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Summary

Organic materials have become more and more important in devices such as light emitting

diodes (LEDs), field effect transistors (FETs) and solar cells (OPV) because the demand

to build robust, flexible and small electronic devices has increased. Meeting the needs of

fast and cheap processing conditions, conjugated polymers have become a real alternative

to evaporated small molecules. Moreover, they have the advantage of tunability of

their solution processing and optoelectronic properties such as band-gap, charge carrier

mobility and photoluminescence via structural changes to the monomers. In recent

years high performancing optoelectronic devices have been built using a new type of

conjugated copolymers, the so called donor-acceptor copolymers. Such polymers are based

on alternating electron-donor and acceptor units and possess typically small band-gaps due

to a charge transfer (CT) transition between the alternating backbone units. The small

band gap correlates to a shift in the absorption profile to longer wavelengths up to 800 nm

and therefore allows coverage of a broad range of the solar spectrum. In the last years,

control over film morphology and its effect on the device physics have led to significant

progress in improving device performance. Nevertheless up to now little is known about

the mesoscopic morphology and crystal structure of such donor-acceptor copolymers, even

though the influence on device performance is unquestioned in literature.

In this thesis the high performance donor-acceptor copolymer PCPDTBT (poly[2,6-

(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b’] dithiophene)-alt-4,7-(2,1,3-benzothia-

diazole)])[1–3] and its two derivatives Si-PCPDTBT[4] and F-PCPDTBT[5, 6] (poly[(4,4’-bis(2-

ethylhexyl)dithiene-[3,2-b:2’,3’-d]silole)-alt-4,7-(2,1,3-benzothiadiazole)]), poly[2,6-(4,4-bis-

(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b’]dithiophene)-alt-4,7-(5-fluoro -2,1,3-benzothia-

diazole)]) were investigated. The aim was to establish a general understanding of the

mesoscopic morphology and crystal structure obtained by different processing and an-

nealing protocols. Subsequently the influence of the prepared structures on the optical,

electrochemical and electronic properties was investigated.

At the beginning of this thesis the basic absorption and photoluminescence (PL) prop-

erties of the PCPDTBT polymers in solution and when deposited as thin films, were

investigated. In particular the aggregation behavior in solution was characterized by

temperature and concentration dependent experiments. It was shown that a strong band

at 800 nm was present in solution containing aggregates which are a result of π-stacked

interchain interactions. Spano et al.[7–9] introduced a technique to model the absorption

and PL spectra for several conjugated homopolymers employing a Frank-Condon analysis.
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In this thesis, to the best of my knowledge, this analysis has been transfered for the

first time to a donor-acceptor copolymer. It was shown that the spectra of the dissolved,

as well as aggregated phases, of PCPDTBT could be perfectly modeled using the same

Franck-Condon analysis. [10, Scharsich und Fischer et al. 2015]

The optical and morphological properties of thin films prepared from different processing

solvents with and without solvent additives such as 1,8-diiodooctane (DIO) were charac-

terized. [11, Fischer et al. 2013] Different types of processing solvents had a strong impact

on the thin film morphology. The prepared structures ranged from amorphous films to

micrometer long nanofibers. Employing solvent vapor annealing protocols, F-PCPDTBT

and PCPDTBT films of high crystallinity were found contradicting the literature which

sometimes describes PCPDTBT as hardly crystallizable. [12, Fischer et al. 2014]

A variety of morphologies and crystal structures were prepared by utilizing different

processing solvents and post annealing methods. In the literature, one typically sees reports

on conjugated polymers such as poly(3-hexylthiophene) (P3HT) and poly[2-methoxy-5-(2’-

ethylhexyloxy)-p-phenylene vinylene] (MEH-PPV), which crystallize in an edge-on fashion,

driven by the strong interchain packing of the polmyer backbones. PCPDTBT is also

known to pack in a similar way as P3HT when DIO is employed as a solvent additive.

Using our optimized solvent vapor annealing procedure, it was possible to identify an

additional polymorph and to establish a first tentative crystal structure therefore using

TEM/ED and GIWAXS measurements. [12, 13, Fischer et al. 2015] Remarkably the

structures gave no evidence for a typical lamellar structure with alternating π-stacking

and alkyl chain lamellae. Instead a dimer-like structure was found, similar to the one

reported for α-PFO. The ability to control the crystallization and to induce particular

polymorphs was used to compare the effect of different morphologies on the operation of

optoelectronic devices such as field effect transistors and organic solar cells. [12, Fischer et

al. 2015]

The energy levels of the pure polymers and polymer/fullerene blends were investigated

employing spectroelectrochemistry. Using cyclic voltammetry the redox potentials and

the energy levels of the frontier orbitals could be determined. The coupling of the

cyclic voltammetry with in-situ spectroscopy allowed the investigation of the absorption

properties of the charged species. In-situ spectroelectrochemistry of polymer/fullerene

blends further allowed the assignment of specific redox reactions to either the polymer or

fullerene phase. Interestingly, it could be shown that within the polymer/fullerene blends

the LUMO energy levels are stabilized. The data obtained from these measurements were

used in a collaboration with the physics group of Prof. Neher in Potsdam to investigate
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the mechanism of the charge-transfer splitting in Si-PCPDTBT/fullerene organic solar

cells. [14, Albrecht and Fischer et al. 2014]

Finally, the ability to obtain thin films consisting of different morphologies was used to

investigate the influence of crystal structure and chain orientation on the performance of

organic field effect transistors (OFETs) and solar cells. Three different morphologies were

compared: i) edge-on structure with long-range π-stacking ii) dimer-like structure with an

in-plane orientation of the polymer backbones and iii) a film with predominantly amorphous

domains. The OFETs of the long-range π-stacking structure revealed a hole mobility which

was one order of magnitude higher compared to the dimer-like and amorphous structures.

In analogy to P3HT [15,16, Crossland and Fischer et al. 2011/2012] it was suggested that

the edge-on morphology provides a good in-plane 2D charge transport. On the other hand

in the dimer-like structure the charge transport is reduced in the direction perpendiuclar

to the polymer chains by the alkyl side chains between the dimers. Only a 2D charge

transport allows the charges to find pathways of the least resistance over macroscopic

distances as probed in OFETs. This leads to an overall increased charge carrier mobility

in the samples comprising a long-range π-stacked morphology.

Bilayer solar cells were built from the same, above mentioned, three morphologies and

characterized by J-V-curve, external quantum efficiencies (EQE) and time delayed collection

field (TDCF) measurements. [12, Fischer et al. 2015] Surprisingly the higher charge carrier

mobility in the π-stacked morphology did not lead to an increased performance or reduced

recombination rate. In contrary all investigated morphologies revealed overall very similar

efficiencies which can be explained by an imbalance in the hole and electron mobility of

PCPDTBT and C60.

Overall this thesis presents a systematic study of the representative donor-acceptor

copolymers PCPDTBT, Si-PCPDTBT and F-PCPDTBT regarding the influence of

the crystal structure and mesoscopic morphology on opto-electronic device properties.

The correlation between the absorption and different crystal structures was shown and

the spectra were modeled using a Frank-Condon analysis. By employing solvent vapor

annealing, highly crystalline samples were prepared and a first tentative crystal structure

was presented. The energy levels of pure polymer films and polymer/fullerene blends as

used in organic solar cells were investigated. Finally, the fabrication and testing of OFETs

and organic solar cells revealed how the thin film structure influences the performance of

opto-electronic devices.
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Zusammenfassung

Mit immer neuen Anforderungen an elektronische Geräte wie Flexibilität, geringes Gewicht

und günstige Produktionskosten ist die organische Elektronik in den Fokus von Wis-

senschaft und Industrie gerückt. In den letzten Jahren konnte beobachtet werden, wie

vermehrt organische Elektronik in Form von organischen Feldeffekttransistoren (OFET),

Leuchtdioden (LED) oder Solarzellen (OPV) Einzug in unser alltägliches Leben fanden.

Der Vorteil dieser Bauteile liegt in der einfachen, meist schnellen und kostengünstigen

Prozessierbarkeit aus Polymerlösungen oder durch Verdampfung kleiner Moleküle. Des

Weiteren lassen sich im Vergleich zu anorganischen Materialien durch relativ kleine Verän-

derungen an den Monomerbausteinen die optischen und elektronischen Eigenschaften an

die jeweiligen Anforderungen anpassen.

In den letzten Jahren wurde in organischen Solarzellen vermehrt eine neue Klasse von

Polymeren, die sogenannten Donor-Akzeptor-Copolymere, verwendet. Die Wiederhol-

ungseinheiten solcher Polymere bestehen aus alternierenden Donor–Akzeptor Baustein-

en, wodurch ein Ladungstransfer zwischen Donor und Akzeptor begünstigt wird. Dies

führt zu einer Verkleinerung der Bandlücke und damit zu einer Rotverschiebung des

Absorptionsspektrums im Vergleich zu klassischen konjugierten Polymeren, wie z.B. P3HT.

Insbesondere die Rotverschiebung erlaubt es, mehr Photonen des Sonnenspektrums zu

absorbieren und dadurch die Effizienz von organischen Solarzellen zu steigern.

Durch Optimierungen im Bereich der Morphologie konnte die Leistung von polymer-

basierter Elektronik gesteigert werden. Trotz allem ist bis heute nur sehr wenig über die

Struktur-Eigenschaftsbeziehungen von Donor-Akzeptor-Copolymeren und deren Einfluss

auf organische Bauteile bekannt und das, obwohl die Möglichkeit der Leistungssteigerung

durch Strukturoptimierung unbestritten ist.

Das Ziel dieser Arbeit war es, ein grundsätzliches Verständnis der Wechselwirkungen

zwischen der Struktur und den elektrischen, optischen und elektrochemischen Eigenschaften

der Donor-Akzeptor-Copolymere zu erarbeiten. Dafür wurde das oft zitierte und leis-

tungsstarke Donor-Akzeptor-Copolymer Poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta

[2,1-b;3,4-b’] dithiophen)-alt-4,7-(2,1,3-benzothiadiazol)][1–3] (PCPDTBT) zusammen mit

seinen zwei Derivaten F-PCPDTBT (Poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-

b;3,4-b’]dithiophen)-alt-4,7-(5-fluoro-2,1,3-benzothiadiazol)])[5, 6] und Si-PCPDTBT (Poly

[(4,4’-bis(2-ethylhexyl)dithien-[3,2-b:2’,3’-d]silol)-alt-4,7- (2,1,3-benzothiadiazol)])[4] unter-

sucht. Durch den Vergleich der drei Polymere wurde es möglich, den Einfluss typischer
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Polymerrückgrat-Modifikationen, wie das Fluorieren oder das Ersetzen eines Kohlen-

stoffatoms durch Silizium, zu untersuchen.

Zu Beginn dieser Arbeit wurde das Absorptions- und Photolumineszenzverhalten in Lö-

sung untersucht. Ein besonderes Augenmerk lag dabei auf der Aggregation und ihrem Ein-

fluss auf die optischen Eigenschaften. Zur Untersuchung wurden temperatur- und konzen-

trationsabhängige Experimente mit in-situ Absorptions- und Photolumineszenz- (PL) Mes-

sungen durchgeführt. Es konnte gezeigt werden, dass zeitgleich mit der Aggregation eine

Bande bei 800 nm in der Absorption entsteht. Diese ist auf π-Orbital-Wechselwirkungen

zwischen planar zueinander angeordneten Polymerketten zurückzuführen.[17] Die Absorp-

tion und PL von klassischen konjugierten Polymeren, wie P3HT oder MEH-PPV, wurde

schon früher von Spano et al.[7–9] mithilfe des Franck-Condon-Prinzips beschrieben. In

dieser Arbeit wurde das Franck-Condon-Prinzip, soweit mir bekannt, zum ersten Mal auf

ein konjugiertes Donor-Akzeptor-Copolymer angewendet. Es konnte gezeigt werden, dass

die in Lösung und während der Aggregation gemessenen Absorptions- und PL-Spektren

sehr gut von diesem Modell beschrieben werden können. Im Vergleich zu konjugierten

Polymeren ohne Donor-Akzeptor-Einheiten musste keine zusätzliche H- oder J-Aggregation

bei der Beschreibung der Spektren beachtet werden. [10, Scharsich und Fischer et al. 2015]

Von den Arbeiten in Lösung ausgehend wurden dünne Polmyerfilme durch Schleud-

erbeschichtung aus verschiedenen Lösungsmitteln mit und ohne Zusatz des Additivs

1,8-Diiodooktan hergestellt und deren optische und morphologische Eigenschaften un-

tersucht. [11, Fischer et al. 2013] Einen starken Einfluss auf die Filmbildung hatte die

Siedetemperatur des Lösungsmittels. So konnten aus tief siedenden Lösungsmitteln, wie

z.B. CS2, überwiegend amorphe Filme hergestellt werden, wohingegen mit steigendem

Siedepunkt Aggregate von ca. 40 nm Durchmesser im AFM und TEM beobachtet wur-

den. Für das Lösungsmittel mit dem höchsten Siedepunkt, 1-Chlornaphthalin, wurde

eine Überstruktur mit mikrometerlangen Fibrillen beobachtet. Diese schienen, wie aus

AFM-Bildern erkennbar, aus den oben genannten 40 nm-Aggregaten aufgebaut zu sein.

Anschließend wurde Lösungsmitteldampftempern verwendet, um amorphe Filme zu

rekristallisieren und Sphärolithe von bis zu 40 µm Durchmesser herzustellen. DSC-

Messungen zeigten für diese Proben einen Schmelzpunkt bei ca. 280 ◦C und bestätigten

damit die deutlich höhere Kristallinität im Vergleich zu den durch Schleuderbeschichtung

hergestellten Filmen. [12, Fischer et al. 2015]

Einen Vorschlag für eine erste vorläufige Kristallstruktur wurde aus TEM/ED- und

GIWAXS-Daten der in Lösungsmitteldampf getemperten Proben entwickelt. Überraschen-

derweise wurde anstelle einer für konjugierte Polymere typischen lamellaren Struktur eine
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Dimer-Struktur gefunden. In dieser lagern sich jeweils zwei Polymerketten planar zu einem

Dimer zusammen. Zwei solche Dimere bilden jeweils eine orthorhombische Einheitszelle,

wobei sich die Dimere quasi-hexagonal anordnen. [12,13, Fischer et al. 2015] Des Weiteren

konnten durch Schleuderbeschichtung aus Lösungen mit zwei Prozent DIO Filme mit einer

für konjugierte Polymere typischen lamellaren Struktur hergestellt werden. In dieser finden

sich im Gegensatz zur Dimer-Struktur weitreichende π–π-Wechselwirkungen zwischen

parallel gestapelten Ketten.

Die Energien der Grenzorbitale sowohl von den reinen Polymeren als auch von Misch-

ungen (Blends) aus Si-PCPDTBT und Fullerenen wurden mittels Elektrochemie bestimmt.

Durch die Kopplung von in-situ UV/Vis-Spektroskopie mit Cyclovoltammetrie (CV) war

es nicht nur möglich die Redoxpotentiale der einzelnen Materialien und der Mischungen zu

bestimmen, sondern auch die einzelnen Redoxreaktionen bestimmten Materialphasen in

den Mischungen zuzuordnen. Auffällig bei diesen Messungen war, dass eine Stabilisierung

der LUMOs in den Mischungen stattfand. In Zusammenarbeit mit S. Albrecht aus der

Gruppe von Prof. Neher (Potsdam) wurden die Elektrochemie-Daten dazu verwendet

am Beispiel von Si-PCPDTBT/Fulleren-Blends den Mechanismus der auffällig effizienten

Ladungsträgerseparation an der Polymer/Fulleren-Grenzfläche zu untersuchen. [14, Al-

brecht und Fischer et al. 2014]

Die Möglichkeit, zwei verschiedene Strukturen mit und ohne weitreichende π-Orbital-

Wechselwirkungen in dünnen Filmen herzustellen, wurde anschließend dazu verwendet,

ihren Einfluss auf OFET und Doppelschicht-Solarzellen zu untersuchen. [12,14, Fischer

und Albrecht et al. 2014] In den OFET wurde eine um ca. eine Zehnerpotenz höhere

Ladungsträgermobilität in der Struktur mit weitreichenden π-Orbital-Wechselwirkungen

im Vergleich zur Dimerstruktur festgestellt. In Analogie zu P3HT wurde vermutet, dass in

den Filmen mit den π-Orbital-Wechselwirkungen ein zweidimensionaler Ladungstransport

entlang der Polymerketten und den π-Orbitalen stattfindet. Bezüglich der Dimerstruk-

tur hingegen kann vermutet werden, dass der schnelle Ladungstransport ausschließlich

entlang der Polymerketten erfolgt. Der Transport senkrecht dazu wird durch die Alkylket-

ten zwischen den Dimern verhindert bzw. verlangsamt. Von P3HT ist aber bekannt,

dass ein zweidimensionaler Ladungstransport für eine hohe Ladungsträgermobilität über

makroskopische Distanzen notwendig ist. [15, 16, Fischer und Crossland et al. 2011/2012]

In organischen Doppelschicht-Solarzellen wurden dieselben Morphologien wie in den

OFET verglichen. Überraschenderweise wurde keine erhöhte Effizienz in den Zellen mit

den höheren Ladungsträgermobilitäten festgestellt. Stattdessen zeigten alle Experimente

(Strom-Spannungs-Kurven, EQE und TDCF) keine bemerkenswerten Unterschiede zwisch-
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en den Solarzellen mit den unterschiedlichen Morphologien. Es wurde vermutet, dass

der Grund hierfür bei den aufgedampften C60-Akzeptorschichten liegt. Diese sind so

gute Elektronenleiter, dass von allen generierten freien Ladungen die Elektronen schnell

zur entsprechenden Elektrode abgeführt werden können. Es kann vermutet werden,

dass dadurch die unterschiedlichen Ladungsträgermobilitäten in der Polymerschicht ohne

Einfluss auf die Rekombinationswahrscheinlichkeit bleiben.

Diese Arbeit zeigt zusammenfassend eine systematische Untersuchung der Struktur-

Eigenschaftsbeziehungen von Donor-Akzeptor-Copolymeren anhand dreier representativer

Polymere: PCPDTBT, F-PCPDTBT, Si-PCPDTBT. Es konnte eine direkte Korrela-

tion zwischen den optischen Eigenschaften und der Bildung von Aggregaten hergestellt

und die Änderung der Absorptions- und PL-Spektren während der Aggregation mithilfe

des Franck-Condon-Prinzips modelliert werden. Durch die Optimierung verschiedener

Prozessierungs- und Tempermethoden, wie z.B. des Lösungsmitteldampftemperns, wurden

verschiedene Polymorphe hergestellt. Anhand TEM/ED- und GIWAXS-Daten wurde eine

erste Kristallstruktur vorgeschlagen. Die Möglichkeit, verschiedene Polymorphe in dünnen

Filmen gezielt herzustellen, wurde abschließend verwendet um den Einfluss der unter-

schiedlichen Strukturen auf die Ladungsträgermobiltät und die Leistung von Solarzellen

zu untersuchen.
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1 Introduction

The discovery of semi-conducting polymers has started with polyacetylene and the work

of Shirakawa, Heeger and MacDiarmid,[18–20] which was acknowledged by a Nobel Price in

2000.[21–23] Since then new and more complex conjugated polymers have been synthesized

mainly for the use in organic electronics devices such as organic solar cells, organic field

effectors (OFETs), organic light emitting diodes (OLED) or thermoelectric generators.

The fast development of new chemical structures was mainly motivated by the goal to

increase the performance of optoelectronic devices making them competitive to inorganic

ones. New structures going from polyacetylene to aromatic and further to thiophene

based systems improved the energy levels and absorption properties. A key factor for this

development was the feedback from fundamental studies investigating the structure-function

relationships and device performance of conjugated polymers. The electronic, optical and

structural properties were investigated employing mainly spectroscopic, electrochemical

and microscopic techniques.[24] From the perspective of the device optimization further

feedback was given and beside the pure synthetic approach also the optimization of

the morphology was considered. The inter- and intrachain interactions of the polymer

backbones which influence not only the absorption properties but also the charge carrier

mobility became a key role in the device engineering.[7, 8, 15,16,25,26]

For many years now poly(3-hexylthiophene) (P3HT) has been considered as the work-

horse of the organic solar cell community and is probably the best known and investigated

conjugated polymer. It was used to make many principle statements regarding structure-

function relationships and will be introduced in more detail in chapter 1.2. In the recent

years the synthetic effort to increase the performance of conjugated polymers led to a new

generation of so called donor-acceptor or low band gap copolymers. These polymers show

very promising efficiencies in organic solar cells mainly due to their small band gaps and

good charge separation efficiencies in organic solar cells with fullerenes or n-type polymers

as acceptor phase.[14, 27,28] The small band gap leads to a red shift of the absorption

and thereby better coverage of the solar spectrum and increased light harvesting. Today

donor-acceptor copolymers are the state of the art materials used in high performance

polymer based organic solar cells.

In this thesis the basic optoelectronic properties of donor-acceptor copolymers were

studied on the example of the prominent and high performance donor-acceptor copolymer

PCPDTBT (poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta [2,1-b;3,4-b’]dithiophene)-alt-

4,7(2,1,3-benzothiadiazole)]) and its derivatives, figure 1.1. PCPDTBT was first introduced
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1 INTRODUCTION

by Brabec et. al[2] in 2006 and up to today more than 500 publications regarding this

polymer and its derivatives have been published. Most publications focused on the

PCPDTBT/fullerene blends neglecting the pure polymer. Therefore little is known about

its crystal structure and mesoscopic morphology and how they influence the optoelectronic

properties. Si-PCPDTBT and F-PCPDTBT, compare figure 1.1, are two well known

derivatives and will be discussed and compared together with PCPDTBT throughout this

thesis.

This thesis starts with the investigation of the very basic properties as absorption spectra

in solution and thin film formation which is followed by a detailed crystal structure and

electrochemical analysis. Finally the fabrication of organic field effect transistors and

solar cells is described and the earlier gained knowledge on the optical and structural

properties is used to correlate and understand the influence of the morphology on the

device performance.

Fig. 1.1: Chemical structure of the donor-acceptor copolymer PCPDTBT (X = C, Y = H) and its derivatives
Si-PCPDTBT (X = Si, Y = H) and F-PCPDTBT (X = C, Y = F).

1.1 Fundamentals of Conjugated Polymers

Before we consider the class of donor-acceptor polymers a basic understanding on how the

conductivity in aromatic conjugated polymers is achieved and why conjugated polymers

can be used today as materials for organic solar cells, organic field effect transistors

(OFETs), organic light emitting devices (OLEDs) or thermoelectric generators. The main

reason therefore lies in their electronic structure. An overview over some selected chemical

structures in the order of their development is shown in figure 1.2. It starts with the

first known conjugated polymer polyacetylene (PA) and the shortly afterwards prepared

2
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aromatic structures such as poly(p-phenylene) (PPP) and poly(p-phenylene vinylene)

(PPV). The last four structures show the next generation of conjugated polymers with

thiophene based backbones such as poly(3-hexylthiophen-2,5-diyl) (P3HT) or poly(3,4-

ethylenedioxythiophene) (PEDOT) and the state of the art donor-acceptor copolymers

such as poly[N,N’-bis(2-octyldodecyl)-1,4,5,8-naphthalene-dicarboximide-2,6-diyl]-alt-5,5’-

(2,2’-bithiophene) (P(NDI2OD-T2)) and PCPDTBT.

Fig. 1.2: A small selection of typical conjugated polymers as they were developed over the last decades.

The orbitals of the conjugated monomers in an organic polymer backbone can, similar

as in a crystal, interact with their next neighbors forming new electron bands as shown

schematically on the left in figure 1.3A.[29] In an all conjugated polymer chain the highest

occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO)

form the so called valence band (VB) and conducting band (CB), respectively, figure 1.3A.

The gap between the HOMO and LUMO is an intrinsic property of a material and is

called electronic band gap (Eg). If the band gap range is between 0 and 3 eV the material

3
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A)

B) C)

Fig. 1.3: A) Schematic of the electronic structure in conjugated polymers going from a single orbital (left) to
an electronically coupled polymer chain forming a valence (VB) and a conducting (CB) band. The right side
shows the formation of a polaron band starting with a single polaron, adapted from [29, Rehahn 2003]. B)
Chemical structure of the neutral, polaron and bipolaron of poly(p-phenylene vinylene) (PPV) relaxed in a
localized quinoid structure formed by oxidation. C) Energy curve for an infinite trans-polyacetylene showing
the two possible geometrical structures. After oxidation, removing two electrons, two solitons are formed which
can move independently along the polymer chain without changing the overall energy.

is considered a semiconductor, as it is the case for most conjugated polymers. This means

that only if enough energy is added for an electron to transfer from the VB into the CB,

by e.g. temperature or irradiation, the material becomes conductive.[29]

Typically conductivity in conjugated polymers is induced by p- (n-) type doping, meaning

an oxidation (reduction) of the polymer by chemical or electrochemical doping. In the

case of aromatic conjugated polymers the first oxidation (reduction) leads to a polaron

formation. The charge is localized on the polymer chain due to a relaxation into a quinoid-

like structure, figure 1.3B, and a single occupied molecular orbital (SOMO) is formed,
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polaron figure 1.3A. When a second electron is taken out from the chain a bipolaron

with an even more quinoid-like structure is formed, bipolaron figure 1.3B. Comparing

the formation of two polarons against one bipolaron it was shown that a bipolaron is

energetically favored because the polymer chain around the quinoid structure can relax

into its aromatic form. In the orbital picture the bipolaron bands are moved closer together

and thereby further away from the VB and CB edges, figure 1.3A. For high doping levels

polaron bands as shown on the right in figure 1.3A are formed and lead to conduction

along the polymer chains.[30]

A closer look at the new orbital structure of the doped polymer chain reveals that

additional optical transitions occur, figure 1.3A (green arrows). In a positively charged

polaron or bipolaron (p-type) three new transitions are possible: between the two polaron

bands (E1) and from the VB to the lower (E2) and higher (E3) bipolaron level.

After high conductivities of up to 105 S/cm and band gaps of around 1.5 eV had been

found in trans-polyacetylene (PA) high performance organic electronics had been expected

to be introduced within years.[31] New promising conjugated polymers with an aromatic

structure such as poly(p-phenylene) (PPP) or poly(p-phenylene vinylene) (PPV) were

synthesized. Surprisingly, large band gaps of around 3 eV were measured and it became

clear that the high mobility and low band gap of trans-polyacetylene is due to its unique

electronic structure.[31] The Peierls distortion allows trans-PA to form two geometric

structures with a single/double bond alternation. Both correspond to exactly the same

total energy as schematically shown in figure 1.3C. Therefore all conjugated bonds in

trans-PA are indistinguishable and when PA is twice oxidized the two charges on the

polymer backbone can move freely along the polymer chain (soliton). In contrast to the

above discussed aromatic conjugated polymers no localized bipolaron with a quinoid-like

structure is formed.[30]

With this in mind the lower mobility in aromatic conjugated polymers can be understood.

Comparing the quinoid with the aromatic structure it is obvious that the aromatic one is

more stable which leads to a localization of the charges on the polymer chain. The charged

polymer chain relaxes therefore and resumes its aromatic geometry around the quinoid

structure, figure 1.3B. This leads to a reduced charge transport since the charges can not,

as in PA, move freely along the polymer chain. This further explains the larger band gap

in the aromatic conjugated polymers since the formation of a polaron (oxidation) requires

a less stable quinoid structure.
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1.2 P3HT – the Working-Horse of the Solar Cell Community

The observation that the high aromaticity in the phenylene based polymers increases the

band gap led to the first synthetic improvement of the chemical structure. The phenylene

rings were substituted by less aromatic thiophenes, figure 1.2. The smaller energetic

difference to the quinoid structure results in a smaller band gap and increases the charge

carrier mobilities. Further the 5-ring allows a smaller torsional angle than a phenylene

ring which leads to a more planar structure with a better conjugation and therefore a

further decreased band gap.[24]

1.2.1 Synthetic Approaches

The first polythiophenes were synthesized by the groups of Yamamoto,[32] Dudek[33] and

others[34–36] adopting the Kumada cross-coupling reaction[37, 38] and resulted in small

molecular weights. From those only the smallest molecular weight fractions were soluble

and it was impossible to perform any deeper studies of the energy levels or to build

electrical devices. In 1983 Yamamoto et al.[39] discovered that they could improve the

solubility of polythiophenes by adding methyl-side chains at the β-position. This was

followed by the synthesis of a series of poly(3-alkylthiophenes) (P3ATs) with varying alkyl

side chain lengths and led to the new class of highly soluble and stable P3ATs.[40–42] Even

though these P3ATs were highly soluble and stable they still showed a relatively large

band gap and low charge carrier mobilities.[43, 44] The next optimization was introduced

again by a synthetic approach. P3ATs of high regioregularity with pure head-to-tail

(HT) linkages between the 3-alkylthiophene units were synthesized, figure 1.4. This was

necessary since in irregular P3ATs the steric hindrance between neighboring alkyl chains

increased the torsional angle between the thiophene units and minimized the planarization

and conjugation lengths.[45] Further it was shown that the tendency to form aggregates and

to crystallize is much higher for regioregular (HT) compared to regioirregular P3ATs.[44]

Fig. 1.4: Possible linkages between thiophene units in P3ATs (R = alkyl chain).
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A) B)

Fig. 1.5: A) Schematic of a basic energy diagram of a P3HT/fullerene solar cell, with the P3HT HOMO/LUMO
values measured in our group (figure 1.7) and published in [50, p. 44]. The [6,6]-phenyl-C61-butyric acid
methyl ester (PCBM) energy values were measured during this thesis, chapter 5.1. B) Comparison between
the solar spectrum (AM 1.5G spectra at global tilt from the American Society for Testing and Materials)[51]

and the absorption of the conjugated polymer P3HT and the donor-acceptor copolymer, PCPDTBT.

The increased crystallinity additionally improved the performance in organic solar cells

and OFETs and will be discussed in more detail in the next chapter.

The two best known thiophene based polymers which resulted from these findings are

poly(3-hexylthiophene) (P3HT) and poly(3,4-ethylenedioxythiophene) (PEDOT), figure 1.2.

Compared to the phenylene ring based polymers they showed increased conductivity of up

to 103 S/cm and reduced band gaps of around 2 to 2.5 eV.[31]

1.2.2 Organic Solar Cells

In 1986 Tang et al.[46] first showed that excitons can be split into free charges by using a

bilayer device of an electron-rich (donor) and an electron-poor (acceptor) material. Even

though at this time efficiencies of only around 1 % were reported a new field of research

was established. In 1995 it was discovered that using fullerenes as acceptor material in

organic solar cells leads to very good charge separation.[47] In the following years many

groups started to investigate organic solar cells using as donor material the often called

“working horse polymer” P3HT and fullerenes as acceptor materials. Today the highest

efficiencies found for P3HT/fullerene solar cells are around 5 %[48] which is an increase

in efficiency by a factor of almost 5 compared to the beginning of organic photovoltaics.

This extraordinary improvement was mainly based on material, morphology and device

optimization. It should be pointed out that currently efficiencies of up to 12 % can be

reached with donor-acceptor copolymers.[49]
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Figure 1.5A. shows a very basic energy diagram which explains why P3HT/fullerene

solar cells perform that well. After irradiation with light, which is mainly absorbed by the

P3HT, excitons are formed (electron/hole pairs bound by coulombic forces). The excitons

diffuse to the P3HT/fullerene interface and the energy difference between the LUMO of

the P3HT and the fullerene acts as driving force to separate the excitons. Free charges

are formed and transported to their respective electrodes. Hereby the maximum gained

voltage of the solar cell (VOC) is defined by the difference between the HOMO and LUMO

of the donor and the acceptor, respectively. This simple picture already reveals the key

factors which have to be optimized in an organic solar cell:

i) For good charge separation and a high VOC the difference between HOMO/LUMO

energies of the donor and acceptor materials has to be as large as possible. At the same

time the offset between the two LUMOs must be large enough to still induce charge

separation.

ii) After the exciton separation the free charges have to be transported to the respective

electrodes before they can recombine. This is only possible if a high charge carrier mobility

within the respective layers exists in the direction of the electrodes.

iii) A third important factor becomes evident from the solar spectrum in figure 1.5B.

The solar spectrum has its main intensity between 400 to 1200 nm with a maximum around

700 nm. Comparing this with the absorption spectrum of P3HT (red) it is obvious that

only a small portion of the possibly usable solar spectrum is absorbed. An optimized

polymer should provide a smaller band gap and an absorption in a broader region of the

solar spectrum such that as much photons as possible can be harvested. The decrease of

the band gap should be obtained by decreasing the HOMO energy of the polymer, since a

high LUMO is needed for a good charge separation due to the condition in i).

Influence of the Device Configuration

Independent of the pure phases the interfacial area between the donor and the acceptor

materials must be optimized to allow an efficient charge separation for all generated

excitons.[52, 53] In a theoretically optimized active layer geometry there would be standing

cylinders of one phase embedded in a matrix of the second (interdigitated structure). The

domain spacings should be in the region of the exciton diffusion length which is typically

around 10 nm for conventional conjugated polymers such as P3HT and below 10 nm for

low band gap polymers, figure 1.6A.[54–56] Additionally, each electrode must be covered

with the respective material sandwiching the cylindrical structure to avoid short circuits.

Such a configuration is typically referred to as the perfect active layer morphology because
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C)B)A)

Fig. 1.6: Typical active layer configurations in organic solar cells. A) Standing cylinders embedded in a matrix
of the other phase present a maximized interface area (interdigitated structure). B) Bulk heterojunction
prepared by processing from a donor/acceptor mixture and often optimized by post annealing or solvent
additives. C) Bilayer configuration as often used for academic studies of organic solar cells.

of the large interfacial area and the optimized domain sizes both allowing an optimum

exciton harvesting.[52, 53] Building such nanostructured devices with length scales of around

10 nm is still a challenge and up to today no devices of high efficiencies were reported with

such configuration.

The most frequently used configuration is a bulk heterojunction of the donor and

acceptor materials due to its easy preparation and high efficiencies, figure 1.6B.[57] Here

the donor and acceptor materials are processed from a mixed solution forming a thin

film of intermixed phases. The degree of intermixing and the domain sizes are typically

controlled by either the processing solvents with and without solvent additives[58, 59] or

post-annealing protocols.[60–63] Optimized processing conditions lead to thin films with

domain sizes around the exciton diffusion length and a large interface area. Additionally

the individual phases must have continuous pathways to the respective electrodes to

avoid short circuits and enclosed islands which could trap generated charges and lead to

non-geminal recombination.

The simplest configuration is the bilayer solar cell with the donor and acceptor layers on

top of each other, figure 1.6C. The first layer can be prepared by solution processing. The

second layer is subsequently added by either thermal evaporation or spin coating using

an orthogonal solvent. Since charge separation occurs at the donor/acceptor interface,

which is quite small in this configuration, bilayer solar cells never obtain high efficiencies

and are mainly used for academic purposes.[64, 65] The advantage of the bilayer structure

is that the individual phases can be investigated and annealed separately and that the

preparation methods allows high control over the donor and acceptor interface.

1.2.3 Energy Levels and Spectroelectrochemistry of P3HT

The HOMO/LUMO energy levels of conjugated polymers play an important role in the

device physics. For example, in organic solar cells the charge separation efficiency and

the open circuit voltage (VOC) are directly correlated to the LUMO and HOMO values,
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A) B)

Fig. 1.7: Electrochemistry measurements of P3HT films measured in 0.1 M TBAPF6/MeCN, 20mV/s. A)
Cyclic voltammogram of the oxidation and reduction from a P3HT film cast on a Pt working electrode (measured
by M. Goll and Dr. A. Ruff). B) Spectroelectrochemistry measurement of a P3HT film spin coated on an
ITO-substrate. The in-situ UV/Vis-spectra of the oxidation cycle with the corresponding cyclic voltammogram
(inset) show the development of the absorption signature going from the neutral (red) to the oxidized/polaron
(blue) state (measured by K. Bruchlos).

respectively (chapter 1.2.2).[27] Also in organic field effect transistors the alignment of the

energy levels between the active materials and electrodes is highly important for a good

charge injection and transistor performance.[66]

The determination of energy levels is typically performed by electrochemistry. A cyclic

voltammogram (CV) of a P3HT film is shown in figure 1.7A with the oxidation and

reduction measured in separate cycles. In contrast to small molecules the redox signals of

conjugated polymers are broad due to the conjugation length distribution and do often

not allow to determine half wave potentials. It is assumed that at the onset potential

the longest π-conjugated system is oxidized/reduced and therefore typically the onset

potential is used to calculate the respective energy levels.

The redox potentials in figure 1.7A were determined to 0.02 V and −2.26 V against the

internal redox standard ferrocene/ferrocenium (Fc/Fc+).[67] Assuming an energy level of

Fc/Fc+ at −4.8 eV under the vacuum level the HOMO/LUMO values of the P3HT film were

calculated to −4.82 eV and −2.55 eV, respectively, employing the following equations:[68]

EHOMO = −Eox
1/2 − 4.8eV (1)

ELUMO = −Ered
1/2 − 4.8eV (2)

Employing spectroelectrochemistry the evolution of the absorption during the electro-

chemical oxidation/reduction can be followed. This is shown for the oxidation of P3HT in

10



1.2 P3HT – the Working-Horse of the Solar Cell Community

figure 1.7B and reveals characteristic signatures of the neutral and the charged species.

The spectra show how the neutral absorption from the HOMO/LUMO transition (red)

disappears and a new red-shifted polaron band (blue) of the doped polymer appears upon

doping, compare figure 1.3.

1.2.4 Mesoscopic Morphology and Crystal Structure

In the last chapters some examples were given on how the chemical structure can be

modified to enhance device efficiencies by, for example, lowering the band gap or optimizing

the frontier orbital levels. Besides the chemical structure it is well known for conjugated

polymers that morphology has a significant impact on the device performance.[15, 69–72]

Understanding and controlling the morphology in the active layers on the nanometer to

micrometer length scale is therefore of similar importance as optimizing the chemical

structure itself.

Since conjugated polymers often form complex semi-crystalline microstructures com-

prising amorphous and crystalline domains is is a great challenge to understand their

crystallization behavior and to determine a crystal structure.[73, 74] The control over nucle-

ation and crystallization is therefore a key factor to investigate the crystal structure and

to understand the relationship between mesoscopic morphology and functional properties.

It should be pointed out that a crystal structure analysis of conjugated polymers is

much more difficult than in the case of small molecules which form single crystals and can

be characterized by a single crystal analysis. Particularly for the class of donor-acceptor

copolymers very little is known about their crystal structure and its influence on the

functional properties such as absorption or charge carrier mobility. In the following P3HT

is used to give a short overview on how crystallization of a functional semi-crystalline

polymer can be controlled and how morphology affects its functional properties.

Crystal structure and mesoscopic morphology investigations of conjugated semi-crystalline

polymers are typically performed on thin films processed from solutions by spin-coating,

blade-coating or dip-coating.[75] Depending on the boiling point of the processing solvent

amorphous or ordered films can be prepared. The different evaporation rates influence

the drying time during film formation and thereby give the polymer chains more or less

time to reorganize in ordered structures.[76] P3HT exhibits a representative morphology

for many conjugated polymers and can be taken as a typical example. Its morphology is

schematically summarized in figure 1.8.

The semi-crystalline character is given by the alternation of π-stacked crystalline domains

(green squares) and amorphous regions (red). Similar structures are also found for many
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A)

B) C) D)

Fig. 1.8: A) Sketch of a semi-crystalline conjugated P3HT film with alternating crystalline (green) and
amorphous (red) regions. Inset: AFM phase image of a highly crystalline P3HT film with a typical lamellar
texture which reassembles the alternating crystalline and amorphous regions (MW = 59 kg/mol, PDI = 1.9),
measured by Dr. E. Crossland. B-D) Different polymer chain orientations of crystallized P3HT on substrates:
edge-on (B), flat-on (C) and face-on (D).

flexible, non-conjugated standard polymers as e.g polyethylene or polypropylene.[73, 74]

The amorphous parts consist mainly of folds and chain ends which do not crystallize.

The crystalline phases on the other hand are composed of parallel backbones stacked by

interchain coupling of the conjugated π-systems. This π-stacking of backbones is typical

for conjugated polymers and determines strongly their crystallization behavior. Since the

π-stacking is the driving force of the crystallization often long fibers with the π-stacking

along the fiber axis and parallel to the substrate are formed. Depending on the molecular

weight either single fibers are formed (.10 kg/mol) or the fibers are interconnected by the

amorphous regions forming a lamellar structure (& 10 kg/mol) of alternating amorphous

and crystalline domains.[77] The inset of figure 1.8A shows a characteristic AFM phase

image of a high molecular weight (MW = 59 kg/mol, PDI = 1.9) P3HT film with a typical
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lamellar morphology which reflects the alternating crystalline/amorphous structure.[78]

This kind of texture is called edge-on morphology since the polymer chains stand on their

long edges, figure 1.8B.

Fig. 1.9: Crystal structure of P3HT seen
along the b- (left) and c-axis (right).
Reprinted (adapted) with permission from
[79, Brinkmann et al. 2009]. Copyright
(2009) American Chemical Society.

