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Abstract

The discovery of semiconducting polymers opened the way for the development of the
organic electronics with the emergence of new applications such as Organic Light-
Emitting Diodes (OLEDs), Organic Field-Effect Transistors (OFETs), Organic
Photovoltaics (OPVs), sensors for gases and biosensors among others. Moreover, the
high demand of making smaller electronic devices has allowed the development of
sophisticated nanostructuring methods such as soft lithography, nanoimprinting

lithography and electron-beam lithography which can achieve sub-100 nm patterns.

In recent years, patterning methods have been successfully employed to improve the
efficiency of Organic Solar Cells (OSC). A typical organic solar cell consists of a donor
material, which is usually a semiconducting polymer blended with an acceptor material
such as fullerene derivatives. However, efficiency of OSC is still very low in
comparison with conventional silicon-based solar cells. One of the reasons is due to the
very short diffusion length of the excitons, in the order of tens of nm, which is much
shorter than the distance between donor-acceptor materials in a standard organic solar
cell and thus facilitates the charge recombination. Moreover, lithography methods have
been used to generate patterned surfaces limiting the distance between the donor and the
acceptor materials as well as for improving the light absorption since they may act as

light trapping systems.

Nanostructuring by laser techniques can be considered as an alternative approach to the
conventional patterning methods based on optical lithography. In particular, the direct
laser illumination of a material surface can lead to the formation of the so-called Laser-
Induced Periodic Surface Structures (LIPSS). LIPSS in the form of ripples develop on
the material surface as a result of irradiation with a linearly polarized laser beam in such
a way that the interference between the incoming and the surface scattered waves causes
a heterogeneous intensity distribution, which together with a feedback mechanism,
results in the enhancement of the modulation intensity. The period of the ripples
depends basically on the laser wavelength. LIPSS have been observed on thin polymer
films by varying both pulse duration ranging from nano- to femtoseconds and laser

wavelengths from the IR to the UV spectral regions.



This Thesis work evaluates the possibility of fabricating LIPSS on conjugated polymers
and the incorporation of such nanostructured films in photovoltaics. In particular the

main general objectives of this Thesis work are the following:

®* To investigate the physical properties of semiconducting polymers under

confinement.

®* Fabrication and characterization of Laser-Induced Periodic Surface Structures

(LIPSS).

* Applicability of nanostructured semiconducting polymers in organic photovoltaics.

This Thesis is divided into 6 chapters. In Chapter 1 general aspects of polymer materials
and in particular of conjugated polymers are included, as well as the basis of the
fabrication of LIPSS. Finally general aspects of organic solar cells are also included in
this chapter. In Chapter 2 the materials studied in this Thesis, the methods used for the
preparation of samples and the experimental techniques used for characterizing,
nanostructuring and the study of properties are presented. In Chapter 3 the investigation
of confinement and phase separation in thin films of immiscible blends of conjugated
polymers and the influence in their electrical properties at nanometer scale are
presented. Chapter 4 reports the results obtained on the preparation and characterization
of LIPSS in conjugated polymers. Optimal conditions for LIPSS formation are given in
this chapter for the different conjugated polymers and blends. In addition, the
preparation of LIPSS in a polymer/fullerene blend and the study of the phase separation
by Resonant Soft X-ray Scattering (RSoXS) are described in this chapter. The results
obtained from the in situ monitoring by Grazing Incidence Small Angle X-ray
Scattering (GISAXS) of the LIPSS formation are also shown and discussed. In
Chapter 5 the incorporation of LIPSS in the active layer of solar cells devices is

presented. Finally, in Chapter 6, the conclusions are pointed out.

The main conclusions of this work are that LIPSS can be formed on conjugated
polymers and their blends with other conjugated polymers or with fullerene derivatives.
The dimensions of the obtained nanostructures can be controlled by changing the laser
parameters of irradiation and the results obtained shown that there is a weak impact on
the chemical stability of the nanostructured polymer material. Furthermore, by
irradiation in vacuum, the effects are negligible. The characterization of the electrical

properties of the substrates with LIPSS shows that they exhibit a heterogeneous



conductivity alternating conductive and non-conductive regions. Finally, LIPSS have
been successfully incorporated in active layers of organic solar cells, which suggest that

LIPSS could be a compatible technology with organic photovoltaic devices.






Resumen

El descubrimiento de los polimeros semiconductores en el ano 1977 ha dado lugar al
desarrollo de la electronica basada en materiales organicos con la eclosion de nuevas
aplicaciones como los diodos emisores de luz (OLEDs), los transistores orgédnicos de
efecto de campo (OFETs), las células solares organicas (OPVs), los sensores de gases o
biosensores entre otras. Por otra parte, la alta demanda por la continua miniaturizacion
de los dispositivos electronicos ha permitido el desarrollo de métodos de
nanoestructuracion sofisticados tales como la litografia blanda, litografia por nano
impresion y litografia por haz de electrones con los cuales se pueden alcanzar

impresiones con patrones de menos de 100 nm.

En los ultimos afios, los métodos de estructurado han sido empleados con éxito para
mejorar la eficiencia de células solares organicas. Una capa activa tipica estd formada
por un material dador de electrones, el cual suele ser un polimero semiconductor
mezclado con un material aceptor de electrones, como por ejemplo los derivados de
fulerenos. Sin embargo, la eficiencia de las células orgéanicas es todavia muy baja en
comparacion con las celdas solares de silicio, en parte debido a la corta distancia de
difusion de los excitones, que es mucho mas pequefia que la distancia entre dador y el
aceptor en una célula solar estdndar. Esto facilita la recombinacion de los excitones
limitando la transferencia de carga desde el dador al aceptor. Por lo tanto, los métodos
litograficos han sido aplicados para generar superficies nanoestructuradas en las cuales
es posible disminuir la distancia entre el dador y el aceptor. Ademas, se han utilizado
para mejorar la absorcion de luz ya que al tener dimensiones de la longitud de onda de

la luz interfieren con ésta de manera que permiten disminuir la cantidad de luz reflejada.

La nanoestructuracion mediante técnicas laser puede considerarse una alternativa a los
métodos de nanoestructuracion convencionales basados en litografia Optica. La
irradiacion directa con un laser sobre la superficie de un material puede dar lugar a la
formacion de estructuras periodicas superficiales inducidas por laser (Laser-Induced
Periodic Surface Structures, LIPSS). Las LIPSS en forma de pequefias ondulaciones se
desarrollan en la superficie de un material como resultado de la irradiaciéon con un haz
laser linealmente polarizado de tal manera que la interferencia entre la onda incidente y
la reflejada en la superficie provoca una distribucion de intensidades heterogénea que

junto a un mecanismo de retroalimentacion resulta en el aumento de la intensidad de
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modulacion. La periodicidad de las estructuras basicamente depende de la longitud de
onda de irradiacion. Hasta la fecha se han observado LIPSS sobre peliculas delgadas de
polimero variando tanto la duracion del pulso laser, desde nano- a femtosegundos como

la longitud de onda del laser desde el IR al UV.

En esta Tesis, se ha investigado la posibilidad de fabricar LIPSS en peliculas delgadas
de polimeros conjugados y la incorporaciéon de las peliculas nanoestructuradas en

células solares organicas. En particular, los objetivos principales de esta Tesis son:

e Investigar las propiedades fisicas de polimeros semiconductores en condiciones de
confinamiento.

e Fabricacion y caracterizacion de estructuras superficiales periodicas inducidas por
laser (LIPSS).

e Aplicabilidad de polimeros semiconductores nanoestructurados en particular en

celdas solares fotovoltaicas.

La Tesis esta dividida en 6 capitulos. En el primero de ellos se introducen brevemente
aspectos generales de los materiales poliméricos y de los polimeros conjugados en
particular, asi como los fundamentos de la fabricacién de estructuras superficiales
periddicas inducidas por laser. Finalmente en este capitulo se presentan aspectos
generales de las celdas solares organicas. En el Capitulo 2 se describen los materiales
utilizados en esta Tesis, asi como los métodos usados para la preparacion de muestras y
las técnicas experimentales utilizadas para la caracterizacion, nanoestructuracion y
estudio de propiedades. En el Capitulo 3 se presenta el estudio del confinamiento y
separacion de fase en peliculas delgadas de mezclas inmiscibles de polimeros
conjugados, asi como su influencia en las propiedades eléctricas a escala nanoscopica.
A continuacioén, el Capitulo 4 contiene los principales resultados obtenidos sobre la
preparacion y caracterizacion fisico-quimica de las LIPSS en los polimeros descritos en
el Capitulo 2. Las condiciones Optimas para la fabricacion de LIPSS tanto en polimeros
como en mezclas polimero/polimero y polimero/fulerenos estan recogidas en este
capitulo. Al final del mismo se muestran y discuten los resultados obtenidos sobre la
monitorizacion de la formacion de LIPSS in sifu mediante la técnica de dispersion de
rayos-X a angulos pequefos en geometria de incidencia rasante (Grazing Incidence
Small Angle X-ray Scattering, GISAXS) utilizando radiaciéon sincrotréon. En el

Capitulo 5 se recogen los principales resultados sobre la fabricacion de células solares
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organicas implementando la tecnologia LIPSS en la capa activa. Finalmente, en el

Capitulo 6 se recogen las conclusiones derivadas de este trabajo de Tesis doctoral.

Las principales conclusiones de esta Tesis son que se ha conseguido fabricar LIPSS en
polimeros conjugados y sus mezclas con otros polimeros conjugados y con derivados
de fulerenos. Las dimensiones de las peliculas nanoestructuradas obtenidas pueden ser
controladas cambiando los pardmetros de irradiacion del laser y los resultados muestran
que la irradiacion afecta levemente en la estabilidad quimica del material
nanoestructurado. Asimismo, irradiando en vacio los efectos son casi insignificantes. La
caracterizacion de las propiedades eléctricas de las muestras con LIPSS demuestra que
exhiben una conductividad eléctrica heterogénea que alterna regiones conductoras y no
conductoras. Finalmente, se han incorporado las LIPSS a capas activas en células
solares organicas, lo que sugiere que LIPSS podria ser una tecnologia compatible con la

fabricacion de dispositivos fotovoltaicos organicos.






List of symbols and abbreviations

a; Incident angle in an X-ray experiment
a Exit angle

Acrit Critical angle

a Mass absorption coefficient
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Prologue

Human civilization can be considered to be supported by several pillars which include:
education, communication information, energy and materials. Materials represent one of
the most important preconditions of the quality of life of human society. Indeed,
historians use some typical materials for the characterization of the technological level
distinguishing the stone age, followed by the periods of bronze and iron." There is no
doubt that part of the new materials of the future will be either nanostructured or

multicomponent or both.

One possible application of nanotechnology is based on exploiting the properties of
materials associated with their inherent nanostructure. Since the second half of the 20th
century, polymers have become the primary material of mankind thus becoming an
important support of our everyday life. By definition, a polymer is a very big molecule
that contains more than 1000 atoms (up to millions). They are mainly based on the
chemistry of carbon although there are many inorganic polymers, too. Synthetic
polymers complement natural ones such as wood, cellulose, wool, leather, or natural
rubber that have been used by man from the very beginning of civilization. Along the
twentieth century synthetic polymers have made continuously their way to the top. The
production of polymers increases every year and will continue to do so. From the
markets point of view, polymers can be divided into two broad groups: commodities
and specialty polymers. Commodity polymers are produced from a few simple starting
compounds. They are very inexpensive and are used in large amounts. Most widespread
are polyethylene, polypropylene, poly(vinyl chloride), polystyrene and poly(ethylene
terephthalate). These five materials cost less than 1 €/kg and cover more than 80% of
the world production of polymers. In contrast, specialty polymers are made from many
different compounds. They are more costly, but can be tailored for nearly every use.
Consequently, they are employed in traditional applications as well as in high
technology and are often at the base for the continuous progress in air, space, computer
and medical technology. Though prices for specialty polymers are usually still low to
moderate (below 10 €/kg), certain specialties can be more expensive than gold or
diamonds. In addition, the combination of polymer and non-polymer material to give
rise to a new hybrid and composite materials is of great interest because the resulting

systems may show highly improved properties over the starting materials.”
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Polymeric materials, including polymers and composites, are an essential part of the
technological revolution of the information age through their multiple applications
ranging from lithographic masks to electronic connections and packaging. Among
commodity polymers, semicrystalline ones (polyethylene, polypropylene and
poly(ethylene terephthalate)) represent approximately two thirds of the annual
production of synthetic polymers and their preparation has experienced a remarkable

progress with the advent of new techniques of synthesis.

Due to the great length of the molecules of a polymer, the intrinsic structure of
crystallizable polymers is semicrystalline, alternating regions including crystalline and
amorphous phases of thicknesses in the range of nanometers.” The great versatility in
the mechanical properties of semicrystalline polymers stems from the fact that the
crystalline phase can provide the system with a high resistance to fracture (strength)
while the amorphous one can provide a high capacity for mechanical energy absorption

before fracture (toughness).

Although semicrystalline polymers are inherently nanostructured materials, the control
over the nanostructure is very limited. One possibility to control the nanostructuring in
the bulk is to introduce into the polymer matrix nanoadditives with defined aspect ratio.
Carbon nanotubes (CNT) tend to induce fibre-like structures in the polymer matrix
because their surfaces force the polymer chains to adopt a conformation that controls

the orientation of crystals.”

An additional complication occurs when a polymer is subjected to some form of
confinement in the nanometer range aiming to develop a nanomaterial. This happens,
for example, in the preparation of thin polymer films (nanofilms) inducing a
confinement of the polymer in two dimensions (2D).* Another example is the
preparation of polymer nanotubes, nanogrooves or nanocylinders induced by
confinement in one dimension (1D) using inorganic templates,” ® nanoimprinting’ or by
laser irradiation.® The nanoconfinement can produce large effects on both the structure
and the dynamics of the material and it even may affect any phase transitions or
physical processes.” It is important to emphasize that this phenomenon is ubiquitous and
has significant implications in fields as diverse as the transportation of fluids in porous
media, the mobility of the substance in cell membranes and micro-lubrication among
others. Also, the understanding of confinement effects is crucial, not only in the
development of nanostructured materials for specific applications such as
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Soft-lithography® but also to contribute to the understanding of the physical basis of
Nanotechnology.

The ability to fabricate structures from the micro- to the nanoscale with high precision
in a wide variety of materials is of paramount importance for the advancement of micro-
and nanotechnology and nanoscience. Several alternative approaches towards
nanostructure fabrication have been exploited in the past 15 years. These techniques
include microcontact printing (or soft lithography),” nanoimprint lithography,” '
scanning-probe-based techniques (e.g., atomic force microscope lithography),'

templating by nanoporous alumina membranes'” and Laser-Induced Periodic Surface

Structures (LIPSS)® '* among others.
Within this context, the main general objectives of this thesis work are the following:
* To investigate the physical properties of semiconducting polymers under confinement.

* Fabrication and characterization of Laser-Induced Periodic Surface Structures

(LIPSS).

* Applicability of nanostructured semiconducting polymers in organic photovoltaics.
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Chapter 1. Introduction

1.1.General concepts of polymer materials

Polymers are macromolecules built up by a large number of molecular units
(monomers) that are linked together by covalent bonds. Usually they represent organic
compounds, containing carbon atoms together with hydrogen, nitrogen, oxygen, sulfur,
etc. Macromolecules are generally obtained by a polymerization process starting from
reactive low molar mass compounds. The number of repeating units is defined by the
degree of polymerization.” * Rather than leading to polymers with a single degree of
polymerization, reactions usually result in a mixture of macromolecules with different
molecular weight. Therefore, for a full characterization, the molecular weight
distribution function has to be determined. In this context, the molecular weight is
commonly expressed as a number average (M,,) or weight average (M,,) molecular

weight defined by:’

Iy _XNM =ZNiMi2 _ LW
XN ' YoOXNM; W

(1.1)

Where N; is the number of molecules of molar mass M; and W; is the mass of the
molecules of molar mass M;. In order to measure the size distribution of the polymer

chains a polydispersity index (PDI) is defined as:

PDI—MW 1.2
_M (')

n

Therefore, when M,, = M,, a monodisperse polymer is obtained in which all the

polymer chains have the same size.

Polymers typically consist of one type of repeating unit (A). In this case they are
referred as homopolymers. However, polymer chains can be synthesized combining
different monomers (A, B...). In this case large variations in the chemical structure may
be achieved giving rise to copolymers. According to the relative position of the different
monomers, the copolymers can be classified into random copolymers, alternating

copolymers and block copolymers.



From the structural point of view, polymers are divided into three classes: amorphous,’
liquid crystalline,” and semicrystalline polymers.'™*¢ Amorphous polymers have neither
positional order nor orientational order, like a liquid or a glass. Their physical properties
are defined by the glass transition temperature (Ty). Above this temperature, which is
specific for each polymer, polymer chains have enough mobility to reorganize.
Semicrystalline polymers, consisting of a composite of small crystals with long range
positional order in a matrix of amorphous phase, present in addition to the T, a
temperature characteristic of the crystalline phase which is known as melting
temperature (Ty,).° In fact, they can crystallize in a temperature window between the T,
and the Ty, For liquid crystalline polymers there is an additional characteristic thermal
transition, characterized by the isotropization temperature Tj, which marks the order-
disorder transition of the liquid crystalline phase.” Liquid crystalline polymers are
characterized by phases in which molecules are arranged with a degree of order
intermediate between the complete disorder of a liquid and the three-dimensional order

of a crystal.

Semicrystalline polymers have a hierarchical structure, with different structures on
different length scales as illustrated in Figure 1.1. The basic unit of most polymer
crystals is the chain-folded lamella with a typical thickness of about 10 nm. Lamellae
are separated by amorphous regions (Figure 1.1.b). Individual polymer chains may be
involved in more than one lamella as well as the amorphous regions in between. The
chain-folded lamellae are themselves organized in larger scale structures with different

morphologies, which may be several micrometers in size (Figure 1.1.a).

7
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(a) Microscopic scale (b) Mesoscopic scale (c) Atomic scale

Figure 1.1. Morphological hierarchy exhibited by semicrystalline polymers. (a) spherulites, (b)

lamellar crystals, (c) crystalline unit cell. Adapted from reference 7.



1.2.Conjugated polymers

Since the middle part of the last century polymers became commodities. In comparison
to other materials, synthetic commodity polymers have been extensively exploited
partially due to their low cost, easy manipulation and possibility of tuning their physical
properties, mechanical as well as thermal, by controlling their chemical composition. In
general, commodity polymers are electrical insulators and some of them transparent to
visible light with absorption bands in the ultraviolet (UV) region. However, in 1977 it
was discovered® ° a new class of polymers with unexpected electrical conductivity.'’
These polymers have the characteristic of being formed by the alternation of single and
double bonds giving rise to a m-conjugated backbone along the polymer chain. As an

example of conjugated polymers, polyacetylene and polythiophene are shown in

7\ N\ N\ N\

Polyacetylene

Figure 1.2.

Polythiophene

Figure 1.2. Chemical representation of common conjugated polymers. The alternation of simple

and double bonds gives rise to a conjugated polymer backbone.

This discovery paved the way for a new class of polymers referred to as special or
advanced polymers.'' Initially conjugated polymers like those shown in Figure 1.2 were
insoluble and they degraded before melting, therefore they were difficult to be
processed. However chemical modification of conjugated main-chain polymer was
developed adding, for example, alkyl side chains. This led to a new generation of

processable conjugated polymers.'*'¢

In a conjugated polymer, carbon atoms are linked each other by C sp, hybrids.
Perpendicular to the C-C o-bond, an atomic p, orbital with one electron contributes to

the m-bond and thus electrons are delocalized along the carbon backbone (Figure 1.3).
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This property is the reason why conjugated polymers can be electrical semiconductors
and belong to a new class of materials with a delocalized n-electron system which are

. . . 1
known in general as organic semiconductors.'’

n-backbone
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Figure 1.3. Schematic representation of delocalized electrons along the m orbitals resulting in a

n-conjugated backbone and enabling proper charge transport.

The molecular orbitals diagram of a conjugated polymer is shown Figure 1.4. Similar to
conventional inorganic semiconductors, in organic semiconductors, 7 orbitals can be
visualized as narrow energy bands with a gap of energy (E,) defined by the difference
between the Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied
Molecular Orbital (LUMO) bands'® of the polymer. Band gaps with different values can
be tuned by using the wide possibilities of the organic chemistry synthesis.'” * In

contrast to electrically insulating polymers, semiconducting polymers typically have a

strong optical absorption in the visible range. This fact makes semiconducting polymers

to be potential candidates to be used for organic photovoltaics.*"**
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Figure 1.4. Electronic structure of a conjugated chain depending on the amount of p, orbitals.
Blue arrows represent electrons occupying the energy bands. The band gap (E,) is given by the

difference between the HOMO and LUMO.*



In general, polymer semiconductors have a low charge carrier concentration in the
conduction band associated to the LUMO level. This fact implies a low electrical
conductivity. Nevertheless, it is possible to increase the charge carrier concentration by
the incorporation of impurities in a doping process which resembles that used for
traditional inorganic semiconductors.”* Essentially, there are two possibilities for doping

25,26

a conjugated polymer as schematized in Figure 1.5 and consisting of:

(a) N-type doping: this is a process in which a reducing agent donates electrons to the
LUMO of the polymer and thus a polymer with high concentration of electrons as

charge carriers is obtained.

(b) P-type doping: This occurs when removing electrons from the HOMO of the
conjugated polymer by some oxidizing agent’® such as iodine (I,) or perchloric acid
(HCIOy), leaving the respective holes in the HOMO level. In this type of materials,

holes are the majority charge carriers.

A

®© 060 6| LUMO

Energv

oMo |© ® ® ®

(a) N-type (b) P-type

Figure 1.5: Schematic representation of molecular doping in organic semiconductors.

In brief, n-type doping generates an electron-rich polymer material and a p-type process
produces electron-poor polymer one. Since a conjugated polymer is intrinsically an
electron rich material it is more common and easy to obtain p-type doped polymers.

27, 28

Ambipolar charge has been reported for some organic semiconductors and can be

obtained when both electrons and holes are mobile.

Conjugated polymers may exhibit ordered phases because of its ability to form packing
ordered structures in the three spatial directions due to the n-m stacking interaction. In

these materials, electrical conductivity depends closely on the disorder as well as on the

5



conjugation length of the polymer chains. Larger conjugation lengths give rise to

materials with better electronic transport properties.'™ >

Since 1977 a great variety of conjugated polymers have been synthesized.’” *' Among
them poly(3-hexylthiophene-2,5-diyl) (P3HT) has emerged as one of the most
interesting due to its application in Organic Light Emitting Diodes (OLEDs)** and in
Organic Photovoltaics (OPV)* among others.*

P3HT is a semicrystalline conjugated polymer with significant electrical conductivity
which can be easily processed as thin films, with thicknesses below 100 nm, by
spin-coating on different substrates.” In this case, P3HT crystals self-organize with the
lateral chain direction (100) perpendicular to the substrate (edge-on) or parallel to the
substrate (face-on) as it is represented in Figure 1.6. P3HT chains are also able to
interact to each other by n-n interactions forming fibrillar structures which give rise to

anisotropic electrical properties.'® >’

010
"

(a) Edge-on (b) Face-on

Figure 1.6. Possible structural organization of the polymer chains in P3HT: (a) edge-on and (b)

face-on. Adapted from reference *°.

Due to the special properties of some polymer semiconductor materials such as the good
processability from solution, the moderate production cost and the flexibility among
others, many applications have been exploited in order to obtain efficient organic

devices: Organic Solar Cells (OSC) , organic transistors, OLED’S, etc .>**’



1.3.Organic Solar Cells (OSC)

An organic solar cell is based on the energy generation by means of the charge transfer
between an electron donor and acceptor materials when illuminated by sunlight. Usually
a conjugated polymer (e.g. P3HT) acts as an electron donor when blending with an
acceptor compound such as fullerene derivatives.”"** In the case of using other polymer
as acceptor material they are known as all-Polymer Solar Cells (PSC).”' In OSC, the
energy generation occurs in four steps as described in Figure 1.7.%° The first step is the
light absorption by the donor material, typically a polymer semiconductor. When a
photon interacts with the polymer, an electron is excited from the HOMO to the LUMO
of the polymer leaving a hole in the HOMO. This electron-hole pair is called exciton.*’
These excitons diffuse to the donor-acceptor interface (step 2) and they are separated
into positive and negative charge carriers (step 3). Afterwards, positive charge carriers
(holes) move through the donor to the anode and negative charge carriers (electrons)

through the acceptor material to the cathode (step 4).

