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RESUMEN

Debido a su bajo coste de produccion, su inocuidad para el medio ambiente y sus propiedades
mecanicas, se espera que las celdas solares organicas (CSO) basadas en polimeros constituyan
una importante fuente de energia renovable a corto plazo. Su gran ventaja radica en la diversidad
de materiales organicos que pueden disefiarse facilmente. Ademas, los dispositivos resultantes
son flexibles, semitransparentes y faciles de fabricar mediante procesos de alto rendimiento a baja
temperatura, cualidades importantes para su comercializacién como complemento en ventanas

generadoras de energia integradas en edificios o invernaderos en aplicaciones agrovoltaicas.

La captacion de luz se desarrolla en la capa activa de las CSO, que esta constituida por
una mezcla de material donor de electrones y una molécula aceptora de electrones. Mientras que
los polimeros semiconductores son el material donor por excelencia, en los Gltimos afios las
moléculas pequefias (SMA, por sus siglas en inglés) han sustituido a los fullerenos en el papel de
moléculas aceptoras de electrones. Esto se debe a un crecimiento considerable de los valores de
eficiencia de fotoconversidn que, en la actualidad, superan el 18% a escala de laboratorio. Similar
a la unién p-n de las celdas inorganicas de silicio, la morfologia mas eficiente en estos sistemas
ha demostrado ser aquella en la que el polimero (donor) y la molécula aceptora forman una
morfologia con separacién de fases a escala nanométrica denominada heterounion volumétrica
(HUV). La morfologia optima consiste en dominios puros de los componentes, necesarios para
un transporte de cargas efectivo a los electrodos, y una fase entremezclada formada por ambos

componentes, responsable de la separacion de cargas.

Debido a la flexibilidad sintética de las moléculas pequefias y de los copolimeros
semiconductores tipo “push-pull”, el desarrollo en la sintesis de nuevos materiales ha crecido
considerablemente. Esto ha llevado a un aumento significativo de los estudios centrados
principalmente en lograr mayores eficiencias de fotoconversion mediante la sintesis de nuevos
materiales. En consecuencia, la creciente variedad de materiales organicos ha empujado el campo

hacia la optimizacion de los pardmetros de procesado basados en una aproximacion de prueba y



error en lugar de estrategias derivadas del conocimiento. Debido a su gran complejidad, el
desarrollo 6ptimo de estos dispositivos fotovoltaicos requiere (1) una determinacion precisa y
exhaustiva de la microestructura en estado solido de los polimeros semiconductores y los
materiales aceptores, asi como (2) el control minucioso del efecto de las variables de procesado
sobre cada uno de los componentes. Por otro lado, es necesario conocer (3) la composicion de los
dominios donor y aceptor en la HUV, para asi, (4) establecer la relacién entre la microestructura,

la morfologia de la capa activa y el rendimiento de los dispositivos solares organicas.

Esta tesis recoge un amplio marco de trabajo que incluye la relacion microestructura-
procesado-morfologia-rendimiento de un sistema modelo basado en el polimero semiconductor
PBDB-T y la molécula pequefia ITIC. En primer lugar, la tesis aborda las cuestiones criticas que
rodean la microestructura de estado-solido de los distintos componentes de la HUV. En el primer
capitulo, resolvemos el enigma que rodea a los polimeros de alto-rendimiento estableciendo un
nuevo modelo microestructural para materiales poliméricos denominado "semi-paracristalinidad"
que explica las excelentes prestaciones de esta nueva familia de polimeros. En relacion al aceptor,
estudiamos y aprendemos a controlar su complejo polimorfismo revelando asi que el
empaquetamiento de la fase cristalina de baja temperatura puede ser una caracteristica importante
para lograr elevadas eficiencias. Con la intencion de extender el alcance de nuestros resultados,
estudiamos la sensibilidad de los parametros de procesado y establecemos la relacion entre la

microestructura y ciertas propiedades optoelectrénicas y de transporte de carga.

La siguiente seccion, se centra en estudiar la composicion de los dominios de polimero
(donor) y aceptor en la HUV de células solares reales. Con la ayuda de una novedosa metodologia
basada en calorimetria de barrido rapido (flash), cuantificamos la composicion de las fases
entremezcladas del sistema modelo P3HT:fullereno mediante la determinacion de la temperatura
de transicion vitrea (T) de la mezcla. En este sentido, cabe destacar que partiendo de un concepto
fundamental de la fisica de mezclas de polimeros como es la dependencia de la T4 con la
composicion de la mezcla, hemos desarrollado un método sencillo y répido para determinar una

de las caracteristicas clave de la capa activa de las celdas fotovoltaicas.
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Finalmente, el control preciso logrado sobre la microestructura de los componentes
individuales y la eleccion astuta de los disolventes y aditivos de procesado, nos permite delinear
el impacto de tales caracteristicas en relacion morfologia-funcion del dispositivo de la célula
solar. Asi, aprendemos a modificar la microestructura de los componentes individuales en la capa

activa y resolvemos los efectos de estas variaciones sobre el funcionamiento del dispositivo solar.

Esta tesis doctoral se centra en un sistema particular de polimero:SMA. Sin embargo, sus
resultados amplian la percepcion actual de la estructura en estado sélido de los polimeros de alto
rendimiento y la relacion entre la microestructura, la morfologia, el procesamiento en solucién y
el transporte de cargas en los dispositivos mas eficientes de la actualidad. Establecemos que es
necesario un conocimiento exhaustivo de las propiedades fisicas inherentes de los materiales
organicos y su microestructura en estado-solido, para poder desarrollar dispositivos éptimos y

realizar una transicion eficiente de la escala laboratorio hacia una escala industrial.
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ABSTRACT

Owing to their low production cost, environmental benignity and mechanical properties, polymer-
based organic solar cells (OSCs) are expected to become an important source of renewable energy
in the short term. Their great advantage lies in the diversity of organic materials that can be easily
designed and functionalized. In addition, the resulting devices are flexible, semi-transparent and
easy to manufacture using high-throughput processes at low-temperature, which are important
qualities for their commercialisation as building-integrated energy generating windows or

greenhouses in agrovoltaics applications.

Light harvesting takes place in the active layer of the OSC, which consists of a blend of
electron donor material and an electron acceptor molecule. While semiconducting polymers are
the preferred choice as donor materials, in recent years small molecules (SMA) have replaced
fullerenes in the role of electron-withdrawing molecules. This is caused by a considerable growth
in power conversion efficiency values, which now exceed 18% on a laboratory scale. Similar to
the p-n heterojunction of inorganic silicon solar cells, the most efficient morphology in these
systems has proved to be one in which the polymer (donor) and acceptor molecule form a
nanoscale phase-separated morphology called bulk heterojunction (BHJ). The optimal
morphology consists of pure domains of the components, necessary for effective charge transport
to the electrodes, and an intermixed phase formed by both components, responsible for charge

separation.

The synthetic flexibility of small molecule and push-pull semiconductor copolymers has
led to a significant increase in the development of materials engineering. his has led to a
substantial growth in studies focusing mainly on achieving higher photoconversion efficiencies
through the synthesis of new materials. Consequently, the growing library of organic materials
has pushed the field towards optimisation of processing parameters based on a trial-and-error
approach rather than knowledge-derived strategies. Due to their high complexity, optimal device

development requires (1) precise and comprehensive determination of the solid-state
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microstructure of semiconducting polymers and acceptor materials, as well as (2) careful control
of the effect of processing variables on the individual components. Furthermore, it is necessary
to know (3) the composition of the donor and acceptor domains in the BHJ, in order to (4)
establish the relationship between the microstructure, the morphology of the active layer and the

performance of the organic solar devices.

This thesis gathers a comprehensive framework that includes the microstructure-
processing-morphology-performance relationship of a model system based on the
semiconducting polymer PBDB-T and the small molecule ITIC. First, the thesis addresses the
critical issues regarding the solid-state microstructure of the different BHJ components. In the
first chapter, we solve the enigma surrounding high-performance polymers by establishing a new
microstructural model called "semi-paracrystallinity” that explains the excellent performance of
this new family of polymers. Regarding the acceptor, we study and learn to control its complex
polymorphism, thus revealing that low temperature crystalline phase packing can be an important
feature to achieve high efficiencies. In order to extend the scope of our results, we study the
sensitivity of the processing parameters and establish the relationship between the microstructure

and certain optoelectronic and charge transport properties.

The next section focuses on studying the composition of the polymer (donor) and acceptor
domains in the BHJ of real solar cells. By using a novel methodology based on flash scanning
calorimetry, we quantify the absolute composition of the intermixed phases of the P3HT:fullerene
model system by determining the glass transition temperature (Tg) of the blend. In this regard, it
is worth noting that based on a fundamental concept of polymer blend physics, namely the
dependence of T4 on the composition of the blend, we have developed a simple and fast method

to determine one of the key characteristics of the active layer of photovoltaic cells.

Finally, the precise control achieved over the microstructure of the individual components
and the judicious choice of processing solvents and additives allows us to delineate the impact of

such features on the morphology-function relationship of the solar cell device. Thus, we learn to



modify the microstructure of the individual components in the active layer and we resolve the

influence of these modifications on the performance of the solar device.

This PhD dissertation targets a particular polymer:SMA system. Nevertheless, its
findings extend the current understanding of the solid-state microstructure of high-performance
polymers and the interplay between microstructure, morphology, solution processing and charge
transport in state-of-the-art devices. We establish it is necessary to gain a detailed understanding
of the inherent physical properties of organic materials and their microstructure in the solid-state
in order to develop optimal devices and make an efficient transition from the laboratory scale to

the industrial scale.
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indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2°,3°-d’]-
s-indaceno[1,2-b:5,6-b’]dithiophene
3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-5,5,11,11-
tetrakis(5-hexylthienyl)-dithieno[2,3-d:2”,3’-d’]-s-indaceno[1,2-b:5,6-
b’]dithiophene
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OFET organic field effect transistors

OPP out-of-plane

OoPV Organic photovoltaics

0sC organic solar cell

OXCMA mono-adduct of the o-xylenyl Cgo

OXCBA bis-adduct of the o-xylenyl Ceo

PBDB-T poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo[1,2-b:4,5-

b’]dithiophene))-alt-(5,5-(1°,3’-di-2-thienyl-5°,7°-bis(2-
ethylhexyl)benzo[1°,2-c:4’,5’-c’]dithiophene-4,8-dione)]
PBDB-T-2F,PM6  poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)-benzo[1,2-
b:4,5-b’]dithiophene))-alt-(5,5-(1°,3’-di-2-thienyl-5’,7’-bis(2-
ethylhexyl)benzo[1°,2-c:4°,5’-¢’]dithiophene-4,8-dione)]
PBDB-T-2CL, PM7 poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-chloro)thiophen-2-yl)-benzo[1,2-
b:4,5-b’]dithiophene))-alt-(5,5-(1”,3’-di-2-thienyl-5°,7’-bis(2-

ethylhexyl)benzo[1°,2-c:4°,5’-¢’]dithiophene-4,8-dione)]

PBNDT-FTAZ poly(benzodithiophene-alt-dithieny! difluorobenzotriazole)
PBTTT poly[2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene]
PCBM [6,6]-Phenyl-C61-butyric acid methyl ester

PCE Power conversion efficiency

PCL poly(e-caprolactona)

P3DDT poly(3-dodecylthiophene)

PEDOT:PSS poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
PEO poly(ethylene oxide)

PL photoluminescence

PLOM-S Polarized Light Optical Microscopy and Spectroscopy
PTAA poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine
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R-SOXS resonant soft X-ray scattering

ASm entropy

Ta annealing temperature

Ta annealing time

Te crystallization temperature

Te glass transitions temperature

Teon onset glass transition temperature

Twu melting temperature

UPS Ultraviolet photoelectron spectroscopy
UV-vis ultraviolet visible

Voc open-circuit voltage

w heat flow

0-XY orto-xylene

Y6 2,2'-((22,2'2)-((12,13-bis(2-ethylhexyl)-3,9-diundecyl-12,13-dihydro-
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This is the INTRODUCTION. Here you will find the
necessary information to understand the content of my
work. You will learn basic concepts of organic
electronics and its application in photovoltaic

technology which will allow you to understand the

importance of my research.







1. Introduction

1.1. Motivation

Organic solar cells, which include polymer solar cells, are part of the third generation
photovoltaics which take advantage of the inherent properties of polymers and soft organic
materials for light harvesting. Currently, the bulk heterojunction (BHJ), which consist of a
mixture of a donor and an acceptor semiconducting organic materials, is the most efficient
architecture for active layers of polymer solar cells. The great strength of this technology lies in
the diversity of organic materials that can be designed and easily functionalized. Moreover, the
resulting devices can be flexible, semi-transparent, easy-to-manufacture using high- throughput
processes at low temperature and eco-friendly, which are important qualities for building-
integrated energy generating windows or greenhouses in agrovoltaics applications among others.*
To date, polymer solar cells have reached power conversion efficiencies up to 19%.2 However,
its commercialisation is still far from reality due to many factors that make its implementation
challenging. For example, organic materials with complex molecular structures are susceptible to
multiple degradation pathways. The rapid development of the field has generated a vast number
of organic molecules with added complexities, making it difficult to develop in-depth studies of
their degradation pathways and solid-state microstructure. Moreover, the lack of morphological
stability of the BHJ layer remains a major drawback. Likewise, changes at the interfaces between
the BHJ and the inorganic charge transporting layers may lead to instability.> Consequently,

devices with simultaneously high efficiency and long lifetime have not yet been achieved.

The field is currently aimed at improving the scaling efficiency and long device lifetime
for OSC commercialization. However, the rapid development experienced during the past years,
has progressed via a trial-and-error approach with limited understanding of the materials’
structure—property relation and the connection with device operation. Hence, we first have to
understand the fundamental properties of the materials that comprise the photovoltaic layer. This

will allow us to design more efficient devices based on stable materials, with improved spectral



response and transport properties. As a result, we will able to understand and manipulate the BHJ

morphology responsible for the generation and transport of charges (Figure 1.1).
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Figure 1.1 This scheme represents the investigation objects of this thesis. First, dealing with
physical properties and solid-state microstructure of donor and acceptor materials. Then,
regarding the composition of the phases in a BHJ layer and, finally, with device fabrication and
characteristics.

1.2. Organic semiconductors

The application of organic materials in photovoltaic devices and other exciting technologies
wouldn’t be possible without the discovery of Alan Heeger, Alan MacDiarmid and Hideki
Shirakawa in 1977.* They introduced the possibility of synthesizing organic materials with
semiconducting behaviour. Since then, the opportunity to combine the mechanical properties of
polymers, such as flexibility, solution processability and chemical versatility, with electrical
conductivity made a profound contribution to the research of new materials, processes and device
applications. For example, the field of bioelectronics takes advantage of the intrinsic properties
of these materials providing a meaning to the interface between the traditional electronics and
biology.® Other applications of flexible electronics, such as light emitting diodes (OLEDS), thin
film transistors (OFETS) or photovoltaic (OPV) devices, offer innovative ways of interacting with

the environment which were previously unavailable.®



Conventional (commaodity) polymers such as polyethylene, are electrically insulating.
The molecular structure of these materials consist of tetrahedral sps hybridised carbons. This
orbitals bond to adjacent atoms through symmetric, strong and localised o-bonds each having a
pair of electrons i.e. they do not have mobile charges. On the other hand, semiconducting organic
molecules owe their electrical, magnetic and optical characteristics to the conjugation of their
backbone, which is a regular succession of single and double carbon-carbon bonds (Figure 1.2a).
Thank to this configuration organic materials adopt sp orbital hybridisation. This means that the
three identical sp.-hybridised orbitals lay in the xy plane and form the planar rigid structure of the
backbone forming o-type bond. The fourth unhybridised p, orbital projects out of plane and forms
n-bonds with neighbouring p, orbitals (Figure 1.2b). Interestingly, the n-electrons are less tightly
bound and are delocalized, meaning that electrons can move from atom to atom. In saturated
structures the gap between highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) is very large and, therefore, the material shown insulating properties.
As the conjugation of the molecule increases, the gap is reduced allowing efficient charge

transport. The energy barrier formed between the two energy levels is called band gap.’
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Figure 1.2 Molecular structure of polyacetylene (a) and illustration of the sp2-hybridization (b).
The electron at the © orbital must overcome this barrier to generate charge transport.

Excitation energies of conjugated m electrons are usually in the visible range and they are,

therefore, addressed as being optically active.® Therefore, the excitation can occur by doping the



semiconductor material chemically and electro-chemically but also with light, making them
interesting for photovoltaic applications.®** Doping refers to chemical oxidation or reduction. In
p-type doping the materials is oxidized by retiring an electron while in n-type the molecule is
reduced by the addition of an electron. In the case of photo-doping, in a p-type materials an
electron in the HOMO level is excited, this level becomes empty and the organic compound
becomes positively charged. At this point the positive charge exerts an attractive Coulomb force.
This reduces the excitation energy, which now falls below the gap energy. The state thus formed

can be regarded as a coupled electron-hole pair and is called an exciton.?

Although molecular orbital overlapping is crucial for charge transport properties, device
scale dimensions require the overlap of n-molecular orbitals between adjacent molecules for
interchain charge hopping and hence overall charge transport in the film.? Packing in organic
materials is developed through weak Van der Waals intermolecular forces resulting in lower
structural order and defects responsible for limit charge transport. Carrier mobility depends on
effective control over the microstructure®® i.e. the orientation of the conjugated backbone, the
degree of packing of the chains in the n-stacking direction and also the energetic disorder due to
structural defects.* Several works regarding charge transport properties in regioregular-P3HT
polymer concluded that n—x interchain stacking between the face-to-face stacked polymer chains
is crucial for overall charge transport in polymer films.'2** However, the high-mobilities obtained
in polymers with much complex microstructures (i.e. some of them even considered amorphous)
revealed that crystallinity may not be a fundamental requirement for charge transport.

Nevertheless the presence of well-connected aggregates with short-range order is needed.'*

Organic semiconductor materials have typically been classified according to their
molecular structure into small molecules and polymers. Polymers are chains of repeating units
(or monomers) that can vary in length and molecular weight, while small molecules are single

units with a well-defined shape and molecular weight.



1.3. Materials for polymer solar cells

Organic materials for organic electronic applications have been intensively studied and developed
over the past-century. They have been used in commercial applications such as organic thin-film
transistors (OTFTSs), organic light-emitting diodes (OLEDs), plastic bioelectronics and organic
photovoltaic cells (OPVs).®® The rapid development in molecular design of polymer
semiconductors and acceptor for OPVs has been strongly motivated by obtaining high-mobility
polymer donor materials with narrower band gaps for efficient light absorption, and novel
acceptors with strong absorption and high LUMO (lowest unoccupied molecular orbital) energy
levels for proper alignment with donors HOMO (highest unoccupied molecular orbital) energy
level to facilitate charge separation. In addition, the progress made towards semiconducting
organic materials based OPV devices relies not only on their mechanical and electrical properties
but also on the possibility of developing thin films cast from solution using wet processing

techniques such as spin coating, doctor-blading,*® inkjet printing and roll-to-roll printing.'’

1.3.1. Donor semiconducting polymer materials

From an engineering viewpoint, the major breakthrough in semiconducting polymers design came
with the evolution from homopolymers to copolymers (Figure 1.3). Although the polymers used
at the early stage of OPV field were mainly wide-bandgap alkyl or alkoxy substituted poly(p-
phenylene vinylene) (PPV), polythiophene homopolymers emerged as a turning point in the
improvement of the efficiency of organic devices.’®2° To date, the archetypical wide-band gap
polymer (>1.9 eV) P3HT remains attractive donor for commercial organic solar cells due to its
low cost, ease of manufacture and high stability, together with its regioregularity conferring high
mobilities. While mixed with fullerenes depicted low efficiencies due to the limited matching
absorption spectrum, it has recently been shown that mixing with a suitable non-fullerene acceptor
results in efficiencies of nearly 10%.22%

The performance of these polymer was overcome with the design of donor—acceptor

(D—A) (known as “push—pull”) copolymers.?* This strategy consist in developing alternating



copolymers of donor i.e. electron-donating, and acceptor i.e. electron-withdrawing moieties
(Figure 1.3). Interestingly, the energy-levels of these low-bandgap polymers can be easily tune
modifying the donor or acceptor groups independently, being the HOMO of the copolymer
dominated by the HOMO of the donor and the LUMO by that of the electron deficient unit.®
Regarding, PTB-based polymers, consisting of donor benzodithiophene (BDT) and acceptor
thienothiophene (TT) moieties, succeeded with the copolymer PTB7 associated to its enhanced
light absorption, hole mobility (1x1073 cm?-Vs)® and more planar structure comparing with

P3HT."
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Figure 1.3 Donor homopolymers (such as P3HT) and push-pull copolymers form from

alternating copolymers from electron-rich and electron-deficient moieties.

Most successful solar cell devices are currently achieved using PBDB-T (also known as
PBDTBDD, PBDTBDD-T or PCE12) and its fluorinated (PM6, PBDB-T-2F, PBDB-T-SF and
PCE13) and chlorinated (PM7, PBDB-T-2CI and PCE14) congeners as donor materials. PBDB-
T was first synthesised by Qian et al.?® and, despite lacking impressive efficiencies mixed with
fullerenes (up to 6.67%), its strong aggregation in solution was shown to play an important role
in the development of suitable domain sizes.?*% In fact, the PBDB-T:PCes1BM system exhibited
an outstanding fill factor (FF) of 72%. Although the efficiency was restricted to the absorption
range of the mixture, the FF value implied the existence of a highly efficient charge generation
process in the BHJ.®! This medium-band-gap polymer (HOMO = -5.23 eV; LUMO = -3.18eV,
1.9-1.5eV) is mainly composed of two building blocks: 2-alkylthiophene-substituted benzo [1,2-
b:4,5-b0] dithiophene (BDT) and 1,3-bis(thiophen-2-yl)-5,7-bis(2-ethylhexyl)benzo-[1,2-c:4,5-

cO]dithiophene-4,8-dione (BDD) units, which conferee the polymer excellent planarity and well



delocalized HOMO wave function over the whole conjugated backbone.? Its halogenated
derivatives were synthesised long after,**2 coinciding with one of the major breakthroughs in the
field. Hou et al.* reported a PCE of 11.21% when PBDB-T was blended with the novel non-
fullerene acceptor ITIC.% By comparing with the blend of its fullerene counterpart, the PBDB-
T:ITIC blend showed a much wider response to sunlight absorption due to the complementary
absorptions of both components in the visible range, and a better alignment of the molecular
energy levels.3*

To modulate the optoelectronic properties of polymers and achieve more efficient
absorptions, many molecular design strategies have been developed, including the judicious
selection of substituents. Fluorination is one of the most effective approaches to alter the
properties of organic semiconductors in terms of energy level reduction due to their electron-
withdrawing nature, while maintaining a large band gap.®®” Moreover, its differences in inter and
intrachain interactions due to the effective resonance (r) electron-donating group, can lead to an
enhanced backbone planarity and aggregation.®®® Chlorination is also a viable route for
molecular optimization toward developing high-performing polymers. Interestingly, apart from
rendering more cost-effective easy-to-make synthetic procedures, few works have shown that
polymers display even deeper HOMO levels. 34! Currently, a small modifications in the fused-
ring acceptor unit has led to the introduction of the A-D-A copolymer D18 which depicted PCEs
exceeding the 18% threshold.*

In classical device performance models, it is accepted that the ideal morphology (e.g., in
a system such as P3HT:PC®BM) consists of polymer crystals.**4* These polymer crystals have
substantially higher order and layer alignment than their amorphous analogues. This chain order
gives them higher optical absorption and improved effective charge transport.?3#34546 However,
the emergence of high-performing polymers such as PBDB-T and its derivatives, seems to refute
the old paradigms. This is because polymers that are apparently disorder and lack of long-range
crystalline order by DSC* or X-ray techniques,*®*° perform similar to crystalline materials.®%!
Noriega et al.'* suggested that although highly disorder in the m-stacking, their ability to form
aggregates allows locally efficient intermolecular charge transport providing effective pathways

9



for charge transport. While some works have tried to address the complex microstructure of these

polymers rendering overwhelming properties®525% nowadays no one has attempt to fulfil it.

1.3.2. Acceptor materials

Acceptor materials have been strongly defined by the evolution from fullerenes to non-fullerene
small molecule acceptors (SMASs). Through novel synthesis and design methodologies of organic
semiconductors, chemists have made a major breakthrough introducing small molecules (SMs)
as electron accepting materials. These acceptors have extended the photon absorption from the
visible to the near-infrared, which facilitates the charge generation capacity for organic blend

films.

1.3.2.1. Fullerenes

Fullerene-based electron acceptors have been widely used in OPV applications. Though
derivatives of the well-known [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) and the higher
order PC70BM have been the most used materiales for BHJ, a number of other promising fullerene
derivatives have also been reported.?>54 The bulky-shape offers them a three-dimensional electron
transport property and the capability of forming favourable nanoscale morphology (similar to the
exciton diffusion length) with the donor polymer. Their limited solubility and strong tendency to
aggregate is overcome by the introduction of functional groups (Figure 1.4). Moreover, fullerenes
have a high electron affinity for charge separation and high electron mobility (7.8x1072 cm?-Vs
for [60]PCBM)® for efficient charge transport.>® Importantly, the P3HT:PCBM mixture was key
to the advancement of the field, as it helped in learning to control certain characteristics (such as
composition, most suitable solvents, post-processing treatments, etc.) necessary for optimal

morphology of the active layer.%

The main reason for the switch to SMA is the lack of absorption in the visible region of

the solar spectrum. Fullerenes possess the maximum absorbance in UV region between 200 and
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400 nm.*® Chemical modification of their backbone is limited, resulting in low structural
flexibility and difficulty in tuning the electronic/optical properties.>® For example, it has been
shown that some device parameters such as open-circuit voltage Voc, are dependent on the energy
difference between HOMO of the donor and the LUMO of the acceptor.®® This leads to an increase
in synthetic complexity, and also makes the fullerenes less likely to achieve light harvesting
complementary to that of the polymer. Regarding stability, fullerenes have shown to undergo
detrimental aggregation under thermal stress and they have high sensitivity to light and air in both

pristine and blend film.®

Fullerene A-D-A Small-molecule

Figure 1.4 Chemical structural template of a fullerene design including the acceptor bulky core
(blue) and the soluble group (yellow); and the A-D-A type push—pull NFAs including the donor
core (green) linked to two electron-withdrawing moieties (blue) and soluble alkyl side-chains

(yellow).

In polymer:fullerene BHJ the polymer (donor) is the responsible of light absorption due
to the low absorptivity of the fullerenes. Small-molecule acceptors contain strong dye-based
chromophores that could make them an even stronger light absorber than polymers. This means
that in a polymer:SMA systems both materials could be photoexcited and tranfer electrons from
the donor to the acceptor or holes from the acceptor to the donor.®! Consequently, through precise
design of donors and small molecule acceptors, complementary absorption spectra could be

achieved and thus, extend the coverage of the solar spectrum and maximized the photocurrent.
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1.3.2.2. Non-fullerene acceptors

The potential of these small molecules is underpinned by their excellent synthetic flexibility. NFA
can be specifically design to overcome the poor optical properties of fullerenes and to work with
certain polymers. In fact, NFAs exhibit strong absorption in regions of the visible and NIR
spectrum. By tailoring their optical properties and energetic levels, they can easily match the
electron accepting and transport properties of fullerene acceptors. In general, their molecular
structure is based on a conjugated backbone with r-conjugated functional groups (such as cyano
groups) that confer them strong electron-accepting abilities and easy electron delocalization into
the backbone.®? Compared to the three-dimensional structures of fullerenes, their 2D planar
conjugated structures exhibit anisotropic crystalline structures and charge transport. This may
complicate the formation of effective electron-extraction pathways.®® It is therefore essential to
find a donor:acceptor pair that guarantees an optimal molecular orientation, favouring their 7—x
interactions.®?

SMAs for OPV can be generally categorized in diimide-based NFAs and acceptors based
on acceptor—donor—acceptor (A—D-A)-type fused ring electron acceptors (FREAS). Although
fused aromatic diimides were considered as promising candidates for OSCs,% the difficulties to
find a balance between solubility and effective n—r interactions has hampered their application.®?
Using the same strategy as for push-pull copolymers, A-D-A small molecules, have delivered the
highest PCE to date.2 FREAs consist in a planar electron rich donor central core consisting on
fused rings substituted with aryl or alkyl side chains projecting out of the plane and electron
deficient acceptor units on their sides (Figure 1.4).>° The leading molecule was synthesized in
2015 by Zhang et al.®* under the acronym ITIC. This molecule is formed by a
indacenodithieno[3,2-b]thiophene (IDTT) core with dicyanovinylindanone (DCI) units as
electron-withdrawing units and four out-of-plane 4-hexylphenyl side chains that improve its
solubility and prevent excessive aggregation. The side chains in ITIC projecting out of the plane

suppresses the formation of 1D m-stacks. By contrast, intermolecular m-mt interactions occur

between the acceptor end-groups forming a robust 3D network.%® Because ITIC is a model NFA
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and can be easily tune by the incorporation or substitution of several groups, many works focusing
on structural modifications of ITIC have been published recently. The structural modifications
affect the energy levels and absorption regions of NFAs as well as the molecular ordering and
film morphology of the corresponding active layers. For example, by the introduction of an
electron-rich group like methyl into the end-capping units (ITIC-M),®® by the incorporation of
electron-deficient atoms such as fluorine (ITIC-2F)*? or chlorine (ITIC-2CI)®" or by the
substitution of the phenyl units by thienyl groups (ITIC-Th).%8 These structural changes resulted
in modified LUMO levels through changes in molecular interactions, leading to an overall
improvement in PCE from 11% to 14%.%° Moreover, it was shown that only by engineering the
side-chain isomerism of the alkyl-phenyl substituents of the ITIC, a higher crystallinity and a
preference face-on orientation could be achieved. This minor modification resulted in an
increased the electron-mobility, and enhanced PCE.™ Therefore, the abovementioned works
prove that chemical modifications may lead to dramatically different molecular ordering
behaviours and play a critical role in tuning morphological properties in the blend. Thus, an in-
depth understanding of such microstructural variations is a must for device optimization.

Several modifications of the ITIC moiety has resulted in the development of the so-called
Y-series acceptors.” Thus, the PCEs for NFA-based solar cells have exceeded the 18% threshold

in lab devices, now far beyond the best fullerene systems. 272

1.4. Bulk heterojunction polymer solar cells

Silicon-based photovoltaic solar cells are by far the most widely used solar cell technology.” The
p-n junction silicon solar cell provides efficient absorption of photons (>1.1 eV) in the visible and
near-infrared region of the electromagnetic spectrum and delocalisation/dissociation of
photogenerated excitons™™ The first breakthrough in organic photovoltaics happened in the
1980s, when Tang’® introduced the importance of generating an interface region within an n-type
and a p-type semiconductor using planar or bilayer heterojunction (PHJ) device geometry (see

Figure 1.5).”" This geometry contributed to maximised photosensitivity by overlapping the
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absorption spectra of the two materials, thus enhancing the photogeneration of charges at the
interface to diffuse into the bulk of the films. However, the structure of the bilayer limited charge
generation to the 10-20 nm thick donor-acceptor interface, leading to loss of absorbed photons

beyond the interface and resulting in low quantum efficiencies.”®"®

() Donor
@ Acceptor
@ Exciton

BHJ Solar cell PHJ Solar cell

Figure 1.5 Schematics of bulk heterojunction and planar heterojunction.

Subsequently, Heeger and his collaborators emerged as pioneers in the field. First, they
unveiled the use of the polymer:fullerene blend for ultrafast charge transfer (occurring in 300 fs)
approaching unity in quantum efficiency, and providing a very effective way to overcome charge
recombination.?-8 And then introducing the concept of bulk heterojunction structure (BHJ).
Interestingly, in the same year Friend and co-workers reported the advantages of using phase-
separated polymer photodiodes to effectively dissociate excitons in the polymer:polymer
interpenetrating network.®* The main advantage of these BHJs was the large D-A intimately
intermixed interfacial area distributed in the whole volume of the layer within a distance less than
the exciton diffusion length from the absorbing site (see Figure 1.5).?"" Bulk heterojunction is
characterised by a bicontinuous interpenetrating network of polymer donor and acceptor® that
neatly solves the problem of exciton dissociation and charge transport. Since then, although there
has been a transition from fullerenes to small-molecule acceptors, the BHJ has been established

as the preferred choice for organic solar cell architecture.

