritones Superficiales y formacién de LIPSS

Como hemos reportado brevemente en las ultimas secciones, para muestras metdlicas, la
interferencia de la onda incidente con un SPP excitado en la superficie de la muestra es el
mecanismo que desencadena la formacidn de LIPSS y Nirberger et al. [108] propusieron el SPP
como uno de los mecanismos que contribuyen a la formacién de LIPSS en una pelicula delgada
de SiO; depositada sobre Si, un semiconductor. Puesto que estamos estudiando peliculas
delgadas de polimeros depositados sobre diferentes substratos, algunos de los cuales son

metdlicos y semiconductores, vale la pena discutir el SPP y sus propiedades con mas detalle.

SPP es una onda dispersa superficial que puede ser excitada en la interfaz entre un metal y un

dieléctrico [114]. La solucidn de las ecuaciones de Maxwell para las condiciones geométricas de

12
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la excitacién de SPP da como resultado una onda evanescente magnética transversal (TM). Para

unainterfaz planaeny = 0, se puede elegir el eje x para que el campo SPP se describa mediante

la ec.1.9:
Eam = (Ex Eyaym, 0) exp(=kyaymy) exp [i(ksppx — wt)] (1.9)
donde k _ w o EdEm es el mdédulo del vector de onda del SPP para interfaces planas y medios
SIE e

con espesor mucho mayor que la distancia de penetracion del SPP, ¢ es la permitividad eléctrica,

los subindices d y m corresponden al dieléctrico y el metal respectivamente vy

w
k2 =k2 -¢ 2 ikSPP E .

ydym  SPP gm () VY Eyqym

yd,ym
Las propiedades relevantes para nuestro caso son el periodo espacial A y la longitud de
penetracion en el metal P, y en el dieléctrico Pg4. El periodo espacial se define como es habitual,
y la longitud de penetracion se define como la distancia a la interfaz a la que la amplitud del
campo SPP decae 1/e veces. Estas propiedades se pueden obtener del médulo del vector de

onda kgpp como [114]:
A=2n/kspp ; Pq=1/Re(ky) ; Pm=1/Re(kyn) (1.10)

SPP es una onda TM, por lo tanto, la direccién de su vector de onda es paralela a la proyeccién
de la polarizacion del laser en la interfaz. Como se ve en la definicion de kspp, yaque gqg > 1y
Re(&n) <0, el médulo del vector de onda del SPP es mayor que el de la luz incidente (w/c),
por lo que para excitar SPP necesitamos aumentar este vector de onda. Hay muchas
configuraciones de irradiacidn para lograr esto que se pueden encontrar en la bibliografia [115].
En este trabajo, los SPP deberian poder excitarse como resultado de la dispersion debido a la

rugosidad del substrato.

En cuanto a la influencia de los diferentes pardmetros sobre el SPP, existen trabajos tedricos
sobre la influencia de las propiedades de una pelicula delgada depositada sobre un substrato y
el SPP generado. Segun la teoria [116], el espesor de la pelicula delgada cambia el vector de

onda SPPy, por lo tanto, el periodo LIPSS, siguiendo la ec. 1.11:

e_4ktfd — kif/Etr+ks/Es kit/Etr+Kair/Eair

ktf/Etf‘ks/Es ktf/Etf‘kair/Eair (111)

donde k es el mddulo del vector de onda y los subindices tf, s y air se refieren a la pelicula
delgada, el substrato y el aire respectivamente. Como se puede ver en [116], para peliculas de

pequeno espesor, ec. 1.11 se puede aproximar como:

kspp_ = kSPP + k + k (112)

13



1.3. ESTRUCTURADO SUPERFICIAL LASER DE POLIMEROS

conk,vyky:
2t ~E¢f-Eair EairRe(Es) 2 E¢f-R (Es) -1
ka==C¢ ) (g% ) Goremy) (FReleseai ) 2 ( d) (1.13)
2(2E? —E2
Y i s e (1.14)
b a 2Re(kSPP) Eair(Eair-Etf) -Eair 2 Re(ES)

En cuanto al efecto de la rugosidad, también hay estudios sobre su influencia en la formacién
de SPP [117-120] y su impacto en las propiedades de las LIPSS [121]. Estos estudios se centran

en la influencia de dos parametros de rugosidad. La rugosidad cuadrética media (R),

R Z(x y)2dx dy_1/2 (1.15)
q LAIO J-0 ]

siendo Z(x, y) la funcién de altura de la superficie, da una indicacién de la altura o profundidad

de los picos y valles de la superficie; y la longitud de autocorrelacion (o), definida como la

distancia horizontal a la que la funcion de autocorrelacion (ec. 1.16) disminuye a 0.2 mas

rapidamente, lo que da una indicacion de la anchura de los picos y valles de la superficie.