1) Light absorption 2) Exciton difussion

Sunlight

Cathode Cathode

Anode

3) Charge separation 4) Charge collection

Donor-acceptor interface Donor-acceptor interface

Figure 1.7. Operating principle of organic solar cells with the active layer formed by a donor

(D) material and an acceptor (A) one.



Additionally, it is worth noting that work functions of the metal electrodes must be
close in energy to the bands of the donor and acceptor materials for an effective charge
current injection. The work function is the energy required to remove an electron from
the highest energy filled level of a metal.*' Therefore, anode will collect holes from the
HOMO of the donor while electrons from the LUMO of the acceptor are collected by

the cathode.*>*

The typical current-voltage characteristics of a solar cell in the dark and under
illumination are shown in Figure 1.8. While in the dark there is almost no current

flowing, when illuminating the solar cell generates photocurrent.

The power-conversion efficiency (PCE) can be obtained from the product of voltage

(Vimp) and intensity (I,,) at the maximum power point divided by the incident light

power density P,)."*

I mp Vmp

PCE =

(1.3)

The incident light intensity is standardized at 1000 W/m” with a spectral intensity
distribution matching that of the sun on the earth’s surface at an incident angle of 48.2°,

which is called the AM 1.5 spectrum.**

However, usually PCE is expressed in terms of the open circuit voltage (V,.), the short
circuit current (I;.) and the fill factor (FF) since these four magnitudes are the more

relevant to characterize a solar cell. FF is the product of I,,, and V,,, divided by V,. and

Isc. Therefore the equation 1.3 can be rewritten as:

Ise Voo FF
PCE:% (1.4)

Generally, V. of a metal-insulator-metal device is determined by the difference in work
functions of the two metal contacts.*’ In organic solar cells, ¥, is found to be linearly
dependent on the HOMO level of the donor and LUMO level of the acceptor.*® 2' The
FF is essentially a measurement of quality of the solar cell and it is often represented as

a percentage and PCE is an indication of the device performance.
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Figure 1.8. Current-voltage (/-V) curves of an organic solar cell. The characteristic intersections
with the abscissa and ordinate are V). and I, respectively. PCE can be determined by the

product of voltage (V,,) and intensity (/) at the maximum power point.

1.4.Nanostructured organic solar cells

The simplest solar cell consists in a bilayer architecture in which the acceptor material is
deposited on top of the donor layer between two electrodes (Figure 1.9.a). However,
this geometry gives rise to poor efficiency devices with a very low V. due to the large
interface distance between donor and acceptor materials which facilitates the charge
recombination.” In recent years, organic solar cells have experienced an important
improvement of the performance of devices by the development of bulk heterojunction
(BHJ) solar cells (Figure 1.9.b).***%*! This morphology can be achieved from blends of
donor and acceptor materials when they phase separate. In BHJ solar cells the distance
between interfaces of both materials is still much larger than the exciton diffusion
length which is reported to be on the order of 10 nm, in addition isolated islands of one

of the components act as traps during charge separation.lg’ 21

Theoretically, an ideal
geometry to obtain high efficiency devices is to fabricate an interdigitated active layer
of donor and acceptor materials by means of nanostructuring techniques such as

Nanoimprint Lithography (NIL) or template methods®*™

(Figure 1.9.c). In particular,
nano imprinted solar cells have been reported to improve the efficiency.” Authors
attributed this enhancement to the improved electrical conductivity of the polymer
induced by the chain orientation and morphology produced during the fabrication and
resulting in a positive effect on the device performance. Furthermore, nanostructured
devices have also exhibited a better light absorption and charge collection in devices

with patterned electrodes.”® >’



Figure 1.9. Common architectures for organic solar cells: (a) bilayer morphology, (b) bulk
39,43

heterojunction and (c) ideal nanostructured morphology.
In addition to conventional nanostructuring methods, in the last years the number of
laser patterning techniques in polymers is experiencing an important growth. Recently,
polymers have been nanostructured by using laser methods such as laser interference

59

with two and three laser beams,”® nanostructuring with optical near fields,” and by

spontaneous formation of Laser-Induced Periodic Surface Structures (LIPSS).%% ©
However, it is an open question how laser irradiation affects the structural and optical

properties of conjugated polymers.
1.5.Laser-Induced Period Surface Structures (LIPSS)

LIPSS formation is a non-ablative method and it was first observed by Birnbaum on the
surface of several semiconductor materials after irradiation with a ruby laser.> By this
process typically ripples are formed in the surface of a material (Figure 1.10.a) by
irradiation with a linearly polarized laser beam, while dots are formed when irradiation

is carried out with a circularly polarized laser beam (Figure 1.10.b).”

Figure 1.10. AFM height images (4 x 4 um?) of a poly(ethylene terephthalate) film irradiated at
266 nm with 1200 pulses and with laser beams of different polarization: (a) linear («») and

(b) circular (®) .
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LIPSS originate from the interference of the incident and reflected/refracted laser light
with the scattered light near the sample surface. The interference between the different
waves leads to an inhomogeneous energy input which, together with positive feedback
mechanisms, can cause surface instabilities.** LIPSS have been reported on the surface

65-67 with

of a wide variety of materials such as metals, semiconductors and dielectrics
lasers of different pulse duration from nanosecond to femtosecond,” and different
wavelengths from the ultraviolet (UV) to the infrared (IR).” In the case of polymers,
several studies have shown that irradiation by a linearly polarized laser beam induces
self-organized ripple structure formation within a narrow fluence range, well below the

ablation threshold.®® A scheme of a LIPSS experiment is shown in Figure 1.11.

Depth (2)

Period (L)
Figure 1.11. Characteristic parameters of a LIPSS experiment in polymers.

The period of the ripples L can be described by the expression:”’

L= A 1.5
" n—sin® (1.5)

where A is the laser wavelength, n the effective refractive index of the material and 6
the angle of incidence of the laser beam with the normal to the sample surface. In the
case of polymers, LIPSS appear parallel to the laser polarization and the obtained depth
depends on the laser processing conditions. To fabricate LIPSS in polymers some
conditions must be fulfilled: a high absorption coefficient at the irradiation wavelength
and a roughness of a few nanometers. In addition, the polymer chains should have

enough mobility to be able to reorganize and form LIPSS. When the laser light reaches

11



the sample, the surface is heated. The required temperature to obtain LIPSS is above the
T, in the case of amorphous polymers and above the Ty, in the case of semicrystalline

polymers.

Until now, LIPSS have been fabricated successfully in some model polymers, mainly
amorphous, as a patterning method and implemented in some applications such as cell

- 72 and Surface-Enhanced Raman Spectroscopy (SERS) sensors.”” A further

culture
step would be to fabricate LIPSS in conjugated polymers and the subsequent application

in organic optoelectronic devices that is the main purpose of this thesis.

1.6. Thesis Outline

This thesis is divided into 6 chapters. In Chapter 1 general aspects of polymer materials
are included and in particular of conjugated polymers, as well as the basis of the
fabrication of laser-induced periodic surface structures. Finally general aspects of
organic solar cells are also explained in this chapter. In Chapter 2 the materials studied
in this thesis, the methods used for the preparation of samples and the experimental
techniques used for characterizing, nanostructuring and the study of properties are
presented. In Chapter 3 the investigation of confinement and phase separation in thin
films of immiscible blends of conjugated polymers and the influence in their electrical
properties at nanometer scale are shown. Chapter 4 reports the results obtained on the
preparation and characterization of LIPSS in conjugated polymers. Optimal conditions
for LIPSS formation are given in this chapter for the different conjugated polymers and
blends. In addition, the preparation of LIPSS in a polymer/fullerene blend and the study
of the phase separation by resonant soft X-ray scattering are described in this chapter.
Finally, the results obtained from the in situ monitoring by grazing incidence small
angle X-ray scattering of the LIPSS formation are also shown and discussed. In
Chapter 5 the incorporation of LIPSS in the active layer of solar cells devices is
presented. Finally the main conclusions derived from this thesis are summarized in

Chapter 6.
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Chapter 2. Materials and Methods

2.1. Materials
2.1.1. Poly(3-hexylthiophene-2,5-diyl) (P3HT)

P3HT is a conjugated semiconducting polymer (p-type) which is soluble up to
concentrations as high as 50 g/L in chlorinated solvents such as chloroform,
chlorobenzene, dichlorobenzene and trichlorobenzene." > The presence of lateral chains

makes the polymer melt processable and also regioselective® (Figure 2.1).
CGH13

/ \
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Figure 2.1. Chemical structure of P3HT.

P3HT has a T, of about 10-12 °C, a phase transition corresponding to the side chains
melting at about 60 °C and a Ty, of about 230 °C, as determined by calorimetry.*®
Electrical properties of P3HT depend strongly on the ordering of the polymer chains.
Regioregular P3HT (RR-P3HT) gives rise to semicrystalline phases with ordered
chains, longer conjugation length and higher crystallinity. P3HT presents a high hole
mobility as a result of the low HOMO and LUMO energy levels. In this thesis, P3HT
has been purchased from Ossila with the following characteristics: My~ 34100 g/mol,

M,= 19500 g/mol, PDI = 1.7, regioregularity = 94.7%.

2.1.2. Poly[N-9'-heptadecanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-
2',1',3'-benzothiadiazole)] (PCDTBT)

PCDTBT is a semiconducting polymer mainly amorphous under most of processing
conditions and it has ambipolar electronic properties. As it is shown in Figure 2.2,
chemical structure of PCDTBT is composed by the alternation of a carbazole derivative
which is a donor unit (electron-rich) and benzothiadiazole unit which is an electron
acceptor (electron-deficient).” PCDTBT was developed as donor material for organic
photovoltaics to produce better efficiencies and lifetimes.® The key properties of

PCDTBT result from the lower HOMO/LUMO levels which lead to advantages over
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standard organic photovoltaic materials of increased open circuit voltage, longer
wavelength absorption and improved stability under ambient conditions.® PCDTBT has
a T, of about 130 °C and melts into a liquid crystalline state at around 268 °C and upon

subsequent cooling can eventually recrystallize at around 259 °C.> "°

Figure 2.2. Chemical structure of PCDTBT.

In this thesis, PCDTBT has been purchased from Ossila with the following
characteristics: M= 35400 g/mol, M,;=14750 g/mol, PDI = 2.4.

2.1.3. Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS)

PEDOT:PSS is a polyelectrolyte consisting of a mixture of two ionomers (Figure 2.3).
This polymer is transparent to visible light and conducting when prepared as a thin film.
Due to its unique combination of conductivity, transparency, ductility, and ease of
processing, PEDOT:PSS has become a benchmark material in thin-film electronic
fabrication."' This polymer can be used as an interfacial layer for hole transport in

organic light emitting diodes, organic photovoltaics, and perovskite photovoltaics. '

In this thesis, PEDOT:PSS has been purchased from Ossila with the following
characteristics: Heraeus Clevios PH1000 PEDOT:PSS.

\\l

SO;
Figure 2.3. Chemical structure of PEDOT:PSS.
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2.1.4. Phenyl-C71-butyric acid methyl ester (PC; BM)

Fullerene derivatives like PC71BM (Figure 2.4) are n-type organic semiconductors
commonly used as electron accepting material in organic photovoltaic devices.'> '* Its
good solubility enables one to dissolve it in common solvents used to dissolve donor

polymers.

Figure 2.4. Chemical structure of PC;;BM.

In this thesis, PC;;BM with a molecular weight of 1031 g/mol has been purchased from
Ossila with purity higher than 99%.

2.2. Experimental Methods
2.2.1. Thin film preparation by spin-coating

Spin-coating method is a relatively simple, fast and low cost way to prepare thin

15, 16
films. ™

This method, as schematically described in Figure 2.5, can be divided in three
stages. First of all, a fixed amount of polymer solution is dropped on a substrate placed
in the center of a rotating metallic horizontal plate by using a pipette. Immediately, the
substrate is accelerated to the desired rotation rate. During this fast rotation the solvent
is evaporated and a thin film remains on the substrate. Thicknesses obtained basically

depend on the solution concentration and the rotation rate.

\. tt
T T

1. Deposition 2. Spinning 3. Drying

Figure 2.5. Scheme of the spin-coating technique for thin polymer film preparation.
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2.2.2. Nanostructuring with  Laser-Induced Periodic Surface
Structures (LIPSS)

Laser irradiation was carried out under ambient air conditions at normal incidence with
a linearly polarized laser beam of a Q-switched Nd:YAG laser (Lotis TII LS-2131M,
pulse duration of 8 ns full width half-maximun). Two wavelengths have been employed
by using the second (532 nm) and fourth harmonic (266 nm) of the laser. The repetition
rate can be changed from 1 to 10 Hz. In a typical LIPSS experiment as presented in
Figure 2.6 the beam is directed to the sample using a dichroic mirror and the laser
energy is tuned using a variable attenuator. The irradiation fluences were determined by
measuring the laser energy in front of the sample with a joulemeter (Gentec-E,

QE25SP-H-MB-D0) and considering 5 mm as the diameter of the laser spot.

Figure 2.6. Scheme of a LIPSS experiment.

2.2.3. Atomic Force Microscopy

Atomic Force Microscopy (AFM) is a technique based on the interaction between a tip
and the surface of one material.'” In 1986, Binnig, Quale and Geber adapted the

conventional Scanning Tunneling Microscope (STM) -which is limited to measure
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conductive samples- to study non-conducting samples. This discovery, together with the
already known STM has contributed to the development of the Nanotechnology.'® It
allows obtaining at nanometric scale the surface topography of all types of samples:
metals, semiconductors as well as insulators.

As represented in Figure 2.7, the AFM uses a cantilever with a nanometric tip attached
at the end to scan the surface of the sample. The sample is mounted on a piezoelectric

. . . 1
scanner, which allows a precise scanning of the sample.'’

When an AFM is operating, the interaction forces between the tip and the surface causes

the cantilever deflection. There are mainly three methods for establishing the forces

between a tip and a sample: contact, non-contact and tapping modes.'” '’

Photodetector Laser diode

Cantilever

Sample Tip

Piezoelectric
scanner

Figure 2.7. Scheme of an Atomic Force Microscopy (AFM) setup

2.2.3.1. Contact mode

The AFM tip makes physical contact with the sample using a cantilever with a low

spring constant. When the tip scans the sample, the repulsive force causes the cantilever
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deflection. This deflection depends on the surface topography of the sample. Contact
mode is typically used for investigating hard samples, such as metals. The cantilevers
are usually made of silicon (Si) or silicon nitride (Si3Ny4), with typical resonant

frequencies of 50 kHz and force constants below 1 N/m.

2.2.3.2. Non-contact mode

In non-contact mode, attractive Van der Waals forces acting between the tip and the
sample are detected, and topographic images are constructed by scanning the sample
with the tip above the surface. The attractive forces from the sample are substantially

weaker than the forces used by contact mode.

2.2.3.3. Tapping mode

In tapping mode, the cantilever is oscillating at a constant frequency which is called
resonance frequency. The oscillation amplitude is measured as a root mean square value
of the deflection signal. The feedback system is set to detect the perturbation of the
oscillation amplitude caused by the intermittent contact with the surface.'” The tapping
mode is more sensitive to the interaction of the tip with the surface since when the
vibrating tip reaches the surface, the involved forces are not only repulsive, but also
adhesive and capillary among others. So the interaction between the tip and the sample
surface produces changes in the frequency as well as in the phase. This mode of
operation is referred to as phase contrast imaging mode and it works simultaneously to

the topography imaging.

The state of the art of AFM techniques has driven to the development of some
extensions of AFM to get information about a large amount of physical properties, such

as nanomechanical, nanoelectrical, ferroelectrics and dielectrics."

In this thesis, atomic force microscopy measurements were carried out under ambient
conditions using a commercial scanning probe microscope (MultiMode 8 equipped with
the Nanoscope V controller, Bruker). The topography AFM images were collected in
tapping mode using silicon probes (NSG30 probes by NT-MDT). Roughness,
thicknesses, heights and periods of the nanostructures were measured in three different

zones of the sample and analyzed by Nanoscope Analysis 1.50 software (Bruker).
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2.2.4. Conductive Atomic Force Microscopy

Conductive Atomic Force Microscopy (C-AFM) is a technique that uses a conducting
AFM tip to measure local current images in contact mode. Typical C-AFM setup as
shown in Figure 2.8 requires a direct electric contact between the sample and the tip to
ensure a correct measurement of the current and to characterize conductivity variations
in conducting materials.”® The potential of this technique is to measure and map current

in the 2 pA to 1 pA range while simultaneously collecting topographic information.

Conductive cantilever

Sample

Conductive substrate

Figure 2.8. Conductive AFM setup.

Basically, C-AFM instrumentation is the same than conventional AFM but it needs to
be equipped with a specific module in order to apply a voltage between the tip and the
substrate. Moreover, the current is detected using a current-to-voltage preamplifier.*’

The applied voltage is in the range from -10 V to 10 V.

In this thesis, the C-AFM measurements were carried out using the same microscope
mentioned above equipped with a C-AFM module. The microscope was used in contact
mode, keeping a constant deflection of 0.3 V to avoid sample damage. To ensure
electrical contact, the samples were glued to the conducting substrate by epoxy resin
(Chemtronics, CW 2400). Silicon (Si) probes coated with a conductive Pt-Ir layer and a
low spring constant, k = 0.2 N/m, (SCM-PIC by Bruker) were used to characterize the
electrical properties of different semiconducting materials. The bias was applied to the

conducting substrate, and the current was measured by a preamplifier.”’
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2.2.5. UV-visible absorption spectroscopy

When the light passes through a material, the amount of light absorbed is the difference
between the incident radiation (Iy) and the transmitted one (/). The amount of light
absorbed is expressed as either transmittance (T') or absorbance (A) and it is defined as

follows:

T=1/I, (2.1)
A=-logT (2.2)

The amount of light absorbed is proportional to the concentration of absorbing species

by means of the Lambert Beer law: *

A = —log(l/1,) = ebc (2.3)

where ¢ is the molar absorption coefficient, b is the path length of the beam through the
material and ¢ the concentration of absorbing species.

For solid materials such as thin films, the Lambert- Beer law takes the form:

A= —log (I/I,) = apt = ut (2.4)

being a the mass absorption coefficient which is characteristic of each material and
depends on the light wavelength, p the mass density and t is the thickness of the
sample. Mass absorption coefficient can be calculated knowing the thickness and
density of the material. By multiplying the mass absorption density by the mass density

it is possible to obtain the linear absorption coefficient () which is often reported.

Ultraviolet-visible (UV-vis) absorption spectroscopy characterizes transitions between
electronic energy levels. Since the energy levels of matter are quantized, only light with
the precise amount of energy can be absorbed producing transitions from fundamental
level to excited states. In the practice, UV-vis spectroscopy is an easy way to analyze

the absorbing species of unknown samples.”

UV-vis spectroscopy has been used for characterizing conjugated polymers because
LIPSS fabrication requires a strong absorption at the laser irradiation wavelength and
therefore a previous knowledge of the absorption coefficient of the pristine materials at

each wavelength is necessary.
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In this Thesis, a UV-Vis-NIR spectrophotometer (UV-3600 Shimadzu), which is a
double beam instrument, interfaced to a personal computer loaded with the UV-Probe
software was used. A baseline was taken by using an empty substrate as reference. In
order to avoid the substrate absorption in the UV range, thin polymer films were

spin-coated onto quartz substrates. All measurements were carried out from 200 nm to

800 nm.

2.2.6. Raman spectroscopy

Raman spectroscopy is a chemical sensitive technique based on the inelastic scattering
of a photon by molecules, providing information about molecular vibration modes®* and
can be a complementary technique to IR spectroscopy. One disadvantage of the Raman
spectroscopy is that the Raman scattering is very weak and thus it was required to wait
for the development of laser sources in the 1960s to fabricate simplified Raman
spectroscopy instruments and to boost the sensitivity of the technique. Some advantages
such as the easy sample preparation and high sensitivity make Raman spectroscopy a
powerful technique to characterize chemical compounds. The Raman effect can be
enhanced when using excitation wavelengths in which the material has a strong
absorption. This effect is known as resonance Raman effect and gives rise to a more

intense Raman spectrum of the absorbing species present in the sample.”

In this thesis, Raman spectroscopy was accomplished by using a Renishaw Raman
InVia Reflex Spectrophotometer, equipped with a Leica Microscope and an electrically
refrigerated CCD camera, with excitation lines at 442 nm (HeCd laser), 532 nm
(Nd:YAG laser), and 785 nm (diode laser). The spectra were acquired with a spectral
resolution of 2 cm™' using a 50x objective providing a spot with a diameter of about
1 um on the samples. Laser power conditions were those that ensured the integrity of

the material.

2.2.7. Synchrotron Radiation

2.2.7.1. General concepts of X-rays
X-rays are electromagnetic radiation with a wavelength, A, in the range from 0.01 nm to
25 nm. When X-rays interact with matter two main processes may occur: absorption and

scattering. In the case of ordered matter it acts as a diffraction lattice when interacting
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with X-rays.” In Figure 2.9 a scheme of a standard scattering experiment in

‘etector

transmission geometry is shown.

Figure 2.9. Scheme of an X-ray scattering experiment in transmission geometry.

In an X-ray scattering experiment, the scattering vector ¢ is defined as:
Where Ei and Ef represent the incident and scattered wave vectors respectively. In the

case of elastic scattering, the modulus of the incident and scattered wave vectors do not

change and are defined by equation 2.6.

[Ks) = kil=~ (2.6)

According to the Bragg’s law (Figure 2.10), the interplanar distance,d, and the

scattering angle 26 are related by:

nA = 2d sin @ (2.7)

Figure 2.10. Geometry of the Bragg’s law.
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In addition, the module of the scattering vector, g, can be defined by:

i
q= TSlnH (2.8)

The module of the scattering vector can be also related to the distances between planes,

Ay

2
g=—= (2.9)
dhkl

One essential condition to develop a constructive interference is that the scattering

S
vector ¢ coincides with some reciprocal space vector (a*, b* ¢*) as follows:

G = hd* + kb* + 1¢* (2.10)

When a plane family satisfies the Laue condition (Equation 2.10), it produces a coherent
scattering of the radiation with an angle which will be inversely proportional to the
interplanar distances and directly proportional to the wavelength. As a consequence, at a
given wavelength the regularly ordered motifs separated by bigger distances will scatter
at lower angles. Therefore, by varying the experimental conditions (sample-detector
distance as shown in Figure 2.11) it is possible to achieve information about different

angles (26), and therefore about the structure at different length scales.

Due to the hierarchical nature of the polymer materials, X-rays scattering experiments
are ideal for their characterization at different structural levels. Collecting the scattered
intensity at wide angles, typically (260 > 1°) provides information about the internal
structure of the crystalline domains. This experiment is known as Wide Angle X-ray

Scattering (WAXS). On the other hand, the scattered intensity at small angles typically

(26 < 0.30), collected by the detector situated far away from the sample position allows
accessing to larger correlation distances. With this set-up the experiment is known as

Small Angle X-ray Scattering (SAXS).
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SAXS detector

WAXS detector l

e
WAXS (distances ~ 0.1-1 nm)

SAXS (distances ~ 10-100 nm)

Figure 2.11. Typical set-up of a Small and Wide Angle X-ray Scattering experiment

" The
cartoon illustrates characteristic length scales of polymers

2.2.7.2. Source and characteristics of synchrotron radiation

Conventional X-rays sources can be used to generate monochromatic X-rays at given
wavelengths. For instance, the Cu K-line generates X-rays with energy around 1 KeV.
However, in a synchrotron source it is possible to generate X- rays in a broad region of
the electromagnetic spectrum.” Considering the electromagnetic spectrum®
(Figure 2.12), the X-rays range can be separated in two regions: the lowest energy

region (200 eV < E <3 keV) referred to as soft X-rays region and the highest energy
region known as hard X-rays region (3 keV <E <100 keV)

Wavelength
1um 100 nm 10 nm 1nm 0.1 nm = 1A
T : T — - ]y
S L =
uv Extreme llllnvio}dl
i ;Siy’ Ck
L HE A 1 Pianr T
TeV 10eV /1 00 eV 1keV 10 keV
,Afhoton energy

0.1nm=1A

2ag

Figure 2.12. Electromagnetic spectral region covered by the synchrotron radiation.*
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Nowadays, synchrotron radiation is produced in large facilities whose scheme is shown
in Figure 2.13.%7" Electrons generated from an electron gun are accelerated in a linear
accelerator (LINAC). When the accelerated electrons have enough energy they are
moved into a circular ring called booster synchrotron. In this ring, the energy of
electrons increases from about 250 MeV to several GeV depending on the critical
energy of the synchrotron and the speed increases to almost the speed of light. Once the
electrons reach the required energy, they are injected into the storage ring. In the storage
ring electrons circulate for several hours and can deliver photons when the bending
magnets change the direction of the electrons. Additionally, other insertion devices such
as undulators and wigglers are used to produce a specific radiation that finally is guided

into the corresponding beamlines.*

Bending magnet

Beamline v ﬁ

Linear
= accelerator
= (LINAC)

e- generator

Figure 2.13. Scheme of a synchrotron radiation facility with its main components.

