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Summary

Photovoltaic technology used to convert renewable solar energy to electricity by means of solar
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through several developments during the past decades in relation to the materials used to
manufacture such devices. A big part of these develepis: was focused on the search for more

efficient materials in terms of the solar cells power conversion efficiency and manufacturing costs.

One class of such materials are organic semiconductors. The main advantage of organic
semiconductors is that thegan be processed from solutions. This would allow for lagme and

high outputmanufacturing processesith low energy demands anproduction cost&ompared to
conventional silicon based solar ceowever, one big challenge to overcome when developing

efficient solar cells using organic materials is the disordered nature of such materials. This
disordered nature¢ccompared to the more ordered inorganic counterpantsakes it difficult to

control their structural properties when solution processed intdntfilm solar cells. Hence, it is

crucial to develop clear structure property relationships in order to have better control of the thin

film properties during fabrication of organic solar cells to achieve high efficiency devices.

Within my thesis, | inveigiate how to better understand the physics of film formation of organic
materials processed from solutions. | aim to understand the relation between the different solution
processing conditions and the resulting film properties. | also try to draw alatiore between the

structural properties of the resulting organic materials films and their solar cell performance.

Organic solar cells usually consist of a blend of two or more organic materials sucbrgagated
polymers, oligomers and fullereneS-conjugated polymers usually adopt a seonystalline
structure consisting ofdisordered and more ordered polymer chaiitie more ordered polymer
chainsoften exhibit electrstatic interchain interactions and those chains are referred to as
aggregates. Theroperties of these aggregates usuadlifect the optoelectronic properties of
organic materials hence influencing organic solar cell performance. It is important then to
understand how the aggregate properties change in response to different conditiorisgd
fabrication of organic solar cells. Blending results in changes in the structural properties of the
constituent materials, compared to their neat state, which alters the aggregate properties of
organic materials. In chapter 3, | focus on inducedcitmal changes of PCE11 as a model

conjugated donor polymer that is used to fabricate organic solar cells with > 10% efficiencies. By a



combination of temperature dependent optical spectroscopy and Raman spectroscopy, |
investigate how the addition of an extra material to PCE11 affeststitictural and aggregate
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guantify changes appearing in the spectra in these two cases and relate them in structural changes

of PCE11. | conclude that hiting results in a more planarized, longer conjugated PCE11 chains

with a reduced degree of intezhain molecular coupling.

However, studying on the resulting final films of organic materials or blends does not offer a
complete picture about their film fanation process. To be able to study such film formation
processes, insitu optical spectroscopy is an invaluable technique. In chapter 4, | try to provide a
general picture on the film formation dynamics of solution processed conjugated polymers. In this
chapter, | focus on the film formation of solution processed P3HT films. Although P3HT does not
offer the best device performance, it has been intensively investigated for application in organic
solar cells, and it is a model material with weatiderstood plotophysical propertiesBy careful
choice and control of the solution processing conditiansl detailed analysis of the measured in

situ opticalspectra during P3HT film formation, | propose general guidelines to explain the different
aggregation pathwaythat affect the final aggregate properties in the formed filmoncluded that

the aggregate formation iconjugateddonor polymers duringheir solution processing into thin

films proceeds through one of two routes. The aggregate formation proceedsreith a 2step

route where aggregates from in solution before solvent evaporatio via a istep routewhere
aggregates only form upon sufficient solvent evaporation at high polymer concentratierroute
followed during the film formation determinesi¢ aggregate properties of the resulting final film.
Aggregatesformed following a Ztep route are characterized by a more planar, more ordered
structurewhile aggregateformed following a isteproute are characterized by a less planar, and

less orderedstructure.

In chapter 5, | turn my focus towards the other half of an organic blend used in organic solar cells,

which is the acceptor material. In this chapter, | investigate the aggregation properties of two novel

side chain polymers based on an inestystyrene backbone and two different PDI chromophores.

These two polymers, namely PRiltyl and PPBDEG, have slightly different side chain chemical

structures that affects their structural and aggregation properties in solufibeir structure offers
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conformation properties of the polymer backbone. Using steady state and time resolved optical
spectroscopy; | investigate how minor changes in the side chaintsteuof these PDIs influence

the overall polymer aggregation properties in solutions as a function of solvent propésiesw

that it is possible to control the electronic interaction between the PDI chromophores by controlling

Vi



the conformation of theinert polymer backbone and the arrangement of the PDI chromophores
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conformation while the solvent polarity affects the arrangement of PDI chromophores around the
backbone depending on the attached side chain. The interplay between the solvation and polarity

may allow for tuning the aggregation of the material towards the desired properties.

Finally, in chapter @, try to correlate between thefilm formation andaggregation properties of
organicmaterials andblends during theisolution processing into filmand ther performance in
organic solar cell®y characterizing thiéim formationdynamics in such blendsing insitu optical
spectroscopyand their solar ck performance, | aim to determine whagpectral features
correspondto a bettersolar cell performance.then try to infer the underlying structeal origins

that corresponds to this better performance&his would enableneto rationally choose material
systems that provide optimum morphology for enhanced solar cell performance rather than
following a triatand-error approachl have shown thait is possible priorito predict the viability

of an organic blend to be used to fabricate efficient solalscdymeans of tracking the insitu
optical spectra during film formatioaf different organic blends, one can gain information about
the intermixing of domains between materials used in such blends. The reduction of the PL intensity
over a long tine afterfilm formation indicatedfurther formation of interfaces between the blend
materials, which offers a more favorable morphology for efficient organic solar Teitsfavorable
morphology enhanced the charge generation efficiency of the investigatededeaiwl resulted in
better overall device efficiencies. Based on this knowledge, | was able to fabricate ternary organic
solar cells with the optimum blend composition that resulted in 30% better power conversion

efficiency compared to the binary solar sell

Overall, my work shows that it is possible to extract valuable information about film formation of
organic materials processed from solutions relying mainly on insitu optical spectroscopy. My work
offers a general picture about the relationship betwetie solution processing conditions, the
resulting aggregate properties and the corresponding solar cell performance. This work lays the
groundtowardsachievingtargeted solution processing of organiidend films for efficient organic

solar cells.
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Zusammenfassung

Die Photovoltaikrechnologie, mit der erneuerbare Sonnenenergie mittels Solarzellen in Strom
umgewandelt wird, gilt als eine der wichtigsten Technologien der heufiginDiese Bedeutung
ergibt sich aus dem raschen Angtides weltweiten Strombedarfs. Die Forschung auf dem Gebiet
der Solarzellen hat in den letzten Jahrzehnten mehrere Entwicklubgiesiemfir die Herstellung
solcher Gerate verwendeten Materialien durchlaufen. Ein groRBer Teil dieser Entwicklungen
konzentrigte sich auf die Suche nach effizienteren Materialien im Hinblick auf den Wirkungsgrad
der Solarzellen und die Herstellungskosteimes dieser Materialklassen sind organische Halbleiter
Der Hauptvorteil organischer Halbleiter besteht darin, dassalsi&dsungen verarbeitet werden
konnen. Dies wurde Herstellungsverfahren in grolRem Mal3stab und mit RvbduktionVolumen

bei geringem Energiebedarf und niedrigen Produktionskosten im Vergleich zu herkdmmlichen
Solarzellen auf Siliziumbasis ermdglichen. Bno8e Herausforderung, die es bei der Entwicklung
effizienter Solarzellen aus organischen Materialien zu Gberwinden gilt, ist jedoch die ungeordnete
Natur dieser Materialien. Diese Unordnungm Vergleich zu den geordneteren anorganischen
Gegenstlicken erschwert die Kontrolle ihrer strukturellen Eigenschaften bei der Verarbeitung in
Dunnschichtsolarzellen. Daher ist es von entscheidender Bedeutung, klare SEidgénschafts
Beziehungen zu entwickeln, um die Diinnschichteigenschaften bei der Herstalungganischen

Solarzellen besser kontrollieren zu konnen und so hocheffiziéellenzu erhalten.

In meiner Dissertation untersuche ich, wie man die Physik der Filmbildung von organischen
Materialien, die aus Ldsungen prozessiert werden, besser venstddamn. Ich mdchte die
Beziehung zwischen den verschiedenéonditionen der Ldsungsverarbeitung und den
resultierenden Filmeigenschaften verstehen. Aullerdem versuche ich, einen Zusammenhang
zwischen den strukturellen Eigenschaften der entstehenden Filmemanischen Materialien und

ihrer Solarzellenleistung herzustellen.

Organische Solarzellen bestehen in der Regel aus einer Mischung von zwei oder mehr organischen
al GSNRAI f-WBWeS daRASS NI Sy t 2t & YSNB Y = -konjligle®2Py\@nedE y  dzy R
haben in der Regel eine teilkristalline Struktur, die aus ungeordneten und geordneteren
Polymerketten besteht. Die starker geordneten Polymerketten weisen haufig elektrostatische
Wechselwirkungen zwischen den Ketten auf, und diese Ketten werden als aiggbegeichnet.

Die Eigenschaften dieser Aggregate wirken sich in der Regel auf die optoelektronischen
Eigenschaften der organischen Materialien aus und beeinflussen somit die Leistung organischer

Solarzellen. Daher ist es wichtig zu verstehen, wie sedgregateigenschaften als Reaktion auf



verschiedene Bedingungen wahrend der Herstellung organischer Solarzellen verandern. Das
Mischen fuhrt zu Veranderungen der strukturellen Eigenschaften der einzelnen Materialien im
Vergleich zu ihrem reinen Zustandjas die Aggregateigenschaften organischer Materialien
verandert. In Kapitel 3 konzentriere ich mich auf die induzierten strukturellen Veranderungen von

t / 9mmI -KBrijudi@t¥h Donopolymer, das zur Herstellung von organischen Solarzellen mit
einem Wikungsgrad von uber 10 % verwendet wird. Durch eine Kombination aus
temperaturabhangiger optischer Spektroskopie und Rai8paktroskopie untersuche ich, wie sich

die Zugabe eines zusatzlichen Materials zu PCE11 aufSteiktur und Aggregatigenschaften
auswirkt. Durch eine detaillierte Analyse der optischen Spektren von PCE11 sowohl im reinen als
auch im gemischten Zustand quantifiziere ich die in diesen beiden Fallen auftretenden
Veréanderungen in den Spektren und bringe sie mit den strukturellen Verdngen von PCE11 in
Verbindung. Ich komme zu dem Schluss, dass die Vermischung zu einer starker planarisierten,
langeren konjugierten PCEKEtte mit einem geringeren Grad an molekularer Kopplung zwischen
den Ketten flhrt.

Die Untersuchung der resultieread Filme aus organischen Materialien oder Mischungen bietet
jedoch kein vollstédndiges Bild des Filmbildungsprozesses. Um solche Filmbildungsprozesse zu
untersuchen, ist die optische Insipektroskopie eine beste geeignete Technik. In Kapitel 4
versuche ¢h, ein allgemeinesverstandnis tiber die Filmbildungsdynamik voaus Lésung
verarbeiteten konjugierten Polymeren zu vermitteln. In diesem Kapitel konzentriere ich mich auf
die Filmbildung vomausL&sungprozessierP3HTFFilmen. Obwohl P3HT nicht die beskdfizienten

bietet, wurde es intensiv fur die Anwendung in organischen Solarzellen untersucht, und es ist ein
Modellmaterial mit gut verstandenen photophysikalischen Eigenschaften. Durch eine sorgfaltige
Auswahl und Kontrolle der Verarbeitungsbedingun§isrdie L6sung und eine detaillierte Analyse

der gemessenen optischen-$itu-Spektren wahrend der P3HHilmbildungprasentiereich ein
allgemeines Verstandnigur Erklarung der verschiedenen Aggregationswege vor, die die
endglltigen Aggregateigenschaftam gebildeten Film beeinflussen. Ich bin zu dem Schluss
gekommen, dass die Aggregatbildung in konjugierten Dé&odymerenbei der prozessiertaus
Ldsung zu diinnen Filmen dber einen von zwei Wegen erfolgt. Die Aggregatbildung erfolgt entweder
Uber einen zwistufigen Weg, bei dem sich die Aggregate bereits in der Losung bilden, bevor das
Ldsungsmittel verdampft, oder Uber einen einstufigen Weg, bei dem sich die Aggregate erst nach
ausreichender Verdampfung des Ldsungsmittels bei hoher Polymerkonzentratamsn.bDer
wahrend der Filmbildung eingeschlagene Weg bestimmt die Aggregateigenschaften der
resultierencen Filme. Aggregate, die nach einenSghrittVerfahren gebildet werden, zeichnen

sich durch eine planere, starker geordnete Struktur aus, wahrend gatredie nach einem-1



SchrittVerfahren gebildet werden, durch eine weniger planere und weniger geordnete Struktur

gekennzeichnet sind.

In Kapitel 5 wende ich mich der anderen Halfte eines organischen Gemischs zu, das in organischen
Solarzellen verwendetird, ndmlich dem Akzeptdvlaterial. In diesem Kapitel untersuche ich die
Aggregationseigenschaften von zwei neuartigen Seitenkettenpolymeren, die auf einem inerten
PolystyrolGrundgerist und zwei verschiedenen RIDromophoren basierenDiese beiden
Polynere, PPBlAlkyl und PPBDEG, haben leicht unterschiedliche chemische
Seitenkettenstrukturen, was sich auf ihre Struktumnd Aggregationseigenschaften in Lésung
beeinflusst. Ihre Struktur bietet einen einzigartigen Ansatz zur Steuerung der
Aggregationseignschaften des Gesamtpolymers durch Manipulation der
Konformationseigenschaften des Polymerriickgrats. Mit Hilfe der stationaren und zeitaufgeltsten
optischen Spektroskopie untersuche ich, wie geringfiigige Anderungen der Seitenkettenstruktur
dieser PDIs dieGesamtpolymeraggregationseigenschaften in Ldsungen als Funktion der
Ldsungsmitteleigenschaften beeinflussen. Ich zeige, dass es moglich ist, die elektronische
Wechselwirkung zwischen den RChromophoren zu steuern, indem man die Konformation des
inerten Polymerrickgrats und die Anordnung der #Ibkomophore um das Rickgrat herum
kontrolliert. Der Grad der Léslichkeit des Polymerriickgrats steuert die Konformation des Riickgrats,
wahrend die Polaritat des Losungsmittels die Anordnung dedPBdmophore um ds Ruckgrat in
Abhangigkeit von der angehangten Seitenkette beeinflusst. Durch das Zusammenspiel von
Laslichkeiund Polaritat lasst sich die Aggregation des Materials auf die gewiinschten Eigenschaften

abstimmen.

In Kapitel 6 schlieBlich versuche ich, @inBusammenhang zwischen den Filmbildungsd
Aggregationseigenschaften von organischen Materialien und Mischubegiehrer Verarbeitung

aus LOsung zu Filmen und ihrer Performairc@rganischen Solarzellen herzustellen. Durch die
Charakterisierung der IRibildungsdynamik in solchen Mischungen mittels optischer Insitu
Spektroskopie und ihrer Solarzellen Effizienz méchte ich herausfindenhevalpektralen
Merkmale mit einer besseren Solarzelleneffizieighergehen. AnschlieRend versuche ich, die
zugrundelegenden strukturellen Urspriinge zu ermitteln, die dieser bessdPemformance
entsprechen. Dies wirde es erméglichen, auf rationale Weise Materialsysteme auszuwahlen, die
eine optimale Morphologie fur eine verbessefelarzelleneffizienkieten, anstatttrial-and-error

zu folgen. Ich habe gezeigt, dass es moglich ist, a priori die Eignung einer organischen Mischung fur
die Herstellung effizienter Solarzellen vorherzusagen. Durch die Verfolgung der optischen Insitu
Spektren wahrend der Filmbildung versaeeer organischer Mischungen kann man

Informationen Uber die Vermischung von Doménen zwischen den in solchen Mischungen

Xi



verwendeten Materialien gewinnen. Die Abnahme derliRensitat Uber einen langen Zeitraum

nach der Filmbildung deutet auf eine weiterBildung von Grenzflachen zwischen den
Mischmaterialien hin, die eine glinstigere Morphologie fuir effiziente organische Solarzellen bietet.
Diese gunstige Morphologie erhohte die Effiziebei der LadungstragerErzeugung der
untersuchten Zellen und fuhrte zubesseren Gesamtwirkungsgraden d&olarzellen Auf der
Grundlage dieser Erkenntnisse konnte ich ternare organische Solarzellen mit der optimalen
Mischungszusammensetzung herstellen, die im Vergleich zu den binaren Solarzellen einen um 30

% hoheren Wirkurggrad aufweisen.

Insgesamt zeigt meine Arbeit, dass es mdglich ist, Informationen Uber die Filmbildung von
organischen Materialien zu erhalten, die aus Ldsungen verarbeitet werden, indem man sich
hauptsachlich auf die optische Insipektroskopie stiitztMeine Arbeit liefert eine allgemeine
grundlegende Struktur der Beziehung zwischen den prozessieren Konditsdrbsung, den
resultierenden Aggregateigenschaften und der entsprecher8elarzelleneffizienzDiese Arbeit

legt den Grundstein flr eine geltie LOsungsprozessierung von organischen Mischschichten fir

effiziente organische Solarzellen.
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Chapter 1: Introduction

1.1 Motivation and thesis objective

With the depletion of the conventional naerenewable energy sources such as oil and coal, the
searchfor alternativeand renewable energy sources became a crucial task for the future of our
planet. One of such renewable energy sources is solar energy, which can be converted to other
usable energy forms using different technologies. For example, solar collectors cataeersergy

to thermal energy for heating and photovoltaic systems convert solar energy to eledtticiyhile

all these different technologies offer a share in the supply of the world energy demands,
photovoltaic technology isonsidered the most important and the most researched due to the
NI LAR AYONBIasS Ay GKEJ 62NI RQa St SOGUNAROAGE RSYI
By taking advantagef the photovoltaic effect which was first observed in 1839 by Alexandre
Edmond Becquerel, energy from the sun can be converted directly to electricity using photovoltaic
modules[3]. After the photoconductivity in selenium waeported in 1873, the first practical
demonstration of it was done by Charles Fritts in 1888is demonstration was in the form af
selenium solar cell having less than 1% power conversion effici@icyOne of the biggest
breakthroughs in the field gfhotovoltaics was the silicon solar cells invented by Bell labs in 1954
which had about 6% power conversion efficieffsly Since then, most research in the photovoltaics
domain concentrated on improving the efficiency of solar cells based on silicon and other inorganic
materials.First and second generation solar cells whether wafer based or thin films were mainly
dependent on inorganic materials such as silicon (crystalline and amorphous) and G@&Jlium
Nevertheless, due to several drhacks of such solar cells such as heavy weight, high energy and
material requirements for manufacturingand the long payback time, other materials were
researched for use in solar cells. Third generation solar cell materials included perovskites, dyes and
organic or polymer materials for fabricating the solar cell active layer (the layer where the incoming

photons from the sun in converted into electrorg)9].

The first major demonstration of an organic solall @&as done in 1986 by Tang et al. when they
made a heterojunction bilayer organic solar cell with around 1% power conversion effigl&hcy

In this solar cell, two organic materials with different electron affinities were deposited sequentially
on top of each other. The charge carriers were generated mainly at the interfgamrbetween

the two materials. Moving further on in time, bulk heterojunction organic solar cells were made

and offered higher power conversion efficiencies compared to bilayer organic solar cells. In these



bulk heterojunction organic solar cells, theiaetlayer consisted of a blend of two organic materials
which allowed for larger interfacial area between the two organic materials and hence better
charge generation8]. These blends consist of electrdonating (donor) and electreaccepting
(acceptor) organic materials suchmsonjugated polymers, small organnolecules, and fullerene
derivativeg11-15].