A2 Z(( ), - ))dxd
ACF(e ¢y Iofo xylzlle JG- Daxdy (1.16)
—rw%mﬁxw—
JoJo

Para obtener mas informacidon sobre su definicion matematica, se puede consultar la

referencia [122].

Volviendo al asunto que nos ocupa, en el apéndice de la referencia [117], se demostré que
para & = & + I &; con |&s | > |&], Rqy 0 causan un cambio en el vector de onda del SPP,

que, siempre que Ry sea mucho menor que la longitud de onda del laser incidente, sigue la ec.

1.17:
R¥CIZIE E 2 2 2
Ak gpp = Ag—(Esr—,},g—)Ze-ksppa /% Fe spp 1 9) (1.17)
sr tf

aqui F(kspp, k, o) es una funcién independiente de R,. De la ec. 1.17 y la ec. 1.10 se deduce
que el periodoy la longitud de penetracion del SPP disminuyen mondtonamente con R, y tienen

una dependencia mas compleja con o.

Es trivial mostrar la importancia del material del substrato en si, ya que el SPP solo se puede
generar en interfaces metal-dieléctrico, y sus propiedades estan fuertemente influenciadas por

la permitividad eléctrica de los materiales en ambos lados de la interfaz [114].
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(1]

(2]

3]

(4]

1. INTRODUCCION

1.4. Estructura de la tesis

Esta tesis se estructura en siete capitulos. En este primer capitulo, hemos introducido los
antecedentes tedricos y el estado del arte en este campo de estudio.

En el Capitulo 2, describiremos las propiedades de los materiales con los que trabajamos y los
métodos para preparar nuestras muestras, asi como los diferentes esquemas de irradiacién y
técnicas de caracterizacidn utilizados para cada muestra. Por ultimo, explicaremos los métodos
de simulacidn numérica utilizados para comprender mejor los cambios en algunas de las

muestras después de la irradiacion.

En los capitulos del 3 al 6, mostraremos los resultados de nuestros experimentos, asi como una
discusion de estos resultados. En el Capitulo 3, exploraremos la formacion de LIPSS en peliculas
delgadas de PET de diferente espesor sobre diferentes substratos. En el Capitulo 4, estudiaremos
el mecanismo de formacién de LIPSS en las muestras con substratos de oro con la ayuda de
simulaciones numéricas. En el Capitulo 5, entraremos en la caracterizacién de las propiedades
de las LIPSS que pueden ser interesantes para potenciales aplicaciones, como son el cambio en
las propiedades micromecanicas, topografia, energia superficial y mojabilidad inducida por la
formacion de LIPSS en el nanocomposite PTT-WS,. En el Capitulo 6, se estudian los cambios en
la conductividad después de generar LIPSS con haces vectoriales en P3HT y (6,6)fenil C7; acido

butirico metil ester (PC71BM).

Finalmente, en el Capitulo 7, resumiremos los principales resultados de esta tesis y las posibles

lineas para futuras investigaciones.
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Capitulo 7

Conclusiones

En resumen, en este trabajo primero estudiamos experimentalmente codmo diferentes
parametros afectan a la formacién de LIPSS en peliculas delgadas de polimeros. Ademas,
estudiamos el efecto de la formacion de LIPSS en la modificacion de las propiedades de las
muestras caracterizando el cambio en las propiedades micromecanicas, topografia, mojabilidad,

energia superficial, quimica superficial y conductividad de las muestras tras la irradiacién.

1) Efecto del espesor de la pelicula delgada y la rugosidad y el material del substrato en la

formacidn de LIPSS en peliculas poliméricas delgadas con baja absorcion lineal dptica

Irradiamos peliculas delgadas de PET de diferente espesor depositadas sobre diferentes

substratos, con un laser de femtosegundo con una longitud de onda de 795 nm.