Some characteristics of the synchrotron light are:*® (1) a very high brilliance, several
orders of magnitude higher than those X-rays produced in conventional X-ray tubes, (2)
a high level of polarization (linear, elliptical or circular), (3) high collimation (small
angular divergence of the beam), (4) low emittance, i.e. the product of source cross
section and solid angle of emission is small, (5) wide tunability in energy/wavelength by

appropriate monochromatization.
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2.2.7.3. Synchrotron techniques used in this thesis

(A)Near Edge X-ray Absorption Fine Structure

Near Edge X-ray Absorption Fine Structure (NEXAFS) is an X-ray absorption
spectroscopy technique in which a core electron is excited into empty states near the
photo-ionization threshold.” It is thus inherently element specific due to the specific
elemental binding energies of core electrons. In addition, due to the close relationship
between molecular bonding and the structure of the empty electronic states, NEXAFS is
very sensitive to the detailed chemical structure of the sample. Polymers as organic
components are widely studied in the carbon K-edge (280-320 eV). The energy levels
implicated in a NEXAFS spectrum are associated to transitions from the core electrons
of the carbon atom (1s) to non-bonding molecular levels (c*, n*).” The chemical
sensitivity is achieved due to the fact that different bonds have different energies and
thus the transitions appear at different energies in the spectrum. It is worth noting that
according to the molecular orbitals theory, in a molecule the inner orbitals do not
contribute to the bond, so they may be considered as atomic orbitals. In the same way
that other absorption spectroscopies such as UV-visible or IR spectroscopies, X- ray
absorption spectroscopy can also give information about the chemical bonds and
therefore to be chemically sensitive. Since the electronic structure and bonding of
carbon are very diverse, the C ls edge offers the best capability to spectrally
differentiate chemical species. However, one should remember that there are NEXAFS
spectra associated with the core edges of every element in a sample, and in many cases,
other edges provide complementary information or even advantages over

C 1s NEXAFS.

This NEXAFS technique can be used in different working modes™ as described below

and illustrated in Figure 2.14.

. Transmission mode (Figure 2.14.a): this is the conventional working mode for
NEXAFS. The incident and transmitted intensity are measured. According to the
Lambert-Beer law, the absorbance is directly proportional to the absorption coefficient

and the thickness.
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(a) Transmission (b) Electron Yield
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Figure 2.14. Working modes in Near Edge X-ray Absorption Fine Structure (NEXAFS)

spectroscopy.”® (a) Transmission and (b) electron yield modes.

o Electron Yield mode (Figure 2.14.b): in this case, the absorbed X-ray intensity
is not measured directly, but instead the photoelectrons that are created by the absorbed
X-rays. In general, X-rays are absorbed through excitations of core electrons to empty
states above the vacuum or Fermi level. The created holes are then filled by Auger
decay which consists in the electronic transition from a less bound shell to the created
hole. The energy difference is transferred to other bound electrons which can then
escape from the atom. These outgoing electrons are referred to as Auger electrons. The
intensity of the emitted primary Auger electrons is a direct measurement of the X-ray
absorption process and is used in the so-called Auger Electron Yield (AEY)
measurements, which are highly surface sensitive.”> As primary Auger electrons leave
the sample, they create scattered secondary electrons which dominate the Total Electron
Yield (TEY) intensity. Electrons created deeper in the sample lose too much energy to
overcome the work function of the sample and therefore do not contribute to the TEY.
The sampling depth in TEY measurements is typically a few nanometers, while it is

often less than 1 nm for AEY measurements.

(B) Scanning Transmission X-ray Microscopy

Scanning Transmission X-ray Microscopy (STXM) is a powerful synchrotron-based
technique that combines NEXAFS spectroscopy and microscopy, providing a high
chemical sensitivity together with imaging capabilities at the nanoscale. In a scanning
transmission X-ray microscope, images are obtained by mechanically raster scanning
the sample through the focal point of a zone plate X-ray lens.’* ¥ STXM can

quantitatively map the chemical composition of organic films with nanoscale resolution.
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The STXM images can provide information on the domain sizes, shapes, and purities of

thin film polymer blends with a spatial resolution of ~ 20 nm.*

In order to obtain quantitative chemical composition maps of a blend the Singular Value
Decomposition (SVD) mathematical procedure has been used.’® SVD requires previous
knowledge of the mass absorption coefficients of the blend components. The
transmitted X-ray intensity measured was converted to an X-ray optical density (OD) by

means of Lambert Beer law:

I
0D = —logl— (2.11)
0

where [ is the transmitted X-ray intensity and I, is the incident X-ray intensity. Optical

density (OD) is also related to the absorption coefficient as:
OD = ut = apt (2.12)

where u is the linear absorption coefficient, and t the sample thickness. It is possible to
determine the mass absorption coefficient, &, by normalizing the absorption by the mass

density (p).

The SVD procedure also requires a series of images acquired at a number of energies
that equal or exceed the number of compositional components. STXM images of the
same area at selected energies can be transformed into thickness maps quantifying the

s - . 134,37.38
composition of the sample in each pixel.”™ "

E1l
ODEl aiEl a]
ope2 | _ | af* af” (ti) (2.13)
op® || & I\ |
0D aft  gF

~

In equation 2.13 the optical density at each energy (ODE?) is obtained from a STXM
image and the absorption coefficients of the individual components of the blend af?!
and af 1 are mandatory conditions to calculate the thicknesses map. Hence, the aim of
the SVD procedure is to calculate the thicknesses, t; and t;, in each pixel in order to

make the thicknesses map of each component. Finally, thickness compositional maps at
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each pixel (X;) can be obtained dividing the thickness of each component (t;) by the
total thickness (t;).

X; == (2.14)

(C)Grazing Incidence X-ray Scattering

Due to the nature of some samples investigated in this thesis, namely polymer thin films
on silicon substrates, it was necessary to perform X-ray scattering experiments in

. .. 41
grazing incidence geometry.*’

In contrast to standard X-ray scattering experiments in transmission geometry, Grazing
Incidence X-ray Scattering (GIXS) experiments are performed in reflection geometry.
As X-rays laboratory sources are very limited in both brilliance and energy, the
potential of GIXS is accomplished when using synchrotron radiation in combination
with two-dimensional detectors.” Although similarities with transmission geometry are
obvious, the presence of an incident angle introduces some geometrical modifications

which are schematized in Figure 2.15.

qz

Ax

dy

Direct beam

PPt g Sample

Figure 2.15. Scheme of a typical set-up for Grazing Incidence X-ray Scattering (GIXS)

experiments.
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When X-rays interact with a sample tilted with an incidence angle, a;, X-rays can be
transmitted, specularly reflected and scattered. With this geometry two exit angles
(a, w) are required to define the scattering vector. Correlations along the y-axis (at a
constant angle a) give information about the lateral structures in the plane of the
sample. On the contrary, correlations along the z-axis are related to structures along the

depth of the sample.”

In this geometry, the scattering wave vector is defined by:

q= (qx; 4y, qz) (2.15)
With the components:
21
Qx = [cos(w) cos(a) — cos(a;)] (2.16.a)
2m
qy = - [sin(w) cos(a)], (2.16.b)
21
q, = —~[sin(a;) + sin(a)] (2.16.¢)

In a GIXS experiment, the direct beam and specular reflected beam are often suppressed
by beam stops to avoid the detector saturation as the intensity of the specular reflected

beam is some orders of magnitude higher than sample scattering.

In the region of total external reflection (a; > @.ri;), the full depth of the sample is
detected and the incident and exit angles are that small that it is sufficient a description
based on one refractive index. The scattering between two media is originated basically

from strong variations of the electronic density when interacting with X-rays.”

Thus, Grazing Incidence Small Angle X-ray Scattering (GISAXS) and Grazing
Incidence Wide Angle X-ray Scattering (GIWAXS) provides structural information in
the reciprocal space and can be used for the characterization of micro- and nanoscale
correlations and the analysis of the crystalline phases respectively. GISAXS can be a

useful complement to real space microscopy techniques such as AFM and TEM.

(D) Resonant Soft X-ray Scattering

Conventional SAXS measurements probe the scattering intensity variation at very small

angles near the primary beam, as it was mentioned before. SAXS provides structural
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information on the difference of the electron density at length scales from tens to
hundreds of nanometers. This method yields not only information on sizes, shapes, and
distributions of particles, but also on the structure of disordered and partially ordered
systems. From the first Born approximation, the scattering intensity of SAXS is the
modulus-squared Fourier transformation of the electron density of the sample in real
space.” When the X-ray energy is high and far away from any absorption edges, the X-
rays interact with the electrons as if they are free electrons. The scattering is essentially
a sum of the scattering from all of the individual electrons. The contrast between the
heterogeneities is determined by the difference in the electron density of each material.
However, when the X-ray energy is tuned near the atomic absorption edge of
constituent elements, for example the K absorption edge of carbon at 284 eV, the core
electron is excited to an unoccupied molecular orbital, and strong resonance
enhancement in the scattering intensity is observed, relative to energies far below or
above this absorption edge.® In this case, X-rays are no longer interacting with ‘free’
electrons but with bound electrons. This resonance effect is analogous to the simple
harmonic oscillator: the X-ray absorption and thus scattering reach the maximum when
the incident X-ray energy matches the resonant frequency of the specific chemical bond.
This process is elementally sensitive, as the core electron binding energy is elementally
specific. Furthermore, this resonant process is also chemically sensitive, as the excited
state that corresponds to an unoccupied molecular orbital is defined by the chemical
bond environment. The anomalous scattering effect can be used to provide enhanced
scattering intensity and chemical sensitivity of the scattering objects, thus resulting in an
analytical capability of a tunable, chemically sensitive structure probe of nanoscale and
mesoscale components in heterogeneous, complex materials, without the need for

chemical modification.?

The physical basis of the contrast mechanism and the general advantages of Resonant
Soft X-ray Scattering (RSoXS) have been demonstrated in the past few years.44 The
effects of the interaction of X-rays with matter are encoded in the complex refractive
index, n(E) =1—6(E) + iB(E), where E is the photon energy, § is the dispersive

component, and B is the absorptive component.* **

Bond-specific contrast can be
achieved in the same manner as done in NEXAFS spectroscopy, because § and f
change rapidly as a function of photon energy near absorption edges, and the quantity

A8? + AB? determines the material contrast and scattering strength.*
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However, the refractive indices of polymer semiconductor materials are usually
unknown and must be determined whenever RSoXS experiments are performed. In the
case of soft X-rays, organic materials present a strong absorption of X-rays in the region
around 300 eV, providing that the absorptive component of the refractive index (f)

cannot be neglected.

Typically, § is not directly accessible. However, § can be easily determined by
measuring the transmission or TEY NEXAFS spectra of the pure materials.*> * %
Thereby f is determined from the observed mass absorption coefficient a(E) (Equation
2.17), where p denotes the mass density, h and ¢ are Planck’s constant and the speed of

light, respectively:
phc
E)=——a(E 2.1
B(E) = T—a(B) @.17)

4§ can be determined from [ using the Kramers-Kronig relation:

2 ooﬁ(E’)E,

Because of the fact that samples are thin films deposited onto silicon substrates, and that
some techniques used in this thesis require the use of soft X-rays, it has been necessary
the use of synchrotron radiation sources. Specifically, part of this work has been
performed in different beamlines located at different synchrotron radiation facilities: For
hard X-rays scattering measurements, the BM26-B beamline was used (Dutch-Belgian
beamline) which is a dedicated SAXS-WAXS station at the European Synchrotron
Radiation Facility (ESRF). For STXM measurements, the PolLux beamline at the Swiss
Light Source (SLS) was used. Lastly, RSoXS measurements were performed in the

11.0.1 beamline at the Advanced Light Source (ALS).
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Chapter 3. Phase separation and confinement
effects in thin films of conjugated polymer blends

Organic Photovoltaics (OPVs) define a class of solar-energy conversion devices,
offering the advantages of low cost, lightweight, solution-processability and mechanical
flexibility over other existing photovoltaic technologies.'™ Organic Solar Cells (OSCs)
are attractive due to a number of advantageous features,” including their thin-film
architecture and low material consumption resulting from a high absorption coefficient,
their use of organic solution processes and low manufacturing energy requirements.
Efficient OSCs typically employ a Bulk Heterojunction (BHJ) photoactive layer, where
an electron-donating (p-type) material and an electron-accepting (n-type) material form
a nanosized phase-separated interpenetrating network, which can provide large enough
heterointerface areas for efficient exciton dissociation and a continuous pathway for
charge transport.® Fullerene derivatives are the most effective and commonly used
acceptor materials. Polymer/fullerene BHJ solar cells have proven power conversion
efficiencies of over 10% now reported.”” All-Polymer Solar Cells (PSCs) have been
also developed, where an n-type semiconducting polymer is used as the electron
acceptor instead of a fullerene derivative blended with a p-type polymer. Although the

efficiency of all-PSCs remains® °

at ~4%, they offer some potential advantages
including superior optical absorption and greater synthetic flexibility in tuning
semiconducting properties such as the bandgap and energy levels.'”™ '' The bulk
heterojunction concept relies on the high purity of donor and acceptor phases within the
characteristic exciton diffusion length of ~ 10 nm, requiring percolating interconnected
network morphology. The understanding of phase separation and morphology in all-

polymer BHIJ is crucial for the optimization of device performance.'" 2

In general, a
mixing of donor and acceptor on a length scale smaller than the exciton diffusion length
optimizes charge generation, while coarser morphologies optimize the separation of

charges away from the interface and their collection at the device electrodes. On the

13, 14 15-17

other hand, crystal morphology and structure confinement effects such as
crystallization inhibition in domains of tens of nanometers also play very important

roles on charge transport and device performance.

In this chapter a study on the compatibility, phase separation and confinement in thin

films of P3HT/PCDTBT blends with different thicknesses is presented. The influence of
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morphology on nanoscale charge transport is also reported. Morphology and electrical
properties have been investigated by AFM and C-AFM respectively. Finally, STXM
measurements have been performed in order to obtain compositional maps of the
polymer blends and GIWAXS to study the internal structure of components in the
blend.

3.1. Sample preparation

Thin polymer films were prepared onto silicon substrates by spin-coating from different
chlorobenzene solutions specified in Table 3.1. A rotation rate of 2400 rpm was kept

during 120 s.

Table 3.1. Description of the samples including total concentration, thickness and zero-field
mobility (o) (see Section 3.6). PSHT/PCDTBT blends present two thicknesses corresponding

to the different domains of the sample.

Sample Concentration (g/L) Thickness (nm) Mo (cmZ/V°s)
P3HT 24 145 23 %107
PCDTBT 24 190 -
P3HT/PCDTBT-1 12 40-75 1.2 %107
P3HT/PCDTBT-2 24 140-190 0.61
P3HT/PCDTBT-3 36 270-320 1.21

For STXM measurements thin films deposited onto silicon substrates were separated
from the substrate by immersion in a dilute NaOH/water solution (0.25 wt %). By this
procedure the thin polymer film separated from the substrate and floated on the liquid
surface. Finally the floating film can be picked up using Transmission Electron
Microscopy (TEM) grids. An example of the results of the described procedure is

shown in Figure 3.1.

Figure 3.1. Optical microscopy image of a TEM grid with a sample of P3HT thin film.
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3.2. Optical properties

As mentioned before, the absorption coefficient can be obtained by using the Lambert-
Beer law (Equation 2.4). The variation of the absorption coefficient with the wavelength
in the ultraviolet-visible (UV-vis) region for the pristine P3HT, PCDTBT and the blend
P3HT/PCDTBT (1:1) spin-coated films from chlorobenzene are compared in Figure 3.2.

P3HT presents a main absorption band with the maximum at about 520 nm which is
attributed to the electronic 7-n* transition from the HOMO () to the LUMO (*)."® The
position of the absorption maximum as well as the vibronic structure, which is
detectable by a rough profile with different shoulders, depends on the conjugation
length of the polymer chains. As expected, P3HT shows vibronic features over the
investigated bandwidth suggesting that it presents structural order and a potential

increment in light-harvesting ability.

8.0x10* : .
6.0x10* 1
4.0x10* 1

2.0x10* 1

o
o
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200 400 600 800
Wavelength (nm)

Figure 3.2. Linear absorption coefficient of P3HT (blue), PCDTBT (red) and P3HT/PCDTBT
blend (1:1) (green) thin films.

PCDTBT exhibits three pronounced absorption bands: the PCDTBT band at
approximately 385 nm is assigned to the m-n* transition of the conjugated main chain
and the PCDTBT band at about 563 nm corresponds to the intramolecular charge
transfer (ICT) interaction between carbazole and benzothiadiazole moieties.'” These two
bands are characteristic of donor-acceptor conjugated polymers. Moreover, the band at
roughly 260 nm corresponds to low molecular weight species such as carbazole and

benzothiadiazole monomers.

The spectrum of the P3HT/PCDTBT blend presents practically an arithmetic average of
the individual components. In a first approach this suggests that P3HT and PCDTBT
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components are phase separated and there are not new interactions which affect the

absorption properties when P3HT and PCDTBT are blended.

3.3. Surface morphology

AFM in tapping mode was used to characterize both the surface topography at the
nanoscale and the thickness of thin films prepared from different solution
concentrations. The surface topography images of the P3HT and PCDTBT spin-coated

films are shown in Figure 3.3.

B8 10.0 nm

0.0 5.0 um 0.0 © 5.0um

Figure 3.3. AFM topography images in tapping mode of: (a) P3HT and (b) PCDTBT spin-

coated films. Insets show magnified images.

The topography of the P3HT (Figure 3.3.a) and PCDTBT (Figure 3.3.b) films is smooth
with a roughness of R, # 9 nm and R, ® 1 nm respectively. Small fiber-like crystallites

can be observed for the P3HT (inset in Figure 3.3.a).

P3HT/PCDTBT (1:1) films (Figure 3.4) show the characteristic morphology of lateral
phase separation, indicating immiscibility of the two polymers in agreement with
previous reports.”” ' P3HT/PCDTBT-2 and P3HT/PCDTBT-3 thin films present a 50
nm difference in height between phases for an average film thickness of 165 and 295
nm respectively, the P3HT/PCDTBT-1 thin film shows 35 nm difference in height
between phases for an average film thickness of 58 nm (see Table 3.1). These results
indicate that domain size as well as film thickness increase with increasing polymer
concentration. It is also interesting to point out the presence of a dense needle-like
morphology in films with 165 and 295 nm average thicknesses (insets in Figures 3.4.b
and 3.4.c) while no evidence of needle-like motifs appears in the thin film with 58 nm
average thickness (inset in Figure 3.4.a). The samples were then annealed at 140°C for
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20 min (above the glass transition temperature of both polymers)** and cooled down to
room temperature aiding the thermodynamic equilibration of the samples, but no change

in morphology was observed.

120.0 nm

5.0 um

Figure 3.4. AFM topography images of polymer thin films: (a) P3HT/PCDTBT 1:1 (12 g/L),
(b) P3HT/PCDTBT 1:1 (24 g/L) and (¢) P3HT/PCDTBT 1:1 (36 g/L). Insets show magnified

images.

3.4. Composition mapping

Since there is not a single technique capable to fully characterize the morphology of a
thin-film polymer blend, the use of complementary techniques is required. Although
AFM enables imaging of surface topography with high spatial resolution, to distinguish
regions with different chemical composition can be cumbersome. STXM is a technique
that provides an appropriate combination of spectroscopy and imaging capabilities at
low radiation doses. As a powerful synchrotron-based technique, STXM can
quantitatively map the chemical composition of organic films with nanoscale
resolution.”> ** As explained in Section 2.2.7, the STXM images can provide
information on the domain sizes, shapes, and purities of thin film polymer blends with a
spatial resolution of ~ 20 nm.** In order to obtain quantitative chemical composition of

the blend thin films we have used the Singular Value Decomposition (SVD)
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mathematical procedure” *® which requires previous knowledge of the mass absorption
coefficients of the blend components. Figure 3.5 shows the mass absorption coefficients
as a function of energy for P3HT and PCDTBT pristine films of known thickness
(Table 3.1). The transmitted X-ray intensity measured was converted to an X-ray optical
density collecting the Iy and by using the equation 2.12, the mass absorption coefficient
of each polymer can be obtained considering the values of thicknesses previously
measured and density values of 1.13 and 1.33 g/cm’ for P3HT and PCDTBT

respectively.”’

The SVD procedure also requires a series of images acquired at a number of energies
that equal or exceed the number of compositional components. STXM images
(Figure 3.5 top) of the same area of the P3HT/PCDTBT-2 thin film were taken at
energies indicated by arrows in the NEXAFS spectra which correspond to 280 eV
(pre-edge), 284.2 eV (PCDTBT resonance), 287.8 eV (P3HT resonance) and 320 eV
(chemically insensitive). By using the aXis2000 software package® where the SVD
procedure is integrated, the information contained within the set of STXM images taken

at the selected energies can be transformed into maps quantifying the composition and
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Figure 3.5. Reference NEXAFS spectra for pristine films of P3HT (red line) and PCDTBT
(blue line). Vertical dashed arrows indicate the photon energies used to obtain the raw STXM.

Images (6 um x 6 um) of the same sample area of a P3HT/PCDTBT-2 thin film, presented at
the top. The inset highlights differences in the NEXAFS spectra of P3HT and PCDTBT.
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The corresponding composition and thickness maps of the P3HT/PCDTBT-2 thin film
are shown in Figure 3.6.a and b respectively. On the one hand, these images reveal the
chemical nature of the different observed domains. On the other hand they reveal a
structure of thinner P3HT-rich domains enclosed by a thicker PCDTBT-rich matrix. The

thicknesses of domains are in agreement with the values measured by AFM.

Figure 3.6. 6 um % 6 um images of: (a) quantitative composition and (b) thickness maps of the

P3HT/PCDTBT-2 thin film, calculated from the set of raw images in Figure 3.5 top.

3.5. Internal structure

In order to complement the STXM studies, GIWAXS was used to probe changes in
molecular and nanoscale structure in P3HT, PCDTBT and in the blend
P3HT/PCDTBT-2 thin films, before and after annealing at 140°C for 20 min. Figure
3.7.a shows the 2D scattering pattern for the P3HT as-cast film. Four main peaks can be
seen, three out of plane reflections h00 having g-values of 3.8, 7.59 and 11.55 nm™, and
one in plane reflection which is the superposition of the 020 and the weak 002

2
%30 the

reflections,” with a g-value of 16.39 nm™. In agreement with previous reports,
pattern reveals the characteristic crystalline reflections corresponding to the crystal

sheets formed by the m-m stacking of the thiophene rings. The hO0O reflections
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correspond to the intrachain distances and 0kO to the n-n-stacking distances. In addition,
the P3HT as-cast film is uniaxially oriented with mainly an edge-on configuration
which corresponds to the usual conformation adopted by P3HT thin films, consisting of

polymer chains parallel to the substrate.
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Figure 3.7. GIWAXS images of spin-coated thin films: (a) P3HT, (b) PCDTBT,
(c) P3BHT/PCDTBT-2. And after annealing at 140°C for 20 min: (d) P3HT, (e) PCDTBT,
(f) P3BHT/PCDTBT-2.