While each type of solar cell material had advantages and disadvantages, organic solar cells offered
many promising and unique traits. Due to the soft nature of oigamaterials, organic solar cells

can be processed from solutions. This would allow for large aredorabll manufacturing
processes that would lead to high output and low production costs. In addition, organic materials
offer the mechanical flexibilitpeeded for some solar cell applications such as weardb&sl 7]

Finally, organic materials can be made into transparent solar cells which again can be beneficial for
some solar cell applications such as buidintegrated photovoltaicEL6]. Nevertheless, the same

soft nature that leads to the abowaentioned advantages, results in some drawbacks of organic
solar cells. Opposite to inorgarO Yl G SNAF f &> 2NAFYAO YFGSNAIfa | NB
long range ordered crystalline structure. This means that structural and morphological properties
of the solar cell active layers is hard to conf{tt8]. This results in the organic solar cells lagging in
power conversion efficiencies behind silicon and perovskite based solar[t@]lsMoreover,
organic solar céd offer lower stability compared to silicon solar c¢#i8]. Based on the above
characteristics obrganicmaterials used solar cells liecamewell established that the active layer

morphology strongly influences the device performance. From a morphological point of view, there

are three main characteristide a good solar cell performance:

a ¢KS GNRARIKGE R2YIAY &aAT S -DAMIKS R2y2NJ FyR (KS
b. ¢KS GNRAIKG¢ RSINBS 2F 2NRSNIAYy G(GKS R2YIAya
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Consequently, the properties of donaceptor blends approximated by these characteristics
influence the charge separation, generation and transport in an organic solar cell, which in turn
affects the overall device performance. In general, in thin films, the donor and acceptor materials
exhibit electrostatic interactions (molecular coupling) leading to short range order referred to as
aggregation. It has been shown that the degree and nature of this aggregation impacts the charge
separation and subsequent charge transport within the active kRyefr organic solar cells
influencing their efficienci21]. For example, it was shown that for fullerene acceptors, the degree

of molecular coupling between the fullerenes influenced the photocurrent producedbiydrisolar

cells[22]. Similar results were shown when different fullerene acceptors were combined with the



same polymer donor in bulk heterojunction solar cflls]. Sirce we have an idea about the desired
active layer properties for a good organic solar cell, it logically follows that careful control over film
formation (and the accompanied aggregate formation) during processing is crucial. This offers a
better method ofcontrolling the structureproperty relationship rather than following a trial and
error approach. The processipgrametersthat would affect the properties of the active layer

include:

a. Solvent choice and solvent additives. This choice is manifestad sotubility parameters,
polarity and boiling points of the solvents used.

b. Processing temperature.

c. Deposition technigues (e.g. spin coating, blade coating, etc...) and the consequent
deposition parameters (e.g. spin speed, blade speed & acceleration) etc.

d. Processing atmosphere (e.g. solvent atmosphere, air, etc...)

Unfortunately, controlling all these parameters and the interplay between them proved to be
difficult. This is due to the complexity of the film formation process and the impact of these
different processingarameterson the aggregate formation at different time and length scales.
The route usually followed is studying the effect of th@s@ametersin isolation, which gives an

idea about how a singlparameterimpacts the active layer propgées and subsequently the solar

cell device performance. The drawback of such approach is the inability to provide a complete
picture of the combined effect of all thparameters which is critical when moving towards
processing of large area organic salalls. Finally, while recently more research focuses on the in
situ optical characterization techniques, still when it comes to tracking film formation of organic
materials most reports rely on insituray scattering techniques. While these techniques @ucial

in tracking changes in thickness and crystallinity of these blends, they do not give any information
about the evolution of the molecular electronic interactions (i.e. aggregation) during film
formation. The objective of my thesis is to try to ther understand the impact of the processing
parametersas a whole on the properties of organic aggregates and the subsequent impact on the
solar cell device performance. To achieve this, | mainly rely on optical spectroscopy techniques
whether steady stat, time resolved or isitu applied to different organic materials and blends
used to fabricate organic solar cells. This might serve as an attempt to show a clearer picture of the

structure-property relationship in organic solar cells.

Based on the abovmentioned objective, the material selection plays an important role in my
thesis as their properties can be impacted differently by the different procegsirgmeters The

materials of choice within my thesis were selected as being either model mattralsre well



studied in the field of organic electronics, materials that offer high solar cell device performance or
materials that could have potential in being used in organic solar ¢éksfirst section of materials

in my thesis consists of P3HT &M@:BM, which are amongst the most well studied materials when

it comes to the field of organic solar cells. The second section of materials in my thesis consists of
the donor-acceptor(D-A) polymer PCE11 as a high performance donor polymer. The thitdsec

of materials in my thesis consists of two new acceptor polymers based on perylene diimides (PDIs).
These are two side chain polymers (RRBYI and PPBDEG) consisting of PDI chromophores with

different functional side chains attached to an inpdystyrenepolymer backbone.

1.2 Thesis overview
Chapter 2

In this chapter, | discuss the experimental techniques | used to obtain the data presented within my

thesis.
Chapter 3

In this chapter, | try to explore the impact of the addition of an extra materidghe donor material

in a blend. This impact would be manifested as changes in the molecular interaction properties of
the donor material. In this part, | use PCE11, where | investigate the impact of the addition of the
extra material on the PCE11 polynoenformation and aggregation properties using a combination

of optical spectroscopy and Fran€london analysighis is the foundation chapter as | discuss the
general impact of the addition of the extra material on PCE11 aggregation without going iatb det
about the film formation process. Moreover, it shows a novel approach in the application of the
FranckCondon analysis to get a more detailed picture on the aggregation propefti2#\ donor

polymers.

| based this chapter mainly on the papér/ 2 y &iénblhanges of PffBT£0OD (PCE11)
' 3aINB3IFG§Sa dz2al2y o0f SYyRAYy3a gAlK whihl|Qrepaib®forSR 0 &
submission together witkKonstantin Schotz, Giovanni Maria Matrone, Natalie Stingelin, Anna

Kohler and Fabian Panzer.
Chapter 4

In this chapter, | try to draw a general picture on the complex relation betvge&utionprocessing
parametersand polymer aggregation during film formation. | focus here on the neat P3HT film

formationwhenspin coated from solutions. | also investigate film formation of P3HT in a blend.



In this chapter, | use insitu optical spectroscopy coupled with detailed F@oeon analysis to

qguantify the film formation process.

¢CKAAd OKIFLIWGSNI Aa o6FaSR Ay LI NI 2y {riaSon tdkinglS NJ & !
a2ftdziA 2y LINE oréparadifof Iubmissihita@dther withlatthew J Dyson, Stefan
Wedler, Konstantin Schétz, Mihirsinh Chauhan, Paul N Stavrinou, Natalie Stingelin, Anna Koéhler,

and Fabian Panzer.
Chapter 5

In this chapter | invegate the conformation and aggregation properties of two side chain
polymers based on an inert polystyrene backbone and PDI chromop(®R&alkyl and PPBI
OEG) The idea is to study how implementing an acceptor chromophore in a side chain polymer
configuation might allow over more control of their aggregation properties compared to main
chain polymer or small molecule configurations. The main goal is to explore the potential of such
side chain PDI polymers as acceptors in organic solar cells. In thiterchafocus on the
spectroscopic characterization of these side chain polymers in solutions, while in the subsequent

chapter | focus on their film formation properties and their performance in organic solar cells.
Chapter6

By this point in my work, | hawhad established a better understanding of the different aggregation
mechanisms during film formation of organic materials whether in the neat or blend states and
how these mechanisms are impacted by the procesgargmeters In this chapter, | move ot

more practical approach where | try worrelate between thefilm formation andaggregation
properties of different organic blends during theirsolution processing into filmand the

performance of those same blends in organic solar cells.

1.3 Electronic sructure of organic semiconductors

Organic materials in general are based on carbon and hydrogen atoms with other heteroatoms that
can be found in their structure such as oxygen, nitrogen and Fluorine. Opposite to inorganic
semiconductors, organic matergalare inherently insulating. Organic materials can be made
conducting by means of doping or through phateneration of charge carriers through bound
electrorthole pairs i.e. excitons. The semiconducting property of some organic materials then can
be allowed due to the presence or alternating single and double bonds referred to as the
conjugated -electron system. This conjugated structure of the organic semiconductors is a result

of the underlying electronic structure of the carbon atoms.



In the ground stte, the carbon atom has 6 electrons distributed on the atomic orbitals as fallows
18 2¢ 2pt 2pyt 2pL. This means that the innermostosbitals are filled and only two valence
electrons in the outer jrbitals are available for bonding. Nevertheleséien carbon is bonded

with other atoms, one electrons from the Zsrbital is promoted to the empty 2rbital making 4
valence electrons available for bonding. The energy required to raise one ofthle@sons to the

2p; orbital is offset by the eng@y gained from the available two new extra bonds. Following this,
the outer four orbitals can then mix together forming hybridized orbitals. This can happen between
either all four of them, only three or only two orbitals. When the 2s orbital and the tBpeerbitals

are mixed together, they form four new orbitals called the hybridizeticspitals which are at
109.5 bond angles between each other. In another situation, only the 2sa@gd 2p orbitals
hybridize forming three sjorbitals which are at 12 bond angles between each other. This leaves
the 2p.orbital in an orthogonal orientation to the plane containing the three hybridizéddgitals.

The orientation of the bonds happens following the VSEPR theory (valence shell electron pair
repulsion) vhich describes the geometric configuration of bonds and electrons around an atom as
a consequence of the repulsion forces between th§2B]. Different molecules are formed

depending on the different hybridized orbitals as shown in figure 1.
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Figure 1:Combination of different hybridized and nehybridized orbitals to form distinct types of bonds in
2NHFYAO YIFOGSNRLIf &d-0r20y RAG KolOy S9 (1AK2SendSRa@y§Aliybeng/) Biineo
O2 y (i I A ypdngszandiZ -bonds. Reproduced frofi8].

As observed from figure 1, two types of bonds can happen in an organic material containing carbon

and hydrogen. | will focus on the case of ethene (or ethyleseil represents an example of an
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organic material containing the conjugated structure that gives rise to the semiconducting
properties. Firstly, each one of the three sp2 hybridized orbitals containing one electron forms
three single bonds calledbonds.Two of these bonds are formed with two hydrogen atoms and
the third is formed with the other carbon atom. Secondly, due to the overlap of the electron cloud
between the porbitals from the two carbon atoms they form two states above and below the
bondalready presenbetween thesetwo carbon atoms. These two states are referred to as the
bonding orbital or the highest occupied molecular orbital (HOMO) and thetibonding orbital or

the lowest unoccupied molecular orbital (LUMO). This alternatiombeh the singlée -bonds and

the double ~-bonding is what gives rise of the semiconducting properties in organic

semiconductors.

As the™ -bond is weaker than the-bond, the difference between the HOMO and LUMO orbitals
are the smallest electronic transiticavailable in organic semiconductors. As a consequence, optical
excitation of organic semiconductors is possible as the difference between the HOMO and LUMO
orbitals (typically 1.5 3 eV) coincides with visible light range (roughly 1¢58.1 eV). Upon
photoexcitation an electron is promoted from the HOMO to the LUMO and the molecule is in an
excited state forming what is called a bound electtwoie pair or an exciton. Under certain
conditions, the subsequent generated free charges from these excitarhea transport through

the delocalized -orbitals. This picture is analogous to inorganic semiconductors where upon
excitation an electron is promoted from the valence to the conduction band through which charge
transport happens. The main differencetlist in the inorganic semiconductors due to their high
dielectric constant (typically, > 10), upon excitation the created exciton is almost instantaneously
decomposed to free charge carriers. While in organic semiconductors due to their low dielectric
constant (typically¢, = 34), the created excitons are strongly bound together by strong electrostatic
interactions[18, 24] It is worth noting that it should not be assumed that HOMO and LUMO orbitals
are equivalet to the ground and excited states. HOMO and LUMO orbitals are considered one
electron orbitals and hence, in a simple picture, the transition of an electron between these two

orbitals results in the whole molecule transitioning from a ground to an exitate.

1.4 Theoretical background of the experimental techniques

I. Steady state absorption and emission

Although being a simple and easy to perform experimental technique, time averaged optical
spectroscopy offers an important tool in understanding the oiga®miconductors properties by

applying various analysis techniques on the measured absorption and emission spectra. In organic



materials, on the molecular level, absorption and emission of light leads to a change in the energetic
state of the molecule. B absorption of light the energy of the molecule is increased i.e. the
molecule transitions from a ground state to an excited state, while the opposite occurs upon
emission as the molecule loses energy. The wavefunction representing a certain moledelar sta

can then be described by three differectintributionsaccording to the following equation:
1)

Where, is the electronic wavefunctiorntit describes the position of the electrons, is the

vibration wavefunction that describes the position of the nuclei and is the spin wavefunction

that describes the spin state of the electrons. This equation holds as long asigheoestrong

interaction between any of the wavefunctions. This is fulfilled following the Bippenheimer
approximation due to the nucleus being much heavier than the elec&@0Q0 times). Accordingly

the nuclei can be considered stationary relatitee the electrons motion and their respective
wavefunctions can be treated separatelhe probability (rate) of the transitions between two such
aidlisSa Oy 6S RSaAONAROSR o0& CSNX¥YAQa 32t RSy NMz Sy
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Where,® is the transition probability (rate), and are the wavefunctions of the initial and

final states and’ is the final states densitywis the coupling element fointeraction i.e. the

parameter that couples both and leading to the transition. For absorption and emissiois

the electromagnetic light waves or more specifically its electrical dipole compoheatoscillating

electrical dipole compaoent of the electromagnetic waves leads to oscillations of the electrons.

While the nuclei, since they are much heavier than the electrén®,y Qi NBaLR2yR aAYAfl
electric field. The spin state of the electrons is only affected by the magneticctieighonent of

the electromagnetic wavedut since the magnitude of such field is small it can be neglected.
Consequently combining equations 1 and 2 leads to the following expression for the transition

probability:
o —@ O &H s G " 3)

Where ‘QHis the operator describing the oscillating electrical dipole component of the
electromagnetic light waves. Accordingly, the overall probability of a transition is mainly
determined by the initial and final states electronic wavefunctionise. ( electronic
transitions/spectral intensity). Additionally, as the different nuclei ose&liaside the molecule

they couple together analogous to a system of coupled pendiiase coupled oscillatiohsad to



different normal vibrational modes as a function of the position of the nuclei. For each mode,
distinct vibrational levels are then obxwed in the ground and excited electronic states and the
transitions are initiated within these levels. Accordingly, the vibrational wavefunctions of the initial
and final states determine the progression of the transitions (ilrational transitionsgpectral
shape).Figure 2 shows the combination of ground and excited electronic states with different
vibrational modes and how the different transitions would be reflected on the final absorption and

emission spectra.
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Figure 2: Emission spectra of péilyorene at 10K (right) and a depiction of the potential energy curves
corresponding to two normal vibrational modes (left) that would give rise to the observed spectral features.
Reproduced fronj18].

ii. Spectral signatures of aggregates in organic materials

Up till this point, I mostly discussed organic materials in the isolated,siateorganic molecules

or polymers are usually present in molecular assemblies rfgotecules in concentrated solutions

or in the solid state). This leads to the rise of molecular interactions between them which in turn
Ff GSNAR GKS YFGSNAIEfQa 2LIJ2St SOGNRBYAO LINBLISNIAS
molecules order withintie molecular assemblies hence reflecting the type of arrangement of the
organic molecules.In general, molecular interactions can be separated into intaad
intermolecular components. As the names imply, the intramolecular interactions arise from the
properties within the same molecule or polymer chain such as the chain conformation or the
effective conjugation length. While the intermolecular component arises from the interaction
between the different molecules or polymers. These molecular interactisnally happen when

the molecular assemblies transition from a disordered state to an ordered state. The most
straightforward example would be the solution processing of organic material into thin films. For
example, upon spin coating of a polymer solutiaa the solvent molecules start to evaporate the

polymer chains become closer to each other. At a certain point during the process when sufficient

9



solvent molecules evaporate, polymer chains take a certain arrangement or conformation and the
molecular inteactions between them manifest as changes in the optical spectra. This transition
between the disordered to the ordered states and the accompanied rise in intermolecular

interactions is referred to as aggregation.

All the above means that optical spectcapy can be used as a probe of the aggregation of organic
semiconductors and the underlying intermolecular arrangements within the molecular assemblies.
It is worth mentioning that the alteration of the optical spectra can arise from other factors such as
the polarizability of the surrounding environment and solvation eff¢t8. Kasha was the first to
establish the ideas that were used to describe the relationskipvben the electronic molecular
interactions of organic semiconductors and the accompanied changes in the optical 4@&etra
27]. To understand how the photophysical properties are altered by aggregation, | glidas

simple a case of two interacting molecules (chromophores) which are also referred to as dimers.

Figure 3 shows the energy levels both of the isolated state and the dimeric 28leAs shown in

the figure in the gaphaseas the molecule is isolated we have the ground and excited states
separated by the energy g&E. When two molecules become closer to each other electrostatic

interaction between their corresponding electron clouds arise. This results in the formation of
dimer with its ground and excited states shifted to lower energiae difference between the

R A Y §NiIddand excited states becomieE-&D.kD is referred to as the gads-crystal shift.

Gas Dimer
Excited phase ; I ,

state T\\

D4\ Condensed
y phase .7 A i

H-Aggregat J-Aggregat
-

AE
c ct ¢€ c =
AE+ AD 2 °3s 3| [2¢
5| $235 5| [£3
0 a3 O wn o ®
Ground g - g ~—
State ﬂ\\
&

Yy

Figure 3: Energy level diagram and energetic shifts upon the interaction between two isolated molecules
to form a dimer. Adapted from[28].
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Moreover, depending on the mutual orientation of the molecular transition dipoles, the exkcit
state energy splits with a separation of that is referred to as the resonance energy. The two
extreme cases of such mutual dipole orientation are referred to as H-agdrégates. fggregates
refers to the case where the dipole moments are paraltednti-parallel to each other. In this case,
although the antiparallel configuration is lower in energy, its state is not dipole allowed, as the
dipole moments sum is equal to zero. This means that absorption is allowed to the higher lying
parallel exciéd state and the resulting spectra is blue shiftedggdregates refers to the case where

the dipole moments are arranged face to face or face to tail. Again, because of the two possible
configurations, we have a splitting to two states one of which isldiforbidden. In thecase of}
aggregates, the dipole forbidden state is the higher lying state opposite to the casagofrebates.

This means that in thease ofJaggregates, the absorption spectra would be red shifted and
emission would be alloweddm the lower lying stateTheaforementionedscenario assumes the
ideal casebutin reality this mutual orientation is usuakbpmewherebetween those extreme cases

and the dipole selection rules are not strictly followed. An example of how the molecular

orientation alters the optical spectra in an organic oligomer is shown in figure 4.
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Figure 4: Relation between the optical spectra and the different molecular arrangements within a
nanoparticles suspension of DSB based materials. The dashed lines shewsdhlution spectra for
comparison. Adapted from29].
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Figure 4shows diferent arrangements within different DSB based oligomers depending on the side
chain substitutions and the addition of heteroatoms to the molecular backb@% In the
amorphous case we observe the least difference to the solution spectra. In the case of a more
ordered arrangements, the deviation from the solution spectraniore significant. For example,

the case of ideal stacking which is often observed in several organic semiconductors shows a
significant deviation from the solution spectra. In this case we observe the characteristic broad red
shifted excimer emissioni@ng with the blue shifted absorption spectra. Both of thesgnatures

are sigis of Haggregates formatiof30, 31]

Developing this idea further, the relationship between aggregation and photophysical properties
the case of real systems of several interacting chromophores was established by[SpaBb]

This expanded Spano theory not only included the effects of electronic molecular interactions
between chromophorebut included the vibrational and disorder effects. In the case of conjugated
polymers where the intermolecular interactioase weaker than shorter oligomers, the theory is
referred to as the theory of weakly interacting H eaghregate$30, 31] Following this framework,

the intermolecular coupling strength could be quantified from the relative heights of the vibration
peaks in absorption and from the suppression of the emission p&fsAs mentioned earlier,
these changexan bethen related to the microstructural or morphological properties of the
material [33]. Within the Spano theory, the spectral signatures of H aadgregates within the
progression of the optical spectra can be soarized in two extremes. In the case of an ideal H
aggregate, in absorption the@to 0-1 peak ratio decreases with increasing molecular interaction
strength. While in emission the-@ peak is suppressed with decreasing disorder or at lower
temperatures.Inthe case of -hggregates, we have the opposite situation i.e. the absorptiort®

0-1 peak ratio increases with increasing molecular interaction strength and the emisSie&k

is suppressed with increasing disorder or at higher temperati8@k

ii.  FranckCondon analysis (FCA)

FranckCondon analysis (FCA) is a technique used to fit the measured optical spdswgp(on

and photoluminescenck from which different fitting parameters can be extracted, such as the

degree of disorder and molecular interaction (i.e. molecular coupling strength). These fitting
parameterscorrelate with the underlying structure and interaati® within the material thatre

manifested through the optical spectra.a I £ NBIF R& YSYGA2y SR 0620S dzRy
with light, both electronic and vibrational transitions determine the intensity and the shape of the

resulting optical spectralhe transition intensity is determined by the overlap of the vibrational

wave functions of the initial and final electronic states and is referred to as the FE&ordon
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overlap integral. Squaring it gives the probability of transition between theilfrational level of
the ground state and the fvibrational level of the excited state and is referred to as the Franck
Condon factorAssuming a vibrational energy®f  within one normal mode, we can describe the
transition intensity’'O  (FranckCondon factoy by a Poisson distributiodO  represents the
probability of the transition from the 0vibrational level of the ground state to the'hvibrationd

level of the excited state:

0O W pw p s —Q (4)
Furthermore a change in the coordinates of a certaammal mode (change in mode energy) would
alter the overlap integral and hence the transition intensity. So, by approximating the potential
energy curves of a normal mode as a harmonic oscillator having an equilibrium coor@jnaee
can relate the chang the transition intensity to the change of the equilibrium position @)
by the following equation:

Y o-0— -0 — 5)

o] o)

Where,"Yis called the HuagrRhys parameter and K =.Mrepresents the force constangnd . m

is the mode frequency.