To build this BHJ architecture both donor and acceptor materials are normally
simultaneously solution-cast in a common solvent.®> Therefore, the phase structure of the donor-
acceptor components defines the resulting BHJ morphology. Currently, the most efficient BHJs
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develop a multi-scale morphology composed of amorphous donor (semiconducting polymer)-
acceptor (small molecule) phases, coexisting with acceptor-rich domains and donor-rich domains,
if semi-crystalline polymers are used. For efficient operation, the arising morphology must
provide a sufficient interface for the dissociation of the photogenerated excitons, which can be
accomplished by an adequate amount of donor-acceptor mixture, and on the other hand, it must
generate percolation pathways for electrons and holes to accumulate at the electrodes. Optimising
BHJ morphology requires extensive control of many different parameters, from the design of
optimal molecular structures to the treatment of specific processing conditions, such as casting
solvent and additives,®"® the control of film casting conditions and possible post-deposition
treatments. The rapid increase in efficiency is linked to the availability of a wide range of new
organic materials. These materials have been reported to give rise to a wide variety of
microstructures requiring further understanding of the effect of different processing protocols. In
addition, it is essential to understand the thermodynamic and kinetic factors that underpin the

long-term morphological stability of the film.%

1.4.1. Importance of morphology control

Since the discovery of the BHJ architecture, many works have assess the importance of a fine
control over the morphology as the device performance parameters seem to be extremely sensible
to the nanomorphology induced by the spontaneous phase separation of the D:A blends.**** For
this reason, improving the understanding of the interplay between desirable microstructural
features and optoelectronic processes is crucial to design strategies for processing such a diverse

range of materials into efficient cells.

1.4.1.1. Processing and post-processing variables

For obtaining a fine multi-length scale morphology, the synergistic effect of casting solvent,

additive inclusion, molecular structure and temperature-dependent aggregation has to be
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considered (Figure 1.6). These variables are expected to improve the structural order of at least
one of the components and the phase separation between donor and acceptor, leading to a more

favourable nanomorphology.®®

Solvent

BHJ LAYER

Additive

Thermal
annealing

Solvent
annealing

Figure 1.6 Factors that affect the bulk heterojunction morphology.

To date, record OPV yields are achieved by solution-casting from harzarous halogenated
solvents i.e. chlorobenzene (CB), orto-dichlorobenzene (0-DCB) and chloroform (CF), which are
harmful for human health and the environment. For this reason, halogen-free solvents, such as o-
xylene (0-Xy), 1,2,4-trimethylbenzene (1,2,4-TMB), toluene (Tol) and tetrahydrofuran (THF),
have emerged as a new processing strategy offering comparable device outputs.®>% The
relevance of the selection of the solvent lies mainly in its solubility, but also in its boiling point
and wettability, among others. Consequently, halogen-free solvents generally have a lower
solubility due to their different chemical structures.® Differences or lack of solubility may induce
excessive phase separation, because donors or acceptors will tend to produce large aggregates
during the solution process. This handicap is usually overcome by fine molecular control1%10
and designing new molecules with longer, soluble branched side chains.102-105

Regarding solvent additives, Bazan and co-workers revealed that the addition of a small
amount of alkanethiols in the initial blend formulation solution could positively modify the final
BHJ morphology and thus, device operation.®” Since then, the best high-performing OPVs have

been obtained adding the proper amount of additive (~2—6 v/v %) being the most popular
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additives include 1,8-diiodooctane (DIO),%"%1% 1-chloronaphthalene (CLN)%-"2197 and 1,8-
octanedithiol (ODT)®, among others. The criterion for a good choice of additive requires that it
selectively dissolves one of the components and has a higher boiling point than the primary
solvent.® A novel approach in OPVs based on non-fullerene acceptors is to add a small amount
of fullerene derivative, i.e. use fullerene as an additive, to increase the photostability of the
device.’® In general, additives selectively dissolved small molecules and fullerenes acceptors.%®
The addition has a pronounced effect in provoking structural changes across multiple-length
scales. For example, at molecular scale, increasing crystallite population and degree of
crystallinity, together with more texture orientation.2%-112 But also, on larger length scales either
improving phase separation or suppressing oversized phase segregation, leading to purer and
optimized domains beneficial to exciton dissociation (domain size) and charge transport (pure
domains).10°112113 However, it is necessary to optimise the right amount to achieve high purity
variation and highly ordered packing at the smallest length scales, avoiding the exaggerated
enlargement of crystalline domains which can strongly affect their connectivity through the layer
thickness.!** Interestingly, non-fullerene donor:acceptor mixtures, in general, show a lower
solvent additive demand than fullerene-based OPVs.1t®

Another approach for morphology matching is based on post-treatment processes such as
thermal annealing or controlled solvent evaporation among others.'® Both treatments provide an
external driving force for the re-arrangement of donor and acceptor domains improving the

crystallinity and average purity composition in the blend. 1!

1.4.1.2. Thermodynamic and kinetic effect

In general, bulk heterojunction morphologies develop, at least, a complex three-phase system
comprising donor- and acceptor-rich domains coexisting with an amorphous intermixed donor-
acceptor region. For efficient operation, an optimal trade-off between the intermixed
donor:acceptor regions (in most cases amorphous) and aggregation within the pure donor and/or

acceptor phases must be accomplished. These phase morphology depends on the miscibility of
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the two components and the processing routes used for the deposition.® Thus, the composition of
the intermixed domains is highly dependent on thermodynamic molecular interactions and kinetic
factors governing the casting processes.>*

The miscibility of the components of a binary system is determined by the Flory-Huggins
parameter dictated by the Gibbs free energy of mixing. Positive values of the Flory-Huggins
parameter, x, lead to incompatibility, while negative values favour mixing. Therefore, by
estimating the interaction parameter as a function of composition, one can determine the critical
value of y that separates the range of perfect mixing, i.e. compatibility across all compositions,
from the range with a miscibility gap. The phase separation between two components can be
described by phase diagrams through binodal and spinodal lines (Figure 1.7). In a binary system,
the binodal line delimits the single-phase and two-phase regions in a phase diagram and is
therefore the local thermodynamic equilibrium stoichiometry or, in other words, the maximum

purity achievable in amorphous mixed domains.®
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Figure 1.7 Asymmetric model Flory-Huggings parameter—composition phase diagram with
binodal line separating one-phase and two-phase regions and with different scenarios represented.
This scheme is adapted from reference #'.
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In BHJ systems, it is widely agreed that a relatively high y is needed to develop strong
phase separation between the components; however, too high values could lead to an over-
purification of the intermixed domains negatively affecting the properties of the device.8" If
two materials are too miscible, the volume fraction of the amorphous mixed phases will be too
large and therefore the lack of pure donor and acceptor domains will hinder proper charge
transport (hyper-miscible region in Figure 1.7). It is therefore necessary to find two components
with lower miscibility; however, overly immiscible systems will eventually result in the formation
of large aggregates of pure donors and acceptors, also damaging the device function (C in hypo-
miscible region in Figure 1.7).1811° To ensure a fine phase separated morphology in the system,
the morphology is initially quenched. The initial quench depth i.e. depth that describes how deep
a system is located inside the two-phase region of the phase diagram in the initial composition,
119 will be strongly determined by kinetic drivers during morphology formation. This initially
guenched morphology is driven to a lower purity state compared to its equilibrium state during
the deposition period (quench depth in Figure 1.7). This quenching normally restricts the
crystallisation of SMA or fullerene acceptor.'® At this stage, the morphology which is out-of-
equilibrium, may evolve towards its equilibrium state over the device operation.*?! For this reason,
to avoid detrimental phase separation in hypo-miscible systems, the morphology evolution must
be kinetically quenched to obtain a composition of the amorphous mixed phases close to the
percolation threshold, i.e. a critical volume fraction where this interpenetrating network first
appears corresponding to the lower limit of electron transport,!1%2? in coexistence with pure
donor-acceptor region (0.1-0.2 fullerene composition* 12 and 0.2-0.3 NFA composition'!®) (A,
Figure 1.7). However, in such case (B, Figure 1.7), where the percolation threshold is far from
the miscibility gap, i.e. the binodal, if kinetically possible, the system will undergo morphological
instabilities due to thermodynamic relaxation of the mixed domains or crystallisation of the NFA,
leading to excess purification. Thus, the optimal morphology will be the one whose phase diagram
has the percolation threshold close to the binodal line as it is expected to have greater stability
over time (D, Figure 1.7) or one whose morphology can be vitrified preventing detrimental phase

separation through crystallization.*?*
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Through several noteworthy contributions, Ade and co-workers have built a framework
based on the binodal determination of the systems and parameterised with the Flory Huggins
interaction parameter, to track the purity of mixed domains in donor:NFA systems as a function
of various thermodynamic and kinetic factors, offering high accuracy in relating morphological
characteristics to device function. On the basis of early studies, it is accepted that the optimal
interaction parameter is one that is high enough to lead to strong phase separation with a mixed
phase composition close to the percolation threshold leading to the best efficiencies. & Since then,
they developed the first phase diagram based on the polymer:non-fullerene acceptor blend and
revealed, for systems differing only in polymer molecular weight, the importance of controlling
kinetic factors during casting. Early polymer aggregation, i.e. liquid-solid transition, caused by
higher molecular weights, resulted in smaller pure domains and vitrified mixed domains far from
the binodal composition (in the system studied), but close to the percolation threshold..** By
exploiting the temperature dependence of the Flory—Huggins parameter versus the compaosition
of amorphous mixed phases, they discover the importance of controlling the physical properties
of the individual components. Thus, systems consisting of acceptors with high glass transition
temperature (Tg) and low ductility polymers can kinetically stabilise thermodynamically
metastable phases against crystallisation and demixing by lowering diffusion coefficients.#120.124
In addition, they recently shown that highly hypo-miscible systems reveal lower interdiffusion
making demixing and depletion through crystallisation kinetically unfavourable and, therefore,
opening a new route for long-term stability.*”1* They claim that the key lies in a molecular level
understanding focusing on the physical properties of the constituent materials (higher Tgs reduce
diffusivity), and the application of processing and post-processing protocols based on fine control
of the phase diagram for each system to ensure morphological stability. It is noteworthy that in
these novel studies, while thermodynamic and kinetic factors concerning SMA have been
explored, little attention is paid to the mechanical and thermal properties of the polymers due to

the difficulties encountered in measurement.*’
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1.5. Device performance and relation with morphology

Briefly, current production in a BHJ OPV unfolds through photon absorption and exciton
(electron-hole pair closely bound by Coulombic attraction) formation, followed by diffusion
towards the donor-acceptor interface where it either dissociates or returns back to the ground state
realising energy. Dissociated charges then diffuse through the donor and acceptor domains to
accumulate at the electrodes (Figure 1.8).126127 The solar cell performance is mostly parametrized
by three values namely short-circuit current (Jsc), open-circuit voltage (Voc) and fill-factor FF
which deliver the efficiency value (PCE). The PCE is the parameter that defines the overall
performance of the device and it is defined by the ratio between the output power (Pou) and the

incident light (Pin):

PCE = P"“f/P, = Voc *Jsc FF/ , (Equation 1.1)
in in

These values will be strongly affected by the molecular design of the donors and
acceptors (see section 1.2), including the optical bandgap, absorption spectra and energy level
alignment of the photovoltaic materials; the nanomorphology of the active layer (see section 1.4),
including phase purity, phase size and crystallinity; and finally, the device architectures and
operating mechanisms.

In general, it is accepted that some donor-acceptor mixed phase is needed for proper
exciton dissociation rendering optimal short-circuit current .8 At the same time, pure domains are
necessary for proper charge transport and are therefore effective in reducing recombination
energy losses, resulting in increased FF.128129 Thus, the high purity of mixed domains facilitate
the charge separation; however, an over-purification may affect the percolation pathways for the
electrons.% Beyond these, the short exciton diffusion length compels to the development domain
sizes between 10-20 nm, although diffusion lengths up to 45 nm have been found in some
NFAs.2*0 These considerations imply the requirement of achieving a compromise between the
fraction of pure and intermixed phases in order to achieve optimum performance achieved at the

percolation threshold.*
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Figure 1.8 BHJ morphology and photocurrent generation in two different donor-acceptor

morphologies.

Unfortunately, due to the weak non-covalent interaction between donor and acceptor
materials and the disordered nature of the organic materials used in BHJ solar cells, predicting
the precise morphology of the output is more complicated compared to their inorganic crystalline
counterparts. Moreover, this optimal morphology may evolve over time due to various external
factors, such as prolonged exposure to light and temperature (i.e. under realistic operation),
resulting in photodegradation of the NFA1%2 and polymers, '3 and/or diffusion of the NFA into
the polymer matrix, leading to detrimental aggregates, demixing of the donor-acceptor phases and
vertical segregation throughout the films.*® Furthermore, all these parameters have shown to be
directly related with the molecular structure.’3334 All this translates into an accumulation of
defect and traps for the charges rendering the undesired burn-in (i.e. standard terminology for an
early state degradation).*?-13 |t is therefore necessary to find a balance between molecular design,

performance, stability as well as commercialisation.
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In this part you will find all the information related to
the materials used throughout the thesis. Moreover,
you will familiarise with the different processing
protocols employed for sample preparation and the

techniques that helped me develop my methodology.







2. Materials and methods

2.1. Materials

The polymers, fullerenes, small-molecules and others materials used during this thesis are

presented in Table 2.1.

Table 2.1 Materials used to develop this thesis.

Name

Provider

regioregular poly(3-hexylthiophene) (RR-P3HT)
regiorandom poly(3-hexylthiophene) (RRa-P3HT)
poly(3-dodecylthiophene) (P3DDT)
poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo[1,2-
b:4,5-b’]dithiophene))-alt-(5,5-(1°,3’-di-2-thienyl-5,7°-bis(2-
ethylhexyl)benzo[1’,2°-c:4’,5’-¢’]dithiophene-4,8-dione)]
(PBDB-T)
poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)-
benzo[1,2-b:4,5-b’]dithiophene))-alt-(5,5-(1°,3’-di-2-thienyl-
5°,7’-bis(2-ethylhexyl)benzo[1’,2°-c:4°,5’-¢’]dithiophene-
4,8-dione)] (PBDB-T-2F)
poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-chloro)thiophen-2-yl)-
benzo[1,2-b:4,5-b’]dithiophene))-alt-(5,5-(1°,3’-di-2-thienyl-
5°,7’-bis(2-ethylhexyl)benzo[1’,2°-c:4°,5’-¢’]dithiophene-
4,8-dione)] (PBDB-T-2Cl)
poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)-
benzo[1,2-b:4,5-b’]dithiophene))-alt-5,5'-(5,8-bis(4-(2-
butyloctyl)thiophen-2-
yl)dithieno[3',2":3,4;2",3":5,6]benzo[1,2-c][1,2,5]thiadiazole)]
(D18)

poly(benzodithiophene-alt-dithienyl  difluorobenzotriazole)
(PBnDT-FTAZ)

poly [[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-
bdithiophene-2,6-diyl][3-fluoro-2-[(2-
ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl ]] (PTB7)
indacenodithiophene-co-benzothiadiazole (IDT-BT)

>50

77.3

95

78.8

321.6

Merck
Merck
Merck
Ossila Ltd.

Ossila Ltd.

Ossila Ltd.

1-Materials

Ossila Ltd.
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poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine (PTAA)

poly(e-caprolactona) (PCL) - Merck
poly(vinylidene fluoride) (PVDF) ~60 Polyscience
Inc.
poly(ethylene oxide) (PEO) 1000 Merck
mono-adduct of the o-xylenyl C¢o (OXCMA) - -
bis-adduct of the o-xylenyl C¢o (OXCBA) - -
[6,6]-Phenyl-C61-butyric acid methyl ester (PC[60]BM) 0.91 Solenne
3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-  1.42 Ossila Ltd.
5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2°,3"-d’]-s-
indaceno[1,2-b:5,6-b’]dithiophene (ITIC)
3,9-bis(2-methylene-((3-(1,1-dicyanomethylene)-6/7- 1.45 Ossila Ltd.
methyl)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-
dithieno[2,3-d:2°,3’-d’]-s-indaceno[1,2-b:5,6-b’]dithiophene
(ITIC-M)
3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-  1.45 Ossila Ltd.
5,5,11,11-tetrakis(5-hexylthienyl)-dithieno[2,3-d:2°,3’-d’]-s-
indaceno[1,2-b:5,6-b’]dithiophene (ITIC-Th)
3,9-bis(2-methylene-((3-(1,1-dicyanomethylene)-6,7- 1.49 Ossila Ltd.
difluoro)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-
dithieno[2,3-d:2°,3’-d’]-s-indaceno[1,2-b:5,6-b’]dithiophene
(ITIC-2F)
poly(3,4-ethylenedioxythiophene)  polystyrene  sulfonate - Clevios™

(PEDOT:PSS) ink dispersion

Zinc oxide (ZnO) nanoparticle dispersion

Molybdenum oxide (MoOs3)

silver (Ag) pellets

D-(+)-glucose

Avantama Inc.

Merck
Merck

As solvents, chlorobenzene (CB), orto-dichlorobenzene (0-DCB), chloroform (CHCls),

dichloromethane (CH.Cl,), orto-xylene (0-Xy), and diiodoctane (DIO) were purchased from

Merck and used as received. To clean the substrates, analytic grade acetone, 2-propanol, ethanol,

sodium hydroxide 10 vol%, Hellmanex solution diluted at 10% in water and toluene were

acquired from Merck and Labbox and used as received.
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2.2.

Sample preparation

The polymer and small molecule films, as well as active layers were deposited by spin coating

(2000 rpm, 60 s) from 10-20 mg-mL™* solutions. Prior to depositions, the solutions were stirred

during minimum 2 hours to overnight at 35 °C for samples dissolved in chloroform and

dichloromethane, and 80 °C for the remaining solvents (CB, 0-DCB, 0-Xy).

2.2.1. Film casting

Along the thesis three different casting technigques were used to produce thin film materials: spin-

coating (1), drop-casting (2) and blade-coating (3). The vast majority of the samples analyzed in

this work were deposited by spin-coating. On the other hand, the performance of the solar devices

detailed in Chapter 6, was studied on blade-coated samples. Finally, the drop-casting method was

used when thick films (i.e. thicknesses > 1 um) were required

1)

()

©)

Spin-coating: A certain volume of a solution is pipetted onto a pre-cleaned substrate placed
on the spin-coater rotating plate. Then, just after deposition, the spin-coater program is
started, which contains spinning parameters, i.e. spinning rate and time (e.g. typical
parameters used are 2000 rpm and 60s were employed). Finally, the film is allowed to dry
under ambient conditions before any thermal protocol is applied. In this thesis, a spin-coater
supplied by Ossila Ltd. was used.

Drop-casting: A small volume of solution (20uL) is placed with a micropipette on a pre-
washed substrate and leave it air-dry at ambient conditions. Often, for FLASH DSC or DSC
measurements, solution is dropped onto a glass slide and then scratch off the material once
the solvent has fully evaporated.

Blade-coating: Active layer solutions are blade coated onto the ITO substrates in
atmospheric conditions using an automatic blade coater Zehntner ZAA 2300 with an
aluminum applicator Zehntner ZUA 2000, at a constant speed or varying the speed across

the length of the glass to obtain a thickness gradient.
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The following substrates were used to support organic thin films: n(arsenic)-doped silicon
(100) polished on both sides from Neyco, glass slides from Merck and indium tin oxide (ITO)
substrates purchased from Ossila Ltd. Prior to casting, the glass and silicon substrates were
cleaned by consecutive sonication baths in acetone and then in isopropanol. Afterwards, the
substrates were dried with air and placed in an ozone cleaner (Ossila Ltd.) for 15 minutes. On the
other hand, the ITO substrates were cleaned by consecutive sonication baths in acetone, soap
(Hellmanex), isopropanol and 10% sodium hydroxide (5 to 10 minutes each), with a distilled

water rinse after each step.

2.2.1.1. Thin film preparation on top of UFS Chip calorimeter

Generally, organic solar cells are solution-processed and manufactured as thin films. Given the
large surface area of the interface relative to the volume of the material, the thermal properties
can significantly deviate from those of the corresponding bulk system. One of the main
advantages of ultrafast calorymetry (FSC) lies in the applicability to measure thin films. Film

preparation is performed on the backside of the chip as shown in Figure 2.1135-1%

UFS Chip Calorimeter STEP 1 STEP 2 STEP 3
Miniaturized DSC Glucose Deposition Sample Spin-Coating Glucose Discluticn

Figure 2.1 Sample deposition method onto the chip calorimeter.

The casting protocol consist in the following steps: First, the reference sensor is covered
with glucose. Once the glucose droplet partialy solidifies/gelates, it becomes insoluble in
halogenated solvents, and the organic semiconductor solution can be safely spin coated on the

other chip, i.e. the on the sample chip. Finally, glucose is removed from the reference by
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dissolving it in water.®® This procedure rises the possibility of fabricating thin film on top chip

calorimeters and gain insigths into thermal properties of device-relevant samples rather than bulk.

2.3. Characterization methods

In this section we present the characterisation techniques used to study the structural features of
different materials and their relationship with device performance. Our methodology to unravel
the microstructure and morphology of high-performance donor polymers and small molecules
used in organic solar cells is mainly based on the rational combination of three techniques: Fast
Scanning Calorimetry (FSC), Temperature-resolved Polarised Light Optical Microscopy and
Spectroscopy (PLOM-S) and, ex-situ and in-situ Grazing Incidence Wide Angle X-ray Scattering
(GIWAXS) at synchrotron facilities (Figure 2.2). In addition, atomic force microscopy (AFM)
and Grazing Incidence Small Angle X-ray Scattering (GISAXS) with synchrotron radiation have
been used to perform a comprehensive analysis of the morphology of the thin films. On the other
hand, to evaluate the optoelectronic properties of the active layer and pure materials and the
performance of the device, measurements have been performed with different spectroscopic
techniques (absorption, photoluminescence, Raman, transient-absorption, and ultraviolet-photo-
electron spectroscopies) and current-voltage measurements in solar cell devices (OPV) and

charge mobility measurements in organic field effect transistors (OFET)

FLASH DSC

PLOM-S

GIWAXS

Figure 2.2 Methodology used for microstructural study.
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2.3.1. Fast Scanning Calorimetry (FSC)

Fast Scanning Calorimetry has proved to be a key tool in this project, as it has turned out to be
able to trace thermal processes and microstructural features undetectable by other conventional
techniques. Using this technique, it is possible to heat and cool materials at a rate of one thousand
Kelvin per second. As a consequence, sample masses are drastically reduced from a few mg by
standard DSC to tens of ng by FSC, thus reducing early degradation. FSC measurements were
carried out using a Mettler Toledo Flash DSC 1 fast scanning calorimeter based on a power
compensation twin-type chip, equipped with an intracooler allowing temperature control between
-90 and 450 °C, and with nitrogen purge (75 mL-min* N, gas flow). MultiSTAR UFS1 (24 x 24
x 0.6 mm®) MEMS chip sensors were conditioned and corrected according the specifications prior
to use. The thin film samples were cast on the backside of the chip sensor, while the bulk samples

were placed on the frontside of the chip sensor.

The properties of the amorphous and crystalline regions of the materials and the blends,
as well as the mechanism involved during annealing, were identified using different thermal
protocols, modifying the isothermal temperatures and times, as well as the annealing sequences
and heating and cooling rates. The detected thermal processes can be endothermic or exothermic
depending on whether they absorb thermal energy or release it (in the thesis, endothermic
processes are represented upwards). The glass transition temperature (Tg), a transition related to
the amorphous domains of the material, is detected as a step-like increase in the heat-flow-
temperature diagram. In general, crystalline domains will lead to melting and sometimes
crystallisation transitions. Melting processes are detected as an endothermic peak in the heat flow,
meaning that the system requires heat to progress towards higher temperatures. Crystallisation,
on the other hand, is an exothermic process that is usually detected above the glass transition
temperature. In this phase, chains with sufficient mobility can reorganise into ordered periodic

crystals.
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Often, due to the low energy of the transitions, there may be no sign of a stepwise increase
in the FSC trace that can be linked to the glass transition temperature despite being a completely

amorphous sample.

2.3.1.1. Annealing protocols in FSC

A particularly useful type of experiment in FSC are isothermal “annealing” experiments. In
general, throughout this thesis we have employed three different isothermal step protocols that
helped us to disentangle the different thermal events occurring in our pure materials and mixtures.
Thus, by taking advantage of the possibilities of using FSC, such as the proposal by Cangialosi
et al.**® to perform the so-called isochronous ageing/annealing experiments to evaluate the T of
thin films, we were able to unravel the thermal behaviour of these new high-performance

materials that remain elusive due to the low sensitivity of previously used techniques.

In a first attempt, we detect the presence and nature of thermal events occurring in the
material just after deposition and optimise the boundary temperatures, heating and cooling rates
that allow an excellent compromise to obtain high signal intensities, resulting in low thermal lag
and avoiding thermal degradation of the samples as well as secondary crystallisation.®®
Subsequently, different isothermal step protocols (1) isochronous ageing/annealing and (2)

isothermal annealing were judiciously applied.

(1) ISOCHRONOUS AGEING/ANNEALING: The thermal protocol employed for the
isochronous aging/annealing experiments is shown in Figure 2.3. It was first employed by
Cangialosi et al.™* to identify the T4 of thin films by FSC. Samples are first brought to a high
temperature, Tw, much higher than the T, where the miscibility of the components of the blend
lies into the one-phase region (above melting temperature) or the pure material is in the melt state.
Films are then quenched from Ty to a certain temperature, T,, at a given cooling rate (p) and held
there for a certain time scale (t.). If T is below the Tgyof the glassy domains formed during cooling

at B cooling rate, physical aging will occur in those glassy domains (this phenomenon will be
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described in detail below). Then, films are cooled down to a temperature (T.) much lower than
the expected Tqand subsequently reheated to Tw. This heating scan will show the effect of the
aging step if any. This heating step is plotted in green in Figure 2.3. As a reference, we employ
the calorimetric signal of the unaged material, i.e., the calorimetric heating signal of samples that

are cooled down from Ty to T and then heated back to Tw without any isothermal step. This

reference heating step is plotted in blue in Figure 2.3.
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Figure 2.3 Isochronous (constant annealing time) and isothermal (constant temperature)
annealing thermal protocol.

Cangialosi’s method to identify the Ty of thin films by FSC is supported by the
fundamental definition of the T,,'*® that is, the temperature defining the intersection between a
supercooled melt in (metastable) equilibrium and the out-of-equilibrium glass®. From this
definition, a system in the glassy state, which is far from thermodynamic equilibrium, will
spontaneously evolve towards a more equilibrated state by reducing its enthalpy level (this

evolution is depicted in Case 1 of Figure 2.4).3 In calorimetry, this physical aging process can
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be detected in a subsequent heating scan as an endothermic overshoot (peak) at temperatures
closet to Ty (Figure 2.4b, green line). Conversely, a system that is above its Ty, i.e. in the melt
state, will exhibit no physical ageing as it is already in (metastable) equilibrium (Figure 2.4a:
Case 2). Therefore, the Ty is defined as the temperature below which a system can physically age,
giving rise to an enthalpy relaxation peak detectable by calorimetry.2*%4! We note that this
definition provides the temperature of the upper onset of the glass transition on cooling, which is

why it is denoted as Tgonset throughout the different chapters.

A
a @
Case1:If T_< T, Physical Ageing (A#B) _ )
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E Case 2:If T_> Tg: No-Physical Ageing (A = B)
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Figure 2.4 Schematic representation of the temperature dependence of the enthalpy for a typical
glass former cooled down at a given cooling rate . The fate of the enthalpy in case the glass
former is aged below (case 1) and above (case 2) the Tgonset IS Shown. Panel below, shows the

example of the effect of annealing below and above the T g onset.
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(2) ISOTHERMAL ANNEALING: the thermal protocol used is depicted in Figure 2.3. In this
case, after bringing the sample to a high temperature, Tw, the sample is quenched to the isothermal
temperature, T,, to further be aged at that temperature for different t.. The kinetics of formation
of the isothermally developed thermal process can therefore be followed by monitoring the total
integrated AW across the temperature range of the endothermic peak. Thus obtained AH values
can be plotted vs t, and in order to describe the evolution of the enthalpic relaxations, fitted to a

Kohlrausch-Williams-Watts law:

AH=a-(a—b)- exp(_t/-t)ﬁ (Equation 2.1)
where AHmax the maximum enthalpy value measured in the experiments, k is a constant associated
with the overall crystallization rate and 3, which is often referred to as the Avrami exponent,

provides insights into the nucleation and the crystal growth.

2.3.2. Microscopy techniques

2.3.2.1. Polarized Light Optical Microscopy and Spectroscopy (PLOM-S)

The thermally induced phase transitions, annealing treatments, crystallization kinetics, etc of
samples were evaluated by polarized optical microscopy and spectroscopy (PLOM-S).142
temperature-resolved optical and spectroscopically experiments allowed the lab-scale study of
different processed that after helped us to benefit from the time at the synchrotron.

Samples were directly deposited by drop casting or spin coating on a glass substrate from
a 20 mg-mL? solution at 2000 rpm. The glass slide was placed within a hot stage (Linkam
Scientific Instruments Ltd.), which was positioned between the polarizer and the orthogonally
oriented analyzer of a bright-field optical microscope (Zeiss Axio Scope Al) equipped with a
10X objective and a tungsten-halogen bulb. At the end of the light path a portable UV-vis
spectrometer and a camera was placed in order to acquire optical images and spectra (in visible

wavelength region) simultaneously during heating scans at 10 °C-min! (if needed).
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The thermally induced phase transitions are probed as follows. The transmitted intensity
at each temperature that the UV-vis spectrometer receives is integrated between the suitable
wavelength ranges (400 to 720 nm) to obtain the value of the total intensity of visible light
transmitted through the materials. Since light photons reach the spectrometer solely because
structurally ordered material domains (e.g. crystalline domains) are birefringent, the normalized
integral value of the transmitted light intensity is directly correlated with the normalized amount
of structurally ordered fraction that is present at each temperature. By analogy with a differential
scanning calorimetry (DSC) experiment, we can also plot [d(1)/dT] vs T, which relates to how
much birefringent material is phase transforming upon heating at 10 °C-min* and, thus, is

somehow analogous to the heat flow signal of a DSC experiment.

2.3.2.2. Atomic Force Microscopy (AFM)

AFM images were obtained using a scanning probe microscope (Dimension ICON, Bruker) under
ambient conditions. Tapping mode was employed in air using an integrated tip/cantilever (125
um in length with ca. 300 kHz resonant frequency). Scan rates range from 0.7 to 1.2 Hz-s™,
Measurements were performed with 512 scan lines and target amplitude around 0.9 V. The
amplitude setpoint for all investigated samples was ~300 mV. Different regions of the samples
were scanned to ensure that the morphology of the investigated materials was the representative
one. In the AFM, phase images, the brighter regions correspond to areas of the sample with higher
modulus (hard domains) and darker regions correspond to softer areas. Samples were spun cast
from 20 mg-mL* solution at 2000 rpm during 60s. The thermal treatments were performed in a
Linkam hot stage under N, atmosphere. Samples were annealed for 10 minutes at selected

temperature and quenched at 50°C-min to room temperature.

Quantitative information about the paracrystallite size was obtained from power spectral
density (PSD) analysis applied on the AFM phase-contrast images using the NanoScope Analyses

1.9 software.
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2.3.3. X-ray techniques with synchrotron radiation

2.3.3.1. Wide-angle and small angle X-ray scattering (WAXS and SAXS)

Along this thesis all the experiments involving X-ray have been carried out in a synchrotron
facility. Grazing Incidence Wide-Angle X-ray Scattering (GIWAXS) measurements were
performed at the BL11 NCD-SWEET beamline at ALBA Synchrotron Radiation Facility (Spain).
The incident X-ray beam energy was set to 12.4 eV using a channel cut Si (1 1 1) monochromator.
The angle of incidence ai was set between 0.1-0.15° to ensure surface sensitivity. The scattering
patterns were recorded using a Rayonix® LX255-HS area detector, which consists of a pixel array
of 1920 x 5760 pixels (H x V) with a pixel size of 44 x 44 um?. Data are expressed as a function
of the scattering vector (q), which was calibrated using Cr.0O; as standard sample, obtaining a
sample to detector distance between 145.6 and 200.93 mm depending on the beamtime. The

geometry is represented in Figure 2.5.

SAXS

Figure 2.5 Grazing incidence wide-angle and small-angle X-ray scattering geometry.

Temperature-resolved in situ X-ray experiments were performed using a Linkam®
THMS 600 stage adapted for grazing incidence experiments. The heating rate used was 10

°C-min* and the temperature difference between frames was 4 °C. Sample alignment was
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automatically performed each 50 °C. Exposure times for in situ and ex situ experiments were 1
and 5 s, respectively. All the measurements were performed under N, atmosphere to minimize

the damage of the films.

2D GIWAXS patterns were corrected as a function of the components of the scattering
vector, g, which is defined as the difference between the incoming and scattered wave vectors.'*
Samples for GIWAXS were prepared by spin casting 20 mg-mL* solutions on Si wafers at a spin
rate of 2000 rpm. For thick film samples, the same solutions were directly drop casted. The
thermal treatments were performed in a Linkam® hot stage under N, atmosphere. Edges of the
samples were removed to eliminate edge effects in the GIWAXS experiment. To perform the
analysis of the diffraction patterns, the 2D patterns were integrated, corrected with respect to the
reference and the 1D profiles were extracted. The different integrations carried out throughout

this thesis are represented in Figure 2.6.

Azimuthal Integration Out-of-plane Integration In-plane Integration

A4, Aq, AQ,

qR qR qR

Figure 2.6 1D integrations performed in 2D GIWAXS patterns.