The 2D scattering pattern of PCDTBT as-cast film, shown in Figure 3.7.b reveals a
lower degree of crystallinity compared to P3HT. The broad peak at q ~ 14.55 nm™ in the
out-of-plane direction, indexed as 010, corresponds to n-m stacking between PCDTBT
back-bones while the diffraction peak at q = 2.95 nm™ also in the out of plane direction,
indexed as 100, corresponds to the alkyl side-chain packing.'*> *” The blend
P3HT/PCDTBT-2 as-cast thin film presents a 2D scattering pattern (Figure 3.7.c) very

similar to P3HT, where only the P3HT reflections are detected. These reflections appear
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at similar q values as those of P3HT. No evidence of PCDTBT reflections is observed.
These data reveal that P3HT and PCDTBT do not co-crystallize. After annealing the
samples at 140°C for 20 min, the P3HT thin film exhibits more intense reflections
(Figure 3.7.d) suggesting an increase in crystallinity and a similar trend is observed for
the blend (Figure 3.7.f). However, for PCDTBT Figure 3.7.e shows that while the 100
peak is better defined, the 010 loses intensity after annealing. This effect is even more
evident for a thinner PCDTBT sample, as can be seen in Figure 3.8. The trend can be
explained by considering that annealing improves side-chain order while reducing the -
n stacking, as has been previously proposed by Wang et al.”* Figure 3.9 shows the
scattering differences between P3HT/PCDTBT-1 and P3HT/PCDTBT-2 samples. As it

is expected, thicker samples present higher scattering intensity.
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Figure 3.8. 2D GIWAXS patterns of PCDTBT thin films prepared from 12 g/L. concentration

solution: (a) spin-coated and (b) annealed at 140 °C for 20 minutes.
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Figure 3.9. 2D GIWAXS of thin films: (a) PSHT/PCDTBT-2 and (b) P3HT/PCDTBT-1.
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3.6. Nanoscale charge transport properties
Conductive-AFM (C-AFM) was used to characterize the electrical properties at the

nanoscale of P3HT/PCDTBT (1:1) blend thin films with different thicknesses. Neat
P3HT films were included in the study for the sake of comparison. Work functions of
metal electrodes® are 4.8 eV for the n-type silicon anode and 5.6 eV for the Pt-Ir tip
which works as cathode as it is shown in Figure 3.10. Since the difference between the
HOMO level of polymer and the work function of both electrodes (Si substrates and Pt-
Ir tip) is rather small, it is expected that ohmic contacts occur for a hole injection and
strong energy barriers for electrons. As a consequence only holes can be injected to the

2
electrodes.’

LUMO
3.5¢V . \electrons(e‘)
E. ——— 4.8 eV
holes (h*) Si substrate
[

/ HOMO 5.2 eV

5.0 ¢V =

Pt-Ir tip

Figure 3.10. Energy level diagram for C-AFM setup. HOMO and LUMO energy level of the

P3HT are represented as a model.

In this study hole current imaging was used to examine conductivity wvariations and to
map the P3HT conducting network in the P3HT/PCDTBT (1:1) thin films. In these
measurements, Pt-Ir coated silicon probes were used to ensure that holes are the major
injected carriers.”® Figure 3.11 shows contact mode AFM topography and current
images of a P3HT thin film recorded simultaneously by applying a constant voltage
of -5 V to the conducting substrate. The current image presented in Figure 3.11.b shows

a homogeneous current variation throughout the film.

50



2.0 um

Figure 3.11. C-AFM measurements. (a) Topography and (b) current images of the P3HT thin
film (24 g/L).

However, P3HT/PCDTBT (1:1) current images (Figure 3.12) present domains with high
(dark region) and low (bright region) current. By comparing C-AFM images with the
compositional maps shown in Figure 3.6, it is possible to assign the high current regions
to the P3HT-rich domains and the low current ones to the PCDTBT phase. It is known
that the thickness of thin films prepared by spin-coating is mainly related to the solution
concentration. As previously commented, Table 3.1 shows the thicknesses of neat P3HT
and PCDTBT thin films and the average thickness as well as the thicknesses of
P3HT-rich and PCDTBT-rich domains of P3HT/PCDTBT (1:1) thin films prepared
from solutions with different concentrations. It can be observed in Figure 3.12 that the
electric current in the P3HT-rich domains increases dramatically with increasing
thickness from hundreds of pA for the blend with a P3HT-rich domain thickness of
40 nm (Figure. 3.12.b) to several nA for blends with P3HT-rich domains thicker than
100 nm (Figures 3.12.d and 3.12.1).

Moreover it was pointed out previously the presence of a dense needle-like morphology
in P3BHT/PCDTBT-2 and P3HT/PCDTBT-3 films with 165 and 295 nm thicknesses
respectively while no evidence of needle-like motifs appears in the 58 nm thick
P3HT/PCDTBT-1 film. The current images of P3BHT/PCDTBT-2 and P3HT/PCDTBT-3
films clearly show a fibrous network where the strongest current is measured. These
results evidence that P3HT needle-like crystals grow from the P3HT-rich domains
acting as bridges through the PCDTBT-rich domains. However, the current image of the
P3HT/PCDTBT-1 thin film neither shows any fibrous network nor evidence of needle-
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like motifs. This fact can be explained by confinement inhibiting crystallization due to
the very thin domains of P3HT of only 40 nm as it is supported by GIWAXS

measurements.

0.0 2.0 um

Figure 3.12. C-AFM measurements. (Left) Topography and (right) current images of: (a,b)
P3HT/PCDTBT 1:1 (12 g/L), (c,d) P3HT/PCDTBT 1:1 (24 g/L), (e,f) P3HT/PCDTBT 1:1
(32 g/L). Red and blue crosses in Figure (d) correspond to different locations where I-V

characteristics were measured.

In addition to current imaging with C-AFM, local I-V curves can also be collected. This
technique of measuring I-V characteristics by C-AFM has the advantage that only a

very small region of the film, comparable to the tip contact area, is probed.>** Thus,
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several areas can be examined aiming to provide information on the film electrical
heterogeneity. I-V curves were collected from different locations within a P3HT-rich
domain (red crosses in Figure 3.12.d) and from different locations within a
PCDTBT-rich domain (blue crosses in Figure 3.12.d). I-V curves measured in both
regions including the average curves (red and blue for the P3HT-rich domain and the

PCDTBT-rich domain respectively) are shown in Figure 3.13.

Bias (V)

Figure 3.13. [-V curves measured in different locations into a P3HT-rich domain (red crosses in
Figure 3.12.d) and in different locations into a PCDTBT-rich domain (blue crosses in
Figure 3.12.d). Average I-V curves, red and blue for the P3HT-rich domain and the
PCDTBT-rich domain are also included.

As one can see, while there is a negligible electrical current in the PCDTBT-rich
domains, a significant electrical current is measured in the P3HT-rich domains. The
same procedure was used for all the samples investigated. Average I-V curves for the
neat P3HT, neat PCDTBT and P3HT-rich domains in P3HT/PCDTBT (1:1) films with
different thicknesses are shown in Figure 3.14.a. The highest current for a similarly
applied bias is measured for the P3HT/PCDTBT-2 thin film. Since the samples have
different thicknesses, Figure 3.14.b presents the I-E curves where E=V/t is the electric

field and t is the P3HT domain thickness.
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Figure 3.14. (a) Average I-V curves for pristine P3HT and PCDTBT thin films and P3HT-rich
domains in P3HT/PCDTBT (1:1) thin films with different thicknesses. Inset shows the
Space-Charge Limited Current (SCLC) region, (b) Average I-E curves for pristine P3HT and
PCDTBT thin films and P3HT-rich domains in P3HT/PCDTBT (1:1) thin films with different

thicknesses.

The log-log plot of the |J| — |V| data, where J is the current density, is presented in
Figure 3.15.

54



T 1 /'/
10°+ 3
1 Ohmic region .-
— 10°4 e
2 ] -7
o -
o
4 SCLC region
10" J V2 3
boo :
103 M | - v v v T v v vy v v v LN B
0.1 1 10

log |V|

Figure 3.15. log-log plot of the J-V data where two different regimes of the electrical response

can be observed.

It shows that for the investigated samples the electrical response exhibits two regimes:
initially a short Ohmic range (J o V) and a more extended regime (J o< V) denominated
Space-Charge Limited Current (SCLC) regime. In the case of SCLC, the nanoscale

charge mobility can be extracted by using the following expression:***

9 &

] =g&éok Tz 3.1

where &, is the dielectric constant of the polymer for which we assumed a value of 3 as
proposed in the literature,” &, = 8.85 x 10'2 F/m is the vacuum permittivity, u is the
charge mobility, V is the applied voltage, and t is the P3HT domain thickness. In order
to verify whether the calculated carrier mobilities are field dependent we have used the
approach for a field-dependent carrier mobility described by the Poole-Frenkel

equation:™>

1
i = pge E/E) 2 (3.2)

where E is the electric field, y, is the zero-field mobility, and Ej is the field coefficient.

The Poole-Frenkel plots (Inu vs E Y 2) are shown in Figure 3.16.
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Figure 3.16. Hole mobilities for pristine P3HT (black) and P3HT-rich domains in
P3HT/PCDTBT-1 (green), P3HT/PCDTBT-2 (red) and P3HT/PCDTBT-3 (blue).

All the samples exhibit similar behavior showing that the mobility depends weakly on
the electric field. A significant zero-field hole mobility increase is observed for the
P3HT/PCDTBT (1:1) films with increasing thickness (Table 3.1) from 1.2 x 107
cm?/V-s for the PBHT/PCDTBT-1 thin film to 0.61 cm*V's and 1.21 cm?/V's for the
P3HT/PCDTBT-2 and P3HT/PCDTBT-3 thin films respectively. It is also interesting to
note that a zero-field hole mobility increase of about two orders of magnitude is
observed for the P3HT-rich domains in the P3HT/PCDTBT-2 thin film compared to the
neat P3HT sample with similar thickness. It indicates a P3HT and PCDTBT synergy in
the blend, probably related to the highly conductive needle like morphology induced in
P3HT domains by the presence of the PCDTBT phase, as it is seen comparing the
topography images for both samples (Figure 3.3.a and 3.4.b) and the current images
(Figure 3.11.b and 3.12.d).
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Chapter 4. Laser-induced periodic surface
structures on conjugated polymers

4.1. Laser-induced periodic surface structures on
Poly(3-hexylthiophene-2,5-diyl)

The semiconducting semicrystalline polymer poly(3-hexylthiophene-2,5-diyl) (P3HT)
has been widely studied as the active layer in organic field-effect transistors (OFET)'™
and organic solar cells.*” In organic photovoltaics (OPVs), the dissociated free charges
(electrons and holes) are generated at the interface between the donor (e— donor) and
acceptor (e— acceptor) phases and then transported to their respective electrodes,
forming the external circuit. Therefore, increasing the interfacial area between the e—
donor and e— acceptor phases and limiting the morphology of the heterojunction to the
nanoscale are critical for improving the device performance. Several attempts to
produce nanostructures of semiconducting polymers have been carried out in order to
improve the device efficiencies of P3HT-based polymer solar cells.® * Nanostructuring
approaches such as those using either anodic aluminum oxide (AAO) membranes'” ' or
nanoimprint lithography (NIL)'* "> have been successfully accomplished in P3HT. It is
well-known that molecular order and crystallinity in semiconducting polymers have a

1416 In general, higher crystallinity levels

significant impact on their physical properties.
increase the molecular order and enhance charge mobility along chains, leading to an
improvement of the electrical transport properties of the material. Therefore, the
knowledge about changes in the crystalline structure and molecular chain orientation of
the polymer nanostructures is essential in order to correlate the structural parameters
with the electrical properties.'” P3HT consists of a relatively stiff main chain of
thiophene rings with one hexyl group as side substituent to render the conjugated
polymer more soluble in organic solvents. Typically, this polymer develops layered
crystalline structures with separated main chain and hexyl groups. The n—n stacking of
planar polymer backbones leads to delocalization of electronic states across different
chains."® Regioregular P3HT (RR-P3HT) forms crystal sheets by n—n stacking of the
thiophene rings in such a way that the alkyl side group can eventually crystallize. In
addition, as typical semicrystalline polymers, P3HT forms ~10 nm wide crystalline

19-21

regions separated by amorphous interlayers. Variations in crystallinity and
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orientation of P3HT under different conditions like thermal processing, doping with
additives,”” or by confinement™ ** have been detected by X-ray scattering techniques.
In particular, confining P3HT within nanostructured grooves by NIL induces a 90°
backbone reorientation near the grating sidewalls, which frustrates the strong tendency
of P3HT molecules to orient edge-on relative to substrate and air interfaces in thin
films.*> A similar effect takes place for P3HT infiltrated into AAO membranes where it
was found that the P3HT chains inside the nanorods are aligned in the direction normal
to the AAO pore wall. Thus, chains in P3HT nanorods have a partial flat-on orientation
with respect to the residual polymer film.?® Besides common patterning methods, it is
also possible to fabricate Laser-Induced Periodic Surface Structures (LIPSS) on

27, 28
polymer surfaces.””

This laser nanostructuring technique can be envisioned as a
potential alternative to lithography processes, avoiding the necessity of using clean

rooms, high vacuum systems, or mask fabrication among others.

4.1.1. Sample preparation

A solution of P3HT in chlorobenzene (24 g/L) was prepared and stirred at 30 °C for 1 h.
Thin polymer films were prepared by spin-coating on the polished surface of silicon
wafers (100) (ACM, France). The wafers were previously cleaned with acetone and
isopropanol. A fixed amount of 0.2 mL of polymer solution was dropped by a pipette on
a square silicon substrate placed in the center of a rotating metallic horizontal plate. A
rotation rate of 2400 rpm was kept during 60 s. The thickness of the obtained thin films
was 140 + 20 nm with a roughness of a few nanometers, both measured by AFM. For
NEXAFS measurements, polymer solutions were spin-coated on silicon substrates, and
then floated off into a very dilute NaOH/water solution (0.25 wt %), and finally picked
up with Transmission Electron Microscopy (TEM) grids.

Laser irradiation was carried out under ambient air conditions at normal incidence with
a linearly polarized laser beam of a Q-switched Nd:YAG laser (pulse duration of § ns)
at two different wavelengths, i.e., with the second, 532 nm, and fourth harmonic,
266 nm, at a repetition rate of 10 Hz. These wavelengths were selected for the
experiments because P3HT absorbs efficiently with an absorption coefficient of
~6.0x 10" cm™' at 532 nm and in the range of ~1 x 10* cm ' at 266 nm

(see Figure 3.2).
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4.1.2. Dependence of LIPSS on fluence and number of pulses at
532 nm

Typical nanostructures obtained irradiating with the laser at 532 nm with different
fluences and number of pulses are shown in Figures 4.1 and 4.2, respectively. In both
cases, by varying the laser conditions well-ordered ripples can be fabricated. From the

AFM height profiles the sizes of the nanostructures can be analyzed.
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Figure 4.1. AFM height images of LIPSS on P3HT thin films at an irradiation wavelength of
532 nm upon irradiation with 3600 pulses varying the fluence. Height profiles over lengths of
4 um are shown at the bottom of every image. The double arrow («») indicates the polarization

vector of the laser beam.
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Figure 4.2. AFM height images of LIPSS on P3HT thin films at an irradiation wavelength of
532 nm and a fixed fluence of 26 mJ/cm” varying the number of pulses. Height profiles over
lengths of 4 um are shown at the bottom of every image. The double arrow («») indicates the

polarization vector of the laser beam.

Ripple periods (L) and depths (Z) for samples irradiated at different fluences and

number of pulses are represented in Figure 4.3 for the wavelength of 532 nm.
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Figure 4.3. Variation of (O) periods (L) and (©O) depths (Z) of LIPSS as a function of:
(a) fluence and (b) number of pulses for the laser irradiation wavelength 532 nm. Lines are

shown as visual guides.

The dependence of the period of LIPSS with the fluence at 3600 pulses is presented in
Figure 4.3.a. This number of pulses was selected to ensure that LIPSS with good quality
are obtained for several laser fluences. The figure shows that the period slightly
increases up to a fluence of about 26 mJ/cm® and remains practically constant afterward.

Above 50 mJ/cm?, the ripples start to deteriorate. Regarding the depth of the ripples, it
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increases up to 100 nm for 40 mJ/cm’, reaching a plateau above this fluence value
(Figure 4.3.a). At a constant fluence, the period increases up to =~ 4500 pulses and
reaches a plateau (Figure 4.3.b) with a value slightly smaller than the laser wavelength
and decreases after about 10000 pulses. The depth of the ripples follows a similar
tendency to what is observed in the dependence with the fluence, increasing up to 90 nm

for = 4500 pulses (Figure 4.3.a).

4.1.3. Dependence of LIPSS on the laser wavelength

Topography images of LIPSS obtained at 266 nm at a fixed number of pulses of 3600
and different fluences are shown in Figure 4.4. LIPSS present different periods and
sizes. A similar behavior is observed in Figure 4.5 when fabricating LIPSS at a fluence

of 13.4 mJ/cm” and different number of pulses.
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Figure 4.4. AFM height images of LIPSS on P3HT thin films at an irradiation wavelength of
266 nm and 3600 pulses varying the fluence. Height profiles over lengths of 4 um are shown at
the bottom of every image. The double arrow («) indicates the polarization vector of the laser

beam.
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Figure 4.5. AFM height images of LIPSS on P3HT thin films at an irradiation wavelength of
266 nm and a fixed fluence of 13.4 mJ/cm’® varying the number of pulses. Height profiles over
lengths of 4 um are shown at the bottom of every image. The double arrow («») indicates the

polarization vector of the laser beam.

The dependence of the LIPSS period with the fluence at 3600 pulses is presented in
Figure 4.6.a. The period increases up to a value of fluence of about 14 mJ/cm” and
remains practically constant at a value close to the irradiation wavelength. Regarding
the depth of ripples, it increases up to 85 nm for 14 mJ/cm? reaching a plateau at higher

fluence values (Figure 4.6.a). Above 14.7 mJ/cm?, the ripples start to deteriorate.

Figure 4.6.b shows the dependence of period and depth of ripples generated at 266 nm
as a function of the number of pulses at a constant fluence of 13.4 mJ/cm?”. The period
remains constant for about 2500 pulses and subsequently increases, reaching a plateau

with a value close to the laser wavelength upon irradiation with 5500 pulses as shown in
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Figure 4.6.b. The variation of LIPSS depth as a function of the number of pulses

follows a similar behavior, increasing up to 5000 pulses and reaching a plateau of about

70 nm (Figure 4.6.b).
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Figure 4.6. Variation of (O) periods (L) and (©O) depths (Z) of LIPSS as a function of (a) fluence
and (b) number of pulses for the laser irradiation wavelength of 266 nm. Lines are shown as

visual guides.

Topography AFM images of the optimal P3HT LIPSS in terms of ripple depth and
period for the two laser wavelengths used, 532 nm and 266 nm, are shown in Figure 4.7.

In this case periods obtained were 450 nm and 250 nm for irradiation at 532 and 266 nm

respectively.
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Figure 4.7. AFM height images of optimal LIPSS in terms of depth and period obtained on
P3HT thin films: a) at 532 nm, fluence of 26 mJ/cm® and 4800 pulses and b) at 266 nm, fluence
of 13.4 mJ/cm” and 5100 pulses. Height profiles over lengths of 4 pm are shown at the bottom

of each image. The polarization vector of the laser beam is indicated by double arrows («»).

65



In general, LIPSS fabricated at 266 nm present structures with a lower degree of order
than those created with the irradiation wavelength of 532 nm. Differences in the quality
of the structures in terms of regularity of lengths and size of the ripples are related to the
absorption coefficient of the material at each wavelength. The higher absorption
coefficient of P3HT at 532 nm in relation to that at 266 nm (pe = 1 X 10 cm ™! vs
ns;2~ 6 x 10* ecm™), leads to the formation of better ordered ripples irradiating at
532 nm than those observed irradiating at 266 nm. However, formation of LIPSS has
been reported for polymers with an absorption coefficient as low as 3000 cm ™. This is
the case of polystyrene® at 248 nm for which LIPSS have been reported upon
irradiation at fluences in the range 7— 9 ml/cm’ after a few thousand pulses.*
Therefore, there should be another reason accounting for LIPSS of less quality than
those obtained at the visible wavelength. One possibility is the fact that hexylthiophenes
with low molecular weight (oligomers) absorb efficiently in the region of 266 nm,
whereas a higher degree of conjugation induces a shift in the absorption band toward
larger wavelengths (around 500 nm). Therefore, in the UV—visible spectrum of P3HT
(see Figure 3.2) the absorption at 266 nm is attributed to oligomers®' and the LIPSS

mechanism is less efficient.

It has been reported previously that in order to obtain LIPSS in amorphous polymers a
minimum fluence value is necessary to ensure that the surface temperature overcomes
the glass transition temperature (T), allowing the polymer chains to have enough
segmental and chain dynamics to reorganize.’” In the case of semicrystalline polymers,
such as regioregular P3HT, the thermal properties are governed not only by the glass
transition temperature but also by the melting temperature (Ty,). It means that in the
range of fluences for which LIPSS are obtained in this case the temperature reached at
sample surface is expected to be higher than Ty, and as a result of that superficial
crystallites are expected to melt providing enough mobility to the polymer chains to

reorganize spatially.

Due to the fact that LIPSS formed irradiating at 532 nm present more regular ripples, a

more extensive characterization of the structures created in this case was accomplished.
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4.1.4. Electrical characterization by conductive-AFM

C-AFM was used to characterize the electrical properties at the nanoscale of LIPSS
produced by irradiating a P3HT thin film at 532 nm. Figure 4.8 shows the C-AFM
current images (electric current map), acquired in contact mode, of a P3HT thin film
sample before irradiation (Figure 4.8.a) and after irradiation with a fluence of
26 mJ/cm” and 4800 pulses (Figure 4.8.b) by applying a constant voltage of —5 V on the

conducting substrate.

0.0

-1.5nA

Figure 4.8. C-AFM current images of a P3HT thin film measured at a constant bias of -5 V.
(a) Non-irradiated film, (b) film with LIPSS fabricated at 532 nm, 26 mJ/cm” and 4800 pulses.
(c) Overlap of height and current images of P3HT with LIPSS. Height scale is 80 nm.

The current image of the sample before irradiation shows that the thin film is conductive
in the whole area, whereas the image displaying the current map of the irradiated thin
polymer film shows stripes with conductivity similar to that of the initial thin film
separated by non-conductive ones. It is worth noting that C-AFM measurements
performed in P3HT films with different thicknesses, ranging from 50 to 350 nm,
revealed that all of them were conductive. Thus, it can be established that the observed
effect in Figure 4.8.b is not caused by the thickness difference between trenches and
ridges. To correlate conductive regions with either trenches (bottom) or ridges (top)
observed in the height image, we have overlapped topography and current images
(Figure 4.8.c). It is observed that conductive regions correspond to trenches and
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non-conductive regions to ridges. This fact might be attributed in principle either to
selective chemical damage because of laser irradiation or to reorganization of the
polymer chains and therefore to possible structural changes like partial loss of

crystallinity in the ridges. These two aspects will be addressed in the following sections.

4.1.5. Chemical stability and structural modification in nanostructured
P3HT thin films

4.1.5.1. Near Edge X-ray Absorption Fine Structure

NEXAFS experiments were performed in order to gain further information about the
chemical stability of the P3HT thin films after laser irradiation at 532 nm. The
experiments were carried out at the PolLux beamline at the Swiss Light Source. A
NEXAFS spectrum in the K-edge reveals the excitation of 1s electrons to unfilled
molecular orbitals. The NEXAFS spectra in the carbon K-edge of pristine thin films and
of those with LIPSS are presented in Figure 4.9. The shape of the spectra is as
expected’™ ** for P3HT. The sharp peak at 285 eV corresponding to the Cls — n*
transitions is characteristic of the strong electronic delocalization along the conjugated
backbone of thiophene rings and therefore very sensitive to differences in the polymer n
backbone. Other characteristic peaks are assigned to C Is — o*(C—H) transitions at
approximately 287-288 eV, corresponding to the hexyl group, and to a broad set of
Cls — o* (C—C) transitions near 293 eV.>* Overall, NEXAFS results suggest the

absence of significant changes in the chemical structure of P3HT after LIPSS formation.