In reality, we do not observe sharp transition lines but rather broadened ones due to disorder and
environmental effects. Therefore, we need to account for this wfiigimg the optical spectra by
using a Gaussian or Lorentzian function with a specific linewidth. In addition, we need to take into
account the energy dependent refractive index of the surrounding media (e.g. solution) and the
correction for thedensity ofstates DOS. Both corrections appear in the form of the 5] &)

factor for photoluminescence anc 9] &) for absorption. Finally, we need to consider
different vibrational modes rather than one, which is more often than less the situation. In this case

the FranckCondon factor can be expressektlithis:

0 —Q (6)

Where, i represents the number of modes to be taken with m levels per mode.

Combining all the above, we can then arriveacsimple FranckCondon progression that can

expresses the overall Abs and PL spectra as follows:
O 9 €9 3y OB B0 3] 9 o] B & 9 @)

0 9 t9 » OB B'O 3®J a9 9 Bda o (8)
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The above equation holds true in case of no electronic interactions within the material (e.g. dilute
solutions) but needs to be modified to accouwt ¢the presence of interactions between molecules
(e.g. aggregation). This is often the case in concentrated solutions and films of rpbiended
material systemsOne of these modifications in the context of the weakly coupleagbiregates
model leads @ the following equation that allows to fit the PL spectra with the presence of

molecular coupling (i.e. aggregati¢d2]:
‘0 9] €a O | 30 9 9 B BE—Q 3] 9 9] B¢ 9 9

Where| represents a factor quantifying the intermolecular interactions taking the valuss <

1, where 1 means negligible interaction reducing eq. 9 back to the unmodifiedreqrid.the above
equation we can extract different parameters namely, the disorder paramettre HuangRhys
parameter’Y the energy of the @ transitions] ,and molecular coupling strength parameter
.These parameters are related to different material properties such as energetic disorder and
aggregation properties. Ultimately, this allows us to infer information about changes in the
YI G4SNR It Qare asa GQuNGion fNIHiDaint experimental conditions. Although | mostly
fitted the PL spectra during my work, it is worth mentioning that a similar modification applies for
fitting the Abs spectra where the coupling strength can be inferred from the odtihe G0 and 0

1 transition peaks.
Iv. Time resolved photoluminescence

In the previous sections the steady state spectra referred to the optical spectra obtained over a

time scale much longer than the timescales for excitation and relaxation processew dur
absorption and emission. Different fast processes occurring during absorption and emission are
depicted in the Jablonski energy diagram shown in figuig4y® 5 SLISYRAYy 3 2y GKS
structureand excitation nature different processes occur. The process of the light interaction with

the material leading to absorption and emission can be broadly divided into three main steps:

- Firsty, the photons interact with the material leading to absorptiohave the molecule gains
energy transitioning to an excited state. This process is very fast taking wlttda the
femtosecond timescale.

- Secondl, the molecule relaxes to a lower vibrational level within the excited state. This process
is nonradiative and occurs within the picosecond timescale.

- Thirdy, the molecule goes back from excited state to the ground state emitting photons in the
process. This process occurs within the millisecond (phosphorescence) to the nanosecond

(fluorescence) timescales.
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Other processes are possible within the overall lifetime between absorption and emission as shown

but I will not discuss them all here as they are outside the scope of my thesis. Accordingly time
resolved photoluminescence (TRPL) refers to measuring thendetf the excited state during
SYAaaAirzy @gKAOK OFy 3IABS I+ 6SITOGK 2F AYyTF2N¥YI (A2
molecular level. Additionally, the presence of different type of molecules can lead to other
processes such as energy or chargasfer that would alter these lifetimes. This can also provide
information about changes in molecular states as a result of interactions between the different

molecules.

— Energy Levels

Absorption (10 s)

Fluorescence (10-%— 107 s)
Phosphorescence (10°-10s)
—_—— WA, Internal Conversion (10711 - 107 s)

Vlibrational Relaxation (10121010 5)

Y Intersystem Crossing (10°— 10" s5)

1 E

Figure 5:Jablonski energy diagram showing the different excitation amelaxation processes during
absorption and emission and their average lifetimes. Straight lines refer to radiative processes while wiggly
lines refer to norradiative ones. Adapted fronfi34].

v. Raman Sgctroscopy

A process that can occur during the interaction of photons with organic molecules is scattering. If
the photons do not change energy upon scattering it is referred to as Rayleigh scattering while a
change in the photon energy during the proceseeferred to as Raman scattering. The energy lost

or gained during Raman scattering is transferred to or from the vibrational modes within the
molecule which leads to a change in the vibrational state of the molecule. Consequently this gives
us access ta technigue that we can use to measure the energies of different vibrational modes.
Nevertheless, not all the vibrational modes can be accessed using Raman spectroscopy, but only
those that result in a change in the molecular polarizability. Figure 6 skwswdifferent scattering

process.
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Since different molecules show distinct vibrational modes, Raman measurements can be used as a

probe to identify different materials. In addition Raman spectroscopy offers a technique for probing

the microstructure of dferent organic molecules and polymers in solutions and films. This can be

done by observing changes in the mode intensities and energy shifts under different experimental

conditions as will be discussed in chapter 3.
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Figure 6: Energy level diagram sWing the different scattering process.

vi. Relation between optical and Raman Spectroscopies

An important prerequisite for performing FCA on the optical spectra of organic materials is having

an idea about which phonon modes (vibrational modes) to use. G#pewe can gain information

about the different phonon modes present in a material using either Raman or FTIR spectroscopy

techniques. However, the selection rules determining which modes are Raman or IR active are

different. While IR active modes regeiia change in the dipole moment upon interaction with light,

Raman active modes require a change in the polarizabiljty-om a classical point of view, upon

interaction of the light with an organic molecule, an electrical dipole moment is induced

proportional to the oscillating electric dipole component of the electromagnetic light waves. This

proportionality term is réerred to as the polarizabilityandad” S a dzZNB 2 F K2 &

SIaate

electron cloud of is affected by the electrical dipole component of the electromagnetic wave.

However, this polarizability is not constant but changes with changes of the emguiliboordinates

of the normal phonon modes already present in the molecule.

16

l.:.l



The induced dipole moment and its relation to polarizability then can be classically expressed using
the following equatior{35] :

| 0Al106 — — AT 17 o6 ATO 1 o (8)
* is the induced dipole moment arl@ ‘O A 170 0 is the incident electromagnetic light wave.
0 isthe normal mode coordinate which is considered as a simple harmonic oscillator with frequency
1 and amplituded indicating the equilibrium position. Finally, is the polarizabilityln this
eqguation, the first term describes Rayleigh scattgrthat shows no change in the photon energy

upon scattering, while the second and third terms describe Raman scattering (stokes and anti

stokes). It then follows that a phonon mode will be Raraative only in the case where a change

in polarizability reslis from this mode i.e. — . It should be noted that this condition

assumes a perfect symmetry of the polymer backbone, which is not always the case. In the case of
conjugated polymers, the change in the equilibrium normal mode coordinates arises upon
excitation.Hence, a difference arises between the equilibrium positions of the potential energy

curves of the ground and excited statéd) as shown in figure 7.

A
Excited

State

Ground
State

Potential Energy

Vibrational Coordinate, Q

Figure 7:Schematic potential energy curves of the ground and excited states of an organic molecule.
Reproduced fron35].

Quantum mechanicallypne can then show the direct relation between the Raman phonon modes

and the optical spectra. The probability of a transition from the ground state to the excited state
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(and viceversa) is determined by the square of the overlap of the wave function of the ground and
the excited states (Frang€Rondon factor). The magnitude of0 affects both the Franckondon

factor and the polarizability of the molecule. Hence, experimentally we would expect the modes
appearing in the Raman spectra to be the ones that contribute to the vibrational progression in the
optical spectrg[18]. Therefore, the phonon modes extracted from Raman spectroscopy offer a

logical starting point for analyzing the optical spectra using FCA.

1.5 Fundamentals of organic solaells

As mentioned earlier, upon photoexcitation of organic semiconductors a strongly bound exciton is
formed (binding energy around 0.3 to 0.5 ¢¥3]. Due to the egiton strong binding energies, the
thermal energy at room temperature is not sufficient for separating the excitons into free charge
carriers. In this case, the phoggenerated excitons have a high recombination probability within a
very short time frame € 10 ns)[18]. To overcome this problem, in an organic solar cell the
photoactive layer usually consists of a combination of two organic semiconductors havingndiffere
electron affinities and sandwiched between two electrodes with different work functions.
Consequently, the generated internal electric field in the active layer results in the separation of
the excitons at the interface between the two materials. Tallitate this process, the organic
semiconductors used in the active layer are electdomating (donor) and electreaccepting
(acceptor) materialswith the acceptor material having higher electron affinity. This means that
once the exciton is separated the interface, the generated electrons and holes move through the

acceptor and donor layers to their respective electroffs

Figure 8 shows the most two common organic solar cell architectures used for combining the donor
and acceptor materials; the planar heterojunction commonly known as the bilayer andutke b
heterojunction (BHJB6].

Top Electrode Top Electrode

Bottom Electrode Bottom Electrode

Figure 8: Schematic diagram of the bilayer and bulk heterojunction (BHJ) active layer structures used in
organic solar cells. Reproduced froi36].
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The bilayer structure is usually fabricated in a sequential manner where the acceptor layer is
deposited on the cathode, then the donor layer is deposited on top and finally the anode is
deposited on top. The anode is usually made from a traresgasxide material that allows for light

to pass and excite the active layer. It can be deduced from the figure that bilayer architectures
would not allow for high power conversion efficiencies due to two readeinstly,since the exciton
lifetimes is vey short, if the active layer is very thick most of the excitons would recombine before
reaching the interfaceSecondlyif the active layers are made thin to accommodate this, the photo

generated excitons would decrease as the absorption is reduced.

The® problems are mitigated in the BHJ structure where the active layer is a blend of both the
donor and acceptomaterials This leads to the formation of a phase separated structure with
smaller donor and acceptor phases compared to the bilayer strucMozeover, the interfacial

area between the donor and acceptor increase compared to the bilayer structure. These two
characteristics lead to better exciton generation upon absorption as both the acceptor and donor
contribute to light absorptionln additionto better free charge generation due to the higher

probability of the exciton reaching the interface before recombining.

Figure 9 shows the journey of an exciton inside an organic solar cell from an energetic point of view
[37]. This starts from the absorption of light until thergeration of electricity by means of the

photo-generated free charge carriers. The full process can be separated into three main steps.

rr E,
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work
function

.EF

L3 E,
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work
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- rE"
[Cathode

work
function

te,

Anode Donor Acceptor Cathode Anode Donor Acceptor Cathode Anode Donor Acceptor Cathode

Exciton generation Exciton diffusion/dissociation Charge transport/extraction

Figure 9: Schematic energy diagram following the different processes within an organic solar cell until free
charge gemration. Reproduced fronp37].

In the first step, the light is absorbed by the active layer (in this example | assume it is absorbed in
the donor phase) and excitons are generated. This is shown as the yellow and white circles in step
1 indicating the hole and electron respectiyeln the second step, the exciton diffuses though the
donor phase until it reaches a donor/acceptor interface within its lifetime. At the interface, the

exciton dissociates into an electron and a hole due to the internal electric field arising from the
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difference in the work function between the anode and the cathode. Due to the higher electron
affinity of the acceptor, the electron transfers to the acceptor phase leaving the hole in the donor
phase. In the third step, the generated free carriers transgbrough the donor and acceptor
phases until collected at the respective electrd8e18] The total power conversion efficiency of
the solar cell can be thought of as a combination of the individual efficierafiesl these

intermediate stepg$8].

Within this journey sev&l loss mechanisms limit the efficiency of these intermediate steps and
KSyO0S (KS G2d0Ff GKS LI226SNI O2y@PBSNBERA2Y STFTAOASyOed
a sufficient range of the solar spectrum, a lot of the sunlight would not berhbd by the active
layer which decreaseghe efficiency of the exciton generation. Secondly, after an exciton is
ISYSNIGSR AT Al R2SayQi NBFOK (KS AvenSiNgFl OS oA
absorbed light. This occurs if theeh & yheugh pBase intermixing which leadsasmall interfacial
area and larger phase separated domains. Thirdly, even if the exciton reaches the interface,
recombination can still happen if the internal electric field is not sufficient to overcome the
exactiod Sf SOUNRAGI GAO O0OAYRAY3I SySNHE® ¢KS NBO2YOA
to as geminate pair recombination (GR). The final loss mechanism can happen even after the
exciton is dissociated into free charge carriers. This can be due tdreéleecharge carrier
recombining with an opposite charge carrier before reaching the electrode which is referred to as
non-geminate recombination or due to the presence of traps which is referred to asassigted
recombination[18]. In practice, the efficiency of the solar cell can be calculated by measuring the
JV device characteristics and using the following equation:

0
Where, PCE refers to the power conversion efficiengis the short circuit current i.e. the current
density without applied external voltage,\¥s the voltage at open circuit conditions and FF is the
fill factor which indicates how easy it is to et the photegenerated carriers and;Hs the

incident light power.

1.6 Materials for organic solar cells

From a material point of view, since the fabrication of the first organic solar cell employing copper
phthalocyanine (CuPc) and a PDI derivative agith®r and acceptor materia[d.0], the field of
organic photovoltaics wenthrough several advancements. On the acceptor materials side, for a
long time research focused on fullerene derivatives suchBRCas the main electron acceptor

materialused in organic solar ce[ls1, 38] On te donor materials side, research mainly focused
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on homopolymers as the preferred donor materials with P3HT being one of the most researched
[39, 40] Nevertheless, despite great efforts the efficiency of orgawi@arscells following this
homopolymer donors and fullerene acceptors halted arour@®&39]. This was in part due to the
poor absorption and poor stability of fullerene derivatives besides the need of large energy offsets
between the donor and acceptor energy levels for efficient exciton dissociation (H&MEO
LUMQGceptor> 0.3 eV]41].

A major breakthrough on the donor materials side came with the implementation of donor
acceptor copolymers @ polymers)that consist ofweak electron donating and weak electron
accepting unitg§42, 43] Thsdesign philosophy of the polymer backbones using Ersstructure

has been already proposed much ear[#4]. These materials were characterized by a narrow band
gap and lowlying HOMO levelpl5, 46] Moreover, a sub family of B polymers were designed
based on a fluorinated benzothiadiazole (BT) donor unit, which showed temperature dependent
aggregation propertie$46, 47] This meant that the degree of aggréiga of these Bibased
polymers could be controlled in solution and during film processing by means of tempejéfire

This temperature dependent(TDA) aggregationproperties allows for better morphological
manipulation and control of the active layer to achieve higher solar cell performance. In addition,
the extent of the polymer crystallinity and TDA properties could betiimed by the nature of side
chains and substituent heteroatoms on the polymer backbj@®50]. This led to a wide variety of
polymers with varied properties within this donor polymers family leading to solar cell efficiencies
in the range of 10% with both fullene and norfullerene acceptorsOne ofsuch polymers was
PffBT4120D commonly known as PCE11 which was characterized with high crystallinity and gave
10%11% solar cell efficiency when combined with various fullerene derivatives and not restricted
only to PGBM [38]. In addition, P3TEA with more of an amorphous character showed good
performance with the SPDI small molecule agptor  9.5%) with suppressed voltage losfes|.
Finally, PffBT4T9C13 which showed high solar cell performance near 12% when processed from

environmentally friendly no#halogenated hydrocarbon solverts2].

Despite all the research effort, the organic solar cell performance was pinned around2A%
which was mainly dueotthe limitations resulting from the intrinsic properties of most fullerene
derivatives[41]. Hence on the acceptor materials side new alternatives were researched namely
small molecule and polymer nefnllerene acceptor§s3-55]. The first generation of small molecule
acceptors included acceptors having thé & AStructure employing various donor cores such as
indacenodithiophene (IDT) and diketopyrrolopyrrole (DPP) cores (e.g.[bBICH6] The first
generation also included dimer, trimer and tetramer small molecule acceptors based on PDIs and

NDIs such as $I and dPDI[53, 57] With the advancements of these ndullerene acceptors
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devices reached efficiencies up to 15% for the first time in the field of organic solai5del&5]
The main drawback of such small molecule acceptors was their instatvétyong time frames
which is why research also focused on polymer-hdlerene acceptors that offered better device
stability [58]. The first generation of polymer nefullerene acceptors was mostly based on NDIs

and PDIs that improwkover time to reach efficiencies up to 1298, 60]

PffBT4T20D (PCE11) PfBT4TGGs

Figure 10: The chemical structures of several TDA @bnor polymers.
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Figure 11: The chemical structures of several fgsheration small molecule and polymer nefnllerene
acceptors.

Current state of the art materials for organic solar cells mainly focus on small molecules acceptors
based onthe A ! ¢ASesigr15]. This pushed the organic solar cell efficieaegrthe 15% limit

of organic solar cell$1]. The highlight of these-B ! A%onfullerene acceptors is the Y6 family.

Y6 was the first nofullerene acceptor that pushed the organic solar cell efficiency beyond the 15%
limit in a single junction configuratid62]. Figure 12 shows the chemical structures of several small
molecule acceptors within #1Y6 familf15]. The Y6 molecule shows a twisted structure where the
central side chains are perpendicular to the conjugated backbone plane preventing excessive
aggregation. Moreover, the aggregation properties within thisegtor family could be finéuned

by backbone, end group and side chain modificatj@d$ Recently, a modified Y6 acceptor showed
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unique aggregation properties whereadgregation and-dggregation occurred simultaneously in
the BTIGCF3 single crystal63]. Research for polymer don®matching the Y6 family in terms of
energettcs and morphology led to major breakthroughs in the solar cell efficieritigs Most
notable of these is PM6 which showed 17.8% efficiency when combined wita@€4] and D18
which showed 18.2% when combined witt6 [65]. All of these advancements pave the way
towards the 20% efficiency limit in single junction organic solar cells and even highienefés in

tandem solar cells.
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Chapter 2: Methods

2.1 Introduction

All the experimental measurements presented in thisdis were performed at th&oft Matter
Optoelectronics (EPII), University of Bayrewkcept for the Raman measurements which |
performed at theMacromolecular Chemistry, Wniversity of Bayreuthwith the help ofDr. Holger
SchmalzAll the experimentadetups used were already available at the time of my PhD. During my
PhD | was responsible for the streak camera setup and performed continuous minor adjustments
for maintaining the setup efficiency and | carried out maintenance work when necessary.gatepa

all the samples for measurements also at tBeft Matter Optoelectronics (EPII), University of
Bayreuth The blade coated neat and blend@ffBT4T20D (PCE11) donor polymer films were
prepared byGiovanni Maria Matronefrom Department of Materials andCentre of Plastic

Electronics, Imperial College London

All the materials used in this thesis were commercially purchased 8mymaAldrich (currently
Merck)and1l-material, except for the pendant perylene diimide (PDI) monomers and polymers that
were syithesized and provided bigrof. Dr. Mukundan Thelakkaand Andreas Langl] from the

Macromolecular ChemistryWniversity of Bayreuth

2.2 Temperaturedependent steady state spectroscopy

Steady state absption and photoluminescence (PL) spectra were obtained using a setup built by
Fabian PanzeandTobias Meieifrom the Soft Matter Optoelectronics (EPII), University of Bayreuth
Asshown in figure 1, theetup allows for automatic sequential measuremeotsabsorption and

PL spectra at different temperatures. Fixed and removable mirrors are numbered fioamd the

lenses from L1.3.