Besides this edge-on morphology two other poly-

mer chain orientations are known for P3HT: flat-on

and face-on, shown in figure 1.8C and D. In the

face-on orientation the polymer chains lie flat on

the substrate with the alkyl side chains parallel to

the substrates. This orientation can for example

be induced by mechanical rubbing which aligns the

polymer backbone by shearing forces.[80] Little is

reported in literature regarding the flat-on orienta-

tion in which the polymer chains are standing on

the substrate and no general method to induce this

morphology is known up to now.[81, 82]

The most reported and probably thermodynami-

cally stable structure is the edge-on morphology. Typical distances for the crystal structure

of P3HT are around 3.8 Å between the π-stacked backbones (b-axis, [020]) and around

15 Å (a-axis, [010]) in the direction of the alkyl side chain stacking, figure 1.9.[50] Especially

the value of 3.8 Å is characteristic for π-stacked polymer backbones and can be found in

many conjugated polymers.

1.2.5 How Absorption is Influenced by Morphology

A well known phenomenon for conjugated polymers is that the absorption spectra are

red shifted and reveal an additional fine structure in the aggregated state compared to

the solution. Figure 1.10A shows the evolution of the P3HT absorption going from a

solution-like state with a maximum at 460 nm (red) to a highly crystalline film (blue).

The absorption of the film reveals a fine structure with two main maxima around 550 and

610 nm, labeled as A0-1 and A0-0, respectively.

Spano et al.[7–9,84,85] investigated this change in absorption for P3HT employing mainly

the Franck-Condon principle. They found that the red shift is caused by an increased

conjugation due to a planarization of the backbones during the aggregation. The fine

structure on the other hand is caused by different transitions (A0-0, A0-1, ...) of the first

electronic transition between the HOMO and LUMO. Interestingly the ratio between the

A0-1 and A0-0 absorption can be correlated to the degree of interchain and intrachain
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A) B)

Fig. 1.10: A) In-situ absorption spectra of a thin P3HT film during recrystallization in CS2 vapor, measured
by Dr. Ed Crossland (adapted from[83]). B) Two π-stacked P3HT backbones highlighting the intra- and
interchain coupling between the polymer backbones and monomer units, respectively.

coupling (figure 1.10B) of the polymer backbones and monomer units in the solid state,

respectively.[7, 86,87]

Franck–Condon Analysis

The Franck-Condon principle is based on the publication of J. Franck and E. Condon from

1926.[88, 89] The principle describes the electronic excitation and relaxation in molecules as

electron transitions between electronic states without change of the nuclei position. It can

be described by the Jablonski diagram including the transitions, figure 1.11. The IUPAC

gives a good definition of the Franck-Condon principle:

Classically, the Franck-Condon principle is the approximation that an elec-

tronic transition is most likely to occur without changes in the positions

of the nuclei in the molecular entity and its environment. The resulting

state is called a Franck-Condon state, and the transition involved, a vertical

transition. The quantum mechanical formulation of this principle is that the

intensity of a vibronic transition is proportional to the square of the overlap

integral between the vibrational wavefunctions of the two states that are

involved in the transition.

IUPAC Compendium of Chemical Terminology, 2nd Edition (1997)
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Fig. 1.11: The Jablonski diagram is shown on the left and an idealized spectrum on the right. Arrows indicate
the electron transitions of the absorption (blue) and photoluminescence (orange) between the ground (S0)
and the first excited state (S1). Additionally the non radiative vibrational relaxations (cyan) between the
vibrational modes (ν) are shown. On the right side the absorption and photoluminescence spectra belonging to
the indicated electron transitions are plotted.

Employing a Franck-Condon analysis to investigate the absorption spectra of conjugated

polymers was first introduced by Friend et al.[26] in 2001. The authors investigated the

temperature dependent evolution of the vibronic band intensities in the absorption and

PL spectra of poly(p-phenylenevinylene) (PPV). Interestingly, a strong decrease of the 0-0

transition was found upon cooling. Employing the Franck-Condon analysis the authors

were able to model the spectral signatures as described in the following:

For a single electronic transition the emission spectra (PL(~ω)) can be fitted by the sum

of all the vibronic transitions with the quantum numbers mi = 0,1,2,... of one oscillator i

with the frequency ωi:[26]

PL(~ω) ∝
∑

mi

I0→mi
· Γδ [~ω − (~ω0 − mi~ωi)] (3)
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where ~ω0 is the 0-0 transition energy, δ is the Kronecker delta, and Γ is the Lorentzian-

Gaussian line shape operator. The intensity of a vibronic transition (I0→mi
) is given by

the product of the density of states and the Franck-Condon factor:[26]

I0→mi
∝ n3

f (~ω)3 Smi
i exp(−Si)

mi!
(4)

with n3
f as the real part of the refractive index and Si the Huang-Rhys factor of the

oscillator i.[90]

The authors found that to explain all changes in the PPV spectra not only one dominant

oscillator but two (here labeled as i=1 and i=2) must be considered. Equation 3 was

therefore generalized for the case of two or more oscillators:

PL(~ω) ∝
∑

mi

∏

i

[

Smi
i exp(−Si)

mi!

]

· Γδ

[

~ω −

(

~ω0 −
∑

i

mi~ωi

)]

(5)

The authors found evidence that two competing electronic transitions dominate the

spectral signatures of PPV: one belonging to an isolated molecule and the other to an

interchain coupled aggregate. Friend et al. used therefore two electronic transitions to

describe the evolution of the spectral signature going from the dissolved to the aggregated

state.

In 2005, building up on the work of Friend et al., Spano et al.[9] fitted the absorption

and PL spectra of P3HT in the dissolved and aggregated phase. In contrast to Friend et

al. they used the H- and J-aggregation model in addition to the Franck-Condon principle.

This allowed them to explain the fine structure in the absorption signature employing only

a single electronic transition.

Originally the H-/J-aggregation model was developed by Kasha et al.[86, 87] to understand

the absorption and photoluminescence in aggregates of small molecules. Spano et al.

transferred this concept to P3HT and could thereby explain the evolution of the fine

structure caused by aggregation, figure 1.10A. The authors considered each monomer unit

as a single chromophore which stack along the polymer backbone. It was shown that the

oscillator strength of vibronic transitions change because of either intra- or interchain

dominant couplings between the monomers, figure 1.10B.

The intra- and interchain aggregates were called J- and H-aggregates, respectively, and

were defined as described in the following: J-aggregation is assumed if a strong intrachain

coupling between the monomer units along the polymer backbone occurs. This typically
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A) B)

Fig. 1.12: A) Absorption and photoluminescence (PL) spectra of a P3HT film spin coated from a chloroform
solution showing a reduced 0-0 transition due to strong H-aggregation. Adapted with permission from [91, Spano
et al. 2009]. Copyright (2009) AIP Publishing LLC. B) Absorption and PL spectra of P3HT nanofibers
grown in toluene showing a strong 0-0 transition due to a strong J-aggregation. Adapted with permission
from [85, Spano et al. 2012]. Copyright (2012) American Chemical Society.

leads to a red shift compared to a pure monomer absorption and a strong transition

between the vibrational ground states (0-0 transition).

On the other hand H-aggregation was described as an interchain coupling caused by a

side-by-side orientation of several monomer units due to e.g. π-stacking between polymer

backbones. H-aggregation generally leads to a blue shift of the absorption and a suppressed

0-0 transition in P3HT.

It should be noted that energetic red or blue shifts of the spectra can also be caused by

a planarization of the polymer backbone. They are therefore no sufficient indications for

an H- or J-aggregate behavior in P3HT.[7]

In later studies[7–9,91,92] the same model was also employed to explain the spectral

signatures of different P3HT morphologies. Depending on the preparation method a

more J- or H-aggregate like behavior in P3HT films was found. It was shown that a

rather amorphous P3HT film behaves more like an H-aggregate with a suppressed 0-0

peak, figure 1.12A. This is probably because of the short conjugation length and strong

interchain interaction between the polymer chains.[91] On the other hand highly ordered

P3HT nanofibers grown in toluene show almost pure J-aggregate like spectra with strong

0-0 peak intensities, figure 1.12B, probably due to the long conjugation length and thereby

enhanced intrachain coupling between the monomer units along the backbones.[85] In the

recent years this model was successfully refined and transfered to other homopolymers such

as poly[2-methoxy-5-(2’-ethylhexyloxy)-p-phenylene vinylene] (MEH-PPV),[93] PPV[94]

or PFO.[95] To the best of my knowledge the manuscript[10] submitted from us together
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with the group of Prof. Köhler is the first which used the Franck-Condon principle on

donor-acceptor copolymers.

1.2.6 How Charge Mobility is Affected by Morphology

A high charge carrier mobility in conjugated polymers is desirable for organic field effect

transistors (OFETs) as well as organic solar cells in which a fast charge extraction is

required to prevent recombination.

Studies from Kowalewski et al.[81] with P3HT samples of different molecular weights

have shown that with increasing molecular weight up to around 10 kg/mol (MW) the

A)

B)

Fig. 1.13: A) Schematic of a ordered-disordered-ordered region in a P3HT film. Within the ordered regions
(green) the inter- and intrachain charge transport is indicated. The disordered regions show different chain
types: bridging-, looping- and extended chains. B) Possible correlation between P3HT morphology and charge
carrier mobilities suggested by Lan et al.[96] Reprinted (adapted) with permission from [96, Lan et al. 2009].
Copyright (2009) American Chemical Society.
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width of the crystalline domains increases. Coinciding the hole mobility was found to

also increase from 10−5 to 10−2 cm2/Vs. Above 10 kg/mol a saturation of the crystalline

domain width and the charge carrier mobility was reported. These results already indicate

that the morphology and molecular weight have a great influence on the charge transport

in conjugated polymers and that the charge transport is favored in crystalline domains.

As described in chapter 1.2.4 there are typically three main crystallographic directions

in conjugated polymers: the polymer chain (c-axis), the π-stacking (b-axis) and the alkyl

side chain (a-axis) direction. It is well established that the slowest transport is along

the alkyl side chain direction due to the non-conjugated side chain barriers between the

conjugated backbones.[69] In the following the focus will therefore be on the difference in

charge transport along the π-stacking and polymer backbone direction over macroscopic

length scales as found in real devices.

In general two mechanisms for the charge transport have to be considered: The transport

along the polymer chain where the charges travel along the conjugated backbones. At the

end of each backbone the charges have to transfer to an other polymer chain by a hopping

process. In the direction of the π-stacking on the other hand a constant hopping process

from one backbone to the next determines the charge carrier mobility.

Theoretical calculations from Lan et al.[45, 96] suggest that within crystalline domains with

optimized relative orientation of the polymer backbones the charge transport is 2-3 decades

slower along the π-stacking direction compared to the chain direction. This is probably due

to the many hopping steps in the π-stacking direction. However over macroscopic distances

the amorphous regions separating the crystalline domains may interrupt and limit the

charge transport in the direction of the polymer backbone, figure 1.13A. Therefore Lan

et al.[96] calculated the mobility over several crystalline/amorphous domains taking the

amorphous barriers into account. They predicted a correlation between the charge carrier

mobility and the number of crossing points and bridging polymer chains (tie-molecules)

inside the disordered region and between the crystalline domains, respectively, figure 1.13.

Our group experimentally studied the direction dependence of charge transport over

macroscopic distances for P3HT by growing large spherulites [15, Crossland and Fischer

et al. 2012] and using crystallization in confined geometries [16, Fischer et al. 2012]. Both

studies showed that for P3HT with a molecular weight of 60 kg/mol (MW) the charge

carrier mobility was significantly higher in the direction of the polymer backbone compared

to the π-stacking direction. During my diploma thesis it was shown that for P3HT of

low molecular weight and narrow PDI (MW = 31 kg/mol, PDI = 1.2) an isotropic charge

transport along both directions occurs. The charge transport along the polymer backbone
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direction is limited by the amorphous domains between adjacent crystalline lamellae. It

is therefore likely that only in the high molecular weight polymer tie-molecules bridge

the amorphous regions and act as charge transport channels, figure 1.13A. For the lower

molecular weight samples such tie-molecules are less likely. Therefore, in the amorphous

regions the mobility is probably limited to similar mobilities along the π-stacking and

polymer chain direction. Our experimental studies confirmed therefore the model of Lan

et al. Figure 1.13B displays an overview from Lan et al. on the proposed charge carrier

mobilities for different morphologies and chain lengths.

1.3 Chemical Modifications towards Donor-Acceptor Copolymers

P3HT has used to be the most promising conjugated polymer for the use in organic solar

cells for a long time. The main drawback of P3HT is a relatively large band gap which

leads to an absorption covering only a small portion of the solar spectrum, figure 1.5B.

Therefore new synthetic strategies to further reduce the band gap and increase the charge

carrier mobility had to be developed.

One chemical approach was to fuse two adjacent thiophene rings by a bridging atom.

This eliminates an otherwise possible tilt between the two rings and thereby increases

the conjugation along the polymer chain by planarization. This approach was used

when synthesizing poly(cyclopentadithiophene) with different alkyl-side chains attached to

the bridging atom for solubility reasons. Electrochemistry and absorption spectroscopy

confirmed the decrease of the band gap showing a red shift of the absorption up to 630 nm

for this polymer.[97]

A) B)

Fig. 1.14: A) Molecular orbital scheme of the hybridization between donor and acceptor units in a conjugated
copolymer leading to a reduced band gap. B) Chemical structure of PCPDTBT (poly[2,6-(4,4-bis-(2-ethylhexyl)-
4H-cyclopenta [2,1-b;3,4-b’]dithiophene)-alt-4,7(2,1,3-benzothiadiazole)]) with the donor and acceptor unit
highlighted in the same color as the corresponding molecular orbitals in A).
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The second possibility to reduce the band gap even further is to increase the quinoidal

character of the polymer chain since the quinoidal form has a higher ground state energy

(HOMO) than the aromatic form. An additional advantage of this method is the increased

charge carrier mobility due to the reduced energy difference between the quinoid and

aromatic structures similar as in PA, chapter 1.1. One very effective method to enhance

the quinoidal character is to design alternating copolymers from electron-rich (donor,

D) and electron-poor (acceptor, A) monomer units. The strong push and pull driving

force leads to an easier switching between the mesomeric structures (D–A → D+–A–) and

therefore to a decrease of the energy difference between the two resonance structures. A

molecular orbital picture is shown in figure 1.14. The molecular orbital hybridization

occurs through an intramolecular charge transfer between the two comonomers which form

new HOMO and LUMO orbitals with a reduced band gap.

The very promising acceptor monomer unit benzothiadiazole (BT) was first introduced

by Janssen et al.[98] Together with an electron-rich 2,5-bis(2-thienyl)-N-dodecyl pyrrole

(PPT) donor an alternating copolymer was synthesized. The optical band gap of the

new polymer was reported to be around 1.4 to 1.6 eV, which is around 0.4 eV smaller

than what was found for P3HT. Based on this concept a wide variety of donor-acceptor

copolymers were synthesized, among them PCPDTBT containing the earlier mentioned

cyclopentadithiophene (CPDT) as donor unit.

1.3.1 PCPDTBT and its Derivatives Si-PCPDTBT and F-PCPDTBT

In 2006 Brabec et al.[99] first introduced poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-

-b;3,4-b’]dithiophene)-alt-4,7(2,1,3-benzothiadiazole)] (PCPDTBT) with an alternating

cyclopentaditiophene (donor) and benzothiadiazole (acceptor) structure. For solubility

reasons ethylhexyl side chains were attached to the bridging carbon between the two

thiophenes. Brabec et al. could show that PCPDTBT contained many of the desired

properties required for high performance organic solar cells. Its structural planarity allowed

an extended conjugation and together with its donor-acceptor structure led to a small

optical band gap of around 1.4 eV (890 nm), figure 1.5B (blue).

In literature[2] its HOMO/LUMO values were determined by electrochemistry to 5.3

and 3.5 eV, respectively. A more detailed study regarding the energy levels is shown in

chapter 5.1. Heeger et al.[3] reported that in organic solar cells using PCPDTBT as donor

and [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) as acceptor material ultrafast

charge separation (t<200 fs) and efficiencies of up to 3.6 % were observed. It was suggested

that a short-living charge-transfer state limits the efficiency of the recombination and that
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A) B)

C)

Fig. 1.15: A) Absorption spectra of PCPDTBT dissolved in pure DIO at 80 ◦C (black), 70 ◦C (purple), 60 ◦C
(dark blue), 50 ◦C (light blue), 40 ◦C (green), 30 ◦C (yellow), 20 ◦C (orange), and 15 ◦C (red). Reprinted
with permission from [17, Bazan et al. 2008]. Copyright (2008) American Chemical Society. B) GIXRD
out-of-plane (OOP) (top) and in-plane (IP) profiles (bottom) for PCPDTBT processed with and without ODT.
Reprinted with permission from [102, Nelson et al. 2011]. Copyright (2011) John Wiley and Sons. C) Edge-on
structure of PCPDTBT as proposed by Russell et al. based on GIWAXS data. Reprinted with permission
from [58, Russell et al. 2012]. Copyright (2012) John Wiley and Sons.

with an optimized micro-structure and blend morphology efficiencies of up to 7 % should

be possible.

Previously thermal annealing had been often used to optimize the morphology of

conjugated polymer/fullerene blend. In 2007 Peet and Bazan et al.[1] showed that in

the case of PCPDTBT/PCBM it is not possible to optimize the blend morphology by

classical thermal annealing.[100,101] Instead the authors achieved the proposed morphology

optimization by using solvent additives such as 1,8-octanedithiol (DIO) or 1,8-octanedithiol

(ODT) for the blend preparation and reported solar cell efficiencies of up to 5.5 %.
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A year later the same authors presented a study[17] explaining that such solvent additives

improve the blend morphology mainly by inducing aggregation of PCPDTBT during the

blend formation. Temperature dependent absorption experiments in DIO showed that

the aggregates reveal a red-shifted absorption around 800 nm, figure 1.15A. The authors

suggested that the origin of the 800 nm band lies either in planarization of the polymer

backbone or an increased interchain coupling due to π-stacking similar as it had been

discussed before for P3HT.[17, 102] Surprisingly, thermal annealing of this structure did not

further increase the aggregation but rather blue shifted the absorption. This observation

was interpreted as a destruction of the aggregates and suggests that these aggregates form

a thermodynamically unstable structure.

J. Nelson et al.[102] and T. Russell[58] et al. further investigated thin films prepared with

and without solvent additives such as DIO and ODT employing GIWAXS measurements,

figure 1.15B. All films prepared using solvent additives revealed a strong 800 nm band

and increased reflection intensities in the XRD experiments compared to films prepared

without solvent additive. In all diffraction patterns two main reflections were found: An

in-plane (IP) π-stacking reflection (0 1 0) around 3.8 Å (q = 1.6 Å
−1

) and an out-of-plane

(OOP) reflection (1 0 0) around 11 Å. From these measurements the authors suggested

an edge-on morphology similar to P3HT, figure 1.15C.[58, 102] Overall the found reflections

were rather weak and no melting point was reported. PCPDTBT was therefore referred

to as hardly crystallizable in the literature.

In the following years until 2011 less than 40 publications each year regarding PCPDTBT

were published and no major efficiency increase was reported. Bazan et al.[103] further

optimized the synthesis of PCPDTBT by a streamlined microwave-assisted preparation

method. It was shown that by replacing the ethylhexyl side chains by linear C12-chains the

crystallinity slightly increased, but no crystal structure or efficiency increase was reported.

In 2011 Müllen et al.[104,105] reported that hole mobilities of up to 3.3 cm2/Vs in thin

films and up to 5.5 cm2/Vs in fibers of PCPDTBT are possible when employing linear C16

alkyl side chains instead of branched ethylhexyl side chains. It was further shown that the

hole mobility is directly correlated to the molecular weight and increases by more than a

factor of ten when going from 11 to 35 kg/mol (MW). This can probably be attributed to

tie-molecules similar as discussed for P3HT in the previous chapter 1.2.6. X-ray diffraction

and solid state NMR were further utilized to investigate the morphology. A π-stacking of

the chains with a segregated stacking, in which donor and acceptor units form separated

columns, was proposed. A theoretical investigation of the morphology also supported
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this model and suggested three different polymorphs all with a similar π-stacking of the

backbones.[106]

In the following years the number of publications regarding PCPDTBT raised to around

100 each year but no further increase of the organic solar cell efficiencies, hole mobilities

or a crystal structure was reported. Most publications studied either the effect of solvent

additives[58, 61,107,108] or the charge separation mechanism[5, 55,109] but only few investigated

the morphology[58, 102,108,110] of PCPDTBT.

F-PCPDTBT and Si-PCPDTBT

In an attempt to further optimize the chemical structure of the PCPDTBT backbone two

important modifications were made over the years:

Fig. 1.16: Chemical structure of PCPDTBT
(X = C, Y = H), Si-PCPDTBT (X = Si,
Y = H) and F-PCPDTBT (X = C, Y = F).

In 2008 Yang et al.[4] replaced the bridg-

ing carbon atom in the CPDT unit by a silicon

atom gaining a new polymer called poly[(4,4’-bis(2-

ethylhexyl)dithiene-[3,2-b:2’,3’-d]silole)-alt-4,7-(2,1,3-

benzothiadiazole)] (Si-PCPDTBT or PSBTBT, fig-

ure 1.16). Literature had shown that replacing

the bridging carbon of the fluorene in poly[(9,9-

dialkylfluorene)-2,7-diyl-alt-(4, 7-bis(2-thienyl)-2,1,3-

benzothiadiazole)-5,5’-diyl] (PFDTBT) increases the

photovoltaic properties significantly. Yang et al.[111]

therefore hoped to find a similar effect in PCPDTBT.

Measurements revealed that Si-PCPDTBT showed

similar properties as PCPDTBT regarding orbital

energy levels and absorption but achieved higher

efficiencies of up to 5.1 % without the need of solvent

additives. More detailed studies of the Si-bridged PCPDTBT showed that this is mainly

due to an increased π-stacking of the polymer backbones. The longer C-Si bonds reduce

the steric hindrance of the bulky alkyl side chains and thereby induce the increased

aggregation.[103,112,113]

In 2012 another structural modification was introduced by the groups of Neher et al.[5]

and Jen et al.[6] They replaced one of the hydrogen atoms at the benzothiadiazole monomer

by a fluorine, figure 1.16. Two main reasons were given for this modification: First to

increase the VOC in the organic solar cells by lowering the HOMO energy level. Second

to increase the interchain coupling of the polymer backbones. Both groups reported that
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the new polymer poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b’]dithiophene)-

alt-4,7-(5-fluoro-2,1,3-benzothiadiazole)] called F-PCPDTBT or PCPDTFBT showed an

increased aggregation tendency compared to PCPDTBT and solar cell efficiencies of up

to 6 %. At this time 6 % was one of the highest ever reported values for donor-acceptor

copolymer/PCBM heterojunction solar cells. Cyclic voltammetry[6] showed a decrease

of the HOMO value from −5.02 eV for PCPDTBT to −5.15 eV for F-PCPDTBT after

fluorination. External quantum efficiency (EQE) measurements revealed an increase of up

to 50 % in the EQE value. Both explain the higher solar cell efficiencies of F-PCPDTBT.

Jen et al.[114] published a second paper comparing different alkyl side chains and double

versus single fluorinated BT acceptor units. The authors showed that the ethylhexyl

side chain with the single fluorine on the BT unit gave the best solar cell efficiencies for

F-PCPDTBT.

In summary little is known about the pure PCPDTBT and its derivatives. Most

literature has been concentrating on the optimization of the active layer blend morphology

even though the past showed that understanding the pure phases is essential for the

optimization and understanding of optoelectronic devices. The following thesis is therefore

a thorough investigation of PCPDTBT and its derivatives Si-PCPDTBT and F-PCPDTBT.

The basic properties of the pure polymers are investigated and used to understand how

they influence the device performance of optoelectronic devices.
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2 Techniques and Theory for Characterization

2.1 Structural Characterization: Microscopy and Scattering

Methods

2.1.1 Polarized Visible-Light Microscopy - POM

The visible-light microscope Axio Imager.A1 from Zeiss was the fastest and easiest method

to investigate thin films and often used during this thesis to check if certain annealing

protocols led to the expected results. The Axio Imager.A1 is equipped with lenses of

2.5 x, 10 x, 20 x, 50 x and 100 x magnification which all could be used either in reflection

or transmission mode. In both modi two linear polarizers (analyzer and polarizer) could

be inserted separately into the optical path and be freely rotated with respect to each

other. The images shown in this study were taken with an attached camera (AxioCam

IC 1, Zeiss) and processed with the associated program AxioVison40 V4.8.2.0. In all

microscopy images which were taken with one or both polarizers inserted into the optical

path (POM images) the orientations of the polarizers are indicated by small arrows. The

solvent vapor annealing chamber as well as the hot stage could be mounted onto the

microscope stage when operated in reflection mode allowing in-situ observations during

the annealing processes.

2.1.2 Atomic Force Microscopy - AFM

In this study an atomic force microscope (AFM) was used to investigate the top surface of

thin polymer films. The advantage of AFM lies in the simple sample preparation and the

possibility to measure thin films on all kinds of substrates. This allows a simple access to

the surface morphology of the polymer films with a resolution of a few nanometer. The

draw back is that only the top surface can be investigated and no information about the

bulk morphology is gathered.

The AFM was always operated in the tapping mode, illustrated in figure 2.1, utilizing a

Dimension Icon from Bruker Nano Surface (Karlsruhe) with silicon cantilevers (TESPA,

force constant: 50 N/m) purchased from Bruker. The tapping mode was preferred over the

contact mode because the surface is less stressed and altered when a cantilever is tapped

over the sample. Further the tapping mode provides an additional phase information which

is calculated from the change of the resonance frequency and the oscillation amplitude

when tapping over areas of different hardness (∆f = f0 − f0′). The phase images allow
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Fig. 2.1: Schematic illustrating the tapping mode using an atomic force microscope (AFM). The cantilever is
tapped with its resonance frequency (f0) over the substrate. Using a laser and a photodetector the height
differences (∆z) and the changes in frequency (∆f = f0 − f0′) can be measured resulting in a height and
phase image, respectively.

to distinguish between areas of different mechanical properties such as crystalline and

amorphous phases and is therefore well suited to display the semi-crystalline nature of

conjugated polymers.

Besides top surface morphology investigations the AFM was used to determine film

thicknesses. The films were prepared on hard substrates such as Si-wafers or glass slides

and scratched with a needle at several places. The film thickness was determined by

extracting a height profile at several points from an AFM image taken along a scratch in

the film. All film thicknesses and their errors given in this study were always determined

from at least three scratches.

The images were obtained with the software Nanoscope Analysis from Bruker and

subsequently flatted and evaluated employing the free software Gwyddion.[115]

2.1.3 Scanning Electron Microscopy - SEM

Scanning electron microscopy (SEM) was rarely used in this study since conjugated

polymers are early degraded by the electron beam during the measurement and conductive

substrates (n-doped Si-wafer or gold wafer) are necessary. The advantage of SEM compared

to AFM is that large areas of a sample can be rapidly scanned and zooms into interesting

areas can easily be performed. Similar to AFM only the top layer of the film (ca. 10 nm

depth depending on the detector) and not the bulk can be investigated. All images shown

in this study were obtained at the S-4800 from Hitachi located in the group of Prof.

Gießen, Physics Department, University of Stuttgart. The experimental conditions and

used substrates are stated in the captions of the respective figures.
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2.1.4 Transmission Electron Microscopy and Diffraction - TEM/ED

Transmission electron microscopy combines microscopic imaging (bright field mode) and

electron diffraction (ED, diffraction mode) making this method very valuable for thin

film investigations of semicrystalline polymers. The advantage of TEM compared to

the microscopy methods described above is that not only the surface but the bulk is

investigated and that additionally electron diffraction patterns of areas pre-selected in

the bright field mode can be obtained. This opens experimental access to the correlation

between bulk morphology and diffraction patterns and further provides information about

the crystal structure and the orientation of the unit cell and polymer chains relative to

the substrate. The drawback of TEM/ED measurements is the time consuming sample

Fig. 2.2: Schematic sketch of the transmission electron microscope (TEM) illustrating the bright field (B) and
the diffraction mode (A). To switch between diffraction and bright field mode the intermediate lens can be
changed in strength selecting either the back focal plane (bfp, A) or the image plane (B), respectively. This is
a simplified picture of the complex lens systems inside modern TEMs adapted from “Transmission Electron
Microscopy” by D. B. Williams and C. B. Carter.[116]
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preparation including transfer of the thin film from a SiOx-wafer onto a copper TEM grid,

as described in detail in chapter 3.2.2.

Figure 2.2 illustrates the two TEM modi used in this study: electron diffraction and

bright field imaging. A lanthanum hexaboride (LaB6) electron source was used, the

electrons parallelized (not shown) and directed onto the sample via electromagnetic lenses.

Passing through the sample the electrons get scattered by interacting with both the nucleus

and the electrons from the scattering material through Coulomb forces. Depending on the

strength of the intermediate lens either the diffraction pattern (A) or a magnification of the

sample (B) is projected onto the viewing screen/CCD (charge-coupled device). Knowing

the wavelength and the distance between detector and viewing screen the distances (d)

between lattice planes can be calculated from the diffraction pattern using the Bragg

equation

2dsin(Θ) = nλ (6)

with the distance d, the angle of scattering Θ, n as any integer and the wavelength λ of

the electrons.[116]

Transmission electron microscopy and electron diffraction (TEM/ED) was performed at

the Institut Charles Sadron together with Dr. M. Brinkmann and Dr. N. Kayunkid using

a CM12 Philips microscope equipped with a MVIII (Soft Imaging System) charge-coupled

device camera. The measurements were done by Dr. M. Brinkmann and Dr. N. Kayunkid.

2.1.5 Gracing Incidence Wide Angle X-Ray Scattering - GIWAXS

X-ray diffraction measurements were in a complementary way used to the electron diffrac-

tion described above. The advantages of electron scattering (TEM/ED) is that electrons

scatter stronger than X-ray beams leading to diffraction patterns of higher orders and

allow nm-size crystal analysis of organic thin films. The disadvantage of TEM/ED on

the other side is that only information along one crystallographic plane (or a few when

tilting the sample) are retrieved and that it is limited to small areas of a few micrometers.

GIWAXS was therefore employed to gain informations along all crystallographic directions

and to average over large areas (around 1 cm2) of the sample.

Figure 2.3 illustrates a simplified GIWAXS setup. X-rays from a synchrotron beamline

are directed with a small incident angle (7 to 12°) onto the substrate. The X-ray beam is

scattered in the polymer film and directed to a CCD-detector. Two main plane directions

from which the beam is scattered are distinguished: planes parallel and perpendicular

to the substrate typically referred to as out-of-plane (OOP) and in-plane (IP) direction,
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respectively. Knowing the distance between film and detector the length of the reciprocal

lattice vector (q, equation 7) can be calculated. Using the Bragg’s law (equation 6) the

distances (d) between lattice planes can be determined:

q =
4π

λ
sin(Θ) (7)

d =
2π

q
(8)

with the X-ray wavelength λ and the scattering angle Θ.

Gracing incidence wide angle X-ray scattering was performed at the X9 undulator-based

beamline at the National Synchrotron Light Source by the beam scientist Dr. Kevin Yager,

using a X-ray beam of 13.5 keV (wavelength = 0.0918 nm). The samples were prepared

on Si-wafers and shipped to the beamline under a nitrogen atmosphere. The data were

collected under vacuum using a fiber-coupled CCD detector, at a distance of 235 mm from

the sample. The interpretation of the data was done utilizing the program View.gtk in

Stuttgart.

Fig. 2.3: Sketch of a GIWAXS experiment. An X-ray beam generated from a beamline is directed onto a
thin polymer film prepared on a Si-wafer with a certain incident angle (7 to 12°). The X-rays are scattered
from the thin polymer film and captured by a CCD-detector. It can be distinguished between two main
scattering directions: out-of-plane (yellow) and in-plane (blue) linked to the crystallographic planes parallel and
perpendicular to the substrate, respectively.

2.2 Spectroscopy

The optical properties including electron and vibrational transitions were investigated

by UV/Vis-absorption, photoluminescence (PL) and Raman spectroscopy. Using these

methods the aggregation behavior was investigated employing temperature dependent
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measurements by which specific electronic transitions can be correlated to aggregated or

dissolved phases or even different crystal structures. Applying a Franck-Condon-Analysis

to the absorption and photoluminescence data, including the known vibrational modes from

the Raman spectroscopy, it was further possible to identify different kinds of aggregates

within solution and thin films and to gain a deeper understanding of the absorption and

PL band and their fine structure.

2.2.1 UV–Vis–NIR Spectroscopy

UV–Vis–NIR-absorption spectroscopy probes the electron transitions between vibrational

modes of the ground and excited states as shown in figure 1.11. The absorption (A)

after light irradiation is usually plotted as either function of the wavelength (nm) or the

energy (eV) and can be described as material property by the Lambert-Beer law for diluted

solutions:

A = −log(
I

I0

) = −ǫcl (9)

with the intensities I and I0 after and before passing through the sample, the molar

extinction coefficient ǫ, the concentration c and the thickness of the sample l. Each

electronic transition gives an absorption band in the spectrum which reveals an additional

fine structure. This fine structure within an absorption band (e.g. S0 to S1) is caused

by transitions from the ground state into different vibrational states (ν) of the excited

electronic state as shown in figure 1.11.

The absorption spectra in this study were all obtained with one of the two diode array

spectrometers of the Zeiss MCS 600 series from Carl Zeiss MicroImaging GmbH which were

equipped with a halogen lamp CLH600 (380 to 2500 nm) or CLH600F - (340 to 2500 nm).

Two different detectors were used MCS611 2.2 (910 to 2200 nm) and MCS621VIS-II (310 to

1050 nm) and thereby in total a range between 340 to 2200 nm covered. Both spectrometers

could be connected by fiber optics either in transmission or reflection mode to a variety of

setups: hot-stage, temperature controlled cuvette holder or the electrochemistry setups.

2.2.2 Photoluminescence Spectroscopy

The photoluminescence (PL) spectroscopy probes the emission of electronic transitions

from an excited state (typically S1) to the ground state (S0), compare figure 1.11. Typically

the PL is obtained in wavelengths (nm) which can be converted into an energy scale

(eV) and plotted against the intensity. When converting from a wavelength to an energy
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scale the intensity has to be corrected by dividing through the square energy (E) for each

wavelength according to

PL(E) = PL(λ)
dλ

dE
(10)

and

λ =
hc

E
(11)

with PL as photoluminescence intensity as function of the energy (E) or the wavelength

(λ), the Planck constant h and the speed of light c.

For probing the PL the material is illuminated by a specific wavelength inducing an

excited state (S0 → S1) which non-radiatively relaxes into the vibrational ground state

(ν = 0). The measured emission is then caused by a radiative relaxation from the vibrational

ground state of the electronic excited state (e.g. S1) into the electronic ground state (S0).

Similar to the absorption spectra a fine structure is found within the PL band caused

by the relaxation into different vibrational states (ν = 0,1,2..) of the ground state (S0).

Comparing the PL spectra to the absorption they are typically red shifted due to the loss

of energy from the non-radiative relaxation and mirror the fine structure of the absorption

spectra.

For the PL measurements of PCPDTBT a setup with a detection range up to the

NIR region (ca. 1000 nm) was necessary. The measurement was therefore performed at a

self-built setup in the group of Prof. A. Köhler with the help of C. Scharsich. The setup

allowed besides the NIR detection also in-situ absorption measurements and cooling down

to a temperature of a few Kelvin. The self-built setup consisted of a monochromator (CVI

Instruments Digikrom 240 ) with Si-photodiode (by Thorlabs) and a lock-in technique

(Standford Research System, Model SR830 DSP lock-In Amplifier) for the signal detection.

The absorption measurements were performed with a Xe-lamp (LAX 1530 by Müller

GmbH Elektronik - Optik) equipped with a monochromator (LTI by Amko Light Technology

Instruments) and for fluorescence excitation a Compass continuous wave 405 nm diode

laser from Coherent was used.

For low temperature measurements the samples (quartz substrate or quartz cuvette

of 1 mm) were placed into a continuous helium flow cryostat and the temperature was

controlled by a ITC503 Oxford instrument controller.
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2 TECHNIQUES AND THEORY FOR CHARACTERIZATION

2.2.3 Raman Spectroscopy

Fig. 2.4: Schematic of the confocal Raman
optical pathway used in this study.

Raman spectroscopy was performed on thin films

utilizing a HORIBA Jobin Yvon HR-800 confocal

Raman schematically shown in figure 2.4. The spec-

trometer was equipped with a 500:1 polarized He-Ne-

laser with a wavelength of 632.82 nm (20 W) and a

CCD-detector. A λ/2 plate and a polarizer could be

inserted into the optical path to measure polarization

dependent.

2.3 Energy Level Characterization

The electrochemical characterization in this thesis

was performed by cyclic voltammetry (CV) to de-

termine the redox potentials and energy levels. The

CV was further coupled to the absorption spectrom-

eters to observe the changes of the absorption during

the charging and discharging of the polymers in-situ.

This technique is called in-situ spectroelectrochemistry. For each experiment the in-

ternal redox standard Fc/Fc+[67] was measured to reference the redox potentials. The

HOMO/LUMO values were calculated assuming an energy level of Fc/Fc+ at −4.8 eV

under the vacuum level.[68]

The in-situ coupling with absorption spectroscopy provided further information about

the redox processes within the materials and additionally helped to determine redox

potentials. In addition to the conventional cyclic voltammogram the evolution of the

absorption was plotted against the applied potential for characteristic wavelengths. These

plots allow to determine the potentials at which certain absorption bands start to change

in intensity (absorption onset potentials) which is typically correlated to specific redox

reactions. The absorption onset potentials can therefore be compared to the half-wave and

onset potentials from the cyclic voltammograms and were additionally used to determine

redox potentials. Especially for the broad and often non-reversible polymer peaks in the

CV this method is well suited to be used as additional technique to determine energy

levels.

Spectroelectrochemistry was further employed to identify in polymer/fullerene blends

the active material (phase) responsible for certain redox processes. This is of great interest
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2.3 Energy Level Characterization

since in organic solar cells bulk heterojunctions (blends of donor and acceptor materials)

are typically used as active layers. Often the two phases are separately characterized and

subsequently the band gap of the blend is calculated from the HOMO of the polymer and

the LUMO of the fullerene. The coupling of the CV with in-situ absorption spectroscopy

opens the possibility to not only determine the real bulk heterojunction band gap, but

also to identify the species oxidized or reduced at certain potentials.

Last but not least spectroelectrochemistry was used to capture the absorption signatures

of the charged species and to identify e.g. typical polaron or bipolaron absorption

signatures.

2.3.1 Cyclic Voltammetry - CV

The classical cyclic voltammetry (CV) was used in first experiments to obtain cyclic

voltammograms since it is easier and faster to perform than spectroelectrochemistry due

to the simpler setup. CV was performed in a self built glass cell with a platinum counter

electrode. As working electrode a Au-substrate was used either blank or covered with

a thin polymer film for solution or thin film measurements, respectively. As solvent

typically methylene chloride (CH2Cl2, stored over active Al2O3 - basic:neutral 1:1) with

the supporting electrolyte TBAPF6 (0.1 M) was used and deaerated by argon bubbling

for at least 5 min before each measurement. Further a Ag/AgCl pseudo reference elec-

trode which consisted of a silver wire in a 0.01 M AgNO3 solution connected via a 0.1 M

NBu4PF6/acetonitrile salt bridge to a 0.1 M TBAPF6/acetonitrile solution was used. The

exact measurement conditions are given during the discussion of the respective samples.

The HOMO and LUMO values were calculated from the oxidation and reduction

potentials referenced to the formal potential of the internal redox standard Fc/Fc+[67]

assuming an energy level of Fc/Fc+ at −4.8 eV under the vacuum level.[68] The redox

potentials were obtained from the half-wave or the onset potentials (E) for fullerenes and

polymers, respectively using the equations 1 and equation 2 (p. 10).

2.3.2 In-Situ Spectroelectrochemistry

In-situ spectroelectrochemistry means the coupling between the typical cyclic voltammetry,

as described above and absorption spectroscopy (see figure 2.5). To calculate the frontier

orbitals the redox potentials were referenced to the formal potential of the internal redox

standard Fc/Fc+[67] assuming an energy level of Fc/Fc+ at −4.8 eV under the vacuum

level.[68] The solution or thin film measurements were performed in one of the two setups

shown in figure 2.5:
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2 TECHNIQUES AND THEORY FOR CHARACTERIZATION

Fig. 2.5: In-situ spectroelectrochemistry setups for solution (A) and thin film (B) measurements. In both a
platinum counter electrode and a silver wire coated with AgCl as pseudo reference electrode was used. A) The
thin layer cell setup used for measurements in solution under thin film conditions. A working electrode of polished
platinum was used as mirror to measure the absorption in a reflection configuration. The distance between glass
bottom and Pt-working electrode could be adjusted by micrometer screws. B) Spectroelectrochemistry setup
for the measurement of thin films prepared on ITO-substrates (indium tin oxide) which functioned as working
electrode. The absorption was measured in a transmission configuration with a diode array spectrometer
connected via fiber optics to the cell (not shown).

The thin layer cell setup was used for measurements in solution and was adapted

from the setup described by C. Geskes et al.[117] Figure 2.5A shows the configuration with

platinum working and counter electrodes and a AgCl coated Ag wire as pseudo reference

electrode. The working electrode consisted of a polished platinum disk which was mounted

only a few micrometer above the quartz glass bottom of the cell and was adjustable in

height by a micrometer screw. The absorption was captured during the measurement

utilizing a diode array spectrometer in reflection mode using the working electrode as

mirror (see chapter 2.2.1). The solutions were prepared typically in CH2Cl2 with 0.1 M

TBAPF6 and deaerated before the measurement by argon bubbling.