Optical Density ( a.u.)

280 200 300 310 320
Energy (eV)

Figure 4.9. NEXAFS spectra in the carbon K-edge of P3HT (chemical structure shown) thin
film (red line) and of P3HT film with LIPSS fabricated at 532 nm, 26 mJ/cm” and 4800 pulses
(black line). The spectra have been vertically shifted for clarity.
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4.1.5.2. Raman Spectroscopy

To elucidate the reason for the different electrical properties of ridges and trenches of
P3HT films endowed with LIPSS at 532 nm, micro-Raman measurements were
performed at different excitation conditions (Aexe = 785, 532 and 442 nm). Figure 4.10
shows the Raman spectra of P3HT thin films (red) and P3HT with LIPSS fabricated at
532 nm, 26 mJ/cm’ and 4800 pulses (black) at the different excitation wavelengths

employed.

Raman intensity (a.u.)

Figure 4.10. Raman spectra of non-irradiated P3HT thin films (red) and films with LIPSS
fabricated at 532 nm, 26 mlJ/cm® and 4800 pulses (black) under different excitation
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wavelengths. Star marks (**) in Figure (top) correspond to silicon bands.

The spectra present characteristic bands at 1445 and 1380 cm ™', which can be assigned

to the symmetric stretching mode of the C=C and C—C intra-rings bonds, respectively.*’
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In particular, one should focus on the 13501500 cm ' spectral range which is shown
enlarged in Figure 4.11. This region is known to be sensitive to the m-electron
delocalization, i.e., related to the conjugation length and optical absorption, of the P3HT
chains.”> *® It is well-known that regioregular P3HT (RR-P3HT) thin films present
optical absorption between 400 and 600 nm.® This indicates that excitation at 785 nm
occurs under non-resonance conditions, whereas excitation at 532 and 442 nm leads to
measurements under resonance conditions. The spectra obtained under non-resonance
conditions (Aexe = 785 nm) exhibit similar positions for the v(C=C) band (symmetric
stretching mode) for both the non-irradiated films and those with LIPSS. There is no
evidence of new bands, suggesting that the P3HT thin films are relatively stable under
the irradiation conditions used for fabricating LIPSS at 532 nm. In addition, the peak
intensity ratio between the two bands at 1380 and 1445 cm ! is similar; therefore, no
significant evidence of P3HT photo-degradation exists. The difference between non-
irradiated and irradiated thin films (with LIPSS) is emphasized when focusing on the

Raman spectra in the 1350— 1500 cm ' spectral range shown in Figure 4.11 (top).

A detailed inspection reveals the appearance of a shoulder at 1420 cm™' (marked by a
continuous arrow) on the lower wavenumber region of the v(C=C) band. This shoulder
is assigned to the stretching of the C=C bond of the quinoid form of P3HT because of
the oxidation of the aromatic backbone.’’° However, under resonance conditions the
results are quite different. At this point, it is worth mentioning that the optical
absorption of RR-P3HT in solution presents an absorption maximum near 400 nm,
whereas RR-P3HT thin films present a redshift of absorption maximum up to 600 nm.
This is due to the difference in conjugation length between RR-P3HT in solution where
the polymer is disordered and RR-P3HT thin films where the polymer is semicrystalline
and therefore partially ordered.” In principle, polymer segments in ordered regions
should exhibit higher conjugation length than those located in the amorphous regions.
Therefore, in RR-P3HT thin films, the absorption near 400 nm is associated with the
disordered chains, whereas absorption near 600 nm is associated with ordered

chains.*® %

Thus, in the Raman spectra under resonance conditions at Ae. = 442 nm,
corresponding to a region of high absorption for disordered P3HT chains, the v(C=C)
band shifts toward higher wavenumbers where it also presents a shoulder, marked by a
dotted arrow in Figure 4.11 (bottom). It has been previously reported'® *> *! that under

resonance conditions, the intensity of Raman bands from disordered regions is
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enhanced. Moreover, the Raman spectra collected at an excitation wavelength of 532
nm, for both the P3HT thin film and the P3HT with LIPSS, do not present noticeable
variations in the position of the v(C=C) band, similar to what is observed in the spectra
collected at 785 nm. This effect may be related to the fact that under these resonance
conditions (Aexe = 532 nm), P3HT segments located in ordered regions absorb more

strongly than those in the amorphous phase.*’
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Figure 4.11. Comparison of the v(C=C) band region before (red) and after laser irradiation
(black). The continuous and dotted arrows indicate the v(C=C) vibration of the quinoid form

and amorphous phase respectively.
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Because the Raman spectra obtained by excitation at Aex. = 442 nm present variations, it
is possible to deconvolute the Raman bands into their two contributions. The more
intense contribution appearing at lower wavenumbers (~1445 cm ') corresponds to the
crystalline phase with a higher conjugation length, whereas the less intense band
(~1470 ecm™") corresponds to the v(C=C) bonds of the amorphous phase with lower
conjugation length.*’ Figure 4.12 shows the deconvolution of the v(C=C) band of non-
irradiated P3HT thin film and P3HT thin film with LIPSS by simple Lorentzians, in

- 16,41
accordance to previous works.
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Figure 4.12. Deconvolution of the v(C=C) band of the Raman spectra (circles) of a P3HT thin
film collected at 442 nm laser excitation: (a) before and (b) after LIPSS formation by irradiation
at 532 nm, 26 mJ/cm® and 4800 pulses. The red dashed line corresponds to the ordered phase
and the blue continuous line to the disordered phase. The black continuous line is the fitting of

the experimental data.
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These results indicate a relative increase of the amorphous phase after laser irradiation.
From Figure 4.12, we can estimate the relative fraction of crystalline phase (¢) of the
P3HT thin film before and after LIPSS formation, by the relation ¢ = A/(Ac + Aa),
where A, is the area under the red dashed curve (ordered contribution) and A, is the area
under the blue continuous curve (disordered contribution) in Figure 4.12. We obtain
values of ¢pspr = 0.83 and dpspr.Lipss = 0.71. Because ¢psut > Opsgr-Lipss, We can infer
that the P3HT loses crystallinity during LIPSS formation. This result can be correlated
with the overlapping image of height and current of the sample with LIPSS
(Figure 4.8.c). Thus, we propose that the lower conductivity of the ridges can be
attributed to an increase of the chain disorder after LIPSS formation. To further support
this statement, GIWAXS experiments were performed and they will be discussed in the

next section.

4.1.6. Structural modification of P3HT thin films during LIPSS
formation as revealed by GIWAXS

The evolution of the structure of P3HT thin films during LIPSS formation has been
investigated by in situ GIWAXS experiments using synchrotron radiation. The
experiments were performed at BM26 beamline at the European Synchrotron (ESRF).
The samples were irradiated at a repetition rate of 10 Hz by using the second harmonic
of a Nd:YAG laser (532 nm) with pulses of 8 ns. GIWAXS patterns were acquired
during repetitive laser pulse irradiation. The 2D X-ray scattering patterns presented in
Figure 4.13 from the non-irradiated P3HT thin film (Figure 4.13.a) and for the film with
LIPSS (Figure 4.13.b) show similar orientation and number of reflections. The three
meridional reflections h0O are consecutive orders of the 100 reflection with a g-value of
3.8 nm '. The equatorial weak reflection with a reciprocal scattering vector g-value of
16.39 nm' is attributed to the superposition of the 020 and 002 reflections. In

. : 20, 21
agreement with previous reports,*”

crystal structure of P3HT consists of sheets
formed by the mn—mn stacking of the thiophene rings. In addition, the meridional
reflections reveal that the P3HT thin film is uniaxially oriented with mainly an edge-on
configuration, which corresponds to the usual conformation adopted by P3HT thin films
consisting of polymer chains parallel to the substrate. A similar orientation is observed
for the film with LIPSS. Figure 4.14 presents the intensity profiles along the meridian
(Figure 4.14.a) and along the equator (Figure 4.14.b), obtained by the radial integration

of the 2D GIWAXS patterns as a function of number of pulses. The main result
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obtained is that the crystalline structure is not significantly affected during LIPSS
formation. This effect further supports the indication of chemical stability of P3HT
during LIPSS formation, as observed by Raman spectroscopy and NEXAFS and

previously discussed.

q, (nm-)

Figure 4.13. Two dimensional GIWAXS patterns for: (a) P3HT thin film and (b) P3HT with
LIPSS after irradiation at a fluence of 26 mJ/cm” with 4800 pulses.

A close inspection of the diffraction patterns reveals that the intensity of both the 100
and the 020/002 peaks, in comparison with those of the pristine sample, decreases
slightly after 50 pulses and remains essentially constant for the rest of the repetitive
irradiation process. This agrees with previous reports suggesting that LIPSS formation
in polymers proceeds by the heating of the outer polymer surface, enhancing polymer
dynamics in a way that facilitates the reorganization of the material into the
characteristic ripples.*> Our GIWAXS results suggest that laser irradiation of P3HT
induces melting of the polymer surface at the initial stages of laser irradiation.
Moreover, comparison of initial and final GIWAXS patterns indicates a decrease in the
crystallinity of LIPSS in relation to the initial thin film as revealed by the reduction of
the intensity of the reflections. This explanation is in agreement with the increment of
the amorphous phase observed by Raman spectroscopy. Additionally, by comparison
with the C-AFM results (Figure 4.8), the GIWAXS experiments support the formation
of ripples with molecular order lower than that of the original thin film. The ripples are

over a continuous P3HT thin film whose initial orientation and crystallinity seems to be
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unaffected. As a consequence, electrical conduction in the ripples is smaller than that in
the trenches (Figure 4.8.c). This observation supports the superficial nature of the
LIPSS formation process in which only the outer polymer surface is heated and

rearranged.>
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Figure 4.14. Intensity profiles derived for different number of pulses: (a) along the meridional

direction and (b) along the equatorial direction.

4.2. Laser-induced periodic surface structures on Poly[N-90-
heptadecanyl-2,7-carbazole-alt-5,5-(40,70-di-2-thienyl-
20,10,30-benzothiadiazole) (PCDTBT)

4.2.1. Sample preparation

A solution of PCDTBT in chlorobenzene (24 g/L) was prepared and stirred during
several hours until complete dissolution. Thin polymer films were prepared by
spin-coating on arsenic n-doped silicon substrates (resistivity =~ 0.001 Q-cm, Wafer
World). The wafers were previously cleaned with acetone and isopropanol. A fixed
amount of 0.2 mL of polymer solution was dropped by a pipette on a square silicon
substrate placed in the center of a rotating metallic horizontal plate. A rotation rate of
2400 rpm was kept during 60 s for obtaining films of about 190 nm.

For NEXAFS measurements, polymer solutions were spin-coated on silicon substrates,
and then floated off into a very dilute NaOH/water solution (0.25 wt %), and finally
picked up with Transmission Electron Microscopy (TEM) grids.
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Laser irradiation was carried out under ambient air conditions at normal incidence with
a linearly polarized laser beam of a Q-switched Nd:YAG laser (pulse duration of 8 ns)
at two different wavelengths, i.e., with the second, 532 nm, and fourth harmonic,
266 nm, at a repetition rate of 10 Hz. These wavelengths were selected for the

experiments because PCDTBT absorbs efficiently as it is shown in Figure 3.2.

4.2.2. Dependence of LIPSS on fluence and number of pulses at 266
and 532 nm

AFM image shown in Figure 4.15.a reveals that as-cast films of PCDTBT present rather
smooth surfaces with a mean surface roughness R, = 1.2 nm and thus without
morphological indications of crystallization. After laser irradiation, under certain
fluence conditions well below the ablation threshold, ripples parallel to the polarization
vector of the laser are observed. As an example, Figures 4.15.a and 4.15.b show,
together with the AFM image of the initial non-irradiated sample, selected height
images of PCDTBT films irradiated at 532 nm with different fluences and number of

pulses respectively.
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Figure 4.15. AFM height images (5 x 5 pm?) of PCDTBT: (a) non-irradiated and irradiated at
532 nm with 3600 pulses at different fluences labeled in the upper left corner. (b) Irradiated at
532 nm with a fluence of 26 mJ/cm” as a function of number of pulses labeled in the upper left
corner. The height profile along a 4 pm line perpendicular to the ripples is shown below every

image. The arrows indicate the polarization vector of the laser («»).
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The dependence of the period and depth of LIPSS with the fluence, at 532 nm and 3600

pulses as derived from AFM analysis, is represented in Figure 4.16.a. As observed, the

period increases up to a fluence of ~31.2 mJ/cm® and remains practically constant

afterward with a value slightly smaller than the irradiation wavelength. The depth of

ripples follows a similar tendency as the period, increasing up to 120 nm for

~ 36.4 mJ/cm” and reaching a plateau. The dependence of period (L) and depth (Z) of

LIPSS at a constant fluence of 26 m)/cm? with the number of pulses is represented in

Figure 4.16.b. It shows that the period increases slightly up to = 3600 pulses and reaches

a steady level for higher number of pulses. The depth of the ripples increases up to

~ 6000 pulses reaching a plateau of about 150 nm.
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Figure 4.16. Variation of periods (L, filled circles) and depths (Z, empty circles) of LIPSS as a

function of: (a) fluence and (b) number of pulses for the laser irradiation wavelength 532 nm.

Lines are shown as visual guides.
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LIPSS of smaller dimensions are obtained by irradiating the PCDTBT thin films at 266
nm. Selected height AFM images of PCDTBT films irradiated with different fluences

and number of pulses are shown in Figure 4.17.
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Figure 4.17. AFM height images (5 x 5 um?®) of PCDTBT: (a) Irradiated at 266 nm with 3600
pulses at different fluences labeled in the upper left corner. (b) Irradiated at 266 nm with a
fluence of 13.4 mJ/cm? as a function of number of pulses as labeled in the upper left corner. The
height profile along a 2 um line perpendicular to the ripples is shown below every image. The

arrows indicate the polarization vector of the laser («»).

The dependence of the period and depth of LIPSS with the fluence, at 266 nm and 3600
pulses is represented in Figure 4.18.a. It is shown that the period remains practically
constant with a value of about 250 nm in the investigated fluence range of
13.4 - 21.7 mJ/cm®. The depth of ripples follows a similar tendency as the period,
remaining almost constant at 30 nm in the investigated fluence range. The dependence
of period and depth of LIPSS at a constant fluence of 13.4 mJ/cm® with the number
of pulses is shown in Figure 4.18.b. It shows that the period increases slightly up to

~ 3600 pulses and reaches a steady level for higher number of pulses. The depth of the
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ripples increases up to 100 nm for = 9000 pulses reaching a plateau and decreases above

~ 15000 pulses when the ripples start to deteriorate.
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Figure 4.18. Variation of periods (L, filled circles) and depths (Z, empty circles) of LIPSS as a
function of (a) fluence and (b) number of pulses for the laser irradiation wavelength 266 nm.

Lines are shown as visual guides.

4.2.3. Chemical stability and structural modification in nanostructured
PCDTBT thin films

4.2.3.1. Near Edge X-ray Absorption Fine Structure

NEXAFS experiments were performed in order to gain further information about the
chemical stability of the PCDTBT thin films after laser irradiation at 532 nm. The

experiments were carried out at the PolLux beamline at the Swiss Light Source. A
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NEXAFS spectrum in the K-edge reveals the excitation of 1s electrons to unfilled
molecular orbitals. The NEXAFS spectra in the carbon K-edge of pristine thin films and
of those with LIPSS are presented in Figure 4.19. The n* (C=C) bands in both cases are
similar suggesting that the m-backbone is not affected by laser irradiation. The main
difference is found in the band o* (C-H) with the appearance of a new band near
288 eV, probably related to a weak modification of the polymer lateral chains. Overall,
NEXAFS results suggest the absence of significant changes in the chemical structure of

PCDTBT after LIPSS formation similarly as previously discussed for LIPSS in P3HT.

Optical density (a.u.)

280 290 300 _ 310 320
Energy ( eV)

Figure 4.19. NEXAFS spectra in the carbon K-edge of PCDTBT thin film (blue) and of
PCDTBT film with LIPSS fabricated at 532 nm, 26 mJ/cm?, and 9000 pulses (black). The

spectra have been vertically shifted for clarity.

4.2.3.2. Raman Spectroscopy

Figure 4.20 shows the Raman spectra of PCDTBT thin films (blue) and PCDTBT with
LIPSS fabricated at 532 nm, 26 mJ/cm® and 7500 pulses (black) at the different
excitation wavelengths used (Aexe = 785, 532 and 442 nm). As it is shown in Figure 3.2
and in agreement with previous reports,*> ** PCDTBT thin films present optical
absorption between 250 and 600 nm. This indicates that excitation at 785 nm occurs
under non-resonance conditions, whereas excitation at 532 and 442 nm leads to

measurements under resonance conditions. The UV-Vis absorption band at 395 nm is
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attributed to m—m* transition, whereas the absorption band at 570 nm is known to be due

to a charge transfer from donor carbazole unit to acceptor DTBT unit.*?

1 . 1 . 1 . 1 . 1 *
- A b 785 nm .

ex

Raman intensity (a.u.)
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Figure 4.20. Raman spectra of PCDTBT thin films (blue) and LIPSS in PCDTBT (black) at
different excitation wavelengths, A labelled in the upper left corners. Star marks (**) in Figure

(top) correspond to silicon bands.

The PCDTBT Raman spectra show several characteristic bands. The one present with
high intensity at every excitation wavelength and located at 1444 cm™ is a mode
assigned to a broad ring stretch focused on the DTBT acceptor unit that is delocalized
across the benzothiadiazole and the two thiophenes.*® The 1541 cm™ mode corresponds
to the benzothiadiazole ring stretching mode, and the band at 1623 cm™ is associated
with the ring stretching mode of the carbazole. Peaks at 1349 and 1373 cm™ are
attributed to the C-C stretching mode of the carbazole and DTBT unit,

42,44, 45

respectively. The modes for lower frequency Raman bands at 844 and 874 cm™,

present under resonance conditions but almost completely absent under non-resonance
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conditions, are difficult to assign unambiguously but are tentatively assigned as in-plane

bending modes of the DTBT group.*

No significant changes are observed in PCDTBT spectra, at the different excitation
wavelengths used, for both the non-irradiated films and those with LIPSS (Figure 4.20).
There is no evidence of new bands, however some slight changes of the intensity ratio
between bands can be detected. These differences are difficult to interpret but the main
bands are maintained suggesting that the PCDTBT thin films evidence a weak impact

on its chemical structure under the irradiation conditions used for fabricating LIPSS.

4.2.4. Electrical properties of nanostructured PCDTBT thin films

C-AFM was used to characterize the electrical properties at the nanoscale of LIPSS
produced by irradiating a PCDTBT thin film at 532 nm. Figure 4.21 shows the C-AFM
current images which can be considered as electric current maps, acquired in contact
mode of a PCDTBT thin film sample before irradiation (Figure 4.21.a) and after
irradiation with a fluence of 26 mJ/cm” and 9000 pulses (Figure 4.21.b) by applying a
constant voltage of -5 V on the conducting substrate. The current image of the sample
before irradiation shows a little current variation throughout the film, whereas the image
displaying the current map of the irradiated thin polymer film shows stripes with
conductivity similar to that of the initial thin film separated by non-conductive ones.
Comparing the topography and current images measured simultaneously, we can
conclude that conductive regions correspond to trenches and nonconductive regions to

ridges.

(b)
0.0

00 5.0 ym 0.0 ~ 50um

Figure 4.21. C-AFM current images of a PCDTBT film measured at a constant bias of -5 V.
(a) Non-irradiated thin film, (b) film with LIPSS fabricated at 532 nm, 26 mJ/cm” and 9000

pulses.
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A similar behavior explained previously in this chapter for the electrical properties
related to LIPSS formation in P3HT has been also observed for the PCDTBT samples.
Although the as-cast PCDTBT thin film presents a very low crystallinity (Figure 3.7.b)
and no differences between the Raman spectra of non-irradiated films and those with
LIPSS are observed (Figure 4.20), it is known that the annealing of PCDTBT thin films
at temperatures close to its melting point improves side-chain order while the
n-n stacking is reduced (Figure 3.7.¢).** ¥ Accordingly, the results suggest that the
temperature reached during LIPSS formation could has a similar effect in the surface of
PCDTBT thin films. Thus, due to the distortion of n-r stacking the conductivity of the

ridges in the nanostructured sample is expected to be reduced.

4.3. Laser-induced periodic surface structures on the
P3HT/PCDTBT blend

4.3.1. Sample preparation

Separated solutions of P3HT and PCDTBT in chlorobenzene (24 g/L) were prepared
and stirred during several hours until complete dissolution. Afterwards, a volume of
1 mL of each solution is mixed to obtain a total concentration of 24 g/L. Thin polymer
films were prepared by spin-coating on arsenic n-doped silicon substrates (resistivity
~0.001 Q-cm, Wafer World). The wafers were previously cleaned with acetone and
isopropanol. A fixed amount of 0.2 mL of polymer solution was dropped by a pipette on
a square silicon substrate placed in the center of a rotating metallic horizontal plate. A
rotation rate of 2400 rpm was kept during 60 s for obtaining films with an averaged
thickness of 165 nm for the P3HT/PCDTBT blend. For NEXAFS measurements,
polymer solutions were spin-coated on silicon substrates, and then floated off into a

very dilute NaOH/water solution (0.25 wt %), and finally picked up with TEM grids.

Laser irradiation was carried out under ambient air conditions at normal incidence with
a linearly polarized laser beam of a Q-switched Nd:YAG laser (pulse duration of § ns)
at two different wavelengths, i.e., with the second, 532 nm, and fourth harmonic,

266 nm, at a repetition rate of 10 Hz.
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4.3.2. Dependence of LIPSS on fluence and number of pulses at 266
and 532 nm

After proving the formation of LIPSS in semiconducting homopolymers like P3HT and
PCDTBT in previous sections, the feasibility of fabricating LIPSS in the
P3HT/PCDTBT (1:1) blend has been investigated. This blend has been used as bulk-
heterojunction acting as the active layer in organic solar cells.* As-cast films of
P3HT/PCDTBT (1:1) present the characteristic morphology of lateral phase separation
(Figure 4.22.a), indicating immiscibility of the two polymers as it has been discussed in
Chapter 3. The blend thin films present about 50 nm difference in height between P3HT
and PCDTBT domains for an average film thickness of 165 nm. Figures 4.22.a and
4.22.b show, together with the AFM image of the initial non-irradiated sample, selected
height images of P3HT/PCDTBT (1:1) films irradiated at 532 nm with different
fluences and number of pulses respectively. Both, P3HT and PCDTBT domains present
well defined LIPSS.

Non irradiated

100.0 nm
| -100.0 nm
2400 pulses [INR
] ] \ 100.0 nm
R )
-100.0 nm

Figure 4.22. AFM height images (5 x 5 pum?) of P3HT/PCDTBT: (a) Non-irradiated and
irradiated at 532 nm with 3600 pulses at different fluences labeled in the upper left corner.
(b) Irradiated at 532 nm with a fluence of 26 mJ/cm” as a function of number of pulses as
labeled in the upper left corner. The height profile along a 4 pum line perpendicular to the ripples

is shown below every image. The arrows indicate the polarization vector of the laser («).
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The dependence of the period (L) and depth (2) of LIPSS with the fluence, at 532 nm
and 3600 pulses, is represented in Figure 4.23.a. It is observed that the period increases
up to a fluence of ~ 16 mJ/cm” and reaches a plateau with a value slightly smaller than
the irradiation wavelength. While the measured period is similar for both phases, the
depth of ripples follows a similar tendency as the period but they appear for PCDTBT at
lower fluence than for P3HT and the depth of ripples is higher for PCDTBT in the range
of fluences studied. The dependence of period and depth of LIPSS at a constant fluence
of 26 mJ/cm® with the number of pulses is represented in Figure 4.23.b. It shows that
the period increases slightly up to = 900 pulses and reaches a steady level for higher
number of pulses. The depth of the ripples increases with the number of pulses up
to = 2400 pulses reaching a value of about 150 nm for PCDTBT and about 90 nm for
P3HT, for higher number of pulses up to 6000 the depth of the ripples for PCDTBT
decreases matching the depth of P3HT ripples.
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Figure 4.23. Variation of periods (L, black filled circles) and depths (Z, P3HT red empty circles
and PCDTBT blue empty circles) of LIPSS as a function of (a) fluence and (b) number of pulses

for the laser irradiation wavelength 532 nm. Lines are shown as visual guides.

