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Abstract

0.1. Deutsche Kurzzusammenfassung

Organische Solarzellen sind in den letzten Jahren durch die Entwicklung neuer Nicht-Fulleren-
Akzeptoren erneut in den Fokus der Wissenschaft geriickt, nachdem das Interesses an ihnen
zunichst stagnierte. Vor dieser Entwicklung wurden in effizienten organische Solarzellensyste-
men mangels Alternative nahezu ausschliefllich Fullerenakzeptoren eingesetzt und die Forschung
war im Wesentlichen auf die Optimierung von Donormaterialien und deren Eigenschaften aus-
gerichtet. Mit der Erkenntnis, dass gegenwértige Bauteileffizienzen, welche mit Fullerenen zu er-
reichen sind, durch das Verstédndnis der speziellen Eigenschaften von Elektronenakzeptoren und
den Einsatz dieses Wissens fiir die systematische Entwicklung neuer Materialien erhoht werden
kénnen, wurde das Interesse an der Erforschung von Akzeptoren erneut geweckt. Wesentliche
Voraussetzungen dafiir sind es, zu verstehen, zum Einen welche Eigenschaften die Fullerene so
einzigartig machen und zum Anderen, welche Mechanismen einer effizienten Dissoziation von
Charge-Transfer-Zusténden in organischen Solarzellen zu Grunde liegen und diese antreiben.

Angesichts dessen widmet sich die vorliegende Doktorarbeit der grundlegenden Erforschung ver-
schiedener Aspekte im Hinblick auf die Dissoziation, Rekombination und den Charakter von
Charge Transfer Zustdnden in organischen Materialien. Ein vielversprechender und vieldisku-
tierter Faktor, der fiir eine effiziente Dissoziation in organischen Solarzellen trotz mitunter feh-
lender ,,Driving force“ fiir die Ladungstrennung verantwortlich sein kénnte, ist die Delokalisation
der mit einem Ladungstriager assoziierten Wellenfunktion, im Hinblick auf obige Ausfithrungen
speziell diejenige des Elektrons in der Akzeptorphase und an der Donor-Akzeptor-Grenzflache.
Aus diesem Grund beschéftigt sich Kapitel [9] dieser Dissertation mit dem Einfluss der Deloka-
lisation der Elektronenwellenfunktion des Akzeptors auf den Dissoziationsprozess von Charge-
Transfer-Zustéinden an der Donor-Akzeptor-Grenzfliche. Dazu wurde eine systematische Studie
an drei verschiedenen Fulleren-Akzeptoren durchgefiihrt, die sich in ihrem Ordnungsgrad, der
Stéarke der intermolekularen Kopplung sowie der Lokalisierung des niedrigsten unbesetzten Mo-
lekiilorbitals (LUMO) unterscheiden. Diese wurden in einer Zweischichtarchitektur mit einem
effizienten, vernetzen Donorpolymer kombiniert. Durch die Vernetzung der Donorschicht wurde
eine wohldefinierte Grenzflache erreicht, wodurch sich insgesamt ein gutes Modellsystem er-
gab, um Prozesse an der Donor-Akzeptor-Grenzfliche zu untersuchen. Durch die Korrelierung
von Strukturinformationen aus Streuungsmessungen mit den Ergebnissen photophysikalischer
und elektrischer Untersuchungen sowie theoretischer Modellierung fanden wir, dass ein hoher
Ordnungsgrad und eine starke intermolekulare Kopplung innerhalb der Akzeptorphase mit ei-
nem hoheren Grad an Delokalisation der Elektronenwellenfunktion verbunden sind. Besagter
Zusammenhang wird schlieflich durch die Anwendung eines Effektive-Masse-Modells auf feld-
abhingige Photostrommessungen unter Beriicksichtigung von Grenzflichendipolen verifiziert.
Die Dipolstiarken wurden dabei mit Hilfe von Ultraviolettphotoelektronenspektroskopie (UPS)
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bzw. Kelvin-Probe-Messungen bestimmt. Insgesamt ergibt sich damit die Aussage, dass eine
Delokalisation der Elektronenwellenfunktion direkt mit einer hoheren Dissoziationseffizienz der
Charge-Transfer-Zustande verkniipft ist und somit eine positive Rolle im Prozess der Ladungs-
tragertrennung einnimmt. In diesem Zusammenhang kommt der Giite der lokalen Ordnung der
Fullerenschicht eine entscheidende Bedeutung zu. Unter Beriicksichtigung fritherer Arbeiten zur
Delokalisation der Wellenfunktion des Loches in der Donorphase ldsst sich somit schlussfolgern,
dass eine Delokalisation beider ,Ladungstrager”, Elektron und Loch, fiir die Entwicklung effizi-
enter Donor-Akzeptor-Systeme in Betracht gezogen werden muss.

Weitere Faktoren, die grofien Einfluss auf Dissoziations- und Rekombinationsprozesse und damit
auch auf die Effizienz einer organischen Solarzelle haben, sind die Durchmischung an Grenzfla-
chen in Schichtstrukturen sowie Phasenseparation in Blendmorphologien infolge von Diffusion.
Die diffundierenden Spezies sind dabei entweder die fiir gewohnlich in Solarzellen eingesetzten
kleinen Akzeptormolekiile oder auch Dotanden aus einer angrenzenden Schicht. Phasenseparati-
on kann dabei zu einer Verschlechterung der Perkolationspfade fiir die Ladungstragerextraktion
zu den Elektroden fithren, sowie zu einer erhohten Rekombinationswahrscheinlichkeit der La-
dungstriger. Durchmischung wiederum kénnte eine ungewollte Dotierung des photoaktiven Ma-
terials zur Folge haben, was mitunter zur Bildung von Fallenzusténden fiir den Ladungstransport
fiihren kann. Hierbei handelt es sich um generelle Probleme kleiner Molekiile, welche in Kon-
takt mit einem weiteren Material stehen, sodass Diffusion in dieser Hinsicht einen wichtigen
Einflussfaktor fiir die Stabilitdt von optoelektronischen Bauteilen darstellt.

Aus diesem Grund wurde ein neuartiger, zerstérungsfreier Ansatz zur Untersuchung von Diffu-
sion in organischen Materialien entwickelt, welcher auf rein optischen Prinzipien beruht. Dieser
wird in Kapitel [LI0] vorgestellt. Er basiert darauf, die Diffusion zeitabhingig mittels Photolumi-
neszenzloschung infolge von Energietransfer von dem untersuchten (Matrix-)Material auf das
diffundierende kleine Molekiil zu beobachten. Diese Methode ermdéglicht es, den Diffusionskoef-
fizienten als Funktion der Temperatur zu bestimmen und zusétzlich mittels theoretischer Simu-
lationen Informationen iiber die zeitliche Entwicklung des Konzentrationsprofils in der Probe
zu erhalten. Diese Technik wurde schliellich eingesetzt, um die Diffusion von Cgp-Molekiilen in
einer Polymermatrix in Beziehung zu der Glasiibergangstemperatur 7, des Matrixmaterials zu
untersuchen, da diese Grofle von speziellem Interesse im Hinblick auf Durchmischung und da-
mit Bauteilstabilitat ist. Dabei fanden wir heraus, dass Diffusion in der Umgebung und speziell
unterhalb von T} eine Arrhenius-formige Temperaturabhingigkeit aufweist. Dies bedeutet, dass
die Diffusion in diesem Temperaturbereich durch lokale Bewegungen getrieben ist, die durch
die Seitenketten vermittelt werden, und nicht durch kollektive Bewegung des Systems, welche
iiblicherweise mit einem Williams-Landel-Ferry-Gesetz assoziiert wird. Mit diesen Ergebnissen
konnte ich besonders zu der anhaltenden Debatte tiber den Mechansimus beitragen, welcher der
Diffusion unterhalb der Glastemperatur zu Grunde liegt.

Des Weiteren ergab sich, dass die Diffusion unterhalb T}, sehr langsam von Statten geht, sodass
sich Materialien mit einem 7, oberhalb der gewohnlichen Umgebungs- bzw. Betriebstempera-
tur als vorteilhaft im Hinblick auf langzeitstabile Morphologien in optoelektronischen Bauteilen
erweisen. In zukinftigen Arbeiten konnte die vorgestellte Technik — eventuell in modifizierter
Form — auch auf andere Materialklassen ausgedehnt werden, beispielsweise Perowskite. Bei
diesen stellt Eindiffusion von Dotanden oder Molekiilen aus angrenzenden Transportschichten
— insbesondere im Hinblick auf Wasser aus der Umgebung — ein gravierendes Problem fiir die
Bauteilstabilitéat dar.



Ein vielversprechender Ansatz im Feld der organischen Elektronik um die Morphologie in Blend-
strukturen zu stabilisieren und Diffusion in Mehrschichtstrukturen zu unterdriicken, ist die Ver-
netzung einer der beiden aktiven Komponenten, Donor oder Akzeptor, oder gar die Verbindung
zwischen ihnen. Mehrere Studien iiber Vernetzung in organischen Solarzellen behandeln den
Einfluss der Netzwerkbildung auf die Gesamteffizienz oder die Langzeitstabilitéit, beziehen sich
dabei aber hauptsachlich auf Aspekte der Prozessierung und der Bauteilarchitektur. Tiefer ge-
hende Untersuchungen iiber den Einfluss der Vernetzung auf die Ladungstréagermobilitét, einen
Schliisselparameter hinsichtlich der Bauteileffizienz, sind jedoch sehr selten, beziehungsweise exi-
stieren nicht im Hinblick auf organische Solarzellen. Vor diesem Hintergrund und insbesondere,
da vernetzte amorphe Donorschichten eine essentielle Rolle in der préasentierten Studie iiber die
Delokalisation der Elektronenwellenfunktion spielen, wird in Kapitel [[T] eine systematische Un-
tersuchung der Abhéngigkeit der Lochmobilitdt von der Vernetzungsdichte in einem amorphen
Modellsystem durchgefiihrt. Dariiber hinaus wird in diesem Zusammenhang der Einfluss von
Photoinitiatoren zur Aktivierung des Vernetzungsprozesses behandelt. Es stellte sich heraus,
dass die Mobilitdt unter optimierten Prozessierungsbedingungen nicht durch den Vernetzungs-
prozess selbst negativ beeinflusst wird. Allerdings wird trotz allem eine leichte Abnahme der
Mobilitdt mit steigendem Anteil an vernetzbaren Gruppen beobachtet, unabhéngig davon, ob
eine Vernetzung stattfand oder nicht. Dies lésst sich konformellen Verdnderung zuschreiben,
welche durch die zusétzlichen funktionellen Gruppen in den Seitenketten hervorgerufen werden.
Da jedoch eine signifikante Stabilisierung bereits durch einen kleineren Anteil im Bereich von
25 % vernetzbarer Gruppen in den Seitenketten erzielt werden kann, wo die Reduktion der Mo-
bilitat lediglich einen Faktor 2-3 betrégt, ist ein verniinftiger Kompromiss durchaus erreichbar.
Folglich konnte ich zeigen, dass der Einsatz von Vernetzung in optoelektronischen Bauteilen vom
Standpunkt der Mobilitdt aus tatséchlich gerechtfertigt ist, sofern die Bedingungen sorgféltig
gewdhlt werden.

Neben Faktoren, die die Dissoziation und die Rekombination von Charge-Transfer-Zustidnden
(CT-Zustanden) beeinflussen, wird in Kapitel [L12[ auch der Charakter dieser Zustdnde in orga-
nischen Solarzellen eingehender betrachtet. Dies umfasst insbesondere die Frage, wie wichtige
Groflen wie die Energie Eor des CT-Zustandes sowie die mit dem Zustand assoziierte Reorga-
nisationsenergie A von experimentellen Daten abgeleitet werden kénnen, hier im Speziellen von
Photolumineszenz- (PL) und Photostromspektren (EQE). Um zu identifizieren, welcher theore-
tische Rahmen fiir eine solche Analyse geeignet ist, wurden temperaturabhéngige, zeitaufgeloste
PL- sowie temperaturabhéngige EQE-Spektren im Bereich von 5 K bis 295 K aufgenommen.
Unsere Ergebnisse erwiesen sich als inkonsistent mit der Elektronentransfertheorie von Marcus
sowie mit der urspriinglichen Marcus-Levich-Jortner-Theorie (MLJ). Stattdessen fanden wir,
dass die mit einem CT-Zustand assoziierte Linienform zu gleichen Teilen von statischer Un-
ordnung und niederfrequenten Schwingungen bestimmt wird. Das bedeutet, dass sich die CT-
Spektren nur dann konsistent iiber den gesamten betrachteten Temperaturbereich modellieren
lassen, wenn Unordnungseffekte berticksichtigt werden. Passende Modelle zur Analyse sind in
diesem Fall entweder ein modifizierter MLJ-Fit unter Einbezug von Unordnung oder das gin-
gige Franck-Condon-Modell. Aufgrund des Bildes, das sich aus dieser Studie ergibt, scheint der
Ladungstransfer damit stark an intermolekulare Schwingungen zu koppeln, sodass eine beobach-
tete Stokesverschiebung mit der Reorganisationsenergie, welche mit niederfrequenten Phononen
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assoziiert ist, identifiziert werden kann.

Inspiriert durch meine Studie zur Delokalisation der Elektronenwellenfunktion sowie durch frii-
here Arbeiten zu CT-Zustédnden in Fullerenen, wird schlieflich in Kapitel [I3] von der effizienten
Autoionisation von CT-Zustdnden im Akzeptor selbst Gebrauch gemacht, um optoelektronische
Bauteile mit ambipolarer Charakteristik zu erhalten. Dazu wurde Cgg mit einem DPP-Monomer
kombiniert und in einer einfachen Zweischichtarchitektur verbaut. Die resultierenden Bauteile
weisen Charakteristiken eines bidirektionalen Phototransistors auf, der sowohl optisch als auch
elektrisch schaltbar ist. Der zu Grunde liegende Mechanismus lédsst sich im Sinne eines (photo-)
verstiarkten Rekombinationsstroms interpretieren, welcher durch die Autoionisationseigenschaft
von Cgg ermoglicht wird. Die Présenz einer Injektionsbarriere garantiert zudem einen niedri-
gen Dunkelstrom, wodurch das Ein-Aus-Verhéltnis des Bauteilausgangsstromes verbessert wird.
Unter Ausnutzung des beschriebenen Verhaltens demonstrieren wir sogar die Realisierung von
grundlegenden hybriden optisch/elektronischen logischen Elementen wie NICHT-, UND-, und
ODER-Gattern, welche als Basis fiir fortgeschrittenere Analog- und Digitalanwendungen dienen
konnten. Mit diesem Kapitel prasentiere ich damit abschliefend ein bemerkenswertes Beispiel,
wie effiziente Dissoziation von (delokalisierten) CT-Zusténden in der Akzeptorphase in einer
etwas anderen Art und Weise als einer gewdhnlichen Solarzelle genutzt werden kann.
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0.2. English abstract

Organic solar cells have recently regained attention upon the design of new non-fullerene ac-
ceptors. This happened after interest first had stagnated in the context of the (re)discovery
of hybrid organic-inorganic perovskite materials for photovoltaics, which effectively started in
the period between 2009 and 2012. Before this evolution, organic photovolatics were largely
restricted to the use of fullerene acceptors and research was more focused on the optimization of
donor materials and their properties. Having realized that state-of-the-art efficiency limits with
fullerenes can be extended when understanding the special properties of the electron accepting
species and using this knowledge for a systematic design of new materials, research interest
has turned back to the acceptors again. This requires understanding which properties made
fullerenes so unique and which mechanisms actually govern the efficient dissociation of charge
transfer states in organic solar cells.

In view of the above, this thesis is dedicated to fundamental research concerning various aspects
of dissociation, recombination and the character of charge transfer states in organic materials.
A promising factor that is currently under debate and could possibly account for efficient dis-
sociation in organic solar cells despite an apparent lack of driving force for charge separation is
charge carrier delocalization, in the view of the above especially delocalization of the electron in
the acceptor phase and at the donor-acceptor interface.

For this reason, chapter [J] of this thesis deals with the influence of electron delocalization in
the acceptor on the dissociation process of charge transfer states at donor-acceptor interfaces.
We performed a systematic study on three different fullerene acceptors differing in their de-
gree of order, intermolecular coupling and localization of the electron wavefunction in a bilayer
configuration with an efficient, crosslinked donor polymer. By crosslinking the donor, a well-
defined interface could be achieved resulting in a good model system for the investigation of
processes happening at the donor-acceptor interface. Correlating information from scattering
experiments with the results of photophysical and electrical investigations as well as theoretical
modelling, we find that a higher degree of order and stronger intermolecular coupling within the
acceptor phase is accompanied by a higher degree of electron delocalization. Said correlation
is substantiated by theoretical modelling of field dependent photocurrent measurements apply-
ing an effective mass model taking into account interfacial dipoles determined from ultraviolet
photoelectron spectroscopy (UPS) and Kelvin-Probe measurements. This analysis reveals that
electron delocalization is directly coupled to an increase in charge transfer state dissociation
efficiency. Consequently, our results substantiate the position that delocalization of electrons
in the acceptor phase plays a positive role in the charge separation process and that high local
order of fullerenes is crucial in this respect. Considering earlier works on delocalization of holes
in the donor, I come to the conclusion that delocalization of both electron and hole should be
taken into account when designing efficient donor-acceptor systems.

Further factors that largely affect dissociation and recombination, and with this efficiency of an
organic solar cell, are intermixing at interfaces in layered architecture as well as phase separation
in a blend morphology as a result of diffusion of the usually applied small molecular acceptor or
in the former case a dopant from an adjacent layer. Phase separation may lead to a worsening of
percolation paths of the charge carriers to the electrodes and increased recombination probability.
Intermixing in turn could cause unwanted doping of the active material leading to traps for
charge carriers. As this is a general problem of small molecules being in contact with another
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material and as this represents an important factor in terms of device stability, we introduce a
novel, non-destructive approach to study diffusion in organic materials by mere optical means
in chapter [I0] It is based on monitoring diffusion as a function of time via photoluminescence
quenching associated with energy transfer from the investigated matrix material to the diffusing
small molecular quenchers. Using this method allows studying the diffusion coefficient as a
function of temperature and may additionally give information about the temporal evolution of
the concentration profile in the sample from theoretical simulations. We applied the technique
to study diffusion of Cgg in a polymer matrix in relation to the glass transition temperature
T, of the matrix material as this quantity is of special interest with respect to intermixing
and device stability. We find evidence that diffusion in the vicinity of and especially below T,
features an Arrhenius-type temperature dependence meaning that it is driven by local motions
mediated by side chains and not collective motion as associated with a Williams-Landel-Ferry-
type behaviour. With these results I could especially contribute to the ongoing debate about
the mechanism behind sub-T} diffusion.

Furthermore, diffusion is very slow below T}, so materials with higher 7, than the usual ambient
or operational temperatures are advantageous in terms of morphological long-term stability in
organic electronic devices. In future work, our method could — maybe with some modifications
— also be applied to other material classes like perovskites. There, diffusion of dopants or other
molecules — especially water from the ambient atmosphere — into the active layer may cause
severe stability problems .

A promising aspect introduced in the organic electronics community to stabilize bulk morpholo-
gies or suppress diffusion in multi-layer structures is crosslinking of either of the active materials
or even to link them together. Several studies about crosslinking in organic solar cells address
the influence of it on the overall device performance or its long-term stability, but mainly focus
on processing or device architectures. Yet, more in-depth studies on the influence of crosslinking
on charge carrier mobility, a key parameter of device performance, are very rare and especially
lacking with respect to organic solar cells. Against this background and because crosslinked
amorphous donor layers are an essential part of my work about electron delocalization, I per-
formed a systematic study on the dependence of hole mobility on the degree of crosslinking in
an amorphous hole transporting model system in chapter [[I} Moreover, the impact of adding
photoinitiators to activate the crosslinking process is addressed. When applying optimized con-
ditions in terms of processing, i.e. small amounts of heavy metal free curing agents or even
mere thermal activation, mobility is not negatively influenced by the crosslinking process itself.
Nevertheless, a small decrease in mobility with increasing fraction of crosslinkable groups was
observed independent of crosslinking, which is attributed to conformational changes mediated by
these additional functional groups. But since a significant stabilization may be already achieved
with smaller fractions in the order of 25 % of crosslinkable groups in the side chains, where mo-
bility is only reduced by a factor of 2-3, a reasonable compromise can be achieved. Consequently,
I could show that the use of crosslinking in optoelectronic devices is indeed justified from the

mobility point of view, if conditions are chosen carefully.

Apart from factors influencing the dissociation or recombination of charge transfer (CT) states,
I also had a more in-depth look into the character of the CT states in organic solar cells in
chapter [I2} This particularly includes the question of how important quantities like the CT en-
ergy Eor as well as the reorganization energy A can be derived from experimental data, namely

XIV



photoluminescence (PL) and photocurrent (i.e. external quantum efficiency [EQE]) spectra of
CT states. In order to identify the appropriate framework for such an analysis, we recorded
temperature dependent time-resolved PL as well as temperature dependent EQE spectra in the
range from 5 K to 295 K. Our results are inconsistent with both Marcus’ electron transfer the-
ory and the original Marcus-Levich-Jortner (MLJ) theory. We rather find that the lineshape
of a CT state is determined by both static disorder and low frequency vibrations by about
equal contributions. Only when disorder effects are included, the CT spectra can be modelled
consistently over the entire temperature range, either in terms of a modified MLJ-based fit or
the common Franck-Condon model. In view of this, we suggest that charge transfer probably
couples strongly to inter-molecular vibrations. In this interpretation, an observed Stokes’ shift
is then associated with the reorganization energy that is related to low-frequency phonons.

Finally, inspired by my work on electron delocalization and previous studies on CT states in
fullerenes, I make use of the ability of comparably efficient autoionization of bulk CT states
in acceptor itself, to obtain optoelectronic devices with ambipolar characteristics in chapter
Thereto, I combine Cgy with a DPP monomer in a simple bilayer configuration. The
resulting devices feature characteristics of a bidirectional phototransistor, that can be switched
both optically and electrically. The underlying mechanism can be interpreted in terms of a
(photo-) enhanced recombination current mediated by the intrinsic autoionization property of
Cgo- The presence of an injection barrier additionally ensures a low dark current and thereby
a better on/off ratio. Eventually, I demonstrate the realization of basic hybrid optic/electronic
logic elements like NOT-, AND-, and OR-Gates that could serve as a basis for advanced analog
and digital applications. With this chapter, I eventually give a remarkable example of how
efficient dissociation of (delocalized) CT states in the acceptor phase can be utilized in a kind
of alternative way as compared to a conventional solar cell.
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Extended Abstract






]. Motivation

The field of Photovoltaic has seen rapid de-
velopments in the past two decades (figure

30 T T T ————— 30
.2’6 Especially the (re)discovery of hy- e
brid organic-inorganic pervoskites as poten- Xrm single crystalline Si '_;_.. - 25
tial materials for solar cell application in the < 20F [ 420
period between 2009 and 2012 has boosted & ,.F perovskite ,‘. E 15
research towards alternatives to the estab- é ._ A—A s
lished Si-based technology, which features " 10 ‘:(‘ -510
highly optimized device efficiencies of around 5F — A-A"' OPV - 5
25 — 26 %, i.e. close the theoretically achiev- 0 b ! ! ! 3o
able Shockley-Queisser-limit for a bandgap 2000 2005 y:aorm 2015 2020

of 1.1eV ™% Hybrid organic-inorganic per-

ovskite solar cells have undergone a rapid de- Figure 1.1.. Buvolution of certified efficien-
velopment in this respect, crossing the 20 % ef-  cjes for single crystalline Si solar cells (black
ficiency mark under optimized conditions with squares), (non-stabilized) Perovskite solar cells

recent record values of nearly 24 %10 Yet, (red circles) and organic photovoltaics (blue tri-
angles) in the period between 1999 and 2018.

these materials still feature some major draw- h
Data were taken from Ref. [(1)].

backs concerning their stability under ambient
conditions and often decompose rapidly in the
presence of humidity 2 Another disadvantage is the often discussed need of lead to achieve
high efficiencies. Both factors actually could impede commercialization and are subject to cur-

rent research .30

This development at first seemed to turn research interest away from purely organic solar cells,
where further improvements of device efficiency over 10—11 % were hard to achieve with the com-
monly used donor/acceptor systems based on polymeric donors and fullerene acceptors (figure
.1 Due to their outstanding properties like spherical aromaticity, three-dimensional charge
transport, high electron mobility or their ability to aggregate to form pure domains in bulk het-
erojunction devices, fullerenes seemed to be the best choice as acceptor 219 Consequently, great
effort has been put into the design of new donor materials, mainly conjugated low bandgap poly-
mers like PCDTBT, PCPDTBT or PTB7, to complement the limited absorption of fullerenes in
the VIS range of the electromagnetic spectrum and into the optimization and understanding of
morphology formation 2929 Yet, the tendency to diffuse and aggregate is at the same time one
of the major drawbacks of fullerenes, as optimized morphologies are often not thermodynami-

298308311 The resulting phase separation leads

cally long-term stable under operating conditions.
to a decrease in efficiency due to worsened percolation and increased recombination. This issue
was addressed by developing bulkier fullerenes with less aggregation tendency or by crosslinking

either or both of the active components to suppress diffusion and stabilize a certain morphology,



however often resulting in lower efficiencies 2332136

The apparent stagnation in the field of organic solar cells has changed with the development of
new non-fullerene acceptors (NFAs), which nowadays even surpassed fullerene based systems in
terms of both efficiency and stability, with record values approaching 14 %237 Many of these
NFA systems feature better tunability of their absorption spectrum as compared to fullerenes,
less aggregation tendency - sometimes even too little - and easier synthesis and purification 21838
Recent estimations even predict achievable efficiencies of up to 20% for an ideal non-fullerene

2537 But nevertheless, NFAs are also organic semiconductors and as such feature the

acceptor!
same basic properties as fullerenes or PDIs. Most importantly, they are extrinsic semiconductors
where excitations results in bound electron-hole (e-h) pairs that have to be split before charges
can be extracted ?” Therefore, the critical factor for the performance of organic solar cells is the
dissociation efficiency of these e-h-pairs, preferably residing at D/A interfaces in the form of CT
states. Despite extensive research in the past decades, the relevant mechanisms and aspects of
the dissociation process, including recombination before the actual separation, and the character
of the CT states are still not fully understood and in some aspects even discussed controversial.
Yet, these factors are critical in terms of further improvement of material design and overall

device efficiency.

Against this background, the main part of this thesis is devoted to gain a deeper understanding
of the character of the charge transfer state and its dissociation. In this context the focus is on
the one hand laid on how the fundamental electron transfer process may be correctly described
conceptually on a microscopic scale, which framework is actually suitable and what role static
disorder plays in this respect. On the other hand, special attention is given to the influence
of wavefunction delocalization and local order on the charge transfer dissociation process at a
donor /acceptor interface, particularly with respect to the electron in the acceptor phase. This
is because the latter aspect is among the most promising and controversially discussed candi-
dates to account for efficient dissociation in the newly emerged NFA-based organic solar cells.
This finally allows to better understand which factors are crucial in terms of material design
and device architecture to achieve efficient dissociation in organic solar cells. Beside successful
charge separation, device efficiency is also significantly affected by the probability of charge
carrier recombination, be it geminately at the donor/acceptor interface where the e-h-pair was
formed or non-geminately during extraction. The recombination process is largely determined
by the mobility of the respective charge carriers. Here, the aspect of mobility is addressed in
two contexts: First, through its connection with electron wavefunction delocalization and thus
its direct influence on the dissociation process itself via geminate recombination; Second, via the
influence of crosslinking on charge carrier mobility, because this is still a promising approach to
stabilize morphologies for a long-term use and also to suppress interdiffusion of molecules from
adjacent layers. The latter aspect may also have important implications in the field of perovskite
solar cells, which rely on heavily doped hole transport layers to enable high efficiencies and are
known to suffer from dopant diffusion into the perovskite layer 292 In this respect, crosslinking
is also an interesting approach to suppress diffusion of dopants. A part of this thesis is thus con-
cerned with the diffusion at interfaces in layered architectures. Special attention is given to the
temperature dependence of diffusivity in relation to the glass transition temperature, because it
is an important quantity for a solar cell in terms of the long-term stability of morphology under



operating conditions. In the course of studying this topic I also take a deeper look into the
influence of side chains in a polymeric matrix on the diffusion process. Moreover, I investigate
the diffusion mechanism below the glass transition temperature. This aspect is still subject to
current research and may have important implications for device stability and material design.
In the end, I finally demonstrate an alternative usage of efficient charge transfer dissociation
apart from organic photovoltaics by studying the applicability of fullerenes in hybrid optical and
electrical logic elements.

The first part [[| of the thesis presents the theoretical background of the investigated topic as well
as the current state of research with respect to the addressed issues. Chapter [2| gives a short
introduction into the working principle of an organic solar cell with special focus on the different
steps of charge generation and extraction. The critical steps of charge transfer state formation
and particularly their dissociation are discussed in detail in chapter |3l Special attention is given
to the factors that influence charge transfer dissociation, with particular focus on charge carrier
delocalization. Chapter [f] addresses the role of charge carrier mobility in the charge separation
process. The next three chapters summarize relevant information about the use of fullerenes
as acceptors , diffusion of small molecules in a polymer matrix @ and the application of
crosslinking , all in the context of organic solar cells. Finally, part [I| is concluded by an
overview over all my publications presented in this thesis (chapter . These publications are
eventually reprinted in their original form in part [[Il Finally, the appendix contains my review
on crosslinked semiconductor polymers for photovoltaic applications, which is not part of the
dissertation, yet supplements it.






The working principle of organic solar
cells

In contrast to inorganic semiconductors, photoexcitation in organic semiconductors leads to
coulombically bound electron-hole (e-h)-pairs due to small screening with typical permittivi-
ties €, of about 3-4. Following the terminology known from inorganics these pairs are usually
termed "excitons”. They are often strongly localized on the excited chromophore with binding
energies that are in the range of 0.3 — 0.5eV (”Frenkel”-excitons) 2344 As (thermally activated)
autoionization in a single organic materials is very inefficient there are basically no intrinsic
charge carriers present 229 Therefore, the need of a combination of at least two materials, an
electron-rich donor and an electron-deficient acceptor, arises in order to make a spatial sepa-
ration of electron and hole via charge transfer energetically more favourable than for example
mere energy transfer*” Accordingly, the electronic structure of the materials has to be chosen
such that the resulting donor-acceptor heterojunction features both higher ionization energy
and electron affinity of the acceptor with respect to the donor (”Type-II-Heterojunction”, cf.
figure (a))E| In this arrangement, either an electron may be transferred from the donor to
the acceptor or a hole in the opposite direction, resulting in a positively charged donor and a
negatively charged acceptor. Yet, both charges are still coulombically bound, now forming a so
called Charge-Transfer exciton that still has to be split into free charges. The latter aspect is
discussed in detail in chapter

In general, there are two basic types of Donor-Acceptor-type organic solar cells. Both materials
may be mixed in order to form a blend morphology and increase the interfacial area between
them. This arrangement is called Bulk heterojunction device. Alternatively donor and acceptor
may be deposited on top of each other in a bilayer architecture, which has the advantage of a
defined percolation of generated charges to the respective electrodes. This structure is referred
to as Flat or Planar heterojunction device (figurel2.1(b)).

The whole pathway of energy conversion from light absorption to charge carrier extraction from
the device can be divided into five basic steps, each of which features a certain efficiency due to
specific limitations and losses and therefore impacts on the resulting total efficiency of the solar
cell 4% These steps are illustrated in ﬁgure(b).

In the first step (i), photons are absorbed in the active materials of the solar cell to generate
bound e-h-pairs. The efficiency 14 of this generation is directly linked to the absorption coef-
ficient of the absorbing materials. Usually, organic molecules feature absorption bands widths
in the order of 100 nm.” For this reason, donor and acceptor are designed to preferably feature
complementary absorption spectra to harvest a larger portion of the solar spectrum. Since in

! In this respect it should be noted that in literature the terms ionization energy and electron affinity are often

replaced by and used equivalently with the energy levels of the HOMO and LUMO orbitals, respectively,
although the latter actually refer to the orbital energies resulting from a one-electron approximation.



the last decades nearly exclusively fullerenes were used as acceptors, which only absorb signif-
icantly down to about 550 nm (see chapter [5|), material design was mainly aimed at narrowing
the bandgap of the mostly polymeric donors in order to extend the absorption of the device into

the red part of the electromagnetic spectrum 202449
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Figure 2.1.: (a) Schematic of a type-II Donor-Acceptor heterojunction along with the illus-
tration of the relation between the effective Donor-Acceptor bandgap EéjA and the open-circuit
voltage Voc. E%. and E%: denote Quasi-Fermi levels for Donor and Acceptor, respectively. The
broad coloured lines illustrate the respective density of states (DOS) of the HOMO (=~ —IE)
and LUMO (=~ —FEA) levels of donor (blue) and acceptor (red). (b) Schematic structures of
a bulk heterojunction (BHJ, top) and a planar heterojunction (PHJ, bottom) device. The five
basic steps of energy conversion from light to electric energy are depicted as roman numbers:
(i) absorption, (i) exciton diffusion, (iii) charge transfer, (iv) exciton dissociation, (v) charge
extraction and collection. (c¢) Schematic of a typical J-V-characteristic of an organic solar cell.
The different losses that impact on the shape of the curve are illustrated as coloured areas and
are discussed in detail in the main text. Voo and Jgc denote the open-circuit voltage and the
short-circuit current density, respectively. The grey dot on the characteristic represents the point
at which mazimum power can be extracted from the device (MPP = Maximum Power Point)



With the discovery of efficient non-fullerene acceptors nowadays also attempts are made to tune
the absorption spectra of acceptor materials 2838 Apart from the actual absorption of the
photoactive layer further losses might arise from parasitic absorption or reflection of additional
transport or blocking layers or even the electrodes themselves®? As one of the electrodes is
usually metallic, reflections at its backside may in turn increase the efficiency of light collection
again, as the light passes through the photoactive layer a second time. Yet, due to active layer
thicknesses in the order of 100 nm additional interference effects may arise so that possibly the
optical field distribution inside the device has to be taken into account, when addressing the

actual efficiency of charge generation inside the device 2!

In the second step (ii), the generated e-h-pairs need to diffuse to a Donor-Acceptor (D/A)
interface. As the excited states feature a finite lifetime 7, the diffusion process naturally competes
with the relaxation back to the ground state. With a certain diffusivity D of the respective
exciton, its diffusion length zp is simply given by zp = v D -7. Therefore, the probability
npiff to reach a D/A interface is mainly determined by the mean distance the exciton has to
overcome to get there 24344 Typical exciton diffusion lengths = of singlet excitons in disordered
(amorphous) organic materials like polymers are in the order of 6-10nm 2482103 [n crystalline
materials it can be considerably larger in the order of 50 — 100nm (e.g. in naphtalene or
anthracene) 4

Losses due to recombination prior to reaching the interface result in a reduction of the number
of charges that could possibly be extracted and decrease the maximum extractable current of a
solar cell (light blue area in figure 2.1)(c)). Consequently, layers have to be either thin (PHJ),
in which case absorption will be low, or both components have to be intermixed in a way that
the mean spacing between different phases is in the order of twice times xp (BHJ) 2022547120
Therefore, a lot of effort has been put into the optimization and especially the understanding

of the formation and dynamics of device morphologies over the last years, 223157159

yet a major
problem of organic solar cells still remains: The morphologies in polymer-fullerene BHJ devices
are not thermodynamically stable and prone to phase segregation under thermal stress as present
under operating conditions. The driving force of this process is either crystallization of the
polymeric donor or Ostwald ripening resulting in large fullerene clusters 22353660 A promising
approach pursued in the organic electronics community to tackle with this problem is crosslinking
to stabilize the morphology. This aspect is addressed in chapter [7] and especially appendix [A]
In view of a more complex morphology in BHJ, PHJ devices, though they are not the most
efficient, are better model devices to understand fundamental processes related to interfaces and
disentangle them from device morphology. For example exciton diffusion lengths may be easier
inferred from a variation of layer thicknesses than from an intermixed morphology where domain
sizes may vary in size and are less easy to determine. Another aspect that may be well studied
in PHJ devices is the dissociation of CT states at the D/A interface, as discussed below.