Thin film in-situ spectroelectrochemistry was performed in a different configu-

ration than the thin layer cell setup, figure 2.5B. Again a platinum counter electrode

and a AgCl coated Ag wire was employed as reference electrode. The investigated films

were typically prepared via spin coating on O2-plasma cleaned ITO-substrates. Using

transparent substrates allowed transmission absorption measurements utilizing one of the
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two diode array spectrometer depending on the wavelength range of interest (see chapter

2.2.1).

2.4 Device Characterization

To understand the impact of different morphologies on the device performance, organic solar

cells as well as organic field effect transistors (OFETs) were built. For each material several

processing and post annealing methods were used to induce different chain orientations

and crystal structures within the devices.

2.4.1 Organic Field Effect Transistors - OFETs

Field effect transistors (FETs) are used in a wide range of electronic devices such as

displays and microprocessors. Even though nowadays still primarily field effect transistors

based on single crystalline silicon are used OFETs have become more and more important

over the last years.

OFETs are further a well known fundamental method in literature to determine hole and

electron mobilities in semi-conducting polymers.[15, 16,25,105,118,119] In this thesis OFETs

were prepared to investigate the influence of the morphology on the mobility which is

is of great interest for organic solar cells. The device performance in organic solar cells

strongly depends on a fast charge transport away from the donor-acceptor interface since

it prevents a non-geminal recombination of free charges (a bimolecular recombination of

two charges generated during different absorption processes).[27, 120]

To focus on the morphology influence we chose a top-gate, bottom-contact transistor

configuration as shown in the inset of figure 2.6B. In this configuration the polymer layer is

sandwiched between the source-/drain-electrodes located on the substrate and the dielectric

poly(methyl methacrylate) (PMMA) layer on top. The advantage of this configuration is

that the top surface of the polymer film, along which the charge transport occurs,[121] can

be investigated by optical- and atomic force microscopy before the PMMA layer is applied.

N-butyl acetate which is an orthogonal solvent for the investigated polymers was used as

processing solvent for PMMA. The use of an orthogonal solvent is important here since

changes in the morphology during the application of the PMMA layer must be avoided to

be able to correlate the measured mobilities with the different morphologies afterwards.

Finalizing the device an aluminum top electrode was evaporated on top of the PMMA

layer.

The inset in figure 2.6B shows a top-gate, bottom-contact OFET with the circuit diagram

as used in this thesis (for preparation details see chapter 3.2.5). Generally a voltage between
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2 TECHNIQUES AND THEORY FOR CHARACTERIZATION

A) B)

Fig. 2.6: Schematic Output- (A) and Transfer-Characteristics (B) for an organic field effect transistor. A) Set
of output curves with the source-drain-current (ISD) plotted against the source-drain-voltage (VSD) for different
gate voltages (VG). Output curves can be divided into two regimes: the linear- (small VSD) and the saturation
regime (large VSD). B) A typical transfer curve with the gate voltage swept from 20 to −60 V. Inset: Side
view of a bottom-contact (source (S) and drain (D) gold electrodes), top-gate (30 nm thick Al-layer) transistor
with the circuit diagram as used in this study.

source- and drain-electrodes (VSD) results in a current (ISD) which strength depends on the

gate voltage (VG) applied to the gate electrode. Applying a voltage to the gate electrode

accumulates charges at the interface between dielectric (PMMA) and polymer layer and

thereby controls the number of charge carriers within the transistor channel between the

source- and drain-electrode. Since the accumulation is limited to the polymer/dielectric

interface the charge transport is also limited to the top few nm of the polymer layer.[121]

Typically two different measurements were performed to determine the quality of the

transistors and the charge carrier mobility: Output- and Transfer-Characteristics.

All OFETs were measured in a top-gate, bottom-contact configuration under nitrogen

atmosphere utilizing a micromanipulator probestation (EP6, SUSS MicroTec Test Systems,

Germany) and a Keithley SourceMeter (Model 2636, Dual channel).

The Output-Characteristics were measured by applying seven different gate voltages

(VG) and sweeping the source/drain-voltage (VSD) from 0 V to −60 V for each VG. The

respective output curves, schematically shown in figure 2.6A, were obtained by plotting

the source-drain-current (ISD) against the source-drain-voltage (VSD) for each gate-voltage.

The Output-Characteristics are divided into the linear and the saturated regime. The

linear regime is defined at small VSD where the current (ISD) increases linearly with VSD.

At higher VSD the current (ISD) saturates into a plateau called the saturation regime.[122]
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The Output-Characteristics were used to check the quality and to determine leakage

currents or short circuits in the devices. Such fault currents are typically indicated by

negative currents at VSD = 0 or the lack of a field dependency with the gate voltage.

In addition the Output-Characteristics can be used to determine the threshold voltage

(Vth). Vth is defined as the minimum voltage difference between the gate and the source

electrode that is need to obtain a charge flow inside the transistor channel.

The Transfer-Characteristics were used to determine the charge carrier mobility

µFET, from here on just referred to as µ. For the measurement a fixed source-drain

voltage (VSD) in the saturation regime (|VSD| > |VG| - |Vth|) was applied at −60 V and

the gate voltage (VG) was swept from 20 to −60 V. Plotting the source drain current

(ISD) as function of the gate-voltage (VG) leads then to the Transfer-Characteristics as

schematically plotted in figure 2.6B. The charge carrier mobility (µ) can be extracted

using the following equation:[123]

ISD =
W

2L
µ · Ci (VG − Vth)2 (12)

were Ci is the capacitance per unit area of the dielectric layer and L and W define

the channel length and width, respectively (see figure A.1). The capacity was calculated

from the dielectric thickness (d), measured by AFM, and the relative (ǫr) and vacuum (ǫ)

permittivity using the equation:

Ci =
ǫ · ǫr

d
. (13)

Further the threshold voltage (Vth) can be determined, which is defined by the minimum

gate voltage needed to generate a measurable current (ISD) and can be typically taken

from the minimum of the transfer curves.

The charge carrier mobility (µ) was determined from a linear fit to the square root of

ISD as function of VG utilizing equation 12.

2.4.2 Solar Cells

A bilayer configuration with a 40 nm thick polymer and a 40 nm evaporated C60 layer was

chosen to eliminate the influence of the blend morphology on the device performance. The

detailed configuration and the production method is given in chapter 3.2.5 and figure 3.5.

To further ensure comparability the layer thicknesses were the same for all samples and

the roughness was minimized as much as possible ensuring a similar interlayer area for

charge separation.
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The evaporation of the C60 layer and the characterization of the solar cells was performed

in the group of Prof. D. Neher with the help of B. Tornow and Dr. S. Albrecht. Three

different methods were used to characterize the solar cells:

Fig. 2.7: Schematic J-V curve of an illuminated (blue) and a non-illuminated (black) device with the current
density and the voltage on the y- and x-axis, respectively. The characteristic solar cell values are labeled
as: short circuit current (JSC), open circuit voltage (VOC), fill factor (FF) (grey area) and the experimental
maximum power point (exp. MPP). The theoretical values are additionally labeled as: maximum power point:
(MPP) and JM and UM as the current and voltage of the experimental maximum power point.

Solar cell characteristics are typically taken from current-voltage curves (J-V curves)

measured with and without illumination and give a general overview over the solar cell

performance and their characteristic values. A general J-V curve is shown in figure 2.7

with labels highlighting the characteristic points: short circuit current (JSC), open circuit

voltage (VOC) and fill factor (FF). To allow comparison of different sized solar cells not

the current but the current density (mA/cm2) is typically plotted.

The current flowing when no voltage is applied to an illuminated cell is called short

circuit current (JSC) and is a value for the maximal extractable current from a solar cell.

This current at zero voltage flows because of a small internal electric field which is induced

by the potential difference between the two electrodes (ITO and Al).
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The open circuit voltage (VOC) is defined as the point where no current is flowing

caused by an compensation between the internal and external electric fields. The VOC

is directly correlated to the band gap between the HOMO of the donor and the LUMO

of the acceptor phase and is sometimes referred to as the bulk heterojunction band gap,

figure 1.5.[27] Further the fill factor (FF) is defined as the ratio between the theoretical

maximum power point (MPP) and the experimentally achieved maximum power point

(exp. MPP):

FF =
JMVM

JSCVOC

(14)

with JM and VM as the current and voltage of the experimental maximum power point,

respectively.

The shape of the curve gives further information about the field dependency of the solar

cell which is a measure for how equally charges can be extracted over the applied voltage

range. A low field dependency means that the current density stays constant over a large

voltage range and the curve is assuming a rectangular form showing that the charges are

extracted independent of the externally applied electrical field. It should be point out

that the amount of extracted charges is determined by the interplay of the generation

and recombination processes. To determine which of the processes is responsible for the

observed field dependency additional measurements such as time delayed collection field

(TDCF) have to be performed since it can not be extracted solely from the J-V curves.

The solar cell energy conversion efficiency (η) can be calculated by dividing the exp. MPP

by the irradiated photon power density (Plight [W/cm2]):

η =
JMVM

Plight

=
FF · JSC · VOC

Plight

(15)

The measurements were performed in a nitrogen atmosphere at a constant temperature

(25 ◦C) of the sample. The current was measured in relation to an applied voltage using a

Keithley 2400 source meter. During the measurement the solar cell was illuminated with a

simulated solar spectrum from a Sol2A sun simulator (Newport, Model 94042A) calibrated

to 100 mW/cm2 in accordance with the Air Mass 1.5 Global solar spectrum (AM1.5G).

The simulator calibration was performed with a KG3 filtered mono crystalline silicon

reference cell calibrated at Fraunhofer ISE (Potsdam-Golm). No mismatch correction was

done, since the focus in this thesis lied on the comparison of different morphologies and

on the field dependence of the curves.

41



2 TECHNIQUES AND THEORY FOR CHARACTERIZATION

External quantum efficiency (EQE) is a technique which measures the ratio between

extracted charges and irradiated photons per second as function of the wavelength. The

data are typically plotted as function of EQE against the wavelength and reveal the

distribution of generated charges over the wavelengths. These data can therefore be used

to understand which absorption bands are involved in generating free charges and often

allow to separate between e.g. the polymer and the fullerene phases. The EQE is defined

as:

EQE =
#electrons

#photons
=

I(λ)e−1

P (λ)
(

hc
λ

)

−1 (16)

with I(λ) and P(λ) as the wavelength dependent current [C/s] and irradiated photons

[J/s], respectively. The further constants are e the elementary charge [1.60 × 10−19 C], h

the Planck constant [6.62 × 10−34 J/s], c the speed of light [299 792 458 m/s] and λ the

wavelength [nm].

In addition an external field can in-situ be applied to the solar cell during the EQE

measurements, which is then called field dependent external quantum efficiency (FEQE).

From such measurements current-voltage curves can be extracted for certain wavelengths

and be compared to the J-V curves.

The EQE measurements were performed in a nitrogen atmosphere after the solar cell

characteristics were measured. A high-pressure halogen lamp (Philips, model 7724) was

used to generate monochromatic light and was chopped to 90 Hz for the detection with

a lock-in amplifier (Princeton Applied Research, model 5302) over a 1 kΩ resistor. The

intensity of the light was checked with an UV enhanced crystalline silicon solar cell (Newport

818-UV), calibrated at Newport. For field dependent measurements an additional Keithley

2400 was used to apply the external field.

Time delayed collection field (TDCF) allows to measure the total generated free

charges (Qtot) before non-geminate recombination occurs (a bimolecular recombination of

two charges generated during different absorption processes).[27, 120] Changing the applied

pre-bias the field dependence of the free charge generation (Qtot) can be investigated

and discriminated from the non-geminate recombination process. TDCF is based on

the knowledge that the free charge generation is completed within a few picoseconds as

shown by several groups[124–126] utilizing transient absorption spectroscopy and that the

non-geminate recombination takes place after a few tens of nanoseconds.[127] These different

time scales allow to extract all generated charges before non-geminate recombination takes

place which was shown in detail for the conjugated polymer P3HT by Neher et al.[128]
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Figure 2.8 is a schematic of the time (x-axis) and the applied bias (y-axis) for a TDCF

measurement. At the beginning a pre-bias is applied to the solar cell and kept constant

while free charges are generated by a 5 ns laser pulse (t0) and a delay time of 10 ns. After

the delay period the collection voltage (Vcoll) is applied to extract all charges from the

device.

A too intense laser pulse would lead to a much higher charge density than in a normally

operated solar cell resulting in an additional bimolecular recombination process which

could falsify the measurement. In the group of Prof. Neher the effect of the laser intensity

was investigated using the same polymers as in this thesis.[127] Using these results the

laser intensity was optimized measuring outside of the bimolecular recombination regime.

Fig. 2.8: Applied bias as function of time during a typical TDCF measurement. A pre-bias is applied before a
5 ns laser pulse which generates free charges. After a delay time of 10 ns during which the pre-bias is kept
constant a collection bias is applied to extract all free charges (Qtot) from the solar cell.

The TDCF measurements could not be performed inside a glovebox and were therefore

performed after the J-V-curve and EQE measurements. Before the TDCF measurement

the solar cells were encapsulated by gluing a glass slide on top of the solar cell using

an epoxy resin. The charge generation was induced by a laser pulse (5.5 ns pulse width,

500 Hz repetition rate, 10 ns jitter) of a diode-pumped, Q-switched Nd:YAG laser (NT242,

EKSPLA). The pre- and collection bias was applied by an Agilent 81150A pulse generator.

The measurement of the current through the device was performed with an Agilent DSO

9054H oscilloscope via a 50 Ω resistor which was connected in series with the sample. To

trigger the pulse generator a fast photo diode (EOT, ET-2030TTL) was utilized . The

internal latency time of the pulse generator was compensated by delaying the laser pulse

with a 85 m long multi-mode fiber (LEONI) with respect to the trigger diode. The pulse
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fluence was determined with a power meter (Ophir, Vega) equipped with a crystalline

silicon photo diode sensor (PD300-UV).

2.5 Polymer Analysis

2.5.1 Thermal Analysis

Thermal analysis was performed to investigate the decomposition and glass transition

temperatures as well as the melting points of the investigated polymers. Without the

knowledge of the thermal transitions an optimized thermal post-annealing is impossible

since the temperature protocol must be adapted. For thermal annealing the temperature

must be chosen such that a polymer chain mobility is possible (above the glass-transition)

but earlier induced order is not destroyed (below the melting point). The decomposition

temperatures, glass transitions temperatures and melting points were determined by

thermal gravimetric analysis and differential scanning calorimetry, respectively:

Thermal gravimetric analysis (TGA) was performed on a NETZSCH STA 449C,

in the group of Dr. J. Kerres (Institute for Chemical Process Engineering, University of

Stuttgart) using an Al2O3 pan in the purging gas mixture O2/CO2 (1:1 Vol.) with a flow

rate of 50 ml/min each.

Differential scanning calorimetry (DSC) was performed on a DSC-6000 from Perkin

Elmer. The normal procedure consisted of two heating and two cooling cycles with heat-

ing/cooling rates of 10 K/min. To investigate the thermal behavior of highly crystalline

samples the polymers were solvent vapor annealed inside of DSC pans before the measure-

ment. Therefore a DSC pan was filled with a few mg of the polymer and annealing solvent

(45 µl). The filled pan was then placed inside a solvent chamber of saturated solvent vapor

and the solution equilibrated for several hours at elevated temperatures (50 ◦C) in the

vapor. In a second step crystallization was induced by decreasing the vapor pressure

over night to a pure nitrogen atmosphere. To remove any remaining solvent residues the

nitrogen dried samples were afterwards vacuum treated for at least 12 h before thermal

analysis.

2.5.2 High Temperature Gel Permeation Chromatography - HT-SEC

All polymers were characterized by high temperature size exclusion chromatography (PL-

GPC 220 from Agilent) at 160 ◦C equipped with the column “PLgel Olexis” from Agilent

optimized for molecular weights between 2000 to 10 000 000 g/mol. The HT-SEC was

calibrated against polystyrene standards (figure A.21) and at least one standard was
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checked together with each batch of polymers to ensure comparable results. The polymers

were dissolved in 1,2,4-trichlorobenzene over night at 130 ◦C (ca. 1 mg/ml) and measured

using a refractive index detector at 160 ◦C.
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3 Experimental

3.1 Materials

3.1.1 Polymers

Fig. 3.1: Chemical structure of PCPDTBT
(X = C, Y = H), Si-PCPDTBT (X = Si,
Y = H) and F-PCPDTBT (X = C, Y = F).

The batches of the three PCPDTBT (poly[2,6-

(4,4-bis-(2-ethylhexyl)-4H-cyclopenta [2,1-b;3,4-b’]

dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)]) deriva-

tives used in this thesis are summarized in ta-

ble 3.1. The chemical structures are shown in fig-

ure 3.1. The molecular weights were determined

by high temperature size exclusion chromatogra-

phy (HT-SEC, trichlorobenzene, 1 mg/ml, 160 ◦C,

against polystyrene, see figure A.21 for molecular

weight distributions). Throughout this thesis the

three derivatives will be referred to as PCPDTBT,

F-PCPDTBT (poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-

cyclopenta[2,1-b;3,4-b’]dithiophene)-alt-4,7-(5-fluoro-

2,1,3-benzothiadiazole)]) and Si-PCPDTBT (poly[

(4,4’-bis(2-ethylhexyl)dithiene-[3,2-b:2’,3’-d]silole)-alt-4,7-(2,1,3-benzothiadiazole)]) Only

in the case of Si-PCPDTBT different molecular weights were available. Throughout

this thesis the respective molecular weights are always stated for the particular used

Si-PCPDTBT batch.

Tab. 3.1: High temperature SEC measured on a PL-GPC 220 (Agilent Tecnologies)
at 160 ◦C in trichlorobenzene against polystyrene. The molecular weight distributions
and calibration are shown in figure A.21.

Polymer batch Mn [kg/mol] Mw [kg/mol] PDI

PCPDTBT YY3-023CHa 14.7 26.7 1.8
F-PCPDTBT KE11/3b 6.7 10.8 1.6
Si-PCPDTBT unknownc 11.0 32.3 2.9
Si-PCPDTBT YY5130Ba 4.9 11.3 2.3
Si-PCPDTBT SX6243a 2.9 10.5 3.6
Si-PCPDTBT YY3091a 2.0 4.4 2.3
a The material was bought from 1-material.
b Synthesized by the group of Prof. Janietz.[5]

c The material was bought from Konarka and was provided by the group of
Prof. Neher.
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3 EXPERIMENTAL

3.1.2 Solvents, Chemicals and Substrates

All solvents, chemicals and substrates in this study were purchased from different manufac-

tures and were used without further purification. A detailed summary is given in table 3.2.

The surface of the substrates were cleaned before thin film deposition; detailed cleaning

protocols are are given in chapter 3.2.1.

Substrates

Thin films (10 to 50 nm) investigated in this study were prepared on five different substrates

depending on the requirements of the intended measurements: Si-wafer (AFM, SEM),

SiOx-wafer (ED/TEM), quartz-slides (absorption-, photoluminescence spectroscopy), glass-

slides (absorption spectroscopy, transistor measurements) and ITO-slides (electrochemistry,

solar cell characterization).

Silicon wafers were purchased from CrysTec as wafers of 150 mm diameter and divided

using a glass cutter into ca. 2 × 2 cm2 pieces. The Si-wafer either contained a native

(5 nm) or a thermally grown (300 nm) silicon oxide layer.

Transparent substrates were used for transmission spectroscopy. Absorption mea-

surements between 350 to 2000 nm were often performed on pure glass-slides. In cases

where solvent vapor annealing was performed or lower wavelength absorption (<350 nm)

and photoluminescence was measured quartz-slides of 0.9 mm thickness were used.

Transistor substrates were prepared by evaporating gold source- and drain-electrodes

(30 nm) on 2 × 2 cm2 SiOx-wafers (cleaned by SnowJet and O2-plasma) with a thin

chromium layer (3 nm) as adhesion layer below the gold electrodes. The evaporation was

performed through a polyimide shadow mask (CADiLAC Laser GmbH ) at 10 × 10−6 bar

with evaporation rates of 0.25 Å/s and 2.0 Å/s for chrome and gold, respectively. The final

substrates contained 16 transistors with channels of 1 mm width divided in four transistor

sets (a,b,c and d) of different channel lengths: 100, 150, 200 and 250 µm. A layout of the

source-drain-electrodes is shown in figure A.1C.

ITO coated glass slides were used for the (spectro) electrochemistry (without pat-

terning) and for solar cells (pre-patterned) purchased from pgp and Lumtec, respectively.

The unstructured ITO substrates were cut into 2 × 0.8 cm2 peaces. The layout of the

pre-patterned ITO-substrates is shown in figure A.1B.
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3.1 Materials

Tab. 3.2: Summary of solvents, chemicals and substrates used in this thesis.

solvent manufacturer purity boiling
point [◦C]

nomenclature

Acetonitrile Sigma-Aldrich p.a. 82 MeCN
Carbon disulfide Sigma-Aldrich p.a. 32 CS2

Chlorobenzene Sigma-Aldrich p.a. 130 CB
Chloroform Sigma-Aldrich p.a. 61 CHCl3
1-Chloronaphthalene Sigma-Aldrich technicala 259 1-CN
1,2-Dichlorobenzene Sigma-Aldrich p.a. 181 DCB
1,8-Diiodooctane Sigma-Aldrich 98 % 167 DIO
1,2,4-
Trichlorobenzene

Sigma-Aldrich p.a. 213 TCB

Propylene carbonate Sigma-Aldrich p.a. 242 PC
Tetrahydrofurane Sigma-Aldrich p.a. 65 THF
Methylene chloride Sigma-Aldrich p.a. 40 CH2Cl2

chemicals manufacturer purity nomenclature

Tetrabutylammonium
hexafluorophosphate

Sigma-Aldrich TBAPF6

Tetrahexylammonium
hexafluorophosphate

Sigma-Aldrich THAPF6

Ferrocen Sigma-Aldrich Fc
PEDOT:PSS Heraeusb

Bathocuproine MER Corp. sublimed 99.99 % BCP

substrates manufacturer thickness nomenclature

Silicon waferc CrysTec 675 ± 25 nm Si-wafer
Silicon oxide wafer CrysTec 675 ± 25 nm SiOx-wafer
Quartz VWR 0.9 mm quartz-slides
Glass Thermo Scientific (Menzel-Gläser) glass-slides
ITOd PGP 0.7 ± 0.1 mm
pre-patterned ITOe Lumtec Taiwan 0.7 mm
a technical, ≥85 % (GC), contains ˜10 % impurities of 2-chloronaphthalene.
b CLEVIOST M P VP AI 4083, PEDOT:PSS ratio 1:6 (by weight).
c polished, p-type (boron doped), resistivity 1 to 30 Ωcm
d Indium tin oxide, used in the electro chemistry, ≤50 Ohm/sq, product code: CEC050S
e used for solar cells.
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3 EXPERIMENTAL

3.2 Sample Preparation

In general all samples during this study were prepared as thin films (10 to 50 nm thickness)

on adequate substrates for the intended measurements. The few exceptions in which thin

films were not used is the thermal analysis by thermogravimetry (TGA) and differential

scanning calorimetry (DSC). The respective procedures are described in the particular

chapters. In this chapter first a description of the general cleaning procedures for all

substrates and the typical thin film preparation methods are given followed by detailed

summaries of the specific sample preparation techniques.

3.2.1 Substrate Cleaning

All substrates were cleaned right before thin film preparation. The cleaning procedure was

generally performed at ambient air and the substrates were transfered into the glovebox

directly after cleaning for thin film preparation. Mainly three methods were used for

cleaning depending on the substrates and the requirements for further analysis: Snow jet,

O2-plasma and solvent cleaning.

The snow jet cleaning procedures was used for Si-, SiOx-wafer, glass-slides and quartz-

slides as first cleaning step to remove dust particles from the top surface. The snow

jet (GunJet 30) from Spraying Systems Deutschland GmbH (Hamburg) produces a high-

velocity carbon dioxide jet (purity 4.5) through an orifice which consists of small dry

ice particles caused by the strong cooling during the gas expansion. Directing this jet

onto a heated (ca. 200 ◦C) substrate surface leads to an abrupt sublimation of the dry ice

particles, mechanically sweeping away any contamination from the surfaces. This cleaning

procedure could only be used for substrates without any evaporated or thermally grown

structures such as gold or ITO since they were partly lifted off by the snow jet.

O
2
-plasma was generally used for Si-, SiOx-wafer, glass-slides and quartz-slides as a

second and for ITO substrates as first cleaning step to remove any organic contaminations

from the surface. The oxygen plasma (10 min at 100 W) was applied utilizing a Femto

plasma cleaner from Diener electronic GmbH + Co. (Ebhausen).

The following thin film preparation was always carried out directly after removing the

substrates from the oxygen plasma and transferring them into the glovebox to prevent any

fresh contamination.

Solvent cleaning was only applied to pre-patterned ITO coated glass slides when

preparing bilayer solar cells. The procedure was adapted from the group of Prof. Neher,

Potsdam. The substrates were cleaned by a 10 min ultrasonic treatment in the following
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3.2 Sample Preparation

solvents: acetone, detergent, deionized (DI) water, isopropanol. The substrates were dried

afterwards in an argon stream (purity 5.5) followed by a 10 min oxygen plasma treatment

(10 min at 100 W).

3.2.2 Thin Film Preparation

In this study the thin films were prepared from solutions with concentrations around

3 mg/ml in most cases. In general the thickness of the films was checked by AFM and

the processing conditions adapted to obtain film thicknesses between 10 to 40 nm. The

solutions were prepared inside the glovebox and stirred for at least 2 h at 10 to 20 K below

the boiling point of the respective solvent, but never at temperatures higher 80 ◦C. After

removing the solutions from the hotplate the processing was performed within 5 to 10 min.

In general no solutions older than 5 days were used.

Spin coating is the method which was mainly used in this study for thin film preparation

except from occasional drop casting. Spin coating was carried out inside the glovebox

using a Delta 6RC from SUESS. A droplet of 20 to 50 µl polymer solution is placed on

a substrate, which then is spun with speeds varying between 600 to 2000 rpm for 30 to

1800 s depending on the intended film thickness, solution concentration and boiling point

of the processing solvent. To gain homogeneous films the acceleration period was in some

cases increased from the standard 500 ms. Within the first spinning step the majority

of the film is formed and only at the substrate edges thicker areas of solution remain.

Therefore the first step was always followed directly by an additional step of 6000 rpm for

10 to 15 s producing a homogeneous film with only very little artifacts at the substrate

edges. In a final step the films were exposed to vacuum atmosphere to remove remaining

solvent. The exact processing conditions for each sample are stated throughout this thesis.

3.2.3 Annealing Procedures

The quick drying process during spin coating allows almost no control over the film

formation and possible crystallization. Therefore a standard procedure in this study was

an additional annealing step such as solvent vapor or temperature annealing to increase the

order within the films. Annealing of the spin coated films either by temperature or solvent

vapor increases again the mobility of the polymer chains and allows a reorganization or

recrystallization into a thermodynamically more favorable state. The annealing steps

were performed under a nitrogen or argon atmosphere to avoid degradation. A detailed

description is given in the following.
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3 EXPERIMENTAL

Thermal Annealing

In this study thermal annealing was performed in an argon atmosphere utilizing a hot

stage (THMS600 from Linkam) with active cooling by liquid nitrogen. This allowed slow

and accurate cooling rates. The annealing was followed in-situ either with an optical

microscope or an UV–Vis–NIR spectrometer. For the absorption spectroscopy a specialized

lit and bottom were fabricated from the mechanics workshop allowing in-situ transmission

measurements under argon.

Solvent Vapor Annealing and Crystallization

Fig. 3.2: Typical solvent vapor annealing protocol.

Solvent annealing is a well known

method from literature[129–131] and was the

standard annealing method in this study

to increase the morphological order of pre-

casted polymer films. A lot of experience

regarding this method was gained in our

group during the study of P3HT as de-

scribed in several publications from Cross-

land et al.[15, 16,83] which were used as base

for this thesis. The basic idea behind sol-

vent annealing is to increase the polymer

chain mobility within a thin film by swelling

it in a vapor of a good solvent. After the

film reaches a dissolved like state the solvent vapor pressure is reduced to a point where

recrystallization occurs. The advantage compared to temperature annealing is that the

process can take place at moderate temperatures far below the melting point or even

decomposition temperature which particularly lowers the possibility of degradation during

post annealing.

The self-built setup is schematically shown in figure 3.3. The temperature of the vapor

is controlled by the water bath in which the whole setup is embedded (Tvap = Tbath).

Only the top of the annealing chamber protrudes beyond the water level allowing in-situ

observation and was additionally heated to prevent condensation on the quartz glass lid.

On the left side the adjustment of the solvent vapor pressure (Pvap = Psol

PN2

) is shown: A

dry nitrogen stream (PN2
) is mixed with a nitrogen stream saturated with the annealing

solvent (Psol) by bubbling through a solvent filled washing bottle. The mixing ratio is

controlled by two gas flow controllers (labeled at A and B) from MKS with an accuracy of
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3.2 Sample Preparation

±0.01 sccm. The sample is mounted within the solvent chamber on top of a thermoelectric

element which allows an independent control of the sample temperature. To ensure a

swelling of the film a temperature difference between the vapor and the substrate of 2 to

8 K was generally necessary.

A typical solvent annealing protocol comprises two steps: swelling of a film and recrystal-

lizing, figure 3.2. In the first step the film is swollen as much as possible without dewetting

(P seed
vap ) to increase the polymer chain mobility and dissolve aggregates and crystals present

in the pre-casted film. Depending on the chosen vapor pressure either all aggregates are

dissolved or the thermodynamically most stable aggregates remain undissolved and can

act in the following recrystallization as seeds.[83] In the second step the solvent vapor

pressure is dropped to a pressure at which crystallization takes place (P cryst.
vap ), figure 3.2.

It was observed that increasing or decreasing the vapor pressure too fast often leads to a

dewetting of the films instead of a homogeneous swelling. This was prevented by using

ramps which slowly change the vapor pressure. The exact annealing protocols including

the used ramps for all samples are given throughout this thesis at the respective locations.

The success of solvent annealing strongly depends on the choice of the solvent. It was

found, for example, that for P3HT highly crystalline films with low nucleation density

can be obtained with carbon disulfide (CS2) as annealing solvent. Mainly two factors

Fig. 3.3: Schematic illustration of the solvent vapor annealing setup. To control the vapor temperature (Tvap)
the complete setup is embedded within a water bath except the top of the annealing chamber allowing in-situ
investigations. One pure stream of nitrogen (purity 4.5) is split such that one half is saturated by bubbling
through a washing bottle of the annealing solvent (Psol). A defined vapor pressure within the annealing
chamber is achieved by mixing the saturated with the dry nitrogen stream at a defined ratio (Pvap = Psol

PN2

).

The sample is mounted within the chamber on a thermoelectric element controlling the temperature of the
sample (Tfilm). A quartz glass within the chamber lit allows in-situ absorption spectroscopy and optical
microscopy investigations.
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3 EXPERIMENTAL

make CS2 such a good annealing solvent: First the good solubility of P3HT in CS2 and

second the low boiling point (46 ◦C) which allows high vapor pressures already at room

temperature. In this study new solvents (mainly chlorobenzene) were tested often with

boiling points above 100 ◦C. Such high boiling point solvents cause two new problems:

i) at room temperature already the saturated vapor has such a low vapor pressure that

the films will not swell. ii) if the temperature of the water bath and therefore also the

vapor temperature is increased above room temperature condensation occurs at every part

of the setup which is not within the water bath. One of the previous built setups was

therefore modified such that not only the washing bottle but also the connection between

washing bottle and the annealing chamber itself are kept at the same temperature.

Solvent crystallization is a variation of the solvent annealing method and was started

during this study, because some polymers could not be swollen by traditional solvent

annealing. It was assumed that because of their strong tendency to form aggregates the

films consisted after spin coating already of poorly soluble aggregates. Therefore instead

of pre-casting thin films a cleaned substrate was placed into the solvent chamber and

covered with a drop of a highly diluted polymer solution of the annealing solvent (0.01

to 0.1 mg/ml). Before the drying of the droplet started, a vapor pressure similar to the

swelling step during the solvent annealing was applied and an equilibrium between solution

and vapor was reached. To crystallize the polymer the vapor pressure was slowly lowered

over several hours inducing crystallization.

3.2.4 Polymer Backbone Alignment in Thin Films

For a crystal structure analysis it is often needed to obtain diffraction patterns along

the polymer backbone direction. Therefore the polymer films must be oriented with the

backbone parallel to the substrate. high-temperature rubbing[132,133] and epitaxy[134,135]

are two methods proven to align conjugated polymers in thin films.

High-Temperature Rubbing

High-temperature rubbing (HT-rubbing) was performed on a self-built setup in the group

of Dr. Brinkmann at the Institut Charles Sadron (ICS) of the Centre national de la

recherche scientifique (CNRS) in Strasbourg.

For HT-rubbing polymer films were prepared on glass-slides and fixated by vacuum

on a heatable translation stage under a rotating cylinder covered with a microfiber

cloth, figure 3.4. Prior and during the rubbing the polymer film was heated under a

nitrogen atmosphere to prevent degradation. The respective heating temperature is given
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3.2 Sample Preparation

Fig. 3.4: Sketch of the self-built high-temperature rubbing setup.

throughout the thesis for the respective samples. While pressing the rotating cylinder with

2 bar onto the polymer film the substrate was moved at a constant speed (1 cm/s). This

leads to shearing forces which align the backbones in the rubbing direction. To increase

the alignment several rubbing cycles can be performed for each film.

Epitaxy

Epitaxy means the crystal growth of polymer films on pre-oriented substrates. In this thesis

pre-oriented polytetrafuorethylen (PTFE) layers were used as pre-oriented substrates. The

pre-oriented layers were prepared by sliding a PTFE cylinder with a pressure of 5 bar

over a glass substrate which was held at 250 to 300 ◦C. It was shown in literature that

by employing this method PTFE films with the backbone (cPTFE) aligned in the rubbing

direction can be obtained.[134,135]

PCPDTBT layers were prepared on top of such aligned PTFE substrates by spin

coating from chlorobenzene solutions (3 mg/ml). Melt-annealing was finally used to induce

epitaxial growth of the PCPDTBT. Therefore the films were heated up to 290 ◦C, cooled

with 0.25 K to 280 ◦C and held for 4 h, before cooling with 0.25 K back to room temperature.

3.2.5 Specific Sample Preparations

TEM grid preparation

Samples for TEM/ED investigations were prepared by spin coating and different annealing

steps on SiOx substrates (300 nm thick thermally grown silicon oxide layer) or on pure

glass slides. The films were coated with a thin amorphous carbon layer to prevent charging

during the TEM measurements. Afterwards a polarized optical microscope (Leica DMR-X)

was used to select areas of interest and the areas were labeled by cutting circles with
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a diameter of the TEM grids into the film. The films were then floated onto a diluted

aqueous hydrofluoric acid (5 to 10 %) and transfered onto TEM copper grids. The transfer

was performed right before the TEM/ED measurements in the group of Dr. Brinkmann

at the Institut Charles Sadron (ICS) of the Centre national de la recherche scientifique

(CNRS).

Solar Cell Preparation

BCP
Al

glass substrate

PCPDTBT - 40 nm
C60 - 40 nm

ITO
PEDOT:PSS

Fig. 3.5: Schematic of the layers in bilayer
solar cells.

The solar cells were prepared on pre-patterned ITO-

substrates (see chapter 3.1.2) which were cleaned in

an ultrasonic bath with different solvents followed by

an oxygen plasma treatment (10 min at 100 W, see

chapter 3.2.1). On the cleaned substrates a 40 nm hole

injection PEDOT:PSS layer (Clevios Ai 4083) was spin

coated (30 sec at 2400 rpm) and dried by annealing for

10 min at 180 ◦C. The samples were vacuum treated

for at least 1 h and transfered into the glovebox.

The polymer layers were then spin coated from CHCl3 or chlorobenzene/diiodooctane

(CB/DIO, 2 w% DIO) solutions of 3 mg/ml and 10 mg/ml, respectively. The spin coating

conditions were adjusted to achieve film thicknesses of 40 ± 3 nm for all samples and were

checked by AFM. For the CS2-annealed samples pre-casted CHCl3 films were additionally

solvent annealed, applying the annealing protocol given in figure A.10.

The samples were transfered under nitrogen atmosphere to the group of Prof. Neher,

University of Potsdam and finalized by evaporation at 10−6 mbar a 40 nm C60 layer followed

by 5 nm of bathocuproine (BCP) and a 100 nm Al top electrode. Schematics of the prepared

solar cell configuration is shown in figure 3.5 and figure A.1

Transistor Preparation

Fig. 3.6: Schematic of a bottom-contact (source- and
drain-electrode), top-gate (Al) transistor setup.

For mobility measurements organic field

effect transistors (OFETs) were used. Fig-

ure 3.6 shows a top-gate, bottom-contact

configuration as used throughout this the-

sis. For preparation a glass substrate was

cleaned via snow jet and O2-plasma. As

source- and drain electrodes gold (30 nm,

Au with a 3 nm Cr adhesion layer) was evaporated at 10−6 mbar with 5 Å/s through a
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3.2 Sample Preparation

shadow mask (polyimide, 50 ± 5 µm bought from CADiLAC Laser GmbH, Hilpoltstein)

resulting in sixteen transistors of four different channel lengths: 100, 150, 200 and 250 µm

and each with a channel width of 1 mm. An exact layout of the shadow mask is shown

in figure A.1. The polymer films were prepared directly after evaporation forming 30 to

50 nm thick films. The detailed preparation of the polymer layers is given during the

discussion of the respective samples. The PMMA layer was spin coated (90 s at 1200 rpm)

from a 60 mg/ml solution, dissolved at 80 ◦C over night in n-butyl acetate and cross-linked

after spin coating within 30 min at 80 ◦C on a heating plate under nitrogen. To ensure a

good contact during the measurement a toothpick was used to remove the PMMA layer

from the source- and drain-electrodes. The OFETs were then finalized by evaporating the

Al gate electrode through a shadow mask (CADiLAC Laser GmbH ) at 10−6 mbar with

2.5 Å/s (figure A.1).
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4 Correlation between Morphology and Absorption

Properties

In the literature it is well known that the absorption behavior of conjugated polymers is

influenced by their morphology. In chapter 1.2.5 it was shown for P3HT how changes in the

molecular weight and the packing of the polymer backbones can induce shifts and additional

aggregation bands in the absorption signature. Spano et al.[7–9,84,136] studied the influence

of morphology on the absorption of several polymer systems over the last years. They

showed that it was possible to model the absorption as well as the photoluminescence spectra

from solutions and films using the Franck-Condon principle, chapter 1.2.5. These studies

investigated the properties of homopolymers such as poly(3-hexylthiophene) (P3HT),[8, 9]

poly(p-phenylene vinylene) (PPV),[94] poly[2-methoxy-5-(2’-ethylhexyloxy)-p-phenylene

vinylene] (MEH-PPV)[93, 137] and polyfluorene (PFO)[95]

All conjugated polymers investigated by the model of Spano et al.[7–9,84,136] are, to the

best of my knowledge, homopolymers. There is one copolymer that has been intensively in-

vestigated in the literature by Brinkmann et al.,[138] with respect to correlations between ab-

sorption and morphological properties: poly[N,N’-bis(2-octyldodecyl)-1,4,5,8-naphthalene-

dicarboximide-2,6-diyl]-alt-5,5’-(2,2’-bithiophene) (P(NDI2OD-T2)) (chemical structure

shown in figure 1.2). Its absorption spectrum shows a typical donor-acceptor copolymer

signature with both a high (380 nm) and a low (600 nm) energy absorption band. In

addition a fine structure is revealed when going from the dissolved to the solid state.[139]

Brinkmann et al.[138] used different annealing protocols and high resolution TEM

(HR-TEM) to identify two polymorphs in P(NDI2OD-T2) thin films, called form I and

form II. Interestingly the two polymorphs display two different polymer backbone stackings,

resulting in different absorption spectra. For form I a segregated stacking of the bithiophene

donor units (T2) and the naphthalene diimid acceptor units (NDI) was found. The

corresponding absorption spectra of form I shows a broad, structured absorption with a

maximum at 700 nm and a second vibronic band around 810 nm. Form II on the other

hand revealed a stacking in which every second backbone is shifted by c/2 leading to a

mixed π-stacking of the T2 and the NDI units. This polymer arrangement results in an

absorption with a maximum at 700 nm and a shoulder around 640 nm. Brinkmann et al.

suggested that the different chain packings of the two polymorphs influence the interchain

exciton coupling and lead thereby to the different absorption signatures.

This demonstrates that especially for the case of copolymers, where the number of

different stacking possibilities is increased, the polymer morphology can strongly effect the
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optical properties. Exactly such considerations were taken into account for this study of

the donor-acceptor copolymer PCPDTBT.

4.1 Aggregation in Solution

In solution a high control over the aggregation tendency can be obtained by changing

either the temperature or the concentration of the solution. In-situ absorption spectroscopy

allows to study the evolution of the optical properties during aggregation. In the following

chapters the spectroscopic behavior of PCPDTBT and its derivatives in solution is studied.

The transition of the polymers from the dissolved to the aggregated state is analyzed using

the Franck-Condon method and discussed in detail. The results lay the foundation for the

understanding of the UV–Vis–NIR-absorption and PL spectra of aggregated thin films

which will be discussed later on in this thesis. The contents of this chapter with respect to

PCPDTBT have been published in [11, Fischer et al. 2013].