The system consisting of mirrors4land lens L3 around the cryostat (shown as transparent) is
implemented to account forariable intensity of the lamp used for the absorption measurements
as will be explained below. The sample is placed insiéengerature controlled ontinuousflow
helium cryostat by Oxford Instruments which allows for temperatuwé&$-500 K. The sample
orientation is adjusted relative to the excitation beam at a smmrmal angle so that themitted PL

light is collected perpendicularly and enters the detection system.
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Figure 1: Schematic of the temperature dependent steady state setup. Fixed and repi®wairrors are
numbered from 15 and the lenses from LI3. The orange line represents the absorption measurement
light path while the blue line represents the photoluminescence measurement light path. The system
consisting of mirrors ¥ and lens L3 to ecount for the tungsten lamp variable intensity is shown as
transparent.

(i) Photoluminescence (PL)

For the PL measurements, the sample is exdited laser diode (Coherent COMPASS30EW)
emitting at 405 nm (3.06 eVThe blue line indicates the excitah beam path before the sample

and the emitted PL from the sample until the detection unite beam spot location on the sample
iscontrolledby mirror (5) A shutter is placed in front of the laser diode to block the excitation beam
during absorption masurements. After the sample is excited, the emitted PL is focused on the
detection unit using lens LZhe detection system consists of a monochromatarqor Shamrock
SR303iB) and CCD camera (Andor iDus DU42@¥A To avoid the collection of the seabn
harmonic of the laser during detection of PL emission from the sample, a filter wheel with different
filters is present at the entrance of the monochromator. The resulting PL spectra are corrected for

both the detection setup efficiency and the absorptimtensity at the excitation wavelength.
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(i) Absorption

For the absorptiomeasurements, a tungstelmalogen lamp acts as a white light source. The orange
line indicates the white light path before the sample and the transmitted light from the sample until
the detection unit. A shutter is placed in front of the tungstealogen lamp to block the white light

during PL measurements.

The white light goes through two main components before arriving to the sample. First, a setup
consisting of entrance and exit sldsupled to amirror system Thiss used to adjusthe white light
intensity. Seconda filter to adjust the relative intensity of the blue to the red emission regions as
the lamp is much more intense in the red region. The transmitted white light frersémple is
focused using lens L3 on the same detection unit used for collecting the emitt€drlutomatic
sequential measurements of PL aaosorption at each temperatur& computer programcontrols

the two shutters in front of the laser diode andelungsterhalogen lamp
(i) Calibration for theungstenthalogen lamp

As the lamp intensity varies over time, a calibration system has been implemented to take this into
consideration. This system is shown in figuesZormal in contrast to the other setgpmponents
shown as transpareniThiscalibrationsystem consists of the semitransparent mirror (1) that splits
the white light before arriving to the sample. The reflected white lighlich | refer to as the
calibration beamis then guided around the gostat by means of mirrors (2) and (3) and lens L3,
then arrives to the motor guided mirror (4). This motor guided mirror can control whether the
transmitted light from the sample or the calibration beam enters the detection system. The location
of the guded mirror and consequently the measurement of the calibration beam and the sample
transmission intensities is controlled by a computer program during measurement. The final

absorption spectra is calculated using the following equation:
bo 1i1i€ L~ 1)
Where, ‘O and “O are the transmission intensities through the sample and the reference

respectively.’G; and ‘Gr are the calibration bearintensities during the sample and the

reference measurements respectively. Their ratio is the correction factor for the variable lamp

intensity over the duration of the measurement.
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Figure 2: Schematic of the temperature dependent steady state setuyed-and removable mirrors are
numbered from 15 and the lenses from LI3. The orange line represents the absorption measurement
light path while the blue line represents the photoluminescence measurement light path. The system
consisting of mirrors 4 and lens L3 to account for the tungsten lamp variable intensity is shown as normal
in contrast to the other setup components shown as transparent.

(iv) Exemplary data

An example of the data produced by the setup is showfigure 3. Théigure shows the absgption

and PL spectra for blade coated neat PCE11 films taken within-308 ¥ range with 20K steps.

The presence of isobestic points can be readily observed in both spectra at around 1.65 eV for PL,
1.82 eV and 1.99 eV for absorption. The slight undutastructure present in some of the
absorption spectra (e.g. between 2 eV and 2.8 €V in the green spectrum) is due to interference at
the cryostat windows. This structure can be removed as needed during data processing by applying

a fast Fourier transfornFFT) filter for example.
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Figure 3: Temperature dependent absorption and photoluminescence for blade coated PCE11 films from
orthodichlorobenzene (oDCB) solutions at 20 mg/ml PCE11 concentration.

2.3 Timeresolved photoluminescence (TRPL)

TRPL spectraave captured using a streak camera setup that is shealrematically in figure 4.
Fixedand removable mirrors are numbered frorill and the lenses from L13. Depending on the
desired excitation light properties, several optical paths can be realizetiasnsby the solid,

dotted and dashed red lines, which will be further explained below.
i. Excitation

The excitation source used is a mddeked tunable Coherer@hameleorUltra TiSapphirdaser.

It covers the wavelength range between 68020 nm with the plses produced havinfj 140 fs
FWHM and an 80 MHz repetition rate corresponding to a pulse separation time of 12.5 ns.
Reduction of repetition rate of the excitation pulsagrequired- can be achieved by using a pulse
selector. The one used here is tA@EdPulseSeleétwhich is based on the acousbptic effect
(present in certain crystals e.g. quartz, FeCBy applying an acoustic signal with certain
frequencies, a modulation of the refractive index can be introduced through which the crystal can
actas a 3D optical diffraction grating. Consequently, by adjusting the acoustic signal applied on the
crystal, single laser pulses can be selected from the 80 MHz pulse train with the desired repetition
rate. The possible repetition rates to be produced rasm¢petween 4 MHz down to 1.5 Hz. The
second component allowing for control over the excitation wavelength is the second harmonic
generator (SHG). This allows for frequency doubling of the excitation laser by usiligaasn
optical interactions inside a BBpeta-BaBOs) crystal. This allows for an extension of the excitation

wavelength to cover the 34510 nm range.
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Figure 4: Schematic of the streak camera setup used for time resolved PL measurements. Fixed and
removable mirrors are humbered from-11 ard the lenses from L-1.3. The solid red line represents the
laser excitation as produced by the tunable laser, the dotted and dashed red lines represent different paths
of the laser beam after passing through different optical components, and the blue tegresents the

emitted light from the sample.

Depending on the desired excitation properties, four optical paths can be realized by removing or

inserting the removable mirrors 1, 4 and 7 as follows:

1 For measurements using the original pulse repetitiorerat 80 MHzmirror 1is inserted

so that the beam bypasses the pulse selector. After this mirrors 4 and 7 bathtather

inserted or removed taeither bypass or go through the SHG dependiimgis is decided

dependingon the desired excitation wavahgth, whetherit is needed to bdetween 690

1020 nm (mirrors inserted) or between 3830 nm (mirrors removed).

I For measurements using a reduced repetition rate mirror 1 is then removed so that the

beam passes through the pulse selector. After this, ragairrors 4 and 7 can bboth

inserted or removedlependingon the desired excitation wavelength.



After adjusting for the required excitation properties, the beam is collimated onto the sample using
lens L1. The sample is located insideraperature contolled @ntinuous flow helium cryostat by
Oxford Instruments, which allows for temperaturaels5-500K. The sample orientation is adjusted
so that the emitted PL beam is collected perpendicular to the excitation beam. Finally the emitted
beam is coupled tthe detection unit using mirrors 10 and 11 and lenses L2 and L3 with a filter to

protect the spectrometer and the streak camera against any remaining scattered laser light.
ii. Detection

A detection unit consisting of a spectromei@rinceton Instruments Aoh SP3200) and a streak
camera (Optronis STD) is used. After the emitted light is spectrally resolved by the spectrometer
it enters the streak camera. Tlgeneraloperating principal of the streatamera is shown in figures

5 and 6.
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Figure 5: The fujburney of a light pulse from entering the streak camera until the generation of the final
time and energy dependent dataReproducedrom [2].

In order to better understand how the streak camera detects time resolved PL,donsider a
simple case. Aghown in figure Swe imagingour optical pulses entering the streak camera having
different light intensities, wavelengths (space axis) and arriving at slightly different times. As a first
step after passing through the entrance slit, these optical pulses are focused on a photocathode
which converts them to electrons with an intensityoportiona to their original intensity.
Afterwards they are accelerated through a time varying electric field that is generated by applying
a voltage on a sweep electrode. This applied voltage is synchronized with the incident light through
a trigger sigal. As a result the electrons are deflected at different angles depending on the time by
which the corresponding optical pulses enter the camera where the yellow pulse is the first one to
arrive and son (figure 6)Then the deflected electrons are incitteon a micrechannel plate (MCP)
where they are intensified several orders of magnitude. Finally, they hit a phosphorescence plate
through which the electrons are converted back to photons. After the phosphorescence plate, the

emitted photons are capturelly a CCD camera to construct the final streak image. The final image
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is a 3D map where changes in the light intensity is a function of time and wavelength asishown

figure 6 andwill be discussed below.
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Figure 6: Relation between the light pulse araivtime at the streak camera, the streak voltage and the
final recorded data Reproducedrom [2].

In our setup the streak camera contains input optics, a main unit in which different sweep units can
be attached, an image intensifier (MCP) and a readout unit (CCD camera). The choice of the sweep
unit depends on required time frames to beeasured and so one of two different sweep units can

be attached to the camera:

1 A fast synchroscan sweep unit (SSW0D)Y with sweep speeds of 1B)0 ps/mm
corresponding to time bases between 3R000 ps. This is triggered by a photodiede
amplifier systentonnected to the streak camera which detects a laser pulse converting it
to the trigger signal. In this configuratiptihe single pulse selector is not usékhe best
measured temporal resolution using the fastest sweep speed psilimwas 2.1 0.01.

9 The other unit is a slow sweep unit (TSI with sweep speeds 330 ps/mm to 5 ms/mm
corresponding to time bases between &i$to 100 ms. This is triggered by the laser master
clock and aime and delay controller (TDC) connected to the streak camera.b&be

measured temporal resolution using the fastest sweep spe&B06fps/mmwas 90.6t 0.8
pS.
iii. Exemplary data

The 3D data measured by the streak camera is usually visualized as a 2D intensity map with the
color representing the light intensity. An exalapf the streak camera time TRé&dta in figure 7

showsthe excited state decay of a pendant perylene diimide (PDI) polymer in a chloroform (CF)
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solution excited at 405 nm (3.06 e@n this graph, the-axis corresponds to the decay time, where
0 s corrsponds to the end of the laser excitation pulse. Tfaxig corresponds to the energy of the
emitted light. The color map corresponds to the PL intensity (arb. u.) as a function of both time and

energy.
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Figure 7: Streak camera TRPL measurement showireg2D map and line cuts for a PDI polymer in a CF
solutions at 10 mg/ml polymer concentration.

Consequently, line cuts along either axes provide us with the temporal or energetic evolution of
the excited states. On one hand, vertical line cuts provideitisthe evolution of the spectra as a
function of time. For example, the emission between-2.2 eV decays between-Ib s and
completely disappears after 15@n the other hand, vertical cuts show the temporal dependence
of the PL as a function of engrglt can be readily observed that the shape of the decay curves

switches between monexponential (1.9 eV) and-eixponential at higher energies.

2.4 In-situ optical spectroscopy

In-situ absorption and PL spectra were recorded gsasultaneously using setup built byFabian
Panzerand Michael Buchhornand is shown schmatically in figure 8Details of the setup were

already reported elsewherf8]. The setup allows for quasimultaneous detection of absorption
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and PL dung film formation from solutions under different processing conditions as will be

discussed below.
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Figure 8: Schematic drawing of the Insitu optical spectroscopy setup. The green solid line represents the
emission from the sample following the PL pathathe red solid line represents the transmission from the
sample following the absorption path

The sample holder consists of a temperature controlled metallic chuck by means of a Peltier
element allowing a temperature range 0f120 °C (at the time of rmasurement). The chuck is
attached to a motor to allow for rotation of the substrate when needed. For spin coating, the

rotation speed can be set up to 1000 rpm (at the time of measurement).
() Photoluminescence (PL)

For PL, excitation of the sample is dobg means of an interchangeable laser diode system
(Thorlabs LP series) allowing excitation wavelengths betweenr 826 nm (3.06 1.51 eV). The
incidence angle and the spot size of the laser beam can be both adjusted according to the required
excitationconditions. The emitted light from the sample is then collected by means of an optical
fiber located above the sample. The exact location of the optical fiber can be adjusted in both the
horizontal and vertical axes to allow for efficient coupling to théteed light. The detection system

consists of a spectrometer and CCD camera (Andor iDus DUSBRZD).
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(i) Absorption

For absorption, there is a hole through the sample holder with an attached LED white light covering
the spectra range between 415820 mm (2.99¢ 1.51 eV). The transmitted LED light through the
sample is also collected using the same optical fiber. The detection system is the same as that used
to detect the PL.

(i) Quasisimultaneousabsorption and Ptetection system

The sample location abevhe LED light hole, the spot location and sikthe laser excitationand

the optical fiber locatiorcan be finely adjusted. This fine adjustmemékes it possible to capture

the absorptionand PL spectra from the same sample locatiambe able to dect both absorption

and PLguasisimultaneously a mechanical chopper system is implemented which includes a two
af2d o6KSSt OK2LIISNI gA0K (62 YANNRBN O21 GSR FI OS3
emitted PL or transmitted white light can follovitieer one of two possible paths until it arrives to

the detection system. For ease of visualization, the two possible pathshanen separately in
figure 8 as Path (jAwith a green colored solid liner PL (top) and Path (B)ith a red colorsolid

line for absorption (bottom). A microcontroller is used to adjust the orientation of the chopper
wheel consequently controlling whether absorption or PL is detected. For example, for detecting
PL, the LED white light is triggered off and the laser diode ietadgn while the chopper wheel

is oriented so that the emitted light follows the PL path and vice versa for absorption.

For the PL spectra, the emitted light from the sample is collimated by a lens and then passes through
the chopper wheel slots and thetouble reflected by two mirrors back through the chopper slots
and finally collected by the lens towards the same detection system. Within the PL path an
interchangeable filter is used depending on the excitation wavelength to block the laser beam from
reaching the detection system. For the absorption spectra, the transmitted light from the sample is
collimated by a lens and then is incident on the mirror coated chopper faces. A second lens then
collects the reflected light from the mirrors. The collectigght enters through another optical fiber

to the detection system. During the time of my measurements | was able to record data at
frequencies up to 12Hz corresponding to 81 ms between each two consecutive frames i.e. up to 12
individual spectra (6 Abs + BL) could be recorded per second. Finally, for blade coating
measurements on the same setup, | implemented a simple system using a rectangular glass
substrate as the blade. This glass substrate was tilted at an anfleofipc NBXf I G A @S (G2

holder where the substrate is located. To control the blade coating speed and acceleration, the
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blade was attached to Bnear ranslation Stage with Stepper Motor(LTS 150 by Thorlabs) using
optical posts.

Iv. Exemplary data

Anexample of the data produced by thesitu setup isshown in figure 9The recorded spectra are

in the form of a normalized 2D intensity map. Thaxis corresponds to the absorption energy (or
emission energy in case of PL) and tkhexig corresponds tthe processing time where 0 s refers

to the start of film processing (e.g. start of spin coating). The color scale corresponds to the
normalized light intensity as a function of both time and energige 2D map shows the film
formation during spin coatingf PffBT4120D (PCE11) donor polymer from a hot solution in
Orthodichlorobenzen¢oDCB) at 10%. The substrate temperature was maintainedat°’Cfor the

full spin coating duration. Excitation was done using a 450 nm (2.75 eV) diode laser.
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Figure 9: Eample of an insitu absorption measurement showing the 2D map and line cuts at different
energies and times during spin coating of PCE11 films from’@G&thodichlorobenzene (0DCB) solution at
15mg/ml polymer concentration on an 8C substrate.
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Line cus along either axes provides us with the temporal or energetic evolution of absorption or
PL during the film formation process. Horizontal line cuts provides us with the evolution of the
spectra as a function of time. We observe the transition from -aggegated spectra (2 s)
corresponding to the featureless peak at 2.38 eV to the aggregated spectra (14 s) featuridg the 0
and 01 absorption peaks at 1.7eV and 1.9 eV respectively. Vertical cuts shows the evolution of the
absorption intensity at specificnergies as a function of the processing time. The transition time
(the time at which the polymer chains transition from the raggregated to the aggregated state)

can be readily observed with the rise of the peak intensity at 1.85eV and the concomitaatde

of the peak intensity at 2.25 eV.

The undulation effect appearing in the 2D intensity maps as a function of time is mainly due to
motor vibrations of the sample holder during spin coating. Other reasons include the
inhomogeneity of the film thicknes variations in the chopper frequency or slight variations in the
alignment of the mirrors reflecting the light beam on the absorption path. This undulation effect
can be smoothed out during data processing when needed by averaging over the appropréte ti

window or by Fourier filtering

2.5 Room temperature teady state opticalspectroscopy

For the room temperature steady PL measurements, | used a commercial spectrofluorometer (Jasco
FR8600) with the excitation source consisting of a Xenon lamp and aaohwomator allowing for

the excitation energy range 2@0850nm (6.2¢ 1.46 eV).

For the room temperature steady state absorption measurements, | used a comméveiasNIR
spectrophotometer (AgilenCary 5000 The setup uses a double beam configumratishere a
sample and the appropriate reference transmittance are measured simultaneously. This means that

the final absorption spectrum is measured without need of post measurement correction.

2.6 Ramanspectroscopy

| did the Raman measurements on a mmercial combined RamalmagingScanning Force
Microscope System (WITEC ALPHA 300 &Athe Macromolecular Chemistry, IUniversity of
Bayreuth All the measurements were done at room temperature waithera 532 nm (2.33 e\or
a 732 nm (1.69 eMaser extation sourceat different excitation intensitiesThe raw data was

always corrected for th8uorescence background using s@line function.
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2.7 Device fabrication and characterization

i. Device fabrication

Throughout my thesis | only used a conventiar@nfiguration for fabricating the organic solar cells
(OSCs). This configuration consisted afode/hole transport layer (HTI)hotoactive
layer/electron transport layer (ETLyathode. | used this configuration to fabricate the solar cells

in either bulk heterojunction (BHJ) or bilayer architectures. The bottom part of the devices
consisted of a PEDOT:PSS or Magdhe HTL on top of an ITO covered glass substrate as the anode.
First, thelTO coated glass substrates were cleaned in a sequence of soaizddiwater, acetone

and finally isopropanol in an ultrasonic water bath. The substrates were then dried and treated with
2Ee3Sy LX LAYl FT2NJH YAydziSa (2 NBY20S lyé 2NHIY
Directly afterwards the cleaned bstrates were transported to a glove box under an inert gas
atmosphere to coat the hole transport layer on top. Either a 10 nm MoO3 layer was evaporated
under high vacuum in an evaporation chamber inside the glove box o8 ath PEDOT:PSS layer
was spircoated also inside the glove box. Afterwards, the photoactive layer was spin coated on top
of the HTL. In case of a bilayer architecture, the donor layer was spin coated first then the acceptor
layer was spin coated on top using orthogonal solvents. Riégs of the material combination

used for the bilayer device, the thickness of the donor layer was kept around 60 nm while that of
the acceptor layer was kept around 20 nm. Finally, the top part of the device was evaporated under
high vacuum on top of thactive layer. The top layer consisted of sequentially evaporated 20 nm

Calcium (Ca) layer as the ETL and 100 nm Aluminum (Al) layer as the cathode.