Having reached the interface, excitations may be transformed into charge transfer states with
an efficiency nor via electron transfer from the donor to the acceptor or hole transfer from the
acceptor to the donor (step iii). For this process to be efficient the energy of the CT state
needs to be below the S; energy (and ideally also the Tj-energy)®Y of both donor and acceptor.
Furthermore, it is commonly observed that the energetic offset of both IE and EA needs to be at

least 0.1 0.2V in order to provide a sufficient driving force for the formation of a CT state 21262



Apart from that, very recent research implies that the process of CT formation is in fact in-
dependent on the actual strength of the driving force%3 In general, the formation of CT states
happens on an ultrafast timescale in the order of several tens to few hundreds of femtoseconds

5616470

and was found to be very efficient for a number of donor-acceptor combinations, meaning

that this step does not represent a limiting process regarding the efficiency of an organic solar cell.

After the formation of CT states at the D/A interface, these states may be dissociated into sep-
arate charges with a certain probability np;ss or recombine geminately back to the ground state
before any charges can be spatially separated (step iv). Losses via geminate recombination (GR)
are more pronounced at low internal electric field as then no external force can assist the charges
to overcome their mutual Coulomb potential (orange shaded area in figure 2.1c)). In terms of
efficiency, the step of CT dissociation is basically the most essential process in an organic solar
cell. Yet, it is still not fully understood and the central question of how the mutual potential
barrier for the charge carriers can be efficiently overcome or lowered and which mechanisms actu-
ally impact on the separation process is still under debate and subject to current research 4472
This is especially important in the light of the emerging non-fullerene acceptors, where some
recent studies suggest that efficient dissociation and charge separation may be also achieved in
systems with negligible driving force and nearly resonant CT- and S;-energies 1573 Several fac-
tors how the electrostatic potential may be modified at the interface or how the binding energy
of the CT state could be lowered have been and still are under investigation. These include the
presence of a strong internal electric field, dielectric effects and interfacial dipoles, application
of excess energy to create vibrationally excited CT states, intra- and intermolecular delocaliza-
tion, disorder and finally entropy, with the last three being the most promising candidates.™
This is why the effect of delocalization of the electron wavefunction in the acceptor phase on
CT dissociation efficiency is addressed in one of my publications (see chapters and E[) In
the course of this work we also make use of PHJ devices as model systems to study interfacial
effects avoiding any morphological impact. More details about the concept of CT states and
the factors that may impact on their dissociation efficiency are discussed in the next chapter .

Finally, charges that were separated at the D/A interface need to be transported across the active
layer and eventually extracted at their respective electrode (step v). The only remaining loss
mechanisms at this stage are the recombination between counter charges on their way out of the
device or between a charge and a stationary trap. The recombination between charges may be
still geminate between siblings at the D/A interface or non-geminate between different charges
that meet in the bulk of the device. A lot of experimental and theoretical effort has been put
into investigating the factors governing recombination as well as understanding the underlying
mechanisms 2 A main factor that is especially relevant for BHJ solar cells is the presence of
defined percolation pathways to the respective electrodes. This requires a bicontinuous network
in these devices that is formed via spinodal decomposition. However, in such a morphology
also the probability of an encounter between charges of different sign is significantly higher than
in a bilayer structure, where the pathway to the electrodes is clearly defined. Furthermore, a
blend morphology may readily feature dead ends for charge transport and apart from that, as
already mentioned above, these morphologies are not thermodynamically stable and prone to

231351136447,

coarsening and the formation of islands, which again increases the probability of non-

geminate recombination (NGR). This type of recombination is enhanced at low internal electric
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field and particularly in the case of flat energy levels as then carrier motion is only driven by
diffusion and no longer by drift to the electrodes. This results in a pronounced field dependence
of this process, particularly in the presence of high charge carrier densities (red shaded area in
figure (c)) This is why often additional transport and blocking layers are incorporated at
the electrodes to effectively separate the diffusive motion of electrons and holes.”

Another important factor beside morphology impacting on both geminate and non-geminate
charge carrier recombination is the absolute mobility p of the respective charges as well as the
ratio of electron (i) and hole mobilities (uy,) 39 because this basically determines how
far a charge carrier can travel within its lifetime 7. Therefore, as a common measure for the
efficiency of charge transport (n,) at a certain internal electric field one often refers to the
mobility-lifetime (u7) product#* The role of mobility in the charge separation process and its
influence on recombination in an organic solar cell is discussed in more detail in chapter [4
When the charges have finally reached the electrodes they are collected with a certain efficiency
Noou- This step is usually not a problem as long as selective contacts are employed. Only in the
presence of extraction barriers a space charge may build up resulting in increased recombina-

tion and the occurence of an S-shape in the J-V-characteristic of the device (see also chapter [4)) 5%

All the efficiencies related to the five basic steps finally combine to the total (external) quantum
efficiency EQE of the device according to:44

EQE NV, T) = na(M)npiyr(T)ner(T)npiss(F, T)nu(F, T)ncou(F,T)
= na(A\) - IQE (N, V,T) (2.1)

where A is the wavelength, V the applied voltage, T the temperature and F' the electric field.
When the EQE is corrected for the absorption efficiency we arrive at the so called internal
quantum efficiency (IQE) that is a measure of the number of electrons generated per photon
that is actually absorbed in the active layer and not only incident on the device. The latter is

a more useful quantity when assessing internal electric process of the device

A helpful quantity to assess the geminate and non-geminate losses in a solar cell is the so called
Fill-Factor (FF) (figure [2.1](c)). It is defined as:

Jupp - Vupp
FF=———— 2.2
Jsc - Voc 22)

where Jypp and Vispp are the current density and the voltage at which the maximum power
can be extracted from the device (MPP = Maximum Power Point; figure 2.1(c)). Jgc denotes
the so called short-circuit current density, i.e. the current density that can be extracted from
the device under short circuit conditions with no externally voltage applied. Vpc eventually
is defined as the externally applied voltage at which the photogenerated current compensates
parasitic leakage current (injected charge carriers) and recombination current (GR and NGR)
so that the total current flow is zero. A quantity that is closely related to V¢ is the so called
compensation voltage Vj at which the photocurrent Jpp,, which is the difference between the
total current under illumination .J;;,, and the current in the dark Jg,.x, vanishes. When cal-
culating Jppoto as Jigu — Jdark One has to keep in mind that above Voo the total current is
usually dominated by injected charge carriers unless an injection barrier is present.5? In this
case, the effect of the series resistance of the electrodes and the resulting voltage drop may
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become significant® % for injection currents in the order of mA. In this case a correction for
the associated voltage drop over the resistance is needed to determine the correct photocurrent

in forward direction.®”

While Jg¢ is basically determined by the all the efficiencies discussed above, the open-circuit
voltage Voo is determined by the energy levels of the applied donor and acceptor materials as
long as it is not limited by the work function difference of the electrodes (figure (a)).44’90’92
Taking disorder at the interface into account, Voc can be expressed as?

NC"NV)

— (2.3)

e-Voc = Ep — EV. = Eé)A—kBTln<
with E7: and E¥, being so called Quasi-fermi-levels that may be determined from the assumption
that both holes and electrons are equilibrated in their respective density of states (DOS). Note
that Quasi-fermi-levels are a well-defined quantity under illumination ?4 EgD A denotes the differ-
ence between the maxima of the HOMO and LUMO DOS, which are assumed to be Gaussian.
This energy difference determines the energy Ecr of the charge transfer state ™ No and Ny
eventually are the total densities of available states within HOMO and LUMO, respectively 44

With the definition of the FF it also possible to define an efficiency that is more relevant to
application than EQE or IQE, which are usually recorded at short circuit conditions, where no
power can be extracted, namely the power conversion efficiency 7. It is given by the ratio of the
maximum power P,,,, that can be extracted from the device (i.e. at the MPP) and the incident
intensity I ()
o Pmax o FF(A) i JSC’()\) : VOC()‘)
Ty T 1)

(2.4)

in the case of monochromatic illumination. For white light illumination the respective integrals
over the wavelength have to be taken for each quantity.

For a detailed discussion of organic materials and the different steps in the charge generation
process, the reader is referred to fundamental works on organic semiconductors and device
physics like the books by Kohler/Bissler, Tress, Schworer/ Wolf or Brabec.?2™¢
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Charge transfer states at the
donor-acceptor interface

3.1. The concept of Charge transfer states

Meanwhile it has been unambigously shown that charge generation in an organic solar cell
takes place via the intermediate formation of a Coulomb-bound electron-hole pair on adjacent
molecules or chromophores that fulfill the energetic requirements of a type-II-heterojunction
(see chapter [2]) L%629971103 The hasic idea of the presence of such an intermediate charge transfer
(CT) state with a finite lifetime has been first presented by Braun in 19841 Tt is based on the
observation that Onsager’s model from 1938105 which was developed to describe geminate pair
dissociation in (weak) electrolytes and was successfully applied to single compound materials,
predicts too large thermalization radii (2.5 — 3.5nm) for an electron-hole pair as compared to
the average donor-acceptor spacing < 1nm when applied to donor-acceptor type solid materials.
This was due to the fact that geminate pairs in Onsager’s model will certainly recombine and
disappear if their separation reaches zero.#*’!l Braun extended Onsager’s concept by introducing
an additional intermediate CT state that has lower energy and a much longer lifetime than
the singlet (or triplet) state of the donor or the acceptor. The electron-hole pair could now
make several attempts to dissociate from this CT state during its lifetime before geminately
recombining to the ground state (figure . The electric-field dependent dissociation yield
¢(F) is then simply given by the balance between dissociation rate kq(F') and recombination
rate ky back to the ground state:

kalF) o B) . o(F) (3.1)

M) = ) Tk

T(F) = m denotes the lifetime of the CT state (dependent on the electric field strength

F). Adapting the mathematical framework of Onsager’s original work*’% the field-dependent

dissociation rate kq(F) may be written as 4105

ka(F) =

= ——-
dmegerry

(3.2)

3ue <—EB> J1 (2\/-21)) - BF
- wi = —
kyT v —2b 8mrepe k%12

where i and €, are the effective mean mobility of both charge carriers and the averaged dielectric
constants of both materials, respectively, J; denotes the Bessel function of the first kind and rg

is the thermalisation radius of the electron-hole pair, i.e. the intra-pair separation after thermal
62
dmegerro

relaxation. Eventually, Ep = is the Coulomb binding energy of the geminate pair. The

first factor in equation (3.2)) is derived from the concept of Langevin recombination of free charge
carriers 207108 the second factor is a measure of the ratio of free and coulomb-bound electrons

d109

and holes in the absence of an electric fiel and the third term gives the relative increase of
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Figure 3.1.: Schematic of the Onsager-Braun model. An electron-hole pair can take several
attempts to dissociate (with rate kq) during its lifetime from an intermediate CT state before
relazing back to the ground state Sy (with rate ky). The CT state is energetically lower than the
first excited state Sy (in this case of the donor D) and features an initial intra-pair separation
ra. Ip and E4 denote the ionization potential of the donor (D) and the electron affinity of
the acceptor (A), respectively. The blue line indicates the Coulomb potential the electron has to
overcome in order to become a free charge (without any additional barrier lowering, e.g. via an
applied electric field).

the dissociation with increasing electric field. According to this concept, electron-hole pairs are
split with higher probability as compared to the original Onsager mode. Yet, strong electric
fields ( 107 %)71 are predicted to be necessary for efficient dissociation and Coulomb attraction
is still much larger than the available thermal energy ™19 With a typical dielectric constant of
e = 3 — 4 for organic materials and a thermalisation radius of ry = 1nm L Ep can be
roughly estimated to be about 0.4 — 0.5eV, which is considerably larger than kT =~ 0.025eV
at room temperature. This would result in a negligible dissociation rate kg (— second term in
equation ) Since experimental observations prove that dissociation of CT states in organic
solar cells can be very efficient — with internal quantum efficiencies reaching 100 %419
there has been and still is extensive research conducted on how the formation of charge transfer

states can be properly described and how an efficient dissociation of them can actually take place.

Experimentally, CT states can be studied by spectroscopic means. As these states are usually
lower in energy than excitonic states in the pristine materials, they appear as an additional broad
absorption band below the bandgap of both donor and acceptor. Due to a small overlap of wave-
functions between different molecules, the absorption cross section of CT states is small so that
sensitive techniques like photothermal deflection spectroscopy (PDS)H9120 or EQE measure-
ments (cf. equation ) using the Lock-In technique or Fourier-transform photocurrent spec-
troscopy (FTPS)AHSI2I22 516 required. CT states may also be detected in sensitive photolumi-

123H126

nescence (PL) or (voltage dependent) electroluminescence (EL) measurements, appearing
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as broad red-shifted signal compared to the luminescence of the pristine materials 021241271129 T

well intermixed systems the original PL of the individual components might even be quenched
due to efficient charge transfer which renders detection of the CT emission easier. Lumines-
cence from CT states can be further identified via time resolved spectroscopy through different
lifetimest3%3l ag compared to the excitations of the donor or the acceptor or by the fact that
they may be more easily dissociated when appyling an electric field resulting in luminescence
quenching L2032 Tt is even possible to study the actual charge transfer process, i.e. the

formation of charge transfer states, by using ultrafast pump-probe spectroscopy.63’69=134=135

Commonly in literature, charge transfer in organic materials is assumed to follow the framework
of Marcus’ elecron transfer theory 9914l which was established in 1956 to describe electron
transfer reactions in electrolytesi®?143 and later used to model absorption and luminescence

spectra of charge transfer states in such systems.144

S, (D*A or DA")

Energy

A CT (D*A")

(A + AG)?
47

Q; Qs Configuration
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Figure 3.2.: Schematic potential energy diagram for Marcus theory of electron transfer from an
excited donor (D*A) or acceptor (DA*) to the respective non-excited species resulting in a CT

state (DT A~). A finite energetic offset AG between initial and final state alters the activation

_ (A+AG)?
4

energy Exo = ~—— needed to overcome the potential barrier.

In Marcus theory, electron transfer is described as a temperature activated process in which the
system has to overcome a potential barrier to get from its initial state (¢) where either donor
or acceptor are excited (D*A or DA*) to the final state (f) where the charge transfer has taken
place (Dt A™). The potentials of the two states are usually taken to be identical parabolas, i.e.
harmonic oscillators, that are shifted by a certain amount AQ = Q; — @; in the configuration
coordinate () as a result of the reorganization needed for the system to adjust to the final
geometry. The associated energy for this rearrangement is referred to as reorganization energy
A (figure . Yet, it is actually not necessary for the system to distort to this extent, as electron
transfer already occurs when the system can overcome the barrier given by the intersection of
the two parabolas. When there is no additional offset between the minima of the parabolas, this
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barrier is %. Taking internal (from the molecules themselves) and external phonon modes (from

the surroundings) as well as a possible energetic offset AG (driving force) into account, the rate

for electron transfer according to Marcus theory is given by:t43445

_ Woal’ [ 0+A6)?
kMarcus(T) = A )\k‘BT exp 4)\]{IBT (33)

with Jpa being the electronic coupling strength between donor and acceptor, A being the re-

organization energy and AG = Fop — Eg1 being the driving force for charge transfer. The
equation is based on thermal equilibrium and the assumption that the thermal energy of the
system is much larger than the vibrational energy of the phonons/®® This formulation implies
that the rate karqreus(T) features a maximum when AG = —\ and decreases again for larger
AG (Marcus inverted regime), meaning that the driving force should have a large impact on the
electron transfer rate.

Some works indeed report a correlation between driving force and charge transfer yield 13%145 For

example, Ward et al. investigated a number of donor-acceptor blends with systematically varying
LUMO energies and found an apparent correlation between driving force and charge transfer
rate with a maximum rate at AG = —0.4eV. As the rate decreased for higher and lower values
of AG, their results were interpreted to be consistent with Marcus theory13% In contrast to
this, recent studies on non-fullerene acceptors have shown that organic solar cells may be very
efficient despite the lack of a significant driving force for charge transfer 147 In view of this,
Unger et al. very recently performed another systematic study on the temperature dependence
of the transfer rate in the range between 12 — 295 K in which the driving force was varied from
AG = —), i.e. in the normal regime where the rate should be maximal, to AG ~ —6.5), i.e.
far in the inverted regime, where the rate was expected to be several orders of magnitude lower
according to Marcus electron transfer theory. In contrast to Ward et al., they found the rates
as determined from Marcus theory to be inconsistent with their experimental observations. The
actual rates of charge transfer were rather independent of both driving force and temperature.
This observation is in line with the concept that, for charges, quantum mechanical tunneling
between adjacent sites is more important in disordered systems than the thermally activated
transfer process14815Y For this reason, Unger et al. also investigated the applicability of an
extension of the Marcus model, which was introduced by Levich and Jortner 1412l and which
takes the quantum mechanical nature of the internal phonon modes into account via an average
effective mode hw. This is especially necessary for electron transfer at low temperatures, i.e.
when hw > kgT 393 With this modification equation (3.3]) turns into

_ |Jpal® T s _gS" (Mo + AG + nhw)?
kares(T) = ===\ 30T ngoe nl P oksT (34)

which is often referred to as Marcus-Levich-Jortner (MLJ) expression. S is the Huang-Rhys

factor that is associated with the effective mode hw and Ay denotes the external reorganization
energy. Unger et al. found that the observed transfer rates are formally tractable with equation
B-4 when additionally disorder is taken into account. This implies that indeed tunneling between
initial and final states is of more importance. Yet they also note that the observed timescales for
electron transfer are actually too short for the transfer process to be described in a theoretical
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framework relying on the assumption of a non-adiabatic process and that coherent effects should
be considered. In general, their results are in agreement with a rather activationless transfer

observed also in other studies 1121351152155

Marcus theory is often not only (mistakenly) used to describe the formation of the CT state,
but also when determining the energy For of a charge transfer state as well as the associated
reorganization energy A in an organic solar cell from sub-bandgap spectra. Most studies still
rely on an extended Marcus-type model that was introduced by Gould in 1993 and which takes
an energy dependence of the electronic transition dipole moment into account*?" Yet, (static)
disorder is not explicitly included. In this framework, Vandewal et al. suggested the nowadays
widely used approach to simultaneously analyse EQE and EL spectra of an organic solar cell in

the sub-bandgap region according to>~
1 (Ecr — E 4+ \)?
FEQFE(F) = FQF(F) - F X —— - — 3.5
rEQE(E) = BQE(E) - E o e e [ INepT (3:5)
EL(E) 1 (BEcp — E — \)?
FL(E) = . — 3.6
rELE) = = < Tkt [ INEpT (3.6)

where rEQE and rEL are referred to as reduced EQE and EL spectra, respectively 2444150 In this
context, Vandewal et al. recently stated that the line shape of a CT absorption band is mainly
determined by low-frequency temperature-activated intramolecular vibrations and that static
disorder only takes a minor role in this respect. Therefore, the line shape could be described
in terms of Marcus theory and geometric relaxation energies would be directly extractable from

the corresponding spectra 40

The apparent discrepancies between the works of Ward™" and Vandewal'® on the one side
and the work of Unger® as well as the observations of activationless transfer by several other
groups on the other side prompted us to further investigate, how CT spectra can be consistently
described as a function of temperature and what role static disorder plays in determining the
spectral line shape of a CT state. This is addressed in my work on absorption and fluorescence

spectra of CT states in an organic solar cell (see chapters and [12)).

Apart from the formation of CT states via electron transfer, research on organic solar cells is es-
pecially dedicated to the understanding of the subsequent dissociation process and which factors
may lower or modify the potential barrier or reduce the binding energy of the CT state. This is
particularly essential for the systematic design and improvement of new materials, currently es-
pecially new non-fullerene acceptors. A promising factor that could be active in efficient systems
that feature low to no actual driving force is the delocalisation of the wavefunctions associated
with the charge transfer state. This aspect is addressed in the following section . Further
possible contributing factors are discussed afterwards in section [3.3
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3.2. Role of delocalization in the CT dissociation process

The key idea behind the concept that delocalization may assist the CT dissociation process is the
fact that delocalized wavefunctions of the geminate pair imply a reduction of the CT binding
energy and an easier separation of charge carriers over a larger distance. On a conjugated
segment of a polymer chain this also goes hand in hand with an enhanced local mobility on
the chain segment128 All this is supposed to facilitate the dissociation of a CT state. An
instructive model to illustrate the effects of delocalization on the dissociation process is the
effective mass model which was originally introduced by Arkhipov et al 2160 to model the
effects of conjugation on a charge carrier located on a polymer chain and developed further later

1611162

on by Nenashev et al. and Schwarz et al. This model was also applied in the framework

of this thesis (see chapters and [9)).

After generation of an exciton via photoexcitation near a D/A interface, charge transfer occurs,
resulting in Coulombically bound e-h-pair across the interface, i.e. a CT state. In the framework
of this model, one of the charges is now considered to be immobile while its counterpart is
allowed to delocalize to a certain extent. In the following, exemplary the electron will be
considered stationary, yet the concept of this one-dimensional model may also be applied to
mobile, delocalized electrons oscillating within the Coulomb potential of a stationary hole. In
the case of a polymeric donor, the hole is now delocalized coherently over a certain effective
conjugation length meaning that it can carry out quantum mechanical zero-point oscillations
within the Coulomb potential of the electron (figure [3.3|(a)). These oscillations are associated
with a kinetic energy that is determined by the effective mass m. sy of the hole and effectively
lowers the binding energy of the CT state. m.s; is a measure of the electronic coupling within
the polymer chain and basically indirectly proportional to it. The (one-dimensional) polymer
chains (1...n) are arranged parallel to the D/A interface with a specific spacing r between them
(figure and the electric field acts orthogonal to the interface. The hole can now jump from
site to site in x-direction and take several attempts to escape the Coulomb potential during the

lifetime 7y = i of the CT state, where k, is rate of recombination to the ground state. The
dissociation yield ¢(F’) is then again given by the trade-off between recombination rate k, and
dissociation rate kg:162163
kq 0 70
o(F) = = — = — (3.7)
kq+ kr 70 + ky To + Z;V:f anLnH exp (Eg;7?1>
where an—n+1 18 the well-known Miller-Abrahams hopping rate
En+l_En
exp |—=L-—") E,.1 > FE
An—snt1 = Vo exp (—2r) ( ket ) ! ! (3.8)

En+1 < En

Vg is the attempt-to-hop frequency and -y is the inverse localization length that is a measure of
the electronic coupling. Both the hopping and the dissociation process of the hole are essentially
determined by the energy E, of the hole on the n-th chain. F,, includes contributions from the
potential energies due to Coulomb attraction of the electron as well as due to an applied electric
field and eventually the kinetic energy associated with the zero-point oscillations of the hole. It
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Figure 3.3.: (a) Schematic illustrating the effective mass model. An e-h-pair is located at
interface of D/A bilayer architecture. The electron is considered stationary in this case and
the hole is allowed to perform quantum mechanical zero-point oscillations in y-direction within
the Coulomb potential U(x,y) of the electron. These oscillations provide additional energy %
to raise the energy of the hole from U(xmin) to Emi thereby lowering the energy barrier to
U(®maz) — Emin and facilitating dissociation of the geminate pair. The polymer chains of the
donor are aligned parallel to the interface and numbered consecutively from 1 to n. During the
lifetime of the C'T state, the hole may perform several hops in z-direction, which may be assisted
by the presence of an electric field F that additionally lowers the potential barrier. (b) The
dissociation process may be further facilitated by the presence of interfacial dipoles that modifiy
the potential at the D/A interface. Within the model, these dipoles are evenly distributed along
the interface. Adapted with permission from Christian Schwarz et al., Phys. Rev. B 87, 155205,
(2013). Copyright ©(2013) by the American Physical Society.

can be determined by solving the Schrodinger equation:101163
B2 d*v
— + U = E,\U ith 3.9
2me sy dy? +On " wi (3.9)
e? 1

U,

n= dmeger \/y? + a2

Another factor that may alter the potential energy at the D/A interface is the presence of

—eFx, , xy =n-r (3.10)

interfacial dipoles as a result of (partial) charge transfer even in the darkt® The shielding
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induced by such dipoles eventually lowers the potential barrier and increases the dissociation
yield. This concept has been already developed by Arkhipov et al. and further extended by
Wiemer et al 199195 Fractional interfacial dipoles & may be readily incorporated into the effective

mass model by considering a modified potential instead of equation (3.10)) (figure (b)):162=163

Ul ) e? —1
€T =
Y &n dmeger /22 + 32
N N

2 2 2

e | Z

4mege,

—eFz), (3.11)

This model has been successfully applied to a series of conjugated (donor) polymers with different
conjugation lengths in combination with Cgy by Schwarz et al1%? In their work, they show
that the Coulomb binding energy of the CT state scales inversely with the conjugation length
and concomitantly effective mass m.ys. Differences in dissociation yield between the different
polymers could be ascribed to a varying degree of hole delocalization as the acceptor was kept
the same for all polymers. Apart from that, Schwarz et al. verified that e-h-pair dissociation may
be facilitated by interfacial dipoles which screen the mutual Coulomb potential of the geminate
pair.

The positive role of hole delocalization on CT dissociation is also substantiated by the works of
several other groups [USIOLI06HIT0 Deihe] et al. for example performed Monte Carlo simulations
on donor-acceptor blend systems and consistently found a higher CT dissociation yield for
delocalized charge carriers within conjugated polymer chain segments?®® The higher yield in
this case was attributed to the larger intra-pair separation and the concomitant reduction in
Coulomb binding energy as well as the higher local on-chain mobility within the conjugated
segment. All in all, delocalization of the hole along a well conjugated polymer chain is now
generally accepted to be an effective factor enhancing dissociation efficiency.

While it seems quite straightforward to see that coherent delocalization may occur for holes that
are transported along a conjugated polymer chain with strong coupling between the conjugated

162 3 comparable behaviour is less obvious for small molecules such as fullerene ac-

segments,
ceptors. In the latter case, the intermolecular coupling between adjacent molecules is expected
to be smaller. Consequently, the bandwidth associated with an exciton or a charge carrier is
usually smaller than the energetic disorder of the system meaning that transport rather takes
place via incoherent hopping4? So although this issue has been addressed repeatedly in recent
years PSSRSO BIO0HIOSIITIIIT there is no full consensus up to now, whether electron delocal-

ization in organic solar cells is of similar importance as hole delocalization.

Bredas and coworkerst®®17 for example do only see a very small influence of electron delocal-
ization on the charge transfer states in their MD- and DFT-calculations on the model system
pentacene/Cgy. They attribute this to a smaller electronic coupling for electrons in Cgp as
compared to hole delocalization in the crystalline pentacene. Yet, they considered only a stack
of at most 7 pentacene and 3 Cgy molecules and did only take delocalization parallel to the
interface into accout. Furthemore, they point out that they expect the electron delocalization
perpendicular to the interface to be larger due to the isotropic nature of Cgg. Other works like
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the ones by Zusan et al. or Murthy et al. suggest that aggregation of fullerenes may promote
delocolization of the charge transfer state on the acceptor side of the D/A interface 13158171
Zusan et al. for example compare intercalated and non-intercalated polymer /fullerene blends
and find the presence of a spatially extended neat fullerene phase to be responsible for a larger
charge generation yield. This result is attributed to delocalization in the pure acceptor phase,
which was suggested to be the major driving force for efficient photogeneration ™' In contrast
to that, Athanasopoulos et al. point out that efficient charge separation may be also achieved
via incoherent hopping, without necessarily having to consider a coherent process. Instead, from
an entropic point of view, increased dimensionality, e.g. due to aggregation, could also account
for a more efficient dissociation; Yet, though coherence is not the only possibility to increase the
efficiency of a solar cell, they also emphasize that for the design of an efficient organic solar cell it
is crucial for both donor and acceptor to feature ideally both high delocalization and high charge
carrier mobility. Otherwise, performance will suffer if only one of the components is optimized
in this respect.®4 Further studies that point to an important role of electron delocalization are
the ones by Bernardo et al. and Larson et al 22131 Bernardo et al. studied BHJ devices with
varying fraction of Cgg and found that below a crystallite size of 4 nm the spatial extent of the
CT state is reduced. This was verified by measurements of dipole moment and polarizability via
electroabsorption. In this context, they point out that electron delocalization in the acceptor
phase critically depends on the local crystallinity and therefore intermolecular coupling 13! The
latter aspect is further substantiated by the work of Larson et al. who studied the correla-
tion between molecular properties, driving force, intermolecular coupling and photogeneration
yield 3% In contrast to that, Abramavicius et al. claim that already relatively weak coupling be-
tween PCBM molecules in the order of 10meV is sufficient to facilitate electron delocalization
and efficient charge separation at organic interfaces. According to their calculations, coherent
electron transfer takes place up to about 500 fs after the excitation resulting in an intial e-h-pair
separation of 2.5nm before transition to classical incoherent hopping occurs. This was found
to be in accordance with experimental data obtained from transient absorption spectroscopy.%3
A similar result was obtained by Gelinas et al. who state that initial charge separation distances
of at least 4nm are achieved in ordered fullerene regions of the acceptor phase within about
40 fs. This is attributed to the access to spatially coherent delocalized states present in ordered
regions. 174

In contrast to all this, a very recent study on the general effect of delocalization on the barrier
height for charge separation by Gluchowski et al. stated that from a thermodynamic point of
view delocalization would even increase the free energy barrier for coupling strengths larger than
about 10 meV. A positive effect from delocalization would then be only possible as a result of
nonequilibrium kinetic effects, that are not covered within the framework of the study ™ This
would for example be the case in conjugated polymers due to a higher local mobility within
the conjugated chain segments, which accompanies the declocalization of the charge carriers.1>®
In view of this ongoing controversy and in order to contribute to the clarification of the actual
role of electron delocalization, this issue is addressed in one of my publications (chapter @[) and
discussed in detail in chapter [8.2.1

Another aspect that is closely linked to the aspect of delocalization is the role of vibrational
excess energy in the dissociation process. The idea behind this concept is that vibrational ex-
citation may lead to more delocalized ("hot”) CT states that very quickly dissociate into free
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charges before thermally relaxing to stronger bound (”cold”) CT states. The corresponding con-
cept is illustrated in figure[3-4] In the case of a "hot” CT dissociation mechanism, lower, relaxed
CT states would act as a trap so that for direct excitation of this lower energy state, a strong
field dependence of dissociation would be expected. Therefore, IQE and its field dependence
would depend on photon energy. If on the other hand a “cold” mechanism prevails, CT states
first thermally relax quickly within the CT manifold (much faster than dissociation via higher
energy states) meaning that all dissociation attempts start from the same energy level. In this
case, the free carrier yield will be exclusively determined by competition between dissociation
and recombination to the ground state and IQE and its field dependence will be independent of
excitation energy. Charge generation will rather be determined by the binding energy of the re-
laxed CT state so that delocalization in donor and/or acceptor phase may act as ”driving force”
for charge separation ™ Although there were some studies that reported an effect of vibrational
excess energy on the dissociation efficiency in organic solar cells S¥2I76HI78 yeanwhile there is
consensus that dissociation nearly exclusively takes place via relaxed (”cold”) CT states and
that hot states do not really play a roleTOSHLISISHUITIITIHISY 1) thig context, several groups have

shown that the IQE is basically independent of excess energy so that there is no indication of

any involvement of vibrationally excited CT states in the charge generation process in organic

solar cells/HISHL7LI7/I80
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Figure 3.4.: [llustration of the two possible routes for CT dissociation via vibrationally excited
("hot”) or via relazed ("cold”) CT states. CS denotes so-called charge separated states, i.e.
states associated with free charge carriers.
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3.3. Further factors influencing CT state dissociation

As already mentioned in chapter 2] a number of further factors may impact on the CT disso-
ciation yield. Apart from delocalization and the closely related concept of vibrational excess
energy discussed in the previous chapter, strong internal electric fields may readily assist CT
dissociation by lowering the potential barrier a charge carrier has to overcome and also reducing

the probability of geminate recombination by driving the charges apart (figure (a)).43=44=74 In
the presence of an electric field, the Coulomb potential is modified to
Ucou = ———— —€Fr (3.12)
dmegerr

The field dependence of the dissociation rate has already been addressed implicitly in the con-
text of the Onsager-Braun model and the effective mass model (chapters and 3.2). One
possibility to study the effect of an electric field on charge generation in an organic solar cell is
the measurement of CT photoluminescence as a function of applied electric field. In this case,
a correlation between the observed PL quenching and the extracted photocurrent indicates the
generation of more charge carriers by field induced splitting of CT states as well as a possible
reduction in geminate recombination 2242982 Apother versatile method is the time-delayed-
collection-field technique (TDCF) from which the different field-dependencies of CT-dissociation

and subsequent separation processes may be determined 18831185

Finally, it is also possible to
gain insight into the dependence of the dissociation process on the internal electric field by
performing transient absorption measurements on actual devices!%%187 For example in a very
recent work, Weu et al. argued that the internal electric field in an organic solar cell might even

promote long-range charge separation in systems with low driving forces 14}

Another factor that may modify the potential at the D/A interface is dielectric screening, i.e.
(induced) electrostatic effects of the molecules surrounding the CT state.™ This includes effects
of chemical structure as well as position and orientation at the interface, e.g. face-on or edge-on

188189 causing anisotropic polarizabilities

alignment of polymers or crystalline small molecules,
and differences in charge distributions. These factors can have a large impact on the energetic
landscape at the interface, but are only visible in case of a well controlled and aligned interface,
not in randomly oriented amorphous systems 0193 Further dielectric effects may be caused by
permanent interfacial dipoles which may be present due to ground state charge transfer in the
case of strong acceptors L2%L02I64105 a5 already discussed in the framework or the effective mass
model above (cf. 3.2)). Such dipoles may be determined from shifts in the ionization potential

in UPS measurements when a layer is deposited on top of another one!102194/1198

For a long time, also the energetic offset between the charge transfer energy and the lowest singlet
energy of either donor or acceptor — the driving force for charge transfer AG = For — Eg1
— was believed to be an important factor in the charge separation process.13311 3014611997201 Byy¢
as it has already been discussed in chapter nowadays there are also reports of very efficient

organic solar cell systems with very low to nearly no driving force for charge transfer>122:202/203

and there is growing evidence that the transfer process is rather activationless /6314135152155
Instead, several groups report an influence of the energetic offset between charge separated (CS)
states and the lowest singlet of either donor or acceptor, the so called driving force for charge
generation AG = Ecg — Eg1 = (IEp — FAy) — E.gy [TUI3SITTEITY

Finally, very recently much more fundamental considerations were made about how to describe
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the actual energy barrier for charge separation and when a charge carrier may actually be
considered as ”"free”. The central aspects in this respect are the presence of disorder at the
D/A interface and concomitantly the role of entropy in lowering the free energy barrier for the
separation of bound e-h-pairs THHLOLTE204207 A kind of pioneering position in this respect may
be attributed to the work of Hood and Kassal about the role of entropy and disorder in the CT
dissociation process. Y In their study they argue, that the barrier for charge separation is not
only determined by the mutual Coulomb potential of the e-h-pair but that entropic contributions
are important. The fundamental idea behind this concept is rather simple: Compared to the
number of interfacial CT states, in a mostly ordered system there is a large number of available
charge separated states of similar energy, that especially increases with increasing distance from
the counter charge (figure [3.5(b)). So in this picture, dissociation is entropically favourable.
Furthermore, disorder at the interface will lower the effective potential barrier by introducing
lower energy sites at larger distances from the interface (figure (c)) In view of this, free energy
AG is a more reasonable criterion to define energy barriers for charge separation according to

AG = AE —T-AS = Ucoutomb — ABsisorder — T - AS (3.13)

with Uoouioms being the Coulomb potential, AFEg;sorder being the energy reduction due to dis-
order at the interface, T being the temperature and AS being the entropic contribution. In
contrast to earlier works considering entropy in the dissociation process/ 294 Hood and Kassal
considered both electron and hole to be mobile and also took disorder at the interface into ac-
count. As a result, they point out that entropy depends on the dimensionality of the system
and dominates in case of ordered systems, while disorder dominantes the barrier reduction for
larger values of static disorder . For ¢ > 100meV they find that the average free-energy
landscape does not even feature a barrier at all. Yet, in this case there will be some low-lying
traps that may hinder further charge separation, i.e. transport through the bulk of the material.
These results are in general in agreement with the very recent theoretical work by Shi et al.,
who additionally emphasize the importance of non-equilibrium dynamics in the CT dissociation
process, 2% as well as the experimental studies by Nan et al. and Puttisong et al. who also argue
that a certain (descent) amount of disorder may actually be beneficial for charge separation
from an entropic point of view 225207 Nevertheless, it should be noted, that the current models
by Hood et al., Gluchowski et al. or Shi et al. only explicitly consider CT dissociation dynamics
without taking into account kinetic aspects like (non-)geminate recombination or the additional
energy due to delocalization 110754205

In the context of recombination, finally also the mobility of charge carriers may impact on the
actual CT dissociation efficiency by influencing geminate recombination at the D/A interface.