Grazing Incidence Small-Angle X-ray Scattering (GISAXS) experiments were conducted
at NCD-SWEET beamline of ALBA synchrotron (Spain) (Figure 2.5). A monochromatic X-ray
beam with an energy of 12.4 keV was shone on the samples with an incidence angle of 0.12° and
0.15°. The exposure time for room temperature measurements was 1 s and the sample to detector
distance was 2.54 m. The 2D patterns were recorded with a Pilatus3 S 1 M detector, which

consists of a pixel array 1043 x 981 (V x H) pixels of 172 x 172 um? Horizontal line gy cut
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profiles were done at the Yoneda peak. For GISAXS experiments samples were spin cast on Si
wafers. The thermal treatments were performed in a Linkam hot stage under N, atmosphere. Edges

of the samples were removed to eliminate edge effects in the GISAXS scattering pattern.

X-ray techniques have proven to be succefull in uncovering a broad range of
microstructural and morphological features,*** and the extraction of several parameters allowed
us to further describe the organic semiconductors presented in this thesis. A stated above, data are

expressed as a function of the scattering vector (q). The scattering vector is expressed as

4r .
q= (7> - sin @ (Equation 2.2)

where 8 is the scattering angle and A is the X-ray wavelength. The diffraction angle 8 is related
to the spacing between planes given by the Bragg condition. Thus, we can extract the distance

spacing between periodic planes in a crystals lattice with
A =2dsin6 (Equation 2. 3)

The shape and distribution of the diffraction peaks in the reciprocal space will help us to describe
the texture and orientation of the diffracting crystallites.2** Thus, we can determine the preferred
configuration of the crystallites based on the orientation of the different planes as observed in i.e.
edge-on, where chain lay perpendicular to the substrate, or face-on where backbones lay parallel

to the substrate (Figure 2.7).

a Edge-on configuration 14, b Face-on configuration 14,
& 010
I = y
(100)
(010 )
| i
o I o |
- *
P Zef I = R Zef ,
i R i
(1.] al
A y = ’\. A y

Figure 2.7 Crystallite/Paracrystallite configuration to the substrate: (a) edge-on and (b) face-on.
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Moreover, based on the isotropicity or definition of the reflection (i.e. amorphous
materials will show broad scattering intensity while highly crystalline materials will depict
intensity spots) in the diffraction pattern we can infer the texture of the film and therefore, the
perfection of the crystals will be determine by the width of the scattering peak. From the width

we can calculate the coherence length by applying the Scherrer equation:
— 2nK ;
L.=*4T /Aq (Equation 2.4)

where K is the shape factor (~0.9-1)'* and Aq is full width half maximum of the peak. However,
while a diffraction profile from a finite-size-dominated sample has peaks of equal breadth for this
progression, it is found that many organic semiconductors possess a cumulative disorder within
the film,#414 which is visible in the successive broadening of the higher-order peaks. That is,
when there is cumulative disorder, the lattice "forgets" its origin (initial location) after a certain
distance. This is different from non-cumulative disorder, where the lattice average is maintained
regardless of the distance between lattice sites; cumulative disorder is often referred to as
paracrystalline disorder or lattice disorder.** This cumulative disorder can be calculated by the

paracrystalline parameters, g.

A .
g= / q/27tq0 (Equation 2.5)

where q, is the peak center position and Aq is full width half maximum of the peak.'* Thus, the
g-parameter scale based on a-SiO; reference classifies the semiconducting polymer thin films
between crystalline with minimum lattice disorder (g<1%) and amorphous (g~10-20%) showing

high amount of paracrystalline disorder*,

2.3.4. Spectroscopic techniques

UV-vis spectra were recorded with a Shimadzu UV-2550 spectrometer with a film adapter and
for thickness normalization a mechanical profilometer P16+ (KLA Tencor) was used.

Photoluminescence spectra were recorded on a LS55 Perkin-EImer Fluorescence spectrometer
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on the same samples analyzed by UV-vis. Raman and photoluminescence spectra were also
acquired with a WITEC Alpha 300 RA confocal microscope, coupled with am Olympus objective
with 10x magnification at the wavelengths of 488 and 633 nm. Ultraviolet photoelectron
spectroscopy (UPS) was performed on a Kratos Axis Ultra XPS/UPS System using helium arc
source with incident photon energy of 21.2 eV, a scan step size of 0.05 eV, and a dwell time of
200 ms from 25 to —5 eV. External quantum efficiency (EQE) was measured with a home-made
system (developed by Mr. Marti Gibert) that uses a Supercontinuum light source (LLTF contrast,
Fianium) coupled to a monochromator filter and normalised by the light power as measured by a
silicon diode. EQEs were recorded from 400 nm to 900 nm excitation wavelength by focusing the
50 um diameter laser spot. This set-up was also controlled with LABVIEW- based software.
Transient absorption measurements were carried out by using an ultrafast laser system (Pharos
Model PH1-20-0200-02-10, Light Conversion) generating 1030 nm pulses at 100 kHz repetition
rate and ~220 fs pulse duration, 10 W of the output is sent into a commercial optical parametric
amplifier (Orpheus, Light Conversion) to generate pump source covering a spectral range of 360-
2600 nm. Probe source is generated by a Sapphire crystal which is focused with 2W of the laser
output, to obtain a single filament white light continuum with spectral range 480-1100 nm. Pump-
probe experiments were performed in a transient absorption commercial set-up (Light
Conversion Hera), the detection consists of a multichannel detector (200-1100 nm spectral
sensitivity range, 256 pixels) along with an imaging spectrograph (Shamrock193i, Andor

Technology).

2.3.5. Device characterization

2.3.5.1. OPV

The organic solar cells devices were prepared in the inverted architecture. As semi-transparent
electrode a pre-patterned ITO coated glass (25x75 mm) with 24 pixels, 12 in each side of the
sample leading to 24 devices with an 8 mm2 a provided from Ossila Ltd. are used. After a

sequential cleaning of the ITO-coated substrates. The electron transport layer (ETL) ZnO
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nanoparticles dispersion (N-10, N-20X, Avantama) in isopropanol (IPA) is then blade-coated
(ZUA 2300, Zehntner) and annealed at 100°C during 10 minutes for solvent evaporation. After
that the devices are introduced into the glove box and the active layer y blade coated. Taking
advantage of the substrates, we performed high-throughput combinatorial approach to vary
thickness decelerating the blade from 99 mm/s to 1 mm/s during solution spreading across the
substrate length (7.5 cm). These is the moment to perform any temperature annealing treatment.
Finally, the hole transporting layer (HTL) MoOs and the silver are thermally evaporated. Note
that after each blade coating the material remaining on top the pixel must be carefully remove.
The OPV devices were developed during my stage in Dr. Mariano Campoy-Quiles lab

(NANOPTO Group) at the ICMAB Institute.

2.35.1.1. J-V characterization

The current-voltage characteristics (1V) of the OPV devices were extracted by using a Keithley
2400 Sourcemeter and an Arduino based multiplexer and switcher. All the electronic components
were automatically controlled with a LABVIEW software tool (designed by Mr. Marti Gibert).
This allows the fast measurement of 24 devices in less than 6 minutes. As an illumination source,
a solar simulator (XES-100S, SAN-EI Electric) under AM 1.5G (Air Mass 1.5 Global) and 100
mW-cm illumination was employed. This solar simulator is AAA class, which ensures a
homogenous illumination in a 10 cm x 10 cm area, needed for the accurate evaluation of the
gradient-based OPV devices. The solar simulator was calibrated with a certified silicon solar cell

(Oriel, Newport).

To judge the performance of an OPV device we extracted several parameters from the J-
V curve as depicted in Figure 2.8. The open circuit voltage (Voc) is the value of the maximum
voltage of the solar cell that occurs when the current is 0. The short-circuit current (Jsc) is the
current across the solar cell when the voltage equals 0. The fill factor (FF) gives a value of the
ratio between the hypothetical maximum power and the one obtained for the solar device. As

depicted in Figure 2.8, the combination of these values divided by the incident power gives the
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power conversion efficiency (PCE) of the solar cell device. For standard characterisation, Pin
matches the incident spectral irradiance of sunlight at Earth namely Air Mass1.5 Global spectrum

(AM 1.5G), with an average power density of 1000 W/m?.
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Figure 2.8 Example J-V curve highlighting key OPV parameters.

2.3.5.2. OFET

In this thesis, in collaboration with the Group of Thomas Anthopoulos from KAUST, Mario
Caironi from lIstituto Italiano di Tecnologia and Luis Hueso from Nanogune, we fabricated-type

and n-type organic filed-effect transistors (OFETs) measuments were developed.

The p-type (conduct holes) field-effect transistors in a bottom-gate bottom-contact
geometry were fabricated by spin coating the different polymers onto Si/SiO, (150 nm) substrates
with pre-patterned pairs of Ti/Au (5 nm/ 36 nm) electrodes. The n++ Si substrate was used as gate
electrode, the SiO, (150nm) as gate dielectric and the Ti/Au contacts as source (S) and drain (D).
The prepatterned pairs of electrodes with interdigitated geometry were fabricated using
conventional lithographic techniques. Channel length (L) and widths (W) varied in the range L ~

5-50 um and W ~ 5000-10000 pm.
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The individual chips were cleaned with acetone and later with isopropanol. Before spin
coating the polymers the chip were introduced in the ozone cleaner (supplied by Ossila Ltd.) for
1h. Samples were spin cast from 10 mg-mL™ solution at 2000 rpm during 60s. The thermal
treatments were performed in a Linkam hot stage under N2 atmosphere. Samples were annealed

for 10 minutes at selected temperature and quenched at 50 °C-min-! to room temperature.

The electrical characteristics of the transistors were measured using a Keithley 4200-SCS
semiconductor analyzer connected to a variable temperature Lakeshore probe station. The
measurements were carried out with the samples in high vacuum, and the samples were left 12
hours in vacuum prior to the measurements, to minimize the effect of oxygen doping. To extract
the field-effect mobility, the transfer curves were analyzed using standard field-effect transistor

equations for the saturation regime:
IDS = W/ZL - I.lC - (VGS - VTh )2 (Equation 2. 6)

where Ips is the drains source current, p is the mobility, C is the capacitance per unit area, Vs iS
the gate-source voltage and V' is the threshold voltage. In each chip, more than 10 devices were

tested to extract the average mobility, and the error is given by the standard deviation.

To prepare the n-type (conduct electrons) OFETs standard top-gate bottom-contact
configuration was used. Gold source/drain contacts were thermally evaporated on a borofloat
glass after cleaning via ultrasonication in acetone and isopropanol and a subsequent O, plasma
exposition at 100 W for 5 min. Solutions of the organic semiconductor were dissolved in
chlorobenzene (10 mg-mL™?), stirred at 80 °C for 2 h and then spin-coated in a nitrogen- filled
glovebox at 2000 rpm for 60 s. A Cytop layer (=550-600 nm) was spin-coated on top of the
semiconductor film at 4000 rpm, 400 rpm-s* for 90 s, and then an annealing at 90 °C was
performed for 1 h. Al gate contact was finally thermally evaporated through a shadow mask. The
devices were then tested in glovebox using a Keysight B2912A Precision Source/Measure Unit

without exposing them to ambient conditions

45






Get ready! This section is divided into 4 chapters
containing the most relevant scientific findings of
my work. The results follow a pyramidal scheme.
This way, you can plan the reading as if you were
preparing a professional cocktail. First you will get
to know in depth the ingredients, then we will mix

them, and finally, we will taste it.







— — — — — — — — — —

The experimental section follows a PYRAMIDAL SCHEME, where each part plays a critical role in
unfolding the hierarquical architecture. We focus on controlling the microstructure of the individual
components (donor (D) and acceptor (A)) to learn how to manipulate their phase transformations and solid-
state order. Thus, we were able to tailor and manipulate the final morhology (D:A) and delineate its impact

on the function of the solar cell device.

CHAPTER 3 PBDB-T and its

congeners have driven us to

establish a new microstructural
In CHAPTER 4 we uncovered and
model called "'semi- ) ) )
o ) monitored the rich polymorphism of
paracrystallinity” that explains ) o )
) ; ITIC and its derivatives, thus revealing
their outstanding performance. _
that low temperature crystalline phase

packing can be an important feature in

achieving high efficiencies.

o-mmnm-
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In CHAPTER 5 we have developed a

methodology to quantify the composition of the
amorphous mixed domains through measuring
In CHAPTER 6 we prepared OSC the T4. The absence of a Ty in the donor polymers,
devices and found that the directly linked to their complex microstructure,
performance is more sensitive to prevented us from applying the methodology to
the acceptor crystals than to an the PBDB-T:ITIC system and, therefore, we
enhancement of the employ a system based on the well-known







3. Solid-state microstructure of high-performing donor
polymers and its impact on electronic and optoelectronic

properties

3.1. Summary

Due to the fast progress in materials engineering for various organic electronic technologies,
precise determination of the solid-state microstructure of semiconducting polymers and its
relation to device-function has become of paramount importance. In this chapter, we study the
molecular organization of some of the best performing donor polymers for organic solar cells,
namely PBDB-T-2F (aka PM6), PBDB-T-2Cl (aka PM7) and PBDB-T. Previous analysis of the
microstructure of these polymers resulted in conundrums in which X-ray scattering and optical
microscopy Yielded seemingly contradicting results. In order to solve this apparent paradox, we
introduce a new structural model for polymers: the semi-paracrystalline model. The semi-
paracrystalline organization is based on the presence of dense arrangement of very small
paracrystallites (i.e., highly defective ordered domains) coexisting with more disordered sites.
Our work outlines that fast-scanning calorimetry is a key experimental technique to identify semi-
paracrystallinity. Moreover, we establish that semi-paracrystalline solid-state microstructure may
be a common morphological feature among other high-performing polymers for OPV,
donor:acceptor blends included. Our data reveals that field effect charge carrier mobility is linked
to the interconnection of paracrystallites, the degree of paracrystallinity, the statistical lattice
disorder, and the paracrystallite orientation, while the optical absorption characteristics turn out
to be rather tolerant to structural changes. Hence, we anticipate our results to be critical in

advancing more refined structure-function models for OSCs.
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3.2. Introduction

Over the past few years, solution processed polymer/small molecule blends are receiving great
attention due to their potential as active layers in organic solar cells.>##14¢-148 The key headway
in surpassing the efficiencies achieved by fullerene-based OPVs was the fine combination of
donor: acceptor materials and the intermolecular arrangement in BHJ active layers.5°14-151
Although the acceptor has been steadily swapped by better performing novel small molecules, ™
donor materials have been championed by PBDB-T-based conjugated polymers,31:148152153 The
ability of semiconducting polymers to transport charges has proven to be closely connected with
their solid-state microstructure*144154155 and, more specifically, with the presence of ordered
molecular structures, such as crystalline domains, their characteristics (i.e. size, orientation,

intrinsic disorder, etc.) and the interconnection between them, e.g. via tie-chains.*

From the solid-state microstructure standpoint, (non-liquid-crystalline) polymeric
materials have been typically classified as either amorphous (glassy) or partially crystalline (i.e.
semicrystalline).® In general, an amorphous polymer material consist of polymer chains adopting
disordered coil-like conformations resulting from the enormous number of possible rotational
isomeric states of chains. In partially crystalline polymers, traditional models, e.g. the “fringed
micelle model”**® or the spherulitic model,*>" assume that amorphous regions coexist with
crystalline regions in which chain segments with relatively extended conformations are stacked
in lamellar crystallites.®%® Thus, these structural models for semicrystalline materials allow for a
simple parametrization of the overall degree of structural order in terms of the degree of
crystallinity, i.e. the fraction of crystalline regions to the total volume/mass of the sample.
Interestingly, the analysis of solution-spun lyotropic polymers, such as aramid fibers,!%9160
revealed, moreover, a different solid-state order — somehow between that of crystalline and
amorphous materials — described by the so-called paracrystalline model?®%* In the paracrystalline
model introduced by Hosemann,'®! the non-ordered regions appear as defect sites of the
paracrystalline lattice and, therefore, no experimental evidence whatsoever of the existence of

discrete amorphous regions is observed (i.e. no Tg). Contrarily to semicrystalline materials, the
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overall degree of structural order in paracrystalline materials is not given by the volume fraction
occupied by molecularly ordered and disordered regions, but by the quality of the paracrystalline

lattice, i.e. the cumulative lattice disorder as captured in the paracrystallinity distortion parameter,

g.

The characteristics of the semicrystalline microstructure (e.g. semi-crystalline
morphology and structure parameters) can be inferred from the combination of diffraction
techniques (e.g. X-ray diffraction),’*1#4145 microscopies (optical, electronic and force
microscopies*®!® and methods probing the melting of crystals, the most common being
differential scanning calorimetry (DSC)* or measuring the viscoelastic properties (DMA).252
Thus, the identification and quantification of structural order in semi-crystalline polymeric
materials has been traditionally realized analyzing e.g. the Bragg peaks of the X-ray diffraction
patterns, measuring the birefringence under a cross-polarized optical microscope (POM), and/or
guantifying the enthalpy change during the melting of crystals by DSC. Obviously, amorphous

polymer materials do not feature any of the aforementioned signals.

Progress in materials engineering for organic electronics has led to the development of
semiconducting polymers with solid-state microstructures ranging from completely amorphous,
e.g. PTAAM to some with moderate-to-high degrees of structural ordering, e.g. P3HT and
PBTTT.!162 The degree of order in these highly-order semiconducting polymers can be readily
characterized by, e.g., DSC and X-ray methods!31¢4 [ike in commodity semicrystalline polymers.
However, the analysis of the quality of the molecular packing in semiconducting polymers
revealed that even the most ordered materials feature a fairly disordered m-stacking (e.g. g-
parameters of 7.3% were measured for PBTTT).5 Hence, it was proposed that ordered structural
elements in many semi-conducting polymer films exhibit greater similarity with paracrystals than
with regular crystals.’* But unlike typical paracrystalline materials, such as aramide fibers,
semiconducting polymer thin films tend to contain also significant fractions of structurally
disordered regions. Hence, the g-parameter seems not sufficient to characterize the overall degree

of structural order of these materials, as it is solely related to paracrystalline units. Indeed, this
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practice may have led to conundrums and misinterpretations in the past. For example, based on
the g-parameter value, Poly[[4,8-bis[5-(2-ethylhexyl)-2-thienyl]benzo[1,2-b:4,5-b’]dithiophene-
2,6-diyl]-2,5-thiophenediyl[5,7-bis(2-ethylhexyl)-4,8-dioxo-4H,8H-benzo[1,2-c:4,5-c']dithioph-
ene-1,3-diyl]] (PBDB-T), and its fluorinated (PBDB-T-2F or PM6) and chlorinated (PBDB-T-
2Cl or PM7) congeners (Figure 3.1) have been classified as structurally amorphous.*® Moreover,
the absence of optical birefringence and measurable melting signals in DSC* supported this
conclusion. As a result, most advanced morphology-function models for OPV materials systems
have been established on the premise that these polymers are structurally disordered.6%16
However, distinctive aggregate-like structures are clearly revealed when these materials are
inspected by electron or probe microscopies, reflecting some sort of ordered molecular
packing.?833167 These seemingly contradictory results suggest that (i) g-parameter —on its own—
is not adequately reflecting the overall structural order in these polymer materials, therefore (ii)
the actual degree of structural order —and, hence, the overall solid-state microstructure — of many

of the best-performing semiconducting polymers for OPV remains still unknown.

b peDB-T-2F C PBDB-T-2CI

Figure 3.1 Chemical structures of (a) PBDB-T, (b) PBDB-T-2F (PM6) and (c) PBDB-T-2Cl
(PMY).

The electronic and optoelectronic properties of semiconducting polymers are profoundly
affected by the presence of crystals and their characteristics (i.e. size, orientation, defects, etc.)*
as well as the tie-chains between crystals and amorphous regions. For example, the molecular
packing of crystalline regions, through the better average overlap of m-orbitals, tend to exhibit
better charge transport properties than disordered amorphous regions. However, it is accepted that

a certain amount of amorphous polymer is needed for a suitable development of intermixed
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domains, where charges are preferentially generate'®®®_although too much intermixing
promotes unfavourable charge recombination effects'’® and lack of percolation can create islands
that trap charges.’®®™* As a consequence, having a realistic picture of the solid-state
microstructure of semiconducting polymer materials is pivotal for establishing successful models

for the operation of electronic devices such as organic solar cells (OSCs).

In this chapter, we address this apparent paradox and, in order resolve it, we introduce
some new concepts: the semi-paracrystalline model and the degree of paracrystallinity.
Analogously to the degree of semicrystallinity in semicrystalline materials, the semi-
paracrystalline model establishes that paracrystalline domains and more disordered, i.e.
amorphous, domains coexist. Moreover, the degree of paracrystallinity features the mass/volume
fraction of paracrystalline regions in semi-paracrystalline materials, without considering (in a first
approximation) how ordered the molecular packing within paracrystalline units is. Hence, the
characterization of the overall structural order in semi-conducting polymers for OPV would rely
in two parameters: the g-parameter, which accounts for the lattice disorder within paracrystals,
and the degree of paracrystallinity, which measures the mass/volume fraction of ordered material.
(The likely existing connection between both parameters needs to be investigated in future
studies). In addition to introducing the concept, we show that the degree of paracrystallinity of
device-relevant thin films can be readily obtained by fast scanning calorimetry (FSC). Hence, we
demonstrate that PM6, PM7 and PBDB-T polymer films, which seem amorphous based on the g-
parameter criteria, are in fact notably ordered, with degrees of paracrystallinity exceeding 50 %

for PM7, i.e. similar to some of the most ordered semiconducting polymers like P3HT.163

We outline that the combination of this information with the characterization of
nanomorphology and paracrystalline lattice distortion (g-parameter) provides complete
information about the solid-state microstructure of high performing OPV materials for the first
time. We thus establish that the moderate-to-high degree of paracrystallinity in PM6, PM7 and
PBDB-T is underpinned by a highly dense arrangement of very small and very disordered

paracrystallites. Having elucidated the semi-paracrystalline microstructure of polymer films, we
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investigate the interplay between the long-range charge transport and the structural features, to
finally state the field-effect charge mobility is very sensitive to the presence of small

paracrystallites interconnecting primary paracrystals.

3.3. Results and Discussion

3.3.1. Analysis of the pristine microstructure

First, we focused on verifying the structural observations previously found in the literature by
testing PBDB-T based semiconducting polymer thin films (Figure 3.1) using GIWAXS, PLOM
and DSC. For this purpose, PBDB-T and PBDB-T-2Cl were spun cast from 20 mg.mL*
chlorobenzene solution and PBDB-T-2F from chloroform solution on a silicon (for GIWAXS
measurements) or glass substrate (for PLOM analysis) following literature reports.®*3472 In full
accordance with previous reports,*® when typical methods to assess the solid-state microstructure
of polymeric materials are employed, results seem to suggest the absence of crystals in PBDBT,

PBDBT-2F and PBDBT-2CI spin cast thin films, thereby implying their amorphous nature.

Figure 3.2 shows the pristine pattern and integrated profiles after spun cast from solution.
2D-GIWAXS patterns of the three polymeric materials reveal some weak and local short-range
order diffraction peaks. The qualitative comparison of one-dimensional scattering profiles
(Figure 3.2) obtained by out-of-plane and in-plane integrations reveal anisotropic films oriented
in the out-of-plane direction with broad diffraction peaks from the n-stacked planes [i.e. the (010)]
and the lamellar packing of aromatic backbones and aliphatic side chains [i.e. the (100)],
indicating the absence of long-range crystalline order. The n-stacking reflection is related to a
single distance of 0.37 nm located on the out-of-plane, suggesting principally a face-on
arrangement. Although the differences are minor, GIWAXS patterns of the halogenated
derivatives feature novel weak diffraction peaks in the in-plane. The reflections were indexed
following previous reports.t’> Moreover, the out-of-plane oriented (010) reflexion revealed

limited packing distance of 3 molecules and paracrystalline values of the n-stack between 15-
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20% estimated by the peak shape analysis (Table 3.1). Comparing with a typical m-stack of
conjugated polymers (such as 9% for regioregular P3HT)* together with above shown results,

could easily infer a structure closer to amorphous than crystalline.
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Figure 3.2 2D-GIWAXS pattern for spin-cast (a) PBDB-T, (b) PBDB-T-2F and (c) PBDB-T-
2Cl. (d) Out-of-plane and in-plane profiles.

Table 3.1 Peak position and crystalline coherence length (CCL) values of the GIWAXS

reflections
Lamellar (100) (200) n-n stacking
Polymer q CCL g q CCL g q CCL g
(m?)  (m (%)  (mY)  (m) (%) (m?) (m) (%)
PBDB-T 3.4 5.8 22.6 / / / 17.0 2.2 16.5
PM6 34 5.3 235 6.6 11.2 11.7 16.8 1.6 19.1
PM7 35 54 23.0 6.4 11.6 116 17.0 2.2 16.5
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PBDB-T-2F | C PBDB-T-2ClI

Figure 3.3 Polarized optical microscopy (PLOM) images of spin cast polymer films (from a 20
mg-mL* chlorobenzene solution) (a) PBDB-T, (b) PBDB-T-2F and (c) PBDB-T-2CI. The width

of the micrographs corresponds to 100 pum.

The pristine thin film surface morphology was examined with PLOM to identify the
presence of polymer crystals. Distinctively, the films were non-birefringent under polarized
optical microscope suggesting the absence of anisotropic crystals at least in the length scale that
PLOM can probe (Figure 3.3). For further clarifications, DSC thermograms of the bulk polymers
were obtained. All the DSC traces showed degradation approximately above 300 °C and no
reliable evidence of endothermic peaks that could be ascribed to a crystal melting processes
(Figure 3.4). Therefore, based on the above result and in agreement with previous reports, the
semiconducting polymer investigated in this chapter display non-crystalline in nature when

examined by DSC, PLOM and X-ray methods.
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Figure 3.4 Differential scanning calorimetry thermograms collected during a heating ramp from
0°C up to 500 °C at 20 °C-min! (a) PBDB-T, and (b) PBDB-T-2F and (c) PBDB-T-2Cl.
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3.3.2. Evidence of order domains

To gain further insight into the microstructure of these polymers, spin-cast films are characterised
by fast scanning calorimetry (FSC). We spun cast polymer films on top of the calorimetric chip
sensors to analyse films rather than bulk samples (see section 2.2.1.1). Figure 3.5 shows the first
and second heating thermograms and the first cooling scan for PBDB-T, PBDB-T-2F and PBDB-
T2CI polymer films. First heating thermograms of the pristine films reveal clear endothermic
signals at ~400 °C (shadowed in blue) (panel labelled as “I% heating” in Figure 3.5). Indeed,
temperature-resolved in-situ  GIWAXS experiments shown in (Appendix Figure A-1)
demonstrate that (100) diffraction peaks disappear at the temperatures where the endothermic
peaks are observed by FSC. Hence, because we detect clear, intense melting processes by
calorimetry, these polymer films ought to present certain order. It should be noted that compared
to regular DSC, FSC allows for the application of much faster scanning rates (scanning rates of
4000 °C-st were applied in our experiments), which on the one hand, prevents thermal
degradation of compounds at high temperatures as demonstrated by the overlapping of the
thermograms after successive heating scans up to melting temperature (Figure A-2), thereby
enabling the detection of melting processes, and, on the other hand, allows the measurements of

spin cast films that can be safely correlated with GIWAXS data.

The subsequent FSC cooling sweeps for the three polymer films (panel labelled as
“cooling” in Figure 3.5), show exothermic peaks at ~370 °C due to the formation of
crystals/aggregates upon cooling. Interestingly, the order aggregates are also formed from the
polymer melt and at extremely high cooling rates (-4000 °C-s ™), as it can be observed in the
exotherm of the cooling scan and the melting endotherm of the second heating thermogram (panel
labelled as “2™ heating” in Figure 3.5). Interestingly, the structural characteristics of the
aggregates/crystals developed by cooling the film from the melt seems to be quite like those of
spun cast films, because 1%t and 2" heating scans exhibited endothermic processes alike in

enthalpy and position. (we note that crystallization of polymers is most frequently suppressed at
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similar cooling rates even for highly crystalline polymers like poly(ethylene oxide) (Appendix

Figure A-3).
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Figure 3.5 Representative fast scanning calorimetry (FSC) thermograms (raw data) for PBDB-T,
PBDB-T-2F and PBDB-T-2Cl: 1% heating, cooling and 2" heating scans are shown from left to

right. Scanning rate was 4000 °C-s™* in all experiments.

3.3.3. Analysis of thermal transitions

The heating and cooling thermograms of pristine thin films are characterised by a strong
endothermic and exothermic processes, respectively, and, in addition, by the absence of a glass
transition temperature. To gain insight into the different physical transitions and further describe
the microstructure of such polymers, we conducted isothermal annealing experiments using FSC
following the approach by Cangialosi et al.**5!% (see Section 2.3.1.1). Films were first heated up
to 450 °C and then quenched from the isotropic melt state to the aging temperature, Ta, using a
cooling rate of -10000 °C-s and held there for 2 hours (t,). After that, samples were cooled down
to - 90 °C and subsequently heated to 450 °C (at 4000 °C-s™). Thermal protocol is depicted in

Figure 3.6a.

Figure 3.6b shows the plot of the isothermal annealing scans against the reference curves
of PBDB-T films cast from a 20 mg-mL* chlorobenzene (see Appendix Figure A-4 for PM6 and
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PM7 experiments). On the one hand, it should be noted that a long-term isothermal annealing is
necessary to observe the endothermic peaks. On the other hand, we can assure that no
decomposition of the material is observed after several heating thermograms, as can be deduced
from the perfect overlapping of the ageing and reference curves and in the shape of the melting
peak. The three polymers present a similar behaviour as can be confirmed from Figure 3.6b and
Figure A-4. We can also appreciate that the maximum temperature achieved by the equipment

(i.e. 450°C) is not high enough to perfectly resolve the melting peak of PBDB-T-2F.
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Figure 3.6 Isochronous annealing protocol (a). Annealing experiments conducted by FSC. Green
curves correspond to the heating traces (at 4000 °C-s?) after ageing samples for 2 h at the
temperatures indicated on the right-hand side of each curve. Cooling and heating rates were 4000
°C-st.

To observe the trend of the excess heat flow, both scans (aged and reference) were
subtracted and the endothermic overshoot distributions were followed. Figure 3.7 shows the
excess of flow rate scans for the semiconducting polymers PBDB-T, PM6 and PM7 obtained after
the aging protocol at indicated temperatures. As displayed in Figure 3.7d-f, we can basically
detect two distributions (shaded in light and dark grey in Figure 3.7d): a first overshoot were the
heat flow decreases from -80 °C to 0 °C and a second peak that overlaps with the low temperature
overshoot and steadily increases until it overlaps with the melting process. We associate the low-

T process with the physical ageing of a glass consisting of aliphatic side chains.521%6173.174
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Furthermore, we argue that the second process must be related with the melting of order regions
(i.e. nanometer sized aggregates/crystals) formed during the aging process until they merge with
the melting of the rearranged aggregates during cooling. We rule out that the overshoot is
generated by the physical ageing of the disordered amorphous phase, as the increase of the
enthalpy of the peak as increasing the Ta should be followed by a decrease until its total

disappearance when T, equals Tg. Contrarily, in our case, the enthalpy never drops as increasing

the Ta.
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Figure 3.7 Chemical structures of (a) PBDB-T, (b) PBDB-T-2F and (c) PBDB-T-2Cl. Excess
heat flow rate, meaning the difference between the heat flow rate of samples annealed at the
indicated temperatures and that of the reference, which was not aged, as a function of temperature
of (d) PBDB-T, and (e) PBDB-T-2F and (f) PBDB-T-2Cl annealed during 2h. The depicted

thermograms belong to the thin film polymer samples.

3.3.4. Morphology analysis

To unveil how these polymers are arranged in the films, we investigated the morphology of the

thin films in the length-scale of a few tens of nm by grazing incidence small angle X-ray scattering
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(GISAXS) and atomic force microscopy (AFM). The GISAXS were analyzed by extracting
horizontal cuts nearly at the Yoneda peak. The intensity profiles, in function of gy, are compared
and fitted using the Unified model by Beaucage.'”> GISAXS profiles of the three polymers shown
in (Figure 3.8), yield intense scattering patterns due to a high electronic contrast at ranges
between 10-100 nm. Since the patterns come from one single material, we associate this intensity
to the density difference between small ordered clusters and more disordered regions. However,
the horizontal cuts from Figure 3.8c do not display any clear peak or shoulder, suggesting a high
polydispersity of sizes and lack of correlation between the order regions. Moreover, the Unified
model by Beaucage allowed us to extract an average radius of gyration of these structures being

23 nm for PBDB-T and PM7 and 29 nm for PM6.
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Figure 3.8 GISAXS patterns of PBDB-T, PM7 and PM6 at a grazing angle of 0.12°, and (right) the

horizontal cuts at Yoneda Peak, together with their corresponding fitted curves.

For further morphological clarification, AFM images of the three films were obtained.
Figure 3.9 shows the phase-contrast images of the spun cast pristine films. The images (Figure
3.9a-c) suggest a multiphasic nanomorphology that is compatible with the coexistence of small
order regions separated by more disordered regions. The power spectral density (PSD) analysis
was extracted from the AFM images (Figure 3.9d-e), indicating that the solid-state microstructure
in these polymers has an average characteristic size of 35-45 nm, which is most likely related to

the spacing between aggregates/crystallites.
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Figure 3.9 (a-c) AFM phase-contrast images and for PBDB-T, PBDB-T-2F and PBDB-T-2Cl,
respectively, and corresponding power spectral density (PSD) curves (d-f).