Como se ve en la Tabla 7.1, las LIPSS se generaron para peliculas delgadas, pero no para
peliculas micrométricas. Las LIPSS también se generaron en muestras con substratos de silicio,
oro y vidrio, pero no en muestras con substratos de acero, PET u oro de alta Rg. En cuanto a su
direccién, las LIPSS aparecieron perpendiculares a la polarizacién del laser en las muestras con
substratos de oro y paralelas a ella en las demas muestras. Ademas, en las muestras donde se
generaron LIPSS, el espesor de la pelicula delgada y el material del substrato afectaron al periodo

y la profundidad de las estructuras.

El caso de las muestras sobre substratos de oro, para el que las LIPSS aparecieron en la
direccién perpendicular a la que esperdabamos, se estudié en mds detalle con la ayuda de
simulaciones numéricas del campo eléctrico. Mediante éstas, exploramos con mads detalle el
efecto del espesor de la pelicula delgada y la rugosidad del substrato a la formacion de LIPSS.
Ademads, lo comparamos con el efecto tedrico que tienen estos parametros en los Plasmones
Polaritones Superficiales (SPPs) y con nuestros resultados experimentales. Los resultados de

nuestras simulaciones reprodujeron la teoria en su rango de aplicacion. Ademas, usando
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nuestras simulaciones pudimos entender cualitativamente lo que sucede fuera de este rango.

Las simulaciones también reprodujeron cualitativamente nuestros resultados experimentales.

Table 7.1. Tipo de LIPSS, direccion respecto a la polarizacidn del Idser y rango de formacion en

cada muestra. “N.A” indica que las LIPSS no aparecieron en esa muestra.

Substrato Espesor Direccion de Tipo de Fluencia Numero
(nm) las LIPSS LIPSS (mJ/cm?)  de pulsos
Oro de baja R 90 1 LSFL 2.7-3.6 50k-100k
Oro de baja R 102 1 LSFL 4.0-6.3 50k-100k
Oro de baja R 150 1 LSFL 4.4-8.9 50k-100k
Oro de baja R 1300 N.A. N.A. N.A. N.A.
Oro de baja Ry 16000 N.A. N.A. N.A. N.A.
Silicio 79 I LSFL 21 10k-100k
Silicio 120 Il LSFL 18-26 2k-100k
Silicio 16000 N.A. N.A. N.A. N.A.
Vidrio 115 Iy L LSFL y HSFL 44-73 1k-100k
Vidrio 205 I LSFL 44-63 1k-100k
Vidrio 16000 N.A. N.A. N.A. N.A.
PET 243 N.A. N.A. N.A. N.A.
PET 318 N.A. N.A. N.A. N.A.
Acero 210 N.A. N.A. N.A. N.A.
Acero 298 N.A. N.A. N.A. N.A.
Oro de alta R 165 N.A. N.A. N.A. N.A.

De estos resultados extraemos las siguientes conclusiones:

e El material y la rugosidad del substrato y el espesor de la pelicula delgada son
parametros clave en la formacion de LIPSS: Para pulsos de femtosegundos en peliculas
delgadas de un polimero con baja absorcidn lineal éptica, no solo cambian el rango de
formacidn de las LIPSS y sus caracteristicas, sino que también pueden ser el factor que
determine si se pueden generar LIPSS o no. En el caso del espesor de la pelicula delgada,

podemos aplicar esta conclusion a polimeros en bulk si los describimos como peliculas

134



7. CONCLUSIONES

con un espesor muy alto. Es posible que las LIPSS no aparezcan en un polimero en bulk
pero si en peliculas delgadas del mismo polimero.

e Elmecanismo de formacidn de LIPSS en estas muestras se ve afectado por la excitacidn
de una onda superficial generada por dispersion (SSW) en la interfaz substrato-
pelicula delgada: Para pulsos de femtosegundos en peliculas delgadas de un polimero
con baja absorcion lineal dptica, esta SSW es mas intensa que la SSW habitual excitada
en la superficie de la muestra y es la razén detrds de la importancia del material y la
rugosidad del substrato y el espesor de la pelicula delgada en la formacion de LIPSS.
Teniendo en cuenta su influencia, podemos explicar todos nuestros resultados
experimentales excepto los relacionados con la muestra mas delgada sobre un substrato
de vidrio. En esta muestra, tanto LSFL y HSFL aparecieron con periodos que no pudimos
explicar por completo.

e En el caso de muestras sobre substratos de oro, esta SSW es un SPP: Las simulaciones
numéricas del campo eléctrico mostraron la formacion de SPP en la interfaz substrato-
pelicula delgada. Ademas, estas simulaciones reprodujeron cualitativamente nuestros
resultados experimentales, lo que nos asegurd que en las muestras con sustratos de oro
la SSW mencionada anteriormente es un SPP.