This aspect is shortly addressed in the next chapter (4)).
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Figure 3.5.: (a) Modification of the Coulomb potential Ucyy by an electric field F'. A illustrates
the reduction of the potential barrier due to the electric field. The CT state is energetically lower
than the first excited state Sy (in this case of the donor D) and features an initial intra-pair
separation r4. Ip and E4 denote the ionization potential of the donor (D) and the electron
affinity of the acceptor (A), respectively. (b) Schematic illustration of the concept of increasing
entropy due a larger number of accessible sites (blue circles) with increasing distance r in an
ordered system. The radial sum over all the shells gives the total number Q of possible microstates
the system can take. The associated change in entropy is then simply given by AS = —kpln ().
Therefore, a larger number of accessible states makes dissociation entropically favourable. (c)
Hllustration of the effect of disorder on charge separation. The presence of lower energy states
and the possibility of smaller thermally activated jumps upward in energy enable a separation
in several smaller steps instead of having to cross the potential barrier in one single step. This
facilitates dissociation as long as disorder is not too large so that low energy states would act as
deep traps.
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4 Charge Transport and the role of
mobility in the charge separation process

Charge transport in organic semiconductors is commonly described within the framework of the
Gaussian Disorder Model (GDM).2%® Energetic and positional disorder result in localization of
charge carriers on their transport sites, be it a single molecule or a conjugated segment of a
polymer chain. Due to the associated random fluctuations of intermolecular interactions charge
transport takes place via hopping among (uncorrelated)E] neighbouring sites in an inhomoge-
nously broadened density of states (DOS) of Gaussian shape p(FE):

a2
pE) = ——sexp [—%f“] (4.1)

with Ey being the energy at the centre of the DOS and ¢ being its standard deviation. The
hopping rate v;; among two sites ¢ and j with energies E; and E}, respectively is usually expressed
in terms of a Miller-Abrahams-rate if relaxation effects are small compared to disorder effects:

E;—F;
exp (— T ) E; > FE;
1 E; < E;

vij = vpexp (—27yr) (4.2)

where 1y denotes a frequency prefactor, v the inverse localization length and r the intersite
distance. The first exponential accounts for the electronic wavefunction overlap while the second
one is simply a Boltzmann factor accounting for thermally activated jumps upward in energy.
Downward jumps are not hindered. If relaxation effects are relevant, i.e. when electron-phonon
coupling is significant, Marcus-type rates are often used instead of Miller-Abrahams hopping

rates.2H

According to this model injected or photogenerated charge carriers will execute a random walk

inside DOS and subsequently relax energetically until they reach a quasi-equilibrium energy

2

located at (Ex) = —3Z7 = —00 below the centre of the DOS. This results in the formation

of a so called occupied DOS centred at (E.) with the same variance 02 as the DOS. Charge

transport then takes place via thermal activation to a so called transport energy Ey. (figure
4.1)(a))#12 Choosing the energy scale such that the transport energy is located at 0eV and
taking both energetic () and positional (X) disorder as well as the presence of an external
electric field F into account, the charge carrier mobility p (7', F') as a function of temperature T
and field F' then takes the form:2U8:213

! This assumption is justified in case of amorphous (glassy) organic solids with small structural correlation

lengths in the order of only a few nm.2% If energetic correlations are present, e.g. due to the presence of
permanent or induced dipoles, more complex, extended models need to be considered 202219
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Figure 4.1.: (a) Illustration of charge transport via hopping in an inhomogenously broadened
DOS p(E) according to the GDM. After initial relazation to a quasi-equilibrium energy (Foo)
establishing an occupied DOS poc(E) subsequent transport takes place via thermally activated
hops to the transport energy Ey (i — j). Downward jumps in energy are not impeded (j —
k). AR is the distance between two sites j and k. E and r denote energetic and spatial
coordinates, respectively. (b) Hopping transport in a Gaussian DOS p(E) in the presence of
additional trapping sites. The associated trap DOS is assumed to be Gaussian, too. Charge
transport is impeded due to repeated trapping (1) and release (2) of charge carriers.

Common methods to experimentally assess the mobility in organic semiconductors range from
the early Time of Flight experiments (TOF 44218 and the widely used Space-Charge-Limited-

2184223

Current (SCLC) measurements, where relatively thick layers of several 100 nm up to 1 pm

are needed, over the Charge Extraction by Lineraly Increasing Voltage (CELIV) technique, which
allows to measure in thickness and carrier density regimes relevant to actual devices 82224227 to
highly sophisticated methods like Time Resolved Microwave Conductivity (TRMC)%2® and Time
Resolved Electric Field Induced Second Harmonic Generation (TREFISH),*2? which enables
systematic probing of mobility on different length and time scales, making it possible for example

to directly study intra- and interchain transport in conjugated polymers. In the course of this
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thesis, two selected methods are used to characterize the charge carrier mobility at low to medium
as well as high charge carrier densities, respectively: MIS-CELIV and OFET measurements. The
first technique is a modification of the original CELIV method where an additional insulating
layer (I) is inserted into an OPV device or a single layer heterojunction between the organic
semiconductor (S) and the metal electrode (M). By applying a prebias voltage charge carriers are
selectively injected into the sample and accumulated at the semiconductor/insulator interface

forming a charge reservoir that may subsequently extracted by applying a voltage ramp 22230

Mobility ; may then be determined from the current response of the sample according to®2:2304231

2d§ <1 + €Sd¢

4
= _ ith t;, = —t9; 4.4
H At2, eids> W tr x 200 (4.4)

This is valid for sufficiently large signals, i.e. j — jo > jo, where j and jo are the measured
current densities with previously applied prebias and for pure capacitive response, respectively.
The indices s and 7 refer to the organic semiconductor and the insulator, respectively, d denotes
the layer thickness and e the relative permittivity. A = % is the slope of the applied voltage
ramp, ty is the transit time of a charge carrier from the insulator/semiconductor interface to
the opposite electrode and tgj, is the time at which the current density reaches two times of
the capacitive plateau value jg. This technique allows to selectively study electron and hole
mobilities depending on the position of the insulating layer. The measurement principle is
illustrated in figure 4.2|(a). Detailed descriptions of the method and the related data analysis

are given in the works by Armin et al., Juska et al. and Sandberg et al£2:230231

In contrast to CELIV, OFET measurements yield mobility values characteristic for high charge
carrier densities 2232234 The general principle for a bottom gate/top contact p-type OFET is
shown in figure (b) An OFET features a three electrode architecture, with a gate electrode
that is separated from the organic semiconductor via an insulating layer (gate dielectric) and
two further electrodes, source and drain, that are in direct contact with the semiconductor. The
current between source and drain is controlled via the gate voltage V, applied between source
and gate electrode, as above a certain threshold voltage Vi the associated field draws positive
charges (for V; < 0V) from the source into the semiconductor which then accumulate at the
interface to the gate dielectric forming a conducting channel. This in turn allows a current flow
between source and drain when a (drain) voltage V; is applied between these two electrodes. For
voltages V; < Vj, the current I; between source and drain (drain current) increases linearly
with V4. In this regime, the mobility may be determined according to%233
L 0l

n = Zfa 4.5
1 W, ov, v, (4.5)

with L and W being the channel length and with, respectively and C; being the capacitance per
unit area. For voltages Vj higher than V;, — V, the accumulation layer will start to get depleted
and the drain current will start to saturate. In this regime, the mobility may be determined

according to2233

2
2L (MT Vd> (16)

Heat = e, \ ™ o,

Detailed information about the working principle and various aspects related to the operation

of OFETs may especially be found in the works of Sirringhaus and coworkers 2327235
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Figure 4.2.: (a) Illustration of a typical sample structure in a MIS-CELIV experiment (left)
and the according measurement principle (right). Charge carriers, in this case holes, are injected
from one electrode and accumulated at the semiconductor(S)/insulator(I) interface by applying
a prebias voltage V,rr. These charge carriers are then extracted by a subsequent voltage ramp of
duration t,. The mobility may finally be determined from the resulting current (density) response
j(t). The associated response is illustrated for low (dashed), medium (dotted) and high (solid)
prebias voltages. jo denotes the current density due to pure capacitive response, taj, the time
at which j(t) = 2jo and ty the transit time of the charge carriers needed to travel through the
device. Further details are given in the text. (b) Schematic of a typical bottom gate/top contact
p-type OFET architecture. Vy and Vi denote gate and drain voltage, respectively.

An important issue of practical relevance in terms of charge transport is the presence of addi-
tional energy sites below the DOS that may impede the motion of charges via trapping 213221223
232236237 These trap states may be due to structural or chemical defects or impurities 232211238239
Especially in the context of crosslinking polymers to form insoluble networks and stabilize mor-
phologies the latter two aspects could play a role, as chemical crosslinks are formed and side
products or remnants of initiators may remain in the organic film. This issue is addressed in the
course of my publication on the influence of crosslinking on the hole mobility in a series PF2/6
derivatives (see chapter and [11]).

In the simplest way, one can think of traps effectively increasing the disorder parameter o thereby
broadening the DOS, as long as the concentration of traps is small compared to the number
of states in the original DOS (figure b)) 236240 The mobility is reduced in this case since
charge carriers have to be released from trap states by thermal activation before they can con-
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tinue their movement ( “trapping-and-release transport”). In case of high trap concentrations,
charge transport will rather take place within the trap DOS (trap transport”)?2 This may be
the case in sufficiently doped organic semiconductors. The effect of traps on charge transport has
been extensively studied by several groups, especially by Blom and coworkers 210:213:221§236;240/244
By investigating a wide range of semiconducting polymers Blom and coworkers found that the
frequently observed inferiority of electron transport in organic semiconductors is related to the
existence of a universal trap level located at about 3.6 eV below the vacuum level that is present
in all the investigated compounds. As origin of these traps they suggest hydrated-oxygen com-
plexes to be likely candidates??l' As a consequence, trapping should not occur for acceptor
materials with electron affinities larger than 3.6 eV, which is usually the case for the commonly

used fullerene derivatives 2234517

meaning that their mobility should not be altered in a device.
In general, charge carrier mobility plays an important role concerning the overall performance of
an organic solar cell as it governs the transport of charge carriers through the device and away
from D/A interfaces thereby greatly affecting the probability of recombination of charges both
geminately and non-geminately. Low mobilities in general increase the probability of geminate
recombination (GR) as well as (NGR) because in this case charges are more likely to reside in
the vicinity of a D/A interface for a longer time and it also takes longer for them to be extracted
at a given electric field, thereby increasing the probability of an encounter between charges of
different sign in the bulk. A straightforward indication of significant recombination in a device
is the presence of a so called S-Shape (usually in the forth quadrant) of the J-V-characteristic
(Figure , which is accompanied by a reduction of the Fill Factor (FF).83:2451247

The effect of NGR due to low charge carrier mobility may be greatly reduced by using a PHJ
architecture. In this case percolation paths to the electrodes for separated charge carriers of
opposite sign are well defined and separated from each other. This makes it possible to decouple
interface related effects from morphology related effects. Bimolecular recombination during
extraction will not occur as long as the illumination intensity is low enough that recombination
between charges stemming from different e-h-pairs is unlikely 43447 Nevertheless, GR will still
be enhanced for low mobilities as separated charges will on average stay in closer vicinity of the
D/A interface during their lifetime 7. This situation is characterized by a small pr-product.
Furthermore, according to Tress et al. a space charge will built up in the complete device due
to the slow extraction as compared to the fast generation giving rise to an increased carrier
concentration at the D/A interface and therefore higher recombination probability.23:0

In addition to that, Hahn et al. point out that also back diffusion to the D/A interface is
connected to the mobility of the charge carriers via the Stokes-Einstein relation meaning that
a lower charge carrier mobility also results in a lower diffusion coefficient.™ Therefore, the
probability of a charge carrier to recombine with a counter charge rather than being extracted
at the electrode is increased for low mobilities. In this respect, charge carrier mobility also
affects the photogenerated current near Vpc, i.e. at low internal electric fields, where charge
carrier motion is dominated by diffusion instead of drift, and with this also the fill factor. This
conclusion even holds for low illumination intensities and low carrier densities. In this respect,
Hahn et al. found that even secondary geminate recombination may occur when charges diffuse
back into the Coulomb capture radius of their sibling charge after they had already left it and
that this process is mainly determined by charge carrier mobility ™ The latter effect will also be
more pronounced for larger layer thicknesses as in this case back diffusion of charge carriers to
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the D/A interface becomes more probable as compared to extraction, especially at low electric
fields close to Voc. This leads to an enhanced S-Shape for thicker layers with low charge carrier
mobility (see figure (a)).757248=249 Smaller layer thicknesses will in this case be of advantage
in terms of recombination although this will be at the cost of absorption ability in the device.

a) b)

in the dark

*

layer thicknessT under illumination

Figure 4.3.: (a) Formation of an S-Shape in the J-V-characteristic as function of layer thickness
in PHJ for imbalanced mobilities, e.g. pup < pe. (b) Schematic showing a kink in forward
direction as a result of the presence of an injection barrier. In this case, extraction is still more
efficient than injection, leading to a crossing of J-V-characteristics under illumination and in

the dark.

Imbalanced mobilities, which means a difference by a factor of more than 10-10083#8%80 in
addition result in the build up of a space charge at the side where charges with lower mobility
are extracted. This in turn reduces the electric potential drop on the opposite side of the
device in order to maintain overall charge neutrality and with this increases the probability of
recombination.®¥ In this respect also the presence of charge carrier traps may be interpreted in
this way as they effectively lower charge carrier mobility towards the respective electrode ?4? The
same reasoning as given above concerning the impact of mobility on backdiffusion of charges
to the D/A interface also applies to the layer with lower mobility in the case of imbalanced
mobilities ™

Also in this case, the effect of GR can be reduced in PHJ devices by decreasing the thickness of
the layer with lower mobility, because this enhances the probability of extraction in relation to
backdiffusion to the D/A interface™ and reduces the electric potential drop over the layer with
low mobility®% Hahn et al. for example showed that the FF may eventually become independent
of illumination intensity up to 1 sun (at AM1.5 conditions) even for a mobility imbalance of
103 — 10* when using a thin donor layer of only 14nm and a thickness ratio of 1:2 for donor
as compared to acceptor. This also means that bimolecular processes are no longer important
and recombination effects are purely geminate. Similar results were also obtained by Tress S
Therefore, using a proper design of the sample, limitations due to extraction and device geome-
try can be avoided. This renders PHJ solar cells useful model systems to study processes at the
D/A interface like the dissociation of charge transfer states.®* For this reason bilayer samples
with small donor layer thickness were also used in my publication about the effect of electron de-

localization on CT dissociation at D/A interfaces in organic solar cells (cf. chapters and [9)).
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In line with the work by Tress et al’®3 Athanasopoulos et al®4

also find that a mobility imbal-
ance of up to two orders of magnitude is still bearable and only has a minor effect on charge
separation efficiency. Yet, in addition, based on entropic arguments, they point out that trans-
port dimensionality has a strong effect, so that filamentary 1D transport would deteriorate the
charge separation yield. This is in line with several works on the role of entropy in the CT

dissociation process as discussed in chapter [3.3]

Besides low or imbalanced mobilities also injection or extraction barriers can account for an
S-shaped J-V-characteristic 242247250 I the case of hindered extraction charge carriers pile up
at the barrier thereby generating a space charge that partially screens the internal electric field
in the device. This in turn gives rise to enhanced recombination at a D/A interface and a
larger reverse bias is needed to extract the charges as well22%22Y On the other hand, also an
injection barrier may cause an S-shape. Here, the barrier decreases the built-in potential, so
that at a certain voltage below V¢ the field becomes positive - e.g. in the donor layer in a PHJ
in case of a hole injection barrier - and current is extracted against the internal electric field.
Consequently, carrier motion is driven only by diffusion making extraction inefficient.??) An
injection barrier may also cause a kink in forward direction (in the first quadrant), if extraction
is still more efficient than injection (figure [4.3b)). In this case the photogenerated current
is larger than the injected current until the barrier is overcome and significant injection sets
in 87250 The presence of injection barriers may also be desired, if OPV materials are intended
to be used as photosensors, where a low dark current is essential for the resulting on/off ratio
of the device and concomitantly the sensitivity of the detector2>1"25% This concept is used in
my fifth publication to realize organic bidirectional phototransistor-like devices capable of both
electrical and optical switching (see chapters and .
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Fullerenes as electron acceptors in
organic solar cells

Fullerenes have been (and still are) very successfully used as electron accepting materials in or-
ganic photovoltaics. This is mainly attributed to the spherical shape of these molecules and their

1819 a5 these properties result in a strong electron accepting ability

fully conjugated structure,
as well as an effective three-dimensional system. This is entropically favourable for CT dissoci-
ation (cf. chapter and gives rise to isotropic electron transport ability with high mobility
in the order of 1072 %.84’110’204255 The spherical aromaticity is also regarded to facilitate elec-

LTI vet there is still an ongoing discussion whether

tron delocalization at D/A interfaces,
electron delocalization actually occurs in a fullerene aggregate and if so whether this delocaliza-
tion helps in the CT dissociation process. This is discussed in detail in chapters and
O Due to their isotropic interaction capability, fullerenes in addition have the advantage that
there is no special need for a specific orientation with respect to the donor, so that they are com-

patible and efficient with a wide range of donor materials (be they polymers or small molecules).

A common drawback of Cgp and its derivatives in solar cell applications is their limited absorp-
tion in the VIS-range. The singlet energy of Cgg is located at 1.85 €V, but significant absorption
only sets in around 2.25 eV 202201258 Unfortunately, the absorption range is only hardly tunable,
as the core structure of the molecule is always the same, i.e. Cg fullerene, and side-chains have
only small influence on the conjugation of the Clg core and thus on its electronic structure that
in turn determines the optical properties.? This is why a lot of effort was put into the develop-
ment of low bandgap polymers to cover a larger portion of the red part of the electromagnetic
spectrum and complement the absorption of Cgg and its derivatives 292449 To some extend the
issue of weak absorption in the VIS range could be also addressed by using C7g or its derivatives
instead of Cgp based compounds, as Cry features a stronger absorption around 2.5eV (figure
5.1)(a)) 220259200 et Crg is more difficult to obtain and thus much more expensive making

14762

it less relevant to a possible commercial application. Thus, some groups suggested to use

mixtures of Cgo and Cry because these are the natural result of fullerene synthesis and would

render additional separation steps unnecessary. 24262

Apart from this drawback in absorption coefficient, Cgg tends to crystallize and form aggregates.
23:20830i31139430263] This is on the one hand a desired property, as a certain domain size of the
acceptor phase is favourable in terms of CT dissociation and charge transport and too strong
intermixing would increase charge carrier recombination during the extraction process. On the
other hand, a morphology that is optimized concerning domain sizes and percolation is usually
not thermodynamically stable and phase separation takes place under thermal stress like it is
the case under operating conditions233%30 Ag already noted in chapter [2 the driving force for
this demixing is either crystallization of the polymeric donor, thereby expelling fullerenes from
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the mixed phase, or Oswald ripeninﬂ23=35=36=60 Over the last years a lot of effort has been and
still is put into understanding the formation and temporal evolution of specific morphologies

203579 One possible approach to stabilize blend

as well as the underlying thermodynamics.
morphologies in fullerene based devices was found to be the deliberate formation of a densely

linked network via chemical cross-linking. This mechanism is addressed in chapter [7]
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Figure 5.1.: (a) Absorption spectra of Cgo (——) and Cro-films (—), as well as dipole moment
as function of energy for Ceo (——) and Cry (-A—-) measured at 77 K. Reprinted with permission
from Kazaoui et al., Phys. Rev. B 58, 7689 (1998). Copyright ©(1998) by the American Physical
Society. (b) Absorption spectrum of a Cgy film measured at 77 K (—) and Electroabsorption
spectra of Cgo films measured at 300 K (-A-) and 77 K (-e—). Reprinted with permission from
Kazaoui et al., Phys. Rev. B 58, 7689 (1998). Copyright ©(1998) by the American Physical
Society. (c) Illustration of the autoionization mechansim of CT states in neat Cgo films. Ig
and E 4 are the ionization potential and the electron affinity of Cgo, respectively. ro denotes the
intrapair distance after thermalization. The latter process only occurs for excitation energies
higher than the electrical gap. Adapted with permission from Hahn et al., J. Phys. Chem. C,
2016, 120 (43), pp 25083-25091. Copyright ©(2016) American Chemical Society.

Another possibility to suppress the aggregation tendency of Cgg is to add bulky side chains to the
molecule that prevent efficient clustering and mutual alignment. Beside this effect, additional
side chains are usually designed to increase the solubility of the fullerene, as pure Cgy only fea-
tures a very low solubility in common organic solvents used in device processing2°#252, Several

! Ostwald ripening is a thermodynamically-driven process that results in the growth of larger particles at the

cost of smaller ones as a result of the tendency to minimize the surface area and achieve an energetically
more favourable state.5”
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derivatives with solubilizing side-chains were developed 2233#179%266| ith the most prominent one

being PCBM 2°%257 Common examples of higher adduct fullerenes are ICBA or ICTA 2217
3354 These fullerene derivatives enabled organic photovoltaic devices with Voo exceeding 1V,
yet at the cost of js. and thus charge generation efficiency222#L% The increase in V,, may be
attributed to the lower electron affinity (EA) as compared to Cgp or monoadduct derivatives.
A concomitant decrease in the EA- as well as ionization energy (IE)-difference between donor
and acceptor results in increased exciton recycling to donor or acceptor and concomitantly in-
efficient CT dissociation as shown by Hoke et al. and Faist et al>33% Furthermore, the addition
of side chains decreases electron mobility which in addition impedes efficient charge extraction
and increases recombination 2233 According to Faist et al., for these systems the donor has to

be chosen carefully to compensate the drawbacks associated with higher adduct fullerenes >3

Apart from aggregation, fullerenes may under certain conditions, especially photoexcitation and
electrical bias, also form covalently bound dimers 298273 This mechanism was thoroughly inves-
tigated by Heumiiller et al.?®% and found to represent a major contribution to the often observed
burn-in loss as a result of a gradual reduction in short-circuit current J. in organic solar cell
systems based on fullerene acceptors#™ 27 According to their study, the light-induced dimer-
ization process of PCBM depends on both film morphology and electrical bias of the respective
organic solar cell. Concerning film morphology they found that a higher degree in fullerene
crystallinity in neat fullerene phases as well as strong intermixing of fullerenes with amorphous
polymeric donors inhibits or even prevents the dimerization reaction. This was attributed to
geometric constraints in the first case and a lower probability of two fullerenes being in close
proximity and aligned in the right way in the second case.2™® Due to the observed clear correla-
tion of PL quenching as well as changes in absorption with fullerene dimerization, they suggest

the reaction mechanism to be based on the light induced presence of (triplet-) excitons.?™

Meanwhile, it has been shown that fullerenes may not only be efficient acceptors in combination
with another donor component, but that neat phases of fullerenes are able to contribute to
the photogeneration process via autoionization of CT states in the bulk of Cgy. The principal
existence of exited states with CT character at energies above 2.2eV has been already investi-

2561258 Kazaoui

gated before by Koénenkamp et al. and Kazaoui et al. by spectroscopic means.
et al. also performed electroabsorption measurements in order to assess polarizability Ap and
dipole moment 4 of the involved states and found that neat Cgg already features a pronounced,
extended CT-state at 2.43 €V that is characterized by Ap = 880-10"** cm?, p = 22.9D and a
fraction of transferred charge of 0.48 (figure [5.1fa) and (b)). An in-depth study about the role
of such CT states in the charge generation process in organic solar cells as well as the under-
lying mechanism of their autoionization was finally conducted by Hahn et al. 4%, In their work,
they performed measurements on single layer devices of Cgy and PCBM and investigated the
photogeneration as a function of the internal electric field. They found that significant e-h-pair
dissociation via autoionization of charge transfer states starts at about 2.25¢eV, i.e. about 0.4eV
above the 57 state of Cgy. This process can be described and analysed in the framework of
Onsager’s 1938 theory, yielding an initial intrapair distance of about 2nm at the onset energy of
2.25eV. At higher excitation energy, the resulting e-h-pairs are slightly more extended and gen-
erated incoherently via thermalization from higher energy states (figure (C)) Furthermore,
Hahn et al. found that the coupling between charge transfer and charge transporting states is by
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a factor of three lower in PCBM than in Cgg. This was inferred from the fraction of generated
charges in relation to the number of photoexcitations at a certain electric field. Apart from all

this, their works also indirectly shows that Cgg may also fairly well transport holes, albeit with

sz
Vs

a somewhat lower mobility in the order of 1074 as shown by Kénenkamp et al/220,
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Diffusion of small molecules in a polymer
matrix

Diffusive transport of small molecules through a polymer matrix can be described via a statisti-
cally random process known as random walk. The driving force behind diffusion is the presence
of a gradient concerning the concentration - or more general, the chemical potential - of the
diffusing species in the matrix as the system seeks to achieve a homogeneous distribution 2807252
Mathematically, the diffusion of small particles in a surrounding substance can be described via
Fick’s law, according to which the net flux J of diffusion is proportional to the concentration

gradient V2804283

J=-D-Ve (6.1)

The proportionality constant D is the so called diffusion coefficient. In general, this coefficient
can be also a function of concentration ¢ and spatial coordinates, if interactions between matrix
and diffusing particle are significant or the system is not spatially homogenous#®Y In order to
describe dynamic processes where diffusion can vary with time, one additionally has to take into

account mass conservation via the continuity equation:

Oc

= =-VJ 6.2
ot (6.2)
Inserting this in eq. (6.1)) one arrives at Fick’s second law:
Jdc
—=V(D-V 6.3
=V (D-Ve) (63)
In the case of an isotropic system and when D is not concentration dependent, this simplifies
to:
Oc
—=D-A 6.4
T c (6.4)

The simplification of assuming an isotropic system in case of a polymeric matrix is justified as
long as there is no preferential orientation of the chains that would introduce anisotropy into the
mass transport within the system.2®Y Consequently, this simplification can be applied mainly to
amorphous polymers. Concentration dependence of the diffusion coefficient D on the other hand
is often relevant for polymers when the interaction between the chains and the diffusing species

t,280281 which is strongly dependent on the kind of polymer and the diffusing

becomes significan
particle. In the case of fullerenes, these interactions with typical polymers used in organic so-
lar cells, like P3HT, PCDTBT or PTB7, become relevant for concentrations larger than about
10 — 20 wt% 23157 This in turn means that for small concentrations in the range of only a few
wt%, the diffusion coefficient can be regarded as constant. In this case, also the assumption of

Fickian diffusion is usually justified, while at larger concentrations deviations may occur 204280
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Wang et al20 for example found that PCBM diffusion into a PTB7 polymer matrix features
two diffusion modes at higher PCBM concentrations (> 40wt%): A normal Fickian diffusion
front of PCBM is followed by a second concentration front of PTB7 saturated with PCBM that
evolves linearly with time, i.e. that shows Case-II-like characteristics (=linear dependence of

the mass uptake on time?®4).

Beside concentration, diffusion in polymers depends on several factors such as molecular weight,
segmental mobility, side chain structure and functional groups (that might interact with the
diffusing particle under certain conditions), as well as m-m-interactions as these influence the
aggregation tendency of a polymer281i285287 A]] these factors impact on the temperature de-
pendent behaviour of the polymer and its ability to deform and relax under externally applied
stress. 282288 A crucial quantity in this respect is the so called glass transition temperature Ty.
It is defined as the temperature, where ”the transition from a liquid equilibrium state to a non-
ergodic one, i.e. only partially equilibrated state takes place”288 It is well known that polymers
can undergo a transition from a glassy to a rubbery state and finally to a viscous, fluid-like state
when temperature is increased 222289 The presence of a rubbery behaviour is determined by the
entanglement of polymer chains and therefore structure, molecular weight and chain rigidity. It
should be noted, though, that whether a polymer behaves like a glass or a rubber in a relaxation
experiment depends on the measurement conditions (measurement time and applied frequency
at a certain temperature), meaning that the transition from a glassy to a rubbery state - usually
referred to as the ”a—process”lﬂ - is a purely kinetic phenomenon and not an actual structural
transition like a melting process. This is directly obvious from the observation that the time
range of the glass-rubber transition shifts with temperature <5

The glass transition temperature Ty as such is associated with the occurrence of characteris-

aH
dT>

methods to determine Ty are volumetric (DMA) or calorimetric measurements (DSC).

respectively. Therefore, common
235288

. . . . dp—1 .
tic steps in expansion coefficient Z—T and heat capacity

In practice, the characteristic steps in these measurements appear at a temperature where the
relaxation time for the a-process is in the order of minutes, i.e. 74 (T,) = 10?5258 This corre-
sponds to a heating/cooling rate of 1072 % For higher rates, the step shifts to shorter relaxation
rates and hence slightly higher temperatures. This rate dependence and the fact that the steps
are naturally broadened in a real experiment - with typical widths in the order of 10K - im-
plies that T}, should be rather viewed as a temperature range with a tolerance of a few degrees
rather than a sharp, well-defined transition temperature. Consequently, for a direct comparison

between different materials a fixed heating/cooling rate should be chosen .2

From a microscopic point of view, the observation of steps in % and ‘Z# is associated with
an increased mobility and intensified motion of the chain segments above Tj;. This in turn is
accompanied by the increase of the so called "free volume” V; in the sample, as a rising number
of conformational states become populated in which the chains are not or no longer densely
packed. V} is referred to as the volume that is not occupied by the hard cores of the monomer
units28% This concept is usually used to explain the rapid increase in diffusivity above T,.

In case of a mixture like polymer-fullerene blends, the associated T, may be estimated from the

empirical Fox-Flory equation:282%220

1 288

This process is related to segmental chain relaxation after externally applied stress.
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W - IU:,; + ;_222 (65)
where wq and ws are the weight fractions and Ty and To the glass transition temperatures of
the respective component of the blend system. This simple relation does not take into account
a possible presence of crystalline domains, but works for anticipating general trends especially

in amorphous systems 2854268

It should be emphasized, that T, as defined above is a quantity that is related to the mobility
of the polymer backbone. The side chains are still mobile below Tj; and only stiffen at temper-
atures well below Tg.285=291 Xie et al. for example have shown that P3HT (rr: T, ~ 22 °C, rra:
T, ~ 6 °C) features a second transition temperature at around —100 °C that can be associated

with the relaxation of alkyl side chains.2?}

Above Ty, the viscosity 7 of a polymer is usually described via the well-established empirical

equation known as the Vogel-Fulcher-law:272294

n(T) = B -exp (T TATV) (6.6)

where B is a system dependent prefactor, Ty denotes the activation temperature and Ty is
referred to as Vogel temperature. This equation features a singularity at T = Tj,. Consequently,
according to the Stokes-Einstein relation

kT
- 67N R,

one would expect the diffusion coefficient D of a small spherical particle with hydrodynamic

(6.7)

radius R, to rapidly decrease when approaching Ty. Ty is typically located 30 — 70 °C below
Tg, yet whether n really diverges seems difficult to be checked by experiment as measurements
are only possible down to about 50 K above Tj,, because then 7 is already very large.s5

Concerning diffusion in the vicinity of T, and below there are several works reporting that dif-
fusion of a particle and viscosity of the polymer matrix seem to decouple in a way??> 298 and
Vogel-Fulcher-Tammann (VFT)-like behaviour of n(T') or equivalently a diffusion coefficient D
obeying Stokes-Finstein relation is not necessarily observed for T' < Tg.296=299’304 In a rather
simple picture, one could think of mass transport rather taking place via thermally activated
hopping?®¥3%W like one would expect for interstitial diffusion of atoms or dopants in a solid 3%
which is not an inconceivable picture when thinking of a rather stiff and brittle polymer matrix.
Yet, one has to keep in mind that side chains are still mobile leading to continuous redistribu-
tion of "free-volume” in the material Y9 The actual underlying mechanism and how to properly
describe diffusion below 7} is still subject to research 292073100 Iy order to contribute to the

discourse on this issue, this is also addressed in my third publication (see chapters and [10)).

Diffusion in general also plays an important role for device applications in terms of morphological
stability of blend mixtures or interfaces between different materials in layered structures /2222450531
SLUSI2 Morphology in turn is crucial in terms of device efficiency, for example when considering
percolation paths for charge carrier extraction or injection and dissociation or recombination

efficiencies (cf. chapters [2| and . Consequently, this topic is of special interest to the or-
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ganic electronics community and there are several studies dealing with approaches to either

2313511361274)312H315

suppress diffusion and stabilize morphology or to understand the underlying

mechanisms governing miscibility and diffusion in organic electronic devices.22420:300 7263316317

Special focus in this respect is laid on binary and even ternary blend systems2%3U318 for or-
ganic photovoltaics as well as doping of transport layers and at interfaces319524 An effective
way to reduce diffusion and increase morphological stability is to perform crosslinking of the
matrix material or even between two components of a system.233’5'f36'r274=312’315 This aspect is
shortly addressed in chapter [7] and in more detail in the review in appendix [A] Some important
aspects about diffusion in organic electronic devices resulting from recent research are sum-
marized shortly in the following. Several groups found that diffusion mainly takes place in

20h200308113194329] Crystalline phases are not affected when they have been al-

amorphous regions.
ready present before the mixing,2%22%327 hut only when they are formed afterwards, for example
when sequential deposition is applied 227 Furthermore, the degree of intermixing depends on the
size and shape of the diffusing molecule, which also provides a means to design molecules for
special purposes 212125323 For example when using a molecule as a dopant for a transport layer
it should be bulky enough to prevent diffusion into the active layer, which in turn may dete-
riorate device efficiency. Concerning the relevance of T, for morphological stability, McEwan

et al32®

verified that materials with higher T, tend to diffuse into adjacent layers that feature
a lower T;. So for an overall morphological stability one should only use materials together
in a device that all feature a high T,. Finally, Hartmeier et al.**® emphasize that in complex
systems like binary or even ternary blends, in which the components may also tend to crystallize
or aggregate, the mixing behaviour is of course not only governed by diffusion kinetics but also
thermodynamic aspects. These have to be taken into account when trying to understand the

formation of microstructures in these devices.
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7 Excursus: Crosslinking in organic solar
cells

As already addressed shortly in chapter [2] morphologies in organic solar cells tend to be thermo-
dynamically unstable. This results in phase separation in bulk-heterojunction structures or the
intermixing of adjacent layers in stacked architectures over time due to diffusion of low molecular
weight compounds like fullerene acceptors or dopants. Crosslinking has proven to be a promising
approach to tackle these issues and a lot of investigations on the potential use of crosslinkable
materials in organic solar cells have emerged in the last decade 22836 In general, it can be de-
fined as covalently linking molecules applying various stimuli like temperature, pressure or light
and often using additional compounds as agents. The linkage is usually mediated by specific
functional groups attached to the molecules that are to be crosslinked 222530 Transferring this
concept to organic solar cells allows ”freezing” the initial morphology of a blend structure after
optimization during processing and concomitantly suppressing the tendency of small molecules
to diffuse within or into the active material. The latter has been nicely addressed for example
in a work by Fischer et al.}?' where the diffusion coefficient has been shown to be reduced
by three orders of magnitude as compared to the non-crosslinked reference in the case where
every repeat unit in a model polyfluorene derivative carried a crosslinkable group. Furthermore,
crosslinking renders the respective layers insoluble. In general, it has been shown that it is not
absolutely necessary to have a crosslinkable group attached to every side chain, but smaller
amounts are already enough to obtain a densely linked and insoluble network 222333 The aspect
of insolubility additionally makes crosslinking a promising alternative to the use of orthogonal

334 10/335]336

solvents®2* or inorganic blocking layers when fabricating multilayer structures via so-

3153371347,

lution processing and is of special importance for the model bilayer systems that are

frequently used throughout this thesis.

In terms of organic solar cells it is possible to crosslink either donor or acceptor to form a stable
matrix for the respective other component or to directly link them 23555 Here we will focus
on the donor-to-donor linkage as this is the method utilized in this thesis. In the majority
of devices, polymers are used as electron donating species. In this case, functional groups are
usually attached to the solubilizing side chains of the donor in order to retain the electronic
properties of the polymer and not severely disrupt the backbone conjugation. The general
principle of this crosslinking approach is illustrated schematically in figure [7.1fa). Possible
functional groups that may and have been applied in organic solar cells are bromine, acrylate,
oxetane, azide and vinyl groups222%36 In the framework of this thesis two of these concepts
were used: acrylate and oxetane (figure [7.1{b)).