3.3.5. Introducing semi-paracrystalline microstructural model

Consequently, based on the different physical properties measured in the pristine thin film, we
proceed to argue to which microstructure this family of polymers corresponds. Depending on the
types of transition that the polymers undergo, which in turn depend on the contribution of the
different macro-conformations of the chain, the polymers can be classified as depicted in Figure

3.10 (table from Van Krevelen's book).
Let us discuss the experimental facts so far:

- Our data suggest that the studied polymer films cannot be semi-crystalline as (i) they
displayed almost featureless X-ray patterns and distortion lattice parameters (g) with
values between 22 and 24 %, i.e. well-beyond those typically found for semicrystalline
materials (which typically exhibit g-parameters between 0 and 12 %).1® (ii) PLOM
analysis revealed that films are non-birefringent. (iii) DSC did not show any reliable

crystal melting process.
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Figure 3.10 Classification of polymers on the basis of morphology (reproduced from Van

Krevelen!’")

- Remarkably, FSC thermograms depicted clear intense melting processes and a strong

tendency to order upon impressively high scanning rates.

- Our morphological results (iv) clearly showed that these polymers are based on a dense
arrangement of exceedingly small “hard” domains (of ~30 nm) which pack closely

together as determined by GISAXS and PSD analysis.

- Moreover, our data seems incompatible with such solid-state microstructure being a
solidified liquid-crystal, as has been suggested. A solidified liquid crystal would become
mechanically softer at temperatures much lower than that of the order-disorder transition,
i.e., at the T, which does not occur in the films. In fact, we do not observe experimental
evidence of a glass transition process in our films. Moreover, the appearance of weak
annealing-induced peaks is more compatible with a solid-state order than with a liquid-

crystalline-like order.

Hence, we argue that these polymer films ought to be-at least- paracrystalline (see Figure 3.10).
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Intriguingly, we found that both melting and formation of paracrystals occurred at
extremely high temperatures. In general, any thermodynamic phase transition, paracrystal
melting, and formation must fulfil that T - AS = AH during the transition. On one hand, in this
sort of system, AS is expected to have a reduced value because the structural order of the
paracrystalline arrangement is rather low and, therefore, paracrystallites are expected to have
large entropy values; and due to the moderate-to-large persistent lengths (about 7 nm) of these
polymers which would induce to a low entropy of the melt. On the other hand, AH seems to be
large, which would partially explain why we observe such strikingly high experimental melting
enthalpies in FSC scans. Therefore, being AS small and AH large, the transition temperature T

must be irretrievably high in order T - AS = AH to fulfil.

As a complement and confirmation of the above experiments, as well as to introduce a
parameter to provide insights into the amount of order material, we estimated the degree of
paracrystallinity, which, analogously to the degree of crystallinity in semicrystalline materials,
would account for the mass/volume fraction of paracrystalline domains in the material. Because
the enthalpy change during the melting of spin cast paracrystals can be measured from the FSC
1t heating scan, we can estimate the apparent degree of paracrystallinity of the films by
normalizing the measured enthalpy to that of the 100% paracrystalline material, AHy;. Lacking a
AH;? value for the polymers studied, the AHS value reported for P3HT was used, instead.'®* The

degree of crystallinity can be deduce from:

AH,,

— . ~ AH . 1
DoPC = /AHYO;L, 100% =~ m/AH,;'Z(P?)HT) 100% (Equation 3.1)

where the volume of investigated samples could be calculated as the chip area (0.25 mm?) was
known and the film thickness was measured by atomic force microscopy (115 + 5 nm (PBDB-
T); 236 + 1 nm (PBDB-T-2F); and 130 + 5 nm (PBDB-T-2Cl)). The volume value was then
transformed into mass value employing the density value for P3HT (1.1 g-cm™®). The heat-flow
rate signal directly obtained from FSC experiments was transformed into heat capacity (cp) values

with the calculated mass and the heating rate (2.34 + 0.17 mW -°C (PBDB-T); 3.47 mW -
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°C (PBDB-T-2F); and 3.77 + 1.7 mW - °C (PBDB-T-2Cl).). The integral for the melting peak in
the ¢, vs T curve divided by the enthalpy for the 100% crystalline material (AH,;) accounts for
the fraction of paracrystals in the samples. The AH,; for P3HT has been considered here

AHZ (P3HT) is 49+ 2 J.gL.164

The degree of paracrystallinity thus obtained amount to ~38% for PBDB-T, ~27%
PBDB-T-2F and ~54% PBDB-T-2Cl which, despite of the uncertainty of the methodology,
suggests that the PBDB-T family of polymers exhibit a remarkable molecular order, indeed,
similar to that of P3HT films.1%31%4 (note: the value for PBDB-T-2F is most probably
underestimated as the maximum temperature covered in the experiment, i.e. 450 °C, is not high

enough to resolve completely the endothermic peak and moreover).
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Figure 3.11 (a) First heating fast scanning calorimetry (FSC) thermogram (raw data) for P3HT

calibrated to thickness.

To probe the reliability of our calculations we applied the same procedure to a thin film
of regioregular P3HT (Figure 3.11). We calculated the enthalpy of melting of a P3HT pristine
spin cast film, and we estimated the degree of order normalizing the measured enthalpy to that of
the 100% paracrystalline P3HT. The degree of paracrystallinity thus obtained for a regioregular

P3HT film yielded 12% proving that PBDB-T and congeners depict a higher degree of order that
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a P3HT film even if the exhibit apparently disorder structures by X-ray comparing with P3HT,

thus, supporting our hypothesis.

As stated above, estimated values for the degree of paracrystallinity imply the existence
of significant fractions of disordered material together with the paracrystals. However, FSC
experiments did not reveal any thermal transition related to these disorder phase i.e. a Tg (See
section 3.3.3). We attribute the absence of a thermal transition to the fact that the highly viscous
disordered domains are constrained between the dense arrangements of small paracrystallites. The
glass transition temperature involves a movement of the chain segments towards dense packing,
producing an additional free volume in their neighborhood. In this case, the high density of
paracrystals together with the enlarge viscosity of the disorder regions restricts the movement of
the chains.®3! Hence, unlike previously reported paracrystalline materials like aramide fibers,
which do not include discrete amorphous regions and thus the degree of structural disorder can
be parametrized solely by the g-parameter, the degree of disorder in the polymers analyzed here
must have two contributions: (i) a first contribution associated with the distortion of the
paracrystalline lattice (like the one in aramide fibers) and (ii) a further contribution associated
with a non-paracrystalline, disordered domains. In other words, the microstructure of these
semiconducting polymers is not adequately represented by the paracrystalline model, which must
be adjusted to include non-paracrystalline regions. Hence, in order to describe the microstructure
of these polymer materials we introduce the parameter of degree of paracrystallinity and the semi-
paracrystalline model (Figure 3.12 and Figure 3.13). This microstructure was already implicit in

Salleo’ paper'*; however, no one attempted to described it as such.

Hence, we propose the semi-paracrystalline model that relies on the presence of a very
dense arrangement of small paracrystallites that coexist with a non-paracrystalline region. Within
these paracrystallites, molecular packing lacks of long-range order, or much order at all along
both the lamellar direction and the w-stacking direction, as evidenced by GIWAXS. A schematic
depicting this solid-state microstructure is shown in Figure 3.12. As a result, our data suggests

thus, that GIWAXS and calorimetry disagree when traditional definitions and g-parameter
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boundary benchmarks are used. We can argue that the g-parameter scale based on a-SiO;
reference may not be appropriate to classify semiconducting polymer thin films, and that a higher
g-value than a 12 % needs to be established as the correct boundary benchmark for amorphous

polymer semiconductors.

i "
& Semi-paracrystalinity

Figure 3.12 Schematic of the semi-paracrystalline solid-state microstructure found in PBDB-T,
PM6 and PM7 polymers.

Semi- Solid
crystalline

Solid

(crystals in a highly
viscous matrix)

Glassy Solid Liquid Liquid
1.2T
Amorphous rubbery g

Para- Solid
crystalline (crystals with structural defects)

Semi-para- Solid Solid
crystalline (crystals with structural defecis in a

highly viscous matrix)

0
to
O
E
=
[}
o
—
L
R
©
o
©
E
©
e
=
o
=
=
w

» Temperature

Figure 3.13 Updated classification of polymers on the basis of morphology (reproduced from

Van Krevelen'’")
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3.3.6. Extension to other high-performing polymers

Having shown that melting of paracrystals can be detected by FSC in seemly amorphous
materials, we explore the extension of our framework to other semicrystalline polymers with
efficient photoconversion capability or high-field effect mobility that, based primarily on X-ray
diffraction data, have been so far considered poorly-ordered or amorphous. To extend our
premises we select the following polymers: the current champion in OPV power conversion
efficiency D18 (Figure 3.14a),>17® a fluorobenzotriazole-based polymer PBnDT-FTAZ (Figure
3.14b),* the polythieno[3,4-b]-thiophene-co-benzodithiophene PTB7 (Figure 3.14c¢)'" and, the
indacenodithiophene—benzothiadiazole IDT-BT (Figure 3.14d).2% For the sake of comparison, a
well-known amorphous semi-conducting polymer, poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine (PTAA) has been analyzed by FSC and the commodity semi-crystalline
polymers poly(e-caprolactona) (PCL) and poly(vinylidene fluoride) (PVDF), and the
semiconducting polymer poly(3-hexylthiophene) (P3HT) have been analyzed by GIWAXS

(Figure A-5).

We first investigated this polymer films by means of GIWAXS. On one hand, the D18
pattern (Figure 3.15a) reveal multiple scattering peaks including higher backbone (00I) and
lamellar orders (100) parallel and perpendicular to the substrate, respectively. The m-stacking
peaks along the out-of-plane and in-plane direction revealed the presence of both molecular
orientation preferentially in face-on in full agreement with previous reports.'’® However, Ade et
al. reported the absence of melting peaks measured by DSC at least below decomposition
temperature. 1’8 On the other hand, the patterns of the pristine films revealed partially disordered
films for PBnDT-FTAZ, PTB7 and IDT-BT (Figure 3.15a) like PBDB-T and its derivatives. D18,
PTB7, PBnDT-FTAZ and IDT-BT films exhibited comparatively larger g-values and lower CCL
values than common semi-crystalline polymers (data included in Table 3.2).While GIWAXS
patterns revealed amorphous or low-order patterns (unless D18)!8, FSC results provided
compelling evidence that the four polymer thin films present a clear endothermic peak at high

temperatures probably related to the melting of paracrystals being the enthalpic overshoot from
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D18 highly energetic as expected from the GIWAXS pattern revealed the presence of the glass
transition temperature related to the non-paracrystalline regions. Contrarily, amorphous polymers
like PTAA, did not show any endothermic peaks (Figure 3.15b). Hence, we speculate that the
solid-state microstructure described in this paper might be a common feature among thin films of
many high-performing rigid polymers employed for OSCs. Although, the detailed interplay
between thermal and diffraction characterization has to be more explored and understood.
Notwithstanding, we can identify some common experimental signatures of the semi-
paracrystalline organization: (i) unlike semicrystalline materials, semi-paracrystalline materials
seem to exhibit g-parameters comparable to those of amorphous materials (frequently > 15) and
CCL values in the range of 1-3 nm (see Table 3.2); but (ii) in contrast to amorphous materials

they exhibit order-disorder transitions visible by calorimetry.

/- CaH
a e _< N b 513 y f
\f\\?;_ ) ‘f’\\ jf’ﬁ CeHla~ Colis K-"FN [ 3 I [ \/\/\/ﬁ] ’ h'
NN S\/Ls‘ s’l\rls 1 Ny s B . Hot® OH (?—C
RS U L oot e sl ",
_}_JS/::\LF g AN /—J 7‘) H s i PCL PV/DE
/—/ S X CaHis™ ~CaHo :
AN
D18

/ - h G, i
PBnDT-FTAZ E @\
T i HsC CHs 7\
C P “7/\ 0*{0‘“}“\ d ' N m
A F CigHaa_-CigHaz '
N n

CeH13

4 I 37 %A L .
L0 AL, | PTAA P3HT
\Jv/\/ :
PTB7 IDT-BT )
I S

=

e / ‘do NC
- Shas

Figure 3.14 Molecular structures of (a) D18, (b) PBNnDT-FTAZ, (c) PTB7, (d) IDT-BT, (e) ITIC,
(f) PCL, (9) PVDF, (h) PTAA, (i) P3HT.
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Figure 3.15 GIWAXS patterns (a) and FSC heating traces (b) for a variety of polymers (D18,
PBnDT-FTAZ, PTB7, IDT-BT, PTAA) and photovoltaic blends (PBDB-T:ITIC and PBDB-T-
2CLITIC).

To elucidate whether this semi-paracrystalline microstructure presented in the pristine
polymer is retained in the donor:acceptor blend, we endeavoured to explore a donor:acceptor
blends like those employed in OSC devices. To do so, we investigated a PBDB-T:ITIC (1:1)
binary blend produced using similar processing conditions as those employed in efficient device
preparation (i.e. spin casting a chlorobenzene solution containing 0.5% 1,8-diiodooctane, DIO,
followed by a thermal annealing at 160 °C) and a PBDB-T-2CL:ITIC bland cast from
chlorobenzene.® Like neat polymer films, photovoltaic blends seem to be amorphous when they

are characterized by GIWAXS (Figure 3.15a). From FSC data (as shown in Figure 3.15b) we
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could observe the endothermic peak at about 260 °C is attributed to overlapped calorimetric
signals from ITIC domains* and an endothermic feature showing up at about 400 °C (shadowed
in blue in Figure 3.15b) reflecting the melting of PBDB-T paracrystals. Accordingly, we could
confirm that paracrystalline order is also presented in donor domains of binary blends.

Table 3.2 Peak parameters for a variety of polymers.* Correspond to (110) plane of PCL and *
(021) plane from a-phase of PVDF.

Microst. Lamellar (100) n-1t peak

q, nm* CCL g(%) g nm' CCL g (%)

(nm) (nm)

Polymer D18 3.2 12.9 154 16.8 3.2 13.6
PBnDT-FTAZ 3.4 49 24.1 16.6 15 20.1
PTB7 -- -- -- 16.8 17 18.6
IDT-BT 3.8 12.1 14.8 14.9 15 21.0
P3HT 2.8 10.2 18.6 16.8 7.0 9.3
PCL - - - 15.5* 161.1 4.4
PVDF - - - 19.0* 33.2 1.8

Blend PBDB-T:ITIC 3.3 5.9 22.6 16.8 14 20.6
PBDB-T- 3.9 9.0 16.9 16.3 3.3 13.6
2CLITIC

3.3.7. Evolution of the microstructure with temperature

To uncover microstructural variations in the semi-paracrystalline microstructure in the thin film
as a function of temperature, GIWAXS, FSC and AFM measurements were conducted. At this
point, we recall the aging/annealing experiments carried out (see section 3.3.3) by FSC in which

we observed different regimes. For clarity, the microstructure generated after annealing
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treatments at temperatures within each regime are named as A-, B- and C- microstructures: (i)
The ambient temperature regime in which no noticeable changes in the material are observed
when aging/annealing treatment are applied (denominated hereafter as A-microstructure). (ii) A
second regime (at intermediate temperatures i.e. ~160 °C) in which we observe a process related
to the melting of the order regions formed during the annealing process (called hereafter B-
microstructure) and (iii) a third high temperature regime in which an large increase in the enthalpy

of the melting peak is observed (so-called C-microstructure).

3.3.7.1. GIWAXS: Effect of temperature on the paracrystalline distortion

parameter

We followed the variations in the disorder lattice parameter, g, estimated for the different main
reflexions (100), (010) and (002). To do so, thin films of the three polymers spun cast from a 20
mg-mL* chlorobenzene (PBDB-T and PM7) or chloroform solution (PM6) were annealed at
selected temperatures during 10 minutes and measured at room temperature by means of
GIWAXS. All the measured temperatures are included in Figure A-6, Figure A-7 and Figure A-

8, and selected GIWAXS patterns are depicted in Figure 3.16a-c.

We estimated the lattice disorder parameter, g, for each sample and we plot the values
versus annealing temperature to examine the trend. The estimation of the lattice disorder
parameter, g, obtained GIWAXS patterns of the three polymers revealed a minor reduction of g
for the (100) and (010) planes in B-microstructures comparing with the pristine A-microstructure
(summarized in Table 3.3) [we note that the (010) planes are expected to be connected with the
overlap of r-orbitals and thereby linked to preferential electronic pathways]. On the other hand,
C-microstructures featured, however, substantial structural changes compared to A- and B-
microstructures. The estimated g-values reflected a rapid reduction of the lattice disorder when
films are annealed at high temperature. It is worth noting that the g-values for the (002) planes

are fairly insensitive to the temperature in the temperature range analyzed.
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Figure 3.16 Ex situ 2D-GIWAXS pattern of (a) PBDB-T A-, B- and C-microstructures; (b)
PBDB-T-2F A-, B- and C-microstructures; and (c) PBDB-T-2CI A-, B- and C-microstructures.
Paracrystalline distortion parameter, g, for the (d) (100) planes, (¢) (010) planes and (f) (00I)
planes as a function of the annealing temperature, T.. (g) Ratio between the (100) diffraction

maxima along the out-of-plane and in-plane directions (Ais/Acop), for the different polymers as a

function of T..

Table 3.3 Peak position and crystalline coherence length (CCL) values of the GIWAXS

reflections.
Lamellar (100) (200) n-1 stacking

Polymer  Microstruc. a, CCL g o} CCL g a, CCL g
nm*  (hm) (%) nm* (m) (%) nm?  (hm) (%)
A 34 5.8 226 |/ / / 17.0 22 165
PBDB-T B 3.2 7.1 207/ / / 17.1 23 159
C 3.2 11 169 / / / 17.1 26 149
A 34 53 235 6.6 112 11.7 16.8 16 19.1
PM6 B 3.2 6.4 220 6.5 110 11.8 16.8 1.7 185
C 3.2 10 175 65 116 115 170 22 16.2
A 35 54 230 64 116 116 17.0 22 165
PM7 B 3.3 6.5 215 65 109 119 171 23 159
C 34 13 151 65 133 107 171 26 149
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Moreover, we observed some progressive change in orientation in the lamellar planes as
a result of the thermal annealing, and, therefore, we developed a texture analysis depicted in
Figure 3.16g. We plotted Aip/Aoop Which refers to the ratio between the (100) diffraction maxima
along the out-of-plane and the in-plane directions, against annealing temperature. Our results
highlight that PBDB-T paracrystals suffer from a progressive change of orientation as the T,
increases, yielding face-on oriented crystallites at the higher T.s analyzed, i.e. those leading to C-
microstructures. Face-on oriented paracrystals have their (010) planes parallel to the substrate,
which is the opposite direction to the current flow in OFETS, and, thus, it may hinder the in-plane

charge transport.*8!

3.3.7.2. AFM: morphological analysis

+" "PBDB-T-2F
@25°C

@160 °C
2280°C

PBDB-T-2CI
@ 25°C

@ 160 °C

280°C

1b 100
Frequency (nm™)

Figure 3.17 Atomic force microscopy phase images for (a) PBDB-T A-, B- and C-
microstructures, (b) PBDB-T-2F A-, B- and C-microstructures and (c) PBDB-T-2Cl A-, B- and
C-microstructures. (d-f) Power spectral density (PSD) curves of AFM phase contrast images.
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Thin films were then investigated by AFM to observe the effect of temperature on the film
morphology. We selected room temperature, 160°C and 280°C as the temperatures to obtain
selectively the different microstructures and we used the same films to ensure a fair comparison.
Figure 3.17 shows the phase-contrast images. The general nanomorphology of A- and B-
microstructures is pretty similar when inspected by AFM (Figure 3.17a-c). We detected a minor
increase of the characteristic length-scale of the microstructure as suggested by the PSD analysis
(Figure 3.17d-e). Conversely, C-microstructure depicted a significant enlargement of the
domains, which reach >100 nm, as probed by PSD analysis. This enlargement of the domains
coincides with an increase of the degree of paracrystallinity, the enlargement in the enthalpy of
melting of preexisting paracrystal and the decrease of the g-values for the (100) and (010) planes

as estimated from GIWAXS measurements.

3.3.7.3. Thermotropic behaviour of the semi-paracrystalline microstructure

Based on our framework and having verified our findings, we present the scheme in Figure 3.18
illustrating the thermotropic behaviour of the semi-paracrystalline microstructure. Thus, the
pristine microstructure, A, consist of very dense arrangement of small paracrystallites which lack
of molecular packing with long-range order. Upon annealing at an intermediate temperature (i.e.
160°C), secondary (para)crystallization and recrystallization processes in the polymer form new
small-paracrystallites, leading to microstructure B. We based our hypothesis in the fact that no
changes are observed in the melting peaks of preexisting paracrystals and the emergence of an
additional weak endothermic peaks between 200 and 300 °C that we associate with the melting
of new paracrystallites grown during the annealing (Figure 3.5). Moreover, the new
paracrystallites must be even smaller and/or more defective than the preexisting ones because
they exhibit melting temperatures that are more than 100 °C lower and a minor reduction of g for
the (100) and (010) planes were obtained. We deem that the new paracrystallites may grow within
non-ordered regions between preexisting paracrystals, thereby improving their interconnection

pathways. Lastly, a further annealing at higher temperatures (i.e. 280 °C) shows large enthalpy
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changes in the melting of the preexisting paracrystal, thus larger degrees of paracrystallinities.
This statement is in full agreement with (i) a reduction of the lattice distortion; (ii) the larger
enthalpy changes obtained during paracrystals melting by FSC; (iii) the increased degree of
paracrystallinity calculated for a thin film annealed at 280 °C yielded 47 % for PBDB-T and 62
% for PM7 (the value for PM6 cannot be safe extracted from our calorimetric data); and (iv) the
size of paracrystals extracted from AFM and PSD analysis. In this manner, we assume that the
final C-microstructure represented in Figure 3.18 is composed of larger paracrystals with melting

temperatures resembling preexisting paracrystals.

Figure 3.18 Schematics depicting the semi-paracrystalline microstructure of as-cast films (and
films annealed at 25 °C, denoted as A-microstructure) (a) and films annealed at 160 °C (b, denoted

as B-microstructure) and 280 °C (c, denoted as C-microstructure).

3.3.8. Interplay between microstructure and electronic properties

Having decoded the microstructure of spin-cast PBDB-T, PBDB-T-2F and PBDB-T-2Cl films,
we set on to investigate the interplay between the characteristic aspects of the semi-paracrystalline

microstructure and the optoelectronic properties and charge transport.

To analyze the effect of molecular arrangements in the optoelectronic properties, thin
films were annealed every 20 °C from room temperature to 280 °C and measured by UV-Vis
spectroscopy (see Figure 3.19). In general, we found that the vibronic structure is less distinctive
for PBDB-T (Figure 3.19a) than for PBDB-T-2F and PBDB-T-2CI (Figure 3.19b-c). Moreover,
the ratio between the intensities of the bands corresponding to the transition to the lowest vibronic

level (i.e. the 0-0 transition at ~610 nm) and the transition to the next vibronic level (i.e. the 0-1
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transition at ~570 nm), is greater for PBDB-T-2F and PBDB-T-2ClI than for PBDB-T. Figure
3.19d shows the Ag.o/Ao-1 ratio as a function of annealing temperature. These ratio can be used to
parameterize the intrachain optoelectronic coupling of neighboring chromophores.*® A higher
Ao-o/Aoa value is usually interpreted as a higher abundance of chain segments with planarized
conformations. Therefore, our UV-vis results suggest that PBDB-T-2F and PBDB-T-2Cl exhibit,
on average, a higher fraction of chain segments with planarized conformations than PBDB-T. In
any case, while temperature revealed strong effects on solid-state microstructure, it seems to have
a little impact on molecular conformation and short-range molecular arrangement. We observed
a slightly positive trend of the Ag-o/Ao-1 ratio for PBDB-T with temperature, whereas PBDB-T-

2Cl and PBDB-T-2F seems rather insensitive to Ta.

3
S
C
Re]
-—
S PBDB-T | | _ S— PBDB-T-2CI _ _
§ 400 500 600 700 400 500 600 700
< ]
1.0
8 b A A, o a 9 0 @ o 29 8 o,
N . .
w© -
£ 0.95
o
E — e o 9 Q
2 3 ° o 8
<< 09 2 @ 9
o ? @ PBDB-T
PBDB-T-2F ° o PBDBA 2CI
- : ‘ : | -~ 085 : _— :
400 500 600 700 50 100 150 200 250
0
Wavelength (nm) T,(°C)

Figure 3.19 UV-vis absorption spectra for (a) PBDB-T, (b) PBDB-T-2F and (c) PBDB-T-2CI
films annealed at different temperatures. (d) Ratio between the intensities of the bands

corresponding to the 0-0 transition (at ~610 nm) and the 0-1 transition (~570 nm).

To probe a quantitative microstructure-function relation, organic field-effect transistors

(OFETSs) were fabricated with semi-paracrystalline films exhibiting microstructural modifications
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resulting from thermally annealing the films at different temperatures (T,s). The selected T.s were
25 °C, 160 °C and 280 °C and the resulting solid-state microstructures, referred to as A-, B-, and
C-microstructures, respectively. Figure 3.20a shows the representative transfer characteristics for
the PBDB-T, PBDB-T-2F and PBDB-T-2Cl transistors, respectively. Figure 3.20b-e shows the
mobility values of the three microstructures as a function of some parameters related to the semi-
paracrystalline microstructure. The higher g-values for B-microstructures compared to A-
microstructures in all polymers results from a more efficient long-range charge transport due to
the presence of small paracrystals between primary paracrystals (in B-microstructure, see Figure
3.18 and Figure 3.20b), which enhances the interconnection pathways of the structural network
that sustain the charge transport. This idea is in line with the charge transport model by Noriega,
Rivnay and Salleo,** and furthermore highlights that long tie-chains are not the only possible
mechanism of interconnection of ordered regions, which can occur also through small

paracrystallites.

Furthermore, we found that the large increase of the degree of paracrystallinity (Figure
3.20c) coincides with a significant enlargement of the paracrystals, as deduced from the increase
of the CCL-value of lamellar packing, (100), from 5-7 to 10-13 (Table 3.3). Intriguingly, the g-
values for the (100) and (010) planes are significantly lower in C-microstructures (see Table 3.3
and Figure 3.20d), reflecting a reduction of the lattice disorder of paracrystalline domains.
Therefore, the increase of the degree of paracrystallinity, the larger paracrystals and the reduction
of lattice distortion can explain the larger p-values of C-microstructures in PBDB-T-2F and

PBDB-T-2Cl compared to B-microstructures.

However, while a 2.5-to-4-fold increase in p is found for transistors exhibiting B-
microstructure compared to those with A-microstructure, the comparison between transistors
having B- and C-microstructures shows uneven results: maximum p-values are recorded for
PBDB-T-2F and PBDB-T-2Cl transistors with C-microstructures, but in the case of PBDB-T

transistors, the optimized u-values are found for the B-microstructure. Interestingly, our texture,
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Figure 3.20 Representative transfer characteristics for (a) PBDB-T, PBDB-T-2F and PBDB-T-
2Cl field-effect transistors annealed at 25 °C, 160 °C and 280 °C. All transfer characteristics were
measured in transistors with width W = 10000 and length L = 40. (b) Field-effect mobility, u, for
the different polymer samples plotted vs the endothermic peak temperature (for A-
microstructures, the broad endothermic signal appearing between 100 and 200 °C is considered,
while for B-and C-microstructures the endothermic peak derived from the isothermal annealing
step is considered). p vs degree of paracrystallinity of films (c); p vs lattice distortion parameter
of the m-mt stack, go1o, (d); and p vs the ratio between the area of the (100) diffraction maxima

along the out-of-plane and the in-plane directions, Ai,/Aoop (e)
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analysis in Figure 3.20e highlighted that PBDB-T paracrystals suffer from a progressive change
of orientation as the T, increases, yielding face-on oriented crystallites at the higher T.s analyzed
i.e. those leading to C-microstructures. Face-on oriented paracrystals have their (010) planes
parallel to the substrate, which may hinder the in-plane charge transport, resulting in the low

mobility observed for the PBDB-T C-microstructure.

3.4. Conclusions

In this chapter, we shed light on the long-standing debate about structural order in high-
performing semiconducting polymers. So far, the characterization of the amount of structural
order in these materials resulted in conundrums, in which scattering and microscopy methods led
to seemingly contradicting conclusions. Thus, based on most-standardized X-ray analysis these
materials have been assumed to be amorphous and thus have been considered in most advanced
morphology-function and stability prediction models for OSCs.4"# Employing fast scanning
calorimetry, we discover and demonstrate, however, that they can be in fact notably ordered. The
misinterpretation originates from employing the g-parameter as the only criteria to assess
structural order of semiconducting polymers. These materials often exhibit g-parameter values
that are similar to those of amorphous a-SiO,, which can lead to mistakenly interpret that these
materials are amorphous. Though paracrystalline lattices in these materials are indeed largely
distorted (hence the large g-parameter values), we find a surprisingly small fraction of total
polymeric material that is actually disordered. Thus, we conclude that the precise assessment of
structural order in semiconducting polymers requires information about -at least- two parameters:
the g-parameter, which accounts for the paracrystalline lattice distortion, and the degree of
paracrystallinity (introduced here for the first time), which measures the mass/volume fraction of
paracrystalline material from the analysis of order-disorder peaks in FSC scans. The relationship

between both parameters needs to be analyzed in future studies.

We demonstrate that the remarkably high degree of structural order in these semi-

paracrystalline polymers is underpinned by a dense arrangement of very small and disordered
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paracrystallites that coexist with more disordered regions. The disordered fractions of semi-
paracrystalline materials are reasonably expected to exhibit a glass transition process. This too
needs to be researched and our work opens up an avenue of quantitative and much more complete
understanding of complex materials that semi-conducting polymers represent. Partially in line
with the charge transport model of semicrystalline polymers by Noriega, Rivnay and Salleo,** the
field-effect charge mobility of semi-paracrystalline polymer materials is very sensitive to the
interconnection of paracrystal units through further small paracrystallites. The reduction of the
paracrystalline lattice disorder, the degree of paracrystallinity and the paracrystallite’s orientation

are also proven to impact charge transport.

Because the semi-paracrystalline microstructure is likely to be a common feature among
many polymers having semi-rigid backbones and some amphiphilicity, including some kinds of
biomacromolecules, we believe that our results can have direct implications not only in the
organic electronics arena, where e.g. device operation models must now include the degree of

paracrystallinity, but also in other now seemingly unconnected fields.
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4. Processing-structure—function relationships of non-

fullerene acceptors based on indacenodithienothiophene

4.1. Summary

Despite of the impressive efficiency values of organic solar cells based on polymers and non-
fullerene acceptors (NFA), little is known about how the structure of the NFA impacts the solar
cell operation. Hence, many of the reported materials and devices may not have demonstrated
their full potential yet, because device processing is too often optimized using a trial-and-error
approach rather than knowledge-based strategies pursuing optimal microstructures. The design of
rational processing protocols requires first a deep study of the solid-state microstructure. In this
chapter, introducing a comprehensive structural analysis of their crystalline and glassy phases of
NFAs, we show that the indacenodithienothiophene family of NFAs, namely ITIC, ITIC-M, ITIC-
2F and ITIC-Th, exhibit a rich polymorphism. We demonstrate that all the studied NFAs arrange
into a low-temperature metastable phase that is readily promoted via solution processing and leads
to the highest device efficiencies. Interestingly, our data reveal that the low-temperature forms
feature a continuous network that favours charge transport despite having little order along the n-
7 stacking direction. Interestingly, the electron mobility of the metastable phase I is comparable
to that in the highly ordered high-temperature polymorphs. Since the optical absorption of the
structurally more disordered low-temperature phase can surpass that of the more ordered
polymorphs, we outline that such a packing structure may be an important feature for reaching
highest device efficiency, thus, providing guidelines for future materials design and crystal

engineering activities.