4.1.1 Absorption and PL Behavior in Solution

In preliminary experiments, the completely dissolved polymers (PCPDTBT, F-PCPDTBT

and Si-PCPDTBT) were investigated by absorption and photoluminescence (PL) spec-

troscopy in solution. Figure 4.1A (left axis) shows the typical UV/Vis-spectra of PCPDTBT

dissolved in good solvents (0.01 mg/ml). The spectrum reveals two main absorption bands:

one at low energies around 730 nm accompanied by a shoulder around 670 nm and one

high energy band around 420 nm. The photoluminescence (MTHF, 67 ◦C, 0.25 mg/ml)

shown in figure 4.1A (right axis) resembles a classic mirror image of the absorption with a

maximum around 780 nm.

Lanzani et al.[140] investigated the absorption of PCPDTBT by DFT calculations and

ultrafast spectroscopy. They showed that the low energy absorption is correlated to a

charge-transfer (CT) transition between the delocalized HOMO and the LUMO which

is localized on the benzothiadiazole units (BT). The shoulder of the low energy band at

670 nm was further assigned to a vibronic mode and the high energy absorption to a S0 to

Sn transition. Besides our study [10, Scharsich and Fischer et al. 2015] there are, to the

best of my knowledge, until today no further studies on the detailed PL behavior of the

pure PCPDTBT.

To better understand the absorption behavior DFT//B3LYP/6-31G** calculations

were performed for PCPDTBT in cooperation with M. C. Ruiz Delgado (Department

of Physical Chemistry, University of Málaga, Campus de Teatino, Spain) employing an

oligomer approach.[11, 141] Figure 4.1B displays for a (CPDTBT)3 oligomer the molecular
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A) B)

Fig. 4.1: A) Left axis: Absorption spectra of a 0.01 mg/ml solution of PCPDTBT in THF (black, ǫ = 7.4),
CHCl3 (red, ǫ = 4.6), CB (blue, ǫ = 5.6), 1-CN (pink, ǫ = 5.04) and CS2 (green, ǫ = 2.6).[142] Right axis:
Photoluminescence of PCPDTBT dissolved in 2-Methyltetrahydrofuran (MTHF, 0.25 mg/ml) at 67 ◦C. B)
Molecular orbitals calculated by DFT//B3LYP/6-31G** of the low (S0→S1) and the high energy (S0→S9)
transition from the (CPDTBT)3 oligomer (adapted from[11]).

orbitals involved in the low energy (S0→S1) and the high energy (S0→S9) transition.

For the oligomers (CPDTBT)n (n = 1-5) a strong red shift of the absorption was found

going from n = 1 to n = 3. The red shift increase no further for n > 3, indicating that

already three to four conjugated CPDTBT units are sufficient to develop the characteristic

absorption spectra of PCPDTBT.

4.1.2 Influence of Solvent Polarity

In donor-acceptor copolymers the low energy peak is caused by the charge-transfer character

of the HOMO/LUMO transition. Such a transition is always associated with a transfer

of charge density from the donor to the acceptor unit which causes a change in the

dipole moment of the polymer. Since such a change in the dipole moment can be

stabilized (destabilized) by a polar (non-polar) solvent a shift in the absorption maxima

of a given polmyer in solvents of varying polarity can be observed.[143] The absorption

of PCPDTBT was therefore investigated in a range of processing solvents such as CS2

(polarity: ǫ = 2.6), CHCl3 (ǫ = 4.6), 1-CN (ǫ = 5.04), CB (ǫ = 5.6) and THF (ǫ = 7.4),

ǫ taken from [142, Handbook of Chemistry and Physics]. Figure 4.1 shows the observed

hypsochromic shift of the absorption spectra with increasing solvent polarity. Looking at

the low energy band, the absorption maxima is shifted in CS2 (carbon disulfide, bp =

46 ◦C, ǫ = 2.6) to THF (bp = 66 ◦C, ǫ = 7.4) by almost 30 nm to lower energies. It should

be noted that when shifting the spectra along the x-axis such that all low energy maxima

appear at the same wavelength, the shapes of the spectra match each other perfectly. This
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strongly indicates that the hypsochromic shift is due to the different solvent polarities and

not caused by aggregation effects.

Further investigations of CPDTBT trimers in different solvents were performed by

M. C. Ruiz Delgado. Using the polarizable continuum model (PCM) approach together

with the optimized geometries from the DFT calculations, the molecules in the ground

state were modeled.[11] Furthermore the excited state dipole moments were calculated using

the RhoCI density together with the TDDFT-PCM vertical electronic excitation energies.

In accordance to the experimental data, a blue shift upon increasing solvent polarity was

predicted. It was suggested that the blue shift is due to an increased charge-transfer in

the ground state which is caused by both the increased dipole moment in the ground

state and the decreased dipole moment in the excited state. For example when comparing

the solvents CS2 (ǫ = 2.6) and THF (ǫ = 7.4) an increase of the ground state dipole

moment from 3.83 D (CS2) to 4.04 D (THF) was found and a decrease in the S1 state from

9.63 D (CS2) to 9.03 D (THF). The same trend was also found for highly polar solvents,

for example, dimethyl sulfoxide (DMSO, ǫ = 46.7) which unfortunately could not be

experimentally investigated due to the insufficient solubility of PCPDTBT in DMSO.

Si-PCPDTBT and F-PCPDTBT

The absorption spectra of Si-PCPDTBT (MW = 10.5 kg/mol) and F-PCPDTBT (MW =

10.8 kg/mol) in different solvents reveal similar behavior as found for PCPDTBT, figure 4.2.

Both show a blue shift upon increasing solvent polarity. In contrast to PCPDTBT, the

spectra of F-PCPDTBT can not be matched perfectly when shifting along the x-axis.

The THF solution for example shows an increased absorption around 800 nm and a

more prominent shoulder around 670 nm than the other solutions. This can probably be

attributed to a stronger aggregation tendency of F-PCPDTBT which will be confirmed

later on during the investigation of the aggregation behavior.

Since a red shift in the absorption band was observed in the DFT calculations of

PCPDTBT oligomers of different lengths, the absorption spectra were measured of several

Si-PCPDTBT batches of different molecular weights (MW between 4 to 32 kg/mol),

figure 4.2C. As predicted by the calculations a strong red shift of the spectra was observed

with increasing molecular weight (MW = 4.4 to 10.5 kg/mol), likely due to an increase

of the conjugation length. The two polymers with the highest molecular weight (MW

= 11.3 and 32.3 kg/mol) show only a small red shift but a remarkable change in the

shape of the spectra. Both reveal a splitting of the low energy absorption band. This is

again probably due to aggregation effects however this claim could not be proven. The
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A) Si-PCPDTBT

C)

B) F-PCPDTBT

Fig. 4.2: A) and B) Absorption spectra of a 0.01 mg/ml solution of Si-PCPDTBT (A, MW = 10.5 kg/mol)
and F-PCPDTBT (B) in THF (black, ǫ = 7.4), CHCl3 (red, ǫ = 4.6), CB (blue, ǫ = 5.6), 1-CN (pink, ǫ =
5.04) and CS2 (green, ǫ = 2.6).[142] (C) Si-PCPDTBT absorption spectra in CB solutions (0.01 mg/ml) of
different molecular weights (MW): 4.4 kg/mol (black), 10.5 kg/mol (red), 11.8 kg/mol (blue) and 32.3 kg/mol
(orange).

extent of aggregation could not be reduced through dilution of the solutions. No changes

in the spectral shape was observed and eventually the detection limit of the employed

spectrometer was reached. The fine structure seen in figure 4.2C will be discussed in more

detail when analyzing the aggregation behavior in the next chapter.

Summary

In summary the absorption spectra of PCPDTBT and its derivatives in solution showed a

high and low energy band which was correlated by DFT calculations to a HOMO/LUMO

and a HOMO/LUMO+3, transition respectively. It was shown that the low energy band

has a strong charge-transfer character which leads to a hypsochromic shift with increasing

solvent polarity due to a change in the dipole moments of the ground and excited states.
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As predicted in the DFT calculations an increase in conjugation length leads to a red shift

of the spectra. However, in polymers with high molecular weights, aggregation effects

dominate the shape of the absorption spectra.

4.1.3 Change in the Absorption Signature during Aggregation

After discussing the UV/Vis-absorption and PL behavior of the fully dissolved polymers,

the optical properties during aggregation were investigated. The aggregation behavior

of conjugated polymers is best probed in solution because the transition between the

dissolved and aggregated state can be controlled by changing either the temperature, the

concentration or the solvent itself. This gives access to in-situ investigations utilizing

spectroscopy methods as UV/Vis-absorption, PL, Raman et cetera.[7, 8, 92,93,139]

Temperature and Concentration Dependency

The aggregation behavior was first investigated in THF which is a moderate solvent for

PCPDTBT, thereby, making it possible to switch between the dissolved and aggregated

states by: i) lowering the temperature or ii) increasing the polymer concentration. In

the first approach, the polymer was dissolved at elevated temperatures. Lowering the

temperature leads then to a decreased solubility and therefore to an either inter- or

intrachain aggregation. Changing the concentration of the solution while keeping the

temperature constant on the other hand does not change the solubility of the polymer, but

leads instead to a saturation of the solution and therefore to a pure interchain aggregation.

For PCPDTBT, both of the experiments above mentioned, decreasing temperature

and increasing concentration, revealed an additional absorption band around 800 nm.

The effect was best observed when cooling a THF solution of 3 mg/ml down to −15 ◦C.

Figure 4.3A shows how a strong 800 nm band appears as the temperature decreases. The

concentration dependent measurements showed a less distinct effect, probably because

the absorption could only be measured up to 3 mg/ml due to the strong absorption of

PCPDTBT. Nevertheless, the THF solution reveals with increasing concentration a clear

increase of the absorption around 800 nm, figure 4.3B. The same experiment was performed

in a variety of solvents, shown in figure A.2.

The appearance of this band at 800 nm was attributed to aggregation, as it has been

seen in other conjugated polymers, e.g. P3HT[8, 92] (610 nm) or MEH-PPV[93] (590 nm),

chapter 1.2.5. This observation is in further agreement with the findings of Peet et al.[17]

They gradually decreased the solvent quality of a PCPDTBT solution by going from a
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4.1 Aggregation in Solution

A) B)

Fig. 4.3: A PCPDTBT temperature dependent absorption spectra of a 3 mg/ml THF solution between −15 ◦C
(blue) and 55 ◦C (red) taken every 5 K (RT: dashed). B) Absorption spectra of PCPDTBT in THF at four
different concentrations 0.01 mg/ml (black), 0.1 mg/ml (red), 1 mg/ml (blue) and 3 mg/ml (pink).

good solvent (chlorobenzene) to a bad solvent (diiodooctane) and found an coinciding

increase of the absorption around 800 nm.

Low Temperature Investigations

Following up on these experiments, low temperature (−163 ◦C) UV/Vis-absorption and

PL of PCPDTBT was measured in cooperation with C. Scharsich in the group of Prof.

A. Köhler, in Bayreuth. The setup used in Bayreuth allowed for in-situ absorption and

PL measurements while cooling of the solution down to a few Kelvin. The experiments

were performed in the low melting point solvent 2-methyltetrahydrofuran (MTHF) due to

its low freezing point, by cooling a solution (0.25 mg/ml) down to −163 ◦C (110 K) and

heating it up again in steps of 20 K to 67 ◦C (340 K) while following the absorption and

PL.

The resulting in-situ absorption and PL spectra are shown in figure 4.4. At 67 ◦C (red)

the absorption consist of two broad and unstructured bands: a high (405 nm) and a low

(690 nm) energy transition. For both no notable difference compared to the spectra in

other solvents were found (compare figure 4.1A). After cooling the solution to −163 ◦C

(blue) both absorption bands are red shifted and increased significantly in intensity. In

addition, the low energy band was split into two bands with prominent maxima at 750 nm

and 840 nm (∆E = 194 meV). Going from the dissolved (red) to the aggregated (blue)

absorption spectrum, first the low energy maximum (690 nm) is red shifted until room

temperature (280 K, dashed). Upon further cooling, this redshift is followed by the
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4 CORRELATION BETWEEN MORPHOLOGY AND ABSORPTION PROPERTIES

A) B)

Fig. 4.4: UV/Vis (A) and PL (B) spectra of PCPDTBT dissolved in MTHF (0.25 mg/ml) between 67 ◦C (red,
340 K) and −163 ◦C (blue, 110 K) with spectra taken every 20 K in between (dashed: room temperature). For
the PL spectra the excitation wavelength was 405 nm (adapted from[10, 144]).

appearance of a shoulder at approximately 830 nm due to the formation of aggregates.

Furthermore the isosbestic point around 730 nm (1.7 eV) indicates that the additional

absorption band is caused by a second phase and is not due to a planarization of the

polymer backbone during aggregation.

In figure 4.4B the results of the in-situ PL (excitation: 405 nm) experiments are shown.

In accordance with the absorption spectra in the same solutions, the single band of the

dissolved spectra (red) at 775 nm is shifted to lower energies during cooling, and splits

into two vibronic bands which were further red-shifted to 870 nm and 965 nm.

Comparing these results (a red shift, an increase in intensity and an isosbestic point) to

experiments carried out with other conjugated polymers such as P3HT,[8, 92] MEH-PPV[93]

and P(NDI2OD-T2),[139] they all show similar behavior as a result of aggregation. It is

therefore fair to assume that the low temperature spectra, demonstrating strong absorption

at 800 nm, is a result of an increased conjugation length (red shift) of a new aggregated

phase (isosbestic point).

Si-PCPDTBT and F-PCPDTBT

Only a few studies on the optical properties of pure Si-PCPDTBT and F-PCPDTBT are

found in literature. Both derivatives are reported to aggregate similar to PCPDTBT in

solution and are typically processed form chlorobenzene or ortho-dichlorobenzene (o-DCB)

forming thin films with an aggregation band at 800 nm.[6, 112]

As suggested earlier both tend to aggregate, more strongly than PCPDTBT. Therefore

for the Si and F containing derivatives, other solvents than those used for PCPDTBT had

do be employed to ensure a transition from a dissolved state to an aggregated phase in the

66



4.1 Aggregation in Solution

temperature range investigated. Figure 4.5 shows the temperature dependent absorption

spectra performed in CB and 1-CN (3 mg/ml) for Si-PCPDTBT and F-PCPDTBT,

respectively. Both polymers reveal a red shift and an increase in intensity upon decreasing

the temperature, in accordance with PCPDTBT. In CB, Si-PCPDTBT (MW = 11.3 kg/mol)

reveals a broad absorption band at 650 nm. Upon cooling of the solution, the absorption

band is red shifted and an isosbestic point is formed at around 660 nm. Finally, the

charge-transfer band becomes more broad and is split into two peaks with maxima at

approximately 690 nm and 750 nm.

In the dissolved state the main absorption of F-PCPDTBT is found at 700 nm which is

shifted to 730 nm as a result of aggregation. In contrast to PCPDTBT and Si-PCPDTBT,

F-PCPDTBT shows no splitting of the aggregation band. Still the isosbestic point at

700 nm and the increased intensity indicate the formation of a new phase.

A) Si-PCPDTBT B) F-PCPDTBT

Fig. 4.5: Temperature dependent absorption spectra of 3 mg/ml polymer solutions A) Si-PCPDTBT
(MW = 11.3 kg/mol) in CB measured in the temperature range between 120 ◦C (red) and −20 ◦C (blue) with
10 K temperature steps (gray). B) F-PCPDTBT in 1-CN measured between 130 ◦C (red) and −5 ◦C (blue)
with 5 K temperature steps (gray, RT: dashed line).

4.1.4 Franck-Condon Analysis of the Absorption and PL

Despite the differences in the basic polymer structure and the origins of the optical transi-

tions of donor-acceptor copolymers versus homopolymers such as P3HT and MEH-PPV,

there are also similarities. One important difference for donor-acceptor copolymers such

as PCPDTBT is that the main HOMO/LUMO transition has a strong CT character.

Furthermore DFT calculations have shown that the absorption spectrum is much less

sensitive to changes in conjugation length for copolymers in comparison to homopoly-

mers.[11, 140] Nevertheless, the strong aggregation band at low energies and the splitting of
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0-0

0-1

0-0

0-1

Fig. 4.6: Franck-Condon analysis of the PL (left) and absorption (right) spectra of a PCPDTBT solution
(MTHF, 0.25 mg/ml). Top: Spectra at 180 K representing a pure aggregated phase. Bottom: Spectra at
340 K representing a coiled state of the polymer chains in solution. The experimental data are indicated by
blue squares and the calculated spectra by red lines. The Gaussian curves which were used to fit the spectra
are shown in green and orange, respectively. The sum over all Gaussian curves for each phase are shown in
dark red (coiled) and dark green (aggregated) (adapted from[10, 144]).

the band during aggregation is reminiscent of homopolymer absorption behavior known

from P3HT, chapter 1.2.5. Hence, a Franck-Condon analysis was performed in accordance

with the investigations of the homopolmyers reported by Spano et al.[7–9,91,92] A detailed

description of the Franck-Condon analysis is given in chapter 1.2.5. To the best of my

knowledge, investigating the origins of fine structure of the absorption and PL signatures

using only vibrational modes was up till now, only applied on homopolmyers such as

P3HT. In the following section a description of the Franck-Condon based analysis is given.

4.1.4.1 Modeling the Aggregated and Coiled Phases

The Franck-Condon analysis was performed in cooperation with C. Scharsich from the

group of A. Köhler, in Bayreuth using the absorption and PL spectra measured in
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4.1 Aggregation in Solution

MTHF, chapter 4.1.3. A publication including the results shown here has been submitted

recently [10, Scharsich and Fischer et al.].

The spectra of varying temperatures (180 to 340 K) were fitted by sums of Franck-

Condon transitions based on several vibrational modes correlated to the HOMO/LUMO

transition in the harmonic approximation (e.g. PL: S1(0) → S0(mi) with the vibrational

quantum number mi = 0, 1, 2, 3, .. in S0). The vibrational energies (~ω) were kept the

constant for the ground and excited states. The intensity of a single vibrational mode

(I0→mi
) is given by the product of the density of states and the Franck-Condon factor:[26]

I0→mi
∝ n3

f (~ω)3 Smi
i exp(−Si)

mi!
(17)

with n3
f as the real part of the refraction index (assumed to be constant over the fitted

spectral range) and the Huang-Rhys parameter Si. The absorption (Abs.) and the PL

spectra can then be fitted by considering different oscillators (i) and summing over all

vibrational quantum number of the ith vibrational modes (mi = 0, 1, 2, 3, ..):[8, 26,137]

PL(~ω) ∝ n3
f (~ω)3

∑

mi

∏

i

[

Smi
i exp(−Si)

mi!

]

· Γδ

[

~ω −

(

~ω0 −
∑

i

mi~ωi

)]

(18)

Abs.(~ω) ∝ nf (~ω)
∑

mi

∏

i

[

Smi
i exp(−Si)

mi!

]

· Γδ

[

~ω −

(

~ω0 +
∑

i

mi~ωi

)]

(19)

were ω0 is the 0-0 frequency and Γ is a Gaussian line shape function with constant

standard deviation σ, chapter 1.2.5.

The frequencies (ωi) of the oscillators were taken from Raman measurements shown in

figure A.4. The five vibrational modes with the energies of 62, 106, 136, 167 and 190 meV

(500, 854, 1096, 1347 and 1532 cm−1) were included into the calculations.

Two different absorption and PL spectra were found for the dissolved and aggregated

phase, figure 4.6: one at elevated temperature (340 K, bottom) belonging to a completely

dissolved phase of probably coiled polymer chains with short conjugation lengths and

no interchain coupling. Another at 180 K (top) with a spectrum shape known from

aggregation experiments when increasing the polymer concentration, figure 4.3B. These

two extreme cases were fitted using equation 18 and 19, figure 4.6 (green and red lines).

The used Franck-Condon parameters are summarized in table 4.3.
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Dissolved Phase

Figure 4.6 shows the spectra of the dissolved PCPDTBT at 340 K. The spectra reveal

broad and unstructured PL and absorption bands with the maxima of the 0-0 transition

at 1.6 eV (PL) and 1.7 eV (Abs.). The 0-1 transitions are not resolved and can only be

seen as shoulders of the 0-0 transition around 1.46 eV (Abs.) and 1.88 eV (PL). The fits

are in good agreement with the observed spectra. Compared to the fits of the aggregated

spectra a larger Gaussian standard deviation (band width) was used. This was necessary

due to the greater vibrational freedom of the polymer chains at higher temperatures. In

addition a blue shift of the 0-0-transition of around 0.2 eV compared to the aggregated

phase had to be assumed probably caused by the decreased conjugation length in the

dissolved phase.

Aggregated Phase

In the aggregated phase at 180 K the maxima of the 0-0 transition were found to be around

1.4 eV (PL) and 1.5 eV (Abs.). The 0-1 transition was observed as a separate peak and

nicely matches the fitted spectra. The PL spectra could be fitted using just one emission

state. The absorption spectrum on the other hand could only be fitted if assuming that

not all polymer chains were aggregated but some remained in a dissolved-like state with

probably coiled backbones. The complete fit of the spectra consists therefore out of a

mixture of a calculated aggregated phase (dark green) and a coiled phase (dark red) in

Fig. 4.7: Comparison between the Franck-Condon (FC) fit (red) and the experimental data (blue squares) of
PCPDTBT dissolved in MTHF at 240 K. The FC fit was calculated from a mixture of the aggregated (green)
and the coiled/dissolved (dark red) phases with the exact parameters shown in table 4.3 (adapted from[10, 144]).
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4.1 Aggregation in Solution

the ratio 67/33. It should be noted that in the corresponding PL spectrum, only the

aggregated phase is seen. This is probably due to the relaxation of the excited states into

the lowest vibrational state which is located in the aggregated phase. As a result the PL

originates from the aggregated phase. This is probably always the case if a majority of

the polymer is aggregated and only small amorphous domains exist.

Mixed Phase

At 240 K the solution contains both phases: an aggregated and a coiled (dissolved) phase.

Therefore the absorption and PL spectra seem to be a mixture of both, figure 4.7.

To confirm our fittings of the pure phases we used the parameters obtained from the

180 K and 340 K spectra to calculate the mixed spectra of the solution at 240 K. The

calculated spectra nicely resemble the experimental data, figure 4.7. The percentage of the

aggregated phase was determined to 86 % and 57 % in the PL and absorption, respectively,

see table 4.3. The higher percentage of the emission belonging to the aggregated phase in

the PL can again be explained by a relaxation from the coiled to the aggregated phase in

the excited state. Further the 0-0 transition energies had to be slightly shifted in between

the coiled and the aggregated phases to match the experiment.

Tab. 4.3: Franck-Condon parameters for the fitting of the PL and absorption spectra shown in
figure 4.6 and figure 4.7. f is the relative ratio between the aggregated and coiled/dissolved phase,
~ω0 the energy of the 0-0 transition, σ the Gaussian standard deviation and I0−0/I0−1 the peak
ratio between the 0-0 and 0-1 peak intensity.

photoluminescence absorption
f ~ω0 σ I0−0/I0−1 f ~ω0 σ I0−0/I0−1

[%] [eV] [meV] [%] [eV] [meV]

180 K agg. 100 1.420 30 0.94 67 1.495 33 1.06
180 K coil 0 - - - 33 1.720 60 0.70

340 K agg. 0 - - - 0 - - -
340 K coil. 100 1.614 46 0.76 100 1.720 63 0.76

240 K agg. 86 1.434 37 0.98 57 1.520 40 0.94
240 K coil. 14 1.598 46 0.76 43 1.720 63 0.66

Summary

In summary, two phases: an aggregated and a dissolved/coiled phase, were observed in

solution. Both could be fitted in good agreement with the experimental data using a

Franck-Condon analysis, analogous to a method reported for homopolymers in literature,
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chapter 1.2.5. In accordance with conjugated homopolymers such as P3HT it was shown

that PCPDTBT undergoes a phase transition from a dissolved to an aggregated phase

when cooled in solution. The phase transition temperature was found to be around room

temperature (300 K) which is particular relevant for processing thin films using PCPDTBT

solutions. Furthermore, the red shift of the aggregated phase compared to the coiled phase

suggests a planarization of the polymer backbone during aggregation.

The Franck-Condon analysis proved to be a valuable tool for modeling the absorption

spectra of a typical donor-acceptor copolymer such as PCPDTBT. It was possible to not

only fit the pure aggregated and coiled phases, but also the spectra of the intermediate

phase at 240 K which contains a mixture of both. Particularly the latter confirms the

legitimacy of this approach. These results suggest that not only the absorption and PL of

homopolymers but also of donor-acceptor copolymers such as PCPDTBT can be fitted

employing a Franck-Condon analysis.
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4.2 Optical Properties of Spin Coated Films

In literature most studies focus on the absorption and morphology properties of PCP-

DTBT/fullerene blends,[61, 127,145] instead of the pure PCPDTBT copolymer, even though

it is well known that the morphology of the individual phases plays an important role for

device performance in photovoltaic applications and OFETs.[15, 16,25,60,146,147]

The few groups[17, 140] who study the pure copolymer PCPDTBT typically prepared films

by spin coating from chlorobenzene (CB) and did not investigate any other processing

solvents. The absorption spectra of those films described in the literature[11, 17,140] are

similar to the aggregated solution discussed in chapter 4.1.3:[11] Two main maxima around

410 nm (high energy) and 770 nm (low energy) are reported. The 770 nm band is often

accompanied by a shoulder around 725 nm. Comparing solution and film spectra a

broadening and red-shift of the low energy band from around 720 nm (solution) to 770 nm

(film) is described. In the literature[17] a shift of the maximum up to almost 800 nm was

only reported for polymer/PCBM blends or when additional solvent additives such as

haloalkanes or alkyl thiols were added to the processing solvent. The role of the additive

was therefore attributed to an increase of the aggregation.[58, 102]

Regarding morphology, literature studies[58, 102,108,110] only provide few and weak reflec-

tions from X-ray scattering. PCPDTBT is therefore often regarded as hardly crystallizable

polymer. The groups who investigated the pure PCPDTBT films used mainly AFM and

grazing incidence wide angle X-ray scattering (GIWAXS). They describe the films spin

coated from CB solutions as featureless with an increased aggregation when processed

with the solvent additive 1,8-diiodooctane (DIO, 2 w%). In analogy to P3HT an edge-on

morphology with a π-stacking distance of around 3.8 Å causing the 800 nm absorption is

suggested. A detailed discussion on literature regarding the crystal structure is given at

the beginning of chapter 4.4.

In the last chapter the absorption and PL properties of PCPDTBT and its derivatives

during aggregation in solution were discussed and the spectra were fitted utilizing a

Franck-Condon analysis. Two phases were identified: i) A dissolved phase with probably

coiled non-interacting polymer chains and a maximum absorption around 720 nm. ii) An

aggregated phase with the absorption shifted to lower energies and a strong aggregation

band around 800 to 840 nm. Compared to the absorption shift reported for thin films

in literature this is a surprisingly large shift and could indicate that the films are only

partially aggregated. In the following section the influence of different processing solvents

and solvent additives on film morphology and their optical properties will be discussed.
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4.2.1 PCPDTBT

Tab. 4.4: Spin coating conditions for the thin film prepa-
ration using different solvents. All substrates were cleaned
by SnowJet and O2-plasma and the films spin coated un-
der nitrogen atmosphere from 3 mg/ml solutions. The
processing conditions were not changed if the solvent ad-
ditive 1,8-diiodooctane (DIO) was added. After the first
spinning step all films were rotated for additional 10 s at
6000 rpm to remove remaining solution from the edges of
the substrates.

Solvents with

and without

2 w% DIO

CS2 CHCl3/

THF

CB 1-CN

rpm 2000 1500 1000 800

time [s] 30 30 800 1800

Using different processing solvents with

high (e.g. 1-CN, CB) and low (e.g.

CS2, THF, CHCl3) boiling points (bp.)

allows the influence of the time frame

of film formation during spin coat-

ing. This often affects the crystallinity

and morphology of thin films. A

similar effect can be accomplished by

adding high boiling point solvent addi-

tives to the processing solvent.[17, 58,102]

PCPDTBT was therefore dissolved and

spin coated from five different sol-

vents (3 mg/ml): CS2 (bp.: 46 ◦C),

CHCl3 (bp.: 61 ◦C), THF (bp.: 66 ◦C),

chlorobenzene (CB, bp.: 131 ◦C) and

1-chloronaphthalene (1-CN, bp.: 259 ◦C).[142] It should be noted that at 3 mg/ml all of

these solutions except for THF showed no indication of aggregation in the absorption

spectra before deposition, figure A.3. The spin coating conditions were adjusted for each

solvent to obtain film thicknesses of 20 to 40 nm, verified by AFM. The detailed processing

conditions are given in table 4.4. Hereafter, films spin coated from a certain solvent are

named according using the following nomenclature: solvent-spincoated film.

Spin Coating from Pure Solvents

The absorption spectra of the thin PCPDTBT films, shown in figure 4.9A, reveal two

kinds of spectra depending on the processing solvent. It should be noted that only the

low energy band changes, whereas the high energy part of the spectra reveals a maximum

around 410 nm.

The spectra of the films prepared from low boiling point solvents (CHCl3 and CS2)

show a broad low energy absorption between 600 to 750 nm. The spectral signatures

probably originate from a combination of the absorption due to the amorphous (similar

to the solution, compare figure 4.4) and the aggregated domains. The films prepared

from the high boiling point solvents (CB and 1-CN) on the other hand show absorption

spectra similar to the aggregated solution with a strong maximum at around 800 nm and

a shoulder around 740 nm. This is in accordance with the increased time for the polymer
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Fig. 4.8: AFM height images of PCPDTBT films spin coated from 3 mg/ml CS2 (A), CHCl3 (B), CB (C),
THF (D) and 1-CN (E and F) without solvent additives. The corresponding AFM phase image are shown in
figure A.7 E) TEM bright field images of a 1-CN-spincoated film with red lines highlighting the zig-zag pattern
discussed in the text (adapted from[11]).

75



4 CORRELATION BETWEEN MORPHOLOGY AND ABSORPTION PROPERTIES

chains to rearrange during the spin coating process due to a slower evaporation of the high

boiling point solvents.

The spectra of the films spin coated from THF show despite its low boiling point

(66 ◦C) a strong aggregation band. It is suggested that in the THF solution PCPDTBT is

already pre-aggregated and the aggregates are deposited randomly during the spin coating

processes. This is further supported by the concentration dependent absorption spectra in

solution, chapter 4.1.3, figure A.3, which revealed a small aggregation band for 3 mg/ml

THF solutions.

A) B)

Fig. 4.9: Absorption spectra of PCPDTBT films processed by spin coating from 3 mg/ml solutions of CS2

(green), CHCl3 (red), CB (blue), 1-CN (pink) and THF (black) without (A) and with (B) 2 w% of the solvent
additive DIO (adapted from[11]).

The AFM images in figure 4.8 reveal that the film surfaces evolve from a rather disordered

structure in CS2- and CHCl3-spincoated films (low boiling point) to a fiber-like morphology

in the 1-CN-spincoated film (high boiling point). This further confirmed the assumption

that an increased 800 nm band is correlated to an increased order. The nanofibers in the

1-CN-spincoated film show at higher magnification (see inset figure 4.8E) a substructure

along the fiber axis of around 40 ± 3 nm. The films spin coated from intermediate boiling

point solvents such as CB and THF show also aggregates in the region of around 40 ± 3 nm

but no fiber-like morphology. The similar size of the substructure within the nanofibers

and the aggregates indicate that the fibers are composed of such aggregates. The longer

drying time of the high boiling point solvent might give the aggregates enough time to

reorient and align in the fiber-like morphology.

Using transmission electron microscopy (TEM) in the bright field mode the substructure

of the fibers could be further confirmed, figure 4.8F. Additionally a zig-zag pattern and a

strong contrast between the fibers was noticed. It is proposed that the contrast could be
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Fig. 4.10: AFM height images of PCPDTBT films processed by spin coating from 3 mg/ml CS2 (A), THF
(B), CB (C) and 1-CN (D) with 2 w% of the solvent additive DIO. The corresponding AFM phase images are
shown in figure A.5

induced by alternating crystalline (dark) and amorphous (bright) regions, similar to what

was seen in semi-crystalline P3HT films.[148]

Spin Coating from Solutions Containing Solvent Additives

In the literature, often a high boiling point solvent such as 1,8-diiodooctane (DIO) is

added as solvent additive (2 w%) into the processing solvent (chlorobenzene) to improve

the thin film and blend morphology.[17, 58,102] The spectra of the thin films prepared from

different processing solvents containing DIO as solvent additive are shown in figure 4.9B.

Independent of the used solvent they reveal a strong 800 nm absorption indicating an

increased aggregation.

The corresponding AFM images of the films spin coated from solutions containing 2 w%

DIO are shown in figure 4.10. In accordance to the absorption spectra similar surface
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morphologies were found for all samples revealing aggregates in the sizes of 40 ± 3 nm.

Surprisingly, even for the 1-CN-spincoated samples the aggregates do not form fiber-like

structures. Instead they are randomly distributed on the substrate with no preferred

orientation.

Hence, the solvent additive DIO seems to increase the aggregation tendency without

assisting the assembly of the fiber-like structure. It is not understood why even from the

high boiling point solvent, from which a fiber-like morphology can be prepared without

solvent additive, no fibers are formed in the presence of DIO. It could be suggested that

the aggregates are formed during the drying process at a time when the drying is already

so far advanced that no more reorganization of the aggregates into fibers is possible.

TEM/ED of the Highly Ordered Films

Using TEM electron diffraction (TEM/ED) the morphology of the films with the most

intense 800 nm bands prepared from 1-CN and CB/DIO were investigated, figure 4.11.

Both ED patterns show three reflections at around 3.8, 5.7 and 11.0 Å, similar to the

distances found in literature.[58, 102,108,110] The CB/DIO sample shows only a pattern

of three circles probably due to the small and randomly spread aggregates. The 1-CN-

spincoated film on the other hand reveals a more defined reflection pattern due to the long

range order of the fibers. The reflections at 3.8 Å and 5.7 Å are oriented perpendicular

to each other which could indicate an edge-on morphology with the π-stacking and the

polymer chain direction correlated to the 3.8 Å and 5.7 Å reflections, respectively. The

11 Å reflection is very weak and it is unknown if it is correlated to the polymer backbone

or the alkyl side chain direction. A more detailed discussion regarding the crystal structure

and an overview about the PCPDTBT morphologies reported in literature will be given in

chapter 4.4.

Summary

In summary it was shown that for the film formation via spin coating the boiling point of

the processing solvent and solvent additives are key factors which define the established

thin film morphology. For PCPDTBT higher boiling point solvents and the solvent

additive DIO lead to a strong aggregation band around 800 nm in the absorption spectra.

Independent of the formation of small aggregates a fiber-like structure with long range order

can be established by spin coating PCPDTBT from the high boiling point solvent 1-CN.

Apparently its slow evaporation rate leaves enough time for the aggregates to reorganize

into fibers during the film formation. Furthermore the typical distances proposed for an
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A) B)

Fig. 4.11: TEM/ED pattern of PCPDTBT films prepared by spin coating from A) CB/DIO (3 mg/ml) and
B) 1-CN (3 mg/ml).

edge-on morphology in literature with a π-stacking of around 3.8 Å was confirmed by

TEM/ED measurements. The TEM bright field images also suggest a semi-crystalline

nature of the fiber structure in the 1-CN-spincoated films.

These results are important for later device preparation, as shown in chapter 5.2, since

it is reported[1, 3, 17] that a strong 800 nm band and structural order is necessary for high

performing organic solar cell devices.

4.2.2 F-PCPDTBT

In the literature F-PCPDTBT is typically spin coated from either chlorobenzene (CB)

or ortho-dichlorobenzene (o-DCB) and the few studies focusing on the pure copolymer

report a similar behavior as for PCPDTBT.[5, 6] For thin films, an aggregation band in

the absorption at around 800 nm accompanied by a disordered thin film morphology was

reported.

Neher et al.[5] investigated the effect of the solvent additive diiodooctane (DIO) on the

F-PCPDTBT/PCBM blend morphology and found that the 800 nm aggregation band

increases when up to 1 w% DIO is added into the processing solvent (CB). Increasing the

DIO ratio above 3 w% led again to a decrease of the aggregation band, but this observation

was not further discussed.

GIWAXS measurements of spin coated films by Jen et al.[114] suggest for F-PCPDTBT

an edge-on morphology with typical π- and lamellar stacking distances. Jen et al.[114]

reported a π-stacking of 3.8 Å and a lamellar stacking of 11 Å which is very similar to the

values reported for PCPDTBT.
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Fig. 4.12: AFM height images of F-PCPDTBT films processed by spin coating from A) CHCl3, B) THF, C)
CB, and D) 1-CN (3 mg/ml) without DIO and from E) CHCl3 and F) CB with 2 w% DIO as solvent additive.
The corresponding AFM phase images are shown in figure A.7 and figure A.8 (partially measured by D. Trefz
during his Master thesis).[149]
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A ) B)

Fig. 4.13: Absorption spectra of F-PCPDTBT films processed by spin coating from 3 mg/ml solutions of THF
(black), CHCl3 (red), CB (blue), 1-CN (pink) and CS2 (green) with (A) and without (B) 2 w% of the solvent
additive DIO (partially measured by D. Trefz during his Master thesis).[149]

Spin Coating from Pure Solvents

In this thesis F-PCPDTBT was spin coated from different solvents (3 mg/ml) using the

same conditions as for PCPDTBT, table 4.4. Figure 4.13A shows the absorption spectra of

the samples after spin coating. They reveal for all prepared films an aggregation band at

around 765 nm independent of the processing solvent. These findings are in good agreement

with the concentration dependent absorption measurements in solution, figure A.2 and

A.3. In all solvents the absorption spectra revealed at 3 mg/ml already a small aggregation

band around 800 nm. This indicates that F-PCPDTBT already aggregates in solution and

therefore partially, probably pre-formed, aggregates are deposited.

The film surfaces were investigated employing AFM, figure 4.12. They reveal already

for low boiling point processing solvents, such as CHCl3, a fiber-like structure. Going

from low to high (1-CN) boiling point solvents the morphology evolves to a more and

more ordered structures. The fiber length increases until a structure similar to the one of

1-CN-spincoated PCPDTBT films is found. A closer analysis shows that the fibers also

consist of small aggregates of around 35 to 45 nm, similar to PCPDTBT.

Spin Coating from Solutions Containing Solvent Additives

For F-PCPDTBT also 2 w% DIO was added to the solutions and thin films prepared

by spin coating, table 4.4. The spectra of films prepared from solutions containing DIO

are marginally red shifted (10 nm) to 775 nm and the aggregation band is slightly more

prominent than without DIO, figure 4.13B.
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Figure 4.12E and F show the AFM height images of films spin coated from CHCl3 and

1-CN solutions containing 2 w% DIO. Similar to PCPDTBT no fiber-like structure was

obtained. Instead small aggregates of around 35 to 45 nm were found randomly spread on

the substrate. The only exception is the CB/DIO-spincoated films which still reveal some

fiber-like structures, figure A.8.

In summary F-PCPDTBT was found to behave in a similar fashion as PCPDTBT

regarding the thin film morphology and absorption properties. These results together

with the GIWAXS data known from literature[114] give reason to believe that spin coated

F-PCPDTBT films also consist of an edge-on morphology similar to PCPDTBT and

P3HT. The main difference to PCPDTBT seems to be a somewhat stronger aggregation

tendency, which was also suggested by Zhang et al.[6]

4.2.3 Si-PCPDTBT

In the literature, also for Si-PCPDTBT only few publications were found regarding the

pure polymer and its morphology. GIWAXS measurements of spin coated films by the

group of Yang et al.[112] suggest also for Si-PCPDTBT an edge-on morphology. The

GIWAXS patterns from films prepared by drop-casting from CB solutions revealed slightly

different distances compared to PCPDTBT and F-PCPDTBT: 3.4 Å for the π-stacking

and 15.5 Å for the lamellar stacking.

Fig. 4.14: AFM height images of Si-PCPDTBT (10 kg/mol) spin coated from CHCl3 (A) and chlorobenzene
(B) solutions (3 mg/ml). The corresponding phase images are shown in figure A.7 (measured by M. Jasch
during his Master thesis).[150]
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A ) B)

Fig. 4.15: A) Absorption spectra of Si-PCPDTBT (Mw=10 kg/mol) films processed by spin coating from
3 mg/ml solutions of THF (black), CHCl3 (red), CB (blue). As comparison the solution spectrum (0.01 mg/ml)
in CB is added (dashed grey). B) Absorption spectra of Si-PCPDTBT films with a molecular weight (MW) of
4 kg/mol (black), 10 kg/mol (red) and 11 kg/mol (blue) processed by spin coating from 3 mg/ml solutions
(measured by M. Jasch during his Master thesis).[150]

The discrepancies of the distances compared to PCPDTBT and F-PCPDTBT are

probably due to the increased C-Si bond length in the cyclopentadithiophene which leads

to a slightly stronger bended (19° compared to 10°) polymer backbone.[113]

The absorption spectra of Si-PCPDTBT solutions (0.01 mg/ml, chapter 4.1.3, fig-

ure 4.2C) revealed for molecular weights >11 kg/mol (MW) already an aggregation in

solution evident by strong red shifted aggregation bands. Therefore the 10.5 kg/mol batch

was used to prepare thin films from solution. Figure 4.14 shows the AFM height images of

Si-PCPDTBT films prepared from a high (CB) and a low (CHCl3) boiling point solvent.

In all prepared films a disordered surface morphology evident by the AFM images was

found.

In accordance to the thin film morphologies the absorption spectra of the films all reveal

the same absorption behavior, figure 4.15A. Compared to the spectra of a diluted solution

(CB, 0.01 mg/ml, grey dashed) the absorption is red shifted and a small aggregation

shoulder around 750 nm was found.