85



LIPSS in the blend were also fabricated by irradiating at 266 nm. Selected height AFM
images of P3HT/PCDTBT (1:1) films irradiated with different fluences and number of

pulses are shown in Figure 4.24.

12.6 mJiecm2
» . 2 .
' l ‘

100.0 nm

/
4[‘ /",

-100.0 nm

b)

8 100.0 nm

i} -100.0 nm

JA ",ﬂf \‘D'L/"“/\ )r\ ‘;/\.

1
X (pm)

Figure 4.24. AFM height images (5 x 5 um®) of P3HT/PCDTBT: (a) Irradiated at 266 nm with
3600 pulses at different fluences labeled in the upper left corner. (b) Irradiated at 266 nm with a
fluence of 26 mJ/cm” as a function of number of pulses as labeled in the upper left corner. The
height profile along a 2 pum line perpendicular to the ripples is shown below every image. The

arrows indicate the polarization vector of the laser («).

The dependence of the period and depth of LIPSS with the fluence, at 266 nm and 3600
pulses is represented in Figure 4.25.a. It is shown that the period remains essentially
constant with a value of about 250 nm in the investigated fluence range. The ripples
appear for PCDTBT at lower fluence than for P3HT and the depth of ripples is higher
for PCDTBT in the range of fluences studied. In addition the depth of the ripples
increases up to ~ 13 mJ/cm® reaching a value of about 100 nm for PCDTBT and about
90 nm for P3HT, for higher fluences the depth of the ripples for P3HT decreases
slightly while for PCDTBT decreases abruptly. The dependence of period and depth of
LIPSS at a constant fluence of 13.4 mJ/cm? with the number of pulses is represented in
Figure 4.25.b. It shows that the period increases up to = 3600 pulses and reaches a
plateau for higher number of pulses. The depth of the ripples also increases up to = 3600
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pulses reaching a similar value of about 90 nm for both P3HT and PCDTBT, for higher
number of pulses up to 6000 the depth of the ripples decreases faster for PCDTBT than
for P3HT.
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Figure 4.25. Variation of periods (L ,filled circles) and depths (Z, P3HT red empty circles and
PCDTBT blue empty circles) of LIPSS as a function of (a) fluence and (b) number of pulses for

the laser irradiation wavelength 266 nm. Lines are shown as visual guides.

It is interesting to point out the synergy found for both components in the
P3HT/PCDTBT blend when irradiating at wavelengths of 532 nm and 266 nm. P3HT
and PCDTBT in the blend need, at a constant number of pulses, less fluence than in the
case of irradiating the homopolymers in order to optimize LIPSS morphology. The
same behavior is found when irradiating the blend at a constant fluence, P3HT and
PCDTBT components need less number of pulses in order to optimize LIPSS

morphology than in the case of irradiating the homopolymers.
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4.3.3. Composition mapping

As mentioned before, STXM is a technique that provides an appropriate combination of
spectroscopy and imaging capabilities at low radiation doses.*” ** The STXM images
can provide information on the domain sizes, shapes, and purities of thin film polymer

blends with a spatial resolution of ~ 20 nm.”!

In Chapter 3 the STXM technique has been used in order to investigate the composition
and phase separation in P3HT/PCDTBT (1:1) blends as a function of thickness. The
STXM technique has been also used to investigate whether the LIPSS formation may
induce either a further phase segregation or a mixture of the components. The
experiments were performed at the PolLux beamline at the Swiss Light Source. In order
to obtain quantitative chemical composition of the blend thin film irradiated at 532 nm
the SVD mathematical procedure®” ** has been used. Figure 4.26 shows the mass
absorption coefficients as a function of energy for P3HT and PCDTBT films irradiated
at 532 nm of known thickness measured before irradiation. STXM images (Figure 4.26
top) of the same area of the P3HT/PCDTBT (1:1) thin film irradiated at 532 nm were
taken at energies indicated by arrows in the NEXAFS spectra which correspond to
280 eV (pre-edge), 284.2 eV (PCDTBT resonance), 287.8 eV (P3HT resonance) and
320 eV (chemically insensitive). By using the aXis2000 software package™ where the
SVD procedure is integrated, the information contained within the set of STXM images
taken at the selected energies can be transformed into maps quantifying the composition

and thickness of the sample in each pixel.*>

The corresponding composition and thickness maps of the P3HT/PCDTBT (1:1)
irradiated at 532 nm are shown in Figure 4.27. These images reveal the chemical nature
of the different observed domains and the morphology of thinner P3HT-rich domains
enclosed by a thicker PCDTBT-rich matrix. The thicknesses of domains and the height
of ridges and trenches are in agreement with the values measured by AFM, considering
that the STXM takes into account the complete sample thickness and the AFM is only
able to obtain surface information. In addition it seems that LIPSS formation does not

induce a further phase segregation or a mixture of the components.
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Figure 4.26. Reference NEXAFS spectra for films of P3HT (red line) and PCDTBT (blue line)

irradiated at 532 nm with a fluence of 26 mJ/cm?, 3600 and 9000 pulses respectively. Vertical

arrows indicate the photon energies used to obtain the raw STXM images (5 pm x 5 um) of the

same sample area of a P3BHT/PCDTBT (1:1) thin film irradiated at 532 nm with a fluence of

26 mJ/cm® and 3600 pulses, presented at the top. The inset highlights differences in the
NEXAFS spectra of P3HT and PCDTBT in the C-1s / n* region.

P3HT 150 nm

Figure 4.27. 5 um x 5 um images of: (a) polymer composition and (b) thickness maps of the
P3HT/PCDTBT (1:1) blend irradiated at 532 nm, calculated from the set of raw images in
Figure 4.26 (top).
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4.3.4. Chemical stability and structural modification in nanostructured
P3HT/PCDTBT (1:1) thin films

Figure 4.28 shows the Raman spectra of P3HT/PCDTBT (1:1) blend thin films (green)
and P3HT/PCDTBT (1:1) blend with LIPSS fabricated at 532 nm, 26 mJ/cm® and 2400
pulses (black) at the different excitation wavelengths employed. The Raman spectra for
the P3BHT/PCDTBT (1:1) blend is the sum of the Raman spectra for the net components.
No new bands are observed. We focus on the 1400—1500 cm ™' spectral range (enlarged
in Figure 4.28.b) where the band centered at 1445 cm™ is the composition of the
PCDTBT band located at 1444 cm™ and the P3HT band located at 1445 cm™. As we
have pointed out no evidence of new bands neither change of peak intensity ratio
between bands is observed for PCDTBT non-irradiated films and those with LIPSS
(Figure 4.20), hence the changes observed in Figure 4.28.b between the spectra of
P3HT/PCDTBT (1:1) non-irradiated films and those with LIPSS could be attributed to
the P3HT component.
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Figure 4.28. (a) Raman spectra of non-irradiated P3HT/PCDTBT thin films (green) and films
with LIPSS fabricated at 532 nm, 26 mJ/cm’ and 2400 pulses (black) under different excitation
wavelengths. (b) Comparison of the v(C=C) band region before (green) and after laser

irradiation (black). Star marks (**) in Figure (top) correspond to silicon bands.
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It seems that in the blend the P3HT behaves in a similar way as it does as a neat
homopolymer. In section 4.2.3.2 it has been mentioned™ that in the Raman spectrum of
pure P3HT with LIPSS under resonance conditions (Aexe = 442 nm) the v(C=C) band
shifts toward higher wavenumbers where it presents a shoulder, marked by an arrow in
Figure 4.28.b (bottom). This shoulder can be assigned to a relative increase of the

amorphous phase after laser irradiation.*" **

The Raman spectra collected at an
excitation wavelength of 532 nm, for the P3HT with LIPSS, also presents the mentioned
shoulder but in less extension. This effect may be related to the fact that under these
resonance conditions (Aexc = 532 nm), P3HT segments located in ordered regions absorb
more strongly than those in the amorphous phase.” Under non-resonance conditions
(Aexe = 785 nm) for both the P3HT thin film and the P3HT with LIPSS, the Raman
spectra do not present noticeable variations, only a small increase of the width of the
v(C=C) band located at 1445 cm™ is appreciated. However, it was pointed out that the
pure P3HT with LIPSS presents a shoulder at 1420 cm ' on the lower wavenumber
region of the v(C=C) band located at 1445 cm™. This shoulder is assigned to the
stretching of the C=C bond of the quinoid form of P3HT because of the oxidation of the

3% 56 The absence of the mentioned shoulder in the blend could be

aromatic backbone.
explained either by the absence of oxidation of the P3HT aromatic backbone due to the
presence of high stable PCDTBT, or by the limit of detection of Raman taking into

account that in the blend there is 50% of P3HT.

4.3.5. Electrical properties of nanostructured P3HT/PCDTBT (1:1)
thin films

Current imaging by C-AFM was used to examine conductivity variations in the
P3HT/PCDTBT (1:1) thin films structured by LIPSS. Figure 4.29 shows the C-AFM
current images, acquired in contact mode, of a P3HT/PCDTBT thin film blend before
irradiation (Figure 4.29.a) and after irradiation with a fluence of 26 mJ/cm” and 3600
pulses (Figure 4.29.b) by applying a constant voltage of -5 V on the conducting
substrate. The P3HT/PCDTBT (1:1) thin film shows domains with high (dark region)
and low (bright region) current. By comparison with the compositional maps extracted
from STXM experiments, we can assign the high current regions to the P3HT-rich
domains and the low current ones to PCDTBT.*® On the other hand, the image

displaying the current map of the irradiated thin film polymer blend shows a similar
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trend to the one followed by the irradiated homopolymer thin films, consisting in
trenches with conductivity values close to those of the initial thin film separated by non-

conductive ridges.

Figure 4.29. C-AFM current images of a P3HT/PCDTBT thin film measured applying a
constant bias of -5 V. (a) Non-irradiated film, (b) film with LIPSS fabricated at 532 nm with a
fluence of 26 mJ/cm* and 3600 pulses.

The C-AFM results obtained for the irradiated P3HT/PCDTBT (1:1) thin film can be
explained by the same bases considered for the irradiated homopolymer thin films.
During irradiation melting of the blend surface takes place leading to ripple morphology
into the P3HT and PCDTBT domains, which leads to the existence of low crystallinity
and non-conducting ridges over a continuous and more-conducting either P3HT or
PCDTBT residual domain layer whose initial crystallinity in the case of P3HT and order
of m-m stacking in the case of PCDTBT seems to be unaffected in comparison to that of

the non-irradiated P3BHT/PCDTBT (1:1) thin film.

4.4. Laser-induced periodic surface structures on the
P3HT/PC,;;BM blend

Polymer blends of P3HT with fullerene materials including C60, [6,6]-phenyl C61-
butyric acid methyl ester (PCsiBM) or [6,6]-phenyl C71-butyric acid methyl ester
(PC71BM) have shown to be attractive functional materials for their application in
organic photovoltaics (OPV).”” *® In this case the interfacial area between the donor
material, P3HT, and the acceptor one, PCBM, which forms the heterojunction is a

critical factor for the performance of the OPV device.” ™!
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In recent years, grazing incidence small-angle X-ray and neutron scattering have been
employed to probe the evolution of the phase separation in P3HT/PCBM blends during

- 62-66
a thermal annealing process.

However, discrepancies both in terms of phase
separation mechanism and data interpretation have been reported.” On the one hand,
when annealing a P3HT/PCBM blend, some works reached the conclusion that phase
separation competes with crystallization since the time of phase separation is faster than
crystallization,”” ®® however other works found that polymer crystallization is the
driving force of phase separation.”” This is in agreement with other reports in which the
crystallization of the polymer is thermodynamically hindered giving rise to films
constituted by droplets of the fullerene within a polymer layer.”” In this case liquid-
liquid demixing will occur before polymer crystallization.”" > On the other hand, the
data interpretations of the origins of scattering intensities differ. The aggregation of
PCBM molecules®™ ® and the distance between P3HT nanocrystals® ™ have been
interpreted as the cause of the scattering at large length scale. Anyway, since pure P3HT
crystals embedded in a mixed phase would have similar scattering contrast and cause

similar scattering patterns as PCBM agglomerates in a mixed phase, the assignment of

the scattering feature to a specific particular material and morphology is difficult.’

Additionally, scattering techniques have contributed to the knowledge about the effect
of film morphology and crystalline structure on the performance in P3HT/PCBM
devices. In particular, annealing has been demonstrated to have a positive effect on the
polymer/fullerene solar cells provoked by the growing of pure P3HT crystallites and the
increase of the phase separation exhibiting even larger average distance between

. 64
domains.

In the Section 4.1, LIPSS have been used in order to create sub-micron gratings on
P3HT. On the basis of wide angle X-ray scattering experiments, a reduction of the
crystallinity of the hills was proposed as the cause of this effect. Among the scattering
techniques for investigating larger length scales, resonant soft X-ray scattering
technique is a potential candidate for investigating multicomponent systems like organic
blends since it brings together the possibility of performing scattering experiments with
enhanced intensity and chemical sensitivity. In this section the viability of fabricating
LIPSS in a P3HT/PC7;BM blend, the surface chemical characterization and the analysis

of the phase separation in the blends are discussed.
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4.4.1. Sample preparation

Solutions of P3HT and PC;;BM in chlorobenzene (24 g/L) were prepared and stirred
during several hours until complete dissolution. Afterwards solutions were blended with
a weight ratio of 1:1. A fixed amount of 0.2 mL of polymer/fullerene solution was
dropped onto a substrate placed in the center of a rotating metallic horizontal plate. A
rotation rate of 2400 rpm was kept during 60 s for obtaining thin films of about 120 nm,
as revealed by AFM. For AFM and C-AFM measurements, polymer/fullerene solutions
were spin-coated on silicon substrates. For NEXAFS and RSoXS measurements films
were deposited by spin-coating on silicon substrates with a previous spin-coated layer of
PEDOT:PSS. Since PEDOT:PSS is soluble in water, polymer/fullerene films were
separated from the substrate by immersing them in water. Finally the floating films were
picked up with silicon nitride membranes. For UV-visible spectroscopy measurements,
quartz substrates were used. UV-visible spectrum of the P3HT and PC;;BM is presented

in Figure 4.30.
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Figure 4.30. UV-visible spectra of P3HT (red) and PC7BM (black) thin films on quartz

substrates.

In this case, laser irradiation of P3HT/PC7BM thin films was carried out both under
ambient air conditions and under vacuum at normal incidence with a linearly polarized
laser beam of a Q-switched Nd:YAG laser (pulse duration of 8 ns) at two different

wavelengths, i.e., with the second, 532 nm, and fourth harmonic, 266 nm, at a repetition
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rate of 10 Hz. These wavelengths were selected for the experiments because P3HT and

PC;;BM absorb efficiently as it is shown in Figure 4.30.

4.4.2. LIPSS morphology as revealed by AFM

Topography AFM images of LIPSS obtained at 266 nm with a fluence of 13.5 mJ/cm®
and 3600 pulses and at 532 nm with a fluence of 26 mJ/cm” and 3600 pulses are shown
in Figure 4.31. This laser conditions were selected according to the previous work on
P3HT described in Section 4.1. It is observed that regular LIPSS are obtained at both
wavelengths. Dimensions obtained from the AFM analysis correspond to periods of
225+ 9 nm for irradiation at 266 nm and 350 = 8 nm for irradiation at 532 nm and

corresponding depths of 61 = 8 nm and 111 + 9 nm, respectively.

It is worth mentioning that parallel and well-ordered LIPSS are formed in
P3HT/PC7BM upon irradiation at 266 nm by using the same laser conditions than in
the case of P3HT homopolymer led to distorted LIPSS (Figure 4.5). This effect can be
explained in terms of material absorption since the PC7;BM component absorbs much
more than P3HT at 266 nm (Figure 4.30), and thus it contributes to a more effective

LIPSS formation.
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Figure 4.31. Topography AFM images of LIPSS fabricated on P3HT/PC;BM under air
conditions at (a) 266 nm with a fluence of 13.5 mJ/cm® and 3600 pulses and (b) 532 nm with a
fluence of 26 mJ/cm” and 3600 pulses. The height profile along a 3 um line perpendicular to the

ripples is shown below both images.
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Figure 4.32 shows the LIPSS morphology after irradiation in vacuum at 266 nm. Main
differences are related to the shape and size of the structures obtained. The AFM
topography image of the nanostructures fabricated under vacuum is presented in
Figure 4.32.a. LIPSS have an average period of 235 £ 6 nm and a depth of 18 +4 nm.
The topography of LIPSS after annealing for 4 minutes at 140 °C is shown in Figure
4.32.b. In this case, the average period and depth are 230+5 nm and 8 £2 nm

respectively.
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Figure 4.32. Topography AFM images of LIPSS fabricated at 266 nm in vacuum with a fluence
of 13.5 mJ/cm” and 3600 pulses on P3HT/PC;BM, (a) before and (b) after an annealing step for
4 minutes at 140°C.

4.4.3. Chemical characterization by NEXAFS spectroscopy

NEXAFS experiments were performed in order to gain information about the chemical
stability of the P3HT/PC;BM thin films after laser irradiation at 266 nm. The
experiments were performed at Beamline 11.0.1.2 at the Advanced Light Source at
Lawrence Berkeley National Laboratory (LBNL). Both transmission and Total Electron
Yield (TEY) NEXAFS of the P3BHT/PCBM blends are shown in Figures 4.33 and 4.34
respectively. Figure 4.33 shows the transmission NEXAFS spectra of the spin-coated
P3HT/PC7BM thin film (blue), LIPSS obtained under air conditions (green) and LIPSS
obtained under vacuum conditions (orange) and also includes the P3HT (red) and

PC;;BM (black) spectra for comparison.
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Figure 4.33. Transmission NEXAFS spectra of P3HT/PC7;BM films: spin-coated (blue line),
with LIPSS formed upon irradiation in air (green line) at 266 nm and with LIPSS formed upon
irradiation in vacuum (orange line) at 266 nm. P3HT and PC;BM thin films are shown as
reference (red and black line, respectively). The black arrows indicate the bands which present a

decreased intensity after irradiation.

The NEXAFS spectrum of the P3HT/PC7;BM sample with LIPSS obtained in air shows
a decrease of intensity in two bands in comparison with the non-irradiated one as
marked by arrows in Figure 4.33: PC7,BM n-band at about 284 eV as well as the band
roughly at 287.5 eV. These results can be interpreted as a possible photo-oxidation of
the polymer/fullerene blend after laser irradiation in air. On the other hand
P3HT/PC7BM samples with LIPSS obtained in vacuum show a profile very similar
compared with the unstructured P3HT/PC;;BM with the exception of the band at
285 eV which exhibits an increased intensity. In previous works®* ’* 7 this band has
been assigned to the sum of the P3HT n-band and the PC7,BM =n-band of the phenyl
groups. Additionally, the intensity of this band is sensitive to the orientation due to the
planarity of the n-bonds. Further work should be done to elucidate the meaning of these

changes in the intensity.
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A detailed study of the surface can be performed with TEY NEXAFS. Figure 4.34
shows the spectra of the different P3HT/PC;;BM samples. As reference, P3HT and
PC;1BM thin films spectra are presented in the graph (red and black line).
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Figure 4.34. TEY NEXAFS spectra collected in transmission of different P3HT/PC;;BM films:
spin-coated (blue line), with LIPSS formed upon irradiation in air (green line) at 266 nm and
with LIPSS formed upon irradiation in vacuum (orange line) at 266 nm. P3HT and PC;;BM thin
films are shown as reference (red and black lines respectively). P3HT film with LIPSS formed
at 266 nm is also included for comparison (purple line). The black arrows indicate the bands

which present changes in the intensity after irradiation.

A first view suggests that surface is richer in P3HT since TEY-NEXAFS spectra of
P3HT/PC7,BM films results to be similar to the P3HT homopolymer film as some
works have already reported.””® Compositional analysis of the spectra was carried out
in a similar way that those performed for the analysis of the composition in
P3HT/PCDTBT blends detailed in Chapter 2.2. Fits presented in Figure 4.35 were
performed assuming the absence of new bands due to the interaction between P3HT and
PC71BM. The results indicate that P3HT/PC;;BM thin films exhibit only 20 % of
PC7,BM in the surface (Figure 4.35.a).
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Figure 4.35. Compositional decomposition of TEY NEXAFS spectra. (a) Unstructured
P3HT/PC7,BM thin film and (b) P3HT/PC;;BM with LIPSS obtained in vacuum at 266 nm. Red
and black lines correspond to the reference P3HT and PC;BM thin films spectra respectively

and blue lines are the fitted curves assuming the labelled amount of PC;;BM on the surface.

Regarding the TEY-NEXAFS of the sample with LIPSS, some differences can be
appreciated (Figure 4.34). Starting with the sample irradiated in air, a new band appears
at 289 eV, which in principle could be due either to a PC7;BM surface enrichment or to
the photo-oxidation of the polymer chains. However the spectrum cannot be
successfully fitted with the individual components since the LIPSS spectrum (green line
in Figure 4.34) does not show the band at 284 eV associated to the PC7;BM. In addition
the TEY-NEXAFS spectrum (purple line) of a sample with LIPSS on P3HT
homopolymer obtained upon irradiation in air is presented in Figure 4.34. This spectrum
presents similar bands to the P3HT/PC;;BM irradiated in air suggesting that the new
bands are not related to the PC;;BM phase. On the other hand, with respect to the
sample irradiated in vacuum, differences are less obvious and just a detailed inspection
of the zone at 284-285 eV can detect them. In particular, a decrease of the small
shoulder at 284 eV which corresponds to the PC7;BM can be appreciated. The fit of this
spectrum is presented in Figure 4.35.b, confirming that an increase of the P3HT phase at

the surface of the sample occurs after irradiation in vacuum.

From these results one can conclude that P3HT/PC;BM films irradiated with an
ultraviolet laser at 266 nm may present some chemical modifications of the polymer-
fullerene structure when the laser irradiation is performed in air and the chemical
modification is enhanced in the surface. In contrast, the chemical modification is almost

negligible when the irradiation is performed under vacuum conditions.
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4.4.4. Evolution of the phase separation as revealed by Resonant Soft
X-ray Scattering

4.4.4.1. Phase separation in unstructured P3HT/PC;;BM as revealed by
Resonant Soft X-ray Scattering

As commented in Chapter 1, P3HT/PC7;BM is one of the most studied active layers for
organic solar cells. In order to improve the efficiency of such solar cell, the knowledge
of the phase separation between the donor and acceptor phases is essential. In this
context RSoXS is a potential technique since it allows obtaining an enhanced scattering
by varying the X-ray energy in the C absorption edges (270-320 eV). The scattered
intensity is related to the scattering contrast between both phases. Therefore, to obtain
the scattering contrast and perform RSoXS experiments the following steps have been
carried out. In order to exploit RSoXS it is necessary to calculate the imaginary and real
parts of refraction index of individual components. The imaginary part, 5, is related to
the NEXAFS spectra by means of Equation 2.2. Through the Kramers-Kronig relations
(Equation 2.3) the real part of the refraction index can be estimated. These calculations
were performed with the KKcalc program developed by B.Watts.”

The imaginary and real parts of the refraction index of the P3HT and PC7;BM are

shown in Figure 4.36 estimated from the respective NEXAFS spectrum.
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Figure 4.36. Real (8) and imaginary (p) parts of the refraction index for P3HT and PC;BM as
labeled.

The second necessary step is to estimate the scattering contrast between components

which is given by the quantity A8 + AB? which determines the material contrast and
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scattering strength. The material scattering contrast calculated for the P3HT and the

PC7BM is shown in Figure 4.37.

Highest contrast
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Figure 4.37. Materials scattering contrast between P3HT and PC; BM at the carbon K-edge.

The third necessary step is to select energies with the highest scattering contrast. Once
the material contrast is known it is possible to select the energies with higher contrast
between P3HT and PC7;;BM. In this case, the highest contrast is obtained at energies
around 284 eV. In Figure 4.38 one example is presented where the scattering pattern
collected at one energy with high contrast between the components, namely 284.2 eV is

compared with the one collected at another energy with low contrast, 285 eV.