This work was published in Advanced Functional Materials (DOI:
10.1002/adfm.202103784)*8 and the work related to ITICs glassy phase was partially published

in ACS Applied Materials and Interfaces (DOI: 10.1021/acsami.9b04554).%
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4.2. Introduction

The remarkable increase in the power conversion efficiency (PCE) of organic solar cells (OSCs)
has been achieved through significant research efforts in the chemical tailoring of non-fullerene
acceptors.®2%®  The major breakthrough in the field was achieved with the
indacenodithienothiophene-based acceptor ITIC. Originally synthesized by Zhan et al. in 2015,%
ITIC is an A-D-A structured molecule with indacenodithieno[3,2-b]thiophene (IT) as central
donor unit and 2-(3-oxo-2,3-dihydroinden-1-ylidene)malononitrile (IC) as acceptor end groups
(see Figure 4.1a). While it delivered an initially modest power conversion efficiency (PCE),
ulterior optimization of the device processing® and/or incorporation of various chemical
functionalities such as methylation, fluorination (ITIC-2F,* Figure 4.1b, ITIC-M,*"2 Figure 4.1c)
or substitution of phenyl units by thiophene units (ITIC-Th,®® Figure 4.1d), have resulted in the
improvement of the PCE over 14%.%® The discovery of A-D-A’ type non-fullerene acceptors and
the improvement achieved in terms of performance compared to fullerene-based acceptor devices,
prompt the field to further development of novel NFA acceptors.'® The emergence of the Y-type

acceptor'®® so-called Y6 which currently have reached record PCE of ~18%.4>72

a ITIC b ITIC-2F

C ITIC-M d ITIC-Th

Figure 4.1 (a-d) Chemical structures of ITIC, ITIC-2F, ITIC-M and ITIC-Th, respectively.
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Due to the dominance of fullerene acceptors in the field of organic solar cells over
decades,'®®8” much of the current understanding of processes that originate morphological
instabilities and more specifically, the effect of crystallization in its photovoltaic performance its
partially unknown. Moreover, giving the clear difference in the molecular structure of both
acceptors, the data of fullerene devices cannot be extrapolated.'®1% Several studies have
addressed the relationship between the blend morphology and the performance in NFA
OSCs, 166191192 however, little attention has been paid so far to microstructural features of the
NFAs. Indeed, NFAs including ITIC-derivatives, often develop crystalline domains when they
are solution-processes (e.g. by spin coating, wire-bar coating, etc.)**1%-1% and, importantly, can
crystallize in various polymorphs; i.e. in different crystal forms. Consequently, the solid-state
microstructure and phase morphology of polymer:NFA BHJs often includes a crystalline acceptor
phase. However, the identification and structure-property relationship of the different crystalline
phases that NFAs may present, remains mainly unnoticed by the field. Few studies have addressed
the often-rich phase behaviour of these promising acceptor materials. Hence, the impact of the
different crystalline forms on the electronic properties still remains unclearly understood.
Consequently, significant differences in the efficiency and thermal and morphological stability of
polymer:NFA blends, lead the field to rely on “Edisonian” protocols for optimization in device

fabrication.

The occurrence of polymorphism is common phenomenon observed for many small-
molecule pharmaceutical compounds such as paracetamol and ibuprofen,'*®1%7 and some organic
semiconductors such as TES-ADT*% and TIPS-pentacene.® Polymorphs are different crystalline
forms of the same chemical composition but with a different arrangements or lattice structure i.e.
different unit cell dimensions and packing.?® The basic concept of polymorphism was originally
rationalized in terms of the empirical Ostwald’s rule of stages,?® which states that in the
crystallization of polymorphic systems, the most thermodynamically stable form is the last to
appear; whereas the polymorph initially formed is less thermodynamically stable but its formation

requires to overcome a lower energy barrier. In the case of crystallization from solutions, this can

87



be, for example, due to a favourable solvent-polymorph interfacial free energy.?°> Dominant
interactions between organic semiconducting molecules, including the ITIC derivatives studied
here, are in general weak, e.g., van der Waals, n—7 interactions, hydrogen bonds, and/or
electrostatic interactions, which, in addition, are frequently nonspecific. This results in the general
tendency of organic semiconductors to adopt multiple packing modifications upon
solidification.?%? For crystalizable NFAs, the crystallization into different forms can impact into a
wide range of physical and chemical properties and, thus, the identification of the different
polymorphs and a deep phase behaviour understanding is required for the design of future
materials. Moreover molecular polymorphism may also affect device performance via different
mechanism: for example, different polymorphs can exhibit different optoelectronic properties
because of different overlap between m-orbitals.?%*2% Moreover, crystal habits might differ
between polymorphs, affecting the overall microstructure and leading to different BHJ phase

morphologies.

The few literature reports addressing structural aspects of ITIC-based NFAs agree that
ITIC tend to exhibit a low degree of crystallinity —thus, large amounts of disordered glassy phase—
when it is spin coated from typical solvents such as chlorobenzene (CB), orto-dichlorobenzene
(o-DCB),*%  chloroform (CF),*® orto-xylene (0-Xy),%¥2% dichloromethane (DCM),
etc.4970194.195,207-210 The inclusion of new chemical moieties to the ITIC building block seems to
increase crystallinity and PCE values, as it is the case for ITIC-M221 and ITIC-Th!%22 (the
chemical structures of these compounds are shown in Figure 4.1). Recent reports have
nonetheless suggested that the degree of crystallinity may have a complex effect on the PCE: a
slight increase of crystallinity induced by thermally annealed ITIC below the glass transition
temperature, Tq (Tgmic~ 180 °C #°), by solvent annealing®®* or by using the right amount of solvent
additives®®® seems to be beneficial for PCE and stability!®?; whereas the larger crystallinity
resulting from thermal annealing ITIC above the T4 seems to be detrimental.*® To rationalize the
above results, Yu et al.*® and Ciammaruchi et al.?** have suggested that ITIC is able to crystallize

into different polymorphs; i.e., a low temperature polymorph that develops via diffusion limited
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crystallization at temperatures below T4 and a high-temperature polymorph that develops by
regular cold crystallization at temperatures above the T,. Besides that, Mai et al. have recently
proposed that the enhancement of the device performance in BHJs using a mixture of ITIC and
ITIC-Th results from the development of a large-cell crystalline structure having improved order
along the molecular backbone direction.®® Although relevant, it is not sufficient to gain a

complete understanding of the structural behavior of indacenodithienothiophene-based NFAs.

In this chapter, we identify, characterize and gain understanding of the crystalline forms
of indacenodithienothiophene-based NFAs, namely ITIC, ITIC-2F, ITIC-M and ITIC-Th and
their glassy phases. We show that the low-temperature metastable polymorph, which seem to be
a common feature among highest performing OSCs, including ITIC derivatives'®® and the
benchmark Y6,2'* may play a key role in charge transport in high performing OSCs. To achieve
so, we have used an experimental approach based on fast scanning calorimetry (FSC), grazing
incidence X-ray scattering (GIWAXS) and polarized optical microscopy-spectroscopy (POM-S),
with which we can study in detail both crystalline and glassy phases of spin cast thin films. To
establish a link to optoelectronic properties, we measure the identified polymorphs by
spectroscopic techniques and charge transport properties in field-effect transistors. Importantly,
our data reveal that high charge transport and stronger light absorption are obtained from
metastable polymorph |, characterized by continuous 1D-chain or multidimensional mesh-like
aromatic structures and seemingly poor structural order along the m—m stacking direction.
Concurrently with correlating the solid-state microstructure to the optoelectronic properties, we
explore the impact of relevant processing variables i.e. the temperature —connected to
postprocessing thermal treatments—, the solvent and the employment of co-solvent additives
relative to the microstructure. Our data disclose that certain processing conditions yield a rich
polymorphism in some of the NFAs. We anticipate that a precise identification and understanding
of processing-structure-function relationship will allow the prediction of implications in the long-

term stability of the devices.
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4.3. Results

4.3.1. Polymorphs identification and characterization

The polymorphic phases in indacenodithienothiophene-based NFAs are investigated in 90 to 110-
nm-thick films processed by spin coating 20 mg-mL* solutions at 2000 rpm, which are standard
processing conditions in OSC device manufacturing %23 Phase | polymorphs are obtained from a
CB/DIO solution while higher-temperature polymorphs are cast from CB solution (see Appendix
B for Raman for trapped solvent (Figure B-1) and TGA for degradation (Figure B-2). We find
that all indacenodithienothiophene-based NFAs exhibit polymorphism: Three different
polymorphs are found in case of ITIC, denoted as phase I, phase Il and phase 111, while ITIC-M,
ITIC-2F and ITIC-Th exhibit two polymorphs, namely phase I and phase Il. Phase | polymorphs
develop during casting under specific processing conditions (discussed in detail in Section 4.3.3)
while phase Il polymorphs (and phase 111 in ITIC) are obtained upon thermal treatment (not for
ITIC-Th). For example, ITIC phase Il develops at temperatures above 270 °C from phase | and
at 220 °C from amorphous ITIC (Figure 4.2m). ITIC phase Il polymorph is obtained by heating
phase | at intermediate temperatures between phase | and phase 111 (Figure 4.2i). Lastly, Phase 1l
polymorphs develop during heating ITIC-M, ITIC-2F and ITIC-Th films at respectively, 220 °C,
220 °C and 170 °C (ITIC-2F Figure 4.2j; ITIC-M Figure 4.2k; ITIC-Th Figure 4.2l). Such a
rich polymorphism in NFAs with differences in the terminal acceptor groups, may be the
consequence of different molecular interactions. Hence, the differences in the physicochemical
characteristics of terminal groups (e.g., electronegativity, volume), resulting from the different
chemical functionality, might alter the intermolecular packing and, eventually, the development
of a diverse polymorph set. The Grazing incidence wide angle X-ay scattering (GIWAXS)
patterns of the polymorphs found are presented in Figure 4.2, and the peak parameters are

summarized in Table 4.1.

Ex-situ GIWAXS measurements of the different polymorphs found were carried out in
order to study differences in packing. The GIWAXS patterns for Phase | forms (ITIC Figure 4.2a;

ITIC-2F Figure 4.2b; ITIC-M Figure 4.2c; ITIC-Th Figure 4.2d) are characterized by a number

90



of intense diffraction maxima in the low-q region and rather diffuse peaks in the high-q region.
Polymorphs I (for ITIC-M, ITIC-2F and ITIC-Th) and polymorph Il (for ITIC) exhibit, in
general, a higher amount of well-defined diffraction peaks compared to phase | forms, which
highlights that phase Il (for ITIC-M, ITIC-2F and ITIC-Th) and Phase Ill (for ITIC) lattices
possess more symmetry elements and, likely, larger ordered domains than their phase |
counterparts. Figure 4.2 gathers all the unveiled polymorphs and Table 4.1 the peak parameters
of the indexed patterns. The crystalline coherence length of each reflexion was estimated with
Scherrer equation.’** A more precise development of how these polymorphs packed and

procedure to identify them is explained in the following sections.

ITIC ITIC-2F ITIC-M ITIC-Th

A b Phase [l c M\  Phasel Phase |

CB +DIO

Phase Il

Phase Il

0 &5 10 15 20

Figure 4.2 (a-i) 2D GIWAXS patterns for ITIC phase | (a), phase 11 (¢) and phase 111 (i); ITIC-
2F crystallized in phase | (b) and phase Il (f); ITIC-M crystallized in phase | (c) and phase 1l (g);
and ITIC-Th crystallized in phase I (d) and phase Il (h). All phase | forms are produced by casting
chlorobenzene (CB) solutions containing small amounts of DIO (0.5-1 %). Phases Il and phase
I11 are obtained by annealing the thin films at the temperatures indicated in each panel and cast
from CB.
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Table 4.1 Peak position and crystalline coherence length (CCL) values of the GIWAXS
reflections for identified ITIC-X polymorphs.

periodic aromatic-aliphatic packing n-1 peak
NFA Polymorphs
q(nm™) CCL (nm) q(nm™®) CCL (nm)
ITIC Phase | 3.2 23.2
3.6 23.8 15.5 4.0
4.7 14.7 17.1 5.1
51 11.3
Phase II 3.2 24.0 / )
4.1 18.1
Phase 11 4.1 11.7 18.1 5.9
2.5 64.9
3.2 29.7
Phase | 18.1 3.5
4.2 24.4
ITIC-2F
4.6 16.1
3.7 37.2
Phase Il 18.5 16.7
4.1 23.4
3.0 36.5
Phase | 18.6 5.8
3.8 15.5
ITIC-M
4.4 23.4
Phase I1 18.0 6.6
53 15.7
2.8 20.2
Phase | 3.8 18.8 17.3 7.2
ITIC-Th
4.4 18.2
Phase Il 4.7 16.1 17.9 7.4
43.1.1. ITIC

To identify the different polymorphs of ITIC, a 20 mg-mL™ solution in CB was first spun cast on
top of a silicon substrate. To assure a fair comparison, the same film was in-situ annealed at
depicted temperatures (Figure 4.3), then cooled down to room temperature and finally measured.
Patterns of the film annealed at different temperatures are exhibited together with the out-of-plane

and in-plane integrated profiles (Figure 4.3).
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PHASE | (Figure 4.2a and Figure 4.3a): In agreement with Mai et al.,»*> we interpreted this
pattern as follows: For ITIC as spun on SiO-, a broad diffraction maxima at scattering vector (q)
equal to 3.2 nm™ (d-spacing = 1.90 nm) originates from the backbone periodicity along the in-
plane direction. We also found some multiple diffraction peaks in the low-g region. Among them,
a sharper peak at g = 5.1 nm* (d-spacing = 1.21 nm). The broad maxima around q ~ 17 nm™* (d-
spacing ~ 0.36 nm) can be indexed as the lamellar peak and the n-n stacking peak, respectively.
Moreover, we find that Phase | is favoured if a small amount of 1,8-diiodooctane (DIO), an
additive frequently used during processing of OSCs, is added to the casting solution (Figure 4.2a)
The diffuse scattering from =-r planes indicates largely disordered molecular packing along this
direction. However, all the reflections are localized in relatively narrow range of azimuthal angles,

denoting a preferred molecular orientation in crystals and disordered glassy regions.

m — Out-of-plane
— In-plane

4

320°C

I
0 5 10 15 0 5 10 15 0 5 10 15 0 5 10 15
4 8 12 16 20

g,(nm")

Min m———————————— 1 Max q(nm'1)

Figure 4.3 2D GIWAXS patterns after ex situ annealing the ITIC samples at specified temperature
during 5 min, followed by a rapid cooling to ambient temperature at 50 °C-min*. Annealing
temperatures: (a) 40 °C, (b) 160 °C, (c) 170 °C, (d) 180 °C, (e) 190 °C, (f) 200 °C, (g) 210 °C,
(h) 220 °C, (i) 270 °C, (j) 290 °C, (k) 300 °C and (I) 320 °C. (m) Out-of-plane and in-plane

scattering profiles.
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PHASE Il (Figure 4.2e and Figure 4.3g): Phase Il is characterized by two main diffraction
maxima at q = 3.2 nm? and g = 4.1 nm™ in addition to weak ring-like isotropic signals at larger

g-values.

PHASE 111 (Figure 4.31): Compared to phase | and phase 11, the patterns for the phase 111 exhibit
a higher number of well-defined scattering features. The main reflection at g~ 4.1 nm™ should be
originated from the lamellar packing along the out-of-plane direction, while the reflection at q =
18.1 nm can be indexed as the edge-on n-x stacking with a distance of 0.34 nm, thus slightly
tighter than in the low-temperature phase I. The scattering peaks of phase Il are also significantly
narrower than those of the phase reflecting larger CCL values and mixed indexed peaks appear.
Interestingly, because there is a remarkably good agreement between the peak positions of phase
[11 with the lattice reported by Aldrich et al.,?'® we can hypothesize that this is a triclinic brick-
wall structure in which ITIC backbones are separated by their alkyl substituents. Interestingly, we
observe that already at 270 °C the formation of Phase Il is observed; however, higher order
reflexion and narrower diffraction peaks are observed at higher annealing temperatures. We
would like to mention that we also tried to grow single crystals from CB to characterize the lattice

in phase | and phase Il with no success.

4.3.1.2. ITIC-2F

For ITIC-2F polymorph identification, ITIC-2F was spun cast into a silicon substrate from a CB
solution (Note that phase | is only obtained from CB/DIO solution (see Section 4.3.3)). Again,

same film was annealed at depicted temperatures and measured at room temperature (Figure 4.4).

PHASE I (Figure 4.4a): Phase | pattern shows well-defined reflections. In addition to the lamellar
peak at q = 4.6 nm* (d-spacing = 1.36 nm) and a diffuse n-n stacking peak at g~ 18 nm* (d-
spacing ~ 0.35 nm), this pattern shows further reflections at g= 3.2 nm™ (d-spacing = 1.96 nm)
along the in-plane and at circa 45° from the equator that might be related to the backbone

periodicity. Similar to ITIC, Phase | from ITIC-2F depicts multiple diffraction peaks in the low-

94



g region. Interestingly, Aldrich et al. reported a single-crystal structure for ITIC-2F that included
both face-to-face and edge-to-face molecular packing,?*® which might agree with the double

orientation of molecular backbones found for both crystalline forms.

J ]

d 2000] — Qut-of-plane
— In-plane
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| (a.u.)
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T 290°C

0 5 10 15 20 o |
q.(nm7) 4 8 12 16 20
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Figure 4.4 2D GIWAXS patterns after ex situ annealing the sample at specified temperature
during 10 min, followed by a rapid cooling to ambient temperature at 50 °C-min. ITIC-2F: (a)
cast from CB/ DIO and annealed at 40 °C, (b) cast from CB and annealed at 220 °C and (c) cast

from CB and annealed at 290 °C (d) Out-of-plane and in-plane scattering profiles

PHASE Il (Figure 4.4c): The intense peak at g = 4.1 nm™* (d-spacing = 1.53 nm) along the out-
of-plane direction and at approximately 45° from the equator is related here to the lamellar
packing. The reflection at q = 18.5 nm™ (d-spacing = 0.35 nm) along the in-plane direction is
ascribed to the m-n stacked planes. On annealing, the peaks intensify and mixed index peaks

appear. Interestingly, the lamellar peak in the ITIC-2F crystal appears at lower g-values than
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those of ITIC and ITIC-M (see the Table 4.1), suggesting that the crystal lattice is significantly
expanded in the former. With increasing annealing temperature, we did not observe the
development of a third polymorph. Simply, we observe a peak narrowing and the appearance of

new reflections due to a higher crystallinity.

4.3.1.3. ITIC-M

ITIC-M was spun cast into a silicon substrate from a CB solution (Note that phase | is only
obtained from CB/DIO solution (see Section 4.3.3)). Again, same film was annealed at depicted

temperatures and measured at room temperature (Figure 4.5).

20
15
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d 2000 — Qut-of-plane
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Figure 4.5 2D GIWAXS patterns after ex situ annealing the sample at specified temperature
during 10 min, followed by a rapid cooling to ambient temperature at 50 °C-min™. ITIC-M: (a)
cast from CB/ DIO and annealed at 40 °C, (b) cast from CB and annealed at 220 °C and (c) cast

from CB and annealed at 270 °C (d) Out-of-plane and in-plane scattering profiles

96



PHASE | (Figure 4.5a): Interestingly, the position of the main peak q = 3.8 nm™* (d-spacing =
1.69 nm) —most probably associated with the lamellar packing— does not match with that of the
high-temperature crystalline form, indicating that casting from CB/DIO results in the formation
of either a low-crystalline metastable form in ITIC-M similarly to phase I in ITIC or a rather well-
ordered mesophase. Moreover, the diffraction maxima at scattering vector (q) equal to 3.0 nm'*
(d-spacing = 2.1 nm) originates from the backbone periodicity along the in-plane direction, while

maxima around g~ 18.6 nm* (d-spacing ~0.34 nm) can be indexed as the n-n stacking peak.

PHASE Il (Figure 4.5¢): Well-defined reflections appeared at 240 °C [at q = 4.4 nm™ (d-spacing
= 1.40 nm) and g = 5.3 nm™* (d-spacing = 1.19 nm)] confirming that ITIC-M cold crystallizes at
that temperature. Several mixed index peaks off the g, and qxy axes appear as well. The texture
increases with temperature, until reaching uniaxial crystal orientation in which the lamellar planes

lay parallel to the substrate (peak positions are summarized in Table 4.1).

4.3.1.4. ITIC-Th

The procedure to identify the different ITIC-Th polymorphs was the same as presented above for
the other ITIC derivatives (see Section 4.3.3). It is important to emphasize that ITIC-Th seems to
differ from the other NFAs possibly because the different chemical moiety is in the central
building block and not in the terminal groups as for ITIC-2F and ITIC-M. See section 4.3.5 for a

more detailed description.

PHASE | (Figure 4.6): The GIWAXS pattern for the spun-cast ITIC-Th film allowed also to
resolve the reflections associated to the lamellar order at g= 4.4 nm* (d-spacing = 1.43 nm) and
a diffuse n-n stacking maximum at ca. q = 17.3 nm* (d-spacing = 0.35 nm) of the low temperature
crystal form. Unlike the low-temperature Phase | of ITIC, ITIC-M, and ITIC-2F, the GIWAXS
patterns for ITIC-Th Phase I do not exhibit an intense and broad n—n peak. This observation agrees

with the packing motif reported for B-1TIC-Th single crystals.!®
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PHASE Il (Figure 4.6b): The pattern is indexed as follows: the intense peak at g= 4.7 nm™ (d-
spacing = 1.34 nm) is associated with the lamellar packing and the reflection at g = 17.9 nm™ (d-
spacing = 0.35 nm) corresponds to the scattering from the m-m stack. On annealing, the (h00)
peaks sharpen and intensify, and mixed index peaks appear. Contrarily to the other ITIC
derivatives analysed above, the m-m stacking peak of ITIC-Th appeared in the out-of-plane
direction, which denote a noticeable fraction of face-on crystals and likely related to the reported

a-ITIC-Th lattice.?”
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— |n-plane

T N - 40°C
R =
SN L

0 5 10 15 20 240°C
g (nm”) 4 8 12 16 20
Min . Max q(nm™)

Figure 4.6 2D GIWAXS patterns after ex situ annealing the sample at specified temperature
during 10 min, followed by a rapid cooling to ambient temperature at 50 °C-min*. ITIC-Th: (a)
cast from CB/ DIO and annealed at 40 °C, and (b) cast from CB and annealed at 240 °C. (c) Out-

of-plane and in-plane scattering profiles

4.3.2. Phase | Polymorphs

The GIWAXS patterns found for the phase | polymorphs show comparable patterns characterised
by multiple diffractions in the low-q region (Figure 4.2a-d). These large d-spacing symmetry
planes suggest that ITIC based NFAs Phase | pack into a 1D-chain or multidimensional mesh-

like structures, as those proposed previously for NFA single crystals.95215217-222 |nterestingly,
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these packing motifs are expected to exhibit a high magnitude of electron transfer integral and
therefore efficient charge transfer between molecules. These mesh-like structures feature
continuous aromatic packing that are separated by aliphatic chains?1>217:218220221223 \whjch agrees
with the presence of multiple diffraction peaks in the low-q region.??* Moreover, we further
support these observation with the n—r stacking diffraction that, interestingly, is oriented along
the same direction (i.e., the out-of-plane direction) as the main aromatic—aliphatic periodicity
peaks (at least for low-temperature phases in ITIC, ITIC-M, and ITIC-2F). Having aliphatic
groups in ITIC-based NFAs pendant from the central building blocks, terminal acceptor groups
are free to n—n stack with further terminal groups promoting continuous aromatic structures that

result in 1D- or multidimensional structures.

4.3.3. Screening the effect of casting solvent and additive (processing-structure
relationship)

The microstructure of ITIC films spin cast from CB —i.e. conditions that are typically employed
in OSC fabrication— comprises phase I crystals, which are proven to be metastable. This suggests
that the processing stage plays a major role in the structure development of ITIC. As such, in
order to gain further knowledge about the origin of phase I, we went on to investigate whether
phase | is related to the solvent used. Solvent induced polymorphism is a well-known
phenomenon in organic compounds —including some organic semiconductors like TES-ADT*%
and TIPS-pentacene’® —and has been rationalized with the existing connection between the

energy barrier for the nucleation of crystals and the solvent-polymorph interfacial free energy.2%2

2D GIWAXS patterns for the spun-cast ITIC films from some typical solvents employed
in OSC device processing 3234172 0-Xy,2% CF3 and DCM are shown in Figure 4.7. To assure a
fair and simple comparison, the films were fabricated using equal concentration (20 mg-mL*
solution) and spinning rate (2000 rpm). As it can be observed in the scattering profiles, films

processed from CB and 0-DCB exhibit the diffraction peak at g = 5.2 nm* characteristic of phase
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| crystals. Moreover, the broad peak located at g ~17 nm™ can be indexed as n-r planes oriented
in the same out-plane direction. The scattering profiles of samples processed from o0-Xy, CF and
DCM revealed fairly amorphous films, probably because the higher vapor pressure of these
solvents (at least those of CF and DCM) induced fast solvent evaporation and ITIC vitrified before

crystallization.

| ITIC |
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Figure 4.7 2D GIWAXS patterns of ITIC cast from specified solvent: (a) CB, (b) 0-Xy, (c) CF
and (d) DCM. Out-of-plane and in-plane scattering profiles of ITIC cast from (e) CB, (f) 0-Xy,
(9) CF and (h) DCM.

Having characterized the microstructure of as-cast ITIC film, we tried to gain further
structural information of ITIC thin films by monitoring the evolution of the microstructure with
temperature. In-situ temperature dependent GIWAXS experiments of ITIC spun cast from each
solvent, provides valuable information to understand the effect of casting solvent plus the post-
processing thermal treatments that are frequently applied in NFA-based OSC.%®"® Figure 4.8
gathers the 2D GIWAXS patterns azimuthal integrations recorded during a heating process at 10
°C-min’ of the same films analyzed by ex-situ GIWAXS experiments. As displayed in Figure
4.8 contour plots, a low-crystalline phase | polymorph or an amorphous film is achieved when

ITIC is cast on top of the silicon wafer (as previously observed in Figure 4.7). Our results show
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Figure 4.8 (a-d) Contour plots for the cake-integrations of the 2D-GIWAXS patterns along the
out-of-plane direction (cake width was 5°) for ITIC films spin cast from (a) CB, (b) o-Xy, (c) CF
and (d) DCM collected during a heating ramp from 40 °C to 400 °C at 10 °C-min. (e-h) Out-
of-plane (black line) and in-plane (grey line) scattering profiles at relevant temperatures for ITIC
spin cast from (e) CB, (f) 0-Xy, (g) CF and (h) DCM.

a phase | that remains stable until it reaches approximately 150°C. Above a certain temperature,
a progressive decrease of reflexion intensities and diffused scattering is observed, until the

development of phase 11l polymorph accompanied by the appearance of new reflexions (Table
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4.2). These results are consistent with a glass transition process taking place in that temperature
range (see Section 4.3.4).* It is worth noting, that no phase Il is developed in ITIC during heating
and ITIC is directly transitioned into Phase I11. Subsequently, we state that phase 111 is a common
high-temperature phase in all examined samples. The GIWAXS peak positions and CCL values

for the spun cast samples at relevant temperatures are summarized in Table 4.2.

Table 4.2 Peak parameters of the identified polymorphs: Peak position and crystalline coherence
length (CCL) values of the GIWAXS peaks for ITIC films spin cast from different solvents

Lamellar peaks Backbone peak n-1 peak
Polymorphs  Solvents CCL
q(nm™) g(nm?)  CCL(hm) g(hm™*) CCL(nm)
(nm)

CB 5.2 10.7 3.3 9.4 18 4.0

0-Xy / / / / / /
Phase |

CF / / 3.5 4.6 / /

DCM / / 3.2 4.1 18.7 2.8

CB 4.1 11.7 3.1 24.0 18.1 5.9

0-Xy 4.1 28.7 / / / /
Phase Il

CF 4.1 15.3 / / / /

DCM 4.1 35.3 / / / /

To shed further light on the effect of processing solvents on the microstructure of ITIC,
the impact of adding small amounts (0.25 %, 0.5 % and 1%) of the high-boiling-point co-solvent
1,8-diiodooctane (DIO) in the CB solution®34% was explored. Shown in Figure 4.9 are the 2D
GIWAXS patterns of spin cast ITIC films thus prepared (20 mg-mL* solution) and the
corresponding scattering profiles, respectively. Overall, the addition of DIO enhances the fraction
of phase I crystals in the films (Figure 4.9), especially when 1% DIO is added, which is in line
with previous reports.’*>?13 To correlate the effect of processing the film from a solution
containing small amount of a high-boiling-point co-solvent, films spin cast from 0-Xy/DIO were
examine (Figure 4.10). The use of these non-halogenated solvent has gain attention because it is

considered more environmentally friendly and has proven its worth in the development of OPV

102



technology.®® Likewise, the pattern and scattering profiles confirmed that films with DIO resulted

in larger and coarser crystalline domains.
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Figure 4.9 (a-d) Ex situ, room temperature 2D GIWAXS patterns for ITIC spin coated from CB
solutions containing (a) 0 %, (b) 0.25 %, (c) 0.5 % and (d) 1 % of the high-boiling point co-
solvent 1,8-diiodooctane (D10O). (e) Out-of-plane (black line) and in-plane (grey line) scattering
profiles extracted from the patterns.(f) Contour plots for the cake-integrations of the 2D-GIWAXS
patterns along the out-of-plane direction (cake width was 5°) for ITIC films spin cast from CB
with 0.5% DIO.

Additionally, the thermotropic behaviour by in-situ temperature-dependent GIWAXS
experiments of ITIC films cast from both CB and o-Xy solvents in presence of 1% DIO (see
Figure 4.9f and Figure 4.10f) were carried. Analogously, the phase I polymorph was identified
immediately after casting the solution over the silicon. Upon heating, this phase | remains stable
until approximately 160 °C, at which point the reflections become diffuse and gradually lose their

intensity. Hereby, we observe that phase Il develops above 200 °C to later transform into phase
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I11, indicating that the formation of phase Il crystals is conditioned by the previous presence of
phase I crystals. Indeed, when ITIC is processed from conditions not leading to the development
of awell-ordered phase I (e.g., no DIO is used), Phase Il is absent and ITIC is directly transitioned
into Phase 111 during heating as observed in Figure 4.8. The GIWAXS peak positions and CCL
values for the spin cast samples in presence of DIO at relevant temperatures are summarized in
Table 4.3. Thus, we have probed that the presence of a crystalline phase 1 is crucial for the

formation of phase Il, while phase Il is formed from either ordered or more disordered phases.
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Figure 4.10 (a-d) Ex situ, room temperature 2D GIWAXS patterns for ITIC spin coated from o-
Xy solutions containing (a) 0 %, (b) 0.25 %, (c) 0.5 % and (d) 1 % of the high-boiling point co-
solvent 1,8-diiodooctane (D10). (e) Out-of-plane (black line) and in-plane (grey line) scattering
profiles extracted from the patterns.(f) Contour plots for the integrations of the 2D-GIWAXS
patterns along the out-of-plane direction for ITIC films spin cast from CB with 0.5% DIO.
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Figure 4.11 2D GIWAXS patterns of ITIC derivatives cast from specified solvent: ITIC-2F cast
from (a) CB, (b) CB + DIO, (c) 0-Xy, (d) CF and (¢) DCM. ITIC-M cast from (f) CB, (g) CB +
DIO, (h) 0-Xy, (i) CF and (j) DCM. ITIC-Th cast from (k) CB, (I) CB + DIO, (m) o-Xy, (n) CF
and (o) DCM.

Table 4.3 Peak parameters of the identified polymorphs: Peak position and crystalline coherence
length (CCL) values of the GIWAXS peaks for ITIC films spin cast from chlorobenzene and o-
xylene with 1,8-diiodoctane, DIO.

Lamellar peaks Backbone peak n-T peak
Polym. Solvents CCL CCL CCL
g(nm™) g(nm™) g(nm™)
(nm) (nm) (nm)

CB/DIO 5.2 10.7 3.2 26.1 17.1 51
Phase |

0-Xy/DIO 5.1 7.4 3.2 8.8 16.0 1.7

CB/DIO 4.2 16.8 3.2 30.1 / /
Phase II

0-Xy/DIO 4.1 23.6 3.1 25.9 / /

CB/DIO 4.1 28.8 / / 17.6 18.6
Phase 11

0-Xy/DIO 4.1 30.4 / / / /
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To generalize the effect of the processing solvent with the metastable phase |
development in the indacenodithienothiophene-based NFAs, we checked by GIWAXS scattering
the effect of different casting solvents within the phase | of the different derivatives. Contrary to
ITIC, the three derivatives give rise to largely amorphous films in the presence of chlorobenzene.
Moreover, 2D GIWAXS pattern from Figure 4.11 demonstrate that the molecular order
substantially increases when the film is processed in presence of DIO, consistent with the effect
observed for ITIC. ITIC-2F and ITIC-M films spun cast from 0-Xy, CF and DCM depicted rather
amorphous patterns. Interestingly, ITIC-Th showed neat reflections when is spun cast from DCM.

Spin coating ITIC-Th in 0-Xy, and CF resulted, on the contrary, in amorphous films.

Altogether, we have identify and characterize by means of ex-situ and in-situ GIWAXS
the rich polymorphism of a set of non-fullerene acceptor based on indacenodithienothiophene.
However, films have demonstrate to present large amount of disorder glassy phase that needs to

be understood.

4.3.4. Glassy phases

The microstructure of spun cast ITIC comprises large amount of disordered glassy phase, which
must also be characterized in order to have a full picture of the microstructure of the material. To
achieve so, we probed the thermal behavior of the glassy phase via the analysis of the enthalpy
recovery by fast scanning calorimetry (FSC). The methodology employed,'® is described in
Chapter 2 Section 2.3.1.1. Briefly, we followed the enthalpic recovery attributed to the glassy
state along different temperatures to determine the onset glass transition temperature e.g. the
Tgonset. INterestingly, the approach developed by Cangialosi et al.*>** allowed us to measure thin

films processed and spun cast as the films measured by GIWAXS.