The absorption spectra of thin films prepared from different molecular weight polymers

are shown in figure 4.15B. The absorption bands are red shifted with increasing molecular

weight indicating an increased conjugation length. For the 11.8 kg/mol Si-PCPDTBT (blue)

the absorption of a diluted solution (CB, 0.01 mg/ml) is additionally plotted (dashed line).

The difference found between the film and the solution spectra is much smaller compared

to the lower molecular weight polymer, figure 4.15A. This indicates that aggregates were
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pre-formed in solution. It is therefore assumed that for the higher molecular weight

Si-PCPDTBT only pre-aggregates are deposited during the spin coating process.

These results show that Si-PCPDTBT has a much stronger tendency to aggregate

compared to F-PCPDTBT and PCPDTBT. The AFM image revealed only disordered

films and no additional investigations were performed on these films without further

annealing.
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4.3 Solvent Vapor Annealing as Method to Obtain Highly

Crystalline Samples

In the previous section it was shown that highly ordered films of PCPDTBT and F-

PCPDTBT can be prepared by spin coating from 1-CN or CB/DIO solutions. Nevertheless,

TEM/ED and DSC measurements of these films revealed only weak reflections and no

melting point could be determined. Literature suggests for spin coated films an edge-on

morphology but the reported GIWAXS data only give a rough picture of the crystal

structure.[58, 102] In this chapter solvent vapor annealing is therefore used as method to

prepare thin films of higher crystallinity. All results from this chapter regarding PCPDTBT

were also published by us in [12, Fischer et al. 2015].

Post-treatment of polymer films by solvent vapor annealing has been proven highly

successful in the last years both for block copolymer self-assembly and polymer/PCBM

blend phase separation. It further allows control over crystallization of semi-crystalline

polymers. Due to the milder conditions, solvent vapor annealing has become a good

alternative to conventional temperature annealing protocols since degradation at high

temperature is avoided.[15, 16,62,83,129,131,151–153]

Most research groups perform solvent vapor annealing by treating thin films with a

saturated vapor, e.g. by placing a film for several minutes in a closed vial in which the

bottom is covered by the annealing solvent. After several minutes the recrystallization is

induced by opening the vial and quenching with pure nitrogen or air. Some other groups,

including ourselves, built setups which allow to control the solvent atmosphere over a range

of solvent vapor pressures and temperatures.[16, 83,152] The strategy is to initially swell

the film at very high vapor pressures forming thin films of highly concentrated solutions

and to erase thereby any “deposition” history from the pre-cast films. Crystallization can

subsequently be induced from this solution-like state by reducing the vapor pressure in a

controlled manner which allows a high control over the crystallization conditions such as

the drying time and evaporation rate, chapter 3.2.3. Hereafter samples annealed within a

certain solvent vapor will be referred to as: solvent-annealed films.

Pre-cast films of polymers which show a high tendency to aggregate can sometimes

not be swollen by solvent vapor annealing. In these cases it is possible to use a pre-

dissolved highly concentrated solution and add few microliters onto a bare substrate in the

solvent chamber. After several minutes at a high vapor pressure (around 90 to 94 %) a

homogeneous film of the solution is formed. Recrystallization can be induced by reducing

the vapor pressure similar as after the swelling of a pre-cast film. This technique is

hereafter called solvent-crystallization and a detailed description is given in chapter 3.2.3.
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Low boiling point solvents such as CS2 (bp. 46 ◦C) are beneficial for solvent vapor

annealing, since one can work at room temperature and still achieve high solvent content

in the vapor, enabling the dissolution of the polymer film. For higher boiling point solvents

such as CB (bp. 132 ◦C) it is required to increase the solvent and vapor temperature in

order to gain a sufficient vapor pressure, chapter 3.2.3. Upon increasing the temperature,

often also the critical issue of dewetting becomes more relevant. Dewetting means that if

too much solvent condensates onto the sample the highly concentrated solution begins to

form small droplets or holes. If dewetting occurs, typically the complete film is destroyed

within several minutes and can not be recrystallized as a homogeneous film. Therefore the

process becomes more complex and the experimentalist has less control over the annealing

when using higher boiling point solvents and increased annealing temperatures.

All three derivatives of PCPDTBT were solvent vapor annealed in CS2 and chlorobenzene

(CB) vapor and will be discussed in the following section.

4.3.1 PCPDTBT

For the solvent vapor annealing experiments CHCl3-spincoated films were used since the

absorption spectra and the rather featureless top surface evident by AFM indicate a rather

amorphous nature of these films, chapter 4.2 figure 4.8. Therefore pre-cast films of around

40 nm thickness were prepared by spin coating from a 3 mg/ml CHCl3 solution on different

substrates (table 4.4) and solvent vapor annealed in either CS2 or CB.

CS
2

Solvent Vapor Annealing

A typical crystallization protocol for CS2-annealing involves swelling of the film in an

atmosphere of P/Psat = 92% (P sol
vap) CS2 to increase the polymer chain mobility within the

film as much as possible. The annealing step is followed by a recrystallization carried out

by reducing the vapor pressure first down to P/Psat = 88% (P cryst.
vap ) and in a second step

decreasing it within 10 min to 85 %. After quenching with pure nitrogen the films were

dried in vacuum. The detailed standard protocol is given in figure A.10B.

Figure 4.16A shows a polarized optical microscopy image of a film after CS2 vapor

annealing. The strong birefringence indicates already an increased order in the CS2-

annealed films. AFM investigations of the top surface revealed a highly ordered fiber-like

structure in accordance with the POM images, figure 4.16B.

In general the film morphologies seem to be similar to the 1-CN-spincoated films.

TEM/ED diffraction of PCPDTBT, shown in figure A.11, reveal a pattern of only weak
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Fig. 4.16: POM (A) and AFM (B, top: height, bottom: phase) images of a thin PCPDTBT film prepared by
CS2 solvent vapor annealing. A detailed annealing protocol is given in figure A.10B (adapted from[12]).

reflections with specific orientations and distances at around 5.9 Å and 6.5 Å. Overall the

reflections were too weak as to allow further crystal structure analysis.

CB Solvent Vapor Annealing

Since CS2 solvent vapor annealing did not lead to films of increased order and crystallinity

compared to the spin coated films the solvent CB was used for further annealing experiments.

Due to the high boiling point of 132 ◦C a new annealing setup had to be built. The new

setup allowed to heat the solvent reservoir and the whole vapor path such that uncontrolled

condensation during operating at elevated temperatures was prevented, figure 3.3. After

screening several temperatures for the solvent annealing, 50 ◦C was found to be an optimum

temperature between controllable condensation and a high enough solvent content in the

vapor to dissolve the films. It was therefore used in all following annealing protocols. The

details of the setup are described in chapter 3.2.3.

Again, similar to the CS2 solvent vapor annealing, pre-cast PCPDTBT films (3 mg/ml,

CHCl3, 1500 rpm) of around 40 nm thickness were placed into the solvent chamber and

heated by a Peltier element to 42.2 ◦C. Using different annealing protocols in which the

vapor pressures were varied for the swelling and recrystallization steps allowed to tune

the nucleation density. The POM images in figure 4.17 demonstrate the control gained

over the crystallization by solvent vapor annealing. The nucleation density and size of
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Fig. 4.17: A to C) Polarized microscopy images with crossed polarizers of CB vapor annealed films employing
different annealing protocols. D) Annealing protocols of the films shown in A) to C) (adapted from[12]).

the spherulites was controlled by changing the time and vapor pressure (figure 4.17D)

used for the swelling and recrystallization of the thin films. Similar results were already

reported from our group for the semi-crystalline polymer P3HT.[83] It was shown that the

vapor pressure of the swelling controls the number of seeds which later act as nucleation

points during the recrystallization. While swelling the film all but the thermodynamically

most stable crystals are dissolved which then act as seeds (nucleation centers) during

subsequent recrystallization. The best and reproducible crystallization condition was

found when recrystallizing the samples at vapor pressures between 70 to 73 % (P cryst.
vap )

after they had been dissolved in a CB vapor of around 80 to 90 % (P sol
vap) for around 15 min.

A detailed annealing protocol is given in figure A.10A. It should be pointed out that the

here described morphologies were achieved on a variety of substrates including: Si-, SiOx-,

glass-, quartz- and gold-wafer.
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Microscopy Investigations

The morphology of the CB-annealed samples was investigated by several microscopical

techniques such as POM, AFM and SEM on the micrometer to nanometer scale. Addition-

ally a structural characterization employing X-ray and electron diffraction was performed

and is discussed in the next chapter. Figure 4.18A shows the polarized microscopy (POM)

images of the CB-annealed films revealing a strong birefringence and the typical Maltese

Crosses of spherulitic structures which indicate a radial growth starting from specific

nucleation points. It should be noted that these structures are similar to P3HT spherulites

prepared by CS2-annealing, which typically consist of an edge-on morphology.[83] The size

of the spherulites varies with the used annealing protocol and reaches diameters of up to

40 µm, figure 4.17.

SEM images of the spherulites reveal a dendritic structure, figure 4.18C. In the center

of the spherulites a small region of parallel lamellae (inset) was found which splay and

branch radially into fibers away from the center. Such fiber or lamella growth is typical for

conjugated polymers in which one crystallographic direction grows faster than the others,

chapter 1.2.4.

Besides the spherulites a second deep blue, almost circular structure, was found in

the POM images, figure 4.18B. These structures are especially prominent in samples

with low nucleation density, figure 4.17A. Interestingly, these structures show no Maltese

Cross or fiber-like structures suggesting a different growth mechanism than the radial

growth observed for the spherulites. Further investigations by TEM and AFM, shown in

figure 4.18D and E, respectively, suggest areas of different thicknesses. An AFM height

profile confirmed distinct height steps of 15 ± 3 nm between the different regions indicating

a terrace-like structure. Such structures are likely to originate form standing polymer

chains and will be discussed further in the next chapter utilizing electron and X-ray

diffraction for a more in-depth structural characterization. In summary the microscopy

methods suggest the existence of two morphologies of rather high crystallinity and different

polymer chain orientations relative to the substrate.

Melting Point

In literature, no differential scanning calorimetry (DSC) measurements of PCPDTBT

were found. Attempts during this thesis to determine a melting point of PCPDTBT

by conventional DSC measurements of powders prepared by drying PCPDTBT from

different solvents remained unsuccessful. Therefore the crystalline CB-annealed samples

were investigated employing DSC measurements.
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Fig. 4.18: Morphology of PCPDTBT thin films prepared by CB solvent vapor annealing. The spin coated
films (3 mg/ml, CHCl3, 1500 rpm) were swollen at vapor pressures between 70 to 73 % after they had been
dissolved in CB vapor of around 80 to 90 %. A) POM image (reflection mode) of a thin film consisting only of
spherulites (substrate: Si-wafer). B) POM image (transmission mode) of a single spherulite together with a
terrace-like structure, inset: magnification of an individual terrace-like structure (glass-wafer). C) SEM image
of the dendritic structure of a spherulite (Au-substrate). The image was measured at 1.0 kV with a secondary
electron detector in 12.1 mm distance of the sample. D) TEM bright field image of the edge of a terrace-like
structure. E) AFM height image of the edge of a terrace-like structure with the height profile showing the
distinct height steps (adapted from[12]).

90



4.3 Solvent Vapor Annealing as Method to Obtain Highly Crystalline Samples

Fig. 4.19: PCPDTBT samples prepared by CB vapor annealing. A) DSC measurement heated from −50 ◦C to
370 ◦C (black), cooled to −50 ◦C (dashed blue), heated again to 370 ◦C (green) and cooled to −50 ◦C (dashed
red) with 10 K/min. B) POM images taken of a CB-annealed PCPDTBT film during heating under an argon
atmosphere with 10 K/min. All images were taken with the same exposure settings (adapted from[12]).

The annealing procedure had to be slightly adapted to prepare enough CB-annealed

PCPDTBT material for a DSC measurement. The recrystallization was therefore performed

directly inside a DSC pan. A highly concentrated CB solution (110 mg/ml) was filled into

a 50 µl (Al) pan and placed into a saturated CB vapor atmosphere. Slowly reducing the

vapor pressure over several hours led to a crystallization of the polymer solution. POM

images taken of the material in the DSC pans confirmed that spherulitic structures similar

to the thin films were obtained. After drying in vacuum the DSC pans were closed under

nitrogen atmosphere and measured by heating/cooling cycles between −50 to 370 ◦C with

10 K/min, figure 4.19A. Earlier TGA measurements had shown the stability of the polymer

up to 400 ◦C excluding degradation during the DSC measurements, figure A.22.

In figure 4.19A the first heating curve (black) reveals a distinct melt transition at

280 ± 2 ◦C. A recrystallization of the polymer during the following cooling and heating

cycle was not observed. This underlines the finding that conventional temperature annealing

does not seem to give rise to crystallization in PCPDTBT polymers. Only under more

dynamic conditions such as solvent vapor annealing crystallization can be induced.

Employing a hot-stage, the melting point was further confirmed by in-situ POM mea-

surements. POM images were taken during the heating of a CB-annealed film under an

argon atmosphere. Figure 4.19B shows how the characteristic Maltese Crosses of the

spherulitic structures vanish between 275 and 285 ◦C which is in perfect agreement to the

DSC results.
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Finding a melting point for the CB-annealed samples, which was impossible for the non

solvent vapor annealed material, confirms the increased crystallinity compared to the spin

coated samples discussed in chapter 4.2.

4.3.2 F-PCPDTBT

CS
2

Solvent Vapor Annealing

CS2 solvent vapor annealing of F-PCPDTBT films was performed with the same protocol

as used for PCPDTBT, figure A.10B. CHCl3-spincoated films were swollen in a CS2

atmosphere of P/Psat = 92% (P sol
vap). Recrystallization was subsequently induced by

reducing the vapor pressure down to P/Psat = 88% (P cryst.
vap ) and further decreasing it

within 10 min to 85 %.

The polarized optical microscopy images of the solvent annealed films show only a

weak birefringence, figure A.12. The AFM investigations revealed a fiber-like morphology

with two regions of different fiber density, figure 4.20. In some parts of the films the

fibers form a network-like structure in which only few fibers are arranged parallel to each

other, figure 4.20A. In other regions a higher fiber density with thick bundles of parallel

arranged fibers was found, figure 4.20B. In-situ microscopy observation during the CS2

vapor annealing revealed an inhomogeneous swelling of the F-PCPDTBT films which could

have caused the two different regions.

Fig. 4.20: AFM height (left) and phase (top) images of CS2-annealed F-PCPDTBT films. A) and B) display
different areas of the same sample.
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Fig. 4.21: Morphology of F-PCPDTBT thin films prepared by CB solvent crystallization. A diluted solution
of 0.01 mg/ml was crystallized in a 74 % CB vapor pressure within 900 min. A) POM image of a thin film
after CB solvent crystallization (substrate: SiOx-wafer). B) Microscopy image of a single star-like structure
without (left) and with (right) crossed polarizers (Si-wafer). C) SEM image from the center of a spherulite
(Au-substrate). D) SEM image of a single fiber in the outer region of a star-like structure (Au-substrate). The
SEM images were acquired at 2.0 kV with a secondary electron detector in 8.4 mm distance to the sample.

Since no homogeneous structure and crystallization could be obtained using CS2 solvent

vapor annealing no further investigations employing CS2 were performed for F-PCPDTBT.

CB Solvent Vapor Crystallization

Using pre-cast films of F-PCPDTBT and similar annealing protocols as described for

PCPDTBT always led to either no change in the thin film structure or to a strong

dewetting of the swollen films. Therefore instead of using a pre-cast film a diluted CB
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solution (0.1 mg/ml) was placed onto a clean substrate inside the solvent chamber. The

substrate was held at 42 ◦C while the chamber was purged with a 92 % (P sol
vap) CB vapor

at 50 ◦C for 10 min. During this step a homogeneous film of the solution was formed

on the substrate which was afterwards crystallized by decreasing the vapor pressure to

74 % (P cryst.
vap ). Within 900 min at 74 % the solvent evaporated completely and crystalline

appearing star-like structures remained, figure 4.21. A detailed annealing protocol is shown

in figure A.10C.

Morphology

Figure 4.21 shows POM and SEM images taken from CB-crystallized F-PCPDTBT films.

They reveal isolated star-like features of around 20 µm in diameter and show a strong

birefringence and Maltese Crosses in the POM images. The center of these structures is

formed by a couple of parallel fibers surrounded by a disordered network of fibers from

which only few grow radially away as can be seen from the SEM image in figure 4.21C.

Further magnification of single fibers in the SEM (figure 4.21D) shows a thick core which

is surrounded by a thinner structure. Interestingly, no defined nucleation points were

found as in the PCPDTBT spherulites. It is therefore considered that few in solution

pre-aggregated fibers act as nucleation points when deposited on the substrates. It should

be noted that, in contrast to the PCPDTBT samples, for F-PCPDTBT no terrace-like

features were found.

4.3.3 Si-PCPDTBT

The absorption spectroscopy in solution and thin films already suggested lower solubility of

Si-PCPDTBT, chapter 4.1. This was further confirmed by the CS2 solvent vapor annealing

which showed either no effect or a very strong dewetting of the samples. Therefore no

experiments using CS2 solvent vapor annealing are shown.

Using chlorobenzene as annealing solvent and protocols similar to the ones applied

for PCPDTBT and F-PCPDTBT revealed also for the higher molecular weight samples

(Mw = 32.3 and 11.3 kg/mol) that they can not be solvent vapor annealed. Even solvent

crystallization as successfully used for F-PCPDTBT was found to lead to uncontrolled

film crystallization and inhomogeneous films. Therefore the higher molecular weights were

also not further investigated.

The lower molecular weight samples (Mw = 4.4 and 10.5 kg/mol) reveal better solubility

and the CB-annealing protocol could be optimized during the master thesis of M. Jasch[150]

under my supervision. Si-PCPDTBT films were spin coated from 3 mg/ml CHCl3 solutions
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Fig. 4.22: POM and AFM height images of Si-PCPDTBT (A/B: Mw 4.4 kg/mol, C/D: 10.5 kg/mol) thin
films prepared by CB solvent vapor annealing. CB-annealed films of Si-PCPDTBT were prepared from pre-cast
films (spin coated, 3 mg/ml, CHCl3) by annealing in CB vapor (50 ◦C) whereas the samples were cooled down
to A/B: 47 ◦C and C/D: 45 ◦C. (Measured by M. Jasch during his master thesis).[150]

and recrystallized at 70 to 60 % (P cryst.
vap ) solvent vapor after swelling the films at 77 %

(P sol
vap). The detailed protocol is given in figure A.10D. The CB vapor temperature was set

to 50 ◦C for both polymers and the cooling of the sample was adjusted to 47 and 45 ◦C for

the 4.4 and 10.5 kg/mol (Mw) samples, respectively.

The POM and AFM images of the CB-annealed Si-PCPDTBT films are shown in

figure 4.22. The morphologies of the two molecular weight samples strongly differ from

each other. The lower molecular weight (Mw = 4.4 kg/mol) film consists of around 5 µm

large irregularly formed regions of high birefringence. No correlation between birefringence
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and the polarizer positions was found which indicates a morphology of standing chains.

The AFM images confirmed a flat structure with sharp grain boundaries. Height profiles

taken from several samples revealed no distinct height steps.

Figure 4.22C/D displays the POM and AFM images of the 10.5 kg/mol (Mw) sample.

The POM images reveal a structure of high nucleation density and strong birefringence.

Probably due to the small feature size no Maltese Crosses could be identified. The AFM

height image reveals a structure comprised of short fibers with no specific nucleation point

similar as seen for F-PCPDTBT samples prepared by spin coating, figure 4.12.

4.3.4 Absorption Properties of Solvent Annealed Films

PCPDTBT and F-PCPDTBT

The POM, AFM, DSC and TEM measurements of CB-annealed PCPDTBT and F-

PCPDTBT suggested the formation of highly ordered crystalline films. For both polymers

the aggregation experiments in solution had revealed a prominent 800 nm band during the

formation of aggregates at low temperatures. In literature the 800 nm band was correlated

to an edge-on morphology with a π-stacking of the polymer backbones, chapter 4.1.3.

Due to the high crystallinity, evident from POM and DSC, a strong 800 nm absorption

was expected to confirm the crystallinity of the solvent annealed films. For the following

absorption measurements samples consisting of only the spherulitic structures were used,

since the rare and small circular blue structures could not be measured exclusively without

locally resolved spectroscopy.

A) PCPDTBT B) F-PCPDTBT

Fig. 4.23: Absorption spectra of CS2- (black) and CB-annealed (red) PCPDTBT (A, adapted from[12]) and
F-PCPDTBT (B) films. As comparison the spectra of spin coated films from PCPDTBT (3 mg/ml CB+2 w%
DIO, A) and F-PCPDTBT (3 mg/ml CB, B) are added (light gray).
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Surprisingly, for both polymers the CS2- and CB-annealed films do not show an 800 nm

absorption band. Instead they reveal an additional blue-shifted absorption band with

a maximum around 680 nm, figure 4.23. For comparison reasons spectra of CB/DIO-

spincoated films were added (gray) to the graph. This is remarkable since these two samples

consist of a much higher crystallinity (see discussion above) than the CB/DIO-spincoated

films. This leads to two possible conclusions: i) The films are not crystalline, which is

unlikely since DSC and POM results indicate a highly crystalline film or ii) the films

consist of a new crystal structure with a different absorption signature. This would mean

that the solvent-annealed films form a structure which is different from the aggregates

found in solution and after spin coating. The second conclusion seems more likely and

would be in accordance with the absorption behavior known from the donor-acceptor

polymer P(NDI2OD-T2). As discussed in the introduction of this chapter the absorption

of P(NDI2OD-T2) depends strongly on the crystal structure, mainly the stacking of the

donor/acceptor units.[138]

Temperature-Dependent UV/Vis-Spectroscopy

To further compare the two structures with and without the 800 nm absorption additional

temperature-dependent absorption spectroscopy was performed. Therefore the evolution of

the absorption while heating from room temperature to 250 ◦C was measured. Figure 4.24

shows the temperature-dependent film spectra of the solvent-annealed samples (left) and

the CB/DIO-spincoated samples (right). For PCPDTBT (top) as well as F-PCPDTBT

(bottom) the spectra were taken during a heating process of 5 K/min under nitrogen

atmosphere.

For both polymers the evolution of the differently prepared films strongly differs: The

spectra of the CB/DIO-spincoated sample (figure 4.24B and D) reveal at room temperature

(black) a strong 800 nm band. At 100 ◦C (dashed, blue) the 800 nm absorption is almost

completely gone and the maximum of the absorption is shifted to around 730 nm. Further

increasing the temperature up to 250 ◦C shifts the absorption to even higher energies up

to 700 nm.

The CB-annealed films of both polymers show no 800 nm absorption at room temperature,

figure 4.24A/C (black). Instead they reveal a blue-shifted absorption with a maximum

around 680 nm and a shoulder around 760 nm. Interestingly, when heating the CB-annealed

films up to 100 ◦C almost no change in the absorption was observed, figure 4.24A/C (blue

dashed). At 250 ◦C (red) the 680 nm absorption is still present but the shoulder around

760 nm decreased in intensity during the heating process.
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A) B)

C) D)

Fig. 4.24: UV/Vis-absorption spectra during the heating (5 K/min) of PCPDTBT (A and B) and F-PCPDTBT
(C and D) films prepared by CB vapor annealing (A,C) and spin coating from CB with 2 w% DIO (B,D).

The main difference between the CB-annealed and the CB/DIO-spincoated samples is

that in the CB/DIO-spincoated samples an evolution of the absorption spectra already

takes place while heating up to 100 ◦C. The absorption signature of the CB-annealed

samples on the other hand does not change until close to the melting point.

The PCPDTBT films were additionally heated to 320 ◦C which is 40 ◦C above the

melting point. At this temperature the spectra of both samples (CB-annealed and

CB/DIO-spincoated) look almost identical with a low (400 nm), a high energy (670 nm)

absorption and without any fine structure, figure A.13. This is expected since in both

cases the respective crystal structure should be completely destroyed.

All findings indicate that the solvent vapor annealed films comprise a thermodynamically

more stable polymorph than the CB/DIO-spincoated films. POM and DSC support the

assumption of a highly crystalline structure compared to the CB/DIO-spincoated films.

Further the absence of the 800 nm band in the absorption supports a new polymorph and
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the temperature dependent spectra indicate that this new polymorph is thermodynamically

favored.

Si-PCPDTBT

The different molecular weights of Si-PCPDTBT were investigated by absorption spec-

troscopy after CB-annealing and compared with the absorption of the spin coated films.

In agreement with the POM and AFM investigations the high molecular weight samples

(Mw = 11 and 32 kg/mol) reveal no change in the absorption of the thin films before and

after CB vapor annealing, figure 4.25 (orange and blue).

For the lower molecular weights (Mw = 4 and 10 kg/mol) an increase of the low energy

absorption band was observed after CB solvent vapor annealing, figure 4.25 (black). The

spectra show a small increase of the shoulder around 730 nm for the Mw = 4 kg/mol and

an even smaller increase for the Mw = 10 kg/mol sample. These results suggest that the

films do still consist of a large amorphous portion, even though the POM and AFM images

suggested increased crystallinity. Another possibility could be that almost no change of the

absorption between the aggregated and non-aggregated structure exists. This is unlikely

when considering the strong effects found for PCPDTBT and F-PCPDTBT.

Fig. 4.25: Absorption spectra of Si-PCPDTBT films with different molecular weights before (dashed) and
after CB annealing (solid). The pre-cast films (spin coated, 3 mg/ml CB) were CB solvent vapor annealed at
50 ◦C and a substrate temperature of around 45 to 47 ◦C. The detailed vapor annealing protocol is given in
figure A.10D.
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Si-PCPDTBT seems in summary to either aggregate already in solution (Mw = 11 and

32 kg/mol) or seems to be only slightly effected by CB solvent vapor annealing (Mw =

4 and 10 kg/mol). Even though or maybe despite the fact that the optical properties of

Si-PCPDTBT are completely unaffected by processing conditions Si-PCPDTBT performs

very well in organic solar cells.[4]

4.3.5 Summary

In this chapter solvent vapor annealing was used to control the crystallization of PCPDTBT

and its derivatives. The two solvents CS2 and chlorobenzene (CB) were employed and a

high control over the crystallization of PCPDTBT and F-PCPDTBT was obtained. Highly

crystalline structures could be obtained for polymers when CB solvent annealing was used.

For PCPDTBT and F-PCPDTBT a spherulitic structure consisting of a fiber-like

substructure was found. In PCPDTBT additionally small regions of a second morphology

with a terrace-like structure and deep blue absorption was found. It was possible to

determine the melting point of the CB-annealed samples to 280 ◦C by DSC measurements.

Absorption measurements and a comparison to the earlier discussed CB/DIO-spincoated

films revealed that the solvent-annealed samples consist of a new and different polymorph.

This becomes evident from the absence of the characteristic 800 nm absorption found in

the CB/DIO-spincoated samples. The polymorph obtained by CB-annealing revealed in

contrast a blue-shifted absorption with a new maximum around 680 nm.

Further temperature-dependent absorption measurements revealed for the CB-annealed

films an unchanged absorption above 100 ◦C. On the contrary, the characteristic 800 nm

band of the CB/DIO-spincoated samples decreased already upon heating to 100 ◦C. These

findings suggest that the new polymorph found in the solvent annealed samples is thermo-

dynamically favored compared to the CB/DIO-spincoated structure.

For Si-PCPDTBT on the other hand it was impossible to obtain control over the

crystallization due to its strong tendency to aggregate already in solution. Only the two

smallest molecular weight polymers could be crystallized. Surprisingly almost no effect on

the absorption spectra was found.
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4.4 Polymorphism as Function of Film Preparation

The previous chapters have already shown how difficult it is to crystallize PCPDTBT.

This is probably also the reason why only few groups investigated the crystal structure of

PCPDTBT. Russel et al.,[58] Bazan et al.[108] and Nelson et al.[102] employed mainly grazing

incidence wide angle X-ray scattering (GIWAXS) to resolve the structure of PCPDTBT

samples. The samples investigated were prepared by spin coating from CB solutions

with and without solvent additives such as 1,8-diiodooctane (DIO) or 1,8-octanedithiol

(ODT). In this thesis the samples prepared by following the standard processing conditions

from literature (spin coating from CB with 2 w% DIO) will be hereafter called CB/DIO-

spincoated.

From AFM and POM data such samples are generally described as featureless in the

literature.[58, 102,108] From the GIWAXS data the authors suggest a morphology with long

range π-stacking in analogy to P3HT, figure 1.15C. Two main reflections were reported:

an in-plane (IP) π-stacking distance (0 1 0) of 3.8 Å (q = 1.6 Å
−1

) and an out-of-plane

(OOP) lamellar stacking distance (1 0 0) around 11 Å, chapter 1.3.1. The values for the

lamellar stacking (1 0 0) vary in the literature from 10.5 Å (q = 0.6 Å
−1

) without and 12 Å

(q = 0.51 Å
−1

) with solvent additive in the processing solvent. It was therefore suggested

that the solvent additives influence the alkyl side chain crystallization, chapter 1.3.1.[58, 102]

Bazan et al. further reported two polymorphs: one with an edge-on orientation and

the (1 0 0)-OOP reflex at 11.4 Å (q = 0.55 Å
−1

) and another with a face-on morphology

and a (1 0 0)-IP reflex at 11.6 Å (q = 0.50 Å
−1

). Independent of the (1 0 0) reflection

all publications reported a diffuse π-stacking reflection around 3.8 Å which increased in

intensity when processing with solvent additives, figure 1.15B.

GIWAXS data from Nelsen et al.[102] further revealed two weak in-plane reflections at

11.1 Å (q = 0.58 Å
−1

) and 5.8 Å (q = 1.08 Å
−1

). For the CPDTBT unit DFT calculations

suggested a length of around 11 to 12 Å. The reflections were therefore correlated to the

polymer chain direction (0 0 l) and indexed as (0 0 1) and (0 0 2), respectively.

The structure of PCBM/PCPDTBT blends prepared from solutions containing 2 w%

DIO was described by Russel et al.[58] as non-equilibrium crystalline fibrils, but the authors

did not further comment on these structures. Chassé et al.[110] applied near edge X-ray

absorption fine structure spectroscopy (NEXAFS) and confirmed the edge-on structure

based on analogies to other conjugated thiophene-based polymers such as P3HT.

Summarizing these literature data the structure of thin films prepared by spin coating

with and without solvent additives is described as an edge-on morphology with π-stacked

polymer chains similar to P3HT. The data do not allow for a detailed crystal structure
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analysis. In chapter 4.2 the films spin coated from CB with and without solvent additive

were also investigated by TEM/ED, figure 4.11 and the reflections, reported in literature

from GIWAXS, were confirmed. To the best of my knowledge there is up to today no

report, besides our,[12] which used solvent vapor annealing or suggests a crystal structure

for PCPDTBT and its derivatives.

It should be noted that the highly crystalline structures found after solvent vapor

annealing, chapter 4.3, most likely consist of a completely different morphology than

the CB/DIO-spincoated samples reported in literature. This assumption is built on the

fact that the solvent annealed structures reveal a rather blue-shifted UV/Vis-absorption

without any indication of the 800 nm band as typical for the CB/DIO-spincoated structure,

chapter 4.2. Since literature[17, 58] proposes that the 800 nm absorption is caused by the

long range π-stacking in the edge-on morphology it is probable that the solvent annealed

structure is not dominated by such π-stacking.

In the next section, first the crystal structure analysis of the solvent annealed samples

is discussed. These samples reveal the structure of the polymer chains in the a,b-plane

of the unit cell, but do not give any information along the direction of the polymer

backbone. Additional methods had to be used to align the polymer chains within the film

plane, chapter 3.2.4. From these samples further information along the c-axis (polymer

backbone) of the unit cell was obtained and gives more experimental evidence to allow a

crystal structure analysis. All diffraction data of the solvent annealed samples give further

evidence of a new crystal structure compared to the CB/DIO-spincoated samples. Parts

of this chapter have been submitted in [13, Fischer et al. 2015].

The GIWAXS measurements were performed together with the beam scientist Kevin

Yager from the Center for Functional Nanomaterials at Brookhaven National Laboratory

and the group of Prof. Alamgir Karim from the University of Akron at the X9 beamline

at Brookhaven’s National Synchrotron Light Source. All TEM/ED experiments were

performed in cooperation with M. Brinkmann and N. Kayunkid at the Institut Charles

Sadron in Strasbourg.

4.4.1 Structural Information from Solvent Annealed Films

4.4.1.1 PCPDTBT

The last chapter showed that PCPDTBT can be crystallized by employing solvent vapor

annealing, contradicting the often suggested amorphous nature of PCPDTBT. POM,

AFM, SEM and DSC measurements all confirmed a very high order and crystallinity

indicating the possibility of a successful crystal structure analysis. Employing TEM/ED
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and GIWAXS measurements the solvent vapor annealed samples were used to obtain a

first tentative crystal structure for PCPDTBT which was published by us in [12, Fischer

et al. 2015].

CB-annealed

The transmission electron microscopy (TEM) bright field images in figure 4.26A of CB-

annealed PCPDTBT films reveal the same two features already found in the AFM and

SEM images discussed in chapter 4.3.1: i) A spherulitic structure composed out of lamellar

substructure as already seen in the POM images, figure 4.18A. ii) A terrace-like structure

which appeared as circular blue regions in the polarized optical microscope (POM),

figure 4.18B. In the AFM height images distinct height steps were found for these terraces,

figure 4.18E. These AFM and POM images were discussed in the previous chapter 4.3.1

and it was suggested that the terrace-like structures of PCPDTBT most likely consist of

standing polymer chains.

Using TEM/ED distinct electron diffraction (ED) patterns were found for the terrace-like

structures. They reveal reflections up to the sixth order and high symmetry, figure 4.26B.

This indicates a very high crystallinity in accordance with the DSC and POM measurements.

Assuming standing chains for the terrace-like structure the ED pattern were indexed

corresponding to a [001] zone and the unit cell parameters were determined to: a = 12.5 Å

and b = 19.8 Å. Further strong (h k 0) reflections which should be noted are the (1 1 0)

and the (1 5 0) in the inner and outer region of the ED pattern, respectively.

Figure 4.26C shows the ED pattern of the spherulitic structures. Compared to the

terrace-like regions they reveal a much less distinct reflection pattern. Employing rotation

tilt TEM/ED experiments the meridian reflection (2 0 0) could be identified as the same

reflection found along the meridian of the terrace-like pattern, figure 4.26B. This was

shown by tilting the sample relative to the electron beam around the fiber axis finding

that the meridian reflection (2 0 0) remained unchanged, whereas other peaks appeared or

disappeared. At a tilt of 45 to 50° the same ED pattern as seen for the terrace-like structure

arises, figure 4.26D. This proved that both structures comprise the same polymorph and

that their unit cells are just differently tilted relative to the substrate by around 45 to 50°,

as schematically shown in figure 4.26E and F.

Even though a good set of reflections for PCPDTBT was already found by TEM/ED

some samples were additionally measured by GIWAXS at the X9 beamline at Brookhaven’s

National Synchrotron Light Source to expand the structural model. The experiments were

performed by K. Yager from the Center for Functional Nanomaterials at Brookhaven
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A) B)

C) D)

E) F)

Fig. 4.26: TEM studies of CB-annealed PCPDTBT films. A) Bright field image with lamellar (green, solid
circle) and terrace-like structures (red, dashed circle) of a PCPDTBT film. B) TEM/ED pattern of a terrace-like
region as marked in A (red dashed circle). C) and D) TEM/ED patterns of the lamellar region (A, green, solid
circle) (C) and after tilting the TEM grid around the fiber axis (020) by 45 to 50° (D). E) and F) Scheme of
the unit cell orientation with tilted (spherulites, green) and standing (terrace-like, red) polymer chains with
respect to the substrate (adapted from[12]).

104



4.4 Polymorphism as Function of Film Preparation

Tab. 4.5: Summarized GIWAXS data of CB- and CS2-annealed
PCPDTBT films obtained from the patterns shown in figure 4.27
and figure 4.28.

Sample q [Å−1] [Å] hkl-value orientation

PCPDTBT

CB-annealed
0.42 15.0 011 OOP
0.59 10.6 110 IP
0.37 17.0 ca. 40°

CS2-annealed

0.66 9.5 020 OOP
0.58 10.8 110 ca. 40°
1.07 5.9 004 IP

National Laboratory. GIWAXS often gives a better signal to noise ratio compared to

TEM/ED due to the higher brilliance of the source. In addition GIWAXS probes the

in-plane (IP) and the out-of-plane (OOP) direction of thin films, chapter 2.1.

Fig. 4.27: GIWAXS pattern of a CB-
annealed sample. The majority of the film
consisted of the spherulitic structure (prepa-
ration see chapter 4.3.1, adapted from[12]).

In the CB-annealed films the TEM experiments

indicated a coexistence of two different regions: i)

mostly spherulites with a lamellar substructure and a

tilted polymer chain orientation and ii) fewer terrace-

like structures with a standing chain orientation.

While TEM/ED is a selective area method, GIWAXS

averages over large sample areas of about 1 to 2 cm2.

Therefore mainly reflections of the lamellar regions

consisting of tilted chains were expected to be found.

Figure 4.27 shows the ED pattern of a CB-annealed

film. As expected for tilted chains, a (0 1 1) reflection

at around 15 Å (q = 0.42 Å
−1

) in the out-of-plane

direction was found. Another strong reflection was

found at around 17 Å (q = 0.42 Å
−1

) at an angle of

around 45°. Its origin is still unclear and it could not be indexed or correlated to any data

found by TEM/ED.

In summary the GIWAXS pattern of the CB-annealed films further supports the

TEM/ED data but did not reveal any additional information.
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A) B)

C) D)

Fig. 4.28: TEM/ED and GIWAXS investigations of CS2-annealed PCPDTBT films (preparation see chap-
ter 4.3.1). A) Selected area TEM/ED pattern of the region shown in the bright field image in B). C) GIWAXS
data of a CS2-annealed PCPDTBT film. C) Proposed polymer chain orientation based on the GIWAXS pattern
(adapted from[12]).

CS
2
-annealed

The TEM/ED of CS2-annealed films revealed only very weak and few reflections which

could not be indexed, figure 4.28A. These results contradicted the highly ordered lamellar

structure seen by AFM and TEM in figure 4.16 and figure 4.28B, respectively.

Therefore the main focus during the GIWAXS investigations was on the CS2-annealed

samples for which the absorption spectra suggested the same polymorph as in the CB-

annealing samples, chapter 4.3.4. Figure 4.28C reveals the GIWAXS pattern obtained

from CS2-annealed samples prepared as described in chapter 4.3.1. One intense reflection

was found out-of-plane (OOP) around 9.5 Å, one in-plane (IP) around 5.9 Å and one at

about 45° with a distance of 10.8 Å. Reflections with the same distances were found in

the CB-annealed samples and therefore the same polymorph was assumed. The main

reflection in the OOP direction was indexed as (0 2 0) which suggests a morphology with

the polymer backbone oriented in-plane to the substrate, figure 4.28D. The structure is
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further supported by the finding of the (1 1 0) reflection at about 45°, which was also very

prominent in the TEM/ED pattern of the CB-annealed films. Furthermore, some weak

reflection was found along the in-plane direction of the pattern at around 5.9 Å and was

indexed as (0 0 4), figure 4.28C. In accordance with the findings of Nelson et al.[102] this

reflection was correlated to the polymer chain direction and further support an in-plane

orientation of the polymer backbones.

A summary of all GIWAXS data is given in table 4.5. They suggest that the CS2-

annealed films consist of the same polymorph as the CB-annealed films but with a polymer

chain orientation parallel to the substrate. In contrast to the CB-annealed films, the CS2-

annealed films homogeneously cover the complete substrate. This is of great importance

since it allows to use them for device preparation.

4.4.1.2 F-PCPDTBT

The TEM bright field images of CB-annealed F-PCPDTBT films reveal only one morphol-

ogy which consists of long fibers, figure 4.29A and resembles the structures found in the

AFM and SEM images shown in the previous chapter 4.3.2. The ED pattern shown in

figure 4.29B is quite similar in symmetry to the PCPDTBT ED pattern, however it reveals

even sharper and more defined reflections. Therefore the F-PCPDTBT pattern was also

indexed as [001] zone and the unit cell parameters were determined to: a = 11.0 Å and

b = 20.6 Å.

One very important difference between the patterns of PCPDTBT and F-PCPDTBT

should be pointed out: Both ED patterns show at the outer edge a pair of strong, smeared

out reflections, 1 5 0 in the case of PCPDTBT and 3 1 0 in the case of F-PCPDTBT. In

A) B)

Fig. 4.29: TEM bright field image (A) and the corresponding electron diffraction pattern (B) of a CB-annealed
F-PCPDTBT film (preparation see chapter 4.3.2) (adapted from[13]).
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the case of PCPDTBT they are oriented along the b-axis whereas for F-PCPDTBT they

are rotated by 90° and found in the direction of the a-axis. The distance of 3.8 Å found for

these reflections is typical for interchain π-stacking of conjugated polymers. This indicates

that there must be an essential difference in the orientation of the stacking between the

PCPDTBT and F-PCPDTBT backbones.

4.4.1.3 Structural Characterization

Fig. 4.30: TEM/ED pattern of a α-
PFO thin film sample. Reprinted with
permission from [154, M. Brinkmann
2007]. Copyright (2007) American
Chemical Society.