Crosslinking of acrylate groups takes place via a free radical mechanism 212248349 This process
usually requires the addition of a (photo-)initiator, which is split into fragments with unpaired
electrons upon exposure to UV-light and heat, thereby creating the primary (free) radicals
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which then transfer to the polymer chain forming secondary propagating radicals. These are
then the reactive species mediating the crosslinking between the acrylate containing side chains
of individual polymers. A possible drawback in terms of application to optoelectronic devices
is that the residues of the photoinitiator decomposition remain in the device and may act traps
for charge carrier transport or as exciton quenching sites 22259351 Thig can be circumvented by
mere thermally activated crosslinking with accompanying illumination. Both aspects, thermally
activated crosslinking and the influence on charge transport when adding photoinitiators are
addressed in my publication about the impact of crosslinking on charge carrier mobility (chapters
and . Nevertheless, crosslinking via acrylate groups is restricted to the use in layered,
sequentially deposited architectures when intended to be used in the presence of compounds
with strong electron scavanging ability such as fullerenes®?#992 hecause these will efficiently
terminate the radical mediated reaction thereby preventing the formation of a network.

Not crosslinked %

crosslinked

hv/
initiator/
heat

(b)

0
PF2/6-A-n:m a) PCDTBTOx

Figure 7.1.: (a) Schematic of the donor-to-donor crosslinking of a conjugated polymer. The
process may be initiated via a (photo)initiator, heat and/or exposure to UV-light hv resulting in a
densely linked and insoluble network due to the formation of covalent bonds between the chains.
(b) Structure formulas of the two crosslinkable polymers used in this thesis. The respective
functional groups used for crosslinking (left: acrylate, right: oxetane) are highlighted in red.

To allow for crosslinking in the presence of fullerenes, e.g. in a bulk heterojunction, another
mechanism has to be applied. In this respect, the use of oxetane groups instead of acrylates
is a promising approach, because oxetane mediated crosslinking proceeds via a cationic ring
opening process (CROP)#Y The protons needed for the initiation are typically provided from
so called photoacid generators (PAGs).2215357 However, the interplay between a PAG and the
oxetane-functionalized compound may lead to a number of unwanted side reactions. Among
others, photoinduced electron transfer from the PAG to the semiconductor additionally re-
sults in unintentional doping of the crosslinked layer, which in turn could deteriorate device
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performance 32! Also, residuals of the acid and the presence of counterions can cause problems
in this respect 2335858 A very good alternative to the use of PAG is exposing the crosslinkable
sample at elevated temperatures to trifluoroacetic acid (TFA) vapour, which is a very efficient
initiator for the CROP process.?>? TFA has the advantage of being very volatile with a boil-
ing point of 72°C and a high vapour pressure (97.5 mmHg @20°C) so that residual acid may
be easily removed after processing2%Y In our case, we applied a combined thermal and vacuum
treatment (90 °C, 90 min, 10~* mbar) with a subsequent exposure to high vacuum (5-10~7 mbar)
for several hours prior to deposition of additional layers via evaporation. Again it was found,
that even crosslinking via oxetane groups may be achieved by mere thermal activation,**? but
this requires to expose the sample to heat for several tens of hours in order ot achieve a good
crosslinking density.

A noteworthy example of crosslinking in an organic solar cell without addition of any further
initiator has been shown by Peters et al. as well as Tournebize et al 2743138314 They found that
in a bulk heterjunction of PCDTBT with PCBM a special mechanism is at work that results
in an impressive long-term stability of the respective devices with expected average lifetimes
of up to seven years while still retaining 4 % PCE 2314 The underlying process leads to the
formation of actual covalent crosslinks between the polymer backbone and the fullerene, which
is preceded by the photoinduced scission of the bond between the N-atom of the carbazole units
of PCDTBT and the attached alkyl side chain 23:313

As a side remark, it shall be mentioned that the concept of crosslinking may also be used to
stabilize nanostructures fabricated by nanoimprinting.? This could be used to obtain a well-
controlled morphology with defined phase intercalation and percolation pathways for organic
solar cells#01803 Unfortunately, Pfadler et al'®®* have shown that the advantage of a larger
interfacial area is finally outbalanced by increased recombination so that no net improvement of
device performance could be achieved. For a more in-depth review about crosslinking in organic

solar cells the reader is referred to chapter [A]in the appendix.
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Overview over the publications

Before going into detail about the content of the individual publications in section the first
section of this chapter will present an overview about how the different works are linked or build
up on each other and how they are embedded into the greater context of organic solar cells. A
schematic overview over the relation between the publications and which processes in an organic
solar cell they address is presented at the end of chapter 8.1 in figure

8.1. Summary and overall context

As already noted in abstract and motivation, organic solar cells have regained a lot of research
interest after the successful development of new non-fullerene acceptors 273 Before that, fur-
ther improvements with the common systems based on fullerenes and low bandgap polymers
seemed to be very hard to achieve and a lot of effort in the organic solar cell community has
been put into morphology optimization and stabilization and the extension of the absorption
range to the red to better match the solar spectrum 2V BIE%7TOI Although it is easier to tune
the bandgap of the newer non-fullerene based systems and they have less tendency to aggregate
and phase separate in a D/A blend - sometimes they even mix too well - they feature the same
basic properties as all organic materials. Especially, they are still extrinsic semiconductors where
excitations result in bound electron hole pairs instead of free charges as it is typically the case in
inorganic semiconductors? For this reason, the most important key factor for the performance
of an organic solar cell is the dissociation efficiency of these e-h-pairs, preferably in the form of
CT states formed at D/A interfaces. Understanding the relevant mechanisms and aspects of the
dissociation process, including recombination before the actual separation, and the character of
the CT states is a crucial requirement to further improve the properties of new systems and
finally someday pave the way to actual commercial applicability.

Against this background, this thesis is devoted to contribute to a deeper understanding of the
charge transfer state, the fundamental process of its dissociation as well as closely related as-
pects that are indivisibly connected with it and finally affect the overall device efficiency. These
aspects include for example charge transport, which influences both geminate and non-geminate
recombination (cf. chapter [4) and intermixing at the D/A interface via diffusion.

Chapter |§| addresses the key aspect of CT dissociation at a D/A interface. Several factors
have been proposed to impact on this process, for example internal electric fields or charge

434474 Heavily disputed especially in view of the new non-fullerene acceptors

carrier mobility.
are on the one hand entropic aspects and in this context particularly disorder and on the
other hand delocalization of charge carriers and the CT state as a whole (cf. chapters
and .71=110=204’207 The fundamental idea in the case of delocalization is that the CT binding
energy is reduced thereby facilitating dissociation of the interfacial electron hole pair!t02163 T¢

is easy to see and has been convincingly shown before, that in the case of conjugated polymers
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delocalization of a hole along the conjugated segments is possible and helps the dissociation
process 192166 This is due to the high coupling strength within the chain segments. Yet, it
is not so straightforward to transfer this concept to small molecular acceptors as they feature
a smaller coupling between adjacent molecules,* ' so that transport is rather expected to be
incoherent.#? Up to now, there is still no consensus but rather controversial discussion, whether
electron delocalization is actually present in typical small molecular acceptor systems and if so,
whether it is of similar significance as hole delocalization (see chapter . In chapter |§|I thus
address this issue by performing photophysical, electrical as well as structural investigations on
organic bilayer solar cells consisting of a crosslinked derivative of the well-known amorphous
polymer PCDTBT (PCDTBTOx) combined with three different fullerene acceptors. These
experiments are complemented by theoretical modelling according to the effective mass model
under consideration of interfacial dipoles1%2153 Bilayer samples were chosen as model system to
avoid additional effects due to morphology (i.e. bimolecular recombination, percolation, domain
sizes), which otherwise would superimpose interfacial effects. The application of a crosslinked
donor layer allows to deposit solution processable acceptors and suppresses interdiffusion into the
donor thereby providing a well-defined interface.#1% This was also beneficial for the application of
our theoretical simulations. As for all crosslinkable polymers used in this thesis, the functional
groups were attached to the side chains to leave the electronic structure of the polymer backbone
unchanged (cf. chapter [7)).

As acceptors I chose three different fullerenes (Cgg, PCBM, ICBA). The reason for the use of
fullerenes is that they are well-conjugated systems with spherical aromaticity (cf. chapter [5)),
which makes them a suitable model system to study possible effects of electron delocalization in
the acceptor phase on the overall CT dissociation efficiency. Apart from that, they are readily
available and well characterized. The series of fullerene acceptors used here differ in their number
of additional covalent bonds which are attached to the Cgg core and thus in their degree of (local)
order. These properties are expected to impact on the intermolecular coupling strength and thus

delocalization of the electron wavefunction 22173365

The combined experimental and theoretical analysis presented in chapter [9| reveals that a higher
local structural order and concomitantly stronger intermolecular coupling in the acceptor phase
can be associated with a higher degree of delocalization and a higher CT dissociation efficiency.
This is especially substantiated by an increase in the effective mass m.s; of the CT state when
replacing Cgo with PCBM. Although m.ys as a measure of wave function delocalization in gen-
eral refers to the entire CT state and contains contributions from both electron and hole, the
observed change in effective mass can be unambiguously attributed to the electron because the
donor is the same in all cases. In general, this result indicates that high local order is crucial
for efficient dissociation in organic solar cells - an implication that is also particularly relevant

for non-fullerene systems which are prone to feature ordered aggregates 3

In the previously described work I had used a crosslinked donor polymer to allow the fabrication
of bilayer devices with acceptors that are deposited from solution and to suppress interdiffusion
of fullerenes into the donor layer. Intermixing at interfaces in multilayer architectures, but also
phase segregation in blend morphologies as a result of diffusion of small molecular acceptors
or dopants can severely affect dissociation and recombination and thus device efficiency in an
organic solar cell. The latter results in coarsening of the morphology and with this deteriorates
percolation of charge carriers to their respective electrode thus increasing recombination proba-
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bility. Intermixing at an interface in turn may give rise to the formation of traps states for charge
carriers. As this is a general problem when using small molecules in a device — especially with
respect to (long-term) stability —, it is important to understand the mechanisms and factors

governing diffusion in optoelectronic devices like organic solar cells.

The fact that crosslinking effectively reduces the diffusion coefficient of Cgg in a polymer matrix
had been verified before by Fischer et al:**? In this case, diffusion was monitored via quenching
of the photoluminescence (PL) of a sensor layer in a three-layer architecture. The quenching
species is deposited on top of the investigated material and undergoes thermally activated dif-
fusion towards the sensor. The underlying principle is inspired by the time-of-flight technique.
The major disadvantage of this approach was the need for a sensor that absorbs at higher wave-
lengths than the investigated polymer to ensure selective detection of the sensor PL, which made
the method unsuitable for state-of-the-art low bandgap polymers, because radiative efficiency
drastically reduces when approaching the NIR region.?%® To circumvent this problem T. Miiller
developed a modified, 2-layer based approach in his master thesis, where the investigated poly-
mer itself serves as the sensor25” In chapter [10| of this thesis, the underlying theoretical model
of this method was extended to account for more realistic scenarios and further aspects concern-
ing the initial concentration profile. In the extended framework, I introduced a self-consistent
approach to determine an approximate initial concentration profile and may additionally take
surface quenching into account. Before, the initial concentration of Cgy at the beginning of
the experiment at a certain temperature was always assumed to be homogeneous all over the
sample. With this extension, I first compared the 2-layer and the previous 3-layer technique to
verify the reliability and comparability of the results. To this end, I measured the temperature
dependent diffusion coefficient of the crosslinked PF2/6-derivative PF2/6-A-75:25, which was
also investigated in the work by Fischer et al®1? Gratifyingly we also find an Arrhenius-type
temperature dependence with the same activation energy of diffusion, although the absolute
values differ slightly by a factor of 2-3. The latter could be related to the different models
from which the diffusion coefficient is determined (arrival time vs. dynamic photoluminescence
decay due to bulk quenching) but does not affect the physical meaning of the measurement, as
evidenced by the coinciding activation energies for the same material.

Having verified the reliability of the new technique and the corresponding model, I then inves-
tigated an important aspect of diffusion affecting morphological stability and the tendency of
intermixing at an interface in multilayer architectures:2122%328 The relation between diffusivity
in a polymer matrix and the glass transition temperature 7}, of the backbone. A special focus in
this respect was laid on the role of the side chains in the diffusion process as well as on the ques-
tion whether diffusion may still appear below the glass transition temperature. The latter also
has important implications on a possible device degradation during mere storage, e.g. due to
interdiffusion of dopants from adjacent transport layers into the volume of the active layer. For
this study I chose three different derivatives of the well-known low bandgap polymer PCDTBT
(PCDTBT, PCDTBTsqt, PCDHTBT) 2313314 the polymer I had also used as a donor in
the first work discussed above (see chapter E[) These derivatives differed slightly concerning their
molecular weight, the sequence of their building blocks and more importantly their side chains.
This in turn results in a variation of the glass transition temperature 7Ty, which determines the

mobility of the polymer backbone.2%°

Two of the derivatives featured a similar 7Ty which resulted
in very similar diffusion coefficients as well as the same temperature dependence. This provides

further evidence that the results obtained from the new 2-layer approach are reliable. In general,
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I found very low diffusion coefficients for PCDTBT in the order of < 1071 % at temperatures
around 373 K, which is even lower than for the crosslinked PF2/6 derivative PF2/6-A-75:25.
Consequently, we can safely assume that interdiffusion does not play a role in the bilayer sam-
ples used in the study about electron delocalization, especially as the donor layer is additionally
crosslinked there. Interestingly, we do not observe a drastic decrease of the diffusion coefficient
for temperatures T" < Ty as one would expect according to the Stokes-Einstein relation if the
viscosity followed a Vogel-Fulcher-Tammann law (see chapter @,28&368 but rather a continuous
transition with an Arrhenius-type temperature dependence below 7. Such a behaviour has
indeed been observed before in polymer matrices but the microscopic origin of this process is
still subject to research (see chapter @ From our results, we could conclude that diffusion of
Ceo in the investigated systems is not governed by collective motion of glassy elements of the
polymer backbone but rather determined by local motions mediated by the side chains. This
seems plausible as they are still mobile below T, and feature a much lower transition tempera-
ture (see chapter @.285291 Accordingly, with this study I could gain mechanistic insight into the
role of the side chains in the diffusion process, especially for temperatures 7' < Tj. In terms of
application — for example with respect to doping of interlayers in optoelectronic devices (e.g.
OLEDs, OPVs, perovskite solar cells) — this implies that high glass transition temperatures are
required to enhance morphological stability and suppress intermixing at interfaces.

In general, the information inferred from such temperature dependent diffusion measurements
with respect to Ty can prove useful as guidance for device processing and material design for
example with respect to annealing times and temperatures and thus also long-term stability

under operating conditions 23:369

A promising approach in the organic electronics community to address the issues of morpholog-
ical instability and intermixing at interfaces in multilayer architectures, which was also applied
in my study on electron delocalization, is to crosslink either of the active components to form
a stable matrix or even directly link them 233236 This is discussed in more detail in chapter
and appendix [A] The main focus of research on the use of crosslinking in organic photovoltaics
has been set on processing, material design and device architectures with respect to the overall
device performance and long-term stability22#2%3% However, in-depth studies about the impact
of crosslinking on charge carrier mobility — a key parameter for device performance due to its
influence on geminate and non-geminate charge carrier recombination and charge extraction —
are sparse and particularly missing in the field of organic photovoltaic devices. In view of the
above and because crosslinked polymer layers were applied in the work on the influence of elec-
tron delocalization on CT dissociation, I conducted a systematic study about the influence of
crosslinking density on hole mobility in an amorphous polymeric system in chapter Further-
more, as crosslinking often requires initiation from a curing agent, the impact of this additional
compound or the respective byproducts of the reaction are also addressed.

For this investigation, I used the same series of crosslinkable PF2/6 derivatives like Fischer et
al 31 with different fractions of crosslinkable acrylate groups as model system. In their diffusion
study, Fischer et al. had already shown convincingly that the diffusion coefficient significantly
reduced with crosslinking density. Consequently, this material system showed the desired be-
haviour for our research purpose and was additionally amorphous just like the donor polymer
used in the delocalization study (see chapter @ The corresponding crosslinkable PCDTBT
derivative was not suitable for the intended systematic study as function of crosslinking den-
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sity, because its synthesis turned out to be very complex and time consuming so that different
amounts of crosslinkable functional groups could not be realized easily. In contrast, PF2/6-A-
m:n was much easier to fabricate in the desired fashion.

Mobility measurements are combined with spectroscopic investigations to characterize possible
changes in the electronic structure upon crosslinking and the presence of traps. To assess the
low to medium charge carrier density regime I carried out MIS-CELIV measurements. For high
charge carrier densities I used p-type bottom-gate top-contact OFETs. Absorption and Photo-
luminescence spectra showed minor changes as a function of the fraction of acrylate containing
side chains and thus crosslinking density, irrespective of the admixture of photoinitiators or
crosslinking. These minor changes are attributed to conformational changes in the film struc-
ture induced by the additional functional groups in the side chains, e.g. due to increased chain
torsions. Photoluminescence quantum yield (PL-QE) and mobility measurements, which are
particularly sensitive to the presence of trapping sites, reveal that a larger amount of photoini-
tiator may induce traps in the system, either by its mere presence or by remaining decomposition
products after the crosslinking reaction. This is especially pronounced for initiators containing
heavy metals. Consequently, we could show that such compounds should be avoided in opto-
electronic applications. Importantly, I showed that for the investigated crosslinking mechanism
also mere thermal crosslinking in the presence of UV/VIS illumination is possible without the
need for additional initiators, which is particularly advantageous for the fabrication of multi-
layer devices like OLEDs or bilayer OSCs. Under proper crosslinking conditions, i.e. only small
amounts of metal-free initiators or mere thermal crosslinking, hole mobility is not altered by the
crosslinking process itself. What remains is a small mobility reduction as a result of the confor-
mational changes in the network introduced by the increasing amount of crosslinkable groups.
The decrease is at most about one order of magnitude in the case where every side chain carries
a crosslinkable group in relation to the reference carrying no functional groups. To account
for this and avoid a negative effect of imbalanced mobilities in the framework of my study on
electron delocalization, the crosslinked donor layer was applied very thin (14nm) with half the
thickness of the acceptor and appropriate transport layers were incorporated additionally.

In view of the results of Fischer et al.31°

who had shown that diffusivity is significantly reduced
by crosslinking, I can now conclude that under appropriate conditions a compromise between
mobility reduction and morphological stabilization is possible. This is because significant sta-
bilization can be already achieved with only 25 % of crosslinkable groups 2252213333959 iny which
case mobility is just reduced by a factor of 2-3, and only due to morphological alterations, yet

not due to defects.

In my work on the influence of electron delocalization on the dissociation of CT states I had
found that local order is correlated with delocalization in the acceptor phase (chapter |§[) Yet,
commonly the aspect of order/disorder is neglected in the analysis of CT spectra according to
the widely used approach by Vandewal et all5” These two aspects inspired me to aim for the
development of an approach to consistently model absorption and fluorescence spectra of CT
states under consideration of disorder as a function of temperature and thus get a deeper insight
into the underlying mechanism of electron transfer processes in organic solar cells (chapter [12)).
Moreover, this is of particular interest as the discussion about the role of disorder for CT state
splitting has gained momentum within the last years H0:2055206

In chapter [12| we performed photocurrent (EQE) and time resolved PL spectroscopy as a func-
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tion of temperature as well as EL. measurements at room temperature, to identify the suitable
framework to describe CT spectra consistently over a wide range of temperatures (5 — 295 K).
This in turn allows to reliably characterize the associated CT states concerning their energy
distribution and reorganization energy that is needed upon formation of a CT state. A special
focus is set on the role of disorder in the determination of the spectral line shape and thus the
correct extraction and interpretation of characteristic properties of the CT state. Commonly,
in organic solar cells CT spectra or bands in EQE and EL are analysed in the framework of
Marcus’ electron transfer theory typically assuming a single absorber, i.e. neglecting energetic
disorder (cf. equations and ).157 Notably, in a very recent work by Vandewal et al.,
the authors state that the CT lineshape is dominated by intra-molecular vibrations and that
static disorder only gives a minor contribution 14

Against this background, our work specifically addresses three questions: Is the simplified
Marcus-type framework without consideration of disorder suitable to describe and analyse CT
spectra reliably? Is a neglect of disorder in this context acceptable? Are intra-molecular vi-
brations indeed so important for the reorganization energy associated with an inter-molecular
state?

To answer these questions, the temperature dependent spectra are analysed in terms of the often
used Marcus-type framework, the extended theory of Marcus, Levich and Jortner (MLJ)2341454151
with and without consideration of static disorder and finally the widely used Franck-Condon
approach, that is commonly applied in spectral analysis. Even without a deeper analysis we
find clear experimental evidence that disorder significantly contributes to the spectral line shape
of the CT band. This conclusion is inferred from a time dependence of the photoluminescence
decay in accordance with the Hong-Noolandi formalism indicating a distribution of CT ener-
gies and the spectral shift between EL and PL implying a contribution of spectral diffusion
in a Gaussian DOS. Accordingly, the temperature dependent spectra could not be reproduced
physically meaningful with models that neglected disorder. This is especially evidenced by the
fact that the Marcus model as well as the MLJ framework without considering disorder theo-
retically predict significant line narrowing with decreasing temperature, which was not observed
experimentally. In contrast to that, both MLJ with disorder and the Franck-Condon model
were equally well able to reproduce the line shape of the spectra over the entire temperature
range investigated here (5 — 295K). The fact that both fits are practically indistinguishable
is attributed to two factors: 1) The dominant contribution of disorder and 2) that the MLJ
expression under consideration of disorder converges to the same form as the Franck-Condon
expression at lower temperatures. A detailed analysis in the Franck-Condon framework further
revealed that the major contribution to the reorganization energy comes from intermolecular
vibrations, i.e. low-frequency phonon modes.

In conclusion we found that (i) disorder is essential to correctly describe the spectral line shape
of a CT transition, (ii) the associated reorganization energy is rather determined by inter- than
intra-molecular vibrations and that (iii) CT spectra may be consistently modelled over the entire
investigated temperature range using the Franck-Condon approach. The latter indicates that
electron transfer in disordered media takes place via tunneling. With these implications in mind,
results obtained from the simple Marcus-type expressions neglecting disorder should be viewed

with some caution.

Finally, in chapter [I3] I made use of the pronounced ability of Cg to split bulk CT states via
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autoionization to realize simple bilayer devices that behave like a bidirectional phototransistor
where illumination takes the role of the gate voltage in a conventional OFET. This was inspired
by the work of Hahn et al. on the role of intrinsic photogeneration in Cgq and PCBM4Y and the
work on electron delocalization in fullerene acceptors in chapter[9] Further ingredients to achieve
a bidirectional characteristic dominated by photogeneration rather than injection of charge car-
riers are good charge transport to ensure efficient extraction of charges and the presence of an
injection barrier to keep the dark current low in the device. The latter enhances the on/off ratio
and is an important requirement to obtain a net photocurrent under forward bias®” The mecha-
nism behind the phototransistor-like behaviour can be understood in terms of a photoenhanced
recombination current close to the cathode and the Ph-TDPP-Ph/Cg interface.2%% To allow
good charge transport in the donor phase, I used the DPP derivative Ph-TDPP-Ph. DPPs are
370375

a material class that typically feature good charge transport properties and may even be

tuned to show ambipolar behaviour 270:375376

The combination of Ph-TDPP-Ph and Cgg shows a voltage dependent photosensitivity between
1.85 and 2.25eV which can be used as additional switching mechanism for the photocurrent
apart from the voltage. I could exploit this behaviour to obtain fully organic hybrid optical and
electrical logic elements like NOT-, AND- or OR-Gates, that form the basis for advanced analog
and digital applications. This application eventually represents a remarkable example of how
efficient dissociation of (delocalized) CT states in a fullerene phase can be used in an alternative

way instead of the conventional organic solar cell.
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8.2. Contents of the individual publications

The following subsections provide detailed summaries of the publications that emerged in the
course of my PhD project about dissociation, recombination and the character of charge transfer
states in organic solar cells. A special focus will be laid on the significance of the respective
results for the research on organic solar cells. The figures and captions presented here are
reprinted or adapted from the respective publications (see part . These were reprinted with

permission of the respective publisher.

8.2.1. Does Electron Delocalization Influence Charge Separation at
Donor-Acceptor Interfaces in Organic Photovoltaic Cells?

As detailed in chapter there is currently a hot debate about what factors and mechanisms
actually contribute substantially to the efficient dissociation fo CT states in optimized and well-
performing organic solar cell systems, with disorder, entropy and delocalization being promising
candidates. The study presented here is devoted to the delocalization aspect and lays the focus
on the controversially discussed role of electron delocalization on the charge separation pro-
cess at D/A interfaces. Some works readily attribute an observed enhancement in the device
efficiency to electron delocalization as a result of the presence of crystalline Cgg domains or
even merely aggregated phases of the more amorphous PCBM L3I Others in turn directly

175 Here, I address this issue by studying

question the positive role of delocalization in general.
CT-characteristics and dissociation in organic solar cells using a bilayer architecture. It con-
sists of a crosslinked derivative of the well-known, well-performing amorphous donor polymer
PCDTBT (PCDTBTOx, see chapter [7)) and a series of three different fullerene acceptors (Cep,
PCBM, ICBA) with increasing number of additional covalent bonds added to the Cgy core.
The respective structure impacts on the packing and crystallinity of the acceptor molecules (cf.
chapter |p)) and thus should change the degree of intermolecular coupling and delocalization in
the acceptor phase 22173355 This is also reflected in electron mobility measured in the bulk.#2
The use of a bilayer structure with a crosslinked donor layer has the advantage of providing a
well-defined interface due to efficiently reduced diffusion.*!? This in turn effectively reduces mor-
phology related aspects like non-geminate recombination, percolation problems or a distribution
of acceptor domain sizes which otherwise would superimpose interface-related effects. Accord-
ingly, theoretical modelling of interface-related processes such as CT dissociation is easier and
more straightforward. Finally, the use of an amorphous polymer as a donor ensures that its
energy levels are unlikely to change when different acceptors are deposited on top, '3 rendering
the donor layer a good and stable reference. Consequently, observed changes in device properties
may be assigned to the different acceptors.

In essence, the role of electron delocalization on CT dissociation is inferred from the analysis
of photocurrent spectra and theoretical modelling of field dependent IV-data. For a profound
interpretation and a proper analysis I first had to verify our expectations concerning the structure
of the acceptor phase and the coupling between the molecules. Structural information are
obtained from GIWAXS experiments. As expected, no indication of order is found for the
PCDTBTOx donor proving the assumption of a purely amorphous layer. There is no distinct
preferential orientation for any of the fullerenes, yet the amount of ordered domains clearly
decreases in the sequence Cgg — PCBM — ICBA, while the average intermolecular distance
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increases in the same order. These observations imply a reduction in the intermolecular coupling
strength in the same series, because electronic coupling between neighbouring fullerene molecules
decreases exponentially with increasing distance 2217337737 The trend in coupling strength is

further confirmed by the consistent increase in electron mobility from ICBA ( 1075 %)380

over PCBM (2 -1073 %)3807381 to Cgo s 1072 %)255, a higher autoionization efficiency for
Cgo in relation to PCBM (cf. chapter [5)),2% and the presence of extended CT states in the
bulk of Cgp?2® that are much more localized in PCBM and ICBA as evidenced from additional
electroabsorption measurements.

In addition to this I conducted UPS, IPES and Kelvin-Probe measurements to gain insight into
the energy levels as well as interface energetics in the investigated systems, which are needed
as input for our theoretical simulation. As expected, EA and IE values increase in the series
ICBA > PCBM > Cgy.2%4388 From the work function shifts inferred from Kelvin-Probe mea-
surements we basically find vacuum level alignment at the D/A interface for Cgy as acceptor,
while ground state interfacial dipoles are present for PCBM and ICBA. These dipoles affect
the dissociation efficiency at the interface and have to be taken into account when modelling
the dissociation probability according to the effective mass model (cf. chapter

To gain insight into the charge generation process at the D/A interface, photocurrent spec-
troscopy was performed under short circuit conditions on bilayer organic solar cells (figure
8.2(a), exemplary for PCDTBTOx/Cgp). For a qualitative idea which of the components in
the device contributes to the photocurrent at which energy, the absorption profiles of each layer
were calculated according to the transfer matrix algorithm (dashed lines) to account for parasitic
absorption and reflections® This additionally allowed us to calculate the IQE (figure (b)).
Qualitative aspects are the same in case of all three fullerenes both in EQE and IQE (figures
(b) and (c)): Photocurrents decrease in the series Csg > PCBM > ICBA, the donor itself
hardly contributes and the acceptors show some degree of autoionization above an excitation
energy of 2.25eV #6258 Consequently, the signal below 2.25 eV is due to dissociation at the D/A
interface as neat materials show no considerable photocurrent in this region.

An important factor in the context of CT dissociaton efficiency is CT recombination. To assess
this aspect, intensity dependent JV-measurements were carried out. These yielded fill factor
(FF) values that are independent of irradiation intensity over three orders of magnitude up to

mW 75
[ !

irrespective of the excitation energy proving that only geminate recombination is present
Notably, the FF values are the same for Cgy and PCBM indicating similar recombination rates
in both cases. With the observed trend in IQE this implies a higher dissociation rate for Cgo,
as IQFE = %. The overall smaller FF (as well as considerably reduced EQE/IQE) for
ICBA is related to inefficient exciton and charge transport in ICBA giving rise to enhanced
geminate recombination (cf. chapter [4)2#23 Nevertheless, no s-shaped J-V-characteristics are
observed in this case as hole and electron mobilities are rather balanced for PCDTBTOx and
ICBA ® In general, all IV-characteristics show no s-shape indicating no extraction or injection
problems. This further implies that imbalanced mobilities in the case of PCDTBTOx/Cgp and
PCDTBTOx/PCBM do not play a role here, especially because I accounted for this aspect by
using a thickness ratio of 1:2 for donor to acceptor layer, a small absolute donor thickness of

only 14nm and appropriate transport layers at the electrodes 20
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Figure 8.2.: (a) Left axis: EQE of a PCDTBTOz/Cgsg bilayer solar cell (red filled squares)
and single layer devices with PCDTBTOzx (grey filled diamonds) or Cgy (dark red open squares).
Right axis: Calculated fraction of absorbed light of PCDTBTOx and Cgg in a bilayer solar cell
(dashed lines). (b) Comparison of EQE for bilayer devices with Cgy (black squares), PCBM
(red dots) or ICBA (blue triangles) as acceptor. The grey dashed line marks the autoionization
threshold in fullerenes. (c¢) IQE for the bilayer devices in (b). The displayed range is limited
by the literature values of the refractive index n and the extinction coefficient k used for the
calculation of the absorption.
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To finally assess the origin of different dissociation efficiencies in devices with Cgy and PCBM,
IV-data that are converted to field dependent EQE (figure (a)) are analysed in terms of
the effective mass model under consideration of the presence of interfacial dipoles (cf. chapter
162*163 as obtained from Kelvin-Probe measurements. A preliminary qualitative measure
of the ease of dissociation that may be directly derived from the experimental data is the so
called saturation field strength Fy,, at which basically all generated CT excitons are split
(figure (b))% As expected from the results obtained so far, Fi, increases in the order
Cep < PCBM < ICBA. Now taking the interfacial dipoles inferred from Kelvin-Probe mea-
surements into account as well as the literature values for the electron mobilities and a typical
lifetime in the order of several tens of ns [102:1806:205i380381IS85M38T] t 1o simulations according to the
effective mass model eventually yield effective masses m, ¢y that are a factor of about three larger
for PCBM than for Cgg. In this context it is noteworthy that the experimental data could only
be reproduced physically meaningful with a reasonable mobility and lifetime when differences
in the effective mass m.ss are explicitly considered. This indicates that CT delocalization to
certain degree contributes to the observed differences in dissociation probability. As the donor is
the same in both cases, this difference has to be related to electron delocalization in the acceptor
phase. Furthermore, this analysis implies that the high local order of Cgg is an important in-
gredient for the realization of coherent delocalization in the acceptor phase, in accordance with

L3 This effect is less pronounced for the more disordered PCBM,

the findings of Bernardo et al.
which is reflected in a higher effective mass that implies a more incoherent coupling and more
localized CT states. The latter aspect is especially true for ICBA as evidenced by a low electron

mobility and weak inter-molecular coupling .2

In previous work by Schwarz et al. it had been shown that the effective mass strongly de-
pends on hole delocalization along the conjugated segments of polymer chains}%? In that study
several different polymers of different stiffness and thus effective conjugation length — among
others PCDTBT — were also investigated in a bilayer configuration in combination with Cgg.
Gratifyingly, I find the effective mass of the combination PCDTBTOx/Cgy obtained from my
analysis to be consistent with the results of Schwarz et al. Notably, I still found a change in
the effective mass when replacing Cgg with PCBM. This indicates that electron delocalization
to a certain degree also contributes to the effective mass associated with the CT state, although
a significant part of it will surely be determined by the hole delocalization along the polymer
backbone as evidenced by Schwarz et al. At this point it should be emphasized again that the
effective mass of a CT state involves contributions from both hole and electron. The important
message inferred from the comparison of the three different fullerenes Cgy, PCBM and ICBA is
that high local order in organic solar cells plays a crucial role to allow efficient dissociation of
charge transfer states, because wavefunction delocalisation of the electron within such ordered
aggregates may significantly contribute to this process. This is also an important notification for
the newly emerged non-fullerene acceptors, which are actually prone to aggregate in an ordered
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Figure 8.3.: (a) EQFE of bilayer devices with Cgy (red squares), PCBM (green circles) or ICBA
(blue triangles) as acceptors as function of the internal electric field for an excitation energy
of 2.14 eV. The data were corrected for an intrinsic contribution from CT dissociation within
the donor. Fsu: is given as the intersection of the tangents to the low and high field regime,
respectively (black dashed lines) or alternatively as the value where the dissociation probability
reached 90 % of the saturation value. (b) Fsq as function of excitation energy for Cgy (red
squares), PCBM (green circles) or ICBA (blue triangles). (c) CT dissociation probability for
PCDTBTOzx/Csp (filled squares) and PCDTBTOxz/PCBM (open squares) bilayer devices as
function of the internal electric field. Solid red lines are fits according to the effective mass
model including interfacial dipoles. Details about the parameters used in the simulation are
given in chapter[9
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8.2.2. Facile Method for the Investigation of Temperature-Dependent Cy,
Diffusion in Conjugated Polymers

In this work, we present an all-optical, spectrally versatile approach to measure the diffusion of
small quencher molecules in the presence of a matrix material such as a polymer as a function
of sample temperature. In our case, the diffusing species is the widely used acceptor molecule
Cgo- After verifying the reliability of the results using a previously studied model system based
on PF2/6%12 the method is eventually applied to a series of three derivatives of the well-known
low bandgap polymer PCDTBT, which is frequently used in efficient organic solar cells in com-
bination with PCBM.2™4313:5314 The investigated compounds slightly differ in their structure
regarding the sequence of the building blocks (alternating vs. statistical) and their sidechains
(additional hexyl spacers) as well as in their molecular weight resulting in a variation of glass
transition temperature T,. Tj is an important quantity with respect to the morphological sta-

31943290 a5 it governs the mobility of the polymer backbone 25

bility of organic electronic devices
This in turn determines the degree of intermixing of donor and acceptor or, equivalently, ma-
trix and dopant via interdiffusion and is especially relevant to interfaces in bilayer or multilayer

319928 Tn terms of application, the

architectures like they are used for example in OLED devices.
degree of intermixing determines the efficiency of charge generation as well as recombination, so
studying the temperature dependence of diffusion with respect to T, can provide valuable guid-
ance for device processing procedures, e.g. with respect to annealing times and temperatures.
In addition, one may gain deeper insight into the underlying microscopic processes governing
the diffusion process in a PCDTBT-based polymer matrix from that temperature dependence as
well as the associated activation energies. In this context, particularly the question of how the
side chains and the local motions mediated by them impact on the diffusion process is addressed

by studying diffusion below the glass transition temperature Ty (cf. chapter @

1315 where photolu-

The methodology of the approach is based on the earlier work of Fischer et a
minescence (PL) quenching was used to monitor diffusion in a vertical three-layer architecture.
The diffusing (quencher) species is deposited on top of one half of the material of interest, which
again rests on an additional fluorescing sensor layer. The arrival of the diffusing molecules after
increasing the sample temperature is then detected via luminescence quenching of the sensor. In
practice, the mean arrival time is derived from the onset of fluorescence quenching as compared
to a reference beam illuminating the sample half where no quenchers are present. Consequently,
the measuring principle is inspired by the time-of-flight technique. The use of a two beam layout
consisting of sample and reference beam additionally allows to correct for temperature induced
changes during the measurement. In the corresponding study, Cgo diffusion was investigated
as a function of crosslinking density of the polymer matrix (PF2/6 with different amounts of
crosslinkable acrylate units) and found to be thermally activated and drastically reduced with
increasing degree of crosslinking. This result provided a clear guideline towards a stabilization
of bulk heterojunction morphologies in organic solar cells (cf. also appendix . Unfortunately,
this approach is not applicable to the more application relevant low bandgap polymers, because
the sensor luminescence has to be considerably red-shifted compared to the investigated polymer
to allow selective detection.