Shown in Figure 4.12a are the heat flow rate (W) heating scans (conducted at 4000 °C-s’
Y for ITIC thin films deposited by spin coating (2000 rpm from 20 mg-mL* CB solution) onto

the FSC chip sensors. Blue and green lines correspond to the W for non-aged films and films aged
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for 1h at the indicated ageing temperatures, T, respectively. Endothermic overshoots due to the
enthalpy recovery are clearly visible after ITIC was aged at temperatures between 90 and 180 °C,
which highlights that at least a fraction of ITIC is in the glassy state in that temperature range.
The plot of the amount of relaxed enthalpy (AH) vs Ta (lower panel in Figure 4.12b) shows that
the relaxed enthalpy equals to zero when samples are aged at temperatures above 184 °C,
indicating that 184 °C corresponds to the first temperatures at which ITIC starts to vitrify upon

cooling at 4000 °C-s™ (i.e. the Tgon).

W(endo up)

190
//\”0 — T
//_-,\115 — T
//\120 T
15| 54
130
/_’—’_\135 — T
0 100 200 300 400 0 100 200 300 400
T(°C)
T(°C)
80 120 160 200 240 280 320 360 400

— 100

= — 120
i — 130
— 140
= 150
— 160
— 170
- 180
— 190
= 200
— 210
— 220
. — 225
Estimated Tg,onset 184 °C — 230

0 0-C O —_ 235

. : . d : . — 240
60 80 100 120 140 160 180 200 220
T.(1h, °C)

Figure 4.12 (a) FSC heat flow rate (W) scans (at 4000 °C-s™) for ITIC thin films. Blue and green
lines correspond to the calorimetric signals for non-aged ITIC and ITIC aged for 1h at the
indicated temperatures, respectively. (b) Upper panel: excess of heat flow rate (AW, i.e. the
difference between the W of the samples aged for 1h and the W of the reference) due to the

enthalpy recovery plotted against the scanned temperature for each ageing temperature, T.
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We recall that our data shown above evidenced that the metastable phase | transformed
into phase Il at temperatures below 200 °C, hence the same temperature region where the glass
transition of ITIC is detected. Thus, in order to validate that the endothermic peak found in our
FSC analysis is due to the aging of the ITIC glass, we monitored the time evolution of the
overshoot at a temperature below the Tgon, €.9. Ta = 120 °C. This was achieved conducting
isothermal relaxation experiments (see section 2.3.1.1). The upper panel of Figure 4.13a shows
how ageing ITIC at 120 °C results in the progressive increase of the enthalpy recovery peak as
increasing the ageing time, t.. Because the integration of this peak should provide an enthalpy
value that is proportional to the advance of the physical process that is occurring in the material
(enthalpy recovery, crystallization, etc.), one can fit the data to a Kohlrausch-Williams-Watts
(KWW) law?** (equation 4.1) and calculate the exponent B, which will inform about the nature

of such physical process:
AH = a — (a — b) -exp(—t/T) B (Equation 4.1)

The value of the B exponent was in this case 0.30, which is a typical value for the glassy dynamics
involved in the aging of glasses??® and moreover incompatible with the Avrami-like kinetics
expected for crystallizations, for which B > 0.5 could be expected. This would confirm that the
endothermic peaks above analysed are indeed associated with the aging of the ITIC glassy phase.
We note in addition that the value of the Tyonset fOund in these experiments agrees well with the

step-like jump of the W observed in the reference heating scan.

Oddly, ageing ITIC at temperatures below 90 °C results in the appearance of a different
endothermic signal in the W scans Figure 4.13b), whose associated enthalpy scales with t,
according to the KWW law with a stretching exponent p = 0.34, thus again compatible with glassy
dynamics. As a result, we interpret this signal as originated by a second mechanism of equilibrium
recovery of the glass below the T,. Indeed, this partial equilibration of the glass occurs in the

timescale of days at 20 °C, which may affect the morphological stability of bulk heterojunctions.
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Figure 4.13 The amount of enthalpy change (AH) vs Ta. Upper panels correspond to AW after
aging the sample for different ageing periods (t., from 10 to 10* s) at 120 °C (a) and, 20 °C (b).
Lower panels show the amount of AH as a function of ta at each isothermal temperature. Grey

lines are fits to KWW functions.

Likewise, in-situ temperature-dependent GIWAXS analysis conducted during heating
ITIC (Figure 4.14a) showed that phase Il polymorph appears when glass transition temperature
detected by FSC and DSC (Figure 4.14b) is surpassed. This is compatible with a classical cold
crystallization process in which a supercooled liquid evolves to a thermodynamic state of lower
free energy via crystallization. Based on these results, we were able to estimate the T4 and melting
temperature values of the different ITIC derivatives. In full agreement with the DSC data (ITIC-
2F, Figure 4.14d; ITIC-M, Figure 4.14f; ITIC-Th, Figure 4.14h), well defined reflexions
appeared when the Ty was surpassed. Interestingly, ITIC-Th showed a step-like increase at around

130 °C depicting the lowest Ty among the studied ITIC derivatives. This was accompanied by the
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appearance of sharp diffraction peaks in the temperature-resolved GIWAXS. The data regarding

the values of thermal transitions collected from the different techniques are included in Table 4.4.

T(°C)
40 80 120 160 200 240 280 320 360 400

T(°C)
40 80 120 160 200 240 280 320 360 400

ITIC CB+DIO Max

Ph |

4 8 12 16 20

g(nm™) W(mW)

—h

ITIC-M CB+DIO  Max

| '

Ph Il

4 8 12 16 20

q(nm™) W(mWw)

4080 120 160 200 240 280 320 360 400

40 80 120 160 200 240 280 320 360 400

T(°C)
40 80 120 160 200 240 280 320 360 400

T(°C)

g
) o
< <
[ [

80 120 160 200 240 280

40

T(°C)

40 80 120 160 200 240 280 320 360 400

"4 8 12 16 20
q(nm-') W(mW)

Ph |
120 160 200 240 280
T(°C)

80

40

4 8 12 16 20
q(nm*) W(mW)

Figure 4.14 Azimuthal integrations of the 2D GIWAXS patterns recorded for (a) ITIC, (c) ITIC-
2F, (e) ITIC-M and (g) ITIC-Th spin cast films (with 0.5% DIO) plotted against temperature and
q while heating the samples at 10 °C-min-t. DSC 1st heating scans for drop cast films: (b) ITIC,
(d) ITIC-2F, (f) ITIC-M and (h) ITIC-Th.

Table 4.4 Summary of experimentally measured backbone Ty with DSC, Tgonset measured with

FSC and Tm measured with DSC.

ITIC ITIC-2F ITIC-M ITIC-Th
Ty (°C) DSC 177 165 174 125
Tgonset (°C) FSC 184 195 - -
Tm (°C) 342 328 >350 275
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4.3.5. What makes ITIC-Th distinct?

As previously highlighted, ITIC-Th compared to ITIC-2F and ITIC-M NFAs, has the different
chemical moiety in the central building block and not as terminal group. Consequently, its
molecular packing and thermotropic behaviour seems to differ from the other NFAs: (i) as eluded
before, 2D-GIWAXS pattern of Phase | does not exhibit an intense and broad n—= peak (Figure
4.2d) and, the n-n stacking peak of ITIC-Th Phase Il appeared in the out-of-plane direction, which
denote a noticeable fraction of face-on crystals (Figure 4.2h). (ii) Phase 1l polymorph is only
developed from amorphous ITIC-Th film both during heating and after annealing (see Figure
4.15a-b and Figure 4.15e). (iii) Interestingly, we found that Phase | polymorph is the
thermodynamically stable form of ITIC-Th. This conjecture is supported by our in-situ GIWAXS
observations that Phase |1 does not appear during heating Phase | (Figure 4.14g) and neither after

annealing the film at 240 °C during 10 minutes (Figure 4.15c-d).

mC-Thl b M !TIC-Th
[ =240°C

ITIC-Th ITIC-Th
T =240°C
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Figure 4.15 EXx situ, room temperature 2D GIWAXS patterns for a) ITIC-Th cast from CB, b)
ITIC-Th cast from CB and annealed at 240 °C, c) ITIC-Th spin coated from CB/DIO solutions
and d) ITIC-Th spin coated from CB/DIO solutions and annealed at 240 °C. Azimuthal
integrations of the 2D GIWAXS patterns recorded for €) ITIC-Th cast from chlorobenzene plotted
against temperature and g while heating the samples at 10 °C-min . The formation of Phase II
from the molten ITIC-Th is detected.
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4.3.6. Phase behaviour correlation analysis

To further elucidate the complex thermotropic behaviour and to establish a proper structure-
function relation, we discuss, using an energy diagram depicted in Figure 4.16, the phase
behaviour of indacenodithienothiophene-based NFA. From now on, the discussion will focus on
ITIC, as it has the richest polymorphism and it is the core from which the other SMAs have been
derived. We argue that phase | polymorphs are thermodynamically metastable whereas high
temperature phase 11 and phase 111 are thermodynamically stable-phases. We base our hypothesis
that phase | forms are metastable (unless ITIC-Th Phase 1) on two main arguments: (i) the
transitions between phase | and the high-temperature phases (phase Il and phase Ill) are not
reversible. We deduce this from the data given in, e.g., Figure 4.2, which displays the GIWAXS
patterns of phases Il and 11l acquired from samples that were first thermally annealed (for 5 min)
at the temperatures indicated and then cooled to 25 °C at 50 °C-min proving that after annealing
phase | cannot be recovered. (ii) The DSC data (Figure 4.16¢ and Figure 4.14) shows that the
transitions from phase | to phase Il polymorph is exothermic in all cases, characteristic of a
monotropic transition, i.e., a transition from a metastable phase to a stable phase. Therefore, the
as-cast phase | does not correspond to the phase having the lowest free energy content in the

temperature range and pressure.

In the case of ITIC, the polymorphic transition between phase Il and phase |11 seems to
be enantiotropic because the transition is endothermic (Figure 4.16c), meaning that phase 11 and
phase Il are both thermodynamically stable in their respective temperature ranges. To confirm
reversible transitions between both polymorphs DSC experiments cycling between these two
temperatures were performed (see Appendix Figure B-3 and Figure B-4). Doubtless, cooling
scans displayed an exothermic transitions related to the polymorphic transition from phase 111 to
phase Il. Subsequent heating scans showed the endothermic overshoot related to the crossover
between the temperatures of the thermodynamic equilibrium of the phases. Thus, we argue that
the transition between phase Il and Il polymorphs is enantiotropic because it is a reversible

transition that occurs when cooling phase I11. Nevertheless, phase 111 would correspond to the
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Figure 4.16 (a) Polarized optical microscopy (POM) images (b) Contour plot of the azimuthal
integrations 2D GIWAXS patterns. Both experiments were acquired from room temperature up
to 400 °C at 10 °C-min and recorded for a drop cast ITIC film (20 mg-mL™ in CB) (c) DSC 1%
heating scan acquired during a heating ramp from -50 °C to 320 °C at 20 °C-min.. (d) Schematic
free energy (G) versus temperature (T) diagram for ITIC crystalline phases. The green, blue,
yellow and grey solid lines correspond to the free energy for the phase I, the phase I, the phase
I1 and the ITIC melt (Gn), respectively. The dashed red line describes the evolution of G for a 100
% crystalline ITIC during heating. Tion, Tuom, and Tmu represent the phase transition
temperatures from phase | to phase 11, from phase 11 to phase Il and from phase I11 to ITIC melt,
respectively.
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thermodynamically preferred crystalline phase in ITIC because, first it is the last form to evolve
prior to the solid-melt transition, and second it develops independently of the processing

conditions applied (Figure 4.8).

Supporting above mentioned results, PLOM micrographs collected upon heating the
sample at 10 °C-min‘, evidenced that ITIC goes through alternating steps where birefringence is
lost and recovered during the heating scan (Figure 4.16). This image line clearly evidences that
the as-cast partially-ordered material progressively losses the birefringence as increasing the
temperature from 100 to 210 °C. At 220 °C birefringence starts recovering again, which is
accompanied by the appearance of new reflexions recorded by in-situ GIWAXS (Figure 4.16b)
suggesting that a new crystal form is developed at those temperatures in full agreement with Yu’s
work.*® At 280 °C a further increase of birefringence accompanied by a change of colour is
detected. Lastly, birefringence decreases to zero at approximately 350 °C. By analogy with typical
differential scanning calorimetry (DSC) experiments and in-situ temperature-dependent
GIWAXS, POM data evidences two phase transitions as heating ITIC where molecular order is

lost and another two transitions in which molecular order is enhanced during sample heating.

Hence, the thermotropic behavior of ITIC can be understood employing the free energy
(G) diagram shown in Figure 4.16d. In it, the crystalline phase with the lowest value of G at a
certain temperature is the thermodynamically stable form at that temperature. Hence, the
temperatures at which two G-lines intersect correspond to thermodynamic phase transition
temperatures, as it is the case for the melting of phase Il at the temperature Tm, . However, as
mentioned above, phase | would not be the thermodynamically stable phase in their temperature
regions, hence, their G-value should be higher than that of phase Ill in those regions. As
mentioned above, the Ostwald’s rule of stages®* states that in the crystallization of polymorphic
systems, the most thermodynamically stable form is the last to appear; whereas the polymorph
initially formed is less thermodynamically stable but its formation requires to overcome a lower
energy barrier. Being phase | monotropic phase, phase Il and phase Il could be in principle

achieved by heating phases I at specific temperature, however, the transformation rate is expected
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to be faster at higher temperatures. Moreover, although the heating of phase | would eventually
lead to the phase 111, phase |1 is first developed when heating phase I, which suggests that phase
Il corresponds to another partial minimum in the G landscape of ITIC in s certain range of

temperatures.

4.3.7. Interplay between phase behaviour and electronic properties

To link the effect of different crystal polymorphs with the device function, we first focused on
the charge transport properties of the different polymorphs, hypothesizing that different molecular
packing may affect the latter. For this purpose, we fabricated field-effect transistors (OFETS),
using a top-gate bottom-contact device architecture, as shown in Figure 4.17a. Despite mobility
in OFETSs is typically different from the one of bulk films because current flows solely within the
few nanometres at the interface with the dielectric, it is a useful parameter to assess the impact of
microstructural variations on transport properties. Representative transfer characteristics for ITIC
phase Ill, both in the linear (V4 =10V) and saturation (V4 =60V) regimes, from which the mobility
values were extracted, are shown in Figure 4.17b (see Appendix B for additional devices (Figure
B-5)). The device exhibited a good ideality in terms of linearity of drain current (l4) as a function
of gate voltage (Vy), at a given drain voltage (Vq; source voltage Vs is set to 0 V), and a reliability
factor in saturation, rs, of 30%, where the main source of non-ideality is related to a consistent
shift of the threshold voltage (V) towards positive voltage, reaching 32 V probably associated to
a non-negligible contact resistance. The result that stands out is that all phase | polymorphs in the
four derivatives investigated exhibit comparable saturation field-effect mobilities (psar) to the
high-temperature polymorph, despite the inherent disorder along the n-n stacking planes found in
phase | polymorphs (Figure 4.17a), which may be expected to limit charge transport. More
precisely, Phase Il and Phase Il ITIC devices show a slight enhancement of the mobility
compared to phase | devices, but the opposite trend is observed for ITIC-M, ITIC-2F and ITIC-
Th, for which higher saturation mobility values are measured for phase I than for phase Il (see

Appendix B for additional devices (Figure B-6)). Mobility values are summarized in Table 4.5
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We note that best phase 111 devices were fabricated applying an annealing temperature of 270 °C,

which differs from the optimal annealing temperature for phase 11l development according to

GIWAXS (i.e. 300 °C). In fact, annealing at temperatures above 270 °C resulted in extremely

poor devices despite the high crystallinity of the materials (see Appendix B Figure B-7).
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Figure 4.17 (a) Saturation field-effect mobility, psa, values measured for the different ITIC

polymorphs. The inset shows a schematic of the OFET device architecture used. (b)

Representative transfer characteristic of ITIC phase Il (annealed at 270 °C for 5 min) in the linear

(V4 =10 V) and saturation (Vq = 60 V) regimes. Dashed line corresponds to the square root of the

current in saturation regime is shown.

To gain insights why polymorph | phases generally seem to lead to the highest-

performing devices, absorption and photoluminescence spectra of each polymorphs normalized

to thickness were studied. Intriguingly, strong difference in the optical absorption and emission

of the NFA films crystallized in phase I, phase Il and phase 111 were found in UV-Vis absorption
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and photoluminescence spectroscopy (PL) measurements (Figure 4.18). UV-vis absorption and

PL measurements for each NFA were performed at room temperature on a single sample
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Figure 4.18 (a) Room temperature UV-Vis absorption spectra for phase | (green lines), phase Il
(blue lines) and phase 111 (yellow lines) for ITIC, ITIC-2F, ITIC-M and ITIC-Th. (b) PL spectra
for ITIC, ITIC-2F, ITIC-M and ITIC-Th films in the phase I, phase 1l and ITIC phase IlI. All the
samples were measured under the same excitation wavelength (633 nm). The films are normalized

to thickness

crystallized into phase I and phase I1 (and Phase 111 in the ITIC case) and normalized to thickness,
so that absorbed intensities for the different polymorphs are comparable. Our data clearly shows
that the light absorption (and emission) is significantly stronger in phase | polymorphs than the
high-temperature polymorphs, i.e. phase Il in ITIC-2F and ITIC-M and phase Il and 111 in ITIC.
This is interpreted to result from an increased J-aggregate coupling in continuous aromatic
structures found in Phase | forms, which could be the reason why phase | polymorphs outperform
the other forms (phase Il and I11) in photovoltaic devices. It should be note that for ITIC-Th the

absorption of phase Il is slightly higher to phase I, however, phase | showed significantly higher
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intensity when measured by photoluminescence spectroscopy. A further analysis of the absorption

spectra reveals, moreover, that the absorption maxima (Amax) Of the high-temperature polymorphs

(phase 11 and 1I1) appears, in general, to be slightly red-shifted compared to that of phase |

polymorphs. This results in lower optical bandgaps (Eg) for the former phases (data are

summarized in Table 4.5). The phase Il of ITIC is the exception (solid blue line in Figure 3c) as

it exhibits Amax and the absorption onset blue-shifted, resulting in a larger optical band-gap (Eg).

Table 4.5 Optoelectronic parameters for the different microstructures identified in ITIC, ITIC-

M, ITIC-2F and ITIC-Th.

ITIC

ITIC-2F ITIC-M ITIC-Th

Phl  Phll

Ph 1l Phl Phll Ph1l Phll Phl Phll

usat (cm?/Vs) 0.028 0.043 0.05 0.025 0.023 0.018 0.016 0.034 0.027

E, (V) 149 153
Amax (Nm) 712 705

Thick. (nm) 819 68.2

1.49 148 1.40 157 155 155 154
716 726 732 743 777 695 700

60.9 559 5738 52.7 701 646 56.3
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Figure 4.19 Energetic
levels for the ITIC
polymorphs calculated
from UPS and UV-vis
data

The energetic levels of the ITIC polymorphs were
assessed in more detail using ultraviolet photoelectron
spectroscopy (UPS) (details are included in the Appendix B
Figure B-8). As shown in the inset of the upper panel in
Figure 4.19, the HOMO level of phase | is at 5.64 eV, that of
phase Il is at 5.70 and the one for phase Il is at 5.57 eV. The
LUMO levels, on the other hand, are at 4.15, 4.17, and 4.08
eV for phase I, phase Il and phase I, respectively. Therefore,
in principle, while differences exist, all polymorphs in ITIC
exhibit relatively good energy level alignments relative to the
donor polymers from the benzodithiophene-
benzodithiophenedione-based donor copolymer family, such

as PBDB-T.%*
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4.4. Conclusions

In conclusion, we have rationalized the structural behaviour of high-performing
indacenodithienothiophene-based NFAs with different functionalities. Our structural
investigation encompassed the study of both crystalline phases and disordered glassy phases,
which was achieved thanks to the rational combination of mainly FSC and GIWAXS. From our

results we conclude the following:

- Our findings indicate that indacenodithienothiophene based NFAs present a reach
polymorphism with at least two crystalline phases: a metastable phase | characterized by
an ordered structure with a multidimensional mesh-like continuous aromatic structures
and poor along the n-n stacking planes; and a highly ordered thermodynamically stable
high-temperature phase (or phases, in the case of ITIC phases). Interestingly, packing
motifs as found for polymorphs I (continuous aromatic structures, poor n-m stacking)
seem to be a common feature among highest performing OSCs, including ITIC
derivatives'®® and the benchmark Y6.2*> This packing may be the consequence of a
chemical structure with aliphatic chains pendant form the central molecular building
blocks while having the terminal acceptor groups free to m-n stack into a continuous

network.

- Processing variables of OSCs such as processing solvent, thermal treatments and the use-
of co-solvent additives have proven to be key in the development of phase I polymorphs.
Furthermore, in the case of ITIC, its formation resulted to be critical in the transition to
phase 1. Engagingly, ITIC Phase I is developed from chlorinated aromatic solvents while

the three derivatives require a co-solvent to develop Phase I.

- Diversely, ITIC-Th having a different chemical moiety in the central building block and
not as terminal group, turned out to develop a different thermotropic behaviour and
molecular packing than its counterparts. Thus, ITIC-Th’s Phase 1 polymorph is a

thermodynamically stable polymorphs as it is Phase I1.

119



- ITIC and its congeners are also characterized by a large amount of disordered phase
independent of the solvent used for processing. This tendency to vitrify is reflected in
their high T, values, which ranges between 160 and 200 °C for the different derivatives.
Indeed, high Tgs seems to be a common feature among high-performing acceptor
molecules for OPV, such as PC7BM, Y, etc. as the formation of percolated nanoscale
domains would require the rapid quenching of the morphology right after the liquid-liquid
phase separation occurs. In addition to the glass transition, we found a second partial
equilibration process of the ITIC glass that progresses in the timescale of few days at 20
°C. For a structural viewpoint, this equilibration results in the densification of the glassy

domains and thus may affect the stability of devices.

- Moreover, phase | polymorphs exhibit a stronger light absorption comparing to their high-
temperature counterparts, and outperform comparable charge transport properties as
measured in field-effect transistors. Anyhow, it is interesting to highlight that
indacenodithienothiophene-based NFAs exhibit, in general, rather similar ps Values and
optical properties regardless of the different degrees of crystallinity and crystal structures.
This tolerance to structural modifications confers them a large flexibility for device
processing, which can be a major advantage as the processing conditions can be focused
on other aspects of the active layer, e.g. a suitable morphology, with little impact on the

optoelectronic properties of acceptor domains.

This framework will provide crystal engineering and materials design guidelines and will
encourage searching for similar structural-function relation studies for other higher performing
NFAs, such as Y6, N3, etc. Most significantly, demonstrates that the understanding of phase |
polymorph is critical in order to establish meaningful structure-function relationships in OSCs

and obtain insights, for instance, into structural degradation mechanisms of NFA-based devices.
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5. Determining the absolute composition of amorphous mixed

phases in bulk heterojunctions of organic photovoltaics

5.1. Summary

It is well-known that non-crystalline, i.e. amorphous, fractions of n-conjugated polymer donors
and molecular acceptors are partially miscible, which often results in the creation of amorphous
intermixed domains in organic solar cells. It is also well-known that such intermixed amorphous
domains actively participate in the photophysical and transport properties of devices. Hence,
molecular donor:acceptor intermixing must be precisely controlled and optimized to reach high
device-performances. However, prior to this work, no experimental methodology existed that
allowed to quantify the amount of intermixing, i.e. the composition, of these mixed phases in
actual devices, which has clearly hindered the establishment of direct links between the
morphology and device function. In this chapter, we present a novel methodology based on
ultrafast calorimetry that allows for the first time to determine the absolute composition of mixed
domains in bulk heterojunction (BHJ) of device-relevant thin films. On one hand, by quantifying
the composition of our systems of reference, we unravel that the most efficient charge generation
is obtained with a relatively small fraction (<15 wt%) of an acceptor in the intermixed amorphous
phase. On the other hand, we learned that a considerable amount of acceptor in the intermixed
phase (~55 wt%) is needed to upheld charge transport. In general, our work outlines that fast
scanning calorimetry is a powerful tool for establishing a complete compositional characterization
of organic bulk heterojunctions. Hence, it will be critical in advancing quantitative morphology-
function models that allow for the rational design of these devices, and in delivering insights in,
e.g., solar cell degradation mechanisms via phase separation, especially for more complex high-

performing systems such as nonfullerene acceptor:polymer bulk heterojunctions.

This work was published in Advanced Materials (10.1002/adma.202005241).1%"
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5.2. Introduction

Bulk heterojunction (BHJ), the most efficient organic photovoltaic layer to date, is composed of
ablend between a semiconducting donor and an semiconducting acceptor material?? in an attempt
to achieve charge separation after photo-excitation.??” Since the introduction of the bulk
heterojunction,® the field of OSC has progressed exponentially reaching ~18% efficiency and
offering environmentally friendly processing for single-junction devices.*217222¢-230 Efficient
BHJs are easily obtained via scalable printing and coating techniques. However, solution
processing often leads to rather complex phase morphologies with various scenarios.?*?% The
morphology of polymer:fullerene or non-fullerene blends is characterized by donor-rich domains,
if semicrystalline polymers are used; acceptor-rich domains, and a third amorphous phase where
both components are molecularly intermixed (see Figure 5.1).179233-2% The degree of intermixing
in this amorphous phases relies on the molecular interplay between the donor and acceptor
componentst®®23” and contribute to determining the performance of the OSCs with either positive

or adverse effects,168:238-240

The miscellaneous impact of the amorphous donor:acceptor intermixed phase on various
optoelectronic processes is well-known. For instance, charge generation is positively enhanced
168,170,241 and, thus, short circuit current; whereas charge recombination emerges as a collateral-
effect with a certain degree of intermixing, negatively affecting charge transport/extraction and
therefore lowering fill factor (FF).%%%166.242 However, a direct correlation has not yet been
established'’® and a quantitative picture of how much intermixing is required is missing. The
experimental characterization of the composition of mixed phases has turned out to be
challenging, among other reasons, because advanced experimental techniques providing
quantitative compositional information with 10-nm-scale resolution are required. For example,
energy filtered TEM?*324 and scanning transmission X-ray microscopy (together with NEXAFS
spectroscopy)66168245 have attempted to this end; but resonant soft X-ray scattering (R-SoXS)
and near-edge X-ray absorption fine structure spectroscopy'168.234245246 haye emerged as the

preferred choice to asses mixed amorphous phases. Via the analysis of the total scattering
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intensity, R-SoXS allows estimating the average relative purity of domains as compared to a
reference sample.?*2*8 However, despite being established techniques, do not provide absolute
values of domain composition in device-relevant films but rather estimate an average purity as
compared to the macroscopic size reference sample.?*® Concurrently, the identification of a
methodology and a parameter that directly correlates morphology is required to complement the

more “Edisonian” approaches of materials design and device optimization.

BHJ Morphology
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Figure 5.1 Schematic of an exemplary multi-phase morphology in a polymer:fullerene organic

solar cell. Such a blend may comprise, among other things, a crystalline polymer phase, fullerene-

rich domains and amorphous intermixed regions.

In this chapter, we envisage this issue from a polymer physics fundamental standpoint.?5°
The miscibility of a blend is complex and may lead to several possible scenarios. The two rather
limiting situations where (i) an immiscible system due to chemical incompatibility between
components yields a morphology consisting of two phases based on each of the pure compounds
or (ii) a miscible binary system, rendering a homogenous mixed phase. However, the current
perception of miscibility also includes systems with compositional nanoheterojunctions where the
degree of the intermixing depends on the intermolecular interactions of both components and,
thus, can be associated with the Flory—Huggins interaction parameter y, % and the glass
transition temperature (Tg) is the parameter for the evaluation and quantification of the degree of

miscibility.?° The determination of the mixing is based on the measurement of the glass transition
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signal of the blend which is typically located in-between the glass-temperatures of the pure
components and consistent with the composition of the blend as proposed by Gordon and
Taylor®!, however, there are genuine difficulties in measuring the T4 of these semiconducting
donor:acceptor blends. Furthermore, the T, values for organic blends in actual devices are mostly
unknown , and entail additional difficulty since techniques employed for the determination of the
T4 such as dynamical mechanical analysis (DMA) or differential scanning calorimetry (DSC),

require large quantities of bulk samples.??2

Here, we demonstrate on model systems based on blends of high molecular weight
semicrystalline polymer poly(3-hexylthiophene) (P3HT),?% and two fullerene derivatives having
different miscibility with P3HT, namely the mono and the bis-adducts of the o-xylenyl C60
(denoted as OXCMA and OXCBA, respectively)??5° (Figure 5.2), that fast scanning calorimetry
(FSC) allows for the direct determination of the absolute composition of the intermixed domains
in BHJ OSCs. We not only develop a methodology to accurately determine the composition of
the intermixed phases but are also introducing fast scanning calorimetry as the key tool to identify
and measure structural order in semiconducting polymers. The novelty and effectiveness of fast
scanning calorimetry (FSC) is based on the fact that (i) multiple glass transition temperature
signals can be detected at a level of heterogeneity characterized by a domain size within the rage
of 15-20 nm; (ii) device-relevant thin films can be measure by using the approach developed by
Cangialosi et al.™*®; and (iii) the high cooling and heating rates (> 4000 °C-s!) allow to measure
highly vitrified reference blends (iv) avoiding thermal degradation. Thus, Chapter 5 gathers the
detail description and validation of a novel approach for the gquantitative determination of the
composition of amorphous intermixed phases in OSC which is based on the following steps: (i)
we first determine the glass transition temperature of the ideal mixed systems as a function of
composition, by gquenching the polymer:fullerene material system at extremely high cooling rates.
(i1) We then build a glass transition versus polymer concentration master curve on the grounds

that the glass transition of mixed domains is coherently affected by the relative amount of donor

124



and acceptor molecules in the phase. (iii) We determine the T, of the intermixed phase of the

device-relevant sample to finally establish a direct link between morphology and device function.

5.3. Results and Discussion

5.3.1. Model systems

To determine the absolute composition of the intermixed domains in BHJ OSC blends, we use as
a model system blends of the semicrystalline poly(3-hexylthiophene) (P3HT, My, = 135 kg/mol,
D = 1.6, regioregularity: 99.9 %)% and two different fullerene derivatives, i.e. the mono- and the
bis-adducts of the o-xylenyl Cgo, denoted as OXCMA and OXCBA, respectively?*2%® (Figure

5.2). Thin films were spin cast at 1000 rpm from a 20 mg-mL* orto-dichlorobenzene solution.

P3HT

Figure 5.2 Chemical structures of the model materials used in this work: poly(3-hexylthiophene-
2,5-diyl) (P3HT) (a), o-xylenyl C60 mono-adduct (OXCMA) (b) and bis-adduct (OXCBA) (c).

The rationale for the choice of P3HT:OXCMA and P3HT:OXCBA binary systems is as
follows. On one hand, regioregular P3HT has proven to give rise to a multi-phase morphology
upon mixing with fullerene derivatives in solution,?*® leading to the formation of vitrified
intermixed domains. To confirm the vitrification of the blend, P3HT:OXCMA and
P3HT:OXCBA blends were evaluated by means of GIWAXS ex-situ experiments. As displayed

in Figure 5.3, grazing-incidence wide-angle X-ray scattering (GIWAXS) data reveal well-defined
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scattering features for neat polymer film. P3HT film exhibits the characteristic meridional
reflexions (h00) of the crystalline phase o plus a diffuse (010) attributed to n-x stacking indicating
that the lamella are in “edge-on” orientation.?® Interestingly, the addition of the fullerene
acceptor causes the reduction of (100) diffraction intensity and the vanishing of higher order of
the (100) reflection, indicating a lower degree of crystallinity in the blend (Note that this effect is
stronger for OXCBA where the (100) is not even discernible). In view of these results, we confirm

that vitrified thin films are obtained for both P3HT:OXCMA and P3HT:OXCBA binaries.
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Figure 5.3 (a) GIWAXS patterns for as-cast films of neat P3HT, and P3HT:OXCMA (50:50) and
P3HT:OXCBA (50:50) blend films, indicating the vitrifying effect blending has on P3HT. (b)
Out-of-plane and in-plane profiles.