(b)

285eV

Figure 4.38. 2D RS0XS patterns taken at energies with (a) high and (b) low scattering contrast
between P3HT and PC,;,BM.
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2D RSoXS patterns of a P3HT/PC7;BM thin film at selected energies are presented in
Figure 4.39. A weak scattering reflection q; = 0.389 nm, highlighted by a red arrow,

appears at each energy, being enhanced at energies near 284 eV. In the literature this

reflection has been assigned to either PC7;BM clusters distances or to P3HT
63, 65,68,73

nanocrystal- nanocrystal distances.

Figure 4.39. 2D RSoXS patterns at different carbon K-edge energies of the P3HT/PC;BM
film. Circular sector labeled in red in the upper right pattern corresponds to the area used for the
integration of the scattered intensity in the profiles shown in Figure 4.40. Red arrows indicate

the scattering reflection enhanced at 284.2 eV.

Typically, the P3HT/PC7,BM blend is described as a complex system formed by neat
P3HT crystals, neat PC7;BM clusters and an amorphous phase being a mixture of P3HT
and PC;BM.* One interpretation of the patterns shown in Figure 4.39 might be that
PC71BM clusters are located between P3HT crystals surrounded by the amorphous
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P3HT/PC;;BM phase. In this way, the average distance between PC;BM clusters can
be considered to be governed by the average distance between P3HT nanocrystals.
According to this model the scattering maximum observed in the P3HT/PC;;BM thin
film would provide this characteristic length, i.e. the average distance between clusters,
being this a possible way to evaluate the degree of phase separation between P3HT and

PC71BM.

Fig. 4.40 shows the intensity profiles at different carbon K-edge energies as labeled of
the P3HT/PC7BM thin film obtained by integration of the scattering intensity over an

area included in the circular sector described in Figure 4.39.

Accordingly, as the highest contrast is obtained at resonance energies characteristics of
PC71BM (284.2 eV) as it is shown by the highest intensity of the shoulder of the red
curve in Figure 4.40, it is reasonable to assume that the distance associated to this

reflection in the reciprocal space is related to distances between PC7;BM domains.
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Figure 4.40. 1D intensity profiles at different carbon K-edge energies, as labeled, of the
P3HT/PC7BM thin film obtained by integration of the scattering intensity over an area included

in the circular sector described in Figure 4.39.
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Figure 4.41 shows the intensity profiles at different energies for the P3HT/PC;;BM
sample thin film after annealing at 140 °C for 4 minutes. The maximum associated to
phase separation increases the intensity and is slightly shifted towards low g-values
(Table 4.1). This behavior has been observed by hard X-ray and neutron experiments.®
65 68 After annealing, both P3HT crystallization and PC7;;BM agglomeration are
expected to happen. Both processes lead to an enrichment of the phases and hence to an
enhancement of the scattering contrast between them. In addition, the P3HT
crystallization explains the intensity increase and the PC7;BM agglomeration explains
the shift of the intensity maximum to lower g-values due to a larger distance between

phases.
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Figure 4.41. 1D intensity profiles at different carbon K-edge energies, as labeled, of the
annealed P3HT/PC;BM thin film obtained by integration of the scattering intensity over a

circular sector.

4.4.4.2. Phase separation in LIPSS on P3HT/PC7BM irradiated in air

Regarding the samples with LIPSS, the thin film irradiated at 266 nm under air
conditions shows a grating-type pattern (Figure 4.42) in which the periodicity of the

laser-induced structures may be estimated from the g-value of the first order peak in the
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1D intensity profiles shown in Figure 4.42.b. Additionally, a ring appears at low q-
values with an isotropic shape (Figure 4.42.a and 4.42.c). This scattering located at
q=0.023 nm™ and indicated by an arrow in Figure 4.42.a arises from large length
correlations with an average distance of 270 nm. Since LIPSS samples are anisotropic
they exhibit oriented patterns. Thus, a main direction across the scattering maxima of

the LIPSS can be defined as S and another perpendicular as P.
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Figure 4.42. (a) 2D RSoXS pattern of the P3HT/PC7;BM thin film with LIPSS obtained upon
irradiation at 266 nm in air collected at a sample-detector distance of 150 nm with an energy of
284.2 eV. (b) 1D intensity profiles at different carbon K-edge energies, as labeled, obtained by
integration of the scattering intensity in the S-direction along the scattering maxima over the
area included in Figure 4.42.a. (c) 1D intensity profiles at different carbon K-edge energies, as
labeled, obtained by integration of the scattering intensity in the P-direction over the area
included in Figure 4.42.a. Red arrow corresponds to the scattering with a ring shape at

q=0.023 nm™.
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In order to access to a larger g-values range, the scattered intensity was collected at a
shorter sample-detector-distance. Figure 4.43 shows a scattering pattern similar to that
shown in Figure 4.42 in a larger q-range for the P3HT/PC7;BM thin film. In this case,
an additional scattering maximum at larger q-values (q; = 0.235 nm"), indicated by an
arrow in Figure 4.43.a, is enhanced at 284.2 eV and could be related to the phase
separation as observed in the non-irradiated sample with a q-value of 0.389 nm™. This
maximum indicates the existence of a characteristic correlation length orthogonal to the
ripple direction of the LIPSS periodicity. Figure 4.43.b shows the scattered intensity
integrated in an angular sector orthogonal to the ripples as depicted in Figure 4.43.a.
The maximum scattered intensity appears at 284.2 eV which should be related with the

distances between PC7,BM domains.
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Figure 4.43. (a) 2D RSoXS pattern of the P3HT/PC7;BM thin film with LIPSS obtained upon
irradiation at 266 nm in air collected at a sample-detector distance of 50 nm with an energy of
284.2 eV. (b) 1D intensity profiles at different carbon K-edge energies, as labeled, obtained by
integration of the scattering intensity in the P-direction over the area included in Figure 4.43.a.
Red arrow corresponds to the scattering related to the phase separation average distance at

q> =0.235 nm™.

4.4.4.3. Phase separation in LIPSS on P3HT/PC7;BM irradiated in vacuum

The P3HT/PC;1BM LIPSS formed by laser illumination under vacuum conditions
(Figure 4.44.a) also show a gratings-type pattern. The scattering maximum at

qQ2=0.157 nm’', indicated by an arrow, is here enhanced in comparison with the
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previous case (Figure 4.43) and indicates the existence of a characteristic correlation
length which is perpendicular to the LIPSS. This maximum can be associated to the
correlation distances between PC7;;BM clusters and hence associated to the degree of

phase separation between P3HT and PC7;BM as it was commented before.
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Figure 4.44. (a) 2D RSoXS pattern of the P3HT/PC;,BM thin film with LIPSS obtained upon
irradiation at 266 nm in vacuum collected at a sample-detector distance of 50 nm with an energy
of 284.2 eV. (b) 1D intensity profiles at different carbon K-edge energies, as labeled, obtained
by integration of the scattering intensity in the S-direction along the scattering maxima over the
area included in Figure 4.44.a. (c) 1D intensity profiles at different carbon K-edge energies, as
labeled, obtained by integration of the scattering intensity in the P-direction over the area
included in Figure 4.44.a. Red arrow indicates the scattering maxima related to the phase

separation at g, = 0.157 nm ™.

Figure 4.44.b shows the 1D intensity profiles at different energies for the
P3HT/PC7;BM sample with LIPSS irradiated in vacuum, obtained from the integration
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of 2D patterns using the cakes drawn in Figure 4.44.a along the S- and P-directions.
Comparing these intensity profiles to those from the P3HT/PC7,BM sample with LIPSS
obtained in air (Figure 4.42.b and 4.43.b), it is seen that the maximum related to the
phase separation is both more intense and better defined. This result suggests that P3HT
and PC7;BM phases are separated along the ripples. According to the mechanism of
LIPSS formation, when irradiating a polymer material the surface reaches a temperature
above the Ty, in the case of a semicrystalline polymer and thus during the reorganization
process a liquid-liquid demixing mechanism might be the driving mechanism of such

phase separation.

A schematic model of this interpretation is shown in Figure 4.45 showing the two
characteristic correlation lengths of the LIPSS, d; being the average distance between
ripples and d, being the average distance between PC7BM clusters within the ripple.
The average distances that can be obtained from the scattering pattern are d; =209 nm
and d; =40 nm for the LIPSS obtained upon irradiation in vacuum. The scattered
intensity at low g-values is almost vanished for the sample irradiated in vacuum,
suggesting that oxidation or carbon formation does not take place during LIPSS

formation in vacuum.

Figure 4.45. Proposed model for P3HT/PC;;BM sample with LIPSS.

The presence and high intensity of the reflection at q, = 0.157 nm™, confirm the presence
of a phase separation between the P3HT and the PC7;BM. In principle this is not
expectable since laser provokes the reduction of the polymer and PC7;BM crystallinity
and as a consequence the diffusion of the fullerene molecules into amorphous P3HT

phase.®" However the hindered crystallization produced during the laser illumination
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could give rise to a liquid-liquid demixing during the reorganization process and as a

consequence a large phase separation between both components.

4.4.4.4. Effect of annealing on the phase separation of PSHT/PC;;BM

Figure 4.46.a shows that after annealing for 4 min at 140 °C the LIPSS sample
fabricated in air at 266 nm, no scattering signal related to phase separation is detected in
the g-range investigated (Figure 4.46.c). However the scattering from the LIPSS is

maintained indicating that LIPSS remains after thermal annealing.
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Figure 4.46. (a) 2D RSoXS of the P3HT/PC;BM thin film with LIPSS obtained upon
irradiation at 266 nm in air after annealing for 4 min at 140 °C, collected at a sample-detector
distance of 70 nm with an energy of 284.2 eV. (b) 1D intensity profiles at different carbon
K-edge energies, as labeled, obtained by integration of the scattering intensity in the S-direction
along the scattering maxima over the area included in Figure 4.46.a. (c) 1D intensity profiles at
different carbon K-edge energies, as labeled, obtained by integration of the scattering intensity

in the P-direction over the area included in Figure 4.46.a.
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Nevertheless, after annealing the LIPSS sample fabricated in vacuum at 266 nm, the
scattering from the LIPSS periodicity is maintained and the reflection related to phase
separation of the components is also present but it loses the orientation as it is shown in
Figure 4.47.a. The 1D orthogonal intensity profiles at different energies are presented in
Figures 4.47.b and 4.47.c. In the case of the reflection related to the phase separation a
shift of the intensity maximum to higher g-values is observed in comparison with the

intensity profiles from the same sample without annealing (Table 4.1).
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Figure 4.47. (a) 2D RSoXS pattern of the P3HT/PC;,BM thin film with LIPSS obtained upon
irradiation at 266 nm in vacuum after annealing for 4 min at 140 °C, collected at a sample-
detector distance of 70 nm with an energy of 284.2 eV. (b) 1D intensity profiles at different
carbon K-edge energies, as labeled, obtained by integration of the scattering intensity in the S-
direction along the scattering maxima over the area included in Figure 4.47.a. (c) 1D intensity
profiles at different carbon K-edge energies, as labeled, obtained by integration of the scattering

intensity in the P-direction over the area included in Figure 4.46.a.
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To discuss further the results, the scattering related to the phase separation has been
analyzed. In Figure 4.48.a the 1D intensity profiles at 284.2 eV of the P3HT/PC7;,BM
thin film before and after annealing are presented. As mentioned before the scattering
intensity is shifted to lower g-values. The 1D profiles in the P-direction at 284.2 eV of
the LIPSS in P3HT/PC7BM thin films obtained upon irradiation at 266 nm in air
(green), in vacuum (orange) and in vacuum after annealing (purple) are presented in
Figure 4.48.b. Distances obtained from both, the maximum of intensity related to the
LIPSS periodicity (q;) and the maximum related to phase separation distance (q.) are
presented in Table 4.1 for the samples investigated. Results show that annealing the thin
film produces a shift of the maximum related to the phase separation to lower g-values
(blue to black line). However, after annealing the sample irradiated in vacuum the
maximum shifts to a higher g-value that coincides with the g-value of the annealed thin

film.
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Figure 4.48. (a) Comparison of the 1D intensity profiles at 284.2 eV of the P3HT/PC;,BM thin
film before (blue) and after (black) annealing. (b) 1D profiles in the P-direction at 284.2 eV of
the LIPSS in P3HT/PC;,BM thin films obtained upon irradiation at 266 nm in air (green), in

vacuum (orange) and in vacuum after annealing (purple).

111



Table 4.1. Characteristic lengths d; and d, of the model illustrated in Figure 4.45 obtained from
the scattering of the maxima at the corresponding g-values for P3HT/PC;,BM samples.

Sample Annealing LIPSS q1 (nm™) q2 (nm™) d; (nm) d,(nm)
P3HT:PC;BM NO NO -- 0.389 - 16
P3HT:PC;BM YES NO -- 0.291 -- 22
P3HT:PC;BM NO air 0.0273 0.235 232 27
P3HT:PC;BM YES air 0.0282 -- 224 --
P3HT:PC;BM NO vacuum 0.0301 0.157 209 40
P3HT:PC;BM YES vacuum 0.0292 0.29 216 22

In summary, according to RSoXS results (Table 4.1) the characteristic phase separation
distance increases from 16 to 22 nm when annealing the P3HT/PC7;BM thin film, due
mainly to the growth of PC;;BM aggregates with temperature. For LIPSS samples
obtained under vacuum, the characteristic phase separation distance decreases from 40
to 22 nm when annealing. The final value coincides with the phase separation distance
of the annealed thin film. It can be explained considering that the AFM images of
LIPSS after annealing shows an enormous decrease of the LIPSS depth compared with
the initial LIPSS (Figure 4.32). Taking this into account, it can be suggested that after
annealing the main contribution to the RSoXS pattern is the non-structured thin film

under a structured surface of only 8 nm thickness.
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4.4.5.Electrical properties of nanostructured P3HT/PC,BM
thin films

Electrical properties at the nanoscale have been analyzed by C-AFM. P3HT/PC;;BM
thin films nanostructured by LIPSS in vacuum and with post annealing at 140 °C for 4
minutes are shown in Figure 4.49. Before annealing the current image exhibits the
characteristic heterogeneous conductivity observed in samples with LIPSS. As
discussed in Section 4.2, the loss of the P3HT crystallinity could be the cause of the low
conductivity observed in the ripples. After annealing the sample present an increase of
conductivity. These results confirm that P3HT crystallizes after annealing and also that
it is possible to fabricate active layers with LIPSS without disrupting the phase

separation morphology and its electrical properties.

20.0 nm 0.0

. -20.0 nm -150.0 pA
200.0 nm 200.0 nm
20.0 nm 0.0
| i
B -20.0 nm -150.0 pA
200.0 nm 200.0 nm

Figure 4.49. C-AFM topography and current images of LIPSS on P3HT/P;;CBM fabricated at

266 nm in vacuum. (a,b) before and (c,d) after annealing.

4.5. In situ LIPSS formation on conjugated polymers
monitored by Grazing Incidence Small Angle X-ray
Scattering (GISAXS)

In this section the LIPSS formation on the surface of different polymer films by using
GISAXS with synchrotron radiation will be described. The polymers investigated have
been PCDTBT and the P3HT/PCDTBT 1:1 blend.
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4.5.1. Simultaneous GISAXS-LIPSS experimental set up

In previous sections, the structural characterization of LIPSS has been undertaken by
AFM. However, microscopy becomes cumbersome or even not possible upon dealing
with evaluation of fast processes in real time. For this reason the use of X-ray scattering
techniques with synchrotron radiation can be very useful since they allow obtaining
reciprocal space time resolved structural information with a time resolution in the range
of milliseconds.*® To perform X-ray diffraction on surface nanostructures it is very

8385 The diffraction pattern

convenient to work under total X-ray reflection conditions.
provides statistical information integrated over a large sample area covered by the
footprint of the incident beam on the material surface. Therefore, the scattering pattern
can deliver structural information averaged over an area of several tens of microns.
Previous studies on P3HT LIPSS formation have been done “ex-situ”.2” 28 However,
this procedure limits the amount of samples and rules out real time analysis and the

investigation of irradiation by a high repetition rate.

For LIPSS formation on the polymer spin-coated films, the 2nd harmonic of a Nd:YAG
laser (Lotis TII LS-2131M, A = 532 nm) and pulses of 8 ns were used. The monitoring
of LIPSS formation in situ was accomplished by using synchrotron radiation at the
DUBBLE beamline of the European Synchrotron (ESRF), Grenoble, France. GISAXS
patterns were acquired while simultaneous laser irradiation on the sample was taking

place. A scheme of the simultaneous experiment is shown in Figure 4.50.

The laser beam (red dashed line) is directed by a collection of three mirrors to the
sample surface. The laser beam size is controlled by an iris and its intensity by a
variable attenuator. The X-ray beam reaches the sample which is positioned in grazing
incidence conditions.”” *® The scattering plane, containing both the direct and the
specular beams intersects the detector along the meridian of the GISAXS pattern. The
horizon is the intersection between the sample plane and the plane of the detector. The
study has been performed at the laser wavelength 532 nm for three different laser pulse

repetition rates: 2, 5 and 10 Hz.

In this set-up, the sample must be placed horizontal and parallel to the X-ray beam in a
grazing incidence geometry. A precise alignment of the laser beam is required in order
to reach the sample surface perpendicularly. Furthermore, the laser polarization vector
must be parallel to the X-ray beam direction.
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I: Iris
A: Attenuator

Figure 4.50. Set-up of the simultaneous GISAXS- LIPSS experiment. Laser beam is marked by

a red dashed line and the X-ray beam is marked by the yellow arrow.

On the basis of previous studies a laser fluence of 26 mJ/cm® was used for all the
experiments which were carried out at different repetition rates of 2, 5, and 10 Hz. For
the sake of comparison all the samples were irradiated with 9000 pulses. A laser
irradiated area of 5 mm diameter was selected by using an iris. For the GISAXS
measurements a wavelength, L =0.124 nm and a beam size (HxV) of 1.1 x 0.5 mm®
were used. The GISAXS patterns were recorded by a Pilatus detector of
981 x 1043 pixels, 172.0 um X 172.0 um pixel size, which was located at 7 m from the
sample position. The sample was aligned with its surface horizontal and parallel to the
X-ray beam and at a height which intercepted half of the beam intensity. Then, for the
GISAXS experiments, the sample is rotated in order to reach an incidence angle
between sample surface and the beam, o;, of 0.4°. The experimental set-up for a
GISAXS experiment has been described in Section 2.2.7.3. In order to follow in situ the
LIPSS formation both laser irradiation and GISAXS acquisition were simultaneously
activated. Acquisition time for the GISAXS patterns for the laser irradiation at 2 Hz was

100 s while for the irradiations at 5 and 10 Hz two acquisition times were selected: 5 s
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for the first 3000 pulses and 20 s for the rest of the experiment. GISAXS patterns were
analyzed by the Fit2D software.*® After GISAXS experiments the samples were
examined by AFM in tapping mode.

4.5.2. In situ LIPSS formation in PCDTBT as revealed by GISAXS

The Figure 4.51 shows a sequence of GISAXS patterns during irradiation of a PCDTBT
film as a function of both the number of pulses and the corresponding real experimental
time. This in situ experiment makes possible the study of the scattering evolution during
the LIPSS formation exploiting the potential of the synchrotron techniques to

investigate processes in real time.

t(s)

6200
5200

2 .
] 2000 Number of pulse
Thin film

Figure 4.51. Real time LIPSS formation on PCDTBT upon irradiation at 532 nm at 10 Hz as
revealed by GISAXS.

Some selected GISAXS patterns of LIPSS evolution in PCDTBT during laser
irradiation are presented in Figure 4.52 for the repetition rate of 10 Hz. The first pattern
in Figure 4.52 corresponds to the spin-coated PCDTBT thin film. This pattern is the
characteristic one for a spin-coated film in absence of relevant structure in the angular
range investigated.®” After laser irradiation with 1000 pulses (100 s) the GISAXS
pattern starts exhibiting an increase of the intensity around the region referred to as
Yoneda peak™ which appears at around half of the reflection angle o; and it is related to
the critical angle of polymers for the X-rays. The intensity increases with the number of

pulses and develops a clear vertical reflection with a rod shape. For higher number of
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pulses the GISAXS pattern is characterized by an increasing number of the vertical

rods.

From the GISAXS patterns horizontal intensity profiles along o for constant o values
have been extracted (see Figure 2.15). These were obtained by vertical integration of a
horizontal strip (15 pixel wide) as the one shown in Figure 4.52 around the maximum of
intensity of the vertical diffraction maxima (o = 0.15°). As it was commented above,

this angular region corresponds to the Yoneda peak.

1000

100

0.01

Figure 4.52. Evolution of GISAXS patterns as a function of the number of pulses during the
in situ LIPSS formation in PCDTBT thin films at 532 nm for the repetition rate of 10 Hz. The

number of pulses is labelled on every pattern in the upper right corner.

The corresponding intensity profiles for the GISAXS patterns as a function of the
number of pulses are plotted in Figure 4.53 for different repetition rates. The period (L)
of the LIPSS can be derived from the lateral position of the first maxima, that is the
nearest one to @ = 0° (qy, = 0 nm™). The o angle and the qy component of the scattering
vector (q) are related by the Equation 2.16.b and therefore, L can be obtained using the
expression: (L = 2mqymax). The outer maxima are consecutive orders of the first one.”” A

clear evolution of the intensity and the number of reflections is observed.
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Figure 4.53. Intensity profiles, in a logarithmic scale, as a function of ® and the number of
pulses obtained from the GISAXS patterns at a constant o = 0.15° for different repetition rates,

as labeled.
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The evolution of the LIPSS period extracted from the GISAXS analysis with the

number of pulses for the different laser repetition rates is presented in Figure 4.54.
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Figure 4.54. Variation of the periods (L) with the number of pulses at different repetition rates:

10 Hz (black circles), 5 Hz (blue circles) and 2 Hz (red circles).

The results indicate that the LIPSS period remains practically constant with a value of
350 nm in the whole range of pulses employed. Moreover, results are qualitatively

similar for the three laser repetition rates used.

In order to compare the evolution with time of LIPSS formation for the different
repetition rates, in Figure 4.55 the total integrated intensity of the 1D profiles, which is
the sum of the total intensity of the horizontal strip represented in the Figure 4.52
(0 pulses), has been represented as a function of the number of pulses. For the sake of
comparison we have subtracted the integrated intensity of the intensity profile
corresponding to the first GISAXS pattern for each experiment. Figure 4.55 shows that
for all the investigated repetition rates the integrated intensity follows three regimes as a
function of number of pulses: the first regime of incubation where the integrated

intensity increases slowly with number of pulses, a second regime where the integrated
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intensity increases rapidly with increasing number of pulses and a third regime where
the integrated intensity reaches a plateau. The complete process seems to be faster for a

lower repetition rate.
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Figure 4.55. Total integrated intensity obtained from the GISAXS pattern at a =0.15° as a
function of the number of pulses at different repetition rates: 10 Hz (black circles), 5 Hz (blue
circles) and 2 Hz (red circles). The inset is a zoom of the total integrated intensity of the first

stages of the LIPSS formation.

The influence of the laser repetition rate on LIPSS formation is illustrated in Figures
4.56, 4.57 and 4.58 for selected GISAXS patterns corresponding to different stages of
the LIPSS formation.

Samples irradiated with 2000 pulses for the three repetition rates are shown in Figure
4.56. Apparently, similar patterns in intensity and number of reflections are reached at
the three repetition rates. In addition, GISAXS patterns at 4200 pulses are presented in
Figure 4.57 for the three repetition rates. In contrast to the patterns obtained at 2000
pulses (in the initial regime), after 4200 pulses differences in the GISAXS pattern are
considerable. Finally, after 9000 pulses GISAXS patterns (Figure 4.58) present a large
number of reflections which is characteristic of well-ordered LIPSS as it was observed
in a previous work in which the number of reflections was related with a disorder

paracrystalline parameter.*’
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Figure 4.56. (a) GISAXS patterns during LIPSS formation irradiated with 2000 pulses and

different laser repetition rate. (b) Intensity profiles taken at a. = 0.15°.
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Figure 4.57. (a) GISAXS patterns during LIPSS formation irradiated with 4200 pulses and

different laser repetition rate. (b) Intensity profiles taken at a = 0.15°.
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Figure 4.58. (a) GISAXS patterns during LIPSS formation irradiated with 9000 pulses and

different laser repetition rate. (b) Intensity profiles taken at o= 0.15°.