To account for the latter limitation, I developed a modified approach applying only two layers,
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where the investigated polymer simultaneously takes the role of the sensor itself. A schematic
of the sample geometry is shown in the top panel of fig. [8.4(a). As before, only a part of
the investigated polymer layer is covered with the diffusing quencher molecule and a two beam
measurement geometry is applied to account for temperature induced fluctuations of the pho-
toluminescence signal (fig. [8.4(a), bottom). Upon temperature increase, the diffusion of Cgg
molecules is activated (or enhanced) and a new equilibrium concentration is established after
a certain amount of time (fig. [8.4(b)). This results in a dynamic decrease of the PL ratio
PLc¢y,/PLo, where PL¢y, is the PL intensity of the Cgo-covered half and PLy is the reference
intensity (fig. (c)), until the final quenching level corresponding to the equilibrium concen-
tration at the respective end temperature is reached.
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Figure 8.4.: (a) Schematic of the sample architecture (top) and the measurement geometry (bot-
tom). (b) Principle of the measurement. The temperature activated diffusion of C60 molecules
induces a dynamic reduction of the detected photoluminescence until a (new) temperature depen-
dent equilibrium concentration is reached. (c) Exemplary time-dependent decrease of the relative
PL intensity, PLcy,/PLo (left axis). The investigated material was PF2/6-A-75:25. The right
azis displays the temperature increase in the cryostat. The solid red line and the green dotted
lines correspond to fits assuming different initial concentration profiles.

In contrast to the three-layer technique, it is not the arrival time that is derived from the
experiment, but the dynamic photoluminescence decay due to diffusion of quencher molecules
and the establishment of a new equilibrium concentration in the investigated material itself.
This decay is then fitted using a theoretical model that connects the dynamic evolution of the
quencher concentration with the concomitant quenching of the relative PL. It assumes purely
Fickian diffusion, which is a reasonable assumption considering the minimum timescales of the
experiment are in the order of minutes.#® In the simplest case, the model assumes a homogenous
initial concentration of quencher molecules within the polymer matrix that is assigned to the
equilibrium at room temperature (fit A in fig. [8.4fc)). Yet, in many cases when a second layer is
deposited on top of another layer of material, the interface will not be ideal but a concentration
gradient will likely prevail 227389 For this reason, I slightly modified the fitting procedure to
obtain an estimate for the initial concentration gradient (fit B in fig. |[8.4{c)). In this case,
the initial condition for the experiment is approximated from an iterative, self-consistent fitting
procedure: The diffusion is simulated under the assumption that there is no quenching at a
certain time ¢ < 0s corresponding to the situation right before the deposition of Cgy. The
simulated decay curve is then adjusted to fit the experimentally observed decay at later times.
The concentration profile at the time ¢ = 0s, where the simulated quenching is equal to the
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quenching level observed in the experiment before the temperature increase is then used as
approximation for the initial concentration gradient caused by deposition of Cgg. Finally, 1
slightly extended this self-consistent approach to account for a finite exciton diffusion length
and the concomitant quenching at the polymer/Cygo interface even if it were an ideal interface
by considering an additional quenching ”channel” (fit C in fig. [8.4(c)).

For a first test of the model and the evaluation of the applicability and reliability of the ap-
proach I chose a crosslinkable model system that has already been investigated by Fischer et
al. (PF2/6-A-75:25).%1% The variations between the diffusion coefficients derived from the three
different initial conditions mentioned above vary by at most 20 %, meaning that the respective
initial condition only has a minor impact on the extracted diffusion coefficient. Yet, the obtained
concentration profile at early times may differ more or less significantly from the actual profile
and should be considered with care. Nonetheless, they get increasingly reliable at later time
(> 1—2min) and few nm away from the interface. Moreover, the final equilibrium concentration
that emerges at a certain temperature is well-defined as long as the relation between quencher
concentration and PL quenching is properly calibrated. This calibration can be obtained from
static quenching experiments to determine the Stern-Volmer constantﬂ for the investigated sys-

tem.

Satisfyingly, we also find an Arrhenius-type temperature dependence of the diffusion coefficient
with the same activation energy as reported by Fischer et al for the respective polymer. The
absolute values systematically deviate by a factor of 2-3 (fig. [8.5{(a)). This difference could arise
from the different protocols from which the diffusion coefficient is derived. Consistent with the
expectation for a crosslinked polymer, the final equilibrium concentration of Cgg is very low in
the range of 0.2 — 0.5 wt %.
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Figure 8.5.: Arrhenius representation of the temperature dependence of the diffusion coefficient.
(a) Comparison for crosslinked PF2/6-A-75:25 measured in a three-layer architecture (open
squares) and a two-layer architecture (filled squares). The slope, yielding the activation energy
of diffusion is indicated by dotted lines. (b) PF2/6-A-75:25 (black squares), as well as PCDTBT
(blue filled triangles), PCDHTBT (red filled circles) and PCDTBTstat (light blue filled hexagons)
measured using the two-layer approach. The solid lines provide a guide to the eye, and colored
arrows indicate the respective T.

! The Stern-Volmer constant is a measure of the relative PL reduction due to the presence of a certain

concentration of quencher molecules %Y
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Having verified the reliability of the approach, I then applied the method to a series of three
derivatives of the well-known and technologically relevant low-bandgap polymer PCDTBT (PCD-
TBT, PCDTBTgtat, PCDHTBT). PCDTBT is an efficient polymer system that is frequently
used in organic photovoltaics in together with fullerenes resulting in long-term stable devices with
estimated lifetimes of up to 7 years while still maintaining an efficiency of about 4.5 % 2743134314
As already mentioned in the first paragraph, the PCDTBT derivatives slightly differ in their
structure and molecular weight and concomitantly their glass transition temperature 7,,. While
PCDTBT and PCDTBT, feature similar side chains, molecular weight and 7,,, PCDHTBT
has some additional hexyl spacer chains and a lower molecular weight, both resulting in a lower
Ty. The results of the temperature dependent measurement of the diffusion coefficient D are
summarized in fig. [8.5{(b).

The fact that the two similar polymers show basically the same temperature dependence of the
diffusion coefficient as well as similar activation energies is another proof for the appropriateness
of the new approach. Overall, the order of the absolute values of D (T}) (% 5x 1071 %)
is consistent with the diffusivities for small amounts of about 1wt % of a diffusing quencher
or dopant molecule in a polymer matrix. Under these conditions, also activation energies of
0.7 + 0.3eV/molecule are in line with literature S1#20380L816:520 Tnterestingly, we find that dif-
fusion still continues well below T, and that D does not decrease drastically for T' < T,. As
already discussed in chapter [6]one would usually expect the diffusion coefficient to reduce rapidly
when approaching the glass transition temperature from higher temperatures according to the
Stokes-Einstein relation , because of a considerable increase in the viscosity n of the ma-
trix polymer, as long as n can be described in terms of a Vogel-Fulcher-Tammann equation

288308 and Cgo diffusion is governed by the

(6.6) (or equivalently a Williams-Landel-Ferry law
dynamics of free volume (see chapter @ Instead, we rather observe an Arrhenius-type depen-
dence, i.e. thermally activated diffusion both above and below T}, yet with different activation
energies. Below T the activation energy is considerably smaller than above Tj;. Although, diffu-
sion behaviour deviating from the Stokes-Einstein-relation with a Vogel-Fulcher-Tammann-type
temperature dependence of viscosity has already been observed earlier in polymer matrices, the
actual microscopic origin of this is not clear yet and still subject to research (see chapter @

In our interpretation, the temperature dependence of Cgg diffusion in the investigated systems
is not a direct reflection of collective motion of the glass elements but rather of local and simply
activated motion mediated by the side chains of the polymer. The latter are still mobile below
T, and feature another transition temperature at way lower temperatures that are typically

below the temperature range I investigated here (see chapter @.285291

In conclusion, this publication introduced a facile and versatile approach to measure diffusion of
small molecules in a polymer matrix by sole optical means. With this technique, it is possible to
obtain not only the temperature dependent diffusion coefficient, but also dynamic information
about the approximate evolution of the concentration profile inside the sample as well as the
equilibrium concentration at a certain temperature. These data are useful as a guidance for
material design and device engineering, e.g. when choosing appropriate annealing times and
temperatures and might even prove helpful when thinking of morphological long-term stability
under operating conditions, although other factors like degradation or thermal decomposition

also play a major role in this issue 20"

The method is particularly easy from a processing point of view, because it only requires a
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simple bilayer structure, and can be adopted to a wide range of matrices and dopant/quencher
molecules, as long as the matrix is luminescent and the diffusing molecules can act as quenchers.
Applying this approach to different carbazole-based polymer matrices, I finally gained mecha-
nistic insight into the role of the sidechains in the diffusion process, especially in the vicinity of
T, and even well below 7T}, in these systems.
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8.2.3. Influence of Crosslinking on Charge Carrier Mobility in Crosslinkable
Polyfluorene Derivatives

In the course of research regarding the long-term stability of morphology and efficiency of organic
electronic devices crosslinking has been suggested as a means to stabilize blend morphologies in
organic solar cells. Furthermore, it may be used to suppress interdiffusion of molecules from an
adjacent layer in multilayer structures like they are commonly used in OLEDs both in the lab
as well as in commercially available ones 2123184391039 1y context of the latter application,
crosslinking has been shown to effectively reduce diffusion®!® and being able to stabilize doping

345397 and also prevent unintentional

in transport or blocking layers under certain conditions
doping of adjacent layers 212298 This possibility makes the approach also very interesting for
the use in the recently evolved field of perovskite solar cells, where unintentional doping of the
perovskite from the doped hole transport layer results in severe stability and degradation prob-

lems, that could be overcome by crosslinking the transport layer 322400

The general impact of crosslinking on the overall efficiency of organic devices has been addressed
in the course of several studies dealing with crosslinking approaches applicable to organic so-
lar cells 22#00:312432933 234 LA Ohgerved differences where mainly attributed to morphological
changes induced upon crosslinking. As charge carrier mobility is a key parameter for device
performance (cf. chapter 4)) and as such very sensitive to defects and charge carrier traps that
might be introduced as a result of network formation, I investigated how crosslinking impacts
on the charge carrier mobility in the respective layer. This aspect has been hardly addressed

before and then only in case of OFETs and (liquid) crystalline materials 20809 For a

system-
atic investigation of the influence of crosslinking on mobility, I studied a series of five PF2/6
derivatives with different fractions of crosslinkable acrylate groups attached to the side chains.
This has the advantage that the backbone of the polymer remains largely unaffected resulting
in very similar electronic structure of all derivatives. Moreover, due to its bulky side chains,
PF2/6 does not feature a crystalline phase*!%4ll thereby avoiding additional complication by
possible morphological differences arising from sample processing. Since PF2/6 is typically ap-
plied as a hole transporting material, the investigations were focused on the measurement of hole
mobilities. To gain insight into the character of possible traps and defects, the measurements
were performed at both low and high charge carrier densities. In the former case, I used quite
novel MIS-CELIV technique to selectively determine the hole mobility, in the latter case p-type
OFETs were fabricated and measured. In the course of this work I also addressed the influence of
adding further substances to the system that may be needed to activate the crosslinking process.
This is of fundamental importance since residues of the initiators could act as electronic traps
for charge carrier transport and are a major concern when considering crosslinkable layers or
materials in an optoelectronic device 2422330339412 Here, T used two different photoinitiators, a
purely organic one (IC651) as well as another one containing a heavy metal (IC784) in amounts
of 0.1wt% and 1.0 wt%

In the first place I carried out spectroscopic measurements, in order to get an idea about struc-
tural or morphological peculiarities of the PF2/6 derivatives themselves, which could then be
correlated to trends observed in the mobility measurements. From the absorption spectra I got
insight into the morphological similarities and differences of the compounds in the electronic
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ground state#¥ In addition to films, I also investigated dilute solution spectra, as they are char-
acteristic of the respective compound as it is and there is no additional influence of processing
like it could happen in films. The spectra are unstructured and we find an increasing FWHM for
PF2/6 with up to 50 % acrylate content that decreases again for higher contents (figures [8.6((a)
[top] and (b) [top]). An according trend is also observed for the peak positions. They shift to
the blue up to an acrylate content of 50 % and back to the red again for higher contents.
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Figure 8.6.: (a) Absorption spectra of crosslinkable PF2/6 derivatives with different ratios (n:m)
of acrylate containing repeat units (n) to unmodified fluorene repeat units (m) for dilute solutions
(top) (0.017 mg/ml) and as-cast films (bottom). (b) top: FWHM (black squares) and peak
positions (red circles) of dilute solution spectra as a function of acrylate content. bottom: Peak
positions of as-cast (black filled circles) and thermally treated (red open circles) films without
curing agent as a function of acrylate content.

The mentioned lack of structure in the absorption spectra applies to both dilute solution and
thin films (figure [8.6(a)). It can be assigned to a distribution of conjugation lengths and the
concomitant disorder due to torsions in the polymer backbone 2104131315 The same trend of peak
shifts that were observed for dilute solution spectra are also present in the absorption spectra of
as-cast thin polymer films as well as crosslinked films irrespective of the applied photoinitiator
or its amount (figure [B.6[b), bottom). In the latter case of crosslinked films, the spectra are
only slightly broader and blue shifted compared to as-cast ones. This points to a small increase
in disorder due to more torsions of the polymer backbone and accordingly a higher percentage
of shorter chromophores induced by the crosslinking. Interestingly, I found that crosslinking of
the films does not necessarily require the addition of another curing agent and can be achieved
by mere thermal activation in combination with UV /VIS-illumination (A > 350 nm), which is
an advantage for a potential (commercial) application in optoelectronic devices. For details on
the crosslinking process the reader is referred to the actual publication (chapter or the short
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excursus on crosslinking in chapter

As the observed trend in peak position is correlated with the evolution of polydispersity of the
compounds I additionally checked GPC data. Yet, I found no indication of significant differences
in low molecular weight contributions, i.e. short chains which could account for blue shifted peak
positions 24416 Therefore, the differences observed in FWHM and peak positions are indeed of
structural origin and intrinsic to the respective derivatives, irrespective of the treatment. Re-

markably, the properties of the respective compounds are preserved in the film as well.

In order to gain a first insight into the defects that may be either present in the different
compounds or introduced by sample processing, it is worth considering photoluminescence (PL)
spectra and the even more sensitive photoluminescence quantum yield (PLQE). This is especially
true for a film, where energy transfer to a defect site can readily occur via exciton diffusion.
No changes of the spectral shape irrespective of the treatment and the acrylate content in the
used PF2/6 derivative are observable, meaning that no additional emissive defects are induced
upon crosslinking no matter which photoinitiator is applied. Yet, energy transfer could of
course also take place to quenching sites thereby increasing the rate of non-emissive decay. This
can be identified from absolute measurements of the PL in an integrating sphere, i.e. PLQE-
measurements (figure . In accordance with literature we find 24 + 3 %,A54L048 which is
only reduced when using the Ti-containing photoinitiator (IC784). This means that residual
molecules or decomposition products of the latter compound act as quenching sites for singlet
excitons enhancing the nonradiative decay rate. Consequently, curing agents containing heavy
metals like Ti are not suitable for the use in optoelectronic devices.
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Figure 8.7.: PL-QF as a function of the fraction of acrylate containing repeat units for different
sample treatments.

After the preparatory spectroscopic work I finally investigated the influence of the presence of
additional functional groups, the addition of further curing agents and the crosslinking process
itself on the hole transporting properties of PF2/6. Insight into the character of the traps
and defects identified from spectroscopy can be gained from mobility measurements in the low
to intermediate and the high carrier density regime. In the former case, I used MIS-CELIV.
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In this approach, charge carriers are first selectively injected into the device and subsequently
accumulated at an additional interface between the organic semiconductor and an insulting layer.
This extractable charge reservoir is then depleted by applying a voltage ramp and mobility can
be determined from the resulting current response. More details about the underlying prinicple
of the MIS-CELIV measurement are given in chapters [4| and as well as in references [85,
230]. Experimental conditions were chosen to be the same for all devices and compounds, so
differences can be attributed to intrinsic properties of the respective compound or changes due
to processing.

No significant difference between as-cast samples and crosslinked ones is observable when either
no or only a small amount of organic initiator (IC651) is used (figure[8.8(a)). However, mobility
reduces with increasing fraction of crosslinkable acrylate groups from about 2 - 107° an? ¢y
2—-4-1076 %, even when no crosslinking is performed (dashed grey arrow in figure (a)).
Finally, for larger amounts of initiator and especially when applying the Ti-complex 1C784,
mobility is drastically reduced, irrespective of acrylate content (figure (b)) In the case
of high charge carrier densities determined from OFET measurements, the same decrease of
mobility with increasing acrylate content is observed, yet no dependence on the treatment and

the processing of the sample (figure [8.8|c)).
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Figure 8.8.: (a) Hole mobility as a function of the fraction of acrylate containing repeat units
for different sample treatments, that is, as cast without photoinitiator (open squares), crosslinked
without photoinitiator (full grey squares), and crosslinked with 0.1 wt% of organic photoinitiator
(IC651, red open triangles) determined via MIS-CELIV. The grey dotted arrow indicates the mo-
bility trend for increasing acrylate content. (b) Mobility of samples for different treatments, that
is, as cast without photoinitiator (open squares) for reference, crosslinked with 1.0 wt% of organic
photoinitiator (IC651, red open triangles) and crosslinked with 0.1 or 1.0 wt% of metalorganic
photoinitiator (1C784, blue circles). (c¢) OFET saturation mobility for selected PF2/6 derivatives
without photoinitiator and crosslinking (as cast), crosslinked with 1 wt% organic photoinitiator
(1C651) and crosslinked with 1 wt% metalorganic photoinitiator (1C784).

From these observations we find that the crosslinking process itself does not negatively influence
mobility though our spectroscopic investigations have shown that disorder slightly increases
upon network formation. Apparently, disorder is already sufficiently large in non-crosslinked
films, meaning that a small increase does not further affect charge transport (see chapter |4)) in
these amorphous systems. Nevertheless, an intrinsic difference between the compounds induced
by the addition of acrylate groups can still be seen: Changes in the microstructure due to chain
torsions and possibly concomitant decreased coupling efficiency for charge transport between
different chain segments result in a decrease of hole mobility with increasing acrylate content for
both low and high charge carrier densities. Concerning traps induced by adding photoinitator
to the polymer I can conclude that traps are deeper for the metalorganic compound (IC784)
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than for the purely organic one (IC651), because only larger amounts of organic IC651 reduce
mobility while any addition of IC784 leads to a deterioration. Yet, additional traps induced
by a curing agent are filled at high carrier densities, so that no difference to the pure polymer

compounds prevails.

From this work, we learn that under optimized conditions crosslinking does not alter hole mo-
bility in PF2/6, i.e. an amorphous polymer system. Yet, due to conformational changes upon
introduction of acrylate groups in the polymer side chains mobility may be reduced by up to
one order of magnitude. So in essence, one has to find a suitable compromise between mobility
reduction (up to one order of magnitude) and morphological stabilization (up to three orders
of magnitude reduction of diffusion®}®). But as not necessarily 100% of crosslinkable groups
are needed to achieve a densely linked stabilizing network (cf. also appendix ,23*329’333=359 a
smaller fraction may be readily chosen to minimize negative effects on mobility. In all cases,
special care has to be taken when choosing the crosslinking conditions whenever an applica-
tion in optoelectronic devices is desired. With the possibility of mere thermal activation under
UV /VIS-illumination, the network formation and concomitant stabilization via acrylate groups

is a promising candidate in this respect, at least for multilayer processing (cf. chapter [7)).
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8.2.4. How to Interpret Absorption and Fluorescence Spectra of Charge Transfer
States in an Organic Solar Cell

As detailed in chapters [2 and [3| (interfacial) charge transfer states and especially their dissocia-
tion play a crucial role in the photogeneration process of charges in organic solar cells. For this
reason, it is important to understand the properties of these states and how their formation and
behaviour can be properly described. A way to experimentally assess these aspects is to perform
absorption and emission spectroscopy on CT states, yet the correct framework to extract reliable
parameters characterizing these states is still under debate. The most important quantities in
this respect are the CT energy Ecr, the reorganization energy A related to the formation of
the CT state and, as organic semiconductors are disordered systems, especially the energetic
disorder o associated with the DOS of the CT states. Nevertheless, the role of disorder in the
analysis of CT spectra has often been neglected or was only regarded to be of minor importance
as discussed in chapter

In this work, I aimed for the identification of the suitable framework to analyse CT photolu-
minescence (PL) and EQE spectra of donor-acceptor blend solar cells with particular focus on
the aspect of energetic disorder. Commonly, the well-known work by Vandewal et al on the
relation between open-circuit voltage and interfacial molecular properties in BHJ solar cells is
used as basis for the determination of CT and reorganization energies in organic solar cells from
EQE and EL measurements.*?” The fits (equations and in chapter [3.1)) to extract
these quantities from the spectra are based on Marcus-type expressions which are inspired by
the work of Gould et al. on radiative and non-radiative electron transfer in radical-ion pairs12
Yet, disorder is not explicitly included in this framework. Notably, in one of their latest works,
Vandewal et al even claimed that the spectral shape of a CT transition is governed by the reor-
ganization energy of the donor, that this energy is mainly related to intra-molecular vibrations

and that static disorder is only of minor importance 4%

In view of this, I specifically intend to answer three conceptual questions here: i) Are the
commonly used Marcus-type expressions appropriate to describe CT spectra and derive reliable
characteristic quantities from them? ii) Is the neglect of disorder in this context acceptable? iii)

What is the origin of the reorganization energy A that is associated with the CT transition?

To address these issues, we carried out time resolved temperature dependent PL spectroscopy
(5 — 295K), temperature dependent EQE measurements (50 — 295K), as well as Electrolu-
minescence spectroscopy on 1:1 MeLPPP:PCBM blends (ratio by weight) and analysed the

corresponding spectra in the framework of Marcus theory H441564157

1 Ecr — E+\)?
rEQE(E) = EQE(E) - E NV et ! CTM{BT ) (8.1)
EL(E) 1 (Ecp — E — \)?
EL(E) = cexp | — 2
rELE) = T < T P [ kT (8.2)

the extended Marcus-Levich-Jortner (MLJ) model both with and without taking static disorder

o into account 142151
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rEQE(E) = EQE(E) - E Z l 57 exp <_( CT4/\1 ]; ;’loi ;raghw) )] (8.3)

PL(E o e_SS" Ecr — FE — Now — nhw)?
rPL(E) = L«E : x2 l nl P <_( T4Al kpT + 202 ) (8.4)
n=0 ’ ow

as well as a modification of the common Franck-Condon expressions used in spectroscopy=2:4L

sz —S;

rEQE(E) = EQE(E) - E ZH ¥ lE— <E0 +Zm,~m,~>l (8.5)

rPL(E) = Z H sz T-6 [E — (EO - Z mmﬂ (8.6)

which explicitly consider inhomogeneous broadening usually in form of Gaussian linewidth func-
tionI' = exp (— %) as well as a Poisson-distribution of high-energy vibrational modes. In all of
these expressions we considered the electronic transition moment M to be energy dependent 156
rEQE, rEL, and rPL are commonly referred to as reduced EQE, EL, and PL spectra 144156
E is the photon energy, T the temperature § the Huang-Rhys-parameter and FEy the 0-0
energy of the optical transition. Finally, fw are the vibrational quanta of frequency w and
A = Now + Anigh = Slow - Miow + Shigh - Mwnign denotes the total reorganization energy con-
sisting of the contributions of low (wjew) and high (wpign) frequencies. In the framework of
Marcus’ theory (equations (3.5)) and . all the vibrations are treated classically, assuming
kT > hw. In contrast to that, MLJ theory in the form of equations (8.3) and (| . assumes
that Awjw < kT < hw, meaning that high frequency modes may still be treated classically,
while the quantum mechanical nature of low frequency modes is explicitly taken into account 142
Experimentally we find evidence that the spectral line shape of the CT spectra has to contain
a contribution of inhomogeneous broadening due to the presence of a Gaussian DOS of the CT
states. First, we do not observe a monoexponential but a power law decay of the CT emission
band featuring an exponent very close to —3 and extending into the us range (figure (a),(b)).
According to the works by Hong and Noolandi this indicates geminate recombination with a
broad distribution of recombination rates22%421l As the rates depend exponentially on the intra-
pair distance this in turn implies the presence of an energetic distribution of the corresponding
CT states. A second indication of a Gaussian DOS of the CT states and the importance to
consider disorder is given by an observed red-shift of the EL with respect to the PL (figure
B9 <).(d).

In general, a photogenerated exciton or separate charge carriers may execute a random walk in an
inhomogenously broadened distribution of states thereby relaxing inside the DOS. This process
is known as spectral diffusion?> In the case of EL, injected charge carriers recombine after a long
path through the organic material giving rise to the possibility of significant energetic relaxation.
In the case of PL on the other hand, photoexcitation generates a bound and thus correlated
e-h-pair. This in combination with a low energy transfer rate due to the low transition dipole
moment and the small overlap integral typically accompanying a CT transition results in only
small spectral diffusion before recombination. In addition, this reasoning implies that the Stokes

shift between absorption and EL emission contains a component of spectral relaxation /422424
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Figure 8.9.: (a) Normalized emission intensity measured at (i) 295 K and (ii) 50 K. Solid lines
indicate fits according to a t=3 power law. (b,i) EL spectra of MeLPPP:PCBM (1:1 by weight,
black solid line) and pristine PCBM (black dashed line). The difference of the two spectra
corresponds to the CT emission (blue solid line). EL spectra of PCBM were reprinted with
permission from J. Am. Chem. Soc., 2009, 131(33), 11819-11824 Copyright (2009) American
Chemical Society. (ii) Room temperature EL (blue) and PL (red) CT spectra of MeLPPP:PCBM
(1:1 by weight).

Having confirmed that a inhomogeneously broadened DOS of CT states is present we show that
the CT spectra may be convincingly analysed using a Franck-Condon progression as given by
equations and . Conceptually, in this picture absorption and fluorescence spectra are
modelled to be vibronic progressions of high-frequency intramolecular modes built on the reso-
nant 0-0 transition energy as long as S < 1. In a solid (or liquid) environment, polarizability
effects introduce a bathochromic shift in both absorption and emission as well as additional
inhomogeneous broadening if the surrounding medium of a chromophore is disordered ?? Fur-
thermore, in a solid, coupling of the excited (CT) state to phonons, i.e. low-frequency modes due
to interaction with the environment, results in the appearance of low-frequency phonon wings for
each vibronic (high-frequency) transition. These wings are characterized by an individual Pois-
son distribution with S = Sj,,. For Huang-Rhys parameters Sj,, > 2 a Stokes shift between
absorption and emission occurs and the distribution is rather Gaussian than Poisson-type. 422

The first exemplary analysis in this framework is performed on low temperature spectra (90 K)
to reduce the effect of thermal broadening and facilitate spectral deconvolution of the CT feature
from the PCBM singlet located at 1.76 V12! This is especially true for the EQE (figure ,
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where a narrowing of the PCBM singlet transition and a more pronounced CT feature is observed

at lower temperature. An accompanying reduction of the absolute EQE with decreasing tem-

perature is attributed to reduced mobility resulting in less effective charge extraction 278426 55

dissociation of geminate pairs in MeLPPP/Cgy had been shown to be only slightly dependent

on temperature. 163
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Figure 8.10.: (a) rEQFE spectrum measured at 100 K (black squares). The CT state at 1.61 eV
(blue solid line) is fitted according to the Franck-Condon approach, the PCBM singlet state (S1)
at 1.75 eV (green dashed line) is modelled with a Gaussian. (b) rPL measured at 90 K (grey
squares) and fitted with a Franck-Condon progression (black solid line). The 0-0 transition and
0-1 vibronic peak are indicated by red solid and dashed lines, respectively. (c) rEL spectrum
(orange line) along with the Franck-Condon fit (blue line) to the rEQE to further illustrate the
red shift of rEL with respect to rPL.

In order to explicitly disentangle the contributions from inhomogeneous line broadening and
low-frequency modes, we first focused only on the 0-0 peak without taking vibrational overtones
into account (solid lines in figure (b)) Simultaneously fitting the high energy part of the
PL spectrum and the low energy part of the EQE, gives sufficient confinement to determine CT
energy Ecr (1.62€eV) and disorder parameter o (67 meV) as well as the reorganization energies A
associated with absorption (60 meV) and emission (40 meV), which we expected to differ because
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of a stronger bonding in the excited state due to a more ionic character. This was indeed the case.
The sum of both reorganization energies is consistent with the observed Stokes shift (100 meV)
between absorption and PL, meaning that it predominantly arises due to intermolecular, low-
frequency modes. In order to additionally account for the observed first vibrational overtone
in rPL, we considered further, (effective) high-frequency mode. Using the obtained parameter
set, shifting the rPL fit by this high frequency mode to lower energies, weighting with a new
Huang-Rhys-parameter Sy, and finally adding both the original and the shifted fit an excellent
match of the model to the experimental data could be obtained (figure [8.10[b)) Mathematically
this is of course equivalent to directly considering two modes (a high and a low frequency one)
in equations and .419

Consistent with the experimental observations of a power law decay of CT emission and the
presence of an energy shift between PL and EL we also get an inhomogeneously broadened DOS
from our Franck-Condon analysis. Moreover, the derived energy difference between CT states
and PCBM singlet of about 150 meV makes the occurence of TADF possible and indeed, we
experimentally observe PCBM photoluminescence even after 30ns at 295 K. The presence of
this additional thermally activated non-radiative decay channel for CT states is further evidenced
by an increase in CT emission with decreasing temperature.

Having shown, that a consistent description and analysis of CT spectra is possible using the
Franck-Condon model, we finally address the issue of the appropriateness of the commonly used
Marcus formalism especially by additionally considering the temperature dependence observed
experimentally and predicted by the respective model. In the widely used approach by Vande-
wal et al. CT related parameters are extracted from rEQE and rEL spectra (equations
and ).157 Yet, with the observed shift between rEL and rPL, this would imply a different
reorganization energy A depending on which emission is considered, which is unphysical. More
strikingly, with decreasing temperature, the Marcus-type expression predicts a significant line
narrowing which is not observed experimentally so that the temperature dependent spectra can-
not be fitted with a consistent parameter set(figure . In addition to this, the observation
of a power law decay and a red-shifted EL as compared to PL points to the inappropriateness
of the assumption of a single absorber. The latter assumption was also addressed by Burke
et al#2? In their work they pointed out that the parameters extracted from a Gaussian fit
to temperature dependent rEQE and rEL measurements (ngﬁ, A*P) have to be modified by
ngf? = FEopr — % and \*P = A+ % to account for static disorder in the system. This
approach effectively results in a similar expression as the modified MLJ-fit (equations and
(8.4])), yet without explicit consideration of vibrational intermolecular low-frequency modes.
Considering the extended MLJ framework, the temperature dependent spectra can be equally
well fitted consistently as with the Franck-Condon approach as long as disorder is taken into
account (figure . The large degree of disorder makes it impossible to distinguish between
the two fits. This again points to the important contribution of static disorder to the spectral
line shape of the CT transition and that the requirements of a fully classical treatment of high-
and low-frequency modes are not fulfilled. Given that typical low and high frequency modes in
organics are in the range of 1 — 10meV and 50 — 300 meV, respectively, the intermediate case
that hwjow <€ kT < hw for which equations and are derived is valid at room
temperature. In the case of low temperatures, i.e. kT < hwjy,, the MLJ expression under
consideration of disorder even converges to the same form as the Franck-Condon progression

(equations (8.5]) and (8.6))
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Figure 8.11.: rPL and rEQE measured at (a) 295 K and (b) 90 K (squares). The red solid
lines corresponds to a fit according to equation , i.e. the simple Marcus-type expression.
For comparison, the corresponding theoretically expected curve for the rEQE is also given (blue
solid line, equation ) The fitting parameters for \ are the same for both temperatures. (c)
Comparison of experimental rPL spectra (solid lines) with calculated line shapes (dashed lines)
according to the Marcus framework (equations and (8.2)) at 295K, 90K and 5K. (d)
Calculated narrowing of the line width as expected from Marcus theory when reducing temperature

from 295 K to 5 K.

In conclusion, with this work i could show that the Franck-Condon approach can describe
line shape and temperature dependence of the CT spectra over the entire temperature range
(5 — 300K) consistently with one closed-form expression. This in turn indicates that electron
transfer can be described by a tunneling process, which is in accordance with the idea that
quantum mechanical tunneling between adjacent sites is more important in disordered, organic
systems than thermally activated transfer 14815U Again, this is in line with several works where
no actual barrier for charge transfer is observed ©3LSHSAI52H159 We conclude that the modes
contributing to the reorganization process in the course of charge transfer are predominantly of
inter-molecular instead of intra-molecular origin as stated by Vandewal et al. 149 so that a Stokes
shift can actually be associated with low-frequency phonons. Apart from these low-frequency
vibrations, disorder is an essential contributor determining the CT line shape. With all this
in mind, values for A\, Ecr as well as the Stokes’ shift inferred from the simple Marcus-type
expression (equations and should be viewed with caution.

75



Wavelength (nm)
900 850 800 750 700

Normalized Reduced PL (arb. u.)

C b, p
vl by 1y e

14 15 16 1.7 138
Energy (eV)

Figure 8.12.: Comparison of fits to the experimental spectra (open symbols) according to the
Franck-Condon approach (red line) and the MLJ framework with (blue solid line) and without
(blue dashed line) consideration of static disorder for 295 K, 90 K and 5 K.
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8.2.5. Organic Bidirectional Phototransistors Based on Diketopyrrolopyrrole and
Fullerene

In this work I demonstrate that a simple vertical D/A bilayer architecture is capable of fea-
turing J-V-characteristics of a bidirectional organic phototransistor which may be switched by
both electrical and optical means. The driving and switching voltages are in the order of 1V.
The microscopic origin for this behaviour is based on the good charge transport properties of
the donor, a small DPP molecule (Ph-TDPP-Ph) >80 and the efficient autoionization in the
bulk of the acceptor Cgo?Y as well as its ability to transport both holes and electrons sufficiently
well in this case (cf. chapter . Another important factor is the presence of an injection barrier
to significantly reduce the dark current in the device. This behaviour is used to realize basic
hybrid optical and electronic logic elements like NOT-, AND-, and OR-Gates with low driving
voltage. Eventually, the corresponding set of logic operations is the basic requirement for the
realization of advanced analog and digital applications. With this, the work demonstrates inter-
esting applications of the light sensing ability of organic materials apart from the common use
in standard organic solar cells.