For further structural clarifications, differential scanning calorimetry (DSC) was
employed. DSC samples were prepared dissolving the appropriate weight ratio of P3HT to
OXCMA or OXCBA in chlorobenzene, to a total concentration of 20 mg-mL™. The blends were
then drop cast on to glass slides, which were dried for 3 days in a vacuum oven to remove residual
solvent. These films were then peeled off from the glass slides for analysis. Figure 5.4a-b shows
the first heating thermograms of drop cast binaries using different compositions recorded at 20
°C-min! (Note that endothermic is upwards). All the thermograms of the binary blends showed
the characteristic melting peak at ~240 °C. Interestingly, upon the addition of the fullerene
adducts a drastic reduction of the melting enthalpies is observed. (Figure 5.4a-b). This effect is

characteristic of significantly reduced molecular order, highlighting the severe effect blending
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can have on the solid-state structure of semicrystalline polymers. In addition, the melting point
reduction turned out to be more distinct for blends containing OXCBA (Figure 5.4c-d), indicating
a larger miscibility between OXCBA and P3HT compared to OXCMA in complete agreement
with our GIWAXS observations. Anyway, a significant decrease of the enthalpy of fusion is noted
for both blends, which indicates that intermixing leads to partial vitrification — i.e., blending

reduces the degree of order in P3HT.
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Figure 5.4 DSC heating thermograms of P3BHT:OXCMA (a) and P3HT:OXCBA blends (b) of
different composition ratios. (¢) P3HT melting temperature, Tm,paut, @S a function of the
composition ratio for P3HT:OXCBA and P3HT:0OXCMA blends. (d) Enthalpy of fusion, AHspsnt
as a function of the composition for P3HT:OXCBA and P3HT:OXCMA blends.
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5.3.2. Methodology to quantify the composition of amorphous intermixed phases

in organic solar cells

Having proved the consistency of the selection of the model systems and the simplifications
deemed, we proceeded with the application of our novel methodology. The use of fast scanning
calorimetry to quantify the composition of amorphous phase P3HT:OXCMA and P3HT:OXCBA

binaries proceeds as follow:

5.3.2.1. STEP 1: Determination of the glass transition temperature of the donor:

acceptor intermixed phases as a function of temperature

Since the Ty of the donor:acceptor blends depends on blend composition, a T4 vs composition
“calibration” master curve needs to be established. In order to determine the Tq of fully vitrified
blends of different compositions, we employ the thermal protocol depicted in Figure 5.5a,
exploiting the compositional dependence of the glass transition temperature of binary solid
solutions.?® We proved our methodology with the two P3HT:OXCMA and P3HT:OXCBA
systems. To construct our Ty vs composition “calibration curve”, we prepared 10 mg-mL™*
chloroform solution having different compositions ratios, namely 100:0, 75:25, 50:50, 25:75 and
0:100, which after two hours stirring at 40 °C, were spun cast on the backside of the chip
calorimeter at 2000 rpm resulting in films of 80 to 100 nm thickness. Following the procedure
established by Cangialosi et al.**¢?57 we measured the T¢"*" of highly amorphous model systems
(see section 2.2.1.1 and 2.3.1.1). We selected a Ty of 300 °C for neat P3HT samples, i.e. a
temperature above the melting temperature of P3HT; while for the blends a T of 360 °C was
used, which is above the melting temperatures of P3HT, OXCBA, and OXCMA (Figure 5.4)
without inducing degradation. Films were then quenched from Ty to the aging temperature, Ta,
using a cooling rate of -4000 °C-s and held there for 30 minutes (t,). Samples were then quenched
to - 70 °C (Ty) and subsequently heated to Ty (4000 °C-s1). When T, was, lower than the Tg,onset

aging occurred and an endothermic overshoot was recorded in the aged scans (see Figure 5.5).
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Figure 55 (a) Thermal
history applied to determine
the Tgonset OF PSHT:OXCMA
and P3HT:OXCBA blends.
(b-j) Heat flow rate (W)
heating curves for aged
samples (green lines) and
reference samples (blue lines)
for neat P3HT (b), and
P3HT:OXCMA blends with
the following compositions:
75:25 (c), 50:50 (e) and 25:75
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(h), and neat OXCBA (j). The
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applied in the experiments are
indicated on the right-hand
side of the curves. In orange
are shown the Ta values after
which no overshoots in the
glass transition region are

recorded.
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In the latter scans since no aging step was used, no physical aging occurred and, in turn, no
endothermic overshoot was observed in the glass transition region. Analysing different aging
temperatures above and below the Tgonset, We found a lower limit for T, where no physical aging
occurred and no enthalpic overshoot .was recorded in the glass transition region (these T.s are

highlighted in orange in Figure 5.5b-j)

The Tgonset Values of the blends were extracted from Figure 5.5. The onset glass transition
values thus determined were 41 + 3 °C, 225 £ 5 °C and 215 + 5 °C for neat P3HT, OXMA and
OXCBA, respectively; 44 +5 °C (75:25 weight ratio), 55 5 °C (50:50) and 75 + 5 °C (25:75)
for P3BHT:OXCMA blends; and 55 + 5 °C, 75 + 5 °C, and 115 + 5 °C for the 75:25, 50:50, and
25:75 P3HT:OXCBA blends. These results allowed us to establish Tg-composition master curves
from which the composition of amorphous phases in partly crystalline structures can be extracted

once their Tg is known.

Once the Tgyonset OF the different blends were determined, the obtained values were plot
versus the composition. Assuming ideal mixing, binary blends exhibit one single glass transition,
occurring at a temperature intermediate between the glass transition temperatures of the two neat
components. Thereby, the glass transition temperature of the blend, T,"", can be estimated using

the Gordon-Taylor equation:®®

XATo A + koxg T x4 Tga+k-(1-x4) Ty ;
T olend = ZAga 9B _ TA gA 9B (Equation 3.1)

XA+k'XB XA+k' (1—XA))

where k is typically considered an empirical constant-; T;A represents the glass transition
temperature of neat component A (with a T, that is lower than the one of B; i.e. A is the low-Ty
component), x, is its weight fraction in the fully vitrified, ideally mixed blend; while T;,B is the

glass transition temperature of neat B (the high-T component) and xg is the corresponding weight

fraction of B in the system.

Figure 5.6 shows that the experimental Tgonset data of both binaries can be remarkably

fitted with the Gordon-Taylor equation (Equation 3.1), suggesting that mixed phases strongly
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resemble miscible blends. These master curves can now be used to identify the composition of
the amorphous phase of any P3HT:OXCMA and P3HT:OXCBA device-relevant blends,
independent of the fraction of the amorphous intermixed phase that is present in the system, as

already alluded to above.
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Figure 5.6 Tg*"-vs-composition (T""9-w) plot obtained for binaries of P3HT:OXCBA (green
circles) and P3HT:OXCMA (blue circles) that were fully vitrified via cooling with -4000 °C-s™.
Solid lines are fits to the Gordon-Taylor model.

5.3.2.2. STEP 2: Determination of the glass transition temperature of the
intermixed phase of a “real solar cell”

The second step of our methodology is based on the determination the Ty onset OF & device-relevant
OSC. For this end, although a real replica of an OSC device cannot be placed on top of a FSC
chip, we reproduced the morphology of a real OSC device using similar parameters as those
employed for efficient device fabrication. Thus, for thin film fabrication, the reference sensor was
first covered with glucose. Once solidified, a poly(3,4-ethylene dioxothiophene):poly(styrene
sulfonate) (PEDOT:PSS, Clevios™) thin film was spin cast onto the sensor and baked at 150 °C

for 20 min. PEDOT:PSS is usually employed as hole transport layer and in order to avoid effect
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of surface interactions.?®® Prior to blend deposition, glucose was carefully dissolved and, ensure
that PEDOT:PSS did not interfere with calorimetric response of the donor:acceptor blends. Once
again, the reference was carefully covered with glucose. Subsequently, the P3HT:OXCBA and
P3HT:OXCMA (1:1 by weight) were spin cast on top of the PEDOT:PSS from a 20 mg-mL™
orto-dichlorobenzene solution at 1000 rpm. The glucose was removed with water avoiding

contact with the sample sensor and finally, the active layer was annealed at 150 °C during 10

minutes.
a ]0.05 | 20 b [o.oz 1 10
Sl— = =
= \__,/// e
o \/ a
3 3
O \/ @]
© ©
c ’\_//// c 80
Q \_ﬁ//go 2
e 3
P3HT:OXCBA (1:1) P3HT:OXCMA (1:1)
50 0 50 100 150 50 0 50 100
T(°C) T(°C)

Figure 5.7 FSC heating scans (recorded at 4000 °C-s?) for 1:1 P3HT:OXCMA (b) and
P3HT:OXCBA blend films, produced as for device fabrication, from which Tg values of 85+ 5
°C (1:1 P3HT:OXCBA) and 45 + 5 °C (1:1 P3HT:OXCMA) are determined: green and blue lines
correspond to the W signals for the aged and non-aged materials, respectively. Ageing
temperature are indicated next to the curves.

Again, we employed the thermal protocol depicted in Figure 5.5.In this particular case,
in avoidance of modifying the morphology of the blend treated as for device fabrication, the Ty
value was adjusted to 150 °C, which is the maximum temperature used in device fabrication. The
endothermic overshoot are shadowed in grey in Figure 5.7 and the temperature marking the

crossover between the metastable glass and the equilibrium state where no aging occurs. These
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temperatures are highlighted in orange in Figure 5.7a-b. We find the T of such P3BHT:OXCMA

and P3HT:OXCBA blend films to be, respectively, 45+ 5 °Cand 85+ 5 °C.

5.3.2.3. STEP 3: Quantitative determination of the blend composition

The final step from our approach consists on the determination of the composition of the real
devices by plotting the Tgonset Values in our calibration curve (Figure 5.8). Accordingly, we can
deduct from our master curve that Tgonset Of 45 £ 5 °C for the 1:1 P3HT:OXCMA blend films
corresponds to a system with wesyr = 0.85 and that Tgonset 0f 85 £ 5 °C for the 1:1 P3HT:OXCBA
blend films corresponds to a system with wpsyr = 0.42. In other words, the composition of the
mixed phase of our P3HT:OXCMA replica is highly rich in P3HT having a composition 85:15;
while the one of 1:1 P3HT:OXCBA blends is compositionally more equilibrated, having a

composition of 42:58, slightly richer in fullerene acceptor.
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Figure 5.8 T¢"*"-vs-composition (T**"d-w) plot obtained for binaries of P3HT:OXCMA (green
circles) and P3HT:OXCBA (blue circles) that were fully vitrified via cooling with -4000 °C-s™.

Solid lines are fits to the Gordon-Taylor model. The dashed lines indicate the Ty measured for
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device-like blend films, from which a P3HT weight fraction, wesur, in the intermixed domains
can be deduced.

5.3.3. Connection with optoelectronic properties of the BHJ

To correlate the effect of different amorphous intermixed phase composition with the device
performance, devices were fabricated to measure the effective mobilities, perr. TO ensure a fair
comparison, active layer were prepared using the same conditions as for the active layer measured
by FSC. After PEDOT:PSS layer deposition, the substrates were annealed at 150 °C during 20
minutes. 20 mg-mL* of P3HT:OXCBA and P3HT:OXCMA blend solutions were prepared with
a D:Avratio of 1:1 in dichlorobenzene, spin cast and then annealed. The effective mobilities of the

binary P3HT:OXCMA and P3HT: OXCBA blends are depicted in Figure 5.9.

Effective mobilities are important to consider in the context of BHJs as they provide
values for organic solar cells under realistic operating conditions in contrary to charge mobilities
measured using single carrier diodes or field-effect transistors.? The analysis requires knowledge
of the carrier density, n, which can be obtained via voltage and frequency dependent capacitance
spectroscopy.?®® The capacitance of the bulk-heterojunction is then corrected for unwanted effects
such as the series resistance and parasitic inductance. This corrected capacitance can be converted
to the carrier density, n, in the BHJ (Figure 5.9c). Once n is known, the following relationship

between the current density, J, and carrier density, n, yields the effective mobility, e :

JL

2qn(Vpi—Veor)' (Equation 3.2)

Ueff =

where J is the current density from the J-V-curves (Figure 5.9a-b), L is the film thickness, ¢ is
the elementary charge, V} is the built-in voltage, and V., is the voltage corrected for the series

resistance (Veor = Vapp - J Rieries) 72250262

Overall, both binary blends feature significant differences in charge transport
characteristics. The P3HT:OXCBA film with an intermixed composition of 42:58 and a higher

tendency to vitrified as verified by GIWAXS (Figure 5.3) displayed in the dark six times higher
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effective mobilities, et , at relevant operating condition (Figure 5.9d) comparing with the

P3HT:OXCMA blend having a composition 85:15 (Figure 5.9a).
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Figure 5.9 (a, b) J-V-characteristics of the two studied devices in the dark; the built-in voltage
was also determined. (c) Charge carrier density n calculated via capacitance spectroscopy. (d)
Effective mobility pess of P3HT:OXCMA and P3HT:OXCBA (1:1 by weight) blends.

For further device comparisons, transient absorption spectroscopy was further used to
characterize the charge generation. As displayed in Figure 5.10, both blends exhibit very similar
tendencies to generate charges and depict an equivalent photophysical response. This can be
inferred from the spectral region spanning from 2-2.5 eV which represents the ground state bleach
with broad and structured spectral signatures corresponding to the absorption bands previously
reported for this type of donor:acceptor systems.'%3261.262. The transient absorption data
furthermore showed that in both blends, the photogenerated species are long lived, in the order of

nanoseconds, as the same spectral signatures prevail over this temporal scale This timescale is
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consistent with the lifetime of excitons and polaron pairs.? Finally, note that in Figure 5.10, the
spectra of both systems are very similar also in the region below 2 eV, where a broad
photoinduced absorption is present. Around 1.7 eV there is an overlap between a photoinduced
absorption and the stimulated emission band, such that the opposite sign signals lead to almost
zero intensity in this spectral region. Previous reports have attributed this photoinduced
absorption signal to polaronic absorption in P3HT-based blends, which is consistent with the
observed long-lived bleach recovery.?®® (Note that the samples were again prepared respecting

the same processing protocol)
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Figure 5.10 Two-dimensional transient absorption maps obtained by pumping at 2.76 eV for ()
P3HT:OXCMA and (b) P3HT:OXCBA (1:1) blends.

Since morphology composition seems to dominate charge transport and charge
generation behavior, grazing incidence small-angle X-ray scattering (GISAXS) was further used
to characterize the phase morphology of the P3HT:OXCMA and P3HT:OXCBA 50:50 binary
blends. In GISAXS, as displayed in Figure 5.11, Yoneda peak intensities for both blends are
plotted versus the in plane scattering vector, gy, where g, = 2 -7 - A7t -sin(@) - cos(a) (M is
the wavelength of the X-rays used; 8 and a are the in plane and out of plane scattering angles),
and the fitted using the Unified model by Beaucage.!”® As readily observed in Figure 5.11c,

intensity profiles with a shoulder centered at 0.2 nm™ and the same decay rate in the higher gy
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region are achieved for both blends. Importantly, P3HT:OXCMA blend, which by our approach
revealed a composition of 85:15 meaning a higher content of polymer in the mixed phase,
depicted higher intensity leading to two possible scenarios: (1) the film either contains a larger
amount of phase-separated domains or (2) a “purer” intermixed phase. Thus, in agreement with
the compositional result obtained from our approach, both possibilities imply stronger phase
separation in the P3HT:OXCMA bulk heterojunction compared to the P3HT:OXCBA blend.

(Note that the samples were again prepared respecting the same processing protocol)
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Figure 5.11 GISAXS patterns of (a) PBHT:OXCMA and (b) P3HT:OXCBA. (c) Horizontal cuts
of the GISAXS patterns at gz corresponding to the Yoneda peak. Profiles were vertically shifted

for the sake of comparison.

5.3.4. Validation of the methodology

Having demonstrate the effectiveness of our approach, quantitatively measure the amorphous
intermixed phases of two model systems and proved its impact on device-function, we explored
the validity of our approach. To prove our approach, we selected the binary system composed of
regiorrandom P3HT (RRa-P3HT) and PC[60]BM whose compositions have been already
reported in the literature.*#24 The main reason for this choice is that, since RRa-P3HT is

amorphous and, thus, the complexity of the morphology is reduced compared to a semi-crystalline

137



donor. Such morphology is characterized by acceptor-rich domains and an amorphous polymer

mixed phase where both components are molecularly intermixed.
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Figure 5.12 Upper panels: FSC heating scans recorded at 4000 °C-s™ for pure RRa-P3HT (a), RRa-P3HT:PC[60]BM blends with compositions 70:30 (b), 50:50
(c) and 30:70 (d), and pure PC[60]1BM (e) after cooling the samples from 350 °C to the annealing temperature Ta for 30 min (green curves) or to -70 °C at -4000
°C-s. The Ta applied in each experiment is indicated on the right-hand side of each curve. Lower panels: Relaxed enthalpy as a function of aging temperature

after aging for 1h. The dashed lines represent a linear extrapolation of the high frequency flanks of the distributions of relaxed enthalpies.
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Figure 5.13 T¢*®"-vs-composition (T4"*"-w) plot obtained for binaries of RRa-P3HT:PC[60]BM
(green circles) that were fully vitrified via cooling with -4000 °C-s™. Solid line is fits to the
Gordon-Taylor model.

To determine the amorphous intermixed composition of the RRa-P3HT:PC[60]BM
blend, we applied the three steps of our approach. We first determined the Tgonset Values of the
vitrified pure materials and blends with different compositions. To do so, we prepared 10 mg-mL"
1 chlorobenzene®* solution having different compositions ratios, namely 100:0, 70:30,
50:50,30:70 and 0:100, which were spun cast on the backside of the chip calorimeter at 2000 rpm.
Applying the approach established by Cangialosi et al.**5%¢265 ywe measured the T¢"*" of highly
amorphous systems. In this case, we selected a Tw of 350 °C and - 70 °C for T.. For a higher
resolution, films were then quenched from Ty to the aging temperature, T, using a cooling rate
of -4000 °C-s* and held there for 1 hour (t.). Heating temperature scans were recorded at 4000
°C-s, The Tgonset Values of the blends were extracted from Figure 5.12. The onset glass transition
values thus determined were 14 £ 2 °C and 128 £ 2 °C for neat RRa-P3HT and PC[60]BM,
respectively; 32 +2 °C (70:30 weight ratio), 44 + 2 °C (50:50) and 74 + 2 °C (30:70) for the

blends. We successfully developed the Tgonset Versus composition master curve of RRa-
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P3HT:PC[60]BM binaries and the perfect fitting to the Gordon-Taylor equation (Equation 3.1),

suggests that the model system resembles a miscible blends (Figure 5.13).

The second step consists on the measurement of the Tgonset & device-relevant OSC.
Herein, we have prepared a replica of the films prepared Ade’s?** and Gomez’s papers?“ on top
of the FSC chip. Ade’s group reported that the concentration of RRa-P3HT in the intermixed
phase of 1:1 blend annealed at 180 °C for 18 h was 74 + 2 wt.% [78 + 2 % (V/V)];%** and Gomez’s
group found that the concentration of RRa-P3HT in the 1:1 blend annealed 190 °C for 30 min

amounted to 53 wt.% [58 % (V/V)].%%*
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Figure 5. 14 (a) FSC heating scans recorded at 4000 °C-s* for RRa-P3HT:PC[60]BM 1:1 blends.
Green curves, refer to the samples aged at T, for 30 min while the blue traces refer to the unaged
samples. The T, applied in each experiment is indicated on the right-hand side of each curve.
Prior to this measurements the samples were annealed at 180 °C for 18 h.%* (b) Tgonset VS WrRa-
psu7 fOr the RRa-P3HT:PC[60]BM blend (green circles) employed for testing our methodology.
Solid grey line is the fit to the Gordon-Taylor model. The arrow corresponds to the concentration

of the intermixed phase of the sample annealed at 180 °C for 18 h.

To compare our approach with Ade’s NEXAFS based obtained blend composition, we
annealed the chip at 180 °C during 18h and we applied the isothermal aging protocol. In order to
avoid modifications in the morphology of the thermally treated blend, the T value was adjusted

to 100 °C. Our approach delivered a Tgonset Of 25 £ 5 °C (Figure 5. 14a). By introducing the Tg,onset
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value in the calibration curve, we can deduct that Tgonsee Of 25 = 5 °C for the 1:1 RRa-
P3HT:PC[60]BM blend annealed at 180 °C during 18h corresponds to a system with weznr = 0.78,

in fully agreement with Ade’s report.?*

For further comparisons, we followed the processing protocol developed by Gomez et
al.?®* where the film was at 190 °C during 30 minutes. Following our approach, we obtained Tg,onset
of 50 + 5 °C and therefore, a polymer composition of wesyr = 0.57 for the 1:1 RRa-
P3HT:PC[60]BM blend annealed at 190°C during 30 min, again, in fully agreement with Gomez’s
paper. (Figure 5.15). These two cases demonstrate the validity and effectiveness of our

methodology to determine the absolute composition of the amorphous intermixed phases.
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Figure 5.15 (a) FSC heating scans recorded at 4000 °C-s™ for RRa-P3HT:PC[60]BM 1:1 blends.
The Ta applied in each experiment is indicated on the right-hand side of each curve. Prior to this
measurements the samples were annealed at 190 °C for 30.%5 (b) Tg,onset VS Wrra-panT fOr the RRa-
P3HT:PC[60]BM blend.. Solid grey line is the fit to the Gordon-Taylor model. The arrow

indicates the concentration of the intermixed phase of the sample annealed.

5.4. Conclusions

To summarize, in this chapter we have developed a novel methodology based on fast scanning
calorimetry to quantitatively measure the absolute composition of amorphous intermixed domains

in donor:acceptor thin films for solar cells. To do so, different polymer:fullerene binary blend

142



systems have been studied and we have learned the importance of knowing the composition of
these intermixed phases as they have a direct impact on the device's characteristics. In general we

have extracted the conclusion included below:

- The model binary systems with regioregular P3HT polymer and OXCMA and OXCBA
fullerene adducts display a complex phase nanomorphology with amorphous intermixed
domains and relatively-phase pure domains. We found that P3HT:OXCBA blend present

a higher miscibility compared to P3HT:OXCMA binaries.

- The Tg of binary blends vitrified from the miscible state can be readily determined by
applying the approach developed by Cangialosi et al. .13 Thus, we used this experimental
data to build the “master curves” for each multicomponent system. The experimental data
from FSC fitted well with the Gordon-Taylor model, from which we conclude that ultra-
fast cooling from the melt with the FSC fully prevents phase separation and formation of

crystalline moieties, essentially fully vitrifying the blends.

- We have proved that our methodology to determine the composition of intermixed
domains is applicable in samples processed as devices, e.g. thin films spin cast on
PEDOT:PSS layers. we succeeded in recording the endothermic process attributed to

amorphous intermixed domains of solar cell replicas.

- Our results indicate in that P3HT:OXCMA blends prepared as for device fabrication, the
P3HT enrichment of the amorphous intermixed (Wesnt = 0.85) phase comes at the expense
of a reduced fraction of relatively phase-pure P3HT domains (i.e., crystalline P3HT
regions). In contrast, in P3HT:OXCBA binaries, the strong vitrification effect of OXCBA
does not allow for any structural development (wpsnt = 0.42). The original composition
is essentially ‘frozen-in’, leading to a thin-film structure composed predominantly of the
amorphous intermixed phase, in agreement with the featureless SAXS data that we

obtained for PSHT:OXCBA.
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We emphasize the importance of quantifying the absolute composition of these
amorphous intermixed phases as they present quantifiable consequences in device
performance. Higher effective mobilities are achieved for P3HT:OXCBA 1:1 binary
system, which has a higher tendency to vitrify 1:1 P3HT:OXCMA blends, while they

present similar capability to generate charges.

Finally, the close agreement of our compositional data with Ade’s and Gomez’s reports
based on RRa-P3HT:PC[60]BM blend allowed as validating the methodology and, most
significantly, heralds in particular fast scanning calorimetry as the key tool to open new
opportunities for the fundamental investigation of functional materials systems, such as
donor:acceptor blends but also other functional materials systems, such as metal halide

perovskites and solution-processable oxides.

Most importantly, complementing current compositional characterizations of organic
solar cells with the quantitative analysis of the amorphous phases will contribute to

advancing fundamental morphology-function models for rational device engineering.
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6. The impact of donor/acceptor ordering on organic solar

cell devices

6.1. Summary

Processing variables, such as solvents and additives, have proven to be an effective tool to modify
the microstructure and, thus, the active layer morphology of OPV devices. In previous chapters,
we proved that the domain size and packing of non-fullerene acceptor domains can be modulated
by an appropriate selection of solvents and additives. For example, we found that DIO enhances
the crystallization of phase | polymorph regardless of the solvent used. In this chapter, as a proof-
of-concept, we exploit the highly efficient state-of-the-art PBDB-T:ITIC blend, which was
extensively investigated throughout the thesis, and delineate the relevant effect of enhanced
ordering of the individual components within the overall morphology. First, we explore the effect
of casting solvent into the polymer paracrystallinity and show that its solution in o-xylene can
result in an enhanced paracrystallinity. Then, we discussed four model scenarios with respect to
their microstructure/morphology and quality of mixing. We determine specific device-related
parameters and we rationalized the results on the basis of the structure-morphology-function
relation. Our results showed a superiorly high power conversion efficiency (up to 9.8%) in the
systems that revealed the absence of discrete crystalline acceptor domains, in contrast to the
specimens were ITIC crystalline regions were found, which dramatically reduced charge
generation attributed to a greater phase separation. Additionally, we found that the active layer
morphology is more sensible to acceptor crystallization than polymer paracrystallinity
perfectioning. Albeit preliminary, we claim that the concept of polymeric paracrystals and their
refinement by suitable processing solvents are a parameter to be taken into account in currently
established morphology-function models where this polymer microstructure and temperature-

dependent evolution has not been accounted for.
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6.2. Introduction

The performance of solution-processed organic solar cells (OPV) is driven by the fine
microstructure of the carefully optimised bulk heterojunction morphology, comprising precisely
mixed and relatively separated donor/acceptor regions.!?%146 This metastable morphology is one
of the limiting factors for the stability of OSC devices and currently one of the biggest challenges
for the OPV community.®? Although morphology can be regulated by rational molecular
engineering,t3:2%6-288 changes in molecular weight®17126° and various approaches before film
processing,?’%%™ it can also be easily altered by external stress, such as photon illumination,81%2
chemical environment and heat treatment,?’? resulting in modifications to their optical, electronic

and optoelectronic properties.?”

Deviations from device-optimized morphology have been extensively related to the SMA
crystallization resulting in mixed phases depletion*®? or demixing through thermodynamic
relaxation of the initially quenched composition.'?>!2 On the contrary, in view of our recently
introduced microstructural model,?” the influence of the polymer paracrystals, the evolution of
this ordering and the direct correlation with the morphological characteristics and function of the
device remain totally elusive. This is because advanced morphology-function and stability
prediction models for organic solar cell*"*% as well as function models for OFETs?"® were built

on the premise that donor polymer materials such as FTAZ,'?° PBDB-T or PM6 are amorphous.

Notwithstanding, the pre-aggregation behaviour of donor polymers in solution has
become of great interest, as some studies found that they play a key role in the morphology of the
active layer.10277.2/8 |n particular, in polymer:fullerene systems, a good control of their optimal
temperature-dependent aggregation behaviour, in combination with the suitable choice of
solvents and acceptors, has led to optimised morphologies, reaching efficiencies higher than those
of the state-of-the-art systems.** It is known that the use of solvent additives together with the
primary solvent!06:109114115 Jeads to long-term morphological instability as it increases the
diffusion capacity of donor and acceptor molecules, due to the uncontrollable drying processes of

the high-boiling additives,’®® and, in general, mainly affects the ordering of the non-fullerene
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acceptor 10911527 similar to fullerene acceptors.?®® On the other hand, primary solvents can induce
donor polymer or SMA aggregation linked to their solubility.?82282 For example, Xiao et al.
recently studied the impact of donor and acceptor pre-aggregation on the morphology of the active
layer through the selection of proper processing solvents, and showed that the matching of donor
and acceptor pre-aggregation contributed to the efficiency and stability of the PTB7-Th;F8IC
system. 2t Hence, considering the full microstructural picture, this previous misinterpretation
clamours for an exploration of the influence of individual donor and acceptor aggregation with
respect to the overall morphology, thus providing useful guidelines in the development of more

complete morphology-function models.

In this work, inspired by the diverse and intricate microstructural features reported earlier
in the thesis, we explored how the structural order to PBDB-T and ITIC impact on the solar cell
function. For that, we produced organic solar cell devices in which the degree of structural order
of the individual components and thus the overall morphology has been selectively adjusted. We
managed to tailor individually the degree of structural order of both materials via processing in
suitable solvents. More specifically, films were processed from solvent/additive mixtures, i.e. o-
xylene/1%(diiodoactane, chlorobenzene/1%diiodactane, o-xylene and chloroform, and fabricated
with a thickness gradient, thus providing additional information on the optimal thickness and
thickness dependent effects. As a key finding, we identified the paracrystalline order enhancement
effect induced by o-xylene casting. This enabled the comparative study between the impact of
crystalline-acceptor regions or improved paracrystalline domains, as well as systems in which
both components present an improved or strongly reduced ordering. We found that the best device
characteristics were obtained in the system where the materials were presented in their most
disordered state (note that PBDB-T even from chloroform presents a dense arrangement of
paracrystals) and present a largely mixed morphology. Meanwhile, systems with higher order of
both components resulted in an over-purification of the mixed domains and were detrimental to
the device.'® Intriguingly, solar cells with enhanced paracrystalline polymer domains showed

comparable properties to the top performers in addition to being cast from non-halogenated
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solvent. Therefore, although additional work must be undertaken, advanced morphology-function
and stability prediction models considering polymer paracrystalline microstructure should be

developed.

6.3. Results and Discussion

6.3.1. Screening of processing solvents

In this section, we identify the effect of various solvents and the well-known additive DIO in the
microstructure of pure PBDB-T and ITIC thin films. For this, we prepare a large number of
samples using distinct processing conditions and characterize them by means of Grazing-

Incidence Wide-Angle X-ray Scattering (GIWAXS).

In section 4.3.3, we have presented GIWAXS data of ITIC thin films cast with different
concentrations of DIO. We draw the conclusion that the addition of a small amount of the additive
promotes the strong crystallisation of ITIC phase | polymorph regardless of the solvent used.
Furthermore, we selected a variety of solvents of different nature to study the effect of the casting
solvent on phase | crystallisation including halogenated, non-halogenated, aromatic and linear
solvents. The aforementioned findings showed that low-crystalline phase I is formed when ITIC
is cast from chlorobenzene or orto-dichlorobenzene, while it remains amorphous or is vitrified

when cast from solvents such as chloroform, dichloromethane or orto-xylene.8

Consistently, after identifying the processing conditions that promote the crystallization
of ITIC, we analyzed the effect of casting solvent into PBDB-T donor polymers paracrystals. To
do so, a 20 mg-mL* solution in chlorobenzene, orto-xylene and chloroform was spun cast on top
of a silicon substrate. Figure 6.1 shows the patterns of pure PBDB-T cast from different solvents.
From 2D GIWAXS patterns and 1D profiles, there exist a similar z-n stacking diffraction features
concentrated q =~ 16.6 nm™* 172283 while the peak intensity and breadth of the lamellar peak

located at g =~ 3.3 nm* varies with processing solvent. The significant enhancement in the
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Figure 6.1 2D-GIWAXS patterns of PBDB-T spin-cast from chlorobencene [CB], orto-xylene
[0-Xy], and chloroform [CF]. Out-of-plane and in-plane profiles (d).

Table 6.1 Peak position and crystalline coherence length (CCL) values of the GIWAXS
reflections for the four different scenarios.

Blend Solvent Lamellar (100) n-1 peak

g, nm*(d,nm) CCL g(%) g,nm*(d,nm) CCL g (%)

PBDB-T CB 3.4 (1.84) 58 228 16.9 (0.37) 17 187
PBDB-T 0-Xy 3.3(1.90) 73 203 16.8(0.37) 18 182
PBDB-T CF 3.3(1.90) 65 221 16.7(0.38) 16  19.0

intensity of the first lamellar order comparing with the n-w stacking peak and the improvement
in the resolution of the third lamellar order that emerges as PBDB-T is spun cast from orto-xylene,

suggests an improvement in the paracrystalline order. For comparison, the lamellar and n—n
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paracrystalline parameter and coherence lengths (L) can be quantified by the full width at half-
maximum and the maximum of the (100) and (010) diffraction peak. As summarized in Table
6.1 while there is no noticeable variation in the n—n coherence length and g parameter, the same
values for the lamellar order experience a slight decrease by a factor of ~2 when PBDB-T is

processed from o-xylene.
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Figure 6.2 2D-GIWAXS patterns of PBDB-T spin-cast from orto-xylene [0-Xy/DIO] (a), orto-
xylene and 0.25 v/v% diiodoctane [0-Xy/0.25% DIQ] (b), orto-xylene and 0.5 v/v% diiodoctane
[0-Xy/0.5% DIO] (c) and orto-xylene and 1 v/v% diiodoctane [0-Xy/1% DIO] (d). Out-of-plane

and in-plane profiles (e)

On the other hand, Figure 6.2 illustrates the analysis of PBDB-T thin films measured by
GIWAXS to evaluate the effect of DIO addition on the microstructure. In this case, our data

revealed that while DIO has a pronounced effect on ITIC crystallisation, the microstructure of
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PBDB-T did not show a significant alteration upon addition of the additive. This can be deduced
from the comparison between the pure polymer film (Figure 6.2a) and the films containing DIO
(Figure 6.2b-d), where both out-of-plane and in-plane profiles depict only a slight narrowing of

the lamellar peaks as the additive concentration rises.

6.3.2. Selective microstructure modification of the active layer components

Here we present the detailed microstructural analysis of the four systems studied in this chapter.
For this purpouse, we employ four characterization techniques: (1) GIWAXS, which gives
information about molecular ordering in the binary blends and will be the key tool in identifying
the four different scenarios. (2) Photoluminescence spectroscopy, which provides information

about the quality of blending and (3) GISAXS which was employed for morphological analysis.