e En el caso de muestras sobre sustratos de oro, el periodo de las LIPSS disminuye con
el R, del substrato y el espesor de la pelicula delgada: Usando simulaciones numeéricas,
exploramos con mds detalle el efecto del espesor de la pelicula delgada y la rugosidad
del substrato y lo comparamos con la teoria sobre cdmo estos pardmetros afectan a los
SPP, y con nuestros experimentos. Encontramos un buen acuerdo entre nuestras

simulaciones y la teoria en su rango de aplicacién.
En cuanto a las futuras lineas de investigacidon, proponemos lo siguiente:

e Investigar el régimen de rugosidad del substrato y de espesor de la pelicula que
permite la formacidn de LIPSS: Por cuestiones logisticas, en esta tesis sdlo irradiamos
muestras sobre substratos con rugosidad o muy baja o muy alta. En cuanto a espesor de
la pelicula, noirradiamos espesores entre 205 nmy 1300 nm. Aunque estudiamos casos
intermedios con nuestras simulaciones numeéricas, seria interesante intentar estudiarlas
experimentalmente y ver si reproducimos los resultados de las simulaciones.

e Investigar el rango de absorcidn lineal dptica en el que el SSW excitado en la interfaz
substrato-pelicula delgada influye en la formacién de LIPSS: La irradiacién del mismo
tipo de muestras con haces Gaussianos de femtosegundos, pero con diferentes

longitudes de onda, nos permitiria explorar diferentes rangos de absorcion lineal éptica

135



7. CONCLUSIONES

y definir el rango en el que debemos tener en cuenta esta SSW. El estudio podria hacerse
para muestras sobre substratos de oro, ya que la diferencia de orientacidn seria la
propiedad mds facil de monitorizar.

e Investigar las estructuras que aparecieron en la muestra mas delgada sobre un
substrato de vidrio: La irradiacidon de muestras con distintos espesores entre 100 y 200
nm podria ayudarnos a comprender el efecto del espesor de la pelicula en la formacién
de distintas estructuras. Otra opcion seria tratar de extender las simulaciones numéricas
realizadas para muestras sobre substratos de oro a estas muestras y estudiar las

diferencias en el campo eléctrico entre muestras con distintos espesores.

2) Estudio del efecto de la formacidn de LIPSS en la modificacion de las propiedades de los

materiales

Hemos estudiado la generacidn de LIPSS en peliculas autosoportadas de un nanocompuesto
formado de una matriz de PTT dopada con nanotubos de WS,. Ademas, hemos tratado de utilizar
haces complejos para generar estructuras complejas en un solo paso, aplicando este método a
peliculas delgadas de PET depositadas sobre diferentes substratos, asi como a peliculas delgadas
de P3HT y PC71:BM, dos semiconductores orgdnicos con aplicaciones en células solares organicas,

depositadas sobre Silicio dopado.

En cuanto a las muestras de PTT-WS,, las irradiamos con haces Gaussianos de femtosegundos
a 265 nm generando LIPSS. También estudiamos la generacién de LIPSS en muestras de PTT para
investigar el efecto del nanoaditivo. En ambas muestras las estructuras aparecieron paralelas a
la polarizacién del laser con un periodo cercano a su longitud de onda. La presencia del
nanoaditivo condujo a un aumento de la densidad de energia necesaria para desencadenar la
formacion de LIPSS. Explicamos esto como el efecto del mayor porcentaje de cristalizacién y
disipacion térmica del PTT-WS,. Ademas, caracterizamos la mojabilidad y la energia superficial
de las muestras. En ambas muestras, la mojabilidad aumentdé con la formacién de LIPSS, y la
energia superficial total se mantuvo constante. Sin embargo, su componente polar negativa
aumentd considerablemente. Esto se debié a la formacidn de especies hidréfilas polares,
causadas por una reaccion con el oxigeno en el aire, catalizada por la ionizacién y la alta
temperatura de la superficie de la muestra mientras se producia la irradiacién. Finalmente,
utilizamos PF-QNM para caracterizar el cambio en las propiedades nanomecanicas de la
superficie después de la irradiacién. En ambas muestras, la formaciéon de LIPSS no cambid

notablemente el médulo de Young, pero indujo una disminucion de la fuerza de adhesién en un
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factor de cuatro. Atribuimos este efecto al cambio de la quimica superficial. De estos resultados

extraemos las siguientes conclusiones:

e Las LIPSS se pueden utilizar para cambiar la topografia de estas muestras, dandoles
una funcionalidad adicional, sin dailarlas: Esta técnica no es ablativa y el médulo de
Young de la muestra se mantuvo sin cambios tras la irradiacion.