An exemplary J-V characteristic of a ITO/MoOs/Ph-TDPP-Ph/Cgo/Al device under 1 sun
illumination is shown in figure [8.13|(a). Experimentally, I observe a very small current without
illumination for devices with MoOs HTL and a pronounced photocurrent under forward bias.
Due to these properties, the corresponding device can be regarded as a vertical asymmetric
bidirectional phototransistor, because current flow is possible under forward and reverse bias
and can be controlled via illumination of the device. The on/off ratio, i.e the difference between
current under illumination and in the dark, is in the order of 10° (103) at —1V (4+1V). Notably,
due to the low dark current no corrections were needed to evaluate the photocurrent in forward
direction correctly.®” For monochromatic illumination above 2.25 eV I observe basically the same
characteristic shape of the J-V curve as under sunlight conditions. Yet, when exciting below
2.25eV the J-V characteristics feature a pronounced s-shape and very small current above V.
(figure [8.13|(b)). Consequently, the photocurrent is rather unidirectional under this condition.
These observations indicate that the photosensitivty of the device is switchable via the applied
voltage. This aspect becomes especially evident from EQE spectra as a function of bias (figure
8.13((c)) The photocurrent spectrum at +1V resembles the spectrum of single layer Cgp devices
and follows the absorption of Cgg. This indicates that charge generation under these conditions
is due to autoionization of CT states in the bulk of Cgg (cf. chapter |5)4% At 0V and —1V an
additional contribution appears at higher wavelengths in the region where Ph-TDPP-Ph absorbs
(8:13(c)). As autoionization in neat Ph-TDPP-Ph is very weak (figure [8.13|(d)), the additional
photocurrent has to be due to CT dissociation at the D/A interface. This dissociation process is
very efficient as evidenced from the presence of a well defined saturation. Good charge transport

properties as well as possibly CT delocalization may be responsible for this 84311621031 T4428:429

Due to the reproducibility of the samples, I could combine two devices in a back-to-back con-
figuration to achieve symmetric characteristics under illumination with respect to the origin,
and a current saturation plateau for voltages above + 0.7V, while the current is switched off
in the dark. This results in a phototransistor like behaviour with an on/off ratio of 103 (fig-
ure [8.14[a)). As a first example of a logic gate, I used the tunability of the photosensitivity
below 2.25€eV by the applied bias to realize a NOT-operation when the voltage is switched be-
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tween OV (off state) and +1V (on state) under constant illumination of a single device with
monochromatic light in the region of 1.85 —2.25¢V (figure M(b)) Further applications that I
successfully demonstrated in the work are AND- and OR-gates as well as a simple 4-bit analog
ouput ADDER circuit (chapter . Consequently, the approach provides the full set of logic
operations necessary to realize more complex analog and digital applications in future.
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Figure 8.13.: (a) J-V-characteristic of a Ph-TDPP-Ph/Cgsy bilayer device with a MoQOg hole
transport layer measured under AM1.5 conditions at 1 sun. (b) I-V-characteristic measured at
7 Z‘mVQV and an excitation energy of 2.76 eV. The total current measured under illumination (grey
solid line) is divided into its dark (light grey circles) and photocurrent contribution (red filled
squares). EQE spectra of MoQOs/Ph-TDPP-Ph/Cgy devices as function of the applied voltage
(left axis). Absorption spectra of the neat materials Ph-TDPP-Ph (dashed blue) and Cgy (solid
line) (right axis).(c) EQE measured under short circuit conditions for Ph-TDPP-Ph and Cgg
single layer devices (left axis). Absorption spectra of the neat materials Ph-TDPP-Ph (dashed

blue) and Cgp (solid line) (right axis).

The details about the underlying mechanism behind the observed transistor behaviour are in-
ferred from the analysis of photocurrent spectroscopy, intensity-dependent J-V measurements
as well as energy level considerations with two different hole transport layers (HTL),MoO3 and
PEDOT:PSS.

When MoOs is replaced with PEDOT:PSS, the dark current is one to one and a half orders
of magnitude higher. This indicates the presence of a considerable hole injection barrier in
the case of an MoOj interlayer. It is further verified experimentally by the occurence and
characteristic intensity dependent evolution of an s-shape in the J-V characteristics measured
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below 2.25 V239430 and explains the overall low dark current in the device. Furthermore, the
analysis of the bias dependent EQE spectra revealed that (i) the photocurrent under forward
bias is due to autoionization of charge transfer states in the bulk of Cgp, (ii) Ph-TDPP-Ph does
not feature any significant intrinsic photogeneration, and (iii) dissociation under reverse bias is
efficient at the D/A interface, as further evidenced by a good saturation of J-V-characteristics
recorded below 2.25€V.
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Figure 8.14.: (a) J-V-characteristic of the back-to-back configuration of two Ph-TDPP-Ph/Cygg
devices measured at an excitation energy of 1.96eV (A = 632nm). The total current measured
under illumination (grey solid line) is divided into its dark (light grey circles) and photocurrent
contribution (red filled squares). A schematic circuit diagram is shown as inset. (b) Output
current Loy as a function of time for a NOT-Gate (black, bottom panel). The temporal course
of the input voltage is displayed in blue (middle panel). The sample is constantly illuminated
(red, top panel). Boolean states for input and output channels are indicated as binary numbers

([0]: off/low state, [1]: on/high state).

In view of these results, the observed bidirectional behaviour can be explained in terms of a
photoenhanced recombination current mediated by the autoionization of CT states and thus the
photogeneration of charge carriers within the Cgy layer 8% Under reverse bias and excitation
below 2.25eV excitons are only generated in the donor (Ph-TDPP-Ph) and efficiently split
at the D/A interface (figure (a)). The generated charge then exit the device without
encountering extraction barriers. At an excitation energy above 2.25eV, the contribution from
the autoionization in Cgp simply adds to the total photogenerated current. Under forward bias
and excitation below 2.25eV excitons generated in the donor can only be split via electron
transfer to the ITO/MoOs electrode. The remaining holes feature an extraction barrier at
the D/A interface and accumulate, thereby giving rise to a space charge, which additionally
impedes extraction £%42? This results in a very small photocurrent. When exciting above 2.25 €V,
however, CT states are autoionized in the Cgg layer so that electrons can now recombine with
the accumulated holes on the donor side of the D/A interface. The remaining holes in the Cg
layer can then drift to the Al electrode (figure . This mechanism results in an observable
net photocurrent that is directly visible when the dark current is very small. To a certain
extent, this mechanism resembles a tandem solar cell. In all cases, additional losses due to low

9

or imbalanced mobilities??? are avoided due to good charge transport in both Cg222250:381 and

Ph-TDPP-Ph43
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Figure 8.15.: a) Simplified energy level diagram for ITO/MoOgs/Ph-TDPP-Ph/Csp/Al devices

under a) reverse bias and b) forward bias.
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I prepared the samples, performed, analysed and interpreted all measurements and wrote the
manuscript. Irene Bauer synthesized the series of PF2/6 derivatives. Peter Strohriegl and Anna
Kohler critically read and edited the manuscript and helped with the interpretation of the data.

How to Interpret Absorption and Fluorescence Spectra of Charge Transfer States
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I prepared the samples for both spectroscopic measurements and solar cells, performed and
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critically revised the theoretical framework presented in the manuscript. Spectroscopic mea-
surements were conducted together with Alexander Rudnick who also performed the fits and
analysed the spectroscopic data. He also wrote part of the manuscript and interpreted the spec-
troscopic data together with me. Heinz Béssler and Anna Kohler wrote part of the manuscript
and helped with the interpretation of the dataset.

Organic Bidirectional Phototransistors Based on Diketopyrrolopyrrole and Fullerene
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authors are:
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Mukhopadhyay and Boregowda Puttaraju and critically read the manuscript. Anna Kohler
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ABSTRACT: We use bilayer devices with a series of three fullerene acceptors
differing in order and intermolecular coupling to systematically explore the influence
of electron delocalization in the acceptor phase on the dissociation efficiency of charge
transfer states. Structural information from GIWAXS measurements is combined with
the results of optical and electrical characterization as well as theoretical modeling.
Our results indicate that an increase in CT-dissociation efficiency is directly coupled
to an enhancement in electron delocalization that is particularly prominent for Cg,
which forms crystalline domains. Therefore, our results substantiate the concept of
delocalization of electrons taking a positive role in the charge separation process, and

of acceptor crystallinity being crucial in this respect.

I. INTRODUCTION

Organic solar cells (OSCs) have been an interesting topic to
many research groups for decades now and especially gained
remarkable attention again in recent years, as devices based on
polymeric donors and small molecular acceptors have
eventually reached efficiencies of more than 10% and even
up to 14%."~ Much effort has been put into molecular design
and device optimization, particularly with respect to layer
structure and morphology. Yet, the fundamental mechanisms
enabling such high efficiencies are still not fully understood.
While the charge extraction process after the initially generated
electron—hole (e—h) pairs are separated into free charge
carriers is fairly well investigated,®™"" the exact mechanism by
which Charge Transfer (CT) states are split at the donor—
acceptor interface is still under debate. These states can be
described as Coulombically bound (and therefore correlated)
holes and electrons residing on neighboring donor and
acceptor sites, respectively. In a classical picture, the Coulomb
binding energy of a CT state would be around 500 meV,' "
assuming a typical dielectric constant of 3—4 and a nearest
neighbor separation of 1 nm, which is far above the available
thermal energy of about 25 meV at room temperature.
Nevertheless, there are reports showing that internal quantum
efficiencies approaching 100% are possible in some organic

14,15

solar cell systems, raising the question how the Coulomb

barrier can actually be overcome.
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Several factors influencing the efliciency of CT-state
dissociation have been proposed and studied quite extensively
to date, including aspects like mobility,'®"” entropy,"'*™*°
driving force,"”*'™** and excess energy.'**"** Yet, another
factor that has recently become a hot topic is the role of
delocalization in the dissociation process of CT states,
especially with respect to the electron in the acceptor
phase.”>*° The basic idea behind this concept is that
delocalization implies a reduction of the CT binding energy
and an easier separation of electron and hole over larger
distances.’”*> For holes being transported along a polymer
chain, this is comparably easy to understand, because a high
coupling strength along the conjugated segments of a polymer
chain implies a larger bandwidth associated with an exciton or
a charge carrier, meaning that such an excitation, be it an
exciton or a charge carrier, can be coherently coupled (and
thus delocalize) over several repeat units.**A similar behavior is
not so obvious for small molecular acceptors as the coupling
between individual adjacent molecules is expected to be
smaller (even if they formed a molecular crystal).”” This in
turn results in a bandwidth that is usually smaller than or
comparable to the energetic disorder in the system.
Consequently, transport in these systems is rather expected
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Figure 1. (a) Structure formula of the cross-linkable PCDTBTOx derivative (donor) as well as the structures of the three fullerene acceptors used
in the bilayer solar cells. (b) Energy level diagrams for the donor and the three investigated fullerene acceptors. The values for ionization energies
(IE) and electron affinities (EA) were measured via UPS and IPES, respectively. (c) Work functions ® and calculated energy level displacement
A® in bilayer solar cells as determined via Kelvin-Probe measurements. a denotes the fractional interfacial dipole strengths calculated from A® as

detailed in the text.

to be incoherent.** While delocalization of the hole in the
donor has been shown in several conjugated polymer systems
as well as in crystalline donor materials and is accepted to
affect the CT-dissociation efficiency,”>*> there is no full
consensus up to now, whether electron delocalization is of
similar significance. Some groups claim that delocalization of
the electron in the acceptor is less important than of the hole
in the donor,”>*® of equal importance,'""*”>**>3¢ or even more
important.”’ Others in turn state that only one of the
components needs to feature a certain degree of delocaliza-
tion.”® A very recent theoretical study on the general effect of
delocalization on the barrier height for charge separation by
Gluchowski et al. even suggested that, from a thermodynamic
point of view, delocalization would even increase the
dissociation barrier.””

With our current work, we aim to contribute to the
clarification of this issue. We investigated bilayer solar cells as
model systems to study CT characteristics and dissociation at a
well-defined interface, thereby reducing morphology related
effects such as bimolecular recombination, percolation
problems, or varying domain sizes as present in bulk
heterojunction systems. For the donor material, we chose a
cross-linkable derivative of the well-known polymer PCDTBT
for all investigated samples (PCDTBTOx, Figure la). As the
functional group for cross-linking is attached to the side chain,
we expect the properties of the main chain to remain
unaffected.”® The use of a cross-linkable donor allowed us to
easily fabricate multilayer devices from solution without having
to use orthogonal solvents. Furthermore, cross-linking the

S,

donor layer effectively reduces interdiffusion of the sub-
sequently deposited acceptor.”” This results in a better defined
donor/acceptor interface so that the layer structure is actually
closer to an actual bilayer system, which facilitates theoretical
modeling approaches. The use of the amorphous polymer
PCDTBTOx as a donor additionally has the advantage that
energy levels are likely to change little when in contact with
different acceptor materials.*’

As acceptors we chose a series of three fullerenes (Cg,,
PCBM, ICBA) that feature a varying number of additional
covalent bonds to the cage and different degrees of crystallinity
and order. This should vary the degree of intermolecular
coupling between acceptor sites and therefore also the degree
of delocalization within the acceptor phase,””*”*!
reflected in different bulk electron mobilities of the respective
materials.”” Furthermore, the chosen acceptors feature an
energy level cascade (Figure 1b) which allows tuning the CT
energy of the bilayer system.”’

By performing photophysical, electrical, and structural
investigations and combining the results with theoretical
modeling, we find that higher structural order and
intermolecular coupling in the acceptor phase substantiate
the effect of delocalization of the CT state that enhances the
CT-dissociation efficiency. A significant reduction of the
effective mass of the CT state due to electron delocalization
in the acceptor is found mainly with C4 which forms
crystalline domains.

which is also

DOI: 10.1021/acs.jpcc.8b06429
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Il. EXPERIMENTAL SECTION

Materials and Sample Preparation. Cross-linkable
PCDTBTOx was synthesized by C. Saller. The detailed
synthesis route is given in the Supporting Information.
Molybdenum trioxide (MoOs;), Bathocuproine (BCP), and
ICBA were purchased from Sigma-Aldrich. The product
number of ICBA is 753955, and it contains a mixture of
isomers. Cq4y and PCBM were purchased from ADS and TCI,
respectively. All materials were used as received.

For solar cell measurements, we used cleaned patterned ITO
glass substrates that were additionally covered with a patterned
layer of photoresist to avoid spurious electrical breakdown
effects at the electrode edges. After treating the substrates for 2
min inside an oxygen plasma chamber, a 6 nm layer of MoOj is
vapor deposited using a shadow mask. After that, a 14 nm layer
of PCDTBTOx is spin-cast on top inside a glovebox from a 3
g/L chlorobenzene solution (99.8% anhydrous, oxygen free).
Cross-linking was then performed by cationic ring opening
polymerization. Therefore, samples were transferred to an
argon atmosphere and exposed to trifluoroacetic acid (TFA)
vapor for 15 min at 100 °C. After this treatment, the samples
were transferred to a vacuum chamber and kept in vacuum for
30 min at 90 °C, in order to remove possible volatile remnants
of TFA. Subsequently, a 30 nm acceptor layer was deposited
either by vacuum deposition (C4;) or by spin-coating (PCBM,
ICBA) from a § g/L chloroform solution (99.8% anhydrous,
oxygen free). In the end, BCP and Al are evaporated on top as
a cathode. Samples for electroabsorption measurements were
prepared the same way, but encapsulated to be measured
under ambient conditions. In the case of the photoelectron
spectroscopy and Kelvin-Probe measurements, samples were
also prepared according the above-mentioned protocol but
without a cathode and with thinner acceptor layers.

For GIWAXS measurements, we used Si wafers as
substrates. These were cleaned for 15 min in a piranha etch
bath heated to 80 °C and subsequently rinsed with deionized
water to remove acidic remnants. After cleaning, a 30 nm layer
of PCDTBTOx was spin-cast on top from a 6 g/L
chlorobenzene solution (99.8% anhydrous, oxygen free) and
cross-linked according to the procedure described above.
Following this, a 30 nm acceptor layer was deposited again as
described above.

GIWAXS. Grazing incidence wide-angle X-ray scattering
(GIWAXS) was carried out at the Sirius beamline of Soleil at 8
keV and a sample detector distance of 32.5 cm using a Pilatus
IM detector. The incident angle was set at 0.18° to penetrate
the full bilayer. The data is flattened by an exponential
background subtraction, and cuts are obtained using the
GIXSGUI software."”

Photoelectron Spectroscopy (PES) /Kelvin Probe. UV-
photoelectron spectroscopy (UPS) measurements were done
in ultrahigh vacuum using a helium based monochromic
microwave UV lamp (VUV 5000, Scienta Omicron). The
measurements were performed using the much weaker He I
excitation at hv = 23.087 eV. This was done in order to
minimize the light intensity illuminating the samples, which
could lead to the creation of a photovoltage at the donor/
acceptor interface and an unwanted shift of the vacuum levels.
Furthermore, after the UPS measurements, the work functions
were checked via a UHV based Kelvin-Probe system
(McAllister KP6500) in the dark; this showed excellent
agreement with the UPS measurements (within 20—40
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meV). Finally, the LUMO levels were probed via inverse
photoelectron spectroscopy using a low energy electron gun
(ELG-2, Kimball) and a band-pass photon detector
(IPES2000, Omnivac).

Photocurrent and Electroluminescence Spectrosco-
py. External Quantum Efficiency (EQE) and current voltage
(IV) measurements were performed under short circuit
conditions using either a Keithley source-measure unit (SMU
238) and monochromatic illumination from a 450 W xenon
lamp or, for more sensitive measurements, a Lock-In (SR830)
at a reference frequency of 130 Hz and monochromatic
illumination from a 150 W tungsten lamp (Osram). The
sample was kept in an appropriate vacuum condition sample
holder at room temperature. Absorption profiles used to
convert EQE to IQE were calculated via the transfer matrix
algorithm using the code provided online free of charge by
McGehee and co-workers.* 1 and k values for the calculation
were taken either from the library provided by McGehee and
co-workers or from the literature.*~**

In order to convert voltage-dependent measurements of the
EQE into a field-dependent data set, the internal field in the
active layer was taken as (Vi — V)/d, where d is the thickness
of the active layer, V is the applied voltage, and Vy, is the built-
in voltage. The latter was approximated by the compensation
voltage, i.e.,, the voltage at which the photocurrent vanishes.*
The photocurrent is calculated from the difference between the
current with and without illumination.

Electroabsorption. The light source was installed within a
monochromator illuminator (Oriel). The light going through
the monochromator (SPEX 1681B, Horiba Scientific)
illuminated the device and was reflected back from the
aluminum electrode onto a photodiode (HUV-4000B, EG&G
Judson). A dual channel lock-in amplifier (SR 830 from
Stanford Research Systems) was used to bias the device with a
DC and an AC voltage and monitored the AC amplitude of the
Electroabsorption (EA) signal from the photodiode. In parallel,
the DC amplitude of the EA signal was recorded with a digital
multimeter (HP34401A). For all the electrical experiment, the
ITO electrode was connected to the ground and external
voltages were applied to the Al electrode.

lll. RESULTS

The role of electron delocalization in the CT-dissociation
process will be inferred from the analysis of external and
internal quantum efficiency spectra as well as theoretical
modeling of field-dependent IV measurements. For a profound
interpretation of the respective data, some fundamental
information about the investigated systems is crucial. This
includes knowledge about energy levels, interface energetics,
and structural properties of the samples.

Energetics and Structural Properties. In order to
address energetics, we performed UPS, IPES, and Kelvin-
Probe measurements. The resulting energy levels for ionization
energy (IE) and electron affinity (EA) for PCDTBTOx and
the three acceptors Cgp, PCBM, and ICBA are depicted in the
schematic energy level diagram in Figure 1b. For further details
regarding the photoemission spectra, the reader is referred to
the Supporting Information. As expected and in agreement
with the literature, we find a downward energy level cascade,
i.e, increasing EA values, in the series ICBA > PCBM >
Cgo->" "% The same trend is observed for the IE. The electrical
band gap E; of our donor polymer is around 2.3 eV.

DOI: 10.1021/acs.jpcc.8b06429
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Work function values ® and interfacial vacuum level shifts
A® determined from Kelvin-Probe measurements (Figure S3)
are summarized in the table in Figure 1c. We find that, within
the accuracy of the measurement (10—20 meV, see SI), the
work function of PCDTBTOx did not change when covered
with Cg, indicating vacuum level alignment. In contrast to this,
work function shifts of 130 and 140 meV for PCBM and ICBA
are observed, respectively, indicating that Fermi-level pinning
at the polymer/fullerene interface occurs for a work function of
the fullerene film below ~4.9 eV. This implies the presence of
ground state interfacial dipoles for PCBM and ICBA. The
corresponding fractional interfacial dipole strengths a can be
calculated from the measured vacuum level shifts A® using the
Helmbholtz equation for interfacial dipoles. The strength of an
interfacial dipole a can be calculated from €ye,A® = po, where

A® is measured in eV, p = aer is the dipole moment, and
AD

e
Taking typical values €, = 3.5 and r = 0.92 nm, we arrive at the
a-values given in Figure Ic, which is 3 - 107323 - 107, and 25
- 1073 for C4,, PCBM, and ICBA, respectively.31 We attribute
the reduced interfacial dipole for the Cgy to its higher
symmetry.”

To characterize the order present in the three different types
of fullerene top layers, grazing incidence wide-angle X-ray
scattering (GIWAXS) experiments were carried out. This
scattering technique is well suited for the examination of
statistically averaged information on nearest neighbor ordering
in thin films or thin multilayers. While highly ordered crystal
structures will result in sharp strong peaks, such peaks will
generally broaden with increasing disorder since the average
separation of the scattering objects becomes less defined.

The GIWAXS pattern of the polymer layer shows no
significant order throughout the film volume which is expected
for the disordered PCDTBTOx bottom layer. The observed
peaks in the 2D data can therefore be attributed to the
respective fullerene layers. For all three cases, isotropic powder
diffraction rings are observed, indicating no preferential
orientation for all fullerenes. Figure 2 shows the azimuthally

o= % the area density of dipoles. This yields a = gy¢,r
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Figure 2. Azimuthally integrated GIWAXS cuts of C4, (black), PCBM
(red), and ICBA (blue) layer on PCDTBTOx. Background signals

not arising from the samples are shielded by the gray boxes to
improve clarity of the data.

=1

intensity (arb

-.,.,._-_.—.__..—-

integrated intensity from 0° to 90° with increasing scattering
vector g. The highest order is found for the evaporated Cq, top
layer. Peaks at q = 0.77, 1.25, and 1.41 A™" are found in good
agreement with the literature for Cg, in polycrystalline fcc
configuration.”*** For PCBM we find broad scattering rings at
g = 0.70 and 1.33 A7, indicating short-range order but no

presence of larger crystals in agreement with the literature.”®
The scattering signal of the ICBA/PCDTBTOx bilayer also
shows such a nearest neighbor ordering but is even broader in
width than PCBM, indicating that the statistically averaged
separation of ICBA is less well-defined than for PCBM.
Additionally, the peak center of the main peak shifts to slightly
smaller g-value (1.29 A™'), implying an on average larger
separation between ICBA than PCBM molecules. Since the
fullerene top layers are prepared with the same thickness (30 +
1 nm), the decreasing intensity of the signals shown in Figure 2
further indicates that the amount of ordered fullerenes in the
layer decreases from Cg, via PCBM to ICBA. These
observations regarding crystalline order and average inter-
molecular spacing suggest that the strength of the intermo-
lecular coupling within the acceptor phase is likely to decrease
in the series C4, > PCBM > ICBA, as the electronic coupling
between adjacent fullerenes decreases exponentially with
increased cage—cage distance.””**>7~>?

Photocurrent Spectroscopy and Charge Transfer
States. Having clarified fundamental properties of the used
materials and material combinations, we now turn to the study
of organic solar cells. Figure 3a exemplarily shows the EQE
spectra of a bilayer device with a Cg, acceptor layer on top of
the cross-linked PCDTBTOx donor, together with spectra of
single layer cells comprising only the donor or the acceptor
(solid lines). The EQE was measured under short circuit
conditions. A more detailed view of the sub-band-gap region
relevant to direct CT absorption is shown in Figure 3b for all
the different acceptors. In order to get a qualitative idea which
of the two components contributes to the EQE at which
energy, the absorption for the PCDTBTOx and Cq, layers is
also shown (dashed lines). Absorption profiles for
PCDTBTOx and the fullerene were calculated using the
transfer matrix algorithm.** # and k values for the different
layers of the solar cell were taken from the literature.**~** The
accessible range of these values limited the calculation down to
about 1.55 eV. The respective spectra for PCBM and ICBA
can be found in the Supporting Information (Figure S4). The
qualitative aspects are the same for all three fullerenes.

In Figure 3a, we see that the donor polymer itself (gray line)
hardly contributes to the EQE, indicating that excitons are not
split efficiently within the bulk of the donor. In contrast to that,
single layer devices of Cg, (dark red line) show a considerable
EQE for energies above 2.25 eV, which is identified as the
autoionization threshold of fullerenes, where bulk CT states
can be split.°>*" This contribution is also present in the bilayer
devices (light red line). The autoionization efficiency is smaller
for PCBM and ICBA (see the Supporting Information). Below
2.25 eV, there is no significant intrinsic exciton dissociation in
the neat materials, as can be inferred from the EQE of single
layer devices. Nevertheless, we observe a considerable EQE in
this region in the case of bilayer devices. Therefore, the EQE
below 2.25 eV can be assigned to dissociation at the donor—
acceptor interface.

From Figure 3b, we see that the overall EQE increases in the
order ICBA < PCBM < Cg. To account for differences in
absorption or reflection, we calculated the internal quantum
efficiency (IQE) (Figure 3c). For this calculation, we were
limited by the accuracy of the literature values for n and k from
which absorption profiles were derived, so a reliable IQE could
only be obtained down to about 1.85 eV. We still find the same
trends as for the EQE, indicating that the observed differences
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Figure 3. (a) Left axis: EQE of a PCDTBTOx/Cg, bilayer solar cell
(red filled squares) along with the EQE of single layer devices of the
pristine materials PCDTBTOx (gray filled diamonds) and Cg, (dark
red open squares). Right axis: Simulated fraction of absorbed light of
the respective layer in a bilayer device using the transfer matrix
algorithm (dashed lines). (b) Comparison of the EQE of bilayer
devices with C4 (black squares), PCBM (red dots), or ICBA (blue
triangles) on top of a cross-linked PCDTBTOx layer. The gray dashed
line separates the different regions discussed in the text. (c) IQE of
the devices in (b). It was calculated using the absorption as obtained
from the transfer matrix algorithm.

may indeed be related to differences in dissociation efficiency
at the donor—acceptor interface.

Another important aspect that needs to be addressed in
addition to film morphology and photoinduced charge
generation is the degree of CT-state recombination. For this
reason, we performed intensity-dependent I—V measurements
from which we extracted the Fill Factor (FF) as a function of
irradiation intensity. According to Hahn et al, this provides
information about the character and degree of recombination
in organic solar cells.***> We measured IV curves under
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monochromatic excitation at four different energies, two above

and two below the autoionization threshold of the fullerenes

(191 eV, 2.14 eV, 2.76 eV, 3.54 eV). Exemplary I-V

characteristics measured at 7 m—“zf, that is, the intensity used
cm

in the EQE experiments, as well as the FF as a function of

irradiation intensity are shown in Figure 4a,b for an excitation
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Figure 4. (a) Comparison of monochromatic current—voltage (IV)
characteristics of bilayer solar cells with varying acceptors on top of
the cross-linked PCDTBTOx layer. The excitation energy was 2.14
€V. (b) Fill factor (FF) as a function of illumination intensity for the
same devices as in (a). The excitation energy was also 2.14 eV.

energy of 2.14 eV. The corresponding graphs for the other
excitation energies can be found in the Supporting Information
(Figures S6 and S7). The dotted line in Figure 4b indicates the
maximum obtainable fill factor according to the Shockley—
Queisser limit, in agreement with simulations by Bartesaghi et
al.%* The difference to the FF measured in the limit of the
lowest intensity can be ascribed to geminate recombination.
The FF is the same for Cq, and PCBM (66%), while it is
overall smaller for ICBA (47%). The same behavior is also
observed for excitation above 2.25 eV (Figure S7). The fact
that both Cg, and PCBM show the same FF implies similar
recombination rates k. in these materials. Recalling that the
IQE features an overall increase in the series ICBA < PCBM <
Cg and taking into account that IQE = kygo/ (Kgiss + Keec),
where kg, denotes the rate of CT dissociation, this clearly
proves a higher dissociation efficiency in Cqy.

All IV characteristics show no s-shape, as well as an
increasing V¢ in combination with decreasing Isc in the order
Cgo = PCBM — ICBA, irrespective of excitation energy (cf.
also Figure S6). The trend in Vi is consistent with the trend
in built-in voltage as inferred from dark IV measurements
(Figure S6) and voltage-dependent electroabsorption (Figure
S10b). The absence of an s-shape evidences that there are no
injection or extraction problems in our devices.*>* In terms of
the FF, we find no dependence on the excitation energy over 3

DOI: 10.1021/acs.jpcc.8b06429
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orders of magnitude, indicating that nongeminate recombina-
tion processes are indeed absent.

Electroabsorption Spectroscopy. To gain further insight
into the character of the CT states present in the different
systems, we additionally performed electroabsorption spec-
troscopy on bilayer devices. In this technique, one applies a
varying electric field F = Fjp + Fuc cos(wt) to the sample and
measures the change in absorption Aa due to the quadratic
Stark effect and the nonzero second-order term of the linear
Stark effect.””~’ We measured electroabsorption from about
3.2 eV down to 1.2 eV to cover the full range of excitation,
from bulk CT states in the fullerenes above 2.0 eV to the
interfacial CT states in the sub-band-gap region.’’ Figure 5
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Figure S. Electroabsorption spectra of bilayer devices using Cgo
(squares), PCBM (dots), or ICBA (triangles) as acceptor.

shows the spectra for all three acceptors in a bilayer device
with PCDTBTOx measured at the same internal field. We find
a pronounced peak at around 2.0 eV that is present in all three
spectra. By comparison to electroabsorption measurements on
pristine PCDTBTOx (Figure S10c), we can assign this peak to
the polymer. Furthermore, we observe a second pronounced
peak at around 2.4 eV that is very prominent for Cg, and
decreases significantly when going to PCBM and ICBA (For a
more detailed view, see Figure S10a in the Supporting
Information). This signal is known to be due to a delocalized
CT state in the bulk of the fullerene phase,’>" with a dipole
momentum and polarizability of 22.9 D and 880 A’
respectively, for Cg.°" The features at higher energies (>2.4
eV) are related to higher energy CT states in the fullerenes and
PCDTBTOx and will not be discussed here. For PCBM and
ICBA, the signature of the delocalized CT state is also
expected to be around 2.4 eV.°>”" As the contribution of the
polymer at 2.0 eV is the same for all bilayer samples while the
peak height at 2.4 eV decreases, we conclude that both dipole
moment and polarizability increase in the order C4, > PCBM =
ICBA. Since dipole moment and polarizability correlate with
the extent of an excited state, this implies that the wave
function delocalization is significantly larger in C4, compared
to PCBM and ICBA.

Analysis of the Dissociation Efficiency. To further
explore the underlying effects that can account for the
observed increase in EQE and IQE in the series ICBA <
PCBM < Cg, we now address the dissociation efficiency of the
CT states in the different systems in more detail by analyzing
ﬁeld—de];)endent IV data in terms of the effective mass
model.>"*> To this end, we convert the IV curves we had
measured under monochromatic excitation (see above) into
EQE as a function of internal electric field as detailed in the

Experimental Section. An example of a converted data set of
EQE as a function of the internal electric field is shown in
Figure 6a for an excitation energy of 2.14 eV. The data were

(a)
T T
10" | donor contribution e
F subtracted
s
s 10°F
W |
<] [
w -
10" E [
) = PCDTBTOXxXIC,,
. y ! s pcOTBTOXXPCBM ]
) ! :A PCDTBTOXX/ICBA
102 1 | ! 1
10° 10° 10°
F (Vicm)
(b) wavelength (nm)
, 700 600 500 400
£ 910 : T -
L E
S 8x10°F a.
£ "3 A
2 7x10 3
2 E
% 6x10°F 3
k-] 3 R o
& sx10tF ; a4
c E v
S «F ¢ e 3
3 4x10° F . o
=1 F AU 3
© 3x10*F W e 3
£ T L]
2x10* £ L L 1 1
2.0 25 3.0 35
energy (eV)
© . ,
10° F
2
3
©
o
[
a
c
210" F 4
o
o o
2
o = C60
o PCBM
10»2 1 1
10° 10°
field (V/cm)

Figure 6. (a) EQE of bilayer devices with different acceptors as a
function of the internal electric field. The excitation energy is 2.14 eV,
i.e., below the autoionization threshold of the fullerenes. The data
were corrected for an intrinsic contribution from CT dissociation
within the donor. Black solid lines correspond to the tangents to the
low and high field regime, respectively, with the intersection giving
Fq,. (black dashed lines). Gray dashed lines correspond to the Fg,
values determined from the alternative 90% method. (b) Fg, as a
function of excitation energy for all three acceptors. (c) Dissociation
probability of a CT state in PCDTBTOx/Cg (squares) and
PCDTBTOx/PCBM (open squares) bilayer solar cells as a function
of the internal electric field. Solid red lines correspond to the
simulations according to the effective mass model taking interfacial
dipoles into account. The used parameter set is summarized in Table
1.

corrected for the intrinsic contribution of the donor. This
correction is only important for ICBA due to its low efficiency.
For further details, the reader is referred to the Supporting
Information. The key parameter derived from these data,
which is accessible directly from experiment and which is a
measure of the ease of CT dissociation at the donor—acceptor
interface, is the so-called saturation field strength Fg,.>> We
derive it from the intersection of the tangents to the
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photocurrent in the regimes of low and high electric field (that
is the saturation regime) in a log—log plot, respectively (Figure
6). Using an alternative approach by defining Fg,, as the value
where the EQE reached 90% of the plateau value, we
qualitatively get the same results, though the exact values
differ, especially for ICBA (Figure S9).

The saturation field strengths resulting from the above-
mentioned tangent method are displayed in Figure 6b as a
function of excitation energy. We observe no distinct trend
with respect to excitation energy. However, the overall Fg,
increases in the order C4y < PCBM < ICBA. In order to
analyze the differences in dissociation efficiency implied by the
variation of Fs, in more detail, we apply the effective mass
model under consideration of interfacial dipoles as described in
refs 31 and 32. The basic idea is that an electron can jump
from site to site, perpendicular to the interface, and that, within
its lifetime, it may take several jump attempts. Key features of
the model are that the potential at the interface may be
screened via interfacial dipoles,'””* thereby facilitating CT
dissociation, and that additional kinetic energy due to quantum
mechanical zero point oscillations may reduce the binding
energy of the CT state. This energy varies with the degree of
delocalization of the electron or hole and is parametrized via an
effective mass of the electron—hole pair. The results of the
simulation are shown in Figure 6c, and the parameters set used
is summarized in Table 1.

Table 1. Parameter Set That Is Used in the Simulations of
Field-Dependent Data According to the Effective Mass
Model under Consideration of Interfacial Dipoles”

derived fitting
fixed input parameter parameter parameter
2
cm
material a - 1073 Vs zy/ns  tou, - exp(—2yr) Mg
Ceo 3.0 5-107% 25 19400 0.08
PCBM 22.6 2-107° 25 780 0.22

“The different quantities are explained in the main text.

From Kelvin-Probe measurements, we know that, for PCBM
and ICBA, ground state interfacial dipoles & are present, while
no such dipole is observed for Cg, when in contact with
PCDTBTOx (cf. Figure 1 and Figure S3). For the mobility, we
used literature values and, for the lifetime, we assumed a ty)pical
value of 25 ns for the CT states of Cg, and PCBM.”>™"° We
chose the same lifetime for both of them, as our intensity-
dependent measurements of the FF indicated that the
recombination rates should be comparable. The product of
hopping rate v, and lifetime 7 was calculated using the Einstein
relation between diffusivity and lifetime eD = ukgT, and
considering that in a 3D system, the diffusivity is given by
D= éazvo exp(—2yr), where a is the jump distance and y
denotes the inverse localization length.*" Using this parameter
set for our simulations, we find that a significantly smaller
effective mass needs to be used for Cg, than for PCBM to
reproduce the field dependence of the photocurrent (Figure
6¢c). Notably, the data could only be reproduced with a
reasonable mobility and lifetime when taking differences in #14
into account, meaning that mobility and CT lifetime do not
suffice to explain the observed difference in dissociation
probability. For ICBA, it was not possible to reproduce the
experimentally measured field-dependent data. We attribute
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this to the overall low EQE in the samples with ICBA, which
makes correction for the intrinsic donor contribution difficult
and unreliable. Nevertheless, the observed trend in saturation
field strengths in combination with our analysis of the effective
mass in Cg and PCBM and the observation of weaker
intermolecular coupling increased recombination and a
fractional interfacial dipole comparable to PCBM (a = 25.3 -
107%) implies a stronger localization in ICBA than in Cg or
PCBM. We recall that the effective mass is a parameter that is
introduced to quantify electronic coupling within the
geminately bound electron—hole pair comprising the CT
state. With respect to the hole on the polymer chain, it
comprises the coupling mainly within a conjugated segment of
the chain. Regarding the electron in the fullerene phase, a
lower effective mass (of the e—h pair) suggests a larger
coherent spread of the electron wave function over adjacent
fullerenes. Transport of the charges away from the interface,
however, proceeds by noncoherent hopping between the sites
over which the charge wave functions spread. In passing, we
note that there was no need to include any additional doping
effects to obtain a reasonable fit to the experimental data,
indicating that the actual diffusion of fullerenes into the
polymer layer is small.