Thus, with a rational combination of solvent and additives, we spun cast 50:50 PBDB-
T:ITIC solution dissolved in (1) orto-xylene and diiodoctane 99:1 volume ratio, (2) chlorobenzene
and diiodoctane 99:1 volume ratio, (3) o-xylene and (4) chloroform. PBDB-T:ITIC 50:50 mass
ratio was used as it is reported to be the optimize ratio in literature3*2%* Although donor-acceptor
mixing in BHJ usually results in a reduction of the crystallinity of the donor and acceptor phases
and makes indexing and visualisation of the scattering pattern challenging, we find that in this
case the results show compelling evidence for our findings and assertions. Although it was
addressed for these system?% that 1% DIO resulted in devices with poorer properties due to larger

crystal domain sizes, we selected thus for morphology and microstructure comparisons.

6.3.2.1. GIWAXS: identifying the four scenarios

By comparing side-by side the scattering patterns of the binary blend of PBDB-T:ITIC spun cast
from carefully selected solvent mixtures, we could clearly confirm the presence of four different
scenarios. The corresponding patterns and intensity 1D profiles along the out-of-plane and in-
plane direction are depicted in Figure 6.3.
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Figure 6.3 2D-GIWAXS patterns of PBDB-T:ITIC 50:50 blend spin-cast from orto-xylene and
1 v/iv% diiodoctane [0-Xy/DIQO] (a), chlorobencene and 1 v/v% DIO [CB/DIQO] (b), orto-xylene
[0-Xy] (c) and chloroform [CF] (d). Out-of-plane and in-plane profiles (e).

- (1) HIGHLY ORDERED DONOR AND ACCEPTOR (Figure 6.3a): The first system is
obtained after casting the mixture from a solution in orto-xylene and diiodoctane. Our GIWAXS
results show that the film has multiple diffraction peaks in the low-q region attributed to ITIC
with the characteristic sharp lamellar peak at g = 5.1 nm™. In addition, the pattern shows the
diffuse scattering of the n-n planes of ITIC (see section 4.3.1.1). As expected, we have a strong
acceptor crystallinity due to the addition of the additive which screens the m-n stacking peak of

PBDB-T. Our GIWAXS data, nonetheless, more than demonstrated the effect of 0-Xy on the
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microstructure of the polymer. As for the polymer scattering signals, we detect a strong lamellar

peak related to the polymer preferentially oriented in the out-of-plane direction.

- (2) POORLY ORDERED DONOR AND HIGHLY ORDERED ACCEPTOR (Figure 6.3b):
The second case obtained by casting the mixture from a chlorobenzene/diiodoctane solution
shows the characteristic multiple scattering peak reflections of crystalline ITIC, confirming that
the DIO allows selective ordering of the non-fullerene acceptor in the mixture (see section
4.3.1.1). Furthermore, the pattern shows similar PBDB-T packing to that found in the pure
PBDB-T film deposited from chlorobenzene (Figure 6.1), meaning that the packing is preserved

in the mixture.

- (3) HIGHLY ORDERED DONOR AND POORLY ORDERED ACCEPTOR (Figure 6.3c):
The third scenario is achieved after spun-casting the PBDB-T:ITIC blend from orto-xylene. The
GIWAXS pattern shows a much improved lamellar order compared to the 7-w stacking reflection
in the polymer, similar to that observed in the pure materials depicted in Figure 6.1. Nevertheless,
no signs of ITIC-related scattering peaks are observed, suggesting that ITIC is either in its

amorphous state or that the crystallinity has significantly decreased after blending.

- (4) POORLY ORDERED DONOR AND ACCEPTOR (Figure 6.3d): The fourth and final
system is obtained from chloroform in which both the polymer and the small molecule are in their
most disordered or glassy state. This is mirrored in the diffraction pattern as no reflections related
to the crystalline phase of ITIC are observed and the reflections corresponding to the polymer are

the same as those observed in the pattern of the pure material cast from chloroform.

Thus, Figure 6.4 emphasises that by employing specific processing conditions we can
selectively fine-tune the order of the individual components in the blend and thereby study the
effect of the microstructure on the solar cell device.?* A complete schematic of the systems

developed for this study is illustrated in Figure 6.4.
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Figure 6.4 Summary of the four different systems in which the microstructure of each of the
components has been selectively tuned to obtain the depicted four scenarios: (a) 0-Xy/DIO, (b)
CB/DIO, (c) 0-Xy and (d) CF. Inset patterns correspond to the reference materials cast from the

respective solvents.

6.3.2.2. PHOTOLUMINISCENCE: molecular interaction and mixing

Having characterised and rationalised the processing conditions leading to each of the different
scenarios, we focused on assessing the quality of the blend with respect to changes in the
microstructure. PL measurements were performed on the same thin films measured by GIWAXS
and information was extracted based on how the positions and strength of the optical transitions
are affected by molecular interaction and mixing. Figure 6.5 presents the photoluminescence
spectra for the PBDB-T:ITIC blends solution cast from 0-Xy/DIO, CB/DIO, o0-Xy and CF and
the corresponding pristine materials cast from the same solvents. All the spectra were obtained

exciting the samples with a monochromatic 633 nm laser and normalized to thickness.

The PL emission from the ITIC thin film shows a major emission peak and a faint
shoulder. Interestingly, the position of the main PL emission peak for crystalline ITIC is red-

shifted by 18 nm compared to vitrified ITIC (754 nm vs. 772 nm). Conversely, PBDB-T films
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exhibited much weaker PL emission as compared with ITIC. After mixing, all systems show a
strong decrease in PL intensity. The PL quenching has a direct correlation with the effectiveness
of exciton dissociation at the donor-acceptor interface.?®® A stronger PL quenching intensity may
be related to a more effective exciton separation at the donor-acceptor interface, as the electron,
before re-emitting, finds a new path for electron decay towards the acceptor enhancing
photoinduced charge transfer.” Binary blends obtained from o-Xy and CF, where the ITIC is
vitrified, appeared more quenched compared to binaries where the ITIC is highly crystalline

which may be attributed to a higher degree of intermixing of the donor polymer and acceptor.2%
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Figure 6.5 Thickness normalized Photoluminescence spectra of PBDB-T:ITIC 50:50 blend and
reference materials, PBDB-T and ITIC spin-cast from orto-xylene and 1 v/v% diiodoctane [o-
Xy/DIO] (a), chlorobencene and 1 v/iv% DIO [CB/DIQO] (b), orto-xylene [0-Xy] (c) and
chloroform [CF] (d).
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This rather low quenching found in the DIO-containing systems may be related to higher phase
separation due to higher ITIC crystallisation*®214285287 Additionally, although PL quenching was
proven to be dependent on acceptor crystallisation, enhancement of polymer paracrystallinity did
not affect the overall BHJ. Hence, the analysis of PL spectra has indeed contributed to highlight
the difference between the microstructural scenarios involving the same material blend and

composition.

6.3.2.3. GISAXS: morphological characterization

In this section, the morphology at the nanoscale is examined by GISAXS and the effect of
selectively tuning the mixture components at the morphological level is visualised. GISAXS
measurements were performed on the same thin films measured by GIWAXS and PL to obtain
information on the lateral and normal ordering on a surface or inside the thin film. The scattering
signals are extracted in the Yoneda region through horizontal cuts, as this is the critical angle at
which the scattering signal is strongly enhanced. The horizontal cuts of each system are plotted

in Figure 6.6.

The greater intensity of the scattering is caused by a higher electron density contrast, i.e.
a higher microphase separation of the ITIC crystalline domains, the PBDB-T paracrystals and the
mixed amorphous phases. Thereby we confirm that the use of different solvents and additives
leads to the modification of the morphology.?® Generally conceived, all systems show profiles
dominated by scattering decay. Interestingly, the system in which both components are in the
higher order state (i.e. deposited from 0-Xy/DI0O) shows the strongest scattering intensity, while
the system in which both components are more disordered or vitrified (i.e. spun-cast from CF)
feature the weakest scattering intensity. Therefore, we propose as a general concept that the
increase of the microstructural order enhances the microphase separation causing the rise of the
scattering contrast by domain purification due to aggregation and enlargement of the domains of
the pure materials. 1°288 This would agree with a weaker PL quenching found for the films
containing DIO.
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Figure 6.6 GISAXS horizontal cuts of PBDB-T:ITIC 50:50 blend spin-cast from orto-xylene and
1 viv% diiodoctane [0-Xy/DI0], chlorobencene and 1 v/iv% DIO [CB/DIQ], orto-xylene [0-Xy]
and chloroform [CF].

6.3.3. Interplay between microstructure and device performance

To comprehend the influence of microstructure and morphology on device performance, solar
cells were prepared based on the binary blends cast from carefully selected solvents and additive
mixtures (see section 6.3.2.1). For this purpouse, solar cells with thickness-gradient blade coated
in inverted geometry ITO/ZnO/active layer/MoQO3s/Ag have been fabricated (see section 2.3.5.1).
To ensure that the studied thin film microstructures are retained in blade coated solar cells devices,
GIWAXS measurements of the blade coated films were tested on a glass slide, and the results
(see Appendix C Figure C-1) gave convincing evidence for the presence of the four different
scenarios. For comparison purposes, the thicknesses of these samples were obtained by
mechanical profilometry at equidistant points along the active layer. Device parameters and UV-
Vis were measured on the non-encapsulated samples, while EQE and current versus light intensity

experiments were developed on the encapsulated samples to avoid photoxidation.
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6.3.3.1. Device parameters

Representative current density-voltage (J-V) curves of binary solar cells processed from different
solvent/additive mixtures and measured under 1 sun illumination are depicted in Figure 6.7a and
the corresponding device characteristics (Jsc, Voc, FF and PCE) are deduced from the J-V
characteristics are summarized in Table 6.2. Figure 6.7 exhibits the best and representative J-V
curves of the four different scenarios with optimised thickness (i.e. PBDB-T:ITIC (1:1) solution-
processed from 0-Xy/DIO, CB/DIO, 0-Xy and CF), the UV-Vis and EQE spectra of the

corresponding devices and, the Jsc versus light intensity measurements.

Overall, devices containing DIO (i.e. large crystalline fraction) exhibit worse device
performance than binaries where ITIC is mainly amorphous. Amorphous ITIC yields devices with
significantly improved performance, while the increase of the paracrystalline order of the polymer
appears not to be detrimental to the performance of the device.!”* More specifically, the film
processed from 0-Xy/DI1O solution, in which both donor and acceptor components are structurally
ordered, shows the poorest PCE value, i.e. 3.4%, with a short-circuit current (Jsc), open circuit
voltage (Voc) and a fill factor (FF) of 8.26 mA-cm2, 0.90 V and 46.2 % respectively. This results
suggest a strong microphase separation in this system. This interpretation was previously reported
in literature for P3HT:ITIC system where the excessive degree of crystallinity of ITIC was proven
detrimental for the device performance.?®® Moreover, Wang et al.?”® quantify that binaries of
PBDB-T:ITIC with 1%DIO content caused serious gradient ITIC concentration vertical

distribution and overcrystallization of ITIC.

On the other hand, the PBDB-T:ITIC specimen processed from CF (i.e. the system were
both components are in their most disorder state) which depicted weaker GISAXS scattering and
strong PL quenching, showed greatly improved device parameters, leading to a PCE value of
9.8% with Js¢, Vo, and FF being 16.1 mA-cm™2, 0.90 V, and 67.9% respectively. Interestingly,
the device parameters are more sensitive to the crystallisation of the acceptor than to the
enhancement of the paracrystalline order of the donor. Indeed, while the device processed from

0-Xy resulted in a PCE value comparable to that of the CF device, being 8.65%, with Js, Vo, and
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Figure 6.7 Representative current density—voltage (J-V) curves under the illumination of 1 sun
(a), UV-Vis absorption spectra corrected by the film thickness (b), external quantum efficiency
(EQE) spectra (¢) and Jsc versus light intensity (d) of the PSCs based on PBDB-T:ITIC cast from

different solvents.

Table 6.2 Photovoltaic Parameters of OSCs under AM 1.5G Illumination, 100 mW-cm™2blends

Thickness Eq Voc Jsc FF PCE

Blend Solvent
[nm] [evl [VI [mAcm?]  [%]  [%]
PBDB-T:ITIC 0-Xy/DIO 52 1.59 0.90 -8.26 46.19 345
PBDB-T:ITIC CB/DIO 43 1.59 0.92 -10.80 55.31 5.49
PBDB-T:ITIC 0-Xy 75 1.63 0.85 -15.85 64.40 8.65
PBDB-T:ITIC CF 43 1.65 0.90 -16.06 67.87 9.76

FF being 15.6 mA-cm2, 0.85 V, and 64.4% respectively; the device blade coated from CB/DIO

yielded much reduced device parameters showing a PCE of 5.5% with Js, Vo, and FF being 10.8
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mA-cm 2, 0.92 V, and 55.3% respectively. The loss in efficiency is due to the significant decrease
in Jsc from 15.6 to 10.8 mA-cm2. Therefore, devices in which the acceptor was vitrified offer
significantly better performance — driven by an enhancement of the higher Jsc and FF values, due
to a more optimize blend morphology with presumably smaller nanodomains (Figure 6.7c).
Moreover, we found that the impact of the DIO additive is strongly dependent of the solvent used
(we found a different of PCE ~2% in 0-Xy/DIO blend comping with CB/DIO). The small changes
in Voc are connected to variations at molecular level such as crystalline behaviour, morphology

and absorption edge.

The UV-Vis absorption spectra (corrected by film thickness) of the champion devices are
plotted in Figure 6.7b. All four systems reveal the characteristic strong absorption peaks
associated with PBDB-T and ITIC.3182% The maximum absorption peak of ITIC red-shifts after
the addition of DIO, regardless of the solvent used, suggesting increased acceptor self-
organisation.?® Furthermore, while the o0-Xy/DIO, CB/DIO and CF samples show strong
absorption peaks of both PBDB-T and ITIC in the visible wavelength range, the film processed
from 0-Xy, displays a higher absorption intensity of the 0-0 polymer vibronic peak compared to
the ITIC contribution, again suggesting higher polymer aggregation compatible with enhanced

paracrystallinity.?’

The external quantum efficiency (EQE) curves of the optimized devices are shown in
Figure 6.7c. Although having processing solvent as the only different variable, the four systems
showed substantially different photoresponses in the range of 400 and 800 nm. The spectral range
of each binary revels the vibronic peaks of both PBDB-T and ITIC. However, shows
photoresponses with average of almost 60% for the blend without DIO while nearly half is
obtained for the mixtures containing DIO. Consistently, the devices possessing a significantly

higher photoresponse exhibited the best FF (i.e. 0-Xy 64.4% and CF 67.9%) plus enhanced Jsc.

To understand the differences in device FF induced by the effect of microstructural and
morphological variations, we studied the extent of bimolecular recombination. It is of great

importance to bear in mind that once free charge carriers have been generated in the active layer,
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charge recombination plays an important role in whether or not charges can be extracted, and
therefore we measure the photocurrent as a function of the light intensity (Figure 6.7d).2* Jsc of
the best device was plot against light intensity in a double-logarithm scale which can be expressed
as Jsc o (Plight)® in organic solar cells, where S is the exponential factor (i.e. slope), and weak
bimolecular recombination in the device would result in a S value close to unity.2%22% Thus, the
best device processed from CF possess an S value of 0.999 very close to unity suggesting very
weak bimolecular recombination, while the device processed from 0-Xy/DIO exhibits the lowest
S value (0.976) indicating stronger molecular recombination. In general, the obtained S values

are in agreement with the Jsc, FF and Voc values extracted from J-V curves.

6.3.3.2. Interplay between thickness and performance

Taking advantage of the high throughput technique using gradients of thickness,® we developed
a device parameter thickness sensitivity study. Data points represent average values of
measurements done for minimum 3 pixels every 50 nm thickness and the average was calculated

among different substrates.

6.3.3.2.1. Device parameters

Considering that PCE improvements are mostly attributed to the increases in Jsc and FF
parameters, and these two show strong correlation with the film thickness,??° detailed
investigations on the performance as a function of thickness of the four systems were conducted.
The thickness-gradient devices were prepared as summarized in 2.3.5.1. Figure 6.8 depicts the
active layer thickness dependence of PCE, FF, Jsc and Voc. All the devices displayed the optimum
thickness within a relatively wide range approximately between 50 and 250 nm. Although, the
main differences are found between the systems were the NFA is highly crystalline (i.e. presenting
the poorest device performance) and the scenarios characterized by the absence of ITIC crystal

domain. In the systems were the SMA is highly crystalline, the PCE, FF and Jsc have a milder
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Figure 6.8 Power conversion efficiency (PCE) (), fill factor (FF) (b), short-circuit current density
(Jsc) (c) and open-circuit voltage (Voc) (d) of devices as a function of active layer thickness; data
points represent average values of measurements for of 2-3 pixels for 300-400 pixels and

minimum 6 pixels for the rest of the thickness.

thickness dependence with a slight reduction with increasing device thickness. In the other two
scenarios, we observe a dramatic decrease of the PCE which in general seems to be related to
sharp decrease of the Jsc when the film thickness increases from 250 to 300 nm. Moreover,
although progressive, the FF experiments a strong reduction of almost 30%. It is noteworthy that
Voc barely changes with thickness in any of the systems, which means that the main source of
efficiency deterioration comes from changes in vertical morphology of the BHJs. The threshold
thickness or strong drop-off found in Jsc and FF respectively, may be related to increased
bimolecular recombination,?®*?% changes in the domain size or purity and/or aggravated

percolation pathways for charge transport due to changes in vertical segregation.'™
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6.3.3.2.2. Absorption

The thickness dependence of the absorption spectra of each system was followed. Figure 6.9

shows thickness normalized absorption spectra measured for films with thicknesses between ~50-

450 nm. An important aspect is that the curves show the same optical spectrum without

wavelength shifts independent of thickness. The thickness seems to affect the absorption intensity

and the intensity ratio between the components. The thick layers are governed by the strong

absorption of the polymer being higher especially in the film where the donor is more ordered

with respect to the acceptor. As the optimum thickness is approached, the absorption intensity

decreases due to the reduction of the thickness and amount of material, and the ratio between the

vibronic peaks of the polymer and the acceptor get sharper.
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Figure 6.9 UV-Vis absorption spectra as a function of thickness for PBDB-T-ITIC cast from o-
Xy/DIO (a), CB/DIO (b), 0-Xy (c), and CF (d).
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6.3.3.2.3. Photoresponse

We now consider the photoresponse as a function of thickness. Again, the thicknesses do not
correspond to these devices but are estimated to be similar to other devices prepared from the
same batch. Parameters such as junction thickness and blend composition directly impact the
optical field distribution via the optical constants and, hence, the efficiency of carrier
photogeneration and the shape of the spectral response.?® Leaving aside the average percentage
of photoresponse which has already been analysed previously, Figure 6.10 shows the effect of
the thickness of the active film as a function of photoresponse. With the exception of the system
deposited from 0-Xy, we observe that in the other three scenarios there is a limiting thickness at
which the photoresponse is steadily diminishes. This explains the decrease of the Jsc value due to
a lower photon absorption in thinner absorber layers. Moreover, the shape of the EQE spectrum
changes in thinner layers with a strong drop-off of whole spectrum intensity and remarkably in

the blue response. This reduction is in line with the decrease of Jsc and FF.
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Figure 6.10 External quantum efficiency (EQE) spectra as a function of thickness for PBDB-T-
ITIC cast from 0-Xy/DIO (a), CB/DIO (b), 0-Xy (c), and CF (d).
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Interestingly, the system cast from o-Xy (i.e. the one in which we have a mixture
consisting of a polymer with an improved paracrystallinity and an amorphous NFA) shows a
change in the shape of EQE spectrum depending on the film thickness. Figure 6.10c shows the
EQE spectra over a range of thicknesses. Thick junctions result in high average photoresponses
of the individual components in their specific absorption range, meaning that each component
contributes strongly to the absorbed photons (note that the polymer contributes more than the
acceptor), thus filtering out the other wavelengths. Intermediate thicknesses, which are close to
the optimum, show a higher external quantum efficiency over the solar spectral window with a
noticeable increase in the 600-700 nm range. The thinner absorber layers are again characterised

by a drop in the EQE spectrum in the blue region, mainly due to surface recombination effects.?%’

6.3.3.2.4. Bimolecular and trap assisted recombination

As stated above, the drop off in FF can be understood in terms of increased bimolecular
recombination losses during charge transport. The strong dependence of the FF on the thickness
of the active layer indicates that the electric field applied to thicker devices is not strong enough
to effectively sweep the charge carriers out of the devices before they recombine.?® To increase
device performance it is of particular interest to enhance light-harvesting which usually is
performed via active layer thickness increase to harvest more photons. However, the charge
carriers formed in thicker active layer have to travel longer distances to reach the electrodes and
are likely to recombine.?*%! Charges may recombine by the recombination of opposite free
charge carriers which in nanocrystalline semiconductors is often described by the Langevin
theory®? (non-geminate (bimolecular) recombination) or via trap-assisted recombination, that is,
through available states for charge carriers within the energy gap where trapped electron combine

with free-holes.303

Firstly, it should be noted that these measurements were performed on encapsulated
devices for which thickness values were not measured. However, for comparison purposes, we
have used the thicknesses obtained for non-encapsulated devices prepared from the same batch.
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In general, depicted in Figure 6.11 we show that very thin active layers show a reduction in Jsc,
which we attribute to a decrease in photon absorption in thinner absorber layers.3*#-% In the case
of the DIO-containing devices, we cannot extract a thickness-dependent bimolecular
recombination trend, as no clear tendency is observed. However, in the devices where we find the
absence of acceptor crystalline domains (i.e. those deposited from o0-Xy and CF), the drastic
reduction of S, more pronounced in the device deposited from 0-Xy, suggests a drastic increase

of bimolecular recombination with increasing thickness.
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Figure 6.11 Jsc versus light intensity as a function of thickness for PBDB-T:ITIC cast from
different 0-Xy/DIO (a), CB/DIO (b), 0-Xy (c), and CF (d).

The classical method to analyse trap-assisted recombination is the light intensity-
dependent J-V measurements, where Voc is represented as a function of the natural logarithm of

the light intensity. A slope close to ksgT/q indicates the dominant mechanism is bimolecular
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recombination and trap-induced recombination is suppressed,®’ while a slope close to 2ksT/q

represents a system dominated by trap-assisted recombination, where ks, T and q are the

Boltzmann constant, temperature and elementary charge, respectively.?*>%8 Figure 6.12 displays

the Voc versus the logarithm light intensity plot for each scenario as a function of thickness. In

general, we found that trap-assisted recombination is found even at light intensities equivalent to

1 sun, being less pronounced in the system where we have an enhanced polymer paracrystalline

blended with a vitrified acceptor (i.e. cast from 0-Xy). An apparent switch in recombination-loss

mechanisms in response to light intensity was represented by the two-segment feature,3*

however, due to lack of expertise, we cannot give further explanations of such matter which is

still a debate.303.309
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Figure 6.12 Voc versus light intensity as a function of thickness for PBDB-T:ITIC cast from
different 0-Xy/DIO (a), CB/DIO (b), 0-Xy (c), and CF (d).
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6.4. Conclusions

In this preliminary study, we confirmed that both solvents and additive play a critical role in
determining the microstructure of individual components and we have bridged these aspects with
the active layer morphology and the current —voltage characteristics. By a judicious selection of
solvents, we developed a system composed of four scenarios in which the microstructures of the
individual components is tailored. We, thus, have delineated the microstructural features that
control morphology and performance in non-fullerene organic solar cells. Our work underlines
the importance of considering the impact of polymer paracrystals on morphology stability and
device-relevant studies. We learned the importance of thoughtful selection of processing
variables, since, for example, solution in the non-halogenated ortho-xylene solvent results in a
binary mixture with enhanced polymer paracrystals comparing with other casting solvents such
as CB or CF. Moreover, the resulting single junction showed better device response comparing
with blends where both components presented highly order domains or simply acceptor
crystalline regions. Interestingly, this blend depicted comparable device parameters to the highest
values obtained for the blend cast from CF, in which both components where poorly ordered.
Importantly, our results refine and extend the prior morphology-function relation finding that
consider this polymer as amorphous materials. It was argued that systems with enhanced polymer
paracrystallinity can yield high performances with reduced bimolecular and trap-assisted
recombination and thickness-tunable photoresponses. We considered it would be useful to
establish novel models for OPV that could integrate the impact polymer paracrystallinity, feature
that was recently reported, providing novel and more complete guidelines to understand stability

from a microstructural and morphological viewpoint.
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7. Conclusions

This thesis is a comprehensive microstructural study of the materials that comprise the state-of-
the-art polymer/non-fullerene acceptor bulk heterojunction model system PBDB-T:ITIC. In
addition, throughout the chapters, the microstructural and morphological concepts have been
related to relevant optoelectronic properties by knowledge-based fabrication protocols of OPV

and OFET devices, thus offering a more cross-disciplinary view of the work.

We  demonstrated that all the non-fullerene  acceptors based on
indacenodithienothiophene present a very rich polymorphism and specifically, arrange into a low-
temperature metastable phase that is readily promoted via solution processing and leads to the
highest device efficiencies. While these low-temperature forms feature large unit cells in the
molecular plane and poor order along the n-m stacking direction, we found they led to electron
mobilities comparable to that in the highly ordered high-temperature polymorphs and stronger
optical absorptions. Thus, these results indicate that these large-cell packing structures, also found

in the benchmark Y6 acceptor, may be an important feature for reaching highest device efficiency.

In addition, we have introduced a new structural model called the "semi-paracrystalline
model" which solve the conundrum about structural order for high-performance polymeric
materials. Using advanced thermal characterisation, among other methods, we uncovered that
these polymers are remarkably ordered, as evidenced by order-disorder (melt) transitions. This
model rationalises, by seemingly contradictory data, that these semiconducting polymers are
underpinned by a dense arrangement of very small paracrystallites coexisting with non-
paracrystalline sites. To fully characterise these materials, we have introduce the concept of
degree of semi-paracrystallinity which must be estimated in addition to the ordering quality (g-
parameter) to avoid misconceptions. We furthermore have established the interplay between
electrical charge transport of semi-paracrystalline materials and key structural features of the
model. That is, thermal aging at intermediate temperatures results in the grown of new
paracrystallites within non-ordered regions between preexisting paracrystals, improving their
interconnection pathways, and thereby the charge transport.
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Then, after having thoroughly investigated the individual components of the active layer,
we developed a novel methodology based on fast scanning calorimetry to characterise the
intermixed amorphous domains and quantify their absolute composition in bulk heterojunction
(BHJ). We found that measuring the glass transition temperature of fully vitrified blends to study
the Ty dependence of the blend composition is a simple yet effective method. However, we could
not apply the methodology to the PBDB-T:ITIC mixture, because PBDB-T and its congeners
revealed a dense arrangement of paracrystallites that made the determination of the glass

transition overly challenging.

Finally, we discovered that processing solvents strongly influence the microstructure of
the PBDB-T:ITIC blend and we succeeded in developing a set-up consisting of four different
scenarios in which we selectively adjusted the microstructure of the individual components and
thus the overall morphology. We continue to study the impact of the selective ordering of the
individual components on the device performance. Regarding the results achieved, we found that
the morphology of the blend is highly sensitive to the crystallisation of the acceptor, while the
refinement of the paracrystallinity of the polymer may be beneficial for the overall performance

of the device.

In summary, our results present a comprehensive characterisation of the structure-
process-function relationship of a model non-fullerene polymer/acceptor blend and emphasise the
importance of pursuing in-depth structural studies to move from combinatorial approaches to

knowledge-based morphology-function models that will push the field of OPV forward.
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A. APPENDIX
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Figure A-1 Contour plot of azimuthal integrations 2D GIWAXS patterns collected during a
heating ramp from 30 °C up to 500 °C at 20 °C-min’ (a) PBDB-T, and (b) PBDB-T-2F and (c)
PBDB-T-2Cl.

Figure A-2 shows several cycles of a PBDB-T film between -90 and 450 °C at heating
and cooling rates of 4000 °C-s™* (i.e. above the endothermic peak) and recorded heating traces
were compared. Because the heat flow values measured are exactly equal in all those heatings,
we conclude that (i) the mass of material does not change during the experiment and (ii) the
specific heat capacity (cp) of the material does not change during the experiment; thus confirming

the absence of any thermal degradation.
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Figure A-2 Representative heating (a) and cooling (b) scans after several heating-cooling runs.
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Figure A-3 shows the second FSC thermogram of PEO after cooling the sample at 2000
°C stand a thermogram in which an annealing process above the glass transition temperature has
been applied. The clear glass step-like signal of the glass transition is clearly seen in the second
heating scan (black line), which means that -at least a significant fraction of the material did not

crystallize during cooling. For comparison, a heating scan (at 2000 °C s) of a crystalline PEO

sample is also shown.
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Figure A-3 FSC heating scans for poly(ethylene oxide) (at 2000 °C s) after being cooled down

from 300 °C to -90 °C at 4000 °C s* (black line).
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Figure A-4 Isochronous aging experiments conducted by FSC. Green curves correspond to the
heating traces (at 4000 °C-s™) after ageing samples for 2 h at the temperatures indicated on the
right-hand side of each curve. Cooling and heating rates were 4000 °C-s™.
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Figure A-5 GIWAXS 1D out-of-plane and in-plane profiles for P3HT (a), PCL (b) and PVDF
(©).

For ex-situ temperature-dependent GIWAXS measurements (Figure A-6, Figure A-7
and Figure A-8) independent films were cast from the same solution and annealed during 10
minutes at respective temperature. The, films were quenched to room temperature by cooling at

50 °C-min‘t.
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0051015

Figure A-6 2D ex-situ GIWAXS patterns after annealing PBDB-T films at specified temperature

during 10 minutes.
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Figure A-7 2D ex-situ GIWAXS patterns after annealing PBDB-T-2F films at specified

temperature during 10 minutes.
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Figure A-8 2D ex-situ GIWAXS patterns after annealing PBDB-T-2CI films at specified

temperature during 10 minutes.
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B. APPENDIX

Figure B-1 shows the Raman spectra of Raman spectra of were measured on the freshly prepared
film spin cast from chlorobenzene (black solid line) and on a thin film annealed at 270 °C, i.e. a
temperature well-above the boiling point of the solvent, for 20 min (grey solid line). The region
of interest (between 200 cm™ and 800 cm™) is highlighted in the inset, which corresponds to the
region where modes involving the C-Cl bond show up [C-ClI stretching at 650-850 cm (strong);
C-CI symmetrical stretching at 377 cm™; and C-Cl antisymmetrical stretching at 326 cm™). We
do not see any of the bands above in our spectra, indicating that even our as-cast films are free of

trapped solvent.

I = Ascast — Annealed 270°C 40,
20

10+ .

0 :
200 300 400 500 600 700 800
Raman shift (rel cm™)

Intensity (arb.u.)

500 1000 1500 2000 2500 3000 3500
Raman shift (rel cm™)

Figure B-1 Raman spectra of as-cast and annealed ITIC thin films.

Figure B-2 shows the TGA degradation curves of ITIC and its derivatives. The results
show that ITIC-Th develops an earlier degradation comparing with its counterparts, being ~300°C

for ITIC-Th and higher than 320°C for the rest of the SMAs.
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Figure B-2 TGA degradation curves of (a) ITIC, (b) ITIC-M, (c) ITIC-2F, and (d) ITIC-Th, under
N2 atmosphere.

The thermal protocol depicted in Figure B-3 was employed to probe that both Phase 11
and Phase 111 of ITIC are thermodynamically stable in their respective range of temperatures. The

result of the experiment is shown in Figure B-4.

e

T

340 °CH---———— - -
300 °C+--

200 °C- Phase Il

5 mir-'n

-90 °C {-

k 4

Figure B-3 Thermal protocol applied in DSC to analyse reversibility of phase I1.
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Figure B-4 DSC heating anf cooling thermograms of ITIC to probe the phase Il reversibility.
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Figure B-5 Left panels: representative transfer characteristics of ITIC Phase I, Il and 111. V4 for
linear and saturation regime. Right panel: corresponding output characteristics with V¢ ranging
from 0 V to 80 V with a 10 V step.
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Figure B-6 Representative transfer characteristics of ITIC-M, ITIC-2F and ITIC-Th as cast,
annealed and upon DIO addition. Vg for linear and saturation regime is 10 V and 60 V. Bottom

panels: Field-effect mobility in saturation as a function of gate voltage for ITIC and derivatives.
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Figure B-7 Left panel: representative transfer characteristics in saturation regime for ITIC

annealed at temperatures, as indicated. Right panel: ITIC transfer characteristics in saturation

regime upon DIO solvent addition. V4= 60 V.
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Figure B-8 The three phases of ITIC show similar energy levels according to ultraviolet

photoelectron spectroscopy (UPS) measurements. (a) Normalized intensity of the full UPS

spectrum. (b) High binding energy portion of UPS spectrum that shows the ITIC film’s

workfunctions. ¢) Low binding energy portion of UPS spectrum from which the HOMO level
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C. APPENDIX

0. ZJ — Out-of-plane — In-plane

b
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Figure C-1 2D-GIWAXS patterns of PBDB-T:ITIC 50:50 blend blade-coat from orto-xylene and
1 vIiv% diiodoctane [0-Xy/DIQO] (a), chlorobencene and 1 v/v% DIO [CB/DIQ] (b), orto-xylene
[0-Xy] (c) and chloroform [CF] (d). Out-of-plane and in-plane profiles (e).
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