e Los LIPSS permiten la creacidon de pequenas zonas con nanoestructuras diferentes:
Gracias al alto control sobre el area irradiada, podriamos cambiar los pardmetros de
irradiacién en diferentes areas de una muestra, creando pequefias zonas con
nanoestructuras con diferentes periodos, profundidades y orientaciones.

e El nanoestructurado superficial con LIPSS se puede utilizar en este nanocompuesto sin
ningun demérito: Exceptuando que se necesita un pequefio aumento en la intensidad
de lairradiacidn, las LIPSS aparecieron con las mismas caracteristicas en PTT y PTT-WS,,
y los cambios que provocaron en las propiedades superficiales de las muestras fueron

muy similares.
También proponemos la siguiente linea de investigacién:

¢ Investigar la influencia del porcentaje de nanoaditivo y su orientacién en la formacion
de LIPSS: En nuestros experimentos, el porcentaje de nanoaditivo fue del 0,5% en peso
y se distribuyé uniformemente en la matriz PTT con los nanotubos tomando
orientaciones aleatorias. Seria interesante comprobar si el leve impacto (descrito
anteriormente) que el nanoaditivo tuvo en la generacion de LIPSS aumentaria si
incrementamos este porcentaje o si los nanotubos estuvieran predominantemente

orientados en una direccion.

En cuanto a las irradiaciones con haces complejos, irradiamos peliculas delgadas de PET sobre
diferentes substratos con haces vectoriales de femtosegundos a una longitud de onda de 515
nm. Las LIPSS aparecieron paralelas a la polarizacidn de los haces en muestras sobre substratos
de silicio o vidrio. Sin embargo, en muestras sobre substratos de oro, aparecieron estructuras
orientadas perpendiculares a la polarizacién, pero demasiado desordenadas para ser llamadas

LIPSS.
De estos resultados se extrajeron las siguientes conclusiones.

e Conseguimos generar LIPSS en PET con formas complejas utilizando un proceso de un
solo paso: Generamos estructuras en forma de radios de bicicleta, circulos concéntricos

y espirales en un solo paso utilizando haces vectoriales de femtosegundos.
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e Hay diferencias en las LIPSS inducidas por haces Gaussianos y aquellas inducidas con
haces vectoriales: Las LIPSS aparecieron en un rango de fluencia y pulsos diferente y
cambian de manera diferente con el espesor de las peliculas delgadas. Sin embargo, no
estamos seguros de si las diferencias se deben a la diferencia en la longitud de onda (795
nm en un caso, 513 nm en el otro) y la tasa de repeticion (5 kHz frente a 10 Hz-3 kHz) o

son debidas al uso de haces vectoriales en lugar de haces Gaussianos.
En cuanto a las futuras lineas de investigacidon, proponemos la siguiente:

e Investigar las diferencias entre las LIPSS inducidas por haces Gaussianos y las inducidas
con haces vectoriales: Para aislar el efecto del tipo de haz del de la longitud de onda de
irradiacién y la tasa de repeticidon, podriamos repetir el experimento con haces

Gaussianos y vectoriales con las mismas longitudes de onda y tasas de repeticion.

Con respecto al P3HT, utilizamos haces vectoriales de femtosegundos a una longitud de onda
de 515 nm. Encontramos LIPSS paralelas a la polarizacion del haz. También utilizamos haces
vectoriales y de vértice dptico de nanosegundos a 532 nm. Utilizando haces vectoriales de
nanosegundos generamos LIPSS paralelas a la polarizacion mucho mas profundas y mejor
definidas que las generadas con pulsos de femtosegundos. Ademas, medimos una inhibicidn de
la conductividad en las partes altas de las estructuras. Afirmamos que la causa de este cambio
fue una pérdida de cristalinidad. También caracterizamos el cambio en la mojabilidad sin
encontrar diferencias para las diferentes polarizaciones del haz. Para todas ellas, la muestra se
volvié mas hidrofila después de la irradiacion. Creemos que esto se debe a cambios quimicos
causados por la oxidacién por irradiacion laser. Por otro lado, para los haces de vdrtice éptico
vemos LIPSS en forma de panel de abeja con periodos y profundidades similares a las otras

estructuras.