Besides the well known edge-on structure, dominated

by long-range π-stacking, also dimer-like structures are

known for a few conjugated polymers such as poly(9,9’-di-

n-octyl-2,7-fluorene) (PFO).[154] TEM electron diffraction

of the α-PFO polymorph shows that PFO can crystallize

in an orthorhombic unit cell comprising 8 polymer chains

and a space group identified as P n b 21.

Interestingly, PFO forms a dimer-like structure with

4 dimer units inside the orthorhombic unit cell. Such

a dimer structure reveals a characteristic ED pattern

shown for α-PFO in figure 4.30. The ED pattern reveals

a symmetry and intensity distribution with an hexagonal

pattern around the center induced from the orthorhombic

unit cell. In the outer region of the pattern two strong

reflections (±1 4 0) are caused by the dimers and resemble

the interchain distance between the polymer backbones. Also typical for a dimer-like

pattern is the low intensity of the reflections between the inner and the outer regions of the

ED pattern (figure 4.30 (2 3 0) and (4 0 0)). This leads in general to a pattern which can

be described by an inner ring of strong reflections, followed by a ring of weak reflections,

and two intense outer reflections along the direction of the dimer stacking.

Both [001] patterns of PCPDTBT and F-PCPDTBT are in good accordance with such

an intensity distribution indicating a dimer-like structure, figure 4.26B and figure 4.29B.

Inspired by the similarity to the PFO patterns[154] the PCPDTBT and F-PCPDTBT

patterns were interpreted by assuming a dimer formation: The six intense, inner reflections,

which form a quasi-hexagonal pattern, were indexed as ±2 0 0 and ±1 ±1 0 corresponding

to an orthorhombic unit cell with distances in the range of 9 to 11 Å. The two intense

outer reflections were indexed as ±1 5 0 and ±3 1 0 for PCPDTBT and F-PCPDTBT,

respectively, and correlate to a short π-stacking distance of 3.6 to 3.8 Å between two
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A) PCPDTBT

B) F-PCPDTBT

C)

D)

Fig. 4.31: A) and B) Proposed structure for the polymer chain orientation along the c-axis of the crystal
structure based on the ED patterns obtained from the solvent annealed films shown in figure 4.26 and figure 4.29
for PCPDTBT (A) and F-PCPDTBT (B), respectively. C) and D) Experimental (background) and calculated
(yellow) ED patterns of the [001] zone from the model shown on the left (adapted from[13]).

polymer chains comprising a dimer. The slight smearing of the outer reflections is therefore

most likely caused by a slight disorder in the packing of the dimers and not by the dimer

orientation within the unit cell. This is further supported by the fact that the inner

reflections, which are correlated to the dimer position within the orthorhombic unit cell,

are very distinct and sharp.
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Although both patterns look quite similar the arrangement of the dimers in the unit cell

must be different. The two main reasons for this conclusion are: i) Both structures show

different unit cell parameters and ii) The two outer reflections which correspond to the

dimer stacking had to be differently indexed. As shown in figure 4.31 it is suggested that

the dimers in PCPDTBT and F-PCPDTBT are rotated with respect to one another by

90° around the c-axis. The plane of the π-stacking is therefore oriented along the a-axis in

the case of PCPDTBT and along the b-axis in the case of F-PCPDTBT, in accordance

with the (1 5 0) and (3 1 0) reflections seen in the respective ED patterns.

Simulated patterns of the a,b-planes of both structures are shown in figure 4.31C and D

with the measured ED patterns in the background. They clearly resemble the symmetry

and the intensity distribution of the measured patterns.

4.4.2 Structural Information from In-Plane Oriented Polymer Backbones

The measurements of the solvent annealed films gave an in-depth insight into the crystal

structure of the a,b-plane along the alkyl side chains and dimer stacking direction. However,

without further information along the polymer chain direction (c-axis) no complete crystal

structure could have been proposed. In the literature only one publication from Nelson et

al.[102] reported a reflection around 11.8 Å which was suggested to be correlated to the

polymer chain direction and was indexed as 0 0 1. This finding was supported by DFT

calculations which suggest the length of one repeating unit (CPDTBT) to be around 11 Å.

Fig. 4.32: POM image of a
melt-annealed PCPDTBT film
(300 ◦C) prepared on an aligned
PTFE layer with the rubbing di-
rection (cPTFE) indicated by an
arrow.

Since TEM/ED is limited to the in-plane direction of

thin films a method was needed to align the polymer chains

within the film plane. Since both epitaxy[134,135] and high-

temperature rubbing[132,133] have previously been successful

in aligning conjugated polymers in-plane, both methods were

investigated.

4.4.2.1 Methods to Achieve In-Plane Alignment

Epitaxial Growth of PCPDTBT

An in-plane chain orientation for PCPDTBT was obtained

by epitaxial growth on pre-oriented polytetrafluoroethylene

(PTFE) substrates (preparation see chapter 3.2.4). In the lit-

erature[134,135] it has been shown that polymer films prepared

on top of such layers can be aligned parallel to the PTFE

backbone by melt-annealing.
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Therefore thin PCPDTBT films of around 30 to 40 nm thickness were prepared on aligned

PTFE layers by spin coating from chlorobenzene (CB, 3 mg/ml) solutions. After drying

under vacuum the films were melt-annealed under an argon atmosphere. The samples

were heated above the melting point of PCPDTBT to 290 ◦C, cooled with 0.25 K/min

to the melting point at 280 ◦C, where they were held for 4 h, before cooling at a rate of

0.25 K/min back to room temperature. A POM image of a epitaxially grown PCPDTBT

layer is shown in figure 4.32.

High-Temperature Rubbing of F-PCPDTBT

High temperature rubbing (HT-rubbing) was intensively studied and developed over the

last years by Brinkmann et al.[25, 80,132,133,155] The authors showed that a great variety of

conjugated polymers such as P3HT, poly(2,5-bis(3-dodecyl-2-yl)-thieno[3,2-b]thiophene)

(C12-pBTTT) or poly[N,N’-bis(2-octyldodecyl)-1,4,5,8-naphthalene-dicarboximide-2,6-di-

yl]-alt-5,5’-(2,2’-bithiophene) (P(NDI2OD-T2)) can be aligned with their backbone along

the rubbing direction. Rubbing is typically performed on thin films prepared by spin

coating or blade-coating. The substrates are fixated by vacuum on a heatable translation

stage under a rotating cylinder covered with a microfiber cloth. Pressing the rotating

cylinder down on the film and moving the substrate at a constant speed leads to shearing

forces which align the backbones in the rubbing direction, chapter 3.2.4.

Thin films of PCPDTBT were prepared on glass slides from a chlorobenzene solution

(8 mg/ml) by blade-coating. Subsequently the films were rubbed on a self-built rubbing

machine under nitrogen at the Institut Charles Sadron in Strasbourg. The rubbing was

performed by applying a rotating cylinder with a 2 bar pressure on the translating sample

(1 cm/s) which was heated to 240 ◦C beforehand. A post-annealing treatment to further

increase the alignment was performed in a Linkam hot stage under nitrogen by holding the

sample for 1 min at 260 ◦C, followed by cooling with 0.5 K/min down to room temperature.

4.4.2.2 TEM/ED Investigation of In-Plane Aligned Samples

The TEM bright field images of the aligned PCPDTBT and F-PCPDTBT films are shown

in figure 4.33. An arrow indicates the PTFE backbone direction (cPTFE) and the rubbing

direction. A lamellar-like structure running perpendicular to the alignment direction

with periods of 29 nm (PCPDTBT) and 13 nm (F-PCPDTBT) was found. This is typical

for aligned polymers with the backbones oriented parallel to the alignment direction.

The long axis of the lamellae comprises a stacking of the polymer chains perpendicular

to the backbone direction often due to the strong interaction of the π-systems. The
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A)

B)

C)

D)

E)

F)

Fig. 4.33: TEM bright field images (top) and ED patterns (middle) of melt-annealed PCPDTBT (left) and
rubbed F-PCPDTBT (right) samples. Bottom: calculated ED patterns with the c-axis (polymer backbone)
along the meridian employing the models shown in figure 4.35. A to C) PCPDTBT film prepared on a
rubbed PTFE substrate by drop casting (0.1 mg/ml) and subsequent melt-annealing at 284 ◦C (Annealing
program: cooling with 0.25 K/min from 290 ◦C to 284 ◦C, holding at 284 ◦C for 2 h and further cooling to
room temperature). D to F) Blade-coated F-PCPDTBT film which was rubbed at 240 ◦C and subsequently
annealed at 260 ◦C (adapted from[13]).

bright/dark lamellae are caused by alternating crystalline and amorphous domains due to

the semi-crystalline nature of conjugated polymers.

The ED patterns (figure 4.33B and E) reveal several characteristic reflections along

the equator and therefore perpendicular to the alignment direction. The same reflections

were already found in the patterns of the a,b-plane in the solvent annealed samples. In
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4.4 Polymorphism as Function of Film Preparation

PCPDTBT for example a dominant (1 1 0) reflection at 10.5 Å with a diffuse satellite

reflection close to 9.7 Å (0 2 0) is seen. Furthermore the (1 5 0) reflection of the interchain

stacking in the dimers is found together with several other (h k 0) reflections along the

equator. This proves a backbone orientation parallel to the PTFE backbone and that

the rubbed samples consist of the same polymorph as the CB-annealed films. Similar

reflections along the equator of the F-PCPDTBT pattern allow the same conclusion

suggesting a structure with the polymer backbone aligned along the rubbing direction.

Hence, the reflection intensity distribution along the meridian of the ED patterns

is correlated to the polymer chain direction (c-axis) and allows to extract structural

information along the polymer backbone.

The ED pattern of the PCPDTBT sample reveals along the meridian strong reflections

on the 4th, 6th and 10th layer line. For the F-PCPDTBT samples strong reflections

mainly on the 4th and some weaker on the 6th and 10th layer line were observed. In

both cases the most intense reflection was indexed as 0 0 4. For the later structural

characterization it is important to notice that no (0 0 2n+1) reflections are present. From

both patterns the c-axis unit cell parameter was extracted: c = 23.6 ± 1.0 Å (PCPDTBT)

and c = 23.2 ± 1.0 Å (F-PCPDTBT). All found reflections and corresponding distances

are also summarized in table 4.6.

A) PCPDTBT B) F-PCPDTBT

Fig. 4.34: Absorption spectra of thin PCPDTBT and F-PCPDTBT films prepared by different techniques. A)
PCPDTBT absorption spectra of thin films prepared by spin coating from CB/DIO (2 w%, red), CB-annealing
(blue) and melt-annealing (290 ◦C) on PTFE (black). B) F-PCPDTBT absorption spectra of thin films prepared
by spin coating from CB/DIO (2 w%, red), CB-annealing (blue) and HT-rubbing (240 ◦C, black) (adapted
from[12, 13]).
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4.4.2.3 Absorption Properties of In-Plane Aligned Samples

The ED patterns of both polymers suggest already that the aligned samples comprise the

same polymorph as the CB-annealed films and not the one found in the literature after

spin coating (CB/DIO-spincoated). UV/VIS absorption spectroscopy can further be used

to distinguish between the two polymorphs. In the previous chapter 4.3.4 it was shown

that the solvent annealed films have a characteristic absorption signature with a 680 nm

and a 740 nm band. The CB/DIO-spincoated films on the other hand reveal a strong

800 nm band with a shoulder around 740 nm, chapter 4.2. In the literature this 800 nm

absorption was correlated to an edge-on morphology with long range π-stacking.[17]

In figure 4.34 the absorption spectra of the aligned PCPDTBT and F-PCPDTBT samples

are plotted together with the absorption spectra of CB-annealed and CB/DIO-spincoated

films. The CB/DIO-spincoated film spectra (red) reveal a strong 800 nm band whereas

the CB-annealed samples reveal a blue shifted absorption with a 680 nm absorption band.

The films aligned by melt-annealing on PTFE (black, PCPDTBT) and by HT-rubbing

(black, F-PCPDTBT) reveal clearly an absorption signature similar to the CB-annealed

samples. This supports the findings from the TEM/ED that the aligned samples comprise

the same polymorph as the solvent annealed samples.

This is an important finding which shows that several techniques (melt-annealing, HT-

rubbing and solvent vapor annealing) lead to the same polymorph. Particularly the fact

that slow crystallization methods such as melt-annealing and solvent vapor annealing

induce this new polymorph suggests that it is the thermodynamically stable structure.

4.4.3 Tentative Crystal Structure

Although the number of reflections found for PCPDTBT and F-PCPDTBT is much

smaller than compared to other conjugated polymers such as P3HT or PFO it was possible

to construct a first tentative crystal structure during this PhD thesis. However, it was

not possible to determine the exact side chain conformation. Instead the side chain

conformation was optimized by reproducing the correct reflection intensities along the 0 0 l

layer of the aligned patterns and assuming reasonable atom/atom distances.
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4.4 Polymorphism as Function of Film Preparation

The first step towards finding a crystal structure was to determine the space group by

identifying selection rules from the ED patterns. For both polymers the following selection

rules were extracted from the ED patterns of the solvent annealed samples, figure 4.26:

(h 0 0) with h = 2n,

(0 k 0) with k = 2n,

(h k 0) with h+k = 2n.

From the aligned sample patterns one additional rule was extracted:

(0 0 l) with l = 2n.

These four selection rules allow several orthorhombic space groups from which the most

likely four are P n 2 n, P n c n, C c c 2 and P c c n and will be discussed in the following.[156]

Considering the unit cell parameters, the molecular weight of the CPDTBT repeating

unit, and a reasonable crystal density of around 1 g/cm3, a number of 8 CPDTBT units

within one unit cell would be coherent, table 4.6. Therefore the P n 2 n symmetry was

Tab. 4.6: Summary of distances of the TEM/ED patterns of
PCPDTBT and F-PCPDTBT prepared by solvent vapor annealing
(figure 4.26 and 4.29), high temperature rubbing (figure 4.33B)
and epitaxial growth on PTFE (figure 4.33A). Bottom: extracted
unit cell parameter and calculated crystal density.

hkl-value PCPDTBT [Å] F-PCPDTBT [Å]

2 0 0 6.2a 5.5
0 2 0 9.9 10.3
1 1 0 10.5 9.8
1 5 0 3.8
3 1 0 - 3.8
0 0 4 5.9c 5.8b

0 0 6 3.7c 3.8b

0 0 7 3.3b

0 0 10 2.3c 2.2b

a 12.5 11.0
b 19.8 20.6
c 23.6 23.2

ρcalc (g/cm3) 1.08 1.18

a) Terrace-like structures. b) Rubbed samples. c) Epitaxial
growth on PTFE.
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A) PCPDTBT

B) F-PCPDTBT

Fig. 4.35: Model of the proposed crystal structure of PCPDTBT (A) and F-PCPDTBT (B) along the b-, a-
and c-axis of the unit cell employing the P c c n symmetry. The exact crystal structures are given also in the
appendix A.6 (adapted from[13]).

discarded since it generates only 4 asymmetric units within one unit cell. P n c n, C c c 2

and P c c n on the other hand generate 8 asymmetric units as needed for a reasonable

crystal density and are considered hereafter.

For the three remaining space groups molecular models (figure A.15) were built and their

possible ED patterns calculated employing a Silicon Graphic Station using the Cerius2

program and the software CrystalMaker 9.1 together with the extension SingleCrystal 2.3.

The ED patterns along the polymer backbone direction for the C c c 2 symmetry always

corresponded to a segregated stacking which induced a strong 0 0 2 reflection in the

simulated ED patterns. Since the experimental patterns show no indication of any 0 0 2

reflection, the C c c 2 space group was ruled out.
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Comparing the two space groups P n c n and P c c n it was found that the P n c n

group has several drawbacks compared to P c c n. The ED patterns calculated from the

possible models using the P n c n space group matches best the experimental data when

assuming a non-planar backbone conformation with a tilting angle between the planes

of the BT and CPDT units, figure A.14. Such a twisted backbone is unlikely since DFT

calculations suggest a planar backbone for PCPDTBT, figure A.16.[106] Further unrealistic

short distances between neighboring atoms of different chains were also found in this

configuration, making this space group unlikely.

For the P c c n space group, on the other hand, several strong arguments were found

supporting this symmetry. A recent study[157] on CPDT-BT oligomers proposed a face-to-

face anti-parallel stacking of the BT units similar to the models found when employing

the P c c n symmetry. Furthermore the P c c n space group allows a π-stacking within the

dimer units despite the presence of the bulky ethyl-hexyl side chains which could further

stabilize this structure. Figure 4.35 shows three different projections of the proposed

crystal structure employing the P c c n space group for PCPDTBT and F-PCPDTBT.

It should be pointed out that the stacking direction of the dimers is parallel to the

a,c-plane in PCPDTBT whereas in F-PCPDTBT it is parallel to the b,c-plane. This is

in accordance with the smeared out reflections found in the ED patterns of the solvent

annealed samples. It was earlier discussed that these reflections are correlated to the

interchain stacking within the dimers and that in the [001] zone they are rotated by 90°

comparing PCPDTBT and F-PCPDTBT. This is now perfectly mirrored in the structures

by the different stacking orientations of the dimers. The calculated ED patterns for this

structure resemble nicely the experimental data as shown in figure 4.31 and figure 4.33.

Having this in mind and comparing both structures it is most interesting that just the

substitution of one single hydrogen atom per benzothiadiazole unit in the conjugated

backbone causes a 90° change in the packing of the dimers. At the moment theoretical

calculations of these structures are performed at the MPI in Mainz by Anton Melnyk in

the group of Dr. Denis Andrienko. Those seem to confirm the stability of these structures

and will hopefully help to better understand the influence of the fluorine on the crystal

structure.

4.4.4 Evidence for another Polymorph

While optimizing the preparation methods for the epitaxial growth of PCPDTBT and

F-PCPDTBT some transparent (non-absorbing) crystals in the melt-annealed samples

(4 h at 300 ◦C, PTFE-substrate) were found. Interestingly the transparent character of

117



4 CORRELATION BETWEEN MORPHOLOGY AND ABSORPTION PROPERTIES

the crystals is completely independent of the light polarization. The transmission POM

images, figure 4.36A, show that these crystals (red circle) do not change in color when

rotating the polarizer. As comparison a spherulitic structure (blue circle) is highlighted

in the same POM image. The absorption of the spherulitic structure changes strongly

when rotating the polarizer whereas the new found structure stays transparent. Hence,

these crystals seem to be completely different than any other structure of PCPDTBT and

F-PCPDTBT discussed before.

TEM/ED of these regions reveal very sharp reflections up to the 8th order and a

characteristic hexagonal-like pattern, figure 4.36B and C. The distances of the two main

reflections at the equator and meridian were determined to 7.55 Å and 7.25 Å, respectively,

for both polymers. Since these distances allow no indexation by the cell parameters

discussed above, they were attributed to the [001] zone of a new orthorhombic polymorph

with the respective unit cell parameters of a = 8.3 Å and b = 15.1 Å. Hereafter this new

A)

B) C)

Fig. 4.36: A) POM images from the edge of a melt-annealed F-PCPDTBT sample. The circles label the
different morphologies: The red circle indicates the transparent areas from which the ED-pattern in C) was
taken. The blue circle labels a spherulitic structure. B) and C) ED-TEM pattern taken from transparent areas
at the edges of PCPDTBT (A) and F-PCPDTBT (B) samples prepared by drop casting from a CB solution
(0.3 mg/ml) on a glass slide covered with a rubbed PTFE layer. After drying the films at 50 ◦C in a nitrogen
atmosphere the films were annealed for 4 h at 300 ◦C and cooled to RT with 0.25 K/min (adapted from[13]).
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polymorph is referred to as form II whereas the previous discussed crystal structure is

called form I.

It should be noted that the form II polymorph reveals the same ED patterns for

PCPDTBT and F-PCPDTBT films. Therefore the same structure for both derivatives

can be assumed. From the unit cell parameters the volume of the form II unit cell was

calculated to be only half of the one found in form I. It can therefore be assumed that

the unit cell consists of only two polymer chains instead of four as in form I. Another

important observation is the missing of any strong smeared out reflections in the outer

regions of the patterns. This indicates that neither a dimer-like structure nor a long range

π-stacking is probable in this unit cell.

Since only small areas of these crystals were observed and it was not possible to obtain

larger areas of form II no further investigations regarding this structure could be performed.

To obtain a complete crystal structure of this second polymorph also additional information

about the polymer backbone direction would be needed but are impossible to be obtained

from such small crystalline regions.

4.4.5 Summary

Two polymorphs, form I and form II, were identified in PCPDTBT and F-PCPDTBT

films after solvent vapor annealing, melt-annealing and HT-rubbing. For form I a complete

crystal structure analysis was performed and a tentative crystal structure suggested,

figure 4.35. For the structural characterization of the a,b-plane in form I the highly

crystalline samples prepared by CB solvent vapor annealing were investigated. In the

PCPDTBT samples two possible polymer backbone orientations relative to the substrate

were found when employing rotation tilt TEM/ED experiments. The F-PCPDTBT films

revealed after CB solvent vapor annealing a fiber-like structure which was comprised out

of standing polymer chains. From the ED patterns the a and b parameters of the unit cell

were obtained and are summarized in table 4.6.

Additional GIWAXS measurements allowed to determine the same polymorph (form I)

in the homogeneous CS2-annealed samples but with a different polymer chain orientation

relative to the substrate. Interestingly, a lying chain morphology was found for the CS2-

annealed samples whereas in the CB-annealed samples the polymer chains were tilted with

respect to the substrate.

Additional information of the polymer backbone direction was subsequently obtained

from samples prepared by epitaxial growth on aligned PTFE layers for PCPDTBT and by

high temperature rubbing of F-PCPDTBT thin films. The obtained ED patterns along the
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polymer backbone revealed the missing unit cell parameter along the c-axis for PCPDTBT

(c = 23.6 ± 1.0 Å) and F-PCPDTBT (c = 23.2 ± 1.0 Å).

Using all obtained ED patterns a complete tentative crystal structure of form I was

suggested for both polymers. Interestingly the structures gave no evidence for a typical

lamellar structure with alternating π-stacking and alkyl chain lamellae. Instead a dimer-

like structure was found similar to the one reported for α-PFO. It should be noted that

due to the dimer structure no long range π-stacking as in many other conjugated polymers,

as e.g. P3HT, exists in form I.

Comparing the PCPDTBT and F-PCPDTBT structure they both consist of the same

space group and similar unit cell parameters and differ only in their dimer orientation.

For PCPDTBT the dimer stacking was found to be along the b-axis whereas the stacking

of the dimers for F-PCPDTBT was rotated by 90° leading to a stacking along the a-axis,

figure 4.35.

By chance a second polymorph, called form II, was found in the melt-annealed samples

from epitaxy experiments. This second structure was first seen in POM as non-absorbing

crystalline regions which showed no change in absorption while rotating the polarizers. In

contrast to form I the unit cell parameter extracted from the [001] zone suggested that

only two polymer chains per unit cell are needed. The ED pattern showed no further

evidence for any π-stacking or dimer formation. Due to the small areas in which form II

was exclusively found and missing information along the polymer backbone direction no

complete crystal structure could be developed.

It should be noted that thin PCPDTBT films of two different polymorphs can be

prepared: i) a dimer-like structure (form I) by solvent vapor annealing and high temperature

alignment ii) a π-stacked structure by following the literature processing protocol (CB/DIO-

spincoating). This will be used in the following chapters to build and compare electronic

devices with long range π-stacking and dimer-like structures in the active layer.
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In this chapter the energy levels of the polmyers, mixed with and without fullerenes as

acceptor material, were determined and the absorpiton spectra of the charged species

characterized. Spectroelectrochemistry was performed in solution and thin films of the

pure materials and on the classical bulk-heterojunction polymer/fullerene blends as used

in organic solar cells. In a second part the well controlled morphologies discussed in

chapter 4.4 will be studied with respect to their device performance in organic field-effect

transistors (OFET) and solar cells.

5.1 Energy Level Characterization of Homopolymers and Blends

For the improvement of the device performance often the optical and structural properties

are considered as the most important factors.[16, 25,125,146] Besides them the energy levels of

the frontier orbitals defined by the oxidation and reduction potentials are often neglected

even though they are of at least similar importance for the performance of organic solar

cells and organic field effect transistors (OFET).[14, 27] The energy levels determine the

chemical stability and band gap of a material and in electronic devices the energy levels

of connecting materials must be matched. For example in organic solar cells the energy

levels of the donor and acceptor materials have to compatible for high device efficiencies,

chapter 1.2.2. In OFETs the energy levels play a key role when choosing a suitable

electrode material to ensure a good charge injection, chapter 1.2.3.[66]

Beside the electrochemical properties also the optical properties of the charged polymers

and constituents in the blends need to be investigated to gain a deeper understanding of

the mechanisms on the molecular level in organic solar cells. For example the absorption

of the polaron and bipolaron can be of great value if they are combined with time-

dependent ultrafast spectroscopy experiments which is typically used to investigate the

recombination and charge generation processes in organic solar cells.[107,158,159] The

simultaneous determination of both properties is provided by spectroelectrochemistry.

In this chapter the electrochemical and optical properties were investigated by cyclic

voltammetry combined with in-situ absorption spectroscopy of pure PCPDTBT and Si-

PCPDTBT in thin films and solutions. Furthermore, blends of polymers and fullerenes

with a typical device configuration as used in organic solar cells are investigated.

Cyclic voltammetry with in-situ UV/Vis/NIR absorption spectroscopy was performed to

obtain spectral signatures of neutral and charged species. In-situ spectra allowed to follow

the change in absorption during oxidation up to the dication (bipolaron) which reveals
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A) B)

Fig. 5.1: Normalized cyclic voltammograms (2. cycle) of PCPDTBT (A) and Si-PCPDTBT (B). A) Thin
PCPDTBT film measurement; preparation by spin coating from CB (3 mg/ml) (measuring conditions:
MeCN/TBAPF6, 0.1 M, deaerated, scan rate: 20 mV/s, RT, vs. Fc/Fc+, reference electrode: Ag/AgCl,
electrode: ITO; measured by A.-K. Saur[162]). B) Cyclic voltammogram of Si-PCPDTBT (Mw = 27.7 kg/mol)
dissolved in dichlorobenzene (measuring conditions: concentration 1 mg/ml, 0.1 M dichlorobenzene/TBAPF6,
deaerated, scan rate 100 mV/s, RT, vs. Fc/Fc+, reference electrode: Ag/AgCl).

typically a broad absorption band in the near IR region.[160] Furthermore, UV/Vis/NIR

spectroscopy permits to correlate certain electron transfer reactions in blends to either the

donor or acceptor phase establishing a more detailed picture of the redox processes within

the active layer of organic solar cells.

The results presented in this chapter were used to investigate the charge separation

process in polymer/fullerene solar cells (chapter 5.1.4) and were published in [14, Albrecht

and Fischer et al. 2014]. In addition the absorption spectra of the charged species were

used to study the photogeneration of polaron pairs in PCPDTBT employing pump probe

spectroscopy and were published in [161, Di Nuzzo and Fischer et al. 2015].

5.1.1 Homopolymers

With the goal to obtain a general picture of the redox behavior of PCPDTBT (Mw =

32.3 kg/mol) and Si-PCPDTBT (Mw = 27.7 kg/mol) cyclic voltammetry was performed

in solution and thin films. The highest molecular weight Si-PCPDTBT polymer was

chosen for the following experiments because it revealed the best performances in organic

solar cells. Furthermore the molecular weight and PDI is comparable to the PCPDTBT

polymer.[14] In figure 5.1 the cyclic voltammograms of PCPDTBT and Si-PCPDTBT are

shown. Whereas for PCPDTBT the cyclic voltammograms were obtained from thin films

(spin coated from 3 mg/ml CB), for Si-PCPDTBT cyclic voltammograms with pronounced

and well resolved redox waves were only obtained from dichlorobenzene (DCB, 1 mg/ml)

solutions. The detailed measuring conditions are given in the figure captions.
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For both polymers a chemically reversible reduction and oxidation was found. The

redox potentials were determined to: Ered
onset = −1.71 V, Eox

onset = 0.11 V for the PCPDTBT

thin film and Ered
onset = −1.70 V, Eox

onset = 0.00 V for the Si-PCPDTBT solution (values

vs Fc/Fc+). Assuming an energy level of Fc/Fc+ at −4.8 eV under the vacuum level[68]

the HOMO/LUMO values were calculated to −4.9 eV/−3.1 eV and −4.8 eV/−3.1 eV for

PCPDTBT (in the solid state) and Si-PCPDTBT (in solution), respectively.

Comparing the redox potentials in solution of both polymers (figure 5.1B and figure 5.2A)

the HOMO/LUMO values were found to be the same: −4.8 eV (HOMO) and −3.1 eV

(LUMO). It can therefore be concluded that the replacement of the bridging carbon by

silicon has almost no effect on the HOMO/LUMO energies. A small difference of 100 mV

is only found when comparing the reduction potential of films versus solutions. The reason

therefore could be the interchain coupling of the polymer chains in the thin films or the

difference in the setups, but this was not further investigated.

No cyclic voltammetry was performed on F-PCPDTBT since the amount of available

material was limited and needed for other experiments. In literature Jen et al.[114] reported

for F-PCPDTBT films (Mn = 23 kg/mol, PDI = 1.6) HOMO and LUMO values of −5.0 eV

and −3.54 eV, respectively. Compared to the PCPDTBT and Si-PCPDTBT the HOMO

seems to be unaffected but the LUMO is lowered by about 0.4 eV. An overview over the

HOMO/LUMO values and the band gap of all three polymers is given in table 5.7.

Tab. 5.7: HOMO/LUMO values of PCPDTBT (Mw = 32.3 kg/mol), Si-
PCPDTBT (Mw = 27.7 kg/mol) and F-PCPDTBT (Mn = 23 kg/mol,
PDI = 1.6) measured in solution.

HOMO [eV] LUMO eV band gap [eV]

PCPDTBT −4.8 −3.1 1.7
Si-PCPDTBT −4.8 −3.1 1.7
F-PCPDTBT[114] −5.0 −3.5 1.5

5.1.1.1 Absorption Signatures of the Neutral and Charged Species

Spectroelectrochemistry combines absorption and cyclic voltammetry in a single experiment

which allows to record UV/Vis/NIR spectra in-situ during anodic and cathodic potential

cycles. For spectroelectrochemical characterizations of solutions a self-built thin layer

cell setup adapted from the description of C. Geskes et al.[117] was used, chapter 2.3.

Deaerated solutions of the polymers of typically 1 mg/ml with 1 M supporting electrolyte

were measured in a thin layer configuration with a AgCl coated Ag wire acting as pseudo

reference electrode. A working electrode comprised of a polished platinum disk acted as
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mirror for the absorption spectroscopy performed in reflection mode. A more detailed

description is given in chapter 2.3.

The characterization of thin polymer films spin coated onto transparent ITO-substrates

was performed in acetonitrile (MeCN) containing 0.1 M NBu4PF6 which does not dissolve

the polymer film. The spectra were taken in transmission mode using a self-built setup

described in chapter 2.3.

PCPDTBT

The spectroelectrochemical characterization of PCPDTBT was performed as part of the

diploma thesis from Ann-Kathrin Saur[162] under my supervision and is shown in figure 5.2.

The measurements were performed in a chlorobenzene solution (CB, 1.1 mg/ml with

tetrabutylammonium hexafluorophosphate (NBu4PF6) 0.2 M as supporting electrolyte)

and a THF solution (1 mg/ml THF with NBu4PF6 0.2 M) employing a thin layer setup.

The cyclic voltammogram of the reversible oxidation reveals an anodic and cathodic

peak potential (Epa and Epc) around 0.28 V and 0.01 V for the forward and reverse scans,

respectively. The onset potential was determined to 0.04 V resulting in a HOMO of

−4.84 eV. Figure 5.2 shows the corresponding in-situ absorption spectra of the oxidation

next to the cyclic voltammograms with the spectra colored in accordance to the potentials

of the dots in the cyclic voltammogram.

In the spectra the appearance of two new absorption bands (blue and green) have been

observed while going from neutral species at 0.0 V (red) to the dication. At potentials

< 0.30 V the polymer is oxidized to a radical cation as seen in the cyclic voltammogram

by a maximum peak current. In the absorption spectra the disappearing of the neutral

band (red) around 720 and 410 nm and a simultaneous appearing of a broad absorption

band (blue) around 1273 nm confirm the formation of the radical cation. Going to higher

potentials a second oxidation takes place leading to a second broad absorption in the NIR

region (green). Comparing the cyclic voltammogram and the absorption spectra the bands

(green and blue) can be identified as a radical cation (polaron) and dication (bipolaron)

absorption band. This is in further agreement with the fact that such broad absorption

above 1500 nm are typical for conjugated polymers and are caused by the formation of

polaron bands as discussed in chapter 1.1.[30, 160]

In chlorobenzene the reduction of PCPDTBT revealed some unexplained strong current

in the cyclic voltammogram before a change in the absorption spectra could be detected.

This was probably due to impurity (most likely remaining O2 in the solution) or other

errors in the measurement and could not be resolved.
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A more reliable measurement could be performed in a THF solution (1 mg/ml) shown

in figure 5.2C and D. The cyclic voltammogram reveals a reversible reduction with anodic

peak potentials at −1.47 and −1.95 V from which the half wave potential and LUMO

values were calculated to E1/2
red = −1.71 V and −3.09 eV, respectively. The corresponding

absorption spectra show alike the oxidation a disappearing of the neutral bands (red) with

a simultaneous appearing of first the radical anion band at 1080 nm (blue) until −2.09 V.

Above this potential a dianion band appeared with a main absorption around 1500 nm

(green).

In summary employing spectroelectrochemistry on PCPDTBT the HOMO/LUMO value

were found to be around −4.9 and −3.1 eV, respectively and the electrochemical band

gap was calculated to 1.8 eV. From the correlation between the cyclic voltammograms

and the in-situ absorption spectra the polaron and bipolaron bands for the oxidation and

reduction could be identified in the NIR region of the spectra, figure 5.2. Small differences

were found between the solution and film which is probably due to crystalline domains

and aggregation of the polymer chains in the thin films similar to what is known for

P3HT.[163] An overview of the electrochemical values comparing thin film and solution

data of PCPDTBT is given in table 5.8.

Tab. 5.8: Electrochemical data of the oxidation and reduction potentials determined for PCPDTBT
from figure 5.2 and figure 5.1A by spectroelectrochemistry. HOMO and LUMO values were calculated
assuming the energy level of Fc/Fc+ at −4.8 V under vacuum level.

PCPDTBT Eox
onset Ered

onset E
1/2
red HOMO LUMOonset LUMOE1/2

[V] [eV]

thin film 0.11 −1.71 −4.90 −3.1
CB solution 0.04 −4.84
THF solution −1.57 −1.71 −3.23 −3.09

Si-PCPDTBT

In-situ spectroelectrochemistry in solution revealed already at small potentials a strong

800 nm absorption similar to the absorption signatures of the aggregated solutions in

chapter 4.1.3. It was assumed that aggregation takes place and therefore the spectro-

electrochemical characterization in a thin film configuration was chosen. The thin film

configuration also allowed a better comparability to investigations of fullerene blended

films which will be discussed in the next chapter.

The measurements of the Si-PCPDTBT films were all associated with two main problems:

i) All films detached from the substrate during the reverse scan of the first cycle which
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Fig. 5.2: Spectroelectrochemical characterization of PCPDTBT in solution. Cyclic voltammograms A) and C) with the corresponding in-situ absorption
spectra (B) and D)) during the oxidation (top) and reduction (bottom). The line colors indicate the applied potentials and correspond to the labels given
in the corresponding CVs in A) and C). The half wave potentials (E1/2 and peak potentials (Epa and Epc) are given in the CVs. A) and B) The oxidation
was measured in a solution of 1.1 mg/ml chlorobenzene/NBu4PF6 (0.2 M) using a scan rate of v=10 mV/s. C) and D) The reduction was measured in a
solution of 1 mg/ml THF/NBu4PF6 (0.2 M, v=20 mV/s) (adapted from[11]).
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5.1 Energy Level Characterization of Homopolymers and Blends

prevented any measurements of the second cycle. ii) It was not possible to measure a

reduction cycle in thin films. All attempts with different solvents and electrolytes ended

with a destruction of the film before any absorption of the anionic species could be detected.

Thus, for the determination of the energy levels the first cycle of a thin film spin coated

on ITO was used, figure 5.3A. The cyclic voltammogram reveals no distinct maximum peak

potentials, therefore only the onset potential was determined to Eox
onset = 0.22 V and the

HOMO calculated to 5.0 eV. The corresponding absorption spectra show a similar behavior

as found for PCPDTBT during oxidation. A disappearing of the neutral bands located

at 610 and 760 nm and a simultaneous appearing of a polaron band around 1050 nm was

observed, figure 5.3B.

The weak and broad signals of the cyclic voltammogram made it difficult to determine an

exact value for the onset potential. Therefore additionally a plot of the intensity evolution

as a function of applied potential from characteristic absorption bands was extracted

and plotted into the CV graphs, figure 5.3A. From these plots the onset of the intensity

evolution of the absorption can be determined and is hereafter denoted as absorption onset

(Eox/red,wavelength
Abs.onset ).

In Figure 5.3A, right axis, the intensity evolution of the neutral absorption band at

760 nm (blue) and the radical cation absorption band at 950 nm (orange) is plotted.

The absorption onsets were determined to Eox,760nm
Abs.onset = 0.20 V and Eox,950nm

Abs.onset = 0.23 V,

respectively. These results are in excellent agreement with the estimated current onset

extracted from the cyclic voltammogram. This proves that the absorption onset is a

valuable tool which can be additionally used to determine the onset potentials.

A) B)

Fig. 5.3: In-situ spectroelectrochemical data of pure Si-PCPDTBT film on ITO-substrate (spin coated from
o-DCB 20 mg/ml) and measured in acetonitrile. A) CV of the first oxidation cycle (current: left y-axis); the
blue and the orange line depict the intensity evolution of the 760 nm and 950 nm absorption feature (Abs:
right y-axis). B) Corresponding absorption spectra recorded during the forward scan (v = 10 mV/s) of the
oxidation between −0.35 V and 0.75 V (adapted from[14]).
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In summary the HOMO/LUMO values for Si-PCPDTBT were calculated to −4.8 eV/

−3.1 eV in the DCB solution, figure 5.1. This is in good agreement with the somewhat

lower value of −5.0 eV of the HOMO found for thin Si-PCPDTBT films (figure 5.3) and is

similar to the HOMO values of PCPDTBT.

5.1.2 Fullerenes as Electron-Acceptors

For later comparison with the blend systems the C60 fullerene derivatives PCBM, ICMA,

ICBA and ICTA (figure 5.4) were characterized by classical cyclic voltammetry and spec-

troelectrochemistry. Figure 5.5 shows exemplarily for PCBM the cyclic voltammogram and

the corresponding absorption spectra. In addition the intensity evolution of characteristic

wavelengths are plotted into the cyclic voltammogram (right axis). The measurements of

all derivatives are shown in figure A.17 and were performed in solution (3 mg/ml, 0.1 M

TBAPF6/methylene chloride, 20 mV/s, RT) under thin layer conditions.

Fig. 5.4: Chemical structures of the used fullerene derivatives: [6,6]-phenyl-C61-butyric acid methyl ester
(PCBM), indene-C60 monoadduct (ICMA), indene-C60 bisadduct (ICBA) and indene-C60 trisadduct (ICTA).

Absorption Signatures during Reduction of the Fullerenes

The absorption spectra shown in figure 5.5B of PCBM in solution reveal an absorption

band in the neutral state around 330 nm. Upon increasing the reduction potential to

−1.20 V a first reduction peak is found in the cyclic voltammogram and in conjunction an

absorption band at 1025 nm of the radical anion appears (green). Further increasing the

reduction potential leads to a second reduction causing a decrease of the 1025 nm band

and an increasing of two new main bands of the dianion around 780 and 900 nm.

A deeper insight of the absorption evolution is obtained when plotting the intensity

evolution of characteristic absorption bands into the cyclic voltammogram as shown in

figure 5.5A, right axis. Obviously, during the first reduction not only the 1025 nm band

rises but also a slight increase in absorption at 900 and 370 nm (orange; blue) and a small

decrease of the neutral band at 300 nm (red) occurs. After a plateau between the first
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A) B)

Fig. 5.5: In-situ spectroelectrochemical data of PCBM dissolved in methylene chloride (3 mg/ml with 0.1 M
TBAPF6, v = 20 mV/s). A) CV of the first reduction cycle (left axis). The colored lines correspond to the
intensity evolution of characteristic absorption bands (Abs: right axis) with their wavelength labeled with the
same color in B). B) Corresponding in-situ absorption spectra recorded during the forward scan of the reduction
shown in A) (adapted from[14]).

and second reduction (−1.3 to −1.5 V) the intensity evolution shows a distinct decrease of

the 1025 nm band back to its origin and a second increasing of the 900 and 370 nm bands

during the second reduction.

In addition to the Ered
onset potentials from the cyclic voltammogram the onsets of the

change in absorptions for specific wavelengths (Eox/red,wavelength
Abs.onset ) were determined. A

summary of the values is shown in table 5.9. Similar absorption signatures were found for

the other fullerene derivatives and are shown in figure A.20.

In addition to spectroelectrochemical characterization, the fullerenes were measured by

classical solution voltammetry in methylene chloride using a Pt wire as counter electrode

and a silver wire in 0.01 M AgNO3 as reference electrode, figure A.20. These measurements

were performed by Dr. Adrian Ruff and details of the measuring conditions are given in the

figure captions. From these cyclic voltammogram the half wave potentials (Ered
1/2) of the first

reduction were determined and compared to the values of the Ered
onset and Eox/red,wavelength

Abs.onset

from the spectroelectrochemistry measurements, table 5.9.