IV. DISCUSSION

A currently intensively discussed question is the issue whether
delocalization of the electron in the usually molecular acceptor
phase contributes significantly to the dissociation of an
interfacial electron—hole pair. Whereas for a hole, coherent
wave function delocalization along a conjugated polymer
backbone is undisputed, at least within a conjugated segment,
it is not a priori obvious whether there is significant coherent
delocalization of an electron across several adjacent molecules,
nor, whether this is required for efficient electron—hole
separation. Clearly, such electronic coupling will depend on
the degree of order within the acceptor phase. In an earlier
study on the impact of hole delocalization, we combined
differently conjugated poly(p-phenylene) polymers with an
identical acceptor (Cgp) in a bilayer setup.’” Here, we used a
similar approach to address the question of the impact of
electron delocalization, that is combining a constant donor
(PCDTBTOx) with a series of fullerenes that we expected to
vary in intermolecular coupling strength. The cross-linkable
donor allows for deposition of Cg, by evaporation as well as of
PCBM and ICBA by solution coating.

The GIWAXS measurements of Figure 2 indicate that the
three fullerenes indeed form an acceptor set with increasing
intermolecular coupling in the order ICBA < PCBM < Cq, in
agreement with our expectation.””*® This is further confirmed

2
by the increase in electron mobility from about 107 % for
ICBA™ over 2107 % for PCBM"*"° t0 5-107> CVL: for Cgp,”>
by the higher autoionization efficiency of Cg compared to
PCBM and ICBA for energies above 2.3 eV (c.f. Figure $4),%
and by the electroabsorption measurements of Figure 4.

The EQE and IQE data in Figure 3 clearly indicate an
increased photocurrent from the dissociation of interfacial CT
states in the order ICBA < PCBM < Cg,. The pertinent
question is, whether this is mainly merely the result of the
increasing electron mobility, and thus of the mobility-lifetime
product, along the series, or whether an increasing wave
function delocalization of the interfacial CT state along the
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series plays a significant role in this higher photocurrent.
Mobility affects the EQE in different ways. For example,
mobility imbalance can lead to space charge buildup and thus
increased bimolecular recombination, which manifests itself in
an s-shape in the I-V curve.”>*® Even though hole mobility of

2
PCDTBT is merely in the range of 3-107 to 9-107 T, i.e,,

well below that of PCBM and C,, mobility imbalance and
bimolecular recombination does not play a role in our samples,
as evidenced by the absence of an s-shape in the I-V curves
(Figure 4a). This is because we accounted for the difference in
mobilities by using a donor layer (14 nm) with only half the
thickness of the acceptor (30 nm),°*°° incorporated
appropriate transport layers at the electrodes (see the
Experimental Section), and used thin layers, which has the
further advantage of reducing nongeminate as well as
secondary geminate recombination.”> We recall that the fill
factor was independent of excitation intensity for all three
fullerenes, suggesting that bimolecular recombination is indeed
absent. Under these circumstances, the increase in Ig in the
order ICBA < PCBM < Cq is thus a direct reflection of better
dissociation of electron—hole pairs rather than of charge carrier
extraction.

In our view, the most convincing evidence that wave
function delocalization contributes significantly to the CT-state
dissociation lies in the simulation of the field dependence of
the photocurrent by the effective mass model (Figure 6¢). The
increase in mobility along the series ICBA < PCBM < Cg is
explicitly taken into account when modeling the data, yet it is
insufficient to account for the observed improved field-
dependent photocurrent in Cg, compared to PCBM. Without
consideration of wave function delocalization, our model is
equivalent to an Onsager—Braun-type fit in a potential
modified by the interfacial dipoles.*' ™ The fact that this
fails to account for the difference (cf. Figure S11) indicates the
necessity of explicitly considering the increased ease of
dissociation due to an electron wave function that extends
over more than one fullerene.

When considering the effective mass, one needs to bear in
mind that this quantity actually refers to the entire CT state,
i.e., the pair of electron and hole. A significant part of its low
value will certainly result from the delocalization of the hole
wave function along the polymer backbone. However, what is
relevant here is not the absolute value (that should, in any case,
be viewed with some caution due to the simplistic geometry
assumed in the model), but that a reduction in the effective
mass is required when replacing PCBM with Cg, as acceptor,
even when changes in mobility and interfacial dipole are taken
into account. This result testifies to the critical role of high
local order in organic solar cells. Many of the recently emerged
non-fullerene acceptors are characterized by a tendency to
aggregate in an ordered fashion,*”® and our results suggest
that the increased electron wave function delocalization within
such aggregates may significantly contribute to the efficient
CT-state dissociation that they show when processed
appropriately.

V. CONCLUSION

In conclusion, we investigated three different fullerene
acceptors (Cqp, PCBM, ICBA) with varying degree of order
and intermolecular coupling in a bilayer configuration with a
cross-linked layer of PCDTBTOx as donor in order to reveal
the influence of electron delocalization within the acceptor
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phase on the dissociation efficiency of charge transfer states.
The bilayer structure ensured a well-defined interface,
providing an ideal model system to investigate interface effects
without need to consider issues arising from inhomogeneous
mixing, domain sizes, and bimolecular recombination. By
correlating structural information with the results of optical
and electrical characterization, we find that higher intermo-
lecular coupling, evidenced by smaller inter-acceptor spacing
and a higher degree of crystallinity and order, is correlated with
higher electron delocalization of the CT states in accordance
with the works of Larson et al., Abramavicius et al., and Forrest
et al”’~*° Finally, by applying the effective mass model of
Tscheuschner et al.>" and taking into account dipole effects at
the donor—acceptor interface, as evidenced via Kelvin-Probe
measurements, a clear correlation could be established
between delocalization of the electron in the acceptor phase
and a reduced barrier for CT dissociation, resulting in
enhanced dissociation efficiency.

From the comparison of the three fullerenes Cq, PCBM,
and ICBA, we found that, in this respect, quality of local order
in Cg is a crucial ingredient to allow coherent delocalization in
the acceptor phase, as also suggested by Bernardo et al.** This
effect is much less pronounced in the less ordered PCBM,
where a higher effective mass implies that coupling has a more
incoherent character resulting in more localized CT states.
This is especially true for ICBA, where weak inter-fullerene
coupling and concomitantly low mobility additionally enhance
geminate recombination at the interface. This is consistent
with the results of Larson et al. that show that low mobility in
fullerenes lowers charge generation efficiency at the interface.”’”

Consequently, we find clear evidence that not only hole
delocalization along the covalently bonded polymer chain but
also electron delocalization plays a positive role in the charge
separation process. In the context of our previous works on the
delocalization of holes in the donor phase,>** our results
support the model concept of delocalization of both electron
and hole taking an important and positive role in the charge
separation process. Yet, order and crystallinity are even more
important in the case of electron delocalization due to the need
for strong intermolecular coupling. All this should be taken
into account when investigating and discussing the mecha-
nisms leading to very efficient donor—acceptor systems,
especially in the view of the use and design of the recently
emerged non-fullerene acceptors.
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Synthesis of the polymer PCDTBTOx:

Materials and methods

All chemicals and anhydrous solvents were purchased from commercials suppliers and used as received.
Solvents needed for extraction and purification were distilled prior to use. The monomer 4,7-bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)-2,1,3-benzothiadiazole was delivered by SunaTech Inc. and used
without further purification. *H NMR spectra at room temperature were recorded on a Bruker Avance
300 spectrometer in deuterated solvents at 300 MHz. High temperature *H NMR spectra were measured
at 120 °C with a Varian INOVA 300 spectrometer in 1,1,2,2-tetrachloroethane as solvent. As internal
references, the residual solvent peaks were used. Mass spectra were recorded on a Finnigan MAT 8500

via electron ionization.

9-Bromononanal

Oxalyl chloride (4.24 mL, 49.29 mmol) was dissolved in anhydrous dichloromethane (100 mL) and cooled
to -78 °C under argon. A solution of anhydrous dimethyl sulfoxide (6.99 mL, 98.59 mmol) and anhydrous
dichloromethane (20 mL) was added dropwise. After stirring for 5 min, a solution of 9-bromononanol
(10.000 g, 44.81 mmol) in anhydrous dichloromethane (45 mL) was added dropwise over a short time
and the reaction mixture was stirred for 30 min at -78 °C before triethylamine (31,23 mL, 224.06 mmol)
was added dropwise. The reaction mixture was again stirred for 15 min at -78 °C, allowed to warm to
room temperature and poured into water. After extraction with dichloromethane, the organic phase was
washed twice with HCI solution (2%), twice with deionised water, twice with NaHCO; solution (5%) and
again twice with deionised water. The organic phase was dried over Na,SO, and the solvent was
evaporated. Drying in vacuum overnight yielded 9-bromononanal (9.500 g, 42.96 mmol, 96%) as a

colourless oil.

EI-MS: m/z (%) = 221 (M*, 4), 204 (M - O, 23), 192 (M* - HCO, 17), 176 (M* - C,H;0, 100), 163 (M* -
C5Hs0, 5), 149 (M* - C4H-0, 7), 135 (M = CsHq0, 22).

"H NMR (300 MHz, CDC5): & (ppm) = 1.18-1.49 (m, 8H, CH,), 1.50-1.70 (m, 2H, HCO-CH,-CH,), 1.75-1.92
(m, 2H, CH,-CH,-Br), 2.33-2.48 (m, 2H, HCO-CH,), 3.40 (t, J = 6.8 Hz, 2H, CH,-Br), 9.67-9.76 (t, J = 1.8 Hz,
1H, HCO).
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1-Bromoheptadecan-9-ol

Bromooctane (8.39 mL, 48.57 mmol) was dissolved in anhydrous THF (24 mL) and added slowly to
magnesium chips (1.476 g, 60.71 mmol) under argon atmosphere. When the exothermic reaction has
started, the remaining solution is added dropwise under stirring and cooling if necessary. The reaction
mixture is heated to reflux and stirred for 1 h. After cooling to room temperature, anhydrous THF (8 mL)
was added for dilution of the reaction mixture. A solution of 9-bromononanal (8.950 g, 221.13 mmol) in
anhydrous THF (15 mL) was added slowly under intermittent cooling. The reaction mixture was stirred at
room temperature overnight, poured into water and extracted with diethyl ether. After washing twice
with saturated NaHCO; solution, twice with deionised water and twice with brine, the organic phase was
dried over Na,SO, and the solvent was evaporated. After purification via column chromatography
(hexanes:ethyl acetate = 5:1), 1-bromoheptadecan-9-ol (9.318 g, 27.78 mmol, 69%) was obtained as a

colourless solid.
EI-MS: m/z (%) = 334 (M*, 1), 318 (M* — OH, 19), 221 (M" = CgHy7, 73), 143 (M* — CgH1¢Br, 59).

'H NMR (300 MHz, CDCly): & (ppm) = 0.88 (t, J = 6.5 Hz, 3H, CHs), 1.19-1.52 (m, 26H, CH,), 1.85 (qui, J =
7.3 Hz, 2H, CH,-CH,-Br), 3.41 (t, J = 6.8 Hz, 2H, CH,-Br), 3.52-3.64 (br, CH-OH).

1-((3’-Ethyloxetan-3’-yl)-methoxy)-heptadecan-9-ol

Tetrabutylammonium bromide (0.448 g, 1.39 mmol) was dissolved in aqueous NaOH solution (48.624 g,
45 wt%). A solution of 1-bromoheptadecan-9-ol (9.318 g, 27.79 mmol) and (3-ethyloxetan-3-yl)-
methanol (5.54 mL, 48.63 mmol) in distilled hexanes (160 mL) was added. The reaction mixture was
stirred overnight under reflux. After cooling to room temperature, the reaction mixture was extracted
with deionised water and hexanes. The organic phase was dried over Na,SO, and the solvent was
evaporated. 1-((3’-Ethyloxetan-3’-yl)-methoxy)-heptadecan-9-ol (6.530 g, 17.62 mmol, 63%) was

obtained as a colourless oil after column chromatography (hexanes:ethylacetate = 5:1).

EI-MS: m/z (%) = 371 (M%, 1), 353 (M" — OH, 3), 340 (M" - CH,0, 10), 322 (M* - CH,0 - OH, 8), 257 (M" -
CeH110,, 22), 227 (M” - CgH150,, 8).

'H NMR (300 MHz, CDCl): & (ppm) = 0.88 (t, J = 7.5 Hz, 6H, CH), 1.16-1.49 (m, 26H, CH,), 1.50-1.62 (m,
2H, CH,-CH,-0), 1.74 (q, J = 7.5 Hz, 2H, oxetane-CH,-CH,), 3.44 (t, J = 6.5 Hz, 2H, CH,-0), 3.52 (s, 2H, O-
CH,-oxetane), 3.53-3.63 (br, CH), 4.41 (q, J = 5.8 Hz, 4H, oxetane).
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(1’-((3”-Ethyloxetan-3’‘-yl)-methoxy)-heptadecan-9’-yl)-4-toluenesulfonate

A solution of 1-((3’-ethyloxetan-3’-yl)-methoxy)-heptadecan-9-ol (3.400 g, 9.17 mmol), triethylamine
(2.312 g, 22.84 mmol), and trimethylammonium hydrochloride (0.877 g, 9.17 mmol) in anhydrous
dichloromethane (20 mL) was cooled to 0 °C. Tosyl chloride (2.169 g, 11.38 mmol) was dissolved in
anhydrous dichloromethane (20 mL) and added to the reaction mixture in a time range of 10 min. After
stirring for 90 min at 0 °C, the reaction mixture was allowed to warm to room temperature and stirred
overnight. Extraction was carried out with dichloromethane and water. The organic phase was washed
with deionised water, dried over Na,SO, and the solvent was evaporated. Column chromatography
(hexanes:ethyl acetate = 5:1) yielded the spacer molecule (1’-((3“-ethyloxetan-3’‘-yl)-methoxy)-

heptadecan-9’-yl)-4-toluenesulfonate (3.820 g, 7.28 mmol, 79%) as a colourless oil.
EI-MS: m/z (%) = 524 (M", 1), 494 (M" - CH,0, 15), 353 (M" — C;H,05S, 37), 322 (M" — CgH0,S, 23), 255
(M* = C43H1504S, 78).

'H NMR (300 MHz, CDCls): & (ppm) = 0.80-0.93 (m, 6H, CH), 1.06-1.37 (m, 26H, CH,), 1.44-1.65 (m, 2H,
CH,-CH,-0), 1.74 (q, J = 7.5 Hz, 2H, oxetane-CH,-CHs), 2.44 (s, 3H, tosylate-CHs), 3.44 (t, J = 6.5 Hz, 2H,

CH,-0), 3.52 (s, 2H, O-CH,-oxetane), 4.41 (q, J = 5.8 Hz, 4H, oxetane), 4.53 (qui, J = 6.0 Hz, 1H, CH), 7.19
(d, J=8.0 Hz, 2H, tosylate), 7.79 (d, J = 8.3 Hz, 2H, tosylate).

2,7-Dibromo-N-(1’-((3”’-ethyloxetan-3"’-yl)-methoxy)-heptadecan-9’-yl)-carbazole

In an argon atmosphere, 2,7-dibromocarbazole (0.991 g, 3.05 mmol) and KOH (0.855 g, 15.24 mmol)
were stirred in dimethyl sulfoxide (8 mL) at room temperature. A solution of (1’-((3“-ethyloxetan-3’‘-yl)-
methoxy)-heptadecan-9’-yl)-4-toluenesulfonate (2.400 g, 4.57 mmol) in dimethyl sulfoxide (6 mL) was
added slowly over a time range of 1 h. The reaction mixture was stirred at room temperature overnight
and extracted with water and diethyl ether. After the organic phase was washed twice with deionised
water and dried over Na,SO,, the solvent was evaporated. Purification was carried out via column
chromatography (hexanes:toluene = 1:2). 2,7-dibromo-N-(1’-((3"'-ethyloxetan-3"’-yl)-methoxy)-

heptadecan-9’-yl)-carbazole (1.400 g, 2.07 mmol, 68%) was obtained as a colourless oil.
EI-MS: m/z (%) = 677 (M*, 100), 647 (M* = CH,0, 9), 450 (M" — C14H,70,, 42), 322 (M* = Cy,H430,, 12).

'H NMR (300 MHz, CDCl3): 6 (ppm) = 0.77-0.91 (m, 6H, CHs), 0.92-1.37 (m, 22H, CH,), 1.42-1.56 (m, 2H,

CH,-CH,-0), 1.72 (q, J = 7.5 Hz, 2H, oxetane-CH,-CHs), 1.77-1.97 (br, 2H, carbazole-CH-CH,), 2.10-2.28 (br,
2H, carbazole-CH-CH,), 3.39 (t, J = 6.6 Hz, 2H, CH,-0), 3.49 (s, 2H, O-CH,-oxetane), 4.40 (q, / = 5.8 Hz, 4H,
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oxetane), 4.33-4.47 (br, 1H, CH), 7.28-7.37 (br, 2H, carbazole), 7.49-7.57 (br, 1H, carbazole), 7.64-7.73
(br, 1H, carbazole), 7.84-7.96 (br, 2H, carbazole). Broadened and multiple signals are due to

atropisomerism.

2,7-Di(thiophen-2’-yl)-N-(1""-((3’"’-ethyloxetan-3’"’-yl)-methoxy)-heptadecan-9’’-yl)-carbazole

2,7-dibromo-N-(1'-((3"-ethyloxetan-3""-yl)-methoxy)-heptadecan-9’-yl)-carbazole (0.500 g, 0.74 mmol)
and 2-(4’,4',5',5'-tetramethyl-1’,3’,2’-dioxaborolan-2’-yl)-thiophene (0.465 g, 2.21 mmol) were dissolved
in toluene (20 mL). After addition of four drops of Aliquat 336 and aqueous Na,COs; solution (24.95 mL,
2M), the reaction mixture was degassed by three freeze-thaw cycles.
Tetrakis(triphenylphosphine)palladium(0) (0.028 g, 0.02 mmol) was added and the reaction mixture was
again degassed by three freeze-thaw cycles before stirred under reflux for 90 h. The reaction mixture
was poured into water and extracted with dichloromethane. The organic phase was washed twice with
deionised water and dried over Na,SO,. After evaporation of the solvent, column chromatography
(hexanes:THF = 10:1) was performed to remove the catalyst. 2,7-di(thiophen-2’-yl)-N-(1"-((3""’-
ethyloxetan-3""’-yl)-methoxy)-heptadecan-9”’-yl)-carbazole (0.485 g, 0.71 mmol, 96%) was yielded as a
slightly yellowish oil.

EI-MS: m/z (%) = 684 (M", 98), 654 (M* — CH,0, 10), 568 (M* — CsH1;0,, 4), 457 (M* = C14H,;0,, 40), 345
(M" = C5,H140,, 38), 332 (M" = Cp3H,50,, 28).
'H NMR (300 MHz, CDCl3): & (ppm) = 0.74-0.89 (m, 6H, CH,), 0.97-1.36 (m, 22H, CH,), 1.38-1.51 (m, 2H,

CH,-CH,-0), 1.70 (q, J = 7.5 Hz, 2H, oxetane-CH,-CHs), 1.88-2.04 (br, 2H, carbazole-CH-CH,), 2.24-2.42 (br,
2H, Carbazole-CH-CHg), 3.34 (t, J = 6.6 Hz, 2H, CH,-0), 3.46 (s, 2H, O-ﬁg-oxetane), 4.38 (g, J =5.8 Hz, 4H,

oxetane), 4.54-4.67 (br, 1H, CH), 7.13 (dd, J = 5.1 Hz, J = 3.7 Hz, 2H, thiophene), 7.31 (dd, /= 5.1 Hz, J =
1.1 Hz, 2H, thiophene), 7.37-7.44 (br, 2H, carbazole), 7.50 (d, J = 8.0 Hz, 2H, thiophene), 7.56-7.62 (br,
1H, carbazole), 7.74-7.81 (br, 1H, carbazole), 8.01-8.11 (br, 2H, carbazole). Broadened and multiple

signals are due to atropisomerism.

2,7-Bis(5’-bromothien-2’-yl)-N-(1"’-((3"”’-ethyloxetan-3""’-yl)-methoxy)-heptadecan-9”’-yl)-carbazole

A solution of 2,7-di(thiophen-2’-yl)-N-(1"-((3""’-ethyloxetan-3""’-yl)-methoxy)-heptadecan-9”’-yl)-car-
bazole (0.280 g, 0.41 mmol) in anhydrous chloroform (10 mL) was cooled to 0 °C. In the dark, N-

bromosuccinimide (0.146 g, 0.82 mmol) was added in portions. The reaction mixture was stirred at room
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temperature for 1 h in the dark, allowed to cool to room temperature and stirred overnight in the dark.
NMR spectroscopy was used for reaction control and if required NBS is added to the reaction mixture.
After the reaction was completed, the reaction mixture was extracted with water and dichloromethane
and the organic phase was washed twice with deionised water. The organic phase was dried over Na,SO,
before the solvent was evaporated. After column chromatography (hexanes:THF = 20:1), 2,7-bis(5’-
bromothien-2’-yl)-N-(1"-((3""’-ethyloxetan-3""’-yl)methoxy)-heptadecan-9”’-yl)-carbazole (0.230 g, 0.27

mmol, 67%) was obtained as a yellowish oil.

EI-MS: m/z (%) = 841 (M, 100), 811 (M* = CH,0, 9), 763 (M* — Br, 13), 725 (M* — CH1:0,, 4), 647 (M*
CeH110,Br, 11), 614 (M* = CiaH170,, 23), 502 (M* — CpHaa0,, 19), 488 (M* — CpHasO,, 12), 422 (M* -
Cy:Has0,Br, 6), 408 (M" — Cy3Ha50,Br, 5).

'H NMR (300 MHz, CDCls): & (ppm) = 0.76-0.93 (m, 6H, CHs), 0.94-1.37 (m, 22H, CH,), 1.39-1.53 (m, 2H,
CH,-CH,-0), 1.71 (q, J = 7.4 Hz, 2H, oxetane-CH,-CHs), 1.89-2.03 (br, 2H, carbazole-CH-CH,), 2.21-2.40 (br,
2H, carbazole-CH-CH,), 3.35 (t, / = 6.6 Hz, 2H, CH,-0), 3.47 (s, 2H, O-CH,-oxetane), 4.39 (q, J = 5.8 Hz, 4H,
oxetane), 4.50-4.64 (br, 1H, CH), 7.08 (d, J = 3.8 Hz, 2H, thiophene), 7.11-7.19 (br, 2H, carbazole), 7.39 (d,
J =8.0 Hz, 2H, thiophene), 7.45-7.55 (br, 1H, carbazole), 7.62-7.72 (br, 1H, carbazole), 7.98-8.11 (br, 2H,

carbazole). Broadened and multiple signals are due to atropisomerism.

Poly-[(N-1’-((3"’-ethyloxetan-3"’-yl)-methoxy)-heptadecan-9’-yl)-2,7-carbazole-alt-5,5-(4‘,7*-bis(thien-2-
yl)-2/,1,3‘-benzothiadiazole)] PCDTBTOx

The monomers 2,7-bis(5’-bromothien-2’-yl)-N-(1"-((3’"’-ethyloxetan-3’"’-yl)methoxy)-heptadecan-9”’-
yl)carbazole (0.137 g, 0.16 mmol) and 4,7-bis(4’,4’,5’,5'-tetramethyl-1’,3’,2’-dioxaborolan-2’-yl)-2,1,3-
benzothiadiazole (0.063 g, 0.16 mmol) were dissolved in toluene (7 mL) under argon. Four drops of
Aliquat 336 and aqueous Na,CO; solution (7,5 mL, 2 M) were added before degassing the reaction
mixture by three freeze-thaw cycles. After adding tetrakis(triphenylphosphine)palladium(0) (0.003 g,
0.002 mmol), again three freeze-thaw cycles were conducted. The reaction mixture was stirred under
reflux in an argon atmosphere for 90 h. Bromobenzene (0.017 g, 0.16 mmol) was added and the reaction
mixture was stirred under reflux for 1 h. Subsequently, phenylboronic acid (0.020 g, 0.16 mmol) was
added and the endcapping reaction was completed by stirring the reaction mixture under reflux
overnight. After cooling to room temperature, the polymer was extracted with toluene and washed with
water. The organic phase was reduced and the polymer was precipitated into cold methanol. Soxhlet

extraction was carried out with acetone, hexanes and toluene as solvents. The toluene fraction was
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evaporated to dryness, the polymer was dissolved in chlorobenzene and precipitated into cold methanol.

Drying in vacuum overnight yielded PCDTBTOXx (0.084 g, 0.10 mmol, 60%) as a dark-red powder.

'H NMR (300 MHz, C,D,Cl,, 120 °C): & (ppm) = 0.72-0.93 (m, 6H, CHs), 1.09-1.56 (m, 26H, CH,, CH,-CH,-
0), 1.57-1.79 (m, 2H, oxetane-CH,-CH;), 1.96-2.22 (br, 2H, carbazole-CH-CH,), 2.25-2.56 (br, 2H,
carbazole-CH-CH,), 3.24-3.54 (m, 4H, CH,-O, -O-CH,-oxetane), 4.17-4.45 (m, 4H, oxetane), 4.54-4.77 (br,

1H, CH), 7.04-8.61 (m, 12H, ar-CH). Broadened and multiple signals are due to atropisomerism.

(Figure S1)
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Figure S1: 'HNMR spectrum of PCDTBTOx (300 MHz) in C;D,Cl4 at 120 °C.
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Remarks on energy levels and work function:

The high binding energy cutoff (HBEC) and valence band spectra for UPS as well as the IPES
spectra are displayed in Figure S2. The layer thicknesses of the acceptor were in the range of
10-13 nm. Valence spectra of bilayer samples consistently show the typical features of the

. 1-2 .
molecular levels for the respective fullerenes.”” These spectra were used to determine IE and

(a) T 1 T (b) " T L T b T * T %
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5 5 ——|CBA
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E E
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Figure S2: (a) UPS measured high binding energy cutoff (HBEC) and (b) low binding energy
region of a pristine 14nm spin-coated and crosslinked PCDTBTOX film on an ITO/MoOQs-substrate
(purple), as well as bilayer samples with an additional layer of Cg, (black), PCBM (red) or ICBA
(blue) on top. Layer thicknesses are in the range of 10-13 nm. (c) IPES spectra of 14 nm thick
pristine PCDTBTOx (purple) and samples with an additional layer of Cg¢o (black), PCBM (red) or

ICBA (blue) on top. The layer thicknesses ranged from 10 to 13nm. Light grey open dots indicate

raw data of the measurements.

EA values for the different materials. Their derivation from the experimental data is exemplary

given for Cg in the following. For the excitation a side band of the He Ig line with energy
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23.09 eV was used. The difference between this energy and the high binding energy cutoff of
the signal at (18.2 +0.05) eV gives the work function ® =23.09eV - 18.2eV =4.89¢eV. With a
binding energy of (1.62 £ 0.1) eV as determined from the HOMO onset position this results in an
ionization energy of IE=4.89 eV + 1.62 eV = 6.51 eV ( 0.1 eV). With the known work function ®
from UPS and the “LUMO onset position” of -0.34 eV from IPES we can accordingly calculate the
electron affinity EA= 4.89 eV -0.34eV = 4.16 eV. The respective values for PCBM, ICBA and

PCDTBT are derived accordingly.

Deeper insight into the actual energy landscape may eventually be gained from our Kelvin-
Probe measurements (Figure S3). Due to a well-defined interface and the use of a bilayer
structure for our solar cells, we can directly study interface energetics which are identical to the
situation in our actual devices. In order to allow for the determination of absolute workfunction
values from the measured contact potential difference (CPD) between the measurement tip and
the sample surface, the tip was calibrated using a well-characterized batch of PEDOT:PSS
(®Dpepor = 5.100eV, Oy, =4.828 eV). The workfunction is then simply calculated according to
® = Qyjp — CPD. Film thicknesses of the acceptors were (4+1) nm. The acceptors were deposited
on top of a crosslinked layer of PCDTBTOx. The error in these measurements simply corresponds
to the experimentally observed fluctuation of CPD values between different measurements

(deviation from average) and is in the order of 10-20 meV.

T T T T T
3 = PCDTBT ]
-0.3 r ° Cso ] 51
A PCBM |7
— I o ICBA L
3021 R . 1 §
E 6 A [ ° 7] 5.0 §
° ] £
0.1 | ] io g
° ° . 1™
[ n | | n . | |
00 1 1 1 1 1
0 1 2 3 4 5 6
measurement

Figure S3: Measured Contact Potential Difference (CPD) between tip and sample surface (left

axis) as well as derived work function values @ for all the investigated materials (right axis).
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Figure S4: (a) Left axis: EQE of a PCDTBTOx-x/PCBM bilayer solar cell (green filled dots) in
comparison to the EQE of single layer devices of the pristine materials PCDTBTOx-x (grey filled
diamonds) and PCBM (light green open dots). The suffix —x refers to the fact, that the donor

layer is crosslinked. EQE was measured under short circuit conditions. Right axis: Simulated
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fraction of absorbed light of the respective layer in a bilayer device using the transfer matrix
algorithm (dashed lines). (b) Left axis: EQE of a PCDTBTOx-x/ICBA bilayer solar cell (blue filled
triangles) in comparison to the EQE of single layer devices of the pristine materials PCDTBTOx-x
(grey filled diamonds) and ICBA (light blue open triangles). EQE was again measured under short
circuit conditions. Right axis: Simulated fraction of absorbed light of the respective layer in a
bilayer device using the transfer matrix algorithm (dashed lines). (c) Comparison of bilayer EQE
with the EQE of single layer devices of the pristine materials for PCDTBTOx-x/Cgo. The region
below about 1.7 eV can be clearly identified to be related to CT-absorption. (d) Same as in (c)

but for PCDTBTOx-x/PCBM. (e) Same as in (c) and (d) but for PCDTBTOx-x/ICBA.
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Discussion of the internal quantum efficiency (Figure 3c):

To exclude the possibility, that the observed EQE differences between the acceptors are simply
caused by differences in absorption or reflection, we calculated the internal quantum efficiency
(IQE) using the absorption profiles we obtained via the transfer matrix algorithm (Figure 3c).
The detailed deconvolution of the absorption contributions from different layers as well as the

reflectance can be found in Figure S5.

The calculations were performed using the code provided free of charge by McGehee and
coworkers.? For n and k of glass, ITO, PCBM and Al we used the values already present in the
library provided by McGehee. For MoOs; we used the values from the free online library
Refractivelndex.INFO." Data for n and k of PCDTBTOx we took values from the work of
Schmiedova et al.> ICBA permittivity data were taken from the work of Leman et al. and
converted to n and k values.® Data for Cso and BCP were extracted from the work of Wynands et

al. and Liu et al., respectively.”®

We find the same trend in the IQE as in the EQE indicating that differences in the absorption
profile and strength cannot account for the differences in quantum efficiency. The fact that the
IQE decreases for energies below 2.0 eV can be explained by the bandgap of the materials.
Below 2.0 eV (PCDTBTOx) and above 1.7-1.85 eV (fullerenes)®*® mostly tightly bound Frenkel
excitons are created, from which only a fraction reaches the interface due to an acceptor layer
thickness larger than the exciton diffusion length of less than 10nm.™ The rest of them will
mostly recombine resulting in a low IQE. It is expected to rise again for direct CT excitation as

then all the excited states already reside at the interface.'
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Figure S5: (a) Fraction of the incident light absorbed of each
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layer of a

glass/ITO/Mo0Os/PCDTBTOx-x/Ceo/BCP/Al plotted together with the total reflectance (black). The

calculation was performed using the transfer matrix algorithm. (b) Same as in (a) but with PCBM

instead of Cgo. (c) Same as in (a) but with ICBA instead of Cgp.
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Figure S6: Comparison of monochromatic current-voltage (IV) characteristics of bilayer solar

cells all with varying acceptors on top of the crosslinked PCDTBTOx layer. The excitation

energies were (a) 3.54 eV, (b) 2.76 eV and (c) 1.91 eV. The observed trend in Voc and Isc is

discussed in the main text. (d) Dark IV characteristics of the devices shown in (a). A difference in

built-in potential is clearly visible from different onset voltages. This is also evidenced by voltage

dependent electroabsorption measurements (Figure S10b)
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Figure S7: Fill Factor (FF) as function of illumination intensity for the same devices as in
Figure 3b and c. The excitation energies were 3.54 eV (top), 2.76 eV (middle) and 1.91 eV

(bottom).

Note:

Also for intensity dependent measurements of the FF above the autoionization threshold of
fullerenes we find no intensity dependence of FF over three decades of illumination intensity.
This again indicates that there is no bimolecular recombination present in our devices. Yet, the
FF is a little bit lower than for excitation energies below 2.25 eV (see Figure 4a). This may be

attributed to increased geminate recombination within the fullerene bulk due to the presence

S15

145



146

of electrons and holes, that are the result of the splitting of bulk CT states of the neat fullerene

(e.g.at2.4ev). >

The overall smaller FF for ICBA indicates higher losses due to geminate recombination. This
might in part be related to significantly more localized CT states that recombine with a higher
rate krec. A major reason will surely be inefficient transport of excitons to the interface as well as
charges away from it. The former is due to weak inter-fullerene coupling and the latter because
of low electron mobility. As the mobilities of donor and acceptor are rather balanced in the case
of ICBA we do not expect and also not observe an s-shape as discussed above.'* Nevertheless,

1415(even if they are

geminate recombination probability will be enhanced for low mobilities
balanced). This is reflected in a lower FF for ICBA, a low Jsc and a considerable reduction of EQE
and IQE in comparison to PCBM and Cg. With this interpretation, our results are in line with the
work of Larson et al. who found that that low mobility in fullerenes also affects the charge

generation at the interface.’

Another possibile factor would be exciton recycling to the polymer due to the smaller EA offset
for ICBA compared to PCDTBTOx, but as evidenced from voltage dependent

electroluminescence measurements, this is not the case (see below).
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Comment on exciton recycling:

Looking at the offsets of IE values between donor and acceptors, we find a difference of at least
0.63 eV, which should be sufficient to suppress large exciton recycling to the acceptor also in
the case of ICBA. In the case of EA, ICBA only features a difference of 0.48eV. We therefore
investigated by measuring electrolumienscence (EL) whether there is any backtransfer of CT-
excitons to the polymer.’® If there was considerable exciton recycling in the PCDTBTOX/ICBA
system, it should take place back to the polymer according to the energy levels obtained from
UPS and IPES, and thus should emerge as a function of increasing drive voltage in forward
direction. A corresponding behavior is not observed even for higher voltages (Figure S8). We
rather see EL from ICBA, most likely due to recombination of excitons in the bulk of ICBA that do
not reach the interface. Furthermore, we see dominant EL of a CT state at 1.4 eV and only a
small contribution of ICBA itself, when biasing the device with only 1.5V. This also indicates that

exciton recycling does not play a significant role in our devices.
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Figure S8: Voltage dependent EL spectra of PCDTBT/ICBA solar cells. A distinct shoulder at
around 1.4 eV emerges upon decreasing voltage that is not related to emission from pristine

ICBA or PCDTBT.

EL measurements: For Electroluminescence (EL) measurements, the solar cells were biased at
1.5 — 3.3V using a Keithley source-measure unit (SMU 237). The luminescence of the sample was
recorded by a Si-CCD camera (Andor iDus420) coupled to a monochromator (Oriel MS125) or an

IR-CCD camera (Andor iDus InGaAs 1.7 um) also coupled to a monochromator (Andor
S17
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Shamrock). The sample was kept in an appropriate vacuum condition sample holder at room

temperature.

Comment on the correction of field dependent EQE data:

For 1.90 eV and 2.14 eV the field dependent EQE was corrected for the donor contribution by
subtracting the field dependent EQE of a single layer PCDTBTOx device and taking the actual
absorption profile in a bilayer device into account. This is mainly of importance for ICBA due to

the low efficiency of the respective devices

For 2.76 eV and 3.54 eV (i.e. above autoionization threshold) saturation field strengths are
determined after correcting for the intrinsic contribution in donor and acceptor, which were
again corrected for differences in absorption in the actual bilayer. As this is only a simplified
correction, the error is a bit higher compared to the data at 1.90 eV and 2.14 eV (i.e. below the

threshold), but the qualitative trend is still reliable.