Finalmente, irradiamos peliculas de PC;1BM con haces vectoriales y de vértice dptico de
nanosegundos a 532 nm produciendo LIPSS paralelas a la polarizacion del laser de un periodo
menor que los encontrados en P3HT y en un rango de fluencia mucho mas estrecho. Sus
caracteristicas evolucionaron con los parametros de irradiacidon igual que las estructuras

encontradas en P3HT.
De estos resultados extraemos las siguientes conclusiones:

e Conseguimos generar LIPSS en P3HT y PC;;:BM con formas complejas en un solo paso:
El uso de haces vectoriales permitié la creacion de LIPSS con un patréon radial,

concéntrico o espiral —siguiendo la polarizacién del haz.
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Estas estructuras podrian aplicarse a la creacion de nanocables con estas formas
complejas: La acusada disminucidn de la conductividad en la parte superior de las
estructuras, respecto al efecto en su parte inferior, podria utilizarse para crear
nanocables con estas geometrias.

Conseguimos generar LIPSS con forma de panal de abeja en un solo paso: El uso de
haces de vdrtice dpticos permitid la creacion de LIPSS con forma de panal de abeja. La
diferente fase de los haces de vértice dptico no deberia afectar a las estructuras, por lo
gue creemos que su forma se debe la polarizacién circular del haz. Sin embargo, en otros
materiales, las nanoestructuras que resultan de la irradiacién circularmente polarizada

son nanopuntos distribuidos uniformemente.

En cuanto a las futuras lineas de investigacién, proponemos lo siguiente:

Investigar el origen de las LIPSS con forma de panal de abeja: Para comprobar si esta
forma esta causada por la polarizacidn circular del haz o la fase diferente de los haces
de vortice dptico, una posibilidad es irradiar P3HT y PC7:BM con haces Gaussianos de
nanosegundos con diferentes elipticidades y comprobar si podemos recrear estas

estructuras en forma de panal.

3) Conclusiones metodoldgicas

Ademads de estas conclusiones cientificas, desde un punto de vista metodolégico, he aplicado

y adquirido conocimientos avanzados sobre las siguientes técnicas durante el transcurso de esta

tesis:

Procesado superficial de polimeros: Se aprendié a procesar polimeros tanto en forma
de peliculas delgadas como en bulk, utilizando haces Gaussianos, vectoriales y de vortice
Optico de femto- y nanosegundos en longitudes de onda que fueron desde el infrarrojo
cercano hasta el ultravioleta.

Caracterizacion: Se ha logrado familiarizarse con diferentes técnicas para caracterizar
propiedades superficiales de los polimeros tanto antes como después de la irradiacién.
Especificamente, se aprendid a utilizar de manera auténoma AFM para su topografia y
la técnica de la gota sésil para su mojabilidad.

Calculo de su energia superficial: Se aprendieron dos métodos diferentes para calcular
diferentes contribuciones a la energia superficial a partir de mediciones de angulo de
contacto realizadas mediante la técnica de la gota sésil y a hacer una comparacidn critica

de los resultados obtenidos por cada método.
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e Simulaciones numéricas del campo eléctrico: Se aprendid a utilizar el Médulo de Optica
de Ondas de COMSOL Multyphisics ™, un programa basado en Métodos de Elementos
Finitos para simular el campo eléctrico en una pelicula delgada de polimero depositada
sobre un substrato de oro. He trabajado independientemente para entender qué

aproximaciones y parametros utilizar para obtener los resultados deseados.

En resumen, en esta tesis hemos estudiado como diferentes pardmetros afectan a la formacién
de LIPSS en peliculas delgadas de polimeros y la capacidad que tiene la formacién de LIPSS para
modificar las propiedades de las muestras. Como principal aportacién de esta tesis, hemos
identificado el rol clave que el material y rugosidad del substrato y el espesor de la pelicula
delgada juegan en la formacidn de LIPSS en peliculas delgadas de polimeros con baja absorcion
lineal 6ptica depositados sobre diferentes sustratos, y hemos encontrado una explicacion para
esta importancia en la generacion de una SSW en la interfaz substrato-pelicula delgada.
Ademas, hemos estudiado este rol en detalle con simulaciones numéricas. En este sentido,
creemos que hemos contribuido al avance de la comprensidon de la formacién de LIPSS en

peliculas delgadas de polimeros utilizando pulsos de femtosegundos.
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