It is noticeable that the absorption onsets (Eox/red
Abs.onset) and the half wave potentials

coincide in their values almost perfectly. The onset potentials on the other hand lie

consistently lower. Therefore it should be possible to determine accurate reduction

potentials from the absorption onsets even if it is not possible to identify the peak potential

of the reduction from the cyclic voltammogram.
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Summary

In summary the LUMO values of the fullerenes could be determined by employing spec-

troelectrochemistry measurements using the absorption onset and could be compared to

the values obtained from conventional cyclic voltammetry in solution. Both measurements

give similar results for the LUMO levels and are in good agreement with literature:[145]

−3.70 eV PCBM, −3.68 eV ICMA, −3.53 eV ICBA and −3.33 eV ICTA. All values are

summarized in table 5.9.

5.1.3 Polymer/Fullerene-Blends

In this chapter the energy level characterization of the polymer/fullerene blends will be

discussed taking into account what was learned in the previous chapters regarding the redox

processes of the pure materials. To ensure a good comparability to the organic solar cells,

which will be discussed later, the preparation of the blends followed the processing protocols

of the organic solar cells, chapter 5.1.4.[14] The Si-PCPDTBT/fullerene blends (1:1.5 by

weight, Mw = 27.7 kg/mol) were spin coated on ITO-substrates from an o-dichlorobenzene

solution (20 mg/ml, 70 ◦C, 600 rpm) and dried in vacuum. The main difference in the

preparation compared to the organic solar cells was the missing PEDOT:PSS interlayer

between ITO and blend but this should not influence the energy levels of the active layer.

For a detailed preparation protocol see chapter 3.2.5.

It should be pointed out that only the Si-PCPDTBT could be investigated because the

PCPDTBT/fullerene films detached from the electrodes during the measurements such

that no data could be obtained.

Spectroelectrochemistry was used since it allows a more precise determination of the

energy levels than conventional cyclic voltammetry. A second advantage of the spectroelec-

trochemistry is that together with the knowledge of the absorption behavior of the pure

materials it was possible to assign certain redox reactions to specific phases of the blends.

Reduction

The reduction of the blend films was performed in propylene carbonate (0.1 M TBAPF6/

propylene carbonate, v=20 mV/s, RT). The cyclic voltammograms together with the

intensity evolution of characteristic absorption bands are plotted in figure 5.6 and the

corresponding in-situ absorption spectra are shown in figure A.18. In the cyclic voltam-

mograms the forward scans reveal up to three anodic redox waves. The backward scans

revealed almost no (PCBM, ICMA) or less (ICBA, ICTA) oxidation peaks. It was ob-

served that the films started to detach from the substrate during the backward scan of the
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A) B)

C) D)

Fig. 5.6: In-situ spectroelectrochemical data of Si-PCPDTBT/fullerene blends of the first reduction cycle with
A) PCBM, B) ICMA, C) ICBA and D) ICTA. Measurements were performed on thin films spin coated on
ITO-substrates in propylene carbonate (0.1 M TBAPF6/propylene carbonate, v=20 mV/s, RT). Left axis: CVs
of the first reduction cycles. Right axis: Intensity evolution of characteristic fullerene bands: 300 nm (red),
760 nm (blue) and 1000 nm (green) for ICMA (B) and ICBA (C) or 1025 nm (green) for PCBM (A) and ICTA
(D) (adapted from[14]).

reduction. This could not be prevented even though several solvent/electrolyte combina-

tion were tried out (solvents: acetonitrile, propylene carbonate, 1-chloronaphthalene and

(di)chlorobenzene; supporting electrolytes: TBAPF6 and THAPF6). Therefore only the

first cycle was considered.

From the cyclic voltammograms and the intensity evolutions the half wave potentials

(Ered
1/2) and the absorption onsets (Eox/red

Abs.onset) of the first reductions were determined,

table 5.9. No significant difference of more than ±10 mV between the two techniques were

observed. Therefore the LUMO values for the polymer/fullerene blends were calculated to:

−3.9 eV PCBM, −3.8 eV ICMA, −3.6 eV ICBA and −3.4 eV ICTA.

To distinguish between the reduction of the fullerene and the polymer phase the intensity

of the neutral polymer band at 760 nm was plotted against the applied potentials, figure 5.6.

From the characterization of the pure Si-PCPDTBT it is known that the 760 nm band

decreases in intensity when the polymer is reduced. Following the absorption intensity

of the 760 nm band during the first reduction of the blend no changes were detected,

except for the ICTA blend. On the other hand for the fullerenes an increase of the
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anionic 1025 nm band and a decrease of the neutral 300 nm was observed. From the pure

fullerene investigations both bands are known to be correlated with the first reduction of

the fullerenes. It can therefore be assumed that during the first reduction of the PCBM,

ICMA and ICBA blends only the pure fullerene phases are reduced and the Si-PCPDTBT

is not charged. This is not surprising since the potential to reduce the pure polymer film

(Ered
1/2 = −1.70 V) was found to be 0.5 to 0.8 V higher than the first reduction of the blends

(PCBM: −0.92 V, ICMA: −0.99 V, ICBA: −1.21 V). It should be pointed out that this

observation also excludes a charge transfer from the fullerene to the polymer in the blend.

The cyclic voltammograms of ICTA blends revealed a first small reduction peak around

−1.4 V which is not correlated to any change of the absorption, figure 5.6D, but matches

the first reduction potential of the pure ICTA. In the cyclic voltammogram this peak is

followed by a strong second reduction peak and a simultaneous decrease of the 760 nm

neutral band of the polymer and the increase of an 1025 nm fullerene anionic band. This

was interpreted as a coinciding reduction of the polymer and fullerene phases.

Compared to the other fullerene derivatives the LUMO level of ICTA (−3.3 eV) lies

close to the LUMO of Si-PCPDTBT (−3.1 eV). It is therefore possible that only few larger

domains of pure ICTA are reduced during this first small reduction peak at around −1.4 V

followed by a reduction of the complete blend. From these observations it was assumed

that in polymer/ICTA blends the ICTA can not be reduced without reducing the polymer

phase. This should have a strong effect on the solar cell efficiency and will be discussed

later.

In summary the LUMO levels of the blend films were found to be stabilized compared

to the LUMO levels of the pure fullerenes. Interestingly, the stabilization of the LUMO

(defined as the difference between the LUMO values of the fullerenes in blend and solution)

decreases with the number of addends going from 170 meV in PCBM to 70 meV in ICTA.

The reason for this observation is unclear but it can be speculated that this is due to the

approaching of the fullerene LUMO towards the LUMO of PCPDTBT (−3.1 eV) with

increasing number of addends (PCBM −3.70 eV and ICTA −3.33 eV).

The reduced difference between the fullerene and polymer LUMO values could provide

a stronger interaction between them and lead to an electron-transfer between the fullerene

and polymer during the reduction. This would also be in agreement with the findings

of the ICTA blends (LUMO: −3.40 eV). Here a coinciding reduction of PCPDTBT and

ICTA was found. It is therefore suggested that in the Si-PCPDTBT/ICTA blends an

electron-transfer reaction from the ICTA to the polymer occurs as soon as the fullerene is

reduced.
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A) B)

C) D)

Fig. 5.7: In-situ spectroelectrochemical data of Si-PCPDTBT/fullerene blends from the first oxidation cycle
with A) PCBM, B) ICMA, C) ICBA and D) ICTA. Measured as thin film on ITO-substrates in MeCN (0.1 M
TBAPF6, v=20 mV/s, RT). Left axis: cyclic voltammograms. Right axis: Intensity evolution of characteristic
absorption bands: 950 nm (orange) and 760 nm (blue) (adapted from[14]).

Oxidation

The oxidations of the blend films were measured in acetonitrile (0.1 M TBAPF6/MeCN,

v = 20 mV/s, RT), shown in figure 5.7. The corresponding absorption spectra are shown in

figure A.19. For the oxidation no destruction or detaching of the film from the substrates

was observed. Therefore the easier to handle and often used solvent acetonitrile (MeCN)

was used for these measurements. The spectroelectrochemical characterization of all four

Si-PCPDTBT/fullerene blends (PCBM, ICMA, ICBA and ICTA) reveals almost the same

behavior as seen for the pure Si-PCPDTBT films, figure 5.3. An increased current in

the cyclic voltammogram (Eox
onset), a decrease of the neutral band (blue, 760 nm) and a

coinciding increase of the polymer radical cationic band (orange, 950 nm) indicates that

the oxidation potential of the polymer is located between 0.00 and 0.10 V.

The absorption onsets were used to determine the oxidation potentials and to calculate

the HOMO levels, summarized in table 5.9. Compared to the pure Si-PCPDTBT films

(−5.0 eV) the polymer/PCBM blend showed a small increase in the HOMO level up to

around −4.8 eV. With an increasing number of addends (ICMA to ICTA) the LUMO

energy decreased to −4.9 eV for ICTA.
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In summary the difference of the HOMO levels between the pure polymer and the blend

films were found to be less than 100 mV considering an error of 50 meV. It should be noted

that no oxidation of the fullerenes was detected neither in the cyclic voltammogram nor

in the in-situ absorption spectra, figure A.19. It was therefore assumed that during the

oxidation of the blends exclusively the Si-PCPDTBT phase is oxidized and the fullerenes

remain in their neutral phase. No further investigations regarding the differences of the

HOMO values in the pure films and blends were performed. In can be speculated that

either different thin film morphologies[163] in the blends or the interaction between the

polymer chains with the fullerenes are the reason for this observations.

5.1.4 Summary and Impact on Bulk-Heterojunction Solar Cells

For an overview all data obtained from the electrochemical experiments are summarized

in table 5.9. The in-situ absorption spectra (figure A.19 and figure A.18) showed nicely

that during oxidation or reduction of the blends exclusively the polymer or the fullerene

phases are charged. An exception was found for Si-PCPDTBT/ICTA blend in which a

simultaneous reduction of both phases was detected. It was assumed that this is due to

the similar LUMO values of the Si-PCPDTBT and ICTA.

Further the intensity evolutions from characteristic absorption bands were plotted against

the applied potential. Thereby the onset potentials of the changes from characteristic

absorption bands (Eox/red,wavelength
Abs.onset ) could be determined. It was shown that this method

introduces an alternative to determine redox potentials besides using the onset or half wave

potentials from the cyclic voltammograms. The comparison between cyclic voltammetry

and spectroelectrochemistry data of the pure fullerene derivatives showed that the values

gained from the absorption onsets (Eox/red,wavelength
Abs.onset ) correspond perfectly to the half wave

potentials obtained from conventional cyclic voltammetry in solution. They can therefore

be used as substitutes for the half wave potential if no peak potentials can be determined.

Comparing the redox potentials of the pure materials in solution and the polymer/fullerene

blends differences of up to 180 ± 10 mV in the reduction potentials were found. Further-

more, a stabilization of the LUMOs was observed. This stabilization became smaller as

smaller the difference between the LUMO values of the polymer and fullerene became. It

was therefore proposed that with declining difference between the LUMO values of the

polymer (donor) and the fullerene (acceptor) phases a better electron-transfer from the

fullerene LUMO to the polymer is possible. This was supported by the finding that in

the ICTA/polymer blends only a coinciding reduction of the fullerene and the polymer

occurred.
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Tab. 5.9: Characteristic potential values and energy levels of the pure polymers, fullerenes and the spin coated
polymer/fullerene blends (1/1.5 by weight). The HOMO and LUMO values were calculated assuming the
energy level of Fc/Fc+ at −4.8 V under vacuum level. As comparison the literature[145] LUMO values of the
fullerenes and the Si-PCPDTBT are given in brackets. The detailed measurements from which the values
were taken are given in the food notes.

HOMO LUMO Ered
1/2 Ered

onset Ered
abs.onset Eox

onset Eox
abs.onset

[eV] [V]

pure components

C-PCPDTBT -4.8a -3.1b −1.71b 0.04a

Si-PCPDTBT (-5.0) -5.0c -3.1e −1.70e 0.22c 0.23c

PCBMd (-3.74) -3.70 −1.10f −1.04 −1.10
ICMAd (-3.70) -3.68 −1.12f −1.01 −1.09
ICBAd (-3.55) -3.53 −1.27f −1.11 −1.25
ICTAd (-3.36) -3.33 −1.47f −1.45

Si-PCPDTBT/fullerene blendsg

PCBM -4.8(3) -3.8(8) −0.92 −0.93 0.03 0.04
ICMA -4.8(8) -3.8(1) −0.99 −0.99 0.08 0.16
ICBA -4.8(3) -3.6(0) −1.21 −1.20 0.03 0.06
ICTA -4.9(1) -3.4(0) −1.40 − 0.11 0.03

a) Determined from a CB solution, figure 5.2A/B b) Determined from a THF solution, figure 5.2C/D
c) Determined from a spin coated thin film, figure 5.3. The absorption onset was taken from the
intensity evolution of the 950 nm band. d) Determined from a methylene chloride solution, figure 5.5.
The absorption onset was taken from the intensity evolution of the 1025 nm band. e) Determined
from a dichlorobenzene solution, figure 5.1B. The absorption onset was taken from the intensity
evolution of the 1025 nm band. f) Determined from a methylene chloride solution, figure A.20 g)
Oxidation: Values were taken from thin films measured in acetonitrile, figure A.19. Reduction: Values
were taken from thin films measured in o-dichlorobenzene, figure 5.6.

These results show that especially the LUMO energies can be strongly shifted when

fullerenes are blended with conjugated polymers. Hence, these results evince that for

discussions about the role of frontier orbital energies in organic solar cells it is necessary

to determine the HOMO/LUMO values directly from the active layers rather than using

values of the pure materials.

Impact on Bulk-Heterojunction Solar Cells

These energy level characterizations of polymer/fullerene blends were used in a collaboration

with Steve Albrecht during his PhD in the group of Prof. D. Neher in Potsdam. They

were recently investigating the mechanism of the efficient charge separation in organic

solar cells.[5, 14,109] Up to today there is an ongoing discussion about the mechanism of

135



5 PREPARATION AND CHARACTERIZATION OF DEVICES

this efficient charge separation despite the existence of geminate electron-hole pairs bound

by strong Coulomb forces.[109,124,126,164,165]

As driving force for the charge separation the energy difference between the lowest

singlet state (ES1, typically the donor band gap) in the system and the fully separated

charge pair state (ECS) is proposed (Eeff
CS = ES1 − ECS). Whereby the ECS is defined as the

difference between the LUMO and HOMO of the acceptor and donor material, respectively.

Typically energies larger as 0.1 eV are reported for high performing systems.[14, 57,109,166]

Besides the driving force for the charge separation also the mechanism of the charge

separation is intensively discussed in literature.[14, 109] A theory is proposed where upon

excitation of the polymer/fullerene blend a charge transfer (CT) state is formed from

which the charge separation occurs. For this theory two possible routes are shown in

figure 5.8A. Route 2 proposes that after excitation of the polymer an electronically and/or

vibrationally excited CT-state is formed which possesses enough kinetic energy to overcome

the Coulomb forces between the hole and electron resulting in charge separation. On the

other hand a pathway over thermalized CT states is shown by route 1. Here, it is assumed

that the CT state relaxes into the ground state from which then the charge separation

occurs.[14, 166]

In this collaboration the goal was to investigate the effect of the driving force (Eeff
CS) on

the charge separation and to distinguish between the two described routes.

Therefore organic solar cells with active layers composed of Si-PCPDTBT/fullerene

blends were prepared using the fullerene derivatives, PCBM, ICMA, ICBA and ICTA
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Fig. 5.8: Sketch of the energy diagram with two proposed pathways for charge separation in polymer/fullerene
blends exemplary shown for ICTA. From left to right the main absorption of Si-PCPDTBT, the charge transfer
(CT) state and the position of the charge separated (CS) states are indicated. Adapted with permission
from [14, Albrecht and Fischer et al. 2014]. Copyright (2014) John Wiley and Sons.
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with LUMO energies decreasing from −3.7 eV (PCBM) to −3.3 eV (ICTA), as discussed

above. These active layers were studied by S. Albrecht employing a variety of solar

cell characterization methods including external quantum efficiency (EQE), sensitive

photo thermal deflection spectroscopy (PDS) and time-delayed collection field (TDCF)

experiments. In addition morphology investigations using resonant polarized soft X-ray

scattering (P-SoXs) and grazing incident wide angle X-ray scattering (GIWAXS) were

performed.[14, 166]

Furthermore, the knowledge of the energetic levels from not only the pure polymer and

fullerenes but also of their energetic levels within the actual blends as used in organic

solar cells was indispensable. Those were taken from the electrochemistry investigations

discussed above. From the four blend systems investigated in this chapter the solar

cell efficiencies were measured by S. Albrecht et al.[14, 166] The efficiencies were found to

decrease in the order of increasing number of addends to the fullerene and are summarized

in table 5.10.

Tab. 5.10: Solar cell characteristics of the blend systems investigated also by electro-
chemistry with the short circuit current (Jsc), the open circuit voltage (Voc), the fill factor
(FF) and the solar cell power conversion efficiency (PCE). The solar cells were built and
measured by S. Albrecht.[14, 166]

Jsc [mA/cm2] Voc [mV] FF [%] PCE [%]

Si-PCPDTBT/PCBM 11.6 591 64 4.38
Si-PCPDTBT/ICMA 10.8 618 60 4.00
Si-PCPDTBT/ICBA 7.7 810 44 2.75
Si-PCPDTBT/ICTA 0.9 947 25 0.22

The charge separated states in the blends were calculated and are shown in fig-

ure 5.8.[14, 166] Even though a direct comparison between the absolute values of the

pure fullerenes and blend films is difficult, due to different local environments (solution vs.

film), the fullerenes can be compared relative to each other. Therefore the stabilization

energies (defined as difference between fullerene LUMO in blend and solution) were com-

pared and a significant decrease from 0.18 eV (PCBM) to 0.07 eV (ICTA) was found. It

was suggested that the decrease in the stabilization energies is responsible for the lower

solar cell efficiency in ICTA blends compared to PCBM blends. On the other hand large

differences in the solar cell efficiencies between ICBA and ICTA were found even though

they showed similar values of stabilization energies. This made the stabilization energy as

sole factor doubtful.
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The spectroelectrochemistry further revealed that the LUMO energy of ICTA lies close

to the LUMO of the pure Si-PCPDTBT and only a coinciding reduction of both phases

was found. Figure 5.8 sketches the increase of the ICTA LUMO and the finding from

Albrecht at al.[14, 166] that the charge transfer state is limited by the optical band gap of

the Si-PCPDTBT. This leads to an increased energy gap between the charge separation

and charge transfer state which limits the charge separation. These findings were further

confirmed by a correlation between the charge generation efficiency and difference between

the polymer LUMO and the charge transfer energy. It was shown that the generation

efficiency decreases strongly when this difference between the polymer LUMO and the

charge transfer energy becomes small. It was therefore concluded that the generation of

free charges proceeds via the split-up of the relaxed CT state (Route 1) irrespective of

the initial exciton energy and driving force. A detailed description of all findings and

conclusions can be found in our publication [14, Albrecht and Fischer et al. 2014] and the

PhD thesis of S. Albrecht.[166]
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5.2 Morphology Dependence of the Hole Mobility in Organic Field

Effect Transistors

It is well known from literature that the charge carrier mobility (µ) of conjugated poly-

mers is strongly influenced by their molecular weight[16, 45,96,105] and mesoscopic morphol-

ogy.[15, 16,25,45,96,167] A fast charge carrier mobility is important for most electronic devices

and not only for organic field effect transistors (OFETs). For example, it is also a key

factor for high efficiencies in organic solar cells since a fast charge carrier transport to the

electrodes minimizes the chance of charge recombination.[126] The information about the

correlation between charge transport and crystal structure, polymer backbone orienta-

tion and molecular weight is therefore a key element in finding the optimal mesoscopic

morphology for electronic devices.

In particular for P3HT, theoretical investigations of Lan et al.[45, 96] and experiments

from our group [15, 16, Fischer et al. 2012 and Crossland et al. 2012] suggest a strong

correlation between the charge carrier mobility (µ) and certain crystallographic directions

depending on the molecular weight. It was shown that within crystalline domains the

charge transport along the polymer chain direction is 2 to 3 decades faster than along the π-

stacking direction.[45, 96] Lan et al.[96] further suggested that within the amorphous regions

the charge transport is several orders of magnitude slower compared to the crystalline

domains, chapter 1.2.6.

Over macroscopic distances on the other hand the mesoscopic morphology must be

considered. P3HT exhibits a semi-crystalline, edge-on structure which consists of al-

ternating crystalline/amorphous domains in the direction of the polymer backbone and

perpendicular to the π-stacking. Therefore the charges must cross amorphous domains of

slower charge transport[96] when traveling over macroscopic distances in the direction of

the polymer backbones. To cross such amorphous domains single polymer chains which

connect two crystalline domains were suggested and called tie-molecules. They act as

bridges over amorphous domains and allow a fast charge transport across the amorphous

regions, chapter 1.2.6.

In order to access these tie-molecules the charges must move parallel to the amorphous

regions within the crystalline domains. This means that for a fast charge carrier mobility

over macroscopic distances a 2D charge transport along and parallel to the polymer

backbones is necessary. For example in the edge-on morphology of P3HT charges can hop

fast between π-stacked polymer backbones perpendicular to the polymer chain direction

and move fast along the polymer backbones. The charges can therefore access tie-molecules

to cross amorphous regions.

139



5 PREPARATION AND CHARACTERIZATION OF DEVICES

The model of tie-molecules was further supported by experiments performed during my

diploma thesis.[16] Employing aligned P3HT films of different molecular weights it was

shown that for polymers with molecular weight above 10 kg/mol a faster charge transport

occurs compared to polymers with smaller molecular weight and PDI. This is probably

because in the lower molecular weight polymers no backbones long enough to bridge the

amorphous regions exist.[16, 96]

In the literature the hole mobility of PCPDTBT was investigated in spin coated films

by Turner et al.[119] The OFETs were prepared by spin coating from a chlorobenzene

solution and subsequent temperature annealing at 100 ◦C. The measurements with a

bottom-contact top-gate configuration revealed mobilities of around 3 × 10−3 cm2/Vs.

Interestingly, mobilities of > 3 cm2/Vs were reported for PCPDTBT with linear C16 side

chains by Müllen et al.[105] This high hole mobility is probably possible because of a

different crystal structure with a better packing of the polymer chains due to the less

bulky, linear side chains.

In this chapter different polymorphs of PCPDTBT with and without π-stacking are

compared to understand the influence of long range π-stacking on the hole mobility in

donor-acceptor copolymers.

5.2.1 Investigated Morphologies of PCPDTBT

The previous chapter 4 showed the possibility to obtain homogeneous films with different

polymer chain orientations and crystal structures for PCPDTBT, figure 5.9. For the

OFET investigations in this chapter thin films were prepared using the optimized protocols

employing CS2 vapor annealing (CS2-annealed) and spin coating form CB/DIO solutions

(CB/DIO-spincoated). Both preparation methods exhibit morphologies with the polymer

backbone oriented parallel to the substrate (in-plane). The interesting difference between

these two morphologies is the stacking of the polymer backbones. For the CB/DIO-

spincoated films literature[58, 102] reports a classical edge-on morphology, similar to P3HT,

with an in-plane long-range π-stacking perpendicular to the polymer backbone. For the

CS2-annealed films on the other hand evidence was found for a dimer-like structure,

without long range π-stacking, chapter 4.4.1.

These findings were further supported by absorption spectroscopy. The spectra of

the CB/DIO-spincoated films reveal a strong 800 nm absorption which was shown to be

characteristic for long range π-stacking of the polymer backbones, chapter 4.2.[17] For the

CS2-annealed films on the other hand the absorption is blue shifted and an absorption
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A) CS2-annealed B) CB/DIO-spincoated

C) CHCl3-spincoated D)

Fig. 5.9: A-C) AFM height images of PCPDTBT films prepared by A) CS2 vapor annealing, B) spin coating
from a CB solution with 2 w% DIO and C) spin coating from a CHCl3 solution. D) Absorption spectra of
the three differently prepared films shown in A-D: CS2-annealed (black), CB/DIO-spincoated (orange) and
CHCl3-spincoated (gray).

band around 670 nm was found. The missing of the 800 nm band in the CS2-annealed

samples further confirms the absence of long range π-stacking, chapter 4.3.4.

A comparison between these two morphologies in OFETs allows therefore to investigate

the influence of a long range π-stacking compared to a dimer-like structure on the charge

carrier mobility. As suggested by investigations of other semi-crystalline polymers, e.g.

P3HT, a 2D in-plane charge transport along the polymer backbones and the perpendiuclar

π-stacking is necessary for high mobilities over macroscopic distances.[15, 16,45,96] Therefore

CB/DIO-spincoated films should reveal an increased mobility compared to the dimer-like

structure of the CS2-annealed samples.

In addition to the two ordered structures a CHCl3-spincoated film (chapter 4.2) was

investigated for comparison reasons. The CHCl3-spincoated film reveals a weak 800 nm
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absorption and is similar to the absorption spectra obtained from solutions. Therefore it

can be assumed to be mostly amorphous with only few π-stacked aggregates.

OFET Preparation

A top-gate bottom-contact configuration was chosen for the OFET measurements, chap-

ter 2.4. The main advantage of this configuration is that the charge transport is induced

in the top few nanometers of the polymer film. This allows to correlate the charge carrier

mobility to the morphologies measured by AFM.[15, 121] A detailed structure analysis is

given in chapter 4.4.

The OFETs were prepared on glass-substrates with evaporated source- and drain-

electrodes (30 nm gold with 5 nm Cr adhesion layer) by spin coating from CHCl3 (3 mg/ml,

CHCl3-spincoated) or CB solutions with 2 w% DIO as solvent additive (3 mg/ml, CB/DIO-

spincoated). The CS2-annealed films were prepared by subsequent CS2 vapor annealing

of the CHCl3-spincoated films, following the procedure described in chapter 4.3.1. Each

substrate consisted of sixteen transistors with four different channel lengths around 100,

170, 200 and 250 µm, each with a 1 mm channel width. The channel lengths varied from

batch to batch and the actual channel lengths were determined for each sample with the

optical microscope and are stated in the respective figure captions. After vacuum drying

of the polymer films a dielectric PMMA layer was spin coated over the complete substrate

(60 mg/ml, 1200 rpm) and annealed at 80 ◦C under nitrogen. For a detailed layout of the

OFET see figure A.1A and chapter 3.2.5 for detailed preparation conditions.

5.2.2 Hole Mobility Characterization

For all three PCPDTBT morphologies (CS2-annealed, CB/DIO-spincoated and CHCl3-

spincoated) output and transfer characteristics were measured from at least three different

transistors for each of the four channel lengths. Figure 5.10 displays one representative

set of output- and transfer curves obtained from the 170 µm channels for the different

morphologies.

Output Characteristics

The output characteristics are shown in figure 5.10. The source-drain currents (Isd) found

in the saturation regime of the output characteristics at VG = −60 V were always about

one decade higher for the CB/DIO-spincoated films (3 × 10−8 A) compared to the CS2-

annealed samples (7 × 10−9 A). The output characteristics of the CHCl3-spincoated films

142



5.2 Morphology Dependence of the Hole Mobility in Organic Field Effect Transistors

A) CS2-annealed

B) CB/DIO-film

C) CHCl3-film

Fig. 5.10: Output (left) and transfer (right) characteristics (170 ± 5 µm channel length) of PCPDTBT thin
films obtained from the three morphologies described in the text: A) CS2-annealed B) CB/DIO-spincoated
and C) CHCl3-film. Left: One representative set of output curves of one transistor for each morphology is
shown. They were measured applying gate voltages (VG) between 0 to −60 V in 10 V steps. Right: Transfer
curves obtained in the saturated regime (Vsd = −60 V) by applying voltages between 20 to −60 V to the
gate electrode. Each color represents a different transistor, each with a 170 ± 5 µm channel length (adapted
from[168]).
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behave similar to the CS2-annealed films and reveal source-drain currents in the saturation

regime at VG = −60 V of around 7 × 10−9 A.

It should be pointed out that for the CS2-annealed and CHCl3-spincoated samples only

above VG > −20 V the typical output curve behavior was found: a linear regime for small

Vsd and an increase of the current in the saturated regime with increasing gate voltages,

chapter 2.4. At smaller gate voltages (VG < −20 V) the output curves reveal for high

Vsd (> −40 V) a small current which decreases with increasing gate voltages until gate

voltages of −20 V and more are applied (e.g CS2-annealed VG = 0 V, black line). Such a

behavior indicates an ambipolar charge transport in the polymer which allows electron

transport at low gate and high Vsd voltages and causes the observed current. For the

CB/DIO-spincoated films on the other hand no evidence for such an ambipolar charge

transport was found in the output curves.

The negative currents seen for the CS2-annealed and the CHCl3-spincoated samples

close to Vsd = 0 V at high gate voltages are most likely caused by some leak currents

through the PMMA dielectric layer.

Transfer Characteristics

The transfer characteristics were measured in the saturated regime (Vsd = −60 V) by

applying gate voltages between 20 to −60 V, figure 5.10. All transfer characteristics show

a high threshold voltage of around −20 V for the CS2-annealed and CHCl3-spincoated

films and around −17 V for the CB/DIO-spincoated sample. This can be attributed to

internal resistance between the polymer and the gold electrodes, most likely caused by a

mismatch of the Fermi levels.

It should be pointed out that in all samples a current was detected when applying

positive gate voltages. Since applying a positive gate voltage at the gate electrode induces

negative charge accumulation in the polymer film, these currents must be correlated to

an electron mobility. This is in accordance with the ambipolar behavior already seen in

the output characteristics. In addition it should be noted that for positive gate voltages

the CS2-annealed and CHCl3-spincoated films revealed a two order of magnitude higher

current (1 × 10−8 A) compared to the CB/DIO-films (1 × 10−10 A).

Hole Mobility

The charge carrier mobilities of the respective samples were calculated from the trans-

fer characteristics employing equation 12, chapter 2.4. The mobilities of the different

morphologies are plotted for VG between −30 to −60 V in figure 5.11A. To display the
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A) B)

Fig. 5.11: A) Charge carrier mobility of three different PCPDTBT morphologies: CB/DIO-film (red, triangle),
CS2-annealed (blue, square) and CHCl3-film (green, circle). For each morphology three different channel
lengths were measured. The average over the different transistors of the same channel length (at least three per
channel length) are displayed in gray. The averages over all channel lengths for each morphology are colored.
B) Schematically view along the polymer backbone of a dimer structure including the alkyl side chains (orange)
which separates the dimers (green).

fluctuations of the measurements the mobilities calculated from the transistors of each

channel length were averaged (gray). The final mobilities were plotted as the average

over the different channel lengths, figure 5.11A colored lines. The highest charge carrier

mobility was found for the CB/DIO-spincoated samples (red) around 1 × 10−3 cm2/Vs.

For the CS2-annealed (blue) and the CHCl3-spincoated (green) samples the mobilities

were determined to around 3 × 10−4 cm2/Vs and 5 × 10−4 cm2/Vs, respectively.

It was discussed in the previous chapters that the CB/DIO-spincoated films comprise

a semi-crystalline edge-on morphology with the polymer backbone and the long-range

π-stacking in-plane of the film similar as P3HT.[17, 58,102] It can therefore be assumed that in

such films a charge transport along the π-stacking direction is possible. Hence, the higher

charge carrier mobility in the CB/DIO-spincoated films is in good agreement with the

above discussed need of a 2D charge transport in-plane of the polymer film, chapter 1.2.6.

It is suggested that in the CB/DIO-spincoated films the charges cross amorphous regions

by using tie-molecules which connect the crystalline domains, similar as suggested for

P3HT by Lan et at.,[45, 96] chapter 1.2.6.

In the dimer-like structure of the CS2-annealed samples on the other hand the hopping

between dimers is hindered by the bulky side-chains. The charges are therefore trapped

within dimers and cannot transfer to better pathways of other polymer backbones as

schematically shown in figure 5.11B. Therefore the charge carrier mobility seems to be

dominated by the amorphous regions of the film. This is further in good agreement

with the similar mobilities found in the rather amorphous CHCl3-spincoated films. The
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slightly higher charge carrier mobility of the CHCl3-spincoated film can be explained by

the more long range π-stacking character compared to the CS2-annealed films, evident by

the absorption spectra discussed in chapter 4.2.

5.2.3 Summary

In summary indications were found that the charge transport mechanism for crossing

the amorphous regions in semi-crystalline donor-acceptor copolymer films is similar to

P3HT, chapter 1.2.6. It was shown that PCPDTBT films with an in-plane long-range

π-stacking backbone orientation provide charge carrier mobilities one order of magnitude

higher than samples with a dimer structure. The further investigated rather amorphous

sample revealed a similar charge carrier mobility as the dimer structure. This supports the

assumption that without the π-stacking the charge carrier mobility seems to be dominated

by the amorphous regions.

In literature high performance organic solar cells of PCPDTBT are only reported from

active layers processed from CB/DIO solutions. Those exhibit a strong 800 nm band which

indicates an increased long range π-stacking, chapter 4.2. With the results from this chapter

this observation can be better understood since a high charge carrier mobility typically

enhances charge extractions and therefore decreases the number of recombinations.
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5.3 How Morphology Influences Bilayer Organic Solar Cells

In the same year PCPDTBT was introduced, Heeger et al.[3] reported solar cell efficiencies

of 3.6 % using PCPDTBT/PCBM blends. In the same publication they suggested that

efficiencies of up to 7 % should be possible if the morphology of the active layer could be

optimized. Today solar cells of up to 5.5 % are reported when using solvent additives such

as 1,8-diiodooctane (DIO) during the processing of the active layer, chapter 1.3.1.[1]

Over the last years most device improvements achieved in the field of organic solar cells

included morphology optimizations. Thereby in literature the main focus typically lies on

the optimization of the interface between the donor and the acceptor material and the

blend morphology. Additional several other aspects such as e.g. crystallinity, polymer

chain stacking and mesoscopic morphology must be considered when optimizing organic

solar cells, chapter 1.2.2.[52, 57,60,61,147,169,170]

Typically a bulk heterojunction of the donor and acceptor materials is used due to its

easy preparation and high efficiencies. In this thesis bilayer devices were built to better

understand the impact of morphology, chapter 1.2.2.

It is known that the chain orientation at the donor/acceptor and the electrode interfaces

can strongly effect the charge separation.[170–172] Many groups investigated therefore

the influence of the chain orientation using bilayer solar cells. In an theoretical and

experimental study Cheng et al.[171] showed for the well known material systems pentacene

(small molecule) and P3HT (polymer) that the molecular orientation at the interface to

the PEDOT electrode is a key factor to maximize the number of extracted charges (short

circuit current, JSC). They showed that a face-to-face orientation between P3HT and

PEDOT increases the hole mobility across the interface about 20 times compared to an

edge-to-edge configuration at the interface.

Investigating the influence of the molecular orientation at the donor/acceptor interface

Brédas et al.[172] used molecular dynamic simulation techniques to investigate different

molecular packings at the 2,4-bis[4-(N,N-diphenylamino)-2,6-dihydroxy-phenyl] squaraine,

(DPSQ) / C60 interface. They reported a strong influence on the electronic coupling

depending on the molecular orientation of the two phases to each other. It was suggested

that this coupling strongly influences the exciton dissociation and charge recombination

processes at the donor/acceptor interface. Furthermore, using bilayer solar cells Brütting

et al.[169] showed that the molecular orientation between α-sexithiophene (6T) and C60

can drastically change the rate of recombination. A considerable increase of the open

circuit voltage was observed with the transition from a coexistence of standing and lying

6T molecules to a only standing morphology.
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Fig. 5.12: Absorption spectra of the pure polymer layers used in the organic solar cells in this chapter. Black:
CS2-annealed polymer film. Orange: CB/DIO-spincoated film.

Further the charge carrier mobility in the pure phases of the blends must be consid-

ered, since it also has a strong influence on the solar cell performance, chapter 1.2.2.

In conjugated polymers often an anisotropic charge transport mobility along specific

crystallographic directions is found, chapter 1.2.6. In general the charge mobility is highest

along the backbone and π-stacking direction but hindered in the direction of the alkyl

side chains.[15, 16,25,147,173] Since in organic solar cells the charges must be extracted as fast

as possible after exciton separation to avoid non-geminal recombination a polymer chain

orientation with the backbone standing on the electrodes is desired, chapter 1.2.2.

In the previous chapter 5.2 the charge carrier mobility of three different PCPDTBT

morphologies was investigated. In the CB/DIO-spincoated films, which exhibit long range

π-stacking, a charge carrier mobility of almost one order of magnitude higher compared to

samples with a dimer structure (CS2-annealed) or a rather amorphous structure (CHCl3-

film) was found. In this chapter the same three morphologies are used to build bilayer

organic solar cells. The goal was to investigate the influence of the different morphologies

and their in-plane charge carrier mobilities on the organic solar cell device performance.
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5.3.1 Preparation of Bilayer Solar Cell

In earlier chapters it was discussed that thin PCPDTBT films with different crystal

structures and molecular orientations can be fabricated by using the solvent additive DIO

or applying solvent vapor annealing (CS2- or CB-annealed). This provided the opportunity

to investigate active layers consisting of different structures but the very same material in

organic solar cells. To compare the different morphologies it was necessary to gain a high

control over the polymer film formation and to investigate the individual layers making

sure that they are comparable in terms of thickness and surface roughness. Therefore the

bilayer solar cell configuration as described in chapter 1.2.2 and shown in figure 5.13C was

chosen for the following investigations.

Polymer Film Preparation

BCP
Al

glass substrate

PCPDTBT - 40 nm
C60 - 40 nm

ITO
PEDOT:PSS

Fig. 5.13: Bilayer solar cell configuration.

Especially the comparisons between the CB/DIO-

spincoated and the CS2-annealed samples are of great

interest. Both form homogeneous films with the poly-

mer backbones oriented in-plane but reveal different

crystal structures with and without long-range π-

stacking, as proposed in literature and discussed in

chapter 4.4.

Figure 5.12 shows the absorption spectra obtained

from the different morphologies and confirms the different crystal structures, chapter 4.4.

The CB/DIO-spincoated films reveal a strong 800 nm band correlated to the long-range

π-stacking. In the CS2-annealed samples this characteristic 800 nm band is absent and

instead a blue shifted band at 670 nm appears.

The polymer layers were prepared on PEDOT:PSS coated pre-patterned ITO-substrates

(figure A.1B) employing spin coating from CHCl3 or CB/DIO (2 w% DIO) and post

CS2 vapor annealing of pre-cast CHCl3-spincoated films. The processing conditions were

optimized to gain films of 40 nm thickness and comparable roughness, table 5.11.

The CHCl3-spincoated films were additionally included into this study as a reference

film of low crystallinity and disordered chain orientations. It should be pointed out that

from exactly the same morphologies the charge carrier mobility was already discussed in

chapter 5.2.
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Fig. 5.14: J-V curves of 0.16 cm2 sized cells of CS2-annealed (black), CHCl3-spincoated (red) and CB/DIO-
spincoated (orange) samples under AM 1.5G illumination with 100 mW/cm2 (solid) compared to J-V curves
under 740 nm illumination (dashed) with the intensity adjusted to yield approximately the same Jsc as under
AM 1.5G illumination (adapted from[12]).

Preparation of the Fullerene Acceptor Layer

The polymer films were transfered to Potsdam under a nitrogen atmosphere to prevent

degradation. There the acceptor layer and top electrodes were added with the help of the

master student B. Tornow at the University of Potsdam in the group of Prof. Neher.

The acceptor layers were prepared by evaporating a 40 nm thick C60-layer on top of

the polymer films. Evaporation was used to prevent penetration of the fullerenes into

the polymer layers or changes in the polymer morphology as is likely when processing

from solvents. Directly afterwards the cells were finalized by evaporation of a 5 nm

bathocuproine (BCP) hole-blocking interlayer and an aluminum acceptor layer as top

electrode. The complete device configuration is shown in figure 5.13. The detailed device

preparation protocol is given in chapter 3.2.5.

5.3.2 Solar Cell Characterization

The following solar cell characterization was performed by me in the laboratories of Prof.

D. Neher at the University of Potsdam together with the master student B. Tornow. Three

different methods were employed: current-voltage-curves (J-V curves) under AM 1.5G and
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740 nm illumination, external quantum efficiency (EQE) and time delayed collection field

(TDCF) measurements.

J-V Curve Characteristics

Solar cell characteristics were measured directly after finalizing the solar cells under nitrogen

atmosphere and the results are shown in figure 5.14. Each sample was investigated by

illuminating with the entire solar spectrum (AM 1.5G, solid line) and with monochromatic

740 nm LED light (dashed line). The illumination with monochromatic 740 nm light

induces a pure polymer excitation since C60 absorbs only below 700 nm.[174]

Surprisingly, despite the large differences in the film morphologies all J-V curves are

quite comparable in shape, short circuit current (JSC) and open circuit voltage (VOC). It

should be noted that all curves reveal a similar low field dependence of the photocurrent

at reverse bias. Generally speaking the bilayer solar cells showed efficiencies of around

1.4 % and high fill factors between 66 % and 57 %. An overview of all performance data is

given below in table 5.11.

Tab. 5.11: Bilayer solar cell performance data from the J-V curves in figure 5.14 under AM 1.5G
illumination (100 mW/cm2) with an active area of 0.16 cm2.