Other than OSCs, electron only devices were fabricated to calculate the electron mobility of the
different acceptors using space charge limited current (SCLC) technique. For this measurement, the
photoactive layer consisted only of a spin coated acceptor layer with different thicknesses. The SCLC
device architecture was similar to that of the OSCs except fdaceng the bottom ETL layer with

a 100 nm Al layer to block hole injection to the acceptor layer.
li. Device characterization

Currentvoltage properties (¥ curves) of the fabricated OSCs were measured using a Keithly
SMU238 source meter. The illuminationusce used was a standaamhe sun (100 mw/cm2, AM
1.5)light source. This light source was provided byeavport sun simulator (model no.-4$0 w,

fully reflective, AAA)The v curves of the fabricated SCLC devices were measured under dark
conditions usig also a Keithly SMU238 source meter. To extract the electron mobility, the

measured <V curves were fitted by th®lott-Gurney equatiorj4]:
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Where, U is the current density; isthe OOS LJi 2 NR& Y I (i-S MJthe fvacuuds N A G G A €
permittivity, wis theapplied voltageQisthe acceptor layer thickness andis thecalculated SCLC

electron mobility.To measure the-¥ curves of both the OSCs and the SCLC devices, the devices

were transported from the glove box to the measurement setup in a vacuum sample holder and

was kept under vacuum during the whole measurement.
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Chapter 3: Probingonformationalchanges of
PffBT4T20D(PCE11aggregates upon blending

3.1 Introduction

| based this chapter mainly on the manusciipt 2 Y F2 NY I G A 2y | f 2QK(PGEHI$Sa 2 F t
aggregates upon blédAy3d GAGK | 5t 9 LINR O S Rwhiéghds predaiedifar £ aLISO
submission together withkKonstantin Schotz, Giovanni Maria Matrone, ddie Stingelin, Anna

Kohler, andFabian Panzern this paper, we explore the effect of blending on the conformation

changes of the PCE11 polymer chains in its aggregate phases in thin films. As a first approach, we
explore this by a combination of resonant Raman and steady state optical spectroscopy
measurements. Following this, we quantify the conformational changes blending by applying

a FranckCondon analysis (FCA) on the measured temperature dependent optical spectra. Finally,

we are able to confirm the validity of the FCA results by a new approach that allows us to test the

reliability of the resultsWe shav that blending results in a more planarized, longer conjugated

PCEL11 chains with a reduced degree of interchain molecular coupling.

| start first by discussing the current literature regarding PCE11 in terms of its microstructural
characterization and thémportance of quantifying its aggregation properties. Then | show and
discuss the experimental result. On the experimental side, | performed all the Raman spectroscopy
measurements. | did the temperature dependent steady state optical spectroscopy messnise

on the PCE11/HDPE blend film. Regarding the analysis, | performed FCA on the blend PCE11/HDPE
PL measurements. | finally combined the extracted parameters from FCA of the neat PCE11 and
blend PCE11/HDPE films with a new approach to validate théitigjiaf the results.

3.2Microstructural characterization of PCE11

Microstructural propertiesof PCE1have beerextensivelyinvestigated usinglifferent scattering
techniques (e.g. GIWAXS, SAXS, NAXS, elsing.such techniquesprclusions can beigen about
chain conformation changes in terms of its relation to the substrate {fa;edgeon) or in terms
of change in degree of crystallinig;wd molecular orderingThese nicrostructural propertiehave
been investigated in terms of processing caiadis [1] or acceptor additiof2]. The acceptor used
was mainly PCBNP] though there are also someeports including NFAR]. In general, most

reports have shown thahat the PCE11 film morphology in terms of phase separation and polymer
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domain purity is insensitive to the type of fullerene used while it has an effect on the molecular

padking and crystallinity of PCE[1], 2, 4]

It has been shown that for the PCEXbin coating above and belowhe critical transition
temperature Tc (the temperature at which chains transition from a Raggregatedto an
aggregated state)we arrive at a film with roughly the sarfraction of PCE11 polymeaggregats.
However, these aggregates differ with respectrteir interchain couplingconjugation lengthand
disorder leading to different film morphologi¢s]. The importance of identifying the properties of

the aggregate domains is related to its effect on the processes occurring in optoelectronic devices
based on conjugated polymessich as organic photovoltaics (GVTIhe photoactive layers in such
OPVs are usually a blend of electron donating (donor) and electron accepting (acceptor) organic
materials forming what is called a bulk heterojunction (BHJ). In a thin film, these BHJs usually adopt
semicrystalline morpblogies containing domains of both naggregated (amorphous) and more
aggregated polymer chain€hanges ithe nature of these domainaffects the efficiency limiting

processes of OPVs such as charge generation and trari6p@jt

Contrary to the scattering technigues, which focus on long range order characterization, optical
spectroscopy allows one to investigate short range order properties i.e. aggregaterties[8].
Theses aggregate properties can be extractedapylying differentanalysis approaches to the
measureddata such as FCA. However, while optical spectroscopy in general offers a valuable tool
to extract this information in single component films, the situation is more complex in a PCE11 BHJ
(and DA polymers in general) fdwo reasons. FirstlyFCA of conjugated homopolymers such as
P3HTcanbe carriedout easilydue to theirwell-structured optical spectra, allowing for reliable
results [9, 10] In contrast, PCE11 (and mcstate of the art DA polymes) usually shows
significantly less structured optical spectra, which makes it moreplexto ensurereliableresults

from the FCA4, 5] Secondly, in a BHJ, the presence of two or morgacteng materials leads to

the rise of unwanted effects. For examplagetformation ofcharge transfer states at the donor
acceptorinterfaceleads to quenching ahe PL of the individual compoundthus hindering the
analysis of the spectrdn addition the presence othese several componentsaanlead to them
affectingthe conformatiors of one another. For example, using scattering techniques, it has been
shown that the presence of PCBM as an acceptor led to a change in the PCE11 conformation in the
film [2]. Therefore,detailed investigationsisingoptical spectroscopyn PC1lilare limited This
includes the effect of blending on its conformation, its microstructure, and the affected aggregated

domain properties.
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To overcome thehange in the optical spectra due to blending effects as mentioned alee,
mimic the blendstate by mixing PCE11 with the optically inert, insulating fdghsity polyethylene
(HDPE) This PCE11:HDPE blend combination helps in avoidiegcking and charge transfer
effects and relating changes in the optical spectra only to the microstructural changes as a function
of blending To address the issue of reliability of FCA on the rather unstructured optical aggregate
spectra, we consider Rind absorption spectra measured at different temperatures in the range 5

¢ 300K We then analyze the measured spectra using an approach that | will describe in detail in
the FCA section. This approach provided a more reliable FCA for identifyiepahge of the
PCE1lhggregate properties upon blendimgth HDPEThe results suggest a more planarized chain
conformation accompanied byless inter chain couplinggnd more orderwithin the PCE11

aggregated domains as a function of blending.

3.3Results

I.  Samplepreparation
NeatPCE11 and blend PCE11/HDPE thin films were depbsi@idvanni Maria Matrondérom the
Imperial college in Londamsing a home builtvire bar coater. The PCE11 used h&gd= 83000
g/mol and PDI = 2.14. He prepared the actayger solutims at 20 mg/ml irOrthodichlorobenzene
(oDCB. Due to the polymers high molecular weight ahd requiredhigh solution concentrations,
solution preparation and deposition were done at high temperature aral grepared solutions
were stirred for30 minutesat 110 C to make sure that the polymer is well dissolved and the
solution is homogenous. Thenhe films weredirectly deposited fromthe hot solutionson
preheated heatedjlass substrate§l00 °C)with a coatingspeed of 2 cm/s. The fingticknesses
were 50 nm and 190 nm foreat PCE11 and blend PCEHIPHE50%:50%/ilms respectively.

ii. Raman Spectroscopy

| performed the Raman measurements using a commercial combined Ramaging / Scanning
Force Microscope System (WITEC ALPHA 300 RA+)Madchemolealar Chemistry 11, University
of Bayreuthwith the help ofDr. Holger Schmalkdid all the measurementat room temperature

with a 532 nm laser excitation (2.33 eV excitation eneegy 0.2 mW excitation intensity. The

fluorescence background was remalasing a Bpline function.

Figure 1 showshe chemical structure for PCE11 and HDPE along with the normalized Raman
spectra for the neat PCE11 (black) and the blend PCE11/HDPE (red) films. Both films show the same
peaks at430cm?, 853cm?, 1330cm?, 1442cm?, 1533cm? and a collection of lower intensity

peaks in the range 1008 - 1200cnT?. | observed no shifts in the peak energies as a function of
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blending. However, blending leads to a change of the relative peak intensioespared to the

neat PCE11lthe blendPCE11/HDPE film shoas increase in the relative intensities of the peaks

at 430cmt, 853cm? and 1330cm* with a concomitant decrease of the relative intensity of the

peak at1533cm. The change ithe relativeintensities of thehigh-energypeaksis shownin more

detail in theinset of figure 1.b, wheréhe difference between the neat and the blend films is more
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Figure 1:(a) Chemical structure of PffBT€00D (PCE11l) and higlensity polyethylene (HDPE). (b)
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Normalized Raman spectra of the neat PCE11 film (black line) and the PCE11/HDPE blend (red line), excited
at 2.33eV. The inset shows a zocin of the three dominant Raman peaks of both samples.

For the purposes of the FGAas will be discussed latethe different peaks were grouped into

several effective modes. Ashown in figure 1.b, th@eaks at430cm?, 853cm™ were treated

individually as the two FCA modes : and 2. » respectively. The collection of peaks in the range

1000cnrt- 1200cm™ were considered as one effective mode 5. Finally, the three higienergy

peaks were considered as one effective moda. By comparing the energies of the different peaks

to literature values [1414], | was able to assign the observed peaks to the different phonon modes.

The summary of this assignment is shown in table 1. For each peak, | show the Raman shift (peak

energy) of the main peaks, the corresponding phonon medadtional mode), its location on the

polymer backbone and the corresponding FCA mode used in fitting the optical spectra.

To investigate the effect of the HDPE Raman spectrum on the observed changes in PCE11/HDPE

relative peak intensities, | compared tbe Raman spectrum of HDPE frdiberature. Figure2

shows the Raman spectrum of HDRE]. The Raman peak assignment for the HDPE spectrum is

also summarized in table The most intense peaks appear at 113&*, 1067cm?, 1299cm™ and

1445cm?.
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Table 1:Assignment of the peaks in the Raman spectra of PCE11 to the equivalent phonon modes and the
characteristic phonon modes of HDREL-13]

Material Raman shiffcm?) Phonon Mode Location FCA Mde
PCE11 1533 (0.190 meV) CC aromatic stretciil2, 13] BTD Unit 0.4

1442 (0.179 meV) C=C symmetric stretdi2, 13] Thiophene Unit J. 2

1330 0.165 meV) C=N stretch & C=N deformation BTD Unit O+ 4

[13]

1220 (0.151 meV)  CcC interring stretch[12, 13] ThiopheneUnit 0+ 3

1058 (0.131 meV) CcH bending12, 13] Thiophene Unit 0+ 3

853 (0.106 meV) CcH out of plane bendlL3] BTD Unit 242

430 (0.053 meV) Ring deformation mode§l2, 13] 2.1
HDPE  1445& 1421 CH bending[11]

1299 CH twisting [11]

1132& 1067 CcC stretchindg11]
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Figure2: Characeristic Raman spectrum of HDPE. Reproduced ffbij

iii. Temperature dependent steady state Spectroscopy

Konstantin Schotz and | measured the steady state optical spectra for bothFibpses8 & 4 show
the normalzed PL and absorption spectra of both neat PCE11 and blend PCE11/HDPE films as a

function of temperature between 5k and 300K respectively.
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Figure3: PL spectra of neat (left) PCE11 and blend PCE11/HDPE (right) films measured between 5 K & 300
K and nomalized to unity at the @0 peak. The black arrow indicates the direction of increasing
temperature.
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Figure 4: Normalized Abs spectra of neat PCE11l (left) and blend PCE11/HDPE (right) films measured
between 5 K & 300 K. The black arrow indicates tiiedion of increasing temperature.

The absorptiorand PL spectra are mirror images of each other. Both spectra show the characteristic
PCE11-0 and 01 SA Stransitions[4, 5]. In general, both films show adadening of the spectra

and a shift of the @ and 01 transition peaks to higher energies as the temperature increases. For
PL, at 5K, the spectra for both film are structured and well defined. They consist of the two-main O

0 and 01 transitions peaksotated at 1.6 eV and 1.4 eV respectidly5]. As the temperature is
increased, the peak at 1.4 eV decreases in intensity relative to the peak at 1.6 eV accompanied by
the shift of both peaks to higher energigd. 300K, we can still resolve the two peaks but accurately
determining the exact position requires further analysis as the spectra become very broad.

Concerning the absorption spectra, at 5K, the spectra for both films look similar insofar that the
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two main 0-0 and 01 transitions peaks are located at 1.7eV and 1.97 eV respeciMelihe pak
at 1.7 eV has a higher intensity than the one at 1.97 eV. As we increase the temperature, we observe
a reduction of the intensity of peak 1.7 eV relative to peak 1.97 eV, also accompanied by a shift of

both peaks to higher energies. Finally, at 30thK,geak at 1.97 eV has a higher intensity.

For ease of comparison between the neat and the blend films, | focus on the spectra of both films
side by side at specific temperatures for both PL and Abs. This allows for a descaption of

how the spectraevolves as a function of temperature and the different trends as a function of
blending. Figuré shows the normalized Abs and PL spectra of both films at 5K, 100K, 200K and
280K. The bottom panel in figuBea shows the PL spectra at 5 K for both thetr{biack line) and

the blend (red line) films. At this temperatyrboth spectra look similar fdyoth films. As already
mentioned, the0-0 and 01 transition peaks (g and ki) are located at 1.6 evdnd 1.4 eV
respectively with no difference betweendhneat and the blend films. Compared to that of the
blendfilm, the neat film shows a higheelative intensity of & (0.94 vs 0.8 As the temperature
increases, we observe a broadening of the spectra and a shiftcad Bigher energies for both

films.

Movingto the second panel showing the spectra at 10€hi,neat and blend film spectra still look
similar albeit with amore reductionin the relative intensity of & in the blendfilm compared to

the neat one (0.93 vs. 0.86As shown in the '$ panel at 200 K, this trend persists at higher
temperatures accompanied by a broadening of both spectra. Because of the increase of the
linewidth, the spectra appear more featureless for both films. Notably, the neat film spectrum
appears broader than thatfathe blend film.Although at 200K the neat film spectra appears
broader, in the4™ panel at 280 K, the onset of both spectra at the higiergy side gives the
appearance of a similar the linewidths of both spedsanilar slope) However, the spectrumfo

the neat film extends over a larger energy range. Unfortunately, we cannot accurately identify the
spectral positions of the-0 and the 01 peaks due to this increased linewidth. Hence, it is not
straightforward to distinguish if the reason of this extied spectrum in the neat film is due to a
larger linewidth than the blend film or due to an increased separation between{haifd the 0

1 peaksHowever, at this temperaturkyo of the blend film is located at a lower energy (red shifted)

than that ofthe neat film byF 16 meV.

The absorptiorspectraof both filmsare shown in figure5.b. At 5 K for both films,as already
mentioned, the0-0 and 0O1 transition peaks (& and k.1) are locatedaround1.7 eVand 1.97 eV
respectively Opposite to the caesponding PL spectrum at 5&, of the blend film is shifted to

lower energiegred shifted)compared to that of the neat film. The relative intensity of th& peak
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is higher for the neat film (0.94) than the blend film (0.90). At higher temperatutese
differences persistasboth spectra broaden and shifo higher energies, albeit thispectral shift
and broadeningpeingnot as pronounced as for the PL spectra.
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Figure5: Normalized PL (a) and absorption (b) spectra of the neat (black) andbiead (red) films at
selected temperatures from figures 4 and 5.

iv. FranckCondon analysis (FCA)

The main difference between the absorption and PL spectra of PCE11 is due to the nature of the
states that both probe. The PCEl1labsorption spectiypicallycontains contributions from both,
non-aggregated and the aggregatezhromophores. Figuréé shows a measured absorption
spectrum of spin coated neat PCE11 film showing the contribution of both theggregate and
aggregate phases which is in agreement witbrature [4, 5] This means that the absorption
intensity around 2.4 edbserved irfigures 5 & 6 can be attributetd absorption from the PCE11

non-aggregated chains.
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Figure6: Absorption spectrum of PCE11 filfred) showing both aggregated and neaggregated phase
contribution. The noraggregated contribution shown in black is the measured PCE11 solution spectrum at
high temperature (80°C) above the critical transition temperature (48°C) of PCE11. The greysaiea
difference between the total spectrum and the neaggregated spectrum and indicates the aggregate
contribution to the absorption spectrum

On the contrary, a feature from neaggregated chairisnot present in the PCE11 PL spectra, which
can be gnply explained by the fast and efficient energy transfer from the-aggregated to the
aggregated chromophores in a film. Therefore, contributions from aggregated chromophores
dominate the emission spectra of PCE11. In general, it is well establishezbtiteibutions from
aggregated chromophores dominate the emission spectra of most-sgrsialline conjugated

polymers[10, 14, 15]

Since | am mainly concerned by identifying changes on the aggregate properB€3Edfl as a
function of blending, | focus on FCA. By fitting the measured optical spectra, it is possitietd
variousmaterial parameters such as the energetic disoraled molecular coupling strength which

van be related to théCE11 polymer chainenformation andcaggregate properties. ¥Wthus focus

on applyingFCAon the PL spectra sinceno spectraldeconvolution of non-aggregatedand
aggregated contributions necessary which would be the case in absorptuch deconvolution
procedures can imbduce artifacts and errors to the original measured spectra. Hence, the
extracted parameters from FCA for PL will offer more reliable results than a similar analysis on the

absorption spectraTo do this | fit the PL within the context of the weakly cedpt-aggregates
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model using eq. 9 shown in chapter 1. Within theakly coupled Fhggregates model, a factoris

added to represent the strength of intermolecular interactions. It tatkesvalues 0 ¥ < 1, where

1 means negligiblmteractionand 1 means maximum interactiorin homopolymers such as P3HT,
usuallyit is possible to fit the spectra using FCA accurately using only one effective mode (usually
the @C stretching mode); applying the same approach to PCE11 is not possible (will be discussed
later infigure8). Hence, fitting the spectra of PCE11 using several modes extracted from the Raman
measurements seems a reasonable approdchmentioned earlier, the different peaks appearing

in the Raman spectra of PCE11 were grouped into four effectddes. This choice was motivated

by the integrated peak intensities as shown in figare
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Figure7: Integrated Raman peak intensities calculated from the Raman spectra of the neat PCE11 film
shown in figure la (Courtesy of Kaasitin Schotz)

The peaks at 436m?, 853cm! show similar integrated intensities and so we consider them as two
separate FCA modes 1 (59 meV) and. , (106 meV) respectively. In addition, the collection of
peaks in the range 100! - 1200cm? show similar integrated intensity to. ; anda. » and so

we considered them as one effective moales at 135 meV which is the mean valuetlois range.
Finally, due to their energetic proximity and comparable intensities we treated the three high
energy peaks at330cm?, 1442cnt! and 1533cm! as one effective mode- 4. The starting value

for this mode was an intensiyeighted average ofhe energies of these three higimergy.
However, to account for the change in their relative intensities, the energetic position for this mode

was allowed to shift as a function of temperature and blending.
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However, applying FCA using several normal mtedels to another difficulty. As the PCE11 spectra

is much broader and less structured than that of homopolymers, fitting the spectra using several
effective modes has a high degree of freedom in the choice of the fitting parameter. In other words,
by usirg the same four modes but interchanging all the various fitting parameter values during
different fitting attempts, we are able to arrive to fits with sufficient quality. The varied parameters
included the energetic position of the® peak ko), the diorder parameter (p), the molecular
interaction parameterh), the energetic positionfthe 2. »mode, and the Huan&hys parameters

for the 4 modes used in fitting the spectra.