These results reveal that LIPSS formation is faster when irradiating at lower repetition
rates. After several cycles of laser pulses, polymer surface is melted and cooled down
quickly. The time between consecutive pulses is longer for lower repetition rates (0.1
versus 0.2 and 0.5 s respectively). Therefore, when irradiating at 10 Hz, pulses reach the
sample faster than at 5 and 2 Hz and when each pulse reaches the surface it is further
heated up with shorter time for cooling down than at lower repetition rates. This fact
indicates that in this polymer the higher temperature reached at the fastest repetition rate
(10 Hz) hinders the LIPSS structuring. In general, a more effective mechanism for
LIPSS formation in polymers has been observed when using conditions which promote

higher temperatures.’ **

This observation has been explained in terms of their thermal
properties since polymers need to reach a temperature above their T, in the case of

amorphous polymers or above their Ty, for semicrystalline ones.

However, in this case, PCDTBT reaches an adequate temperature to organize in LIPSS
at the three repetition rates used and differences observed in the kinetics of LIPSS
formation can be attributed to the particular thermal properties of the PCDTBT such as

the phase transition at high temperatures to a crystal liquid phase.*
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4.5.2.1. LIPSS morphology in PCDTBT as revealed by AFM

10 um x 10 pm AFM topography images of the samples irradiated during the in situ
experiments are presented in Figure 4.59 for the three repetition rates used. Apparently,
the LIPSS in the three samples are very similar as can be confirmed with the height
profiles obtained from the AFM images. Periods of the structures fabricated are
361 £11 nm, 348+ 10 nm and 354 + 8 nm for the 10, 5 and 2 Hz repetition rate

respectively.
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Figure 4.59. (a) Topography AFM images of LIPSS fabricated in sifu at 26 mJ/cm® and 9000
pulses for the three different repetition rates: 10, 5 and 2 Hz. (b) Height profiles obtained along
10 um perpendicularly to the LIPSS.
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4.5.3. In situ LIPSS formation in P3HT/PCDTBT blends as revealed
by GISAXS

Selected GISAXS patterns of LIPSS evolution during irradiation of a P3HT/PCDTBT
blend thin film are presented in Figure 4.60 for the repetition rate of 10 Hz.
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1000

100
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0.01

Figure 4.60. Evolution of GISAXS patterns as function of the number of pulses during the in
situ LIPSS formation in P3HT/PCDTBT thin films upon irradiation at 532 nm and a repetition
rate of 10 Hz.

The first pattern in Figure 4.60 corresponds to the spin-coated P3HT/PCDTBT thin
film. After laser irradiation with 2000 pulses (200 s) the GISAXS pattern starts
exhibiting small increase of the intensity around the Yoneda peak. In this case the
pattern does not exhibit vertical rods around the Yoneda Peak. However a weak
reflection appears around the reflected beam during the laser irradiation. According to
the AFM images performed in the ex situ experiments (Section 4.3.2), the structures in
this blend have very short correlation lengths distributed at different heights. This fact

leads to the absence of the vertical rods observed in a characteristic LIPSS pattern.
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From the GISAXS patterns horizontal intensity profiles along o for a constant a have
been extracted. These profiles were obtained by vertical integration of a horizontal strip

(15 pixel wide) as the one shown in Figure 4.63 around the reflected beam (a = 0.4°).

The obtained intensity profiles are represented in Figure 4.61 in order to compare the
GISAXS evolution during LIPSS formation. In this case, period of the LIPSS also
remains practically constant with a value around 360 nm in the whole range of pulses
employed. Moreover, results are qualitatively similar for the three laser repetition rates

used.

Intensity (a.u.)

01 00 01

o
o (°)
Figure 4.61. Intensity profiles as a function of ® obtained from the 2D GISAXS patterns at a

constant o =0.4° for different number of pulses (labeled in the right) during the LIPSS
formation in P3HT/PCDTBT at 10 Hz.

In order to compare the evolution with time of LIPSS formation in the P3BHT/PCDTBT
blend for the different repetition rates, in Figure 4.62 the total integrated intensity,
which is the sum of the total intensity of the horizontal strip shown in Figure 4.60, has
been extracted from the intensity profiles and has been represented, as a function of the

number of pulses. For the sake of comparison we have subtracted the integrated
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intensity of the intensity profile corresponding to the first GISAXS pattern for each
experiment. Figure 4.62 shows that for all the investigated repetition rates the integrated
intensity follows two regimes as a function of number of pulses: the first regime where
the integrated intensity increases rapidly with increasing number of pulses reaching a
maximum and a second regime where the integrated intensity decreases with increasing
number of pulses. It is interesting to point out that the complete process of LIPSS
formation is faster for the blend than for the PCDTBT. This observation is in agreement
with the ex situ experiments included in the Section 4.3.2. In this case the LIPSS
formation seems to be also faster for lower repetition rates as it was observed for

PCDTBT.
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Figure 4.62. Total integrated intensity obtained from the GISAXS pattern at a=0.4 ° as a

function of the number of pulses at different repetition rates: 10 Hz (black circles), 5 Hz (blue

circles) and 2 Hz (red circles).
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Chapter 5. Laser-Induced Periodic Surface
Structures applied to organic photovoltaics

Polymer blends of poly(3-hexylthiophene-2,5-diyl) (P3HT) with fullerene materials
including C60, [6,6]-phenyl C61-butyric acid methyl ester (PC¢;BM) or [6,6]-phenyl
C71-butyric acid methyl ester (PC;;BM) have shown to be attractive functional
materials for their application in organic photovoltaics (OPV).'” In this case the
interfacial area between the donor material, P3HT, and the acceptor one, PCBM, which
forms the heterojunction is a critical factor for the performance of the OPV device." *
Several approaches have been followed in order to fabricate controlled micro- and
nanostructures on P3HT for OPV applications including soft lithography,’ nanoimprint
lithography® 7 and templating by Anodic Aluminium Oxide (AAO) membranes® among

others.

In Section 4.1 LIPSS have been used in order to create sub-micron gratings on P3HT. It
was shown that, in spite of the well-known photo degradability of P3HT and of the high
power of laser pulses, LIPSS on P3HT at 532 nm are produced with a weak impact on
its chemical structure. However the electrical conductivity of the P3HT ripples exhibits
a heterogeneous nature consisting of an alternation of conducting valleys and
non-conducting hills.” On the basis of Raman spectroscopy and of X-ray scattering
experiments, a reduction of the crystallinity of the hills was proposed as the cause of the
loss of conductivity in the hills. From the perspective of OPV, several questions arise
about the potential integration of P3HT LIPSS structures in solar cell architecture.'” !
These include: (1) The possibility of creating LIPSS on an active layer comprising
P3HT and PC7;BM. (2) The feasibility of intercalation of the LIPSS active layer
between a bottom indium tin oxide (ITO) electrode coated with a thin layer of poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) and a metallic top
electrode. (3) The role of chemical degradation of the P3HT/PC;BM by laser
illumination which may compromise, or even destroy, the performance of the device.
(4) The impact of the heterogeneous electrical conductivity of the P3HT LIPSS surface

on the OPV device properties. In this chapter, some answers to the above mentioned

questions will be discussed.
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5.1. Preparation and characterization of P3HT/PC;BM
solar cells

Organic solar cells were prepared on 3 x 3 mm” ITO-covered glass substrates (Solems
S.A, France). ITO acts as a transparent electrode and because of the geometry of the I-V
measurements, a small area of the ITO coating needs to be patterned. The complete

preparation process is presented in Figure 5.1:

a. Patterning of ITO substrates

ITO Mask et / _'To /
[ - m) | 0 mm)
I

Glass Glass

Glass Glass

b. Spin coating PEDOT:PSS and active layer

Active layer
ITo / PEDOT:PSS ITo Y ITo

Glass PEDOT:PSS
Glass Glass

c. Evaporation of aluminium electrodes

P/

i Al Al
Active layer ITo o //// o
‘ Active layer - Active layer
PEDOT:PSS PEDOT:PSS PEDOT:PSS
Glass Glass Glass

Figure 5.1. Scheme of the solar cells preparation used in this thesis.

a. Patterning of ITO substrates:

ITO substrates need to be etched in order to avoid a short circuit when we connect the
electrodes. For this purpose the first step is to mask the area of the ITO substrate which
will remain after etching by covering around the half of a substrate with some tape.
Afterwards the clear ITO area is covered with zinc powder. After applying a water
solution of HC1 with a concentration of 50:50 in volume onto the zinc covered area, the

ITO is selectively etched. This reaction involves the reduction of the ITO ions to a
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metallic state. Zinc generates H, when contacting with HCI and this H, is the reducing

agent of the ITO.
b. Deposition of the PEDOT:PSS film and the active layer by spin-coating:

A thin layer of PEDOT:PSS was deposited by spin-coating at 5000 rpm on top of a
patterned ITO-covered glass substrate. For preparation of the active layers, P3HT and
PC7BM were solved in chlorobenzene (24 g/L). Two different P3HT/PC7,BM active
layers were prepared in order to fabricate two different architectures for the solar cells.

(a) A bilayer was fabricated by depositing a P3HT layer spin-coated at 2400 rpm for
120 s on the underlying PEDOT:PSS layer and subsequently covered by another
PC7,BM layer spin-coated at 4000 rpm for 10 s from a 5 g/L dichloromethane solution.
This solvent was used because P3HT is insoluble avoiding the deterioration of the

bottom layer when PC7;BM is spin-coated.12

(b) A bulk heterojunction active layer was fabricated by spin-coating the P3HT/PC;;BM
blend (weight ratio of 1:1) over the PEDOT:PSS film at 2400 rpm for 120 s.

c¢. Evaporation of the aluminum electrodes:

After depositing the active layer, aluminum top electrodes were deposited by thermal
evaporation in vacuum. In this case, a mask with four pixels (see the architecture in
Figure 5.2) was used due to the geometry of the measurements and to obtain statistics of
the experiments. Finally, a thermal annealing step of 4 min at 140 °C was performed in
a glovebox under N, atmosphere to ensure a good contact with the active layer. The

final scheme of a typical solar cell used in this study is shown in Figure 5.2.
(@) (b)

Al Active layer

PEDOT:PSS
ITO

Figure 5.2. Architecture of a solar cell: (a) top view, (b) lateral view.
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The photovoltaic devices were characterized under ambient conditions with the AM 1.5
global reference spectrum and 100 mW/cm? irradiance. The current density — voltage

(J-V) measurements were recorded using a source meter (Keithley 2400).

5.2. Laser irradiation

Laser irradiation was accomplished at atmospheric conditions under normal incidence
by using a linearly polarized laser beam of a Q-switched Nd:YAG laser (Lotis TII LS-
2131M, pulse duration of 8 ns). The second harmonic (A=532 nm) was used for the
LIPSS fabrication, since previous studies showed that P3HT form well-ordered ripples
at this wavelength.'> '* The irradiation fluences were determined by measuring the laser
energy in front of the sample with a Joulemeter (Gentec-E, QE25SP-H-MB-D0) and by
calculating the area of the irradiated spots, considering a diameter of 5 mm. According
to the optimal laser conditions for LIPSS fabrication in P3HT (Section 4.1), the
irradiation of P3HT/PC;BM films were performed with 3600 pulses at a fluence of 26
mJ/cm?, the constant repetition rate is 10 Hz for all samples. In Section 4.4 it has been
demonstrated that using these conditions well-ordered LIPSS are obtained in

P3HT/PC7BM films.

5.3. LIPSS in P3HT and PC,;;BM bilayer for photovoltaics

As mentioned before, for photovoltaics characterization both bilayer and standard bulk
heterojunction solar cells'® were prepared. In both cases the thickness of the active layer
is about 110 = 10 nm as measured by AFM. Figure 5.3 shows a scheme of the bilayer
device architecture approach. After spin-coating the P3HT on a patterned ITO substrate,

it is possible to irradiate the sample using the same conditions described in Section 4.1.

P3HT
\ 1 PEDOT:PSS
| 1m0
Laser l
irradiation
P(-:HBM . Al evaporation Al
RNV VY V.V V.V. DO PCBM
P3HT
| 4 | — ’( — PEDOT:PSS
1ITO

Figure 5.3. Scheme of the bilayer device architecture tested for photovoltaic characterization of

P3HT and PC7BM systems with LIPSS.
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LIPSS appear on P3HT after appropriate laser irradiation conditions as shown in Figure
5.4.a. Afterwards, a PC7;BM thin film is spin-coated over the P3HT film with LIPSS.
The upper surface of this bilayer is shown in Figure 5.4.b, where the LIPSS imposed on
P3HT are maintained. The final deposition of aluminum top contacts by thermal
evaporation keep as well the LIPSS relief essentially unchanged (Figure 5.4.c) with only

a slight modification of the depth profile.

W . - soim
J '50.0 nm
ST SO 50
£Eo /\/\/\/\/\/\/\/WWW\ UV YAVvaY B AV VAVAVAVAVAVAYAVAY:
N_so N_so N_so
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5

X (pm) X (um) X (um)

Figure 5.4. 5 x5 um> AFM images of bilayer solar cell: (a) P3HT surface after laser irradiation
and (b) PC;BM film surface deposited on top of P3HT film with LIPSS by spin-coating. (c)
Surface after deposition of the aluminum top electrode and after a thermal annealing at 140 °C

for 4 min. Height profiles are provided at the bottom of the images.

A real bilayer solar cell is presented in Figure 5.5. It can be observed that the LIPSS

area presents different color since the structures are acting as a diffraction grating.

Figure 5.5. A real bilayer solar cell device photo. The blue color corresponds to the iridescence

of the LIPSS area acting as a diffraction grating.
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An example of the J—V characteristics of the LIPSS solar cell in the dark and under
illumination is shown in Figure 5.6. Although the overall device performance can be
optimized, the J—V characteristic of the LIPSS bilayer proves that photocurrent is
generated by light illumination. Since also the reference P3HT/PC71BM solar cells
without LIPSS show very limited performance, it is obvious that the bilayer device
geometry is not optimized. Moreover, polymer/fullerene solar cells in bilayer
configuration tend to yield rather poor efficiency values due to the small interface

16, 1
between donor and acceptor phases.'® !’

e Dark Current
5t =O=— Light Current (bilayer) ]
e/ |_jght Current (LIPSS in bilayer)

21 | 0 | 1
V (V)

Figure 5.6. J-V characteristics of the LIPSS solar cell in the dark and under illumination. For

the sake of comparison, data for the unstructured bilayer solar cell are also included).

5.4. LIPSS in P3HT/PC,;;BM blend for photovoltaics

A scheme of the bulk heterojunction architecture is shown in Figure 5.7.

P3HT/PC,,BM
. . PEDOT:PSS
\ | ITO
Laser l

Irradiation
Al evaporation Al

BRI B B S P3HT/PC, BM
[ ; - I E— — 1 PEDOT:PSS

| \ ' ITO

Figure 5.7. Scheme of the bulk heterojunction architecture tested for photovoltaic

characterization of P3HT/PC;,BM systems with LIPSS.
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The corresponding results for the bulk heterojunction solar cells are illustrated in
Figure 5.8. The upper surface of the initial spin-coated P3HT/PC7;;BM film is shown
before (Figure 5.8.a) and after laser irradiation (Figure 5.8.b). It is important to point out
that even after thermal annealing LIPSS keep their structure unchanged, at least under
the aluminum electrode (see Figure 5.8.c). As one can see, similarly as for P3HT, rather

ordered LIPSS are formed

pfer?1-100.0 nm

100
{ = 50
- ] N -s0}
'100012345'100012345
X (um) X (um)

Figure 5.8. 5 x5 um”> AFM images of the surface of the active layer on a BHJ solar cell: (a)
before, (b) after laser irradiation, and (c) after deposition of the aluminum top electrode and
after a thermal annealing at 140 °C for 4 min. Height profiles are provided at the bottom of the

images.

An example of solar cells fabricated with the active layer structured by LIPSS is shown
in Figure 5.9. A strong iridescence can be observed due to LIPSS area acting as a

diffraction grating even when aluminum electrode is deposited.

Figure 5.9. A real LIPSS bulk heterojunction solar cell device photo. The green-blue

color corresponds to the iridescence of the LIPSS area acting as a diffraction grating.
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Representative J—V characteristic of the BHJ LIPSS solar cell in the dark and under
illumination is shown in Figure 5.10. The J—V characteristic of the LIPSS
heterojunction also proves that photocurrent is generated by light illumination although
a lower photocurrent is generated in comparison with the unstructured control bulk

heterojunction solar cell.

e Dark Current (BHJ)
e=O=s BHJ
Dark Current (LIPSS)
5 e=/ve= | IPSS in BHJ

-1 0 1
V(V)

J (mA/cm’)
S

Figure 5.10. J-V characteristic of the LIPSS solar cell in the dark and under
illumination. For the sake of comparison, data for the unstructured BHJ solar cell are

also included.

To obtain device statistics about the performance of the LIPSS solar cells,
measurements for both device architectures were performed for eight different
structured solar cells and for four reference solar cells. The results are shown in Figure
5.11 in terms of power conversion efficiency (PCE), fill factor (FF), short-circuit

current density (J), and open-circuit voltages (V).

The performance of the solar cells with LIPSS in comparison with that of the
unstructured ones is lower for the bulk heterojunction and similar for the bilayer
architectures. One possible reason for that is related to the need of optimization for the
presented photovoltaic systems. For the current device arrangement, according to the
AFM depth profiles (Figures 5.4 and 5.8), the top-to-valley distance is comparable to
the thickness of the unstructured films. Thus, after LIPSS formation, it is expected a
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depletion of the active layer between the PEDOT:PSS and the aluminum electrode in
the valley. This effect could explain the lower performance of the LIPSS devices.

0.4 40
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Figure 5.11. (a) Power conversion efficiency (PCE), (b) fill factor (FF), (c) short-circuit
current density (Ji), and (d) open-circuit voltages (Vo) for the unstructured
(non-textured bars) bilayer and bulk heterojunction (BHJ) solar cell architectures and

for the corresponding ones with LIPSS (textured bars).

Another important feature to note is that the solar cells that underwent a LIPSS
structuring process have been previously laser irradiated prior to the photovoltaic
characterization. Previous Raman spectroscopy results have shown that laser irradiation
of P3HT provokes a decrease of the ordered phase rather than a significant chemical
degradation.” This effect could lead to a decrease of the electrical conductivity
responsible for the decreased short-circuit current density upon LIPSS structuring. In
spite of that, it is important to remark that LIPSS devices are operational as solar cells.

The FF values suggest that solar cell geometry can be optimized, although comparable
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values are obtained for LIPSS devices and the reference unstructured ones. As expected,
the photogenerated short-circuit current of bilayer solar cells is lower than that of BHJ
mainly due to the smaller donor/ acceptor interface. The V. values are similar for both
LIPSS and unstructured devices. This indicates a sound preservation of the device
layout and the structural integrity of the materials composing the whole layer stack.
Moreover, we can see how for bilayer solar cells the V.. increases by about 10%.
Taking into account that the vertical profile of the imprinted structure has a height
comparable to the original film thickness, it becomes remarkable that the LIPSS process
means a dramatic gain in donor—acceptor interface for bilayer devices. This enlarged
interface is expected to significantly decrease the non-geminate recombination, feature
which is in good agreement with the improved V..'®

results, our data proves that both the LIPSS P3HT/PC7;BM bilayer system and the
LIPSS P3HT/PC7;BM blend system, preserve their photovoltaic properties for

In spite of the quantitative

photocurrent generation. Moreover, LIPSS show the path for device improvement upon
structuring and yields improvements in FF and V,. that could potentially lead to
improved solar devices after optimization. This demonstrates that LIPSS can be, in
principle, incorporated into organic photovoltaics technology although additional effort
1s necessary to improve the performance of the LIPSS devices. It is clear that it will be
necessary to further advance in the knowledge of physicochemical and morphological
changes occurring during light exposure to characterize the reorganization processes
that take place during irradiation. In particular, to optimize the active layer in the valleys
of LIPSS devices a first approach would consist in considering thicker films with
different levels of LIPSS order. In addition by using different irradiation conditions like
fluence, number of pulses, laser beam polarization or combining successive irradiations
with different polarization orientation®” could be explored to improve performance of
LIPSS solar cells. In fact, wrinkles and folds resulting from linear and non-linear elastic
instabilities have been reported to guide and retain light within the photoactive regions

of photovoltaics.!
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Chapter 6. Conclusions

The main conclusions of this thesis are summarized below:

® P3HT/PCDTBT blends with different concentrations are prepared giving rise to thin
films with different thicknesses with lateral phase separation when spin-coated. The
domain sizes of both components decrease as film thickness decreases. Conductive-
AFM results show that the thicker blend films (165 and 295 nm thick), present a
fibrous network where the strongest current is measured. These results evidence that
P3HT needle-like crystals grow from the P3HT-rich domains, acting as bridges
through the PCDTBT-rich domains. A strong impact of the crystal morphology on
hole mobility is evidenced. In particular, a significant zero-field hole mobility

increase is observed for the PSHT/PCDTBT thin films with increasing thickness.

® Laser-induced periodic surface structures on poly(3-hexylthiophene-2,5-diyl)
thin films can be prepared with periods close to the irradiation wavelengths of
532 and 266 nm, and by selecting different laser parameters such as fluence and
the number of pulses, it is possible to obtain LIPSS with different depths,
periodicities, and degree of order. NEXAFS and Raman spectroscopy
measurements reveal a good chemical stability of P3HT thin films under the
laser irradiation conditions used for LIPSS formation. Conductive atomic force
microscopy shows that in the nanostructures the trenches present a higher
conductivity than the ridges. The structural characterization suggests that during
irradiation melting of the surface takes place leading to a ripple morphology
characterized by the existence of low crystallinity and non-conducting ridges
over a continuous and more-conducting P3HT residual layer whose initial
crystallinity seems to be unaffected in comparison to that of the pristine P3HT
thin film. In addition, a zero field hole mobility increase of about two orders of
magnitude is observed for P3HT domains in the 165 nm blend films compared
to a neat P3HT film with similar thickness, probably related to the highly
conductive needle-like network induced in P3HT by the presence of the

PCDTBT phase.
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Laser-induced periodic surface structures are formed on PCDTBT thin films both at
532 and 266 nm. NEXAFS and Raman spectroscopy measurements reveal good
chemical stability of nanostructured PCDTBT thin films under the laser irradiation
conditions used for LIPSS formation. Conductive atomic force microscopy shows
that in the nanostructures the trenches present a higher conductivity than the ridges

as in the case of P3HT films.

Laser-induced periodic surface structures are also prepared on P3HT/PCDTBT
blends thin films both at 532 and 266 nm. As obtained from STXM analysis, LIPSS
formation do not induce a further phase segregation neither a mixture of the
components and NEXAFS and Raman spectroscopy measurements reveal good
chemical stability of the polymer components. Conductive atomic force microscopy
shows that in the nanostructures the trenches present a higher conductivity than the

ridges as in the case of the homopolymer films.

LIPSS can also be fabricated on P3HT/PC;;BM. In this case the effect of the
irradiation in air or in vacuum is analyzed and the results show that while films
irradiated in air present some chemical modifications of the polymer-fullerene
structure, especially at the surface, the chemical modification is negligible when the
irradiation is performed under vacuum conditions. It is also shown that P3HT and

PC7BM phases are separated along the ripples.

The investigation of LIPSS in P3HT/PC7;;BM blends by resonant soft X-ray
scattering has proven that during LIPSS formation in vacuum, segregated domains

are oriented along the ripples.

LIPSS formation can be monitored by in situ GISAXS measurements during laser
irradiation of the spin-coated polymer films and the results obtained indicate that

there is a dependence on the laser repetition rate of the kinetics of LIPSS formation.

LIPSS have been successfully incorporated in active layers of organic solar cells
which suggest that LIPSS could be a compatible technology with organic
photovoltaic devices. In particular, LIPSS have been formed on P3HT:PC;;BM
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blend on both bilayer and bulk heterogeneous solar cell architecture. For the bilayer

architecture an increase of about 10% is observed in the V. for the LIPSS cell.
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