CS2-annealed CB/DIO-spincoated CHCl3-spincoated

VOC [V] 0.42 0.50 0.55
JSC [mA/cm2] −5.03 −4.41 −4.79
FF [%] 66.7 64.7 57.2
ECE [%] 1.4 1.4 1.5
JSC(EQE)a [mA/cm2] −5.07 −4.44 −4.97
Rq

b 8.9 2.0 1
a Obtained from the EQE measurements without external applied bias (figure 5.15) by integration

over the AM1.5G solar spectrum.
b Root mean squared roughness extracted from AFM images of the respective polymer films.

External Quantum Efficiencies - EQE

In general the external quantum efficiency is obtained by measuring the number of extracted

charges (electrons) during irradiation at a certain wavelength with a known intensity.

The EQE is then calculated from the ratio between the number of extracted charges

(#electrons) and irradiated photons (#electrons
#photons

, chapter 2.4.2) and plotted against the

wavelength. EQE measurements with different external biases applied to the cells were

additionally performed to be able to differentiate between the field dependence in the

respective polymer and fullerene phases.
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A)

B)

C)

Fig. 5.15: Field dependent external quantum efficiency (EQE) spectra for different biases (-2.4 V to 0.4 V,
left scale) of bilayer PCPDTBT/C60 cells are compared to the absorption spectra of the pure polymer layers
(gray) without C60 (right scale). Three differently prepared polymer layers are compared: CB/DIO-spincoated
(A), CS2-annealed (B) and CHCl3-spincoated (C) samples (adapted from[12]).

For all samples figure 5.15 shows the plots of the EQEs against the wavelength (EQE:

left axis). The absorption spectra of the pure polymer layers are added for comparison

reasons (Abs: gray, right axis). The EQE in the high energy region (400 to 540 nm) is

dominated by the C60 absorption (not shown) whereas the low energy region (600 to

900 nm) represents the polymer absorption. The characteristic absorption of the different

morphologies is mirrored perfectly by the EQE spectra (dashed lines). For the CB/DIO-

spincoated samples the 800 nm maximum, which was in earlier chapters correlated to

long-range π-stacking (chapter 4.2), is only found in the EQE of the CB/DIO-spincoated

samples. The CS2-annealed sample on the other hand reveals a broad plateau from 600 to

740 nm which is perfectly consistent with the absorption of the dimer like crystal structure

discussed in chapter 4.4. This indicates that the same polymer chains and aggregates

causing the characteristic absorptions are also responsible for the charge generation within

the polymer layer. The charge generation is therefore suggested to occur from excitons

which are generated in the respective morphology of the polymer bulk and then diffuse to

the donor/acceptor interfaces where they separate into electron/hole pairs.
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Furthermore, the EQE peak maxima which are correlated either to the fullerene (430 nm)

or polymer (700 to 800 nm) phase were compared. The comparison between the different

samples revealed that the maxima differ only by 3 to 5 %. This indicates that the overall

charge generation (including recombination processes) in all films is similar. This is also

in good agreement with the J-V-curve results. To further ensure that the EQE data

correspond to the measured J-V-curves the EQE spectra without externally applied bias

(0 V) were integrated over the AM1.5G spectrum to obtain the current density (JSC(EQE)).

The calculated values are in good agreement with the JSC values from the J-V-curves,

table 5.11. This further supports that all three morphologies perform similar in bilayer

solar cell devices.

In the region of the fullerene phase (400 to 500 nm) the comparison of the EQE spectra at

different externally applied biases (−1.6 V – 0.2 V) reveals a high external field dependency

for the light harvesting for all samples, figure 5.15. The same comparison in the polymer

region (600 to 900 nm) showed almost no external field dependency. This indicates a

much higher field dependence between −1.6 V and 0.2 V for the fullerene compared to the

polymer phases.

The same trend of the field dependence as in the fullerene phase of the EQE was found

in the J-V curves at high reverse biases (neg. potentials) when illuminating under solar

AM 1.5G spectrum (solid line), figure 5.14. Whereas the field dependence in the J-V

curves is smaller when only exiting the polymer phase with monochromatic light (740 nm,

dashed line), figure 5.14. The same observation of increased field dependence of the charge

generation in PCPDTBT:PCBM blends was found also by Brenner et al.[175] and has

recently been attributed to the field-induced split-up of CT excitations in the fullerene

phase.[176]

Time Delayed Collection Field - TDCF

TDCF is based on the following principle: after illumination all generated free charges (Qtot)

are extracted before non-geminate recombination occurs (a bimolecular recombination

of two charges generated in different absorption processes). For this measurement free

charges are generated by a monochromatic 5 ns laser pulse allowing the selective excitation

of certain phases. After a delay time of 10 ns a collecting voltage is applied to extract all

free charges before non-geminate recombination can occur. Additionally a pre-bias can be

applied during the free charge generation allowing a field dependent measurement for the

totally generated free charges. A detailed description of the TDCF technique is given in

chapter 2.4.2.
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A) B)

C)

Fig. 5.16: J-V curves under AM 1.5G illumination with 100 mW/cm2 (gray, left scale) are compared to the
normalized total charges (Qtot from TDCF, dots) and the normalized field dependent EQE (right scale, dashed)
excited at 650 nm (black) and 480 nm (red) for PCPDTBT/C60 bilayer cells normalized to −1.8 V. Three
different preparation methods for the polymer layers are compared: CS2-annealed (A), CHCl3-spincoated (B)
and CB/DIO-spincoated (C) sample (adapted from[12]).

The TDCF measurements were performed outside the glovebox at ambient air. To

protect the cells from degradation they were encapsulated by gluing a glass slide on top of

the cell using an epoxy resin. The stability of the solar cells was tested by measuring a

second set of J-V curves after the TDCF measurements. No significant signs of degradation

was found.

In figure 5.16 the recorded data of the TDCF measurements (dots) are plotted against

the applied voltage and compared with the J-V curves (gray) and the EQE data (dashed).

The J-V curves were obtained under AM1.5G illumination whereas the EQE and TDCF

data were measured for two characteristic absorption wavelengths (480 and 650 nm)

corresponding to the fullerene (red) and the polymer (black) phase. The comparison

between these two methods allows to differentiate between the total total number of

extracted charges (EQE – including possible non-geminate recombination) and the totally

generated charges (Qtot) (TDCF – excluding non-geminate recombination). The plots of

all samples show that the field dependence of the charge generation (Qtot) at reverse bias

follows the monochromatic photocurrent (EQE). This leads to the conclusion that the
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field dependence is determined by the interplay between charge generation and geminal

recombination and not by non-geminate recombinations. Only when going to low internal

fields, close to the open circuit voltage (VOC), the monochromatic EQE data differ from

the Qtot value. This means that at low internal fields non-geminate recombinations become

the dominating factor for the overall photocurrent.

Further the EQE and TDCF data were compared with the J-V curves of the solar cells.

This revealed that the field dependence observed in the J-V curves is almost exclusively

determined by the fullerene phase. The curves in which only the polymer phase (680 nm)

is excited show only a very weak field dependence of the generated and extracted charges.

It can be speculated that the field dependence seen for the fullerene phase is due to the

field-induced split-up of CT excitations in the pure fullerene phase.[176]

5.3.3 Summary

Three different preparation methods were used to obtain thin films of PCPDTBT compara-

ble in thickness and surface roughness but with different crystal structures (CS2-annealed

vs. CB/DIO-spincoated) and degrees of crystallinity (CHCl3-spincoated vs. CB/DIO-

spincoated). To the best of my knowledge this is the first study comparing different

morphologies of a conjugated donor-acceptor copolymer in a polymer/C60 bilayer solar cell

devices. The results from the J-V curves as well as from the EQE and TDCF measurements

show that the polymer morphology has only a minor impact on the efficiency and field

dependence in these bilayer cells.

The almost completely field independent charge generation in the polymer phase leads

to the conclusion that the split-up of the charge transfer excitons at the polymer/fullerene

heterojunctions occurs rather barrier free. Surprisingly, regardless of the polymer mor-

phology. These results are even more surprising considering the charge carrier mobilities

determined for the different morphologies in the last chapter. It could be shown that the

CB/DIO-spincoated samples possess an increased charge carrier mobility due to their long

range π-stacking structure compared to the CS2-annealed and CHCl3-spincoated films.

All these results indicate that the efficiency of the here prepared bilayer solar cells does not

depend on the polymer morphology but is rather determined by the electron delocalization

in the highly crystalline C60 layer. It can be therefore assumed that the performance

differences in bulk heterojunction solar cells reported for PCPDTBT[1, 59,61,175,177] with

efficiencies between 2.5 to 5.5 % are probably caused by different degrees of fullerene

aggregation and blend morphology and not by changes in the polymer morphology.
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The main goal of this thesis was to achieve a deeper understanding of how the mesoscopic

morphology and crystal structure of donor-acceptor copolymers influence their optical and

electrical properties. As a representative donor-acceptor copolymer the well known and

high performance copolymer PCPDTBT[1–3] which is based on the electron-rich donor

cyclopentadithiophene (CPDT) and electron-poor acceptor benzothiadiazole (BT) was

investigated, figure 6.1A. In addition the two derivatives thereof Si-PCPDTBT[4] and

F-PCPDTBT[5, 6] were characterized and compared. Regarding molecular weights and

PDI the following materials were studied: PCPDTBT (MW = 26.7 kg/mol, PDI = 1.8)

and F-PCPDTBT (MW = 10.8 kg/mol, PDI = 1.6). Furthermore, the influence of the

molecular weight on the optoelectronic properties was investigated using four different

Si-PCPDTBT batches between 4 and 32 kg/mol (MW).

In order to establish structure-function relationships first a fundamental understanding

of the correlation between morphology and absorption in solution and thin films was

established. The aggregation behavior was investigated by in-situ absorption and photo-

luminescence (PL) spectroscopy and modeled via a Frank-Condon-Analysis. Different

processing solvents, with and without solvent additives, in addition to solvent vapor

annealing, were used to control the mesoscopic morphology and crystal growth. TEM/ED

and GIWAXS experiments were employed to establish a crystal structure and to identify

different orientations of the unit cell relative to the substrate. The different morphologies

were subsequently applied in field-effect transistors and organic solar cells in order to make

correlations between the polymer morphology and device performances. In the following

some of the key findings which also resulted in publications will be highlighted.

The optical properties in solution and the formation of aggregates were investigated

employing UV/Vis and PL spectroscopy. In solution, the absorption spectra typical for

donor-acceptor copolymers was found revealing a high energy band around 420 nm and

a low energy band around 730 nm. Quantum chemical calculations suggest that the low

energy band is caused by a charge-transfer (CT) transition between the HOMO and

LUMO. The high energy band on the other hand was correlated to a HOMO to LUMO+3

transition. The charge-transfer character of the low energy band was further confirmed by

a hypsochromic shift in solvents of increasing polarities. [11, Fischer et al. 2013]

The aggregation behavior of the polymers was probed in solution, by either changing the

concentration or the temperature of the solution. Both experiments showed the appearance

of a new red-shifted absorption band above 800 nm, figure 6.1B. Based on the fact that
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A) B)

Fig. 6.1: A) Chemical structure of PCPDTBT (X = C, Y = H), Si-PCPDTBT (X = Si, Y = H) and
F-PCPDTBT (X = C, Y = F). B) UV/Vis spectra of PCPDTBT dissolved in MTHF (0.25 mg/ml) between
67 ◦C (red, 340 K) and −163 ◦C (blue, 110 K) with spectra taken every 20 K (gray) in between (dashed: room
temperature; adapted from[10]).

aggregates of other conjugated polymers such as P3HT or MEH-PPV reveal a red shifted

absorption, the 800 nm band was correlated to π-stacked aggregates of PCPDTBT.[17]

Especially the concentration-dependent experiments confirmed the formation of interchain

aggregates and excluded intrachain aggregation.

Spano et al.[7–9,85,93,137] had shown that the spectra of conjugated homopolymers such

as P3HT and MEH-PPV can be modeled using a Frank-Condon analysis. The Spano

approach could successfully be transfered to the PCPDTBT spectra. The absorption and

PL spectra of PCPDTBT were further interpreted by modeling their absorption signatures

in the dissolved and aggregated phase, employing the same technique as Spano et al. One

important outcome was that the Spano model was used in this thesis for the first time

to investigate the spectral signatures of a donor-acceptor copolymer. The experimental

spectra could be nicely reproduced by employing two emissive states. In contrast to other

conjugated polymers, such as P3HT, no J- or H-aggregation had to be assumed to explain

changes in the 0-0/0-1 peak ratio when going from the solution to the aggregated phase.

During aggregation, a red-shift, probably due to an increased conjugation length and

planarization of the backbones, was found and at low temperatures, a sharpening of the

vibrational bands was observed. [10, Scharsich and Fischer et al. 2015]

In a first attempt to understand and control the thin film morphology films spin coated

from different processing solvents with and without solvent additives were investigated

employing absorption spectroscopy and structural characterization. It was shown that the

order of the thin film morphology increased with increasing boiling point of the processing
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solvents. This was attributed to the probably increased drying time during the film

formation due to the slower evaporation. Low boiling point solvents such as CS2 revealed

a featureless film morphology and absorption spectra reassembling those of the solution.

With increasing boiling point randomly oriented aggregates of around 40 nm were found in

the films by AFM. However, only when spin coating from the high boiling point solvent,

1-chloronaphthalene (bp. 259 ◦C), a distinct fiber morphology was observed. Such highly

ordered films further revealed a strong 800 nm absorption band similar to the spectral

signatures found in aggregated solutions. [11, Fischer et al. 2013]

In literature several publications[58, 102,108] report on films processed from chlorobenzene

(CB) solutions containing 1,8-diiodooctane (DIO) as solvent additive (CB/DIO-spincoated).

An edge-on morphology with a long range π-stacking was suggested, even though only

weak scattering was found by GIWAXS and no melting point could be obtained. TEM/ED

and DSC experiments performed within this thesis confirmed the low crystallinity and the

GIWAXS reflections reported in literature.

Interestingly, films spin coated from solvents containing 2 w% DIO revealed a strong

800 nm absorption and 40 nm aggregates independent of the processing solvent. It was

therefore suggested that such high boiling point additives allow aggregation during the

drying of the film regardless of the processing solvent. At the same time DIO seems to

suppress the fiber formation observed in the 1-CN-spincoated films.

To further increase the crystallization tendency solvent vapor annealing was employed. In

analogy to P3HT,[15, 16,83] pre-cast PCPDTBT films (around 30 nm thickness) were annealed

in CS2 vapor atmosphere. AFM images showed a highly ordered fiber-like morphology for

the CS2-annealed films, figure 6.2A. TEM/ED and DSC measurements showed few weak

reflections and no phase transitions, respectively, indicating low crystallinity for these

samples.

In an attempt to further increase the crystallinity of the films the annealing solvent CS2,

was replaced by the often used processing solvent chlorobenzene (CB). Due to the higher

boiling point i.e lower vapor pressure of CB, the temperature during the solvent vapor

annealing had to be increased to 50 ◦C. While CS2-annealed films resulted in fibre-like

homogenous films, this led to highly crystalline samples of PCPDTBT with two distinct

morphologies, figure 6.2B: i) dendritic spherulites of up to 40 µm in diameter which reveal

a Maltese Cross in the POM images and a lamellar substructure in the AFM images. ii)

Circular blue regions in the POM images with a terrace-like structure and distinct steps

consisting of a height of around 15 nm. DSC measurements further revealed a melting
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A) B) C)

Fig. 6.2: A) AFM height image of a CS2-annealed PCPDTBT thin film. B) POM image of a CB-annealed
PCPDTBT film showing a spherulitic structure with an circular blue region attached. C) UV/Vis-absorption
spectra of thin films prepared by CS2 (black) and CB (red) vapor annealing. As comparison an absorption
spectra of a CB/DIO-spincoated film (gray) was added (adapted from[12]).

point around 280 ◦C and confirmed the high crystallinity of these samples. [12, Fischer et

al. 2015]

Interestingly, regardless of the annealing solvent no evidence of an 800 nm absorption

band as in the spin coated films and aggregated solutions was found for the solvent-

annealed samples, figure 6.2C. Instead a blue-shifted absorption with an additional band

around 680 nm was measured. It was therefore suggested that the solvent annealed samples

comprise a different polymorph compared to the aggregates found in solution and thin

films. For F-PCPDTBT a very similar crystallization behavior as for PCPDTBT was

found. On the contrary for Si-PCPDTBT, only the smallest molecular weight polymers

could be recrystallized and no changes were found in the UV/Vis-absorption spectra before

and after solvent vapor annealing. This was assumed to be because of the much higher

aggregation tendency of Si-PCPDTBT compared to the other two derivatives.

The highly crystalline films obtained by solvent vapor annealing were used to establish

a first crystal structure. The circular blue regions of the CB-annealed PCPDTBT samples

revealed a high symmetry and distinct reflection pattern measured by TEM/ED. The

pattern was accordingly indexed as [001] zone. Tilting experiments on the spherulitic

structures confirmed that they consist of the same polymorph as the circular blue regions.

The difference between the two structures was found to be only in the orientation of the

polymer backbones relative to the substrate. In the spherulitic structure the chains are

tilted by around 45°, figure 4.18. From the symmetry and intensity distribution of ED

patterns obtained from CB-annealed films, a dimer-like structure in which 4 polymer

chains build up an orthorhombic unit-cell was suggested. [12, Fischer et al. 2015]

The ED pattern of the CB-annealed F-PCPDTBT films revealed a similar symmetry

and intensity distribution as the PCPDTBT samples. The main difference found was
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Fig. 6.3: Model of the proposed crystal structure for PCPDTBT (A) and F-PCPDTBT (B) and C). A) and
B) show the dimer-like structure in the a,b-plane of the unit cell with the stacking direction rotated by 90°
between PCPDTBT and F-PCPDTBT. C) View along the a-axis of the F-PCPDTBT structure revealing the
anti-parallel stacking of the polymer chains found for both derivatives (adapted from[13]).

that the reflections correlated to the interchain stacking of the dimers were rotated by

90° compared to PCPDTBT. Therefore a similar dimer-like structure as in PCPDTBT

but with the dimer stacking direction rotated by 90° was suggested for the fluorinated

derivative, figure 6.3.

Further information along the polymer backbone direction was needed to complete the

crystal structure. Two methods, epitaxy and high temperature rubbing, were employed to

align the polymer backbones of PCPDTBT and F-PCPDTBT in the plane of the film. Using

the aligned films, TEM/ED patterns were obtained showing a distinct intensity distribution

along the polymer backbones. Four selection rules could be extracted from these patterns

and a first tentative model for the crystal structure was constructed employing a P c c n

space group. As shown in figure 6.3, both derivatives display a dimer-like structure with

an anti-parallel stacking of the benzothiadiazole units within the dimers. [13, Fischer et al.

2015]

The PCPDTBT CS2-annealed samples were additionally investigated by GIWAXS

and the high brilliance allowed to obtain several additional reflections compared to the

TEM/ED measurements. From the diffraction patterns of the CS2-annealed films it was

evident that they contain the same polymorph as the CB-annealed samples. In contrast to

the CB-annealed films, the dimers are oriented parallel to the substrate. Hence, with CS2

vapor annealing, a method was found to crystallize PCPDTBT in a homogeneous film of

a dimer-like structure and with the polymer backbone oriented in-plane. This finding was

of great importance since such films could afterwards be compared in organic field-effect
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transistors (OFET) and organic solar cells with the long-range π-stacked morphology of

CB/DIO-spincoated films.

At the moment Anton Melnyk from the group of Dr. Denis Andrienko at the MPI

in Mainz is performing theoretical calculations based on the presented tentative crystal

structure. It will be very interesting to see if the theoretical investigations can confirm

the experimental structures. Furthermore, the theoretical investigations might help to

better understand why the substitution of a single hydrogen atom by a fluorine changes

the crystal structure so drastically.

Before actual devices were characterized the energy levels and absorption properties of

the charged species of the different polymer derivatives were investigated via electrochem-

istry. The HOMO/LUMO values of Si-PCPDTBT and PCPDTBT were determined to

−5.0 eV/−3.1 eV and −4.8 eV/−3.1 eV, respectively. It was shown that the HOMO value

does not change when blending Si-PCPDTBT with different fullerenes (PCBM, ICMA,

ICBA and ICTA). The LUMO values on the other hand were shown to be stabilized

by up to 100 meV when blending Si-PCPDTBT with fullerene derivatives. The in-situ

spectroscopy further revealed that the first reduction occurs solely in the pure fullerene

phases. Only in the most extreme case of ICTA lies the fullerene LUMO (−3.3 eV) so close

to that of Si-PCPDTBT (−3.1 eV) that only one reduction peak for both the polymer and

the ICTA appeared around −1.4 V.

With the aim to better understand the efficient charge transfer state splitting in

heterojunction PCPDTBT/fullerene solar cells, spectroelectrochemistry of both the pure

polymer and the blended active layers were investigated together with S. Albrecht from the

group of Prof. Neher. The spectroelectrochemistry provided a technique to investigate the

HOMO/LUMO values not only in the pure phases but also in the blended active layers of the

organic solar cells. This technique enabled the correlation of the redox processes to specific

phases in the blends. Together with additional measurements (performed by S. Albrecht

et al.) it was concluded that the generation of free charges in PCPDTBT/fullerene solar

cells proceeds via the split-up of the relaxed CT state irrespective of the initial exciton

energy and driving force. A detailed description of all findings and conclusions can be

found in the respective publication [14, Albrecht and Fischer et al.] and the PhD thesis of

S. Albrecht.[166]

In chapter 5, OFETs and solar cells were built from three different morphologies: i)

CB/DIO-spincoated, with long-range π-stacking, ii) CS2-annealed, with a dimer-like

structure and iii) CHCl3-spincoated, with a foremost amorphous morphology. In top-gate

bottom-contact OFETs, the CB/DIO-spincoated films showed an one order of magnitude
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Fig. 6.4: A) Schematic of a dimer-like structure highlighting how the alkyl side chains form a barrier for
charge transport between the dimers. B) J-V curves of solar cells prepared from CS2-annealed (black), CHCl3-
spincoated (red) and CB/DIO-spincoated (orange) films under AM 1.5G illumination with 100 mW/cm2 (solid)
compared to J-V curves under 740 nm illumination (dashed) with the intensity adjusted to yield approximately
the same Jsc as under AM 1.5G illumination (adapted from[14]).

higher charge carrier mobility (1 × 10−3 cm2/Vs) compared to the CS2-annealed films

(1 × 10−4 cm2/Vs). Comparing the long-range π-stacking and the dimer-like structure it

becomes obvious that a charge transport along the π-stacking is much more likely than

between dimers. In the dimer-like structure the alkyl side chains form a barrier between

the dimers, preventing an easy transition of the charges between two dimers. This packing

prevents an efficient 2D charge transport and limits thereby the overall hole mobility on

top of the polymer films, figure 6.4A. [168, Fischer et al. 2015]

The influence of the PCPDTBT structure was investigated using bilayer solar cells. The

polymer layers were prepared using the same preparation methods as for the OFETs. As

acceptor layer, C60 was evaporated and as electrodes ITO and aluminum electrodes were

used. Using J-V-curve, EQE and TDCF measurements the solar cell characteristics and

the recombination mechanisms were investigated and compared. The high charge carrier

mobility in the CB/DIO-spincoated films gave reason to expect a better performance of

the active layers prepared from CB/DIO. Surprisingly, all three morphologies revealed very

similar device performances, figure 6.4B. A weak field dependence was found in all cells and

was correlated to the field-induced charge generation of the fullerene phase. The similarity

of the performance regardless of the morphology was surprising. It was speculated that

the highly crystalline C60 provides such a good electron mobility that all free electrons

are extracted via the fullerene phase before charge recombination can occur. This would

probably mean that the small differences in the charge carrier mobility of the different

polymer layers have only minor influence on the overall efficiency. [12, Fischer et al. 2015]
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Future experiments can build up on the possibility to induce different polymorphs by the

developed processing and annealing procedures. Using an amorphous C60 acceptor layer in

bilayer solar cells to reduce the electron mobility in the acceptor layer such that the effect

of the different polymer morphologies can be observed would probably be very interesting.

The challenge hereby would be to apply the amorphous layer without destroying the

polymer morphologies as it easily occurs when processing the fullerenes from solution.

A possibility could be to evaporate a mixture of C60 and C70 or to use other fullerene

derivatives.

In summary a general understanding of a representative donor-acceptor copolymer

regarding influence of crystal structure and mesoscopic morphology on the opto-electronic

properties and device performance was established. The additional investigation of two

derivatives with typical backbone modifications such as fluorination of a monomer or

substitution of the bridging carbon atom by a silicon atom further generalized this study.

Many of the findings in this thesis such as aggregation behavior, annealing protocols or

the charge carrier mobility-structure relationship can be used in future work regarding

conjugated donor-acceptor copolymers.
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A Appendix

A.1 Substrates

A)

B)

Fig. A.1: A) Layout of the bottom-contact (Au, black), top-gate (Al, orange) transistors with channel lengths
between 100 to 250 µm and a channel width of 1 mm. B) Layout of the bottom- and top-electrodes used for
the preparation of solar cells. Each substrate includes 6 active areas defined by the overlap of ITO structure
(cyan) and the evaporated Aluminum top-electrodes (red).
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A.2 Absorption and PL in Solution

PCPDTBT

A) B)

C) D)

E) F)

Fig. A.2: A) Temperature-dependent absorption spectra of 3 mg/ml PCPDTBT in THF in the temperature
range between −20 ◦C (blue) and 55 ◦C (red) in steps of 5 K (gray). B-F) Absorption spectra of PCPDTBT
in THF (B), CS2 (C), CHCl3 (D), CB (E) and 1-CN (F) each at four different concentrations 0.01 mg/ml
(black), 0.1 mg/ml (red), 1 mg/ml (blue) and 3 mg/ml (pink).
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F-PCPDTBT

A) B)

C) D)

Fig. A.3: A-D) Absorption spectra of F-PCPDTBT in CS2 (A), THF (B), CB (C) and 1-CN (D); each at two
different concentrations 0.01 mg/ml (black) and 3 mg/ml (red).
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A.3 Raman Spectroscopy

Fig. A.4: Raman spectrum of a PCPDTBT thin film spin coated from CHCl3 on a SiOx-substrate (adapted
from[10]).
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A.4 Thin Films

Fig. A.5: Height- (left) and Phase- (right) AFM images of PCPDTBT films on Si-wafer after spin coated
from 3 mg/ml CB (A), 1-CN (B), THF (C) and CS2 (D) solutions with 2 w% DIO as solvent additive.
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Fig. A.6: AFM height images of thin Si-/F-PCPDTBT films prepared by spin coating from different solvents.
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Fig. A.7: AFM phase images of thin Si-/F-PCPDTBT films prepared by spin coating from different solvents.
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Fig. A.8: AFM height- (left) and phase- (right) images of F-PCPDTBT films on Si-wafer prepared by spin
coating from 3 mg/ml CB (A), 1CN (B) and CHCl3 (C) solutions with 2 w% DIO added as solvent additive.
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A) B)

C) D)

E)

Fig. A.9: Absorption spectra of thin PCPDTBT (A, B), F-PCPDTBT (C, D) and Si-PCPDTBT (E,
Mw=10 kg/mol) films prepared by spin coating from 3 mg/ml solutions of THF (black), CHCl3 (red), CB
(blue), 1-CN (pink) and CS2 (green) without (A, C, E) and with (B, D) 2 w% of the solvent additive DIO.
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A.5 Solvent Vapor Annealing
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Fig. A.10: Typical solvent annealing protocols used in this study. A) CB-annealing protocol for PCPDTBT with
vapor and substrate temperatures of 50 ◦C and 42 ◦C, respectively. B) CS2-annealing protocol with vapor and
substrate temperatures of 22 ◦C and 20 ◦C, respectively. C) CB-crystallization protocol for F-PCPDTBT with
vapor and substrate temperatures of 50 ◦C and 42 ◦C, respectively. D) CB-annealing protocol for Si-PCPDTBT
with a vapor temperature of 50 ◦C and varying substrate temperatures (stated for each sample throughout the
thesis).
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Fig. A.11: TEM/ED patterns (left) and bright field images (right) of a CS2-annealed PCPDTBT film, with
the distances of the respective reflections indicated in the images. The detailed solvent annealing protocol is
given in figure A.10 (adapted from[12]).
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Fig. A.12: Polarized microscopy image with crossed polarizers of a F-PCPDTBT CS2 vapor annealed film.

Fig. A.13: Absorption spectra of PCPDTBT films prepared by CB solvent vapor annealing (red) and spin
coating from CB/DIO (2 w%) at 320 ◦C under nitrogen.
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A.6 Crystal Structure

Fig. A.14: Crystal structure prepared using the P n c n space group assuming a non-planar backbone configura-
tion. This structure was first proposed in our publication [12, Fischer et al. 2014].

C c c 2 P n c n P c c n

segregated stacking mixed stacking segregated stacking

Fig. A.15: Stacking of the CPDT and BT units of PCPDTBT in the dimers of PCPDTBT depending on the
space group used for form I. Image created by Dr. M. Brinkmann and published in [13, Fischer et al. 2015]
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Tentative Crystal Structures

In the following the final crystal structure for PCPDTBT and F-PCPDTBT is given. The

SHELX format was used following the nomenclature of a .res file.[178] The .res files are

also attached to the pdf version of this thesis: PCPDTBT F-PCPDTBT

Crystal Structure of PCPDTBT

CELL 0.0000 12.4000 19.3000 24.0000 90.0000 90.0000 90.0000

LATT 1

SYMM -X+0.500,-Y+0.500,+Z

SYMM -X,+Y+0.500,-Z+0.500

SYMM +X+0.500,-Y,-Z+0.500

S1 0 0.14206 0.83832 0.54863 1.00000 0.09750 0.07200 = 0.07840 -0.01310 0.00330 -0.00860

S2 0 0.14646 0.84419 0.71798 1.00000 0.07810 0.06330 = 0.04910 0.00290 0.00110 0.00670

S3 0 0.53654 0.83379 0.88648 0.63540 0.06090 0.05610 = 0.06070 0.00090 0.00260 0.00080

N4 0 0.45524 0.83850 0.83461 0.63540 0.06120 0.05120 = 0.05670 0.00130 0.01190 0.00200

N5 0 0.45322 0.83269 0.93765 0.63540 0.06120 0.05120 = 0.05670 0.00130 0.01190 0.00200

C6 0 0.35847 0.83801 0.85750 0.63540 0.05360 0.06940 = 0.03370 0.01160 0.00050 0.00760

C7 0 0.35471 0.83501 0.91691 0.63540 0.05360 0.06940 = 0.03370 0.01160 0.00050 0.00760

C8 0 0.13868 0.85004 0.91812 0.36460 0.05360 0.06940 = 0.03370 0.01160 0.00050 0.00760

C9 0 0.14257 0.84626 0.85875 0.36460 0.05360 0.06940 = 0.03370 0.01160 0.00050 0.00760

C10 0 0.24293 0.83455 0.50128 1.00000 0.11590 0.06240 = 0.06770 -0.01730 0.02850 0.00450

C11 0 0.34251 0.83580 0.52432 1.00000 0.12700 0.05950 = 0.06510 -0.00720 0.01580 -0.00510

C12 0 0.33590 0.83851 0.58311 1.00000 0.11040 0.05000 = 0.07500 -0.00600 0.03260 0.00480

C13 0 0.23285 0.84294 0.60226 1.00000 0.08260 0.07040 = 0.03920 -0.01200 0.01450 -0.01340

C14 0 0.23392 0.84501 0.66313 1.00000 0.07820 0.05830 = 0.04170 -0.00170 0.00960 0.00320

C15 0 0.34199 0.84505 0.67984 1.00000 0.08320 0.06260 = 0.04590 -0.00670 0.01240 0.00030

C16 0 0.34825 0.84507 0.73775 1.00000 0.07830 0.06240 = 0.04170 0.00250 0.00510 0.00180

C17 0 0.25482 0.84514 0.76567 1.00000 0.07570 0.05690 = 0.03790 -0.00200 0.00640 0.00260

C18 0 0.41491 0.84134 0.62932 1.00000 0.08850 0.05910 = 0.07650 0.00850 0.01480 -0.01110

C19 0 0.39840 0.96088 0.61985 0.70200 0.10900 0.06050 = 0.23800 0.00500 0.01600 0.00100

C20 0 0.46505 0.90610 0.62996 0.29800 0.10200 0.09500 = 0.10200 -0.02100 0.01800 0.01200

C21 0 0.48903 0.78507 0.62774 1.00000 0.14100 0.04440 = 0.06610 -0.00350 -0.02410 -0.00120

C22 0 0.59900 0.80663 0.62899 1.00000 0.10550 0.05970 = 0.07540 0.00800 0.00850 -0.00460

C23 0 0.25009 0.84473 0.82699 1.00000 0.06600 0.05780 = 0.03770 0.02140 0.00560 0.00690

C24 0 0.24720 0.84174 0.94825 1.00000 0.08360 0.05890 = 0.04120 -0.00710 0.02540 -0.00820
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C25 0 0.46296 1.01506 0.63061 1.00000 0.00000

C26 0 0.66057 0.76289 0.66373 1.00000 0.00000

C27 0 0.40141 1.07346 0.62102 1.00000 0.00000

C28 0 0.60502 0.69929 0.67131 1.00000 0.00000

C29 0 0.29477 1.05632 0.63245 1.00000 0.00000

C30 0 0.66383 0.65451 0.70673 1.00000 0.00000

C31 0 0.22986 1.11387 0.62247 1.00000 0.00000

C32 0 0.64992 0.58530 0.69154 1.00000 0.00000

C33 0 0.31020 0.96351 0.65371 1.00000 0.00000

C34 0 0.64359 0.79877 0.57624 1.00000 0.00000

C35 0 0.70546 0.85736 0.56534 1.00000 0.00000

C36 0 0.23321 1.01260 0.63823 1.00000 0.00000

END

Crystal Structure of F-PCPDTBT

CELL 0.0000 11.0000 20.6000 24.0000 90.0000 90.0000 90.0000

LATT 1

SYMM -X+0.500,-Y+0.500,+Z

SYMM -X,+Y+0.500,-Z+0.500

SYMM +X+0.500,-Y,-Z+0.500

S1 0 -0.09608 0.30678 -0.21974 1.00000 0.09750 0.07200 = 0.07840 0.01310 -0.00330 -0.00860

S2 0 -0.08765 0.30764 -0.05577 1.00000 0.07810 0.06330 = 0.04910 -0.00290 -0.00110 0.00670

S3 0 -0.08865 0.41768 0.11391 0.63540 0.06090 0.05610 = 0.06070 -0.00090 -0.00260 0.00080

N4 0 -0.08786 0.36927 0.05982 0.63540 0.06120 0.05120 = 0.05670 -0.00130 -0.01190 0.00200

N5 0 -0.09177 0.36582 0.16527 0.63540 0.06120 0.05120 = 0.05670 -0.00130 -0.01190 0.00200

C6 0 -0.08997 0.30841 0.08155 0.63540 0.05360 0.06940 = 0.03370 -0.01160 -0.00050 0.00760

C7 0 -0.09220 0.30666 0.14050 0.63540 0.05360 0.06940 = 0.03370 -0.01160 -0.00050 0.00760

C8 0 -0.09356 0.18989 0.13883 0.36460 0.05360 0.06940 = 0.03370 -0.01160 -0.00050 0.00760

C9 0 -0.09079 0.19135 0.08025 0.36460 0.05360 0.06940 = 0.03370 -0.01160 -0.00050 0.00760

C10 0 -0.09433 0.24687 -0.26856 1.00000 0.11590 0.06240 = 0.06770 0.01730 -0.02850 0.00450

C11 0 -0.09095 0.18489 -0.24142 1.00000 0.12700 0.05950 = 0.06510 0.00720 -0.01580 -0.00510

C12 0 -0.09179 0.19171 -0.18239 1.00000 0.11040 0.05000 = 0.07500 0.00600 -0.03260 0.00480

C13 0 -0.09423 0.25542 -0.16578 1.00000 0.08260 0.07040 = 0.03920 0.01200 -0.01450 -0.01340

C14 0 -0.08317 0.25601 -0.10993 1.00000 0.07820 0.05830 = 0.04170 0.00170 -0.00960 0.00320

C15 0 -0.08069 0.19265 -0.09290 1.00000 0.08320 0.06260 = 0.04590 0.00670 -0.01240 0.00030
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C16 0 -0.08311 0.18579 -0.03472 1.00000 0.07830 0.06240 = 0.04170 -0.00250 -0.00510 0.00180

C17 0 -0.08631 0.24680 -0.00720 1.00000 0.07570 0.05690 = 0.03790 0.00200 -0.00640 0.00260

C18 0 -0.08307 0.14367 -0.13658 1.00000 0.08850 0.05910 = 0.07650 -0.00850 -0.01480 -0.01110

C19 0 -0.08920 0.25049 0.05110 1.00000 0.06600 0.05780 = 0.03770 -0.02140 -0.00560 0.00690

C20 0 -0.09424 0.24790 0.16927 1.00000 0.08360 0.05890 = 0.04120 0.00710 -0.02540 -0.00820

C21 0 0.02230 0.10453 -0.13601 1.00000 0.00000

C22 0 -0.17805 0.10099 -0.12718 1.00000 0.00000

C23 0 0.11724 0.14370 -0.11675 1.00000 0.00000

C24 0 -0.13505 0.04226 -0.14949 1.00000 0.00000

C25 0 0.22144 0.10606 -0.10754 1.00000 0.00000

C26 0 -0.21572 -0.00907 -0.13874 1.00000 0.00000

C27 0 0.31566 0.14699 -0.09170 1.00000 0.00000

C28 0 -0.16346 -0.06845 -0.15535 1.00000 0.00000

C29 0 0.42518 0.11379 -0.08710 1.00000 0.00000

C30 0 -0.24819 -0.11837 -0.14774 1.00000 0.00000

C31 0 0.41666 0.07680 -0.03868 1.00000 0.00000

C32 0 -0.20052 -0.17734 -0.16696 1.00000 0.00000

F33 0 -0.08973 0.14132 0.05454 1.00000 0.00000

C34 0 0.14103 0.19242 -0.15602 1.00000 0.00000

C35 0 -0.11256 0.05070 -0.20662 1.00000 0.00000

C36 0 0.26628 0.19865 -0.16557 1.00000 0.00000

C37 0 -0.05793 -0.00477 -0.22906 1.00000 0.00000

END
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A.7 DFT Calculations

Fig. A.16: Energy of the dihedral angle between the cyclopentadithiophene and the benzothiadiazole as
highlighted in green in the chemical structure calculated by DFT//B3LYP/6-311g(d,p). The calculations were
performed by Anton Melnyk in the group of Dr. Denis Andrienko at the Max Planck Institute for Polymer
Research in Mainz using a (CPDTBT)2 geometry.
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A.8 Electrochemistry

Fig. A.17: In-situ spectroelectrochemical data of A) PCBM, B) ICMA, C) ICBA and D) ICTA dissolved in
methylene chloride (3 mg/ml in 0.1 M TBAPF6/methylene chloride, v=20 mV/s, RT, thin layer conditions).
Left graphs: CVs of the first reduction cycle (left axis) and the intensity evolution of the absorption features
(right axis, corresponding in color to wavelength labels of the right graphs). Right graphs: Corresponding
absorption spectra during the forward scan of the reduction with all potentials indicated vs. Fc/Fc+ (adapted
from[14]).
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Fig. A.18: In-situ spectroelectrochemical absorption spectra of polymer/fullerene blends: A) PCBM, B)
ICMA, C) ICBA and D) ICTA. Measurements were performed on pre-cast films spin coated on ITO-substrates
in propylene carbonate (0.1 M TBAPF6/propylene carbonate, v=20 mV/s, RT). The corresponding cyclic
voltammogramms and absorption intensity evolutions are shown in figure 5.6.
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Fig. A.19: In-situ spectroelectrochemical data of Si-PCPDTBT blended with A) PCBM, B) ICMA, C) ICBA
and D) ICTA. Measured as thin film on ITO in acetonitrile (0.1 M TBAPF6/acetonitrile, v=20 mV/s, RT).
Left graphs: CVs of the first oxidation cyle (left axis) and the intensity evolution of the absorption features
(right axis, corresponding in color to wavelength labels of the right graphs). Right graphs: Corresponding
absorption spectra during the forward scan of the oxication with all potentials indicates vs. Fc/Fc+ (adapted
from[14]).
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A) B)

C) D)

Fig. A.20: Cyclovoltammogramms of the fullerenes PCBM, ICMA, ICBA and ICTA dissolved in methylene chlo-
ride (CH2Cl2) with concentrations of 0.16 mM, 0.18 mM, 0.12 mM and 0.17 mM, respectively. As supporting
electrolyte 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6)/CH2Cl2 was used after being deaerated
by argon bubbling. Scan rates of 100 mV/s were used. Reference electrode: silver wire in 0.01 M AgNO3 in
0.1 M TBAPF6/acetonitrile, connected via a 0.1 M NBu4PF6/acetonitrile salt bridge; counter electrode: Pt
wire. These measurements were performed by Dr. Adrian Ruff during his time as Post-Doc in our group.
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A.9 Polymer Analysis

GPC

Fig. A.21: HT-GPC data of PCPDTBT (red), F-PCPDTBT (green) and Si-PCPDTBT (32 kg/mol, black).
All polymers where measured in trichlorobenzene (1 mg/ml, 160 ◦C), the calibration data and a linear fit are
plotted in cyan (right axis).

TGA

Fig. A.22: Thermogravimetric analysis (TGA) from the pure PCPDTBT in accordance to literature.[179]

Measuring conditions: Al2O3 pan, 8.6 mg, purging gas O2/CO2 (1:1 Vol.), 50 ml/min, NETZSCH STA 449C,
in the group of Dr. J. Kerres.
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