Figure8 shows two fitting attempts for the PL spectra of the blend film at 140 K. It capdukly

seen that the fitting quality is nearly identical, although two different sets of all the parameters
were used. This difference can be seen visibly by the different ratios of the peak intensity
corresponding to the modes. 1-9- 4. The same variatits arise for all the other fitting parameters
albeit with different magnitudes. Table 2 shows the values of all the fitting parameters for the two

fitting attempts that corresponds to the spectra shown on figure 9.

0-5 T I T I ) I L] 1 I L I T I T
B A o Exp 1T Exp 1
.04 ‘A Fit 4 F+ ——Fit -
S L - — Res. d1L - - Res. i
. . ——0-0 { —00
2 03f —s9mev) | [ { —— 59 (mev)
L i 106 (meV) 1 [ ) 106 (meV) 1
D 0.2 \ —— 135 (meV) q |- |\ —— 135 (meV)
S 178 (meV) 181 (meV) A
a 01 ,
00 — —%F
1 I 1 I L I 1 L I L I 1 I L
1.2 1.4 1.6 1.8 1.2 1.4 1.6 1.8
Energy (eV) Energy (eV)

Figure8: Normalized PL spectra of Neahd Blend films measured between 5 K & 300 K. The hollow black
circles show the measured data while the solid red line indicate the fitted spectra. The dashed black line
shows the difference between the measured and fitted spectra. The other solid limdisdte the G0 peak
(purple) and the different Raman modes used in fitting the PL spectra denoteg hy= 59 meV (magenta),

9. 2= 106 meV (greend. 3= 135 meV (blue) and. 4 (light blue) taking the values of 178 meV & 181 meV
for the two fitting attempts.

Consequently, the following approach was adopted to our fitting procedure. Rather than fitting the
spectra once, performed several independent fitting attempi$ive attempts) per temperature for

both the neat and the blend films. | did the fittirod the blend film PL whil&onstantin Schotdid
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the fitting of the neat film PL. | then analyzed the fitting results as an average value of the five fitting
attempt plus an error factor. This error factor reflects the range between the minimum and
maximun parameter values within all the fitting attempts. Using this approdduantifiedthe
temperature dependence of théndividual fitting parameters as well abke degree oftheir

uncertainty(reliability).

Table 2:All the fitting parameters correspondlig to two fitting attempts of the PCE11/HDPE film spectra at
140K. Fit 1 and Fit 2 correspond to the left and the right spectra in figure 9 respectively.

Bo (eV) * (meV) h 2.4(meV) S S S S
Fit 1 1.58 50.3 0.34 178 0.07 0.08 0.06 0.33
Fit 2 1.59 48.1 0.32 181 0.12 0.07 0.05 0.35

Figure9 and10show representative FrangRondon fits of the PL spectra of the blend PCE11 films
at all the investigated tempetares. Figurel1shows the different extracted parameters from FCA

as a function of temperature for both the neat and the blend films. The black circles and red squares
represent the mean value of the five fitting attempts for both the neat and the blaimasf
respectively. The shaded areas around the dots represent the range between the minimum and
maximum parameter values of the five fitting attempts. Moving forward, this is referred to as the

error range.
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Figure9: Normalized PL spectra of the blenithis measured between 5 K & 140 K. The hollow black circles
show the measured data while the solid red line indicate the fitted spectra. The dashed black line shows
the difference between the measured and fitted spectra. The other solid lines indicat®{h@eak (purple)

and the different Raman modes used in fitting the PL spectra denotedby= 59 meV (magenta)y. 2 =

106 meV (green)p. 3 = 135 meV (blue) and. 4 (light blue) which is allowed to vary depending on
temperature.
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Figure10: Normalized PL spectra of the blend films measured between 160 K & 300 K. The hollow black
circles showthe measured data while the solid red line indicate the fitted spectra. The dashed black line
shows the difference between the measured and fitted spectra. The other solid lines indicate-thpe@k
(purple) and the different Raman modes used in fittitle PL spectra denoted hy. 1 =59 meV (magenta),

2. 2= 106 meV (greenp. 3= 135 meV (blue) and. 4 (light blue) which is allowed to vary depending on
temperature.
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Figure1l: Average value of FCA parameters extracted for the neat (black circles) &mti{red squares)
films over the temperature range 5 I 300 K. The black (neat film) and red (blend film) shaded areas
represent the range between minimum and maximum values of 5 fitting attempts per temperature

The upper twagpanels of figurell showthe change in &prLand” pLas a function of temperature.

At 5K, BopLis identical for both filmgF 1.58 eV andstays constant until around 100 K. For higher
temperatures, EgpLincreases. This increase is more pronounced for the neat film, so that at room
temperature, o of the neat film ishigherby f 16 meVcompaed to that of the blend film. Similar

to Bboratp YA & ARSY G A O f 40 M2Wdndosthys Konstakt funvilEarodndd K.
Between 60 K and 140 'k for both films increase with a similar magrde. Above 140 K, the
magnitude of this increase becomes different and the values for both films starts to deAtate.
room temperature(300KE pi2 T G KS y SI G isKABKS 62 F& 61)KYSS 06 Sy R
meV)L y 3 Sy S NI Habd&h2 Admall2iiokrange is observed. That makes the observed

differences in values ofp. and kbopL between the neat and blend filmsignificant within our
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approachalbeit seeming small. dbsequently small changes upon blending can be resolved

reliably.
The thirdpanel of figurella K2 ga M | & | ¥ dzy Admerighed 2dflierand i LIS NI { d:
/ KFLIGSNI wE h A& | YSI&dNB 2F G(KS AyGSN¥Y2t 8Odz

chains. Atlowi SYLISNI G dzNB&S> h A &ndavith’03Xcinipared RoXhe KeStKin F 2 NJ |
GAGK noond 2AGK AYONBFraAy3a GSYLISNI Gdz2NBz b AyON
blend film and 0.32 for the neat filh | 2 6 S@SNE { K SerlSpshiMBghGutihe whalss 2 F b

temperature range, @ that this difference is not significant within our approach.

The mode associated with. 4+ shows the mossignificant changes in the Raman spedsaa
function of blending and it dominates over all the other modes in termmtehsity (Figure 1b).
Congquently, we concentrate on its temperature dependence. The bottom two panels of figure
11 showthe energy §- 4) and the Huandrhys parameter pofthis mode.At low temperatures,

9. 4 is similar for both films with 17@neV and increasewith temperature Similar toBo Y R~ =
this increase is more pronounced for the neat film. While of the blend film flattens around 140
Kwith a value of 18neV, it increases further for the neat film&d89meV at room temperature.

It is worth noting that despit¢he wideerror ranges of 9. 4 for both films, theydo not overlap. 5

is nearly constant with approx. dop F2NJ 620K FTAf Y& Sdadstd@crdasemnn Y &
for both films. Opposite to the changesan 4, this decrease is more pronounced fbe blend film,
leading to a lower SAt 300 K, for thélendfilm, SF  niomuch lower than that of the neat film

with S ¥  n. @gaim, thesrror ranges of 5do notoverlap at higher temperature3.herefore, the
observed differences in values®f sandS between the neat and blend films asgynificant within

our approach.

{AYyOS I 042NLJiA2y IYyR t[ LINRBo6S& RAFTFSNByYydG LI NI
parameters extracted from applying FCA on both would offer more insilglutseover, athe error

ranges of n and k.orare smalcompared to the other parameters; we focus on their absorption

O 2 dzy (i S Mdsdnd\Hb9 eatracted from one fittingittempt. Figure 2 shows’ assand Boses

2F GKS | 0a2NLIIA2Yy &LIS Ol Nlssid naarlyliderficdtyfad bokh2fiyhs 2 ¥ G S
throughout the whole temperature range.ilicreases continuously from 52 meV at 5 K tar@&V
atRT.Eomesd K26 & I aAYAL L NI ibsSSMrtiss hLll.G6d2NE K andifcredsing té

1.78 eV at room temperate for the case of the blend filmoaes2 ¥ G KS ySF G FAEY A

Q)¢

12 meV higher. This agrees with our observations from the temperature dependent absorption

spectra.
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Figure Y assand bomassextracted from FCAfahe neat (black circles) and the blend (red squares) films
over the temperature range 5 K 300 K.

Summarizing the effect of blending on the mean value&etnd " for both neat and blend films

extracted from fitting the absorption and PL spectra,atserve different behaviorsggags(neat)

Ad F MH Y S poad(Blehd) Svbiithé Wholg tenSperature range while for PL, atBakip.

0 Y S B (bléhd). They deviate at higher temperaturee that at 300K 0r 0 Y ST G0 A& F Mc
higher thanm.op (blend).Atp { 260 6 2 G K Y S| i Ads0yoR2 (oK SYSROG 7 YR 0f SY RO
6nH YS+ Qa4 pH YRaYSWkdYS Yl | ¢ RadeEdS@4RneV 5 59

meV).

3.3Discussion

Raman spectroscopy as a probe foudsting microstructure of conjugated polymers has been
already established as a powerful technique. Changes of molecular order was telttedshift of

the Raman peak positions and to change in their relative intensities or FWHM. In R&8idEraase

in intensity of the GC intra-ring stretching mode(1380 cm) relative to the C=Csymmetric
stretching mode (14406m™) was a sign of increased chain planarititis was due to the relation of
these phonon modes to the-electron delocalization, where this change indicasedincreased -
electrons densityon GC (increased CT from C=Cpnsequently, the ordered P3HT phase was
identified by longer conjugation length with a more planar chain conformation compared to the
disordered phas¢16-19]. Similar approaches were taken to analyze the Raman spectra of -donor
acceptor polymers. In the F8BT polymer consisting of an F8 acceptor unit and BT (Benzothiadiazole)
donor unit, the two m& Raman phonon modes were assigned to the F8girggching mode

(1608cm?t) and theGCstretching mode 1357cm?) on the BT unitSeveral studies showed that
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the decrease ofiss711608 indicateda decrease in the torsion angle between F8 and B, ure.

the polymer backbonesdmpt a more planar conformatiomhiswas explained based orveeaker
electronic couplindgetween the BT and F8 units alothg conjugated backboni& amore twisted
conformation (lower intrachain coupling]19-22]. These studies, based on both experiments and
calculations ashown in figure 3, showedthat the tendency of the polymer chains to planarize
under different conditions is characterized by a reduction in the intensitthefRaman peaks

originating from donor unit phonon modes relative to those originating from the acceptor unit.
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Figure B: Calculated Raman spectra of F8BT as a function of the torsional angle between the F8 donor and
BT acceptor units along the poly&R & o I O |.&Repyobuced frodjFofi Measured Raman spectra

(top right) as a function of increasing pressure as indicated by the black arrBeproduced fronf21].
Calculated Raman spectra for an 4B8-F8 unit at two different torsional angles (0C & 35 °C{bottom

right). Reproduced fronfi21].

The above results concur with our measured Raman spectra on neat and blend PCE11 (having a
similar structure and the same acceptor unit as F8BT). It can then be concluded that blending of
PCEL11 leads to a reduction in the torsion angle betwienadjacent donor and acceptor units

along the polymer backbone and hence the formation of aggregates with more planarized and
longer conjugated chains in the final filldevertheless, the role of HDPE in the changes observed

in the PCE11/HDPE blend Ranspectra should be also ruledit to confirm that these changes
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are indeed a result of conformational changes of the PCE11 polgimains. Figure4lshowsa
staggered plot of the PCE11 neat Raman spectrum and the HDPE Raman spectrum from literature.
On ore hand, no peak shifts is observed in the PCE11/HDPE blend film spectrum within the regions
of the intenseHDPERaman peaks. This is indicated by both the blue and yellow regidigsiie

14. If an impacof HDPE was present we would have observed sdrifts $n the peak positions in

the PCE11/HDPE blend film Raman spectrum within these regions. On the other hand, some
changes in the relative peak intensities in the PCE11/HDPE blend film compared to the PCE11 neat
film are observed in regions beyond tharRan spectrum of neat HDPE (green region). While in
regions with significant Raman intensity of HDPE (yellow region) no changes in the relative peak

intensities in the PCE11/HDPE blend film are observed.

1800 1600 1400 1200 1000 800 600

Normalized Raman Intensity

1800 1600 1400 1200 1000 800 600
Raman Shift (cm™)

Figure M. Staggered plot of the measured ned®®CE11 Raman spectrum (red) and the HDPE Raman
spectrum (black) from literaturg11].

Combining all the above observatidrconcludel that the contribution of the HDPEodesin the

Raman spectrum of the blend isgligible, and th@bservedchange in the relative intensitiegon

blending is indeed due to structural changes of the PCE11 polymer chhisss to be expected,

due to the large Raman cross section of conjugated polymers compared t@omjugated

polymers. The large Raman cross section of conjugated polymers stems from the coupling of the
LK2Yy 2y Y2RSp 8§2SO0KS2YyA O SEOAihddpngas, 24)a | £t NBI Ré&
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This conclusion is further singthened by the observed changes in the absorption and PL spectra.
It is well established that planarization of the polymer chains (increased conjugation) is reflected in
the absorption spectra by a red shift of theDGransition peak and a reduction ihé intensity of

the 0-1 transition peak relative to the-0 transition peak (i.e. reduction afd/ 1o.1) [25]. We obsere

those two behaviors in the measured absorption spectra over the whole temperature range.

Having this conclusion in mind, we then proceed further by analyzing the dependence of the
parameters extracted from FCA on both temperature and blending. This wéfeldmore insights

about the changes in the molecular coupling strength and disorder in the final film aggrelgates.
steady state PL, the emission comes from those states at the bottom of the Gaussian DOS after
relaxation. On contrary, absorption taketace to any chromophore within the DOS. Because of
this, we observe a difference between théQransition of PL and absorption. Analyzing this in the
frame of spectral diffusiof26], allows us to investigate the effect of blending on the temperature
behavior on the transfer of the excited states within the DOS. This can then be related for example
to energetic disordered and conjugation leng#t. high temperature (compared to the width of

the Gaussian DOS), e,y -y 0, emission happens after relaxation of the excited states to the

quastequilibrium energy- "y =y Consequently, emission happens from states with a
lifetime near the intrinsic lifetime i.e. emitting from the quajuilibrium energ stateg26]. Upon
lowering the temperature, we would observe a red shift of the PL spectrum until it becomes
constant at temperatures where the excited states need more time to arrive &t duiasi

equilibrium level than the intrinsic lifetime its¢&26].

From figure 11we observd this behavior with the red shift dbhofor boththe neat and blendilms
between 300 K and 14K. Below 140K the position becomes constant and identical for both films.
This can be confirmed quantitatively by plottiMej , as a function ob "Y, and comparing with

the expected behavior from the spectral diffusion mof#8, 27] This is shown in figurewhere
*pLis used andy- is taken as the difference betwedR.opand Byonss For0 Y, T uhe
behavior of both the neat and blend films is in accordance with the expectatiom tihe spectral
diffusion model. While fob Y, 18 wve observe the flattening of the curve as expected since

the excitations decay before reaching the equilibrium va&.

Thus, | can concludéhat the temperaturedependent changes d.orand’ p that we observe for
both the neat and blend filmare due to spectral diffusion of the excited stateithin the DOSIn
addition, whilethe blend has lessnergeticallydisordeied aggregated domairess observed by the

lower " pLOf the blend film at lgher temperatures, the whole DOS (as probed by absorption) is not
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affected by blending asaesis identical for both the neat and blend films over the whole

temperature range.
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Figure B: ¥&j Avs. Ly 4|j Afor neat PCE1 (black circles) and blend PCE11/HDPE (red squares) films with
the expected curve from the spectral diffusion model (black dashed lines)

Having established this, one can move further with investigating the blending effect on the other
parameters. Follwing the weakly interacting 4dggregate model, as a measure of the-0 peak
suppression in PL is a reflection of changes in either disorder or molecular coupling strength. An
increased” A y Réd réduded olecular coupling strength between different polymer chains
(reduced interchain couplindP5]. Upon blending of PCE11, we observe hid¢healue along with

a reduction of p_ (blend) over the temperature ranges al®t40 K. From this, we can conclude
that when blending, the observed suppression of tHe Peak in PL is a result of reduced interchain
coupling of the PCE11 chaiiiéis reduced intechain coupling upon blending hints towards a more
delocalized electron cloud over the conjugated polymer planes. This is consistent with the above

conclusion that blending leads to a more planarized PCE11 chains.

Finally, analyzing the characteristics of thes, we readily observe the consistency between its
values and tk observed changes from the Raman spectra. The reduction 06f the blend film
compared to the neat film reflects the relative change in intensity of the three-&ighigy peaks

of this mode upon blending. In addition, this shifoef, for the neat fim to higher values at higher
temperature explains the apparent broadness of the neat film PL compared to that of the blend.
This more apparent broadness is mainly due to an increased separation betw@en® 01

transition peaks of the PL rather than thédference in the torder between the two films. This is
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confirmed by observing the PL spectra of both neat and blend films at 200 K (figuree8gileD
having similar disorder values, the neat film PL spectrum appears broader than the blend
counterpat does. Furthermore, it has been shown that the HuaRbys parameter is inversely
proportional to the number of monomers along the conjugated chain, where lower HRayg
parameter indicates higher conjugation and viersa[28]. For PCE11, we observe a reduction in

S for the blend film. This indicates higher conjugation and hence further confirms the more

planarized PCE11 chains in the aggregates of the blend film.

3.5 Conclusion& Outlook

In conclusion|| investigated the effect of blending aime conformatioral changeswithin the
aggregatedomains of the donceacceptor type polymer PCEI1 collaboration withKonstantin

Schoétz Analyzingthe temperaturedependentoptical spectra in terms of the spectral diffusion
model,we found that the behavior ofgg and " pLagrees with the model in both the neat and blend
films. In contrastthe effect of the blending was reflected in the changes ofdptcal spectra and

the extracted FCA parameteb&tweenneat and blend PCEL11 filfhese changes suggested that
blending results in a more planarized, longer conjugated PCE11 chains with a reduced degree of
interchain molecular couplingrhisis an agreement with the observed differences of the Raman
spectra of the neat and the blend filfihe changes ithe relative intersitiesratio of the donor
specific and the acceptor specific phonon modaese reflected in the PL spectra by a reduced

energy of the effective mode. 4 containing both contributions

Thus, this work showsexperimentally how changes in the Raman mode characteristics
conjugated polymersre closely related to changes appearing in tiptical spectra Taking this

idea a step further, temperature depdent Raman spectrum can be compared to the temperature
dependent optical spectra to explore if this correspondence is consistent at a wide temperature
range. In addition, this work shows the importance of the detafsethk Condon analysbkg which

one @n extract detailed infomation about the microstructural changes donoraccepbr-type

conjugated polymers in different environments.
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Chapter 4: Aggregate formation dynamicsi3HT
films probed by insitu optical spectroscopy and
FranckCondon analysis

4.1 Introduction

Ths chapter is based in part on tmeanuscriptd ! dzy AFASR LA OGdzNE 2F tol ¢
RdzNRA y 3 a2 f dziwhighyis prapaRe® Brasibinigsiba together withatthew J Dyson,

Stefan Wedler, Konstantin Schétz, Mihirsinh Chauhan, Paul N StavriNatglie Stingelin, Anna

Kdhler, and Fabian Panzerhe paper aims to provide a general picture of the aggregate formation
dynamics in solution processed conjugated polymer films by exploring the underlying combined
kinetic and thermodynamic effects durirfgm formation. This was done by careful choice and

control of the solution processing conditions including the polymer solubility, the deposition
temperatureandthe solvent evaporation rate. By detailed analysis of the measursituroptical

spectra duing the film formation, a general picture is proposed to explain the different aggregation

pathways that impact the final aggregate properties in the formed film.

Experimentally, quasiimultaneous irsitu photoluminescence and absorption spectra were
aoquired during blade coating and spin coating of neat P3HT and blend P3HT:PEO films at different
temperatures. These igitu spectra were measured for solutions using various solvents that have
different P3HT solubility. The-8itu spectra were analyzed ihe framework of the FraneiCondon
analysis (FCA) to quantify the evolution of the aggregate propedtieag the transition from the

initial solution phase via solidification to the final filithe final fraction of aggregates formed, their
energetic dsorder and the balance between inter and intthain coupling in the aggregates were
extracted and then used to construct a general picture of the aggregate formation pathways under
the different processing conditions. | performatithe in-situ blade andpin coating of neat P3HT

and blend P3HT:PEO measuremefisme of thdlend P3HT:PE@ere donein collaboration with
Matthew J DysonThe temperature dependent spectroscopic measurements in solutions and the
insitu measurements in a controlled solveniraisphere were performed bigonstantin Schétand
Stefan Wedlerespectively | analyzed the insitu spectra followindg-eanckCondon analysis (FCA)

approach using a python code developed\bgtthew J Dysoland Stefan Wedler

| start first by discussing thieoretical background regarding the relation between processing

conditions and aggregation of conjugated polymers. Then | highlight the analysis apprétucigof
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andanalyzinghe spectrausingFCA to extract the relevant parametefsnally, | showrd discuss

the experimental results.

4.2 Theoretical background

As already discussed in the previous chapter, in thin films conjugated polyrseafly adopt a
semicrystallinemorphologyconsisting olomains where the polymer chains are fully disordered
(amorphoug and domainghat contain aligned and interacting polymer chains that we refer to as
aggregateg1]. Within these aggregates the polymer chaedibit electrostatic interand intra

chain interactiond1-3]. As a result, the aggregates affect various photophysical processes that
impact the device performance when conjugated polymers are employed in thin film optoelectronic
devices[4-7]. The properties of these aggregates (e.g. interaction strength, disorder, etc...) are a

priori determined by the underlying film deposition conditidB8sl3].

Typically, the conjugated polymer filrase made by solution processing using various deposition
techniques such as blade coating and spin codtldg 15] Unfortunately, there is no detailed
picture of the general relation between the various solutjmmocessing conditions and the final
aggregate properties. This relation is usually investigated by exploring the effect of specific
conditions in isolation such as the impact of spin rate, temperature, and solubility following a trial
and error approacHio-11]. In addition, these experiments mostly focus on the final film properties
without detailed investigation of the changes happening during film formation by solidification

from solution as a function of the @i#frent processing conditions.

In a conjugated polymer solution, the degree of solubility of the polymer in the solvent (i.e. the
solvent quality) at a specific concentration affects the ckaiain and chakisolvent interactions
within this solution. In agood solvent the polymer chains usually adopt a more extended
conformation due to the preferential interaction between the polymer and the solvent molecules
rather than the polymer chains with itself or with other polymer chains. On the contrary, in a bad
solvent, the polymer chains would adopt a less extended conformation with the preferential
interaction of the polymer chains with themselves. Consequently, in a bad solvent in addition to
other factors, polymer aggregates might form even in solufit® 17] Moreover, for the same
solvent, the degree of solubility of a conjugated polymer can be varied (i.e. manipulating the solvent
quality) by changing the solution temperature. In general, decreasing the temperbtads to a
reduced degree of solubility of the polymer (i.e. reducing the solvent quality) which in turn leads to
a higher probability of the chain aggregating within the solution. At a certain temperature,
depending on both the solvent and polymer, wiserve a transition from a disaggregated to an

aggregated polymer phase within the solution. This temperature is referred to as the critical
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transition temperature (J) [2, 17] Hence, temperature dependent opticapectroscopy
measurements allow one to measurgbly tracking changes in the measured spectra over a wide

temperature range.

CNRY | TFAEfY LINRPOSaaay3da LRAYyOG 2F @GASgs GKS
temperature (T) and the processing teperature were shown t@affects the aggregate properties

in several solution processed conjugated polymer films. When spin coating various conjugated
polymers at temperatureabove and below J the aggregates formed in the final film were found

to varyin terms oftheir inter-chain couplingconjugation lengthanddisorder[18]. In addition, the
solvent properties also impacts the aggregate formation dynamics during solution processing of
conjugated polymer filmdt has been shown thasolvent pairs with the same solubility parameters

but different boiling pointgB,) affectedthe fraction of the aggregated domains in spin coated thin
films of several conjugated polymelk9]. Therefore, the solvent properties in combination with

the temperature under which film deposition from solution is done are the main factors influencing
the aggregate formation. Experimentally, these choices translate into the relation between the
critical transition temperature (J, the deposition temperatre which I controlled here by fixing the
substrate temperature @ F YR G KS a2t @ 9. Alutiigd pictdra ¢f the’ c@mbinedA y
effect of these deposition parameters is still lacking in literature. Hence, in this chapter I try to
provide a moe general picture of the combined effect of these parameters on the aggregate

formation in solution processed conjugated polymer films.

4.3 Analysis approach

I. Extracting the aggregate spectra

As already highlighteth chapter 3, wheranalyzing conjugated pgmer films one is often mostly
concerned with the aggregate properties as they have the largest impact on the device
performance. However, the optical spectra of conjugated polymers usually include contributions
from both non-aggregated (amorphouspnd agregated polymer chaingl7, 18] Thus,
disentangling these two contributions is an important preliminary step to focus solely on the

aggregates for further analysis.

Figurel shows an examplef the P3HT photolumiescence and absorption spectra including both
the amorphousand aggregates contributions. The pale orange regions in the optical spectra
correspond to the emission and absorption of the phases natiraggregategolymer chains. The
pale blue regions coespond to the emission and absorption of the phases withaggregated

polymer chains. We readily observe the energetic separation between both contributions, where
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the part of the spectra pertaining to aggregates is red shifted relative t@atherphouspart. This
isaresut2 ¥ GKS2NRSNAyYy3a FyR LILFYFENRTFGA2Y 2F GKS |
schematically in the middle of figude[1, 20, 21]
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Figure 1: Photoluminescence and absorption spectra of P3HT (blue line)glbtade coating from CF
solutions at T = 5°C showing the aggregate phase contribution (pale blue spectra) and the amorphous
phase contribution (pale orange spectra). An exemplary fit of the aggregates spectra (dashed grey lines) is
shown, from which onean extract the 80/0-1 peak ratio and the disorder parameter

Practically, the procedure of separating those two contributions can be explainesfdrying to

figure 1. The first requirement would be obtaining a spectrum where the polymer chains are
completelynon-aggregatedpale orange spectra in figudg. Sub spectrum can be obtained from
solution measurerants at a temperature much higher than the critical transition temperature to
ensure complete polymer disaggregation. Following this, with the assumption that PL or absorption
at the high energy end are mdgtoriginating from thenon-aggregatedpolymer chains, the
spectrum corresponding to theswon-aggregatedolymer chains is normalized to match the high

energy tail of the overall spectrum and then subtracted from it.

The resulting spectra from this proae@ can then be attributed to theggregates (pale blue

spectra in figurel) where the vibronic progression of these spectra becomes visible. -Uten@

0-1 transition peaks of theoS electronic transition of the P3HT aggregates can then be clearly
distinguished and furtheanalyzed22-24]. These aggregate spectra are then analyzed using FCA

to extract quantitative information about the aggregate properties which then can be related to

the underlying electromi structure[23]. In the context of our work, the two important parameters

I NB GKS RA&2NRSNI LI NI YSGSNI 6 00/08 peakvatidekttadted T NB Y
from the peak heights. These two parameters can be related to the microstructure of the aggregate

phasesh y GSNXa&a 2F (KS RS3INBS 2F RA&2NRShHdhand 0 I yR
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intra-chain coupling strength between the polymer chains within thelseseq0-0/0-1 peak ratio)
[24].

ii.  FranckCondon analysig-CA)

Similar to what | did in the previous chapter, | also fitted the PL spectra of the aggregatesqusing

9 introducedin chapter 1. Within the framework of theeakly coupled Fhggregates modehis
equation allows one to fit the PL spectra with the rpsence of molecular coupling23].
Nevertheless, several modifications and approximations are made in the application of FCA on the

aggregated PL spectra here due to the properties of the P3HT system.

Firstly, only one effective vibrational mode is considered for fitting trexa, which | initially took

4 F nomTtp S+ L afAdkKdGfe OKIFIy3aISR GKAAa Y2RS SySsi
fitting quality. This was chosen as it mainly corresponds to the C=C symmetric stretch mode of P3HT
& F wmiFp0/i8 ed)which has been already shown to be the mode that dominates the
coupling to the electronic transition in P3HT and is commonly used when fitting its optical spectra
[22, 23, 25] Secondly, an additional broadeningrte (k') is included ashown in eq.1l (also
included when fitting the absorption spectod the aggregateas shown in eq.2). This extra term

was addedo account the overlap of different vibronic modes with near energies when considering

a high number of thenfor fitting (m = 4 is considered herf6]. This overlap leads to an extra
broadening that reduces the fitting quality and affects the reliability of the fitting re$2n29].

Finally, a fixed HuaABhys parameter of 1 and a constant refractive index within the fitted
energetic range is considerdd2, 28, 30]. The Huandrhys parameter is typically extracted by
fitting the dilute PL spectra of P3HT where only iathain coupling prevails and usually yields a
value around 1 which | considered for fittif28, 30]. A constant refractive index is considered as

fitted the PL spectra ovea narrow range between 1.5 eV to 2 eV where it has been shown that no
significant variation of the solvents refractive indices od@1. Consequentlypne arrives at a

more simplified version of FCA, yet with the appropriate modifications to provide reliable fits for
the P3HT system:

. ' 0 O % 0O O a0
00080 | Agp—— — %@D
G, aA ¢, Qtw,

Where E is the energy, 5 the position of the peak corresponding to theQ0S-S eledronic

transition, S¢ = 1 is theHuangRhysLJr N} YSGSNE h A& GKS FIFO02NJ I 002
molecular coupling between the polymer chains, m is the peak nutdd@n as Z ° A a GKS LIS|
GARUK FTYR kK A& GKS IFRRAGAZ2YIEf ONRIRSYyAy3o®
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Regarding absotjpn, the aggregate spectra is simply fit by a series of Gaussian peaks with a fixed
separation iAbetween asshown in eq.2, whil@lso including the additional broadening teri §
as discussed for PL. This was considered as an imperfect normalizatismbdradtion of the non
aggregate spectra in addition to any scattering losses would introduce deviations to the resulting
aggregate spectr§b]. This might make it harder to reliably fit the aggregate absorptjgecsa
using the tradition FCA approadaitroduced in chapter 1 and used here for fittittge AL spectra
(eq. 1). It is then sufficienwithin the contexthere using eq. 2 to be able teliably extract the
required parameters, namely the disorder and Bv®/0-1 peak ratio.

. O O a0

dni0O O o6 Agb C
CH at(‘pn

4.4 Results

i. The solvent effect

In this section, as a first sténvestigate the combined effect of the critical transition temperature
(TO FyR GKS a2t BSonih@final agdréghtdsyTHis is ddrie Wyifilmaeposition from
P3HT solutions using three solvents having different boiling points and ediitfetegrees of
solubility for P3HT. These solvents &klorobenzen€CB) Chloroform(CF) and etrahydrofuran
(THF) The critical transition temperature is typically determined tbhgckingthe changesin the
temperature dependent optical spectd the sdutions measural over a wide temperature range.

In my case, | extracted theritical transition temperature of P3HTfor CF and THF from the
absorption measurementsf the solutions which were done and providbg Konstantin Schotz
For CB, the criticalansition temperature was taken to be approximately 5°@lesady reported

in literature[18]. This was confirmed by measurements donévtatthew J Dyson

Figure 2 showthe absorption spectra of P3HT solutions othe temperature range between 2°C
-27°C for CF and 22°@7°C for THF both at 10 mg/ml P3HT concentration. The absorption spectra
were taken at 5°C steps for both solutions. Due to the high polymer concentration the detector
saturates at higher energieand the spectra is distortett.is readily apparent that the aggregates
present in solution increase with decreasihg solutiontemperature.The CF absorption spectra

at high temperatures show a broad structure less absorption spectra with absogiset around

2.2 eV. At lower temperatures the spectra are more structured with the absorption onset red
shifted to around 1.9 eWhich can be attributed to the aggregate absorptiditne THF absorption

spectra shows the same two distinct spectral shapes &snction temperature. The transition
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between the two spectral shapes happens between 7°C and 12°C for CF and between 37°C and 42°C

for THE
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Figure 2:a) Absorption sgectra of P3HT in Qfeft) and THRright) solutions at different temperatures takn
at 5°C stepDue to the high polymer concentration, the detector saturates agher energies and the
spectra aredistorted. b) Temperature dependence dhe solution absorptionat 2.05eVnormalized to the
maximum value This was taken from the solutiogpectra at the different temperatures showim a), and
corresponds to the absorption of the P3ggregateswhen they areformed in solution

To determine this disorder to order transition which corresponds to the critical transition
temperature, one usally calculates the fraction of aggregates present in the solutions at the
different temperatures and determines; &s the inflection point as the fraction of aggregates
change from near 0% (corresponding to the raggregated polymer chains) to near 100%
(corresponding to the aggregated polymer chains). Nevertheless, as the spectra are distorted due
to the detector saturation such procedumight yield iraccurateresults about the fraction of
aggregates. Alternatively, | extracted the absorption interait.05 eV, which corresponds to the

O-Otransition of the aggregates. This also progda indication about the extent of aggregation as
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we cool booth CF and THF solutions from high temperatameswill be sufficient to determine the

Tc Thistemperature dependence of the extent of aggregation in solutisshown in the lower
panel of figure 2 and ghowsa sigmoidal trendrom which the critical transition temperature of
P3HT in the solutiongsoution) Can be estimatedrhe estimated Efrom the inflection points were
9.0+2.5 °Cfor CF and9.0t2.5 °Cfor THFIt is worth noting that the error margin was fixed at 2.5

°C, which is half the measurement step of 5 °C. Attempting to fit the data as a best mathematical
fit produces very smadirrors tha would be considered physically incorrect. The solvent properties

arethenshown in table 132, 33]Jalong with the solubility parameters of P3HT in each solf@&#it

Table 1: The properties of CB, CF and THFefErs to the critical transition temperature of P3HT in the
NBaLISOUAGO2MRBOBIYYiRa1 2 GKS G201t oI kf RGRNIpghRto & 2 f dzo A €
the dispersion, polar and hydrogen bondjncontributions of the three component Hansen solubility
parameters. BO2 NNBa L2y Ra (2 (GKS a2drépoyds@editRadlt Ay3 LRAYyIH Yy

Solvent {((MP&?) 14(MP&?2) 1,(MPa?) i,(MPa?) B, (°C) Te(°C)

CB 19.6 19 4.3 3.2 132 5

CF 19 17.8 31 5.7 61 10°
THF 19.4 16.8 5.7 8.0 66 40°
P3HT 19.72 18.6 2.9 3.2 _ )

a| calculated this value from the reported Hansen solubility parameters using equation 3
b The extracted Jfor CF and THF were rounded to the nearest whole number for efiserparison

From the table, it becomes apparent that the solvents choice was rationalized by having solvent
pairs with the nearly similar boiling points but different solubility for P3HT, which is the case for
THF and CF. In addition to CB, which hasiéhrhigher boiling point than THF and CF while having
good solubility for P3HTThe second column of table 1 contains thildebrand solubility
parameters for the three solvents alongside with that for P3HT. Based on the simple like dissolves
like concepbne could assume that the three solvents argiallygood solvents for P3HT as evident

by the similar Hildebrand solubility parameters. Nevertheless, the total solubility parameter does
not give the full details about individual contributions to the ovkmmlubility value. Hence, |
included the Hansen solubility parameters that divide the total solubility into its individual
components. Columns 3, 4 and 5 show the three component Hansen solubility parameters which

divides overall solubility parameter inthree components corresponding to tHRA & LISNE A 2y 0 ¢
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L2 f k)Nud dydrad Sy 0 2 y)Rdntyilditionss |A total Hansen solubility parameter (which
should correspond to the Hildebrand solubility parameter) can be calculated from these three

components based on the following equatif8b, 36}

| 1 | | o

Following the Hansen solubility three component system, the solvent quality of the three solvents

can be compareduantitativelyusing the so called Hansen sphere which is beyond the scope of my
thesis[36]. Inmy case here, | used the critical transition temperature values in combination with

the Hansen solubility parameters to compare the quality of the three solvékgsmentioned

earlier, the critical transition temperature {lcan be related to the solvewuality. The lower the

critical transition temperature J the better the solvent dissolves the solute (i.e., P3HT), in other

g2NRa 2yS KrFra (2 RSONBI&aS GKS GSYLISNI (dzZNB T dzNI K
disorder to order transition. Thiastcolumn in Table 1 shows the critical transition temperatures

(Te) of P3HT in CB, CF and THF. It can be clear from table@BHwas the best solubility for P3HT

evidenced by its lowcBnd very similar values of the Hansen solubility parametersviell by CF

and finally THF, which can be considered as the worst solvent for P3HT relative to CB and CF.

After having an initial idea about the solvent properties, | move on to investigate how these
properties would affect the P3HT aggregates formatiorfilms deposited from the different
solutions.Regarding film depositiothe technique of choice was mairtyade coatingvhich offer

more reproducibility of the experimental resulss mentioned earlier, the deposition temperature

is controlled here byixing the substrate temperature during the measurement duration; hence, |
refer to the deposition temperature as the substrate temperaturg).(To normalize the effect of

Ts and to be able to compare between the three solvents as a function of theicarttiansition
temperatures and boiling points, | blade coated the films at fixed substrate temperatures relative
G2 GKS N a LS Biguied shows thé @ieall absbiption spectra (black lines) of the final
films of P3HT blade coated@he figue shows the P3Ht films blade coated frénmm the CB, CF and

¢l C &az2fdziAzya SAGKSNI pc/ o0S8St2¢ 2N 6208 (GKS &
absorptionspectra of the amorphous phase are shown as the shaded red area and wastaken
the first alsorption spectrum Wen starting film depositionvhile the absorption spectra of the
aggregates is shown as the shaded blue area and was extracted following the analysis approach

presentedin section 4.3.
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Figure 3:Overallabsorption gectra (black ling) of the films blade coated with a substrate temperature
(Ts) either 5C below (top row) or & above (bottom row) the critical transition temperature dfTffor CB (&
=0°C and 10°C), CE£B°C and 15°C) and THEXB5°C and 45°C). The amorphous s$peu for each film

is shown as the red area, which is taken as the first absorption spectrum when starting film deposition. The
blue area shows the P3HT aggregates absorption extracted by subtracting the amorphous spectrum from
the overall absorption speatum

Fromfigure 3, it isclear that the solvent choice influences the shape of the overall absorption
spectra and consequently the aggregate spectra &hape of theamorphous spectra should be

the same regardless of the solvent used as it correspoadbd non-aggregated P3HT polymer
chains). The most notable difference between the absorption spectra of the films deposited from
the three solvents is the ratibetween the B0 and the 01 absorptionpeaks centered around 2.05

eV and 2.2 eV respectivgB0]. This ratio has been shown to reflect changes in the polymer chain
conjugation lengths and intermolecular interaction strength depending on solvent choice,
molecular weights and the synthesis method of P3B]. While the presence of the solvent
dependence of the peak ratios is not affected by the substrate temperature, its magnitude clearly
dependson whether Eis above or below.. This should be clearer when we fgscon comparing

the aggregate spectra for the same solvent.

Figure 4 shows¢he normalized aggregate spectfar the two films depositedrom each solvent
below and above JTOne can readily observe that the films deposited from THF below and above
Tcshowminimal differences in the final aggregate spectra. The film blade coated belsslightly
red shifted with a slightly higher shoulder around 2.05eV corresponding to iDerénsition

compared to the one blade coated above ©n the contrary, the fihs deposited from CB below
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and above Jshow differences that are more significant. We observe an increase in-the 0
transition peak intensity located at 2 eV and the disappearance of the high energy shoulder
observed in the aggregate spectrum of the fidl@posited above I The films deposited from CF
show similar differences with a magnitude that can be considered an intermediate between those

observed in CB and THF.

Reducedsolvent quality(Solubility)
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Figure 4: Nomalized final absorption aggegate spectra of the films blade coated with a substrate
temperature () either 5C below (black lines) or°€ above (red lines) the transition critical temperature
(Te) for: CB (§= 0°C and 10°C), Ck£15°C and 15°C) and THEXB5°C and 45°C).

Toget a more irdepth information about the solvent and solubility effecin the properties of the
formed aggregates in the film in terms of the disorder and the intermolecular interactionged fit
the aggregate absorption spectra using FCA eq. 2 intedlun section 4.3(ii)Figure 5 shows the
fits of the extracted aggregate spectra for the same films shown in figufaldle 2 shows the
disorder () and the 60/0-1 peak ratio from the fits shown in figure 5. Tfiging result confirms

the qualitativeobservations from figure 4.

As observed in table 2, films deposited from CB solutions show the largest percent dectbase in

0-0/0-1 peak ratio (15%) compared to films deposited from CF (7%) and THwl{B#6hlade

coating at a temperature above.TThese observed changes shimg a dependence on both the

solvent and the substrate temperature hints towards a combined effect of both variables rather

GKFy | 3SySNIt SFFSOG 2F (GKS FAf Y.IndhéddGids,i A2y | 0:
theobse@SR GNBYR Ay GKS SFTFFTFSOU 27F 0 fciscoBela@@witii Ay 3 o0 St
the difference between the cImeasured in solutioifwhich reflects the degree of P3HT solubility)

YR GKS a2t @S yhisQiiferedc ihéerdffgtd thed22AyiSy (0 Qa S @iddLJ2 NI G A 2y

consequently the aggregate formatiaynamics
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Figure 5: Aggregate absorption spectra (hollow circles) of the films blade coated with a substrate
temperature () either 5C below (top row) or &8 above (bottom row) theransition critical temperature

(Te) for CB (3= 0°C and 10°C), CEXB°C and 15°C) and THEX(B5°C and 45°C). The solid red lines represent
the fits for each filmusing eq.2 and the soliblue lines represent the difference between the data and the
fits.

Table 2: The fittingparameters of the film deposited fron€B, CF and THBlutions at temperatures below
and above theTc of P3HT in the respective solvedbchangef the 0-0/0-1 peak ratiorefers to the change
in its values when depositing filmat substrate temperatures higher thancEompared toits values when
depositing films at substrate temperatures below.T

% change ir

Solvent Ts(°C) (meV) 0-0/0-1 0:0/0-1 T (°C)
CB 0 58.8 0.66 5
CB 10 59.6 0.56 -15% 5
CF 5 51 0.76 10
CF 15 56.3 0.71 1% 10

THF 35 71.9 0.56 40
THF 45 74.5 0.53 -5% 40
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For CB where the biggest changes are observed, blade coathdghe film was done at

temperatures mgh lower than its boiling poinfThug Ay GKAa OFasS GKS az2t @S,
extremely slav which might give the aggregates very long times to form (assuming they form in
solutionat Ts < T and before sufficientsolvent evapordbn). This leads to aggregates with higher

0-0/0-1 peak ratio when the films are deposited at temperatures lower thawhich corresponds

to longer conjugated polymer chains with decreased intermolecular interactions opposite to the
aggregates form when the films are deposited at temperatures higher tharenhce, irthe case

of CB the solubility of P3HT might the limiting factorfor the final properties of theaggregates

formed in the film. FofTHF the situation is the oppositeWe observeless significanthanges

whether the blade coatingvas performedabove or below ¥» ¢ 1 CQa o02Af Ay 3 LRAY
irrespective ofwhether blade coatings performedbelow T (Ts = 35°C) or abové&: (Ts = 45°C) the
aggregatesnight nothave time to form in solutiomlue to the fastsolvent evaporationate. This

leads to aggregates with near(l0-1 peak ratio whether deposite at temperatures lower or

higher than T Hencejn the caseof THFI KS &2t @Sy (i Qa SO L2 NI Gok2y NI (S
determining the properties of the aggratgs present in the final film. For CF, the difference

between processing temperature arfmbiling point is intermediate between the cases of CB and

THF (Chasa boiling point of 63C while the films are blade coated®t=5°C andls=15°C). It then

logically follows that CF offers an intermediate situation where o#solvenQ évaporaton rate

andsolubilitycontribute to the propertieof the aggregates in the films.

Opposite to thesolvent dependence of th@-0/0-1 peak ratios, the disorder parameters)(does

not show a similar trend. Nevertheless, the results are consistent with the above conclusions. For
THF, is around 40% higher than that 6B. This highérin THFcan be rationalized by the faster
solvent evaporation, which does not allow enouiyhe for the polymer chains to order prior to
solidification. For CF,is a little lower than that of CB although the boiling point of CF is much lower
than that of CB, which should lead to a faster evaporation rate. This might hint that in the case of
CFoecausehe blade coating temperatures is further away from its boiling point compared to THF;
other factorsinfluencethe disorder within theformed aggregates. This will be discussed later in
more details when investigating the aggregate formation dyitann the different solvents under

different conditions.

ii. The critical transition temperature in films

As the next step, | move forward to investigate the effectgaklative to T for filmsover a wider
temperature range. | focus on comparing CF and asifhey have similar boiling pointaut

different solubility of P3HTIn addition, CF and THF offer the experimental accessibility to a wider
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range of deposition temperaturelselow T.compared to CBAs mentioned, when discussing the
a2t @Sy i QathelcMiBal iansitioh ®@perature of P3HT the CB, CF and THBlutions
were extracted from absorption measurements over a wider temperature raSgailar to the
solutions, | measured the absorption of P3HT films made from CF and THF solutiorssgahéh
10 mg/ml concentration) at a wide temperature rangé€o determine the critical transition
temperature using the film absorption spectra, | fitted the film spectra for each temperature
followingeq. 2 toextract the G0/0-1 peak ratio and the disordeas will be discussddter. Figure

6 showsthe the overallabsorption spectravith its aggregate and amorphous contributions along
with the fits of the aggregate spectra for the P3HT films deposited fr@kRslution at substrate
temperaturesbetween 5C and 30°C at 5°@mperature steps. Figur@ shows thethe overall
absorption spectrawith its aggregate and amorphous contributions along wtie fits of the
aggregate spectra for the P3HT films deposited frofiHsolution at substrate temperatures
between 5Cand 30°C at 5°C temperature steps. Hu films deposited from theCFsolution,
similar to the solution measurements, tlomset of the &sorption spectra shifts to highenergies
and the B0/0-1 peak ratio decreasess the temperature increase$he trend is similar in the films

deposited from the THF solution.

81



CF
L) v T T v 1 L] 1
06}F 5°C Overall 4
I " laggregates |
04 ~ | amorphous

Absorption

0.4} 20°C

04} 25°C

0.8} 30°C

04

18 20 22 24
Energy (eV)

26

28

b)

Absorption (arb. u.)

0.6

04

0.4

- 5°C

1 v 1 v 1 v 1

o aggregates -
Fit
Residual

I

22 24 26 28

Energy (eV)

Figure 6:a) The Totahbsorptionspectra showing theggregateabsorption contribution (red area) and the
amorphous contribution (blue areadf P3HTfilms deposited froma CF solutin at different temperatures

taken at 5°C steg b) Aggregate absorption spectra (hollow circlesprresponding to the red area from a).
Thesolid red lines represent the fits for each filasing eq.2 andhe solid blue lines represent the difference

between the data and the fits.
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Figure 7:a) Total absorption spectra showing theaggregate absorption contribution (red area) and the
amorphous contribution (blue areadf P3HTfilms deposited froma THFsolution at different temperatures
taken at 5°C steg b) Aggregate absorption spectra (hollow circlesprresponding to the red area from a).
Thesolid red lines represent the fits for each film using eq.2 dhe solid blue lines represent the difference
between the data and the fits.
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Figure 8 showshe temperature dependant and 00/0-1 valuesextracted from fitting the

absorption aggregate spectra of the films blade coated from THF and CF solutions shown in figures

6and?7.
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Figure 8: Temperature dependenoéthe 0-0/0-1 peak ratios {op panel)andofthe” @ | (botizndane))
extracted by fitting the aggregate absorptionspectra using eq. Zor films blade coated from CF (black
squares) and THF (red circles) solutions of P3HiiEtemperature refers to the substrate temperature {T
The black anded lines represent the sigmoidal behavior of the data points to emphasize the transition
trend. The black and red shaded areas are a visual representation of the transition widite dashed black
and red lines correspond to the ®f CF and THF respealy estimated from the absorption measurements
asshown in figure 2.

Inthe case obladecoatedfilms,there is a cleadepositiontemperature dependencefboth ™ and

the 0-0/0-1 peak ratio We observe a decrease in000-1aps as the substrate temperatureTg)

increases (0.76 vs. 0.45 for CF and 0.78 vs. 0.5 fgr ®RIEhe contrary, we observe an increase in

the disorder(" an9 asthe substrate temperatureTg) increases (51 meV vs. 64 meV for CF and 56

meV vs. 72 meV for THH)histemperature dependence shows a sigmoidal trésiilar to the

case of solutionshown in figure 2}hat can be used to estimata transition temperaturethat

corresponds to a change the character of the formed aggregates in the P3HT films. | refer to this
temperature as 0 YOKQ NBFSNAR (2 (GKS OKIFIy3aIS Ay F33INB3IFGS
while T. and Tn correspond to a change in the state of the aggregates theyfandamentally

different. Since aggregates are always present in the film with varying degrees regardless of the

deposition temperature, & only refers to the deposition temperature at which tpeopertiesof
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the formed aggregates change. Oppositely, the case of solutions, the critical transition
temperaturein solution(Tusolution) refers to the temperature at which aggregates start to form in
solution. Following the aboveTe, can be estimated for films deposited from both CF and THF
solutionsas the inflection point orthe * and G0/0-1 sigmoidal curve.| estimated T, (taken as the
inflection point for either the or the 0-0/0-1 sigmoids)}o be 15.32.5 °C for CF and 825 °C for
THFSimilar to the case of extractingfdr the solutionsthe error margin was fixed at 2.5 °C, which

is half the measurement step of 5 °C.

Two main differences between the temperature dependence of the solution and film
measurements can be observdéebm figure 8, namelythe steepness of the transition and the
estimated transition temperature values.df the normalized absorption of the-@ peak which
corresponds to the aggregates in solution, at temperatures ldwan Tesowuion(2°C and 7°C for CF,
22°C, 27°C, 32°C and 37°C for THF) the aggregate absorptiosisnakimum value.On the
contrary,at temperatureshigherthan Tesolution (12°C 17°C, 22°C and 27°C for CF, 42°C and 47°C for
THFYthe aggregate absorption is &$ minimum valueThe change between these tvaxtremesis
characterized by an abrupt tratisin as | schematically depicted by the narrow black and red
shaded areas around,iion IN @ similar mannetthe values of aps(middle panel) and ©/0-1abs
(bottom panel) extracted from thaggregatespectra are confined between two extreme cases. We
can consider these as two states of tfieal aggregate propertieor characteristics At Ts
significantly higher thails we observe aggregates with highex,sandlower 0-0/0-1aps(€.9., 25°C

for CF and 40°C for TH®hile atTs significantly lower thaid., we observe aggregates witbwer

" aps and higher 0-0/0-1aps(e.g. 5°C for CF and 20°C for TM#E}hin these temperatureranges
further increasing or decreasing the temperature has an insignificant effect on the valugs of
and 00/0-1as and hence we would consider the aggregates arising from deposition at these
substratetemperatures to have a similar characterThe dange between these two aggregate
states is characterized byssmewhat smoothransition as | depicted schematically by the wide
black and red shaded areas aroungd(@ompared to those present in the case of solutiomnce

at the region TF T, we would expectthat control overthe deposition parametersould be

beneficial infine-tuning the values of a,sand 00/0-1apsas will be discussed later.

The major difference betweenthe solution and film measurement&ppears in thediscrepancy
between Tsowution aNd Tnrim. Forboth CF and THHRgsowtion and Twsm differ by an equal magnitude

of more than 5°Qyut in oppositedirections. For CF (the better solvent)sdiuion is lower than Fvsim,

while for THF (the worse solventysduion is higher than Tmm. It would makesense that this
RATFSNBYOS Aa NBfIFIGSR (2 GKS a2t @Syl ljdzZ €t Ade

(61°C vs 66°C)rhis discrepancy means that if one considetsefXtracted from solution
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measurenents as the pivot point for determining the processing temperature of the films where
the properties of the aggregates formed in the final film is determined by processing the films at
temperatures either above or below thig Would fail. An example oftiis is the case for the film
blade coated from the THF solution at a 35°C substrate temperatarthis caseif one only
considers Jisolution (F 40°C) we would expect the films deposited at temperatures below 40°C (e.g.,
Ts=35°Cand Ts =30°Q would have aggregates formed with more or less the same properties. This
is not the case ak=35°0s below Tsowtion but it israther above dsim, hencewe obtain a final film
characterized baggregates with lower-0/0-1 and higher disorder similar tbe films blade coated

at Ts= 45°CGand not the films blade coated at =30°C

Thus, in conclusion, a more accuragermination of the deposion temperaturethat one would
considemwould depend on th@« valuesextracted from film measurement3his is important as it
directly influences the properties of the aggregates formed in the final 8lmhy consideringciim
rather thanTysoiution, ONE can conclude that in thease of film depositioat Ts> Twim the aggregates
formed are characterized by higher disorder and low&/@-1 while for the case of blade coating

at Ts < Twsim the aggregates formed show the opposite properties.

iii. Temporal evolution of the aggregation process

In the next sectiog | investigate the aggregate formation dynamics during the deposition process
under different conditions. | first focus on the temporal evolution of BR#HTaggregatdormation
dynamicsfor films blade coated from CF solutions at three temperature points covering a wide
range of deposition temperatures. These temperature points @#e= 5°C andTs = 25°C
corresponding tahe two limiting cases atsBufficiently lower and higher thansfim and atTs =
15°Ccorresponding to an intermediate case wheed Teviim. The important question here is under
which conditions during the blade coating process aggregates form and how these conditions
impact their final properties. This understanding then would allow us to manipulate the aggregate
formation dynamic$eyond the simple route of solvent choice and film deposition below or above

Te.

Figure9.a top panel shows the photoluminescence and absorption 2D maps of the aggregate
evolution during blade coating of a P3HT film from a CF solutiog¥d°C. The sead panel shows

the normalized intensity of aggregate emission and absorption, which is an indication of the fraction
of aggregates formed during the whole process. The bottom two panels show the corresponding
values of and G0/0-1 extracted from fitting the individual spectra of photoluminescence and
absorption for both films during the whole process. Fig@re shows selectecdbsorption and

emission spectra alifferent times during blade coatingoth the total speat and the aggregate
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spectra are showrT he aggregate spectra were extracted following the s@mocedure introduced

earlier.
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Figure 9:Photoluminescence and absorption spectra of the P3HT aggregdtemg blade coating of films
from CF solutionsat Ts = 5 °C a) The Top panelshow the 2D heat maps of photoluminescence and
absorption. The bottom panels show the normalized photoluminesce(ldack squares) and absorption
(red circles) intensitiesx i K @lues and the 00/0-1 peak ratio extracted from fitting the
photoluminescence anthe absorption spectra using FCA. The reateblack shadowed regions arouithe

data points represent the errorThe green lines drawn over the normalized absorptiortensity is a
schematic representation of the slope at different times during blade coating. b) Selected spectra at
different times during blade coating showing the total and aggregatmly photoluminescence and
absorption.

| specified four differentiine steps that allow us to quantify, track and compare the aggregate

formation dynamics while blade coating at the different temperatufésstly, t = 0 s is the starting
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time defined by the appearance of the first spectra after the blade has alreacdepawer the
solution. Secondly afsis the time at which aggregaggsorptionstarts to occur as evident by the
appearance othe absorptionpeaks in the lower energy band below 2.2 8¥is iqjuantitatively
determined as the time at which absorptiortémsity exceed$ 2-3%(calculated as integrated area
of the aggregate only absorption spectr@hirdly, §vpis the time at which the solvent is evaporated
to the extent allowinghe solid film formation. This is determined at the time where we have a
noticeable changén the emission or absorption intensity as marked by a change in the slopes of
their normalized integrated intensity.he two green lineshown in the figureepresent theslopes

of the normalized absorption intensity at different tim@$e intersection bthese two lines roughly
coincides with 4, . This is also then noticeable in the trends foand 00/0-1 where we have a
sudden change in the trend steepness or direction. Finally, which is the time after which no

further changes are observed in the spectra. This is reflected as stable valuesfib60/0-1.

From the normalized intetity, we firstly observe emission from the aggregad@ectly aftert =0

s with no apparent absorption untikg We then observe a gradual increase of the aggregate
absorption intensity over an extended time range between aroungft1.0 suntil teyp F 5.1 s
(yellow region).During this time, the emission intensity reaches a maximumfaBiO s with a
subsequent decrease untini. Between §,F 5.1 s and ta F 6.4 s we observe a faster rate of
increase of the absorption intensity with a furthéecrease of the emission intensity (blue region)
after which no further changes are observed. Concomitanéyand G0/0-1-_both start at high
values and decrease within the time betweeaps &nd v, (" pLfrom 55 meV to 45 meV,-0/0-15.
from 0.65 t00.55). After &y, ~ pLSlightly increasg (to 47 meV atsha) while 00/0-1p continues to
further decrease to reach a value of 0.4 atit The changes in their absorption counterparts is
much smaller. aps Stays constant untiletp where it then ircreases slightly until reaching its final
value (45 meV to 51 me\J-0/0-1apsShows a similar behavior where it slightly decreases ugjil t

and then increases back to near its original starting value of 0.7%g.at t

| then move to the next temperate point at T= 15°CFromfigure 8 it wasalreadyobserved that
the values of and G0/0-1 peak ratio for the blade coated film at 15%CT{sm) are very similar to
the values for the films blade coated atldwer than Tsim (5°C and 10°C)igurel0.ashows the
in-situ aggregate absorption and emission 2D maps along wightémporal evolution of the
aggregate intensity, and G0/0-1 peak ratio fora P3HT film blade coateat Ts= 15°C in a similar
arrangement to figured.a. In addition, similar to figure 9b, figui®b shows selected total and

aggregate only absorption dremission spectra at different times during blade coating.
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Figure 10Photoluminescence and absorption spectra of the P3HT aggregdieimg blade coating of films
from CF solutions affls = 15 °C a) The Top panelshow the 2D heat maps of photeiminescence and
absorption. The bottom panels show the normalized photoluminesce(ldack squares) and absorption
(red circles) intensities> (i K @lues and the 00/0-1 peak ratio extracted from fitting the
photoluminescence anthe absorption spectra using FCA. The reteblack shadowed regions arodinthe

data points represent the errorThe green lines drawn over the valuesis a schematic representation of
the slope at different times during blade coating. b) Selected spectra at different times during blade coating
showing the total and aggregateonly photoluminescence and absorption.

Indeed, in figurel0.awe obgrvethat aggregates form within the solution phase between £

0.95s andd,F 1.25s (yellow shaded area) withwsF 55 meV and @/0-1apsF N Phispsolution

LIKF&S A& FT2tt26SR o0& GKS a2f Syl aS0dio-Ligdéesi A2y LI
not vary much until reachingheir final values atsita £ 1.8 s. It is worth noting that although the

time allowed for aggregates to forbvefore tpwhich is very short (less than 0.5 s) in the film blade

coated at 15°C, the final values'aéind G0/0-1 are nearly similar to that for the aggregates present
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