In order to study the dissociation efficiency at the interface quantitatively in terms of the
effective mass model, we use data obtained from measurements below the autoionization
threshold, because there dissociation at the interface is dominant. At higher energies there will
be no distinct saturation regime due to the additional contribution from fullerene bulk CT-states
at higher field strength, a factor that is not covered by the model we use. For our analysis, we

therefore chose an excitation energy of 2.14 eV.
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Alternative method to determine Fs,:: 90%-method

An alternative to the tangent method to determine Fs is to define it as the field strength at
which EQE reaches 90% of the plateau value in the saturation regime. This method gives the

same qualitative trend for Fsy, but (slightly) different absolute values.
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Figure S9: Fs.; as function of excitation energy for all three acceptors as obtained via the 90%-
method.

S19

149



150

a LA B S R B S R R R BB S B B L R L
(a) o[ . ]
1) M fullerene CT
2r [ [\~ ]

1 n Polymer n

E [ N )

kO i \ ]

o [ n

<-1F T /.\ -
_ N/ T

2 | —=—C, 4 4
I —e—PCBM 1] T '

-3 —a—ICBA \s T ]
I I NS S AU S N S R RS S —
T H——————

Pol Pol

06 o)qler fullerene CT T oyr\‘n\er

04l V' 1 / \ fullerene CT /‘\

AT . \. [ /

RN I N &
5 0.0 I [} r l 1 A \
e \“J \ 7 M \/A 1
°
04} 4 4
P RS S NS S R SRS NS S SN S S S ST S RS
1.5 2.0 2.5 3.0 1.5 2.0 2.5 3.0
Energy (eV) Energy (eV)
(b) (c) wavelength (nm)
1000 500
LA LI B BB R LI B A 20— T T T
10F o —a—C h
~n 60
ol N —1—PCBM ] 1
| m— ]
3 —a —4—ICBA ] o
o
;9 6 TA—a_, A\ - E
x & 0.5
14 AV <
< Ar W ] 0.0
\\ \A><l" |
- | - )
2 A, -0.5 F—o— electrosabsorption &
" 1 neg. 1st derivative abs. PCDTBT
0 1 1 ot W WA, ) : : : :
-2 -1 0 1 2 1.0 15 2.0 2.5 3.0
Voltage (V) energy (V)

Figure S10: (a) Top left: Electroabsorption spectra of bilayer devices using C60 (squares), PCBM
(dots) or ICBA (triangles) as acceptor. The experimental conditions were chosen such, that the
internal field is comparable among the samples. Top right to bottom right: Detailed view of the
spectra shown in (a). The height of the polymer peak at around 2.0eV is the same for all
spectra, while the CT-related peak at around 2.2-2.3 eV (corresponding to the CT absorption
peak at 2.4eV)? decreases in the order C60 > PCBM > ICBA. (b) Voltage dependent

Electroabsorption amplitude recorded at 1.9 eV. The (extrapolated) intersection of the linear
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part of the curves at small changes AR/R with the abscissa is a measure of the built-in potential

17-19

of the respective device. (c) Electroabsorption spectra of pristine crosslinked PCDTBTOx

(open circles). It coincides very well with the first derivative of the steady state absorption

1823 Furthermore, it

spectrum (blue line), which is typical for an induced dipole momentum.
shows a distinct peak at around 2.0 eV that is also present in the electroabsorption spectra of

the bilayer devices shown in (a).
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Field dependent fits:

152

Figure S11 illustrates the necessity to take wavefunction delocalization via effective masses into
account in order to achieve reasonable fits to the experimental data. In the top panel of (a) and
(b) we increased the effective mass up to a value of 10.0 - which corresponds to strongly
localized charge carriers®® - while keeping the other parameters at the same values as in the
main text. This shows that when considering interfacial dipoles, the effect of charge carrier
mobility and a reasonable value for the CT lifetime in the order of few tens of ns,?* a reasonable
fit may be only obtained, if a certain degree of wavefunction delocalization is taken into
account. Numerically, a good fit may still be obtained for higher effective masses, yet at the cost
of having to assume unphysically high values for the lifetime 7, (bottom panels of (a) and (b)).

The used parameter set is summarized in Table S1.
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Figure S11: Dissociation probability of a CT-state in (a) PCDTBTOx/Cso (squares) and (b)
PCDTBTOx/PCBM (open squares) bilayer solar cells as function of the internal electric field. Solid
red lines correspond to the simulations in the main text according to the effective mass model

taking interfacial dipoles into account. In the top panels we varied the effective mass while
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keeping all the other parameters constant. In the bottom panels, Tywas additionaly adjusted to

obtain numerically good fits for the different effective masses meg.

Table S1: Parameter set that is used in the simulations of field dependent data according to the
effective mass model under consideration of interfacial dipoles. The different quantities are

explained in the main text.

a-103

cm

Material n/ v To/ ns ToVorexp(-2yr) mes

Ceo 3.0 5.10 25 19406 0.08
3.0 5-107 25 19406 1.00
3.0 5.102 25 19406 10.0
3.0 5-102 900 700000 1.0
3.0 5.107 7100 5500000 10.0

PCBM 22.6 2:10°3 25 776 0.22
22.6 2:10°3 25 776 1.00
22.6 2:10°3 25 776 10.0
22.6 2-10° 290 580000 1.00
22.6 2:10°3 18700 8500000 10.0
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ABSTRACT: We developed a novel all-optical method for
monitoring the diffusion of a small quencher molecule through
a polymer layer in a bilayer architecture. Experimentally, we
injected Cg, molecules from a Cg, layer into the adjacent
donor layer by stepwise heating, and we measured how the
photoluminescence (PL) of the donor layer becomes gradually
quenched by the incoming C4, molecules. By analyzing the
temporal evolution of the PL, the diffusion coefficient of Cg,
can be extracted, as well as its activation energy and an
approximate concentration profile in the film. We applied this
technique to three carbazole-based low-bandgap polymers with

polymer  glass laser PL ,

PL,

>

PL,

D =D

PL

kpT time

different glass temperatures with a view to study the impact of structural changes of the polymer matrix on the diffusion process.
We find that Cg, diffusion is thermally activated and not driven by WFL-type collective motion above T, but rather by local
motions mediated by the sidechains. The results are useful as guidance for material design and device engineering, and the
approach can be adapted to a wide range of donor and acceptor materials.

KEYWORDS: diffusion, fullerene, low-bandgap polymer, fluorescence quenching, glass transition

1. INTRODUCTION

Molecular diffusion processes and associated changes in film
composition and/or morphology are a critical factor in terms of
performance, thermal stability, and degradation of organic
semiconducting devices.'™ For example, in an organic light-
emitting diode (OLED), the active element is a stack of several
transport and emitter layers including a large number of
interfaces. Those interfaces can be sharp during the initial film
preparation but may become more intermixed during the
subsequent device operation because of molecular diffusion,
which will alter the performance of the OLED.* In fact, if well
controlled, the diffusion process may be employed beneficially
not only to determine the degree of interfacial intermixing but
also to control doping processes in organic semiconductors.’
Similarly, for organic semiconductor devices such as organic
solar cells (OSCs) annealing can induce morphological changes
that improve the device performance.” However, device
optimization by annealing is often based on trial and error as
too little is known about the temperature-dependent
diffusivities of molecular dyes, acceptors, or dopants in the
polymer matrix.

The diffusion of ions in inorganic glasses®™® or of tracer
molecules in polymers’ "' has been studied extensively. The
results indicate that jon diffusion in inorganic glasses is a
thermally assisted process featuring an Arrhenius-type temper-
ature dependence, whereas molecular diffusion in polymers is
usually controlled by Vogel-Fulcher—Tammann (or Wil-

v ACS Publica‘tions © 2018 American Chemical Society 21499
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liams—Landel—Ferry, WLF) law, applicable to glass dynamics
near or above the glass transition temperature T, described by
free volume concepts. The pertinent question is to which extent
these conclusions apply for the diffusion of more bulky
molecules such a Cg, in soft organic semiconductors such as
conjugated polymers or glasses of organic oligomers. It seems
plausible that in this case, molecular diffusion might indeed
require free volume of the transporting matrix."*~"*

The diftusion of acceptor or dopant molecules in a polymeric
or molecular matrix has only been addressed in the organic
electronics community over the past decade, with the main
concern being the morphological stability of films used in
optoelectronic devices at elevated t“.emperatures.?"m*18 In
recent years, however, there have been an increasing number
of studies that addressed molecular diffusion by various
methods in a qualitative or quantitative way.>”>'*!%197>7
Approaches employed include dynamic secondary ion-mass
spectroscopy (DSIMS),>' #9725 scattering experiments
(grazing-incidence small-angle scattering, grazing-incidence
wide-angle X-ray scattering, resonant soft X-ray scattering,
neutron reflectivity, near edge X-ray absorption fine structure,
small-angle neutron scattering, grazing incidence X-ray
diffraction),>*'*!¥252% o1 spatially resolved optical, electron,
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Figure 1. (a) Chemical structures of the PF2/6-A-75:25 polymer with cross-linkable acrylate groups, fullerene Cg, and poly(2-methoxy-S-(2-
ethylhexyloxy)-1,4-phenylenevinylene) (MEH-PPV). (b) Synthetic route to the two donor—acceptor polymers PCDTBT and PCDHTBT: (i)
toluene, aqueous NEt,OH solution (20 wt %), Pd,dba;, P(o-tolyl);, reflux, 72 h, (ii) bromobenzene, reflux, 1 h, phenylboronic acid, reflux, overnight.
(c) Synthetic route to the donor—acceptor polymer PCDTBT,: (i) toluene, aqueous Na,COj solution (2 M), Aliquat 336, Pd(PPh),, reflux, 72 h,

(ii) bromobenzene, reflux 1 h, phenylboronic acid, reflux, 1 h.

or X-ray microscopy as a tool to monitor diffu-
Sion.2,4,l4,l6,23—25,27

In previous work, we introduced an approach to monitor
diffusion and determine diffusion coeflicients by comparatively
simple photoluminescence (PL) measurements.”® The ap-
proach was based on an adaptation of the time-of-flight-time
technique, originally used to measure the mobility of charge
carriers in organic semiconductor sandwiches between injecting
and extracting electrodes.”” ™' In that work, a polyfluorene
derivative was sandwiched between a Cg, layer on top and a
fluorescent sensor layer at bottom. Cy, molecules were
“injected” from the Cg, layer via stepwise increase of the
temperature and diffused through the polymer layer to the
sensor, where they accumulate and quench the sensor’s
photoluminescence (PL). By recording the time until the PL
quenching sets in, the diffusivity of the Cg, molecules in the
polymer could be derived. The essential result was that Cg,
diffusion is indeed thermally activated, and that the diffusion
coeflicient is reduced by 3 orders of magnitude upon cross-

linking the polyfluorene layer. This is a clear manifestation that
the morphology of the transport layer is important and gives a
guideline toward improved stability of polymer/Cg, devices. In
our current work, we again apply an all-optical approach to
study the diffusion of small quencher molecules, in our case
Cgo in a polymer matrix but now applying a modified two-layer
architecture. The advantage of our new approach is that the
investigated material itself acts as a sensor for PL quenching,
thus resulting in greater variability of investigable systems. The
only requirement is its fluorescing ability.

This article is structured as follows. After introducing the
materials in Section 2, Section 3 describes how the experiment
is conducted and analyzed, and how it compares to our
previous measurements. Section 4 illustrates how the novel
approach can be employed to study fullerene diffusion in low-
bandgap polymers such as PCDTBT and its derivatives
previously spectrally not accessible to us. We show that our
new method is capable of quantitatively determining the
temperature-dependent diffusion coeflicient and the associated
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activation energy and equilibrium concentration of small
molecules within a polymer matrix, both above and below
the glass transition temperature. Interestingly, we find that
diffusion is already present well below the glass transition
temperature of the polymer backbone, T,, and that all three
PCDTBT derivatives feature similar diffusion coefficients at T,
This means that below Ty diffusion of small molecules in these
polymers may be governed by local chain motion because of
the mobility of the sidechains rather than by the collective
motion of the chain backbone. In the end, because of its
simplicity, our new approach may provide facile and valuable
assistance in the engineering process of organic semiconducting
devices.

2. SYNTHESIS AND MATERIALS

For the investigation of the diffusion process of Cg, in a polymer
matrix, we used two different material sets. For the comparison of the
novel two-layer and three-layer methods, the cross-linkable poly-
fluorene PF2/6-A-75:25, already investigated in ref 28, was used. The
chemical structures of PF2/6-A-75:25 with pendant acrylate units
fullerene Cq4, and poly(2-methoxy-5-(2-ethylhexyloxy)-1,4-phenyl-
enevinylene) (MEH-PPV) are shown in Figure la. In PF2/6-A-
75:25, 75% of the sidechains contain acrylate moieties that were cross-
linked by illumination with UV light at 40 °C for 10 min. In addition, a
series of three donor—acceptor polymers including the well-known
low-bandgap polymer PCDTBT was chosen (Figure 1b,c). This series
exhibits fluorescence at longer wavelengths and allows studying the
impact of small changes of the chemical structure on the diffusion
behavior. The addition of hexyl spacers to the thiophene groups in the
acceptor unit of PCDTBT yielded PCDHTBT. Another modification
was the incorporation of a phenyl-substituted benzidine unit in the
polymer backbone, resulting in PCDTBTj.

The synthesis of the three polymers is schematically depicted in
Figure 1b,c. The donor monomer 2,7-bis-(4',4',5',5'-tetramethyl-
1,3',2’-dioxaborolan-2'-yl)-N-(heptadecan-9”-yl)-carbazole and the
acceptor monomers 4,7-bis(S’-bromothien-2’-yl)-2,1,3-benzothiadia-
zole and 4,7-bis(S’-bromo-4’-hexylthien-2'-yl)-2,1,3-benzothiadiazole
are commercially available. For the synthesis of the second donor
monomer N,N’-bis(4-methylphenyl)-N,N'-bis((4',4',5',5'-tetramethyl-
1',3/,2/-dioxaborolan-2’-yl)phenyl)benzidine, the corresponding dibro-
mide is synthesized according to literature®® and converted into the
bisborolane monomer via lithiation and reaction with 2-isopropoxy-
4,4,5,5-tetramethyl-1,3,2-dioxaborolane, as shown in the Supporting
Information.

The polymerizations are performed via Suzuki cross-coupling
between bisborolane donor- and dibromide acceptor monomers.
PCDTBT and PCDHTBT are synthesized similar to literature
procedures.®>** Endcapping of the polymers was carried out by
subsequent addition of bromobenzene and phenylboronic acid after
the polycondensation was finished. In the case of PCDTBTy,, the
donor monomer fraction was divided into a molar ratio of 0.7:0.3 for
the carbazole and the phenyl-substituted benzidine monomer.*® The
composition was verified by NMR spectroscopy to be 0.7:0.3:1 for the
carbazole, the benzidine, and the bisthienyl benzothiadiazole moieties.
The complete synthetic details are given in the Supporting
Information.

Within this series of low-bandgap polymers, the glass transition
temperature of the polymers varies. Table 1 includes the glass
transition temperatures T, and the molecular weights for the three
polymers, as determined by differential scanning calorimetry (DSC)
and (high-temperature) size-exclusion chromatography (SEC),
respectively. We find that the reference polymer PCDTBT exhibits a
T, of 112 °C, whereas the glass transition temperature decreases to
about 60 °C for PCDHTBT. We attribute this mainly to the addition
of hexyl spacers to the thiophene units, which renders the PCDHTBT
chains more flexible, and, to a minor extent, to the lower molecular
weight of PCDHTBT." In contrast, the incorporation of the bulky
phenyl-substituted benzidine units in PCDTBT,,, leads to a lower
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Table 1. Glass Transition Temperatures T, and Molecular
Weights (Number-Average M, and Weight-Average M,,) of
the Three Polymers, as Determined by DSC and SEC
Measurements

polymer T,/°C M, /g mol™ M,,/g mol™
PCDTBT 112 16 000” 37000
PCDHTBT 60 7000 14000
PCDTBT, 110 18 000 47 000

stat
“High-temperature SEC at 150 °C in trichlorobenzene and
polystyrene calibration.

flexibility. However, this is balanced by the hexyl spacers in the
acceptor units. Thus, the glass transition of PCDTBT,,, is almost
equal to that of PCDTBT, namely 110 °C. The DSC measurements
are included in the Supporting Information. PF2/6-A-75:25 has a T, of
80 °C,* which increases upon cross-linking.

3. ALL-OPTICAL MEASUREMENT OF C4, DIFFUSION
BY A TWO-LAYER SETUP

3.1. Optical Two-Layer Setup. We prepared samples in a
nitrogen-filled glovebox by first spin-coating a thin polymer
layer onto a 2 X 2 cm?” quartz substrate and then evaporating a
30 nm thick Cg4 layer with a shadow mask onto half of the
polymer film. The general structure is shown in Figure 2a.
Here, we used 200—270 nm thick films of PF2/6-A-75:25 that
were cross-linked by UV-illumination at 40 °C (15 min at 50
W) prior to Cg, deposition. This allows for a comparison to a
previously used three-layer setup in which the same material
was used.”® The measurement is based on comparing the
photoluminescence obtained from the half that is covered with
Cg to that from the uncovered reference half after a
temperature increase. As illustrated in Figure 2b, the technique
is based on the premise that enhanced diffusion of Cy, into the
polymer layer takes place after a sudden temperature increase
from T, to T, which reduces the observed PL through
quenching.

To this end, the polymer layer is excited through the quartz
substrate on the Cgy-covered half and on the reference half,
using a continuous-wave diode laser at 405 nm for PF2/6-A-
75:25 at an excitation density of ca. 15 mW cm % The
photoluminescence is recorded using a fiber-coupled spec-
trometer connected to a charge-coupled device camera (Andor-
Solis). For the measurements, the samples are held under
nitrogen in a heatable cryostat. The temperature was controlled
with an ITCS02 temperature controller. For the temperature
rise, a high heating rate of 10 K min~" was chosen until the final
temperature T, was reached. To record each data point, the
reference half and the Cyy-covered half of the sample were
excited immediately after each other, and shutters were used to
limit the exposure time of the sample in between recordings to
the minimum. Figure 2c shows how the photoluminescence
intensity of the Cyy-covered half, normalized to that of the
reference half, reduces as a function of time upon heating. For
reference, the temperature in the cryostat is also indicated.

3.2. Theoretical Model. The diffusion coefficient D(T,)
can be obtained from the photoluminescence transients using a
suitable theoretical model. Consider the half that is initially
covered with the Cg, layer. As a result of the Cg, coverage, we
consider there to be an initial, uniformly distributed
concentration of Cg, sites in the film, c(t = 0) = ¢,(T,), that
may be finite or zero. We presume that photoluminescence
(PL) quenching occurs upon contact between the polymer and

DOI: 10.1021/acsami.8b05520
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Figure 2. (a) Schematic of the sample and measurement geometry. (b) Schematic illustrating how the experiment is conducted. (c) Time-dependent
decrease of the relative PL intensity, PLc /PL, (left axis), measured on bilayer samples of cross-linked PF2/6-A-75:25 with C4, on top upon

increasing the temperature from 22 to 120 °C (right axis). The solid red line and the green dotted lines correspond to different fits.

the Cg. Upon increasing the temperature from T, to T), a new,
larger equilibrium concentration ¢o(T,) = ¢o(T}) + Aco(Ty, T,)
will establish at long times as a result of increased Cg, diffusion
from the top layer into the film. Concomitantly, the
photoluminescence in the polymer film will reduce until a
final equilibrium value is obtained at long times.

As the area of the polymer film (400 mm?) is large compared
with its thickness (200—270 nm), it suffices to consider one-
dimensional diffusion, on the basis of Fick’s second law

oc(x, t) %c(x, t)
ot ox* ¢9)

where D is the diffusion coefficient, taken to be constant in time
and space. We take x = 0 to be on the polymer side of the
interface between the Cq, layer and the polymer layer, and x =
d at the polymer-facing interface between the polymer and the
quartz substrate, where no further diffusion is possible. For the
boundary conditions c(x = 0, t > 0) = ¢,(T,), and
oc(x =d,t)
0x
o(x, £) = co(T) + Aco(T, T)f.(x, 8, T,) t 20 @)

= 0, we use the known solution®’

and £ > 0 as

with f(x, £, ) = (1 — Ly CU

x =0 2n+1

exp(—D(Tz)(Zn + l)znZ#)

< (2n+ 1)a(d — x) ))
cos\—————
2d

well as 0 < & < d and Acy(Ty, Ty) = ¢o(T,) — ¢o(T;). This
concentration of quenching sites leads to luminescence
quenching with a rate k(x, t). When a film of surface area A
and thickness d is excited from the quartz side with a photon
rate ky = K, exp(—a(d — x)), we thus find

k,

d
PL(t) = A'K, /0 exp(—a(d — x))m dx 3)

for the film with the Cyy quenchers, whereas
k 1 — exp(—ad)

PLy = 4Ky
T + nr a (4)

applies for the part of the film that is not covered by Cg. @
denotes the absorption coefficient, k, the radiative, and k;, the
nonradiative decay rate of the excited state. The ratio between
eqs 3 and 4 gives the evolution of the recorded normalized
photoluminescence,that is,

21502

PL a d
TR p—y S ep(=atd = v)-

k(x, )Y
(1 + M] dx
ke + ko (5)

When the quenching rate depends linearly on the concen-
tration of Cgy molecules, k(x, t) = K-c(x, t), eq S reduces to

PL a d
= T S ep(=atd = )-

(1 + Kpc(x, )Y dx (6)

where Kp = K./(k, + k) is the Stern—Volmer constant that
describes how stron§ly the PL of a material is reduced by a
certain quencher.’® At long times, a new equilibrium
concentration ¢,,,,(T,) establishes so that quenching occurs
with a constant rate ky(co(T,)) = Kyco(Ty). This leads to a
stationary value for the PL that is expressed by the Stern—
Volmer equation

Lt =00, ) = (1 + Kyeo(T)) ™ v

PL, ™)

The key equations to analyze the experimental data by
numerical simulation are eqs 6 and 2. A more detailed
derivation of eqs 6—S5 can be found in the Supporting
Information. There are two approaches to obtain the diffusion
coefficient from this. A straightforward way (“fit A”) to obtain
the diffusion coefficient is therefore to simulate the time-
dependent decay of the luminescence using eq 6, with the Cq,
concentration given by eq 2. For this, the initial and final,
spatially homogeneous equilibrium concentrations ¢y(T;) and
co(T,) are estimated on the basis of the experimental data using
eq 7. The required Stern—Volmer constant Kp, is taken from
steady-state quenching experiments that we carried out as
detailed in the Supporting Information. We determined the
absorption coeflicient, a, required to evaluate the data by
measuring the absorption and the thickness of the films. In the
simulation, the diffusion coeflicient D is adjusted until the
numerical simulation agrees with the experimentally observed
luminescence decay. Figure 2c exemplary illustrates the good
agreement between the PL quenching obtained for a 270 nm
film of cross-linked PF2/6-A-75:25 and the simulated curve,
using a value of K = 4.81 for the respective Stern—Volmer
constant. This fitting procedure results in both a value for the
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(b) Ceeo

time

polymer

Figure 3. (a) Illustration of the fitting procedure using a self-consistent initial condition as described in the main text (fit B). The black solid line
corresponds to experimental data, and the red dashed line is the result of a first simulation round starting nominally before the acceptor was
deposited and ending at the final equilibrium concentration. (b) The concentration profiles assumed to prevail just before acceptor deposition at T).
This is used as the input to the first fitting round. (c) The concentration profile obtained from the first fitting round, assumed to prevail just before
the heating step to T,. This is used as the initial condition for the second fitting round to the experimental data.
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Figure 4. (a) Arrhenius representation of the temperature dependence of the diffusion coefficient for cross-linked PF2/6-A-75:25 measured in a
three-layer architecture (open squares) and a two-layer architecture (filled squares). The slope yielding the activation energy, E,, of diffusion is
indicated by dotted lines. (b) Three-dimensional (3D) representation for the calculated time-dependent concentration, c(x, t), of Cg,. The positions
x = 0 and 270 nm denote the interface to the Cq and the quartz substrate, respectively. (c) Distribution of c(ix, t) across the film thickness at
different times. (d) Evolution of c(x, f) with time at different positions in the film.

diffusion coefficient as well as a spatial and temporal
concentration profile c(x, t) after heating to T

Although fit A can be implemented easily, it assumes that the
initial concentration of Cgy in the film at T, be spatially
homogeneous. However, this initial concentration of Cg, after
evaporation is not necessarily constant over the film thickness,
and a concentration gradient can prevail. To account for this
and to estimate the impact of this approximation, we also
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explored an iterative, self-consistent approach (“fit B”). In the
first step, we simulate the diffusion with the aim to obtain the
approximate initial concentration profile in the experiment. For
this, we apply eq 6 with the initial condition that there will be
no Cg, and thus no PL-quenching in the film at a certain time ¢
< 0. The diftusion coefficient, D, is adjusted until a reasonable
fit to the experimental data is achieved, in particular at later
times, as illustrated in Figure 3. From this simulation, we obtain
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an initial spatial concentration profile c(x, t). We use this profile
at t = 0 in the second step as initial input concentration,
nominally ¢y(T}), to obtain an improved and more accurate
diffusion coefficient. The quality of both fits is illustrated
exemplary in Figure 2c. Across all materials presented in this
article, we found that the choice of initial conditions (spatially
constant concentration, ie, fit A, or spatial concentration
gradient, ie, fit B) affects the final value of the diffusion
coeflicient by less than 20%. This is illustrated and discussed in
detail in the Supporting Information. All subsequent data
presented in this article are based on fit B, which we consider to
represent a more realistic scenario.

Our model has three premises that require discussing. (i) At
first sight, the assumption of PL quenching upon Cg, contact
seems to neglect the exciton diffusion. This is, however,
implicitly included through the value of the Stern—Volmer
constant that was measured for each material in the solid film.
(ii) Similarly, surface quenching at the interface to the Cg, layer
is not explicitly considered. This can be included through an
additional surface quenching term in eq 6, but it has no
significant effect on the diffusion coefficients as detailed in the
Supporting Information. (iii) Equation 6 requires a linear
dependence of the quenching rate on the quencher
concentration. This is no longer warranted when Cg, forms
clusters. In that case, the effective quenching rate is smaller than
that predicted on the basis of the Stern—Volmer constant
measured for homogeneously distributed molecular Cyg. In our
measurements, the equilibrium concentrations of Cgy in the
cross-linked polyfluorene and the donor—acceptor polymers are
0.5 and 1—2%, respectively, as discussed in Sections 3.3 and 4.2.
These low concentrations rule out cluster formation.

3.3. C¢ Diffusion in Cross-Linked PF2/6. Figure 4 shows
the diffusion coeflicients and concentration profiles obtained
when measuring a 270 nm film of cross-linked PF2/6-A-75:25
with the novel two-layer approach upon heating from T, = 22
°C to T, = 120 °C and fitting it as described above using fit B.
Further transients and fits obtained when raising the temper-
ature from room temperature up to 140 °C are displayed in the
Supporting Information, along with a detailed table of input
and output parameters for the simulations. The diffusion
coefficients obtained by Fischer et al. for the three-layer
approach for a 200 nm film of cross-linked PF2/6-A-75:25 are
also indicated in Figure 4a for comparison.”® We focus on the
cross-linked PF2/6-A-75:25 as this will allow for a comparison
with solution-processable acceptors, such as PCBM and
nonfullerene acceptors, in future work. Over the measured
temperature range from 100 °C to 160 °C, we observe an
Arrhenius-like activation of the diffusion coefficient, as
evidenced from the linear slope in the semilogarithmic plot.
The activation energy evidently agrees with the observations
made previously for the three-layer technique, though the
absolute values for the diffusivity obtained by the two-layer
technique are about 2—3 times larger than the values measured
previously.

The simulations also yield concentration profiles c(x, t)
throughout the samples, as shown exemplary in the 3D plot of
Figure 4b for PF2/6-A-75:25 after heating from T, = 22 °C to
T, = 120 °C. For the clarity of display, 2D slices along the time
and thickness axes are shown in Figure 4c,d, respectively. From
Figure 4d, we easily see that, for t = 0 s, a C4, concentration of
0.05 wt % was obtained at x = 270 nm, that is, at the quartz
interface. The final, mean effective equilibrium concentration
that establishes at long times at a temperature of 120 °C is 0.2

wt %. A total of 90% of the equilibrium concentration are
reached at the quartz interface after 460 min. From Figure 4c,
one can readily read off which effective concentration levels are
obtained at certain positions through the film after some time.
Obviously, the final equilibrium concentration obtained will
depend on the solubility of the diffusing molecule in the
polymer matrix at a given temperature.

The low final equilibrium concentration of about 0.2 wt %
that we observe for the diffusion of Cg4 in cross-linked
polyfluorene can be attributed to the fact that solubility of
unsubstituted fullerene in a polymer matrix is generally rather
limited,*”* and this is impeded further by the cross-linking
network. We point out that the cross-linking effectively
suppresses clustering of Cg."' Consequently, for this system,
we can safely assume that the diffusing species is indeed
molecular fullerene and that all of the assumptions made in our
model in Section 3.2 are well met.

3.4. Evaluation of the Two-Layer Approach vs the
Three-Layer Approach. It is worthwhile comparing the Cy,
diffusion coefficients derived from the two-layer and the three-
layer measurements of the polyfluorene derivatives (Figure 4a).
We briefly recall how the experiment is conducted with a three-
layer sample.”® The differences to the two-layer sample layout
consist in using a thicker polymer layer, here 200 nm cross-
linked PF2/6-A-75:25, and inserting a thin “sensor” layer in
between the polymer and the quartz. The optical gap of the
sensor material must be energetically lower than that of the
polymer, so that it can be excited selectively. We used an 8 nm
layer of MEH-PPV for this purpose. The experiment is
conducted in the same way as for the two-layer setup, though
with an excitation wavelength of 485 nm that excites only the
MEH-PPV sensor layer and not the polyfluorene derivative.
The sample is then heated to initiate the Cg, diffusion. When
the Cgy molecules have traversed the PF2/6-A-75:25 layer and
arrive at the MEH-PPV, PL intensity of the sample starts to
reduce because of quenching. Neglecting exciton diffusion, the
diffusion coefficient, D, for C4, could simply be evaluated

according to D = %, with L being the thickness of the PF2/6-

A-75:25 layer. However, exciton diffusion in MEH-PPV toward
the Cg4, quenching sites needs to be taken into account. As a
result,”® the diffusion coefficient is derived from fitting the
normalized PL intensity using ¢(t) = (1 + fp(¢))™", with
p(t) = 1 — erf(L(2/Dt)™") being the relative number of
particles that diffused across the PF2/6-A-75:25 layer after time
t and f being a dimensionless factor.

This three-layer setup is technologically simple, easy to
implement, and data analysis is mathematically robust.
However, the use of a lower-energy-emitting sensing layer
that can be selectively excited limits this approach to higher
energy materials that are typically green or blue emitting. To
extend the spectral range of this approach, we developed the
two-layer-based technique that can be applied to any
photoluminescent material. It is satisfactory that two rather
different approaches yield results that agree fully in the
activation energy and within a factor of 2—3 as far as the
absolute value is concerned.

In addition to allowing for using a larger range of materials,
the two-layer method has the further advantage to give
concentration profiles obtained from the simulations alongside
of the diffusion coefficient (Figure 4b—d). They can be a used
as guidance when aiming to obtain a certain dopant
concentration by annealing at a given temperature for a certain
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time. Obviously, the approach can be applied to different
diffusing molecules in various polymers, as long as the diffusing
molecule quenches photoluminescence. It has to be noted
though that the initial profiles are still approximations and may
differ from the actual concentration gradients present in the
samples, especially at short times and close to the dopant layer.
Nevertheless, at later times (>1—2 min) and a few nanometer
away from the interface, the profiles are increasingly reliable as
the actual initial condition becomes less important (cf. SI).
Evidently, the two-layer method may, in future work, also be
applied to dopants that dissolve better in the polymer matrix,
such as functionalized fullerenes or nonfullerene acceptors.

4. TEMPERATURE DEPENDENCE OF C¢, DIFFUSION IN
PCDTBT DERIVATIVES

4.1. Determining Cg¢, Diffusion in PCDTBT Derivatives.
Having verified that both approaches give compatible results,
we can apply the two-layer method to the low-bandgap
polymer PCDTBT. It is a well-known and efficient polymer
system that is frequently used in organic solar cells in
combination with PCBM giving long-term stable devices with
estimated lifetimes of up to 7 years while still maintaining an
efficiency of about 4.5% after an initial burn-in loss of about
20%."~** Here, we use three different derivatives (PCDTBT,
PCDTBT,,, and PCDHTBT) to study the effect of different
glass transition temperatures and small modifications of the
chemical structure of the polymer on the Cq, diffusion.

We recorded photoluminescence transients when heating the
three low-bandgap polymers (PCDTBT, PCDTBT,, and
PCDHTBT) to different temperatures in the range between 60
and 140 °C. For PCDHTBT, this range is entirely above its
glass transition temperature, whereas for PCDTBT and
PCDTBT,,, this temperature range comprises measurements
above and below T, (cf. Table 1). Figure 5 shows the
normalized photoluminescence transients with their fits,
exemplary for PCDTBT, and the diffusion coefficients resulting
from it, together with those obtained for PF2/6-A-75:25. The
transients prior to normalization for all of the three polymers at
all temperatures can be found in the Supporting Information,
along with a table detailing all fitting parameters for fit A and fit
B. Figure Sa illustrates how a higher final equilibrium
temperature translates into an increasingly faster and more
efficient quenching, which is attributed to an increased diffusion
of Cg into the PCDTBT. We determined the absorption
coeflicients and Stern—Volmer constants for each material and
fitted the data using fit B under the assumption that the
quenching rate increases linearly with the quencher concen-
tration, ky(x, t) = Kye(x, t), as detailed in Section 3. With the
increase in the final temperature, the equilibrium concen-
trations as well as the diffusion coefficients rise, as illustrated in
Figure Sb,c, respectively. From the linear increase of the
temperature-dependent diffusion coefficients in the Arrhenius
plot, one can see that PCDHTBT features a thermally activated
diffusion above its T, of 60 °C, similar to the cross-linked
polyfluorene derivative, yet with a lower activation energy of
0.70 £ 0.05 eV and about 1 order of magnitude lower absolute
values. Despite their slightly different chemical structure,
PCDTBT and PCDTBT,,, show very similar values, which
we attribute to their similar molecular weight and T, and which
gives confidence in the reliability of our approach. For both
materials, a temperature-activated diffusion process is also
observed, yet the slope of the activation energy changes from
0.40 + 0.05 eV below T, to 1.00 + 0.05 eV above T,. The
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Figure 5. (a) Time dependence of PLc /PL, for PCDTBT for

different final temperatures after a one-step temperature increase. (b)
Final concentration ¢(T,) of Cgy in PCDTBT as a function of the final
temperature T}, obtained from the measurements displayed in (a). (c)
Arrhenius representation of the temperature dependence of the
diffusion coefficient for cross-linked PF2/6-A-75:25 (black squares), as
well as for PCDTBT (blue filled triangles), PCDHTBT (red filled
circles), and PCDTBT,,, (light blue filled hexagons). The solid lines
provide a guide to the eye, and colored arrows indicate the respective

T,

remarkable feature here is that the diffusion coeflicient does not
reduce drastically below T,. The Stokes—Einstein equation that
relates diffusion coeflicient D, viscosity #, and particle radius r
through D = kT/6znr would predict such a decrease in D
because the viscosity # of polymers is known to strongly
increase below T, When focussing on the temperature range
above T,, we find diffusion coefficients in the same range as that
for PCDHTBT and about 1 order of magnitude below those of
the cross-linked PF2/6-A-75:25.
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4.2. Analyzing the Temperature Dependence of Cq,
Diffusion in PCDTBT Derivatives. We first assess the values
and activation energies we obtain with our facile two-layer
approach by comparison to values obtained for dye or dopant
diffusion by other methods. To allow for comparison to other
compounds despite the strong temperature dependence, we
focus on the diffusivity at T, We find D(Tg) =3 x 107" cm?
s™! for the diffusion of Cg, in all three PCDTBT derivatives.
This diffusivity is about 150 times lower than that determined
for polyfluorene using the three-layer method, which
extrapolates to D(T, = 80 °C) = § x 107" cm’ s71* and
also lower than the values obtained for the cross-linked PF2/6-
A-75:25. The equilibrium concentration of Cq at T, was about
1-2 wt %. Our values for the diffusivities and activation
energies of PCDTBT derivatives are in a similar range to those
determined by rather different methods for other dyes/dopants
at low concentrations in a polymer. This agreement is gratifying
and supports the appropriateness of our approach.

For example, Ehlich and Sillescu investigated the diffusion of
an indigo dye at less than 0.5 wt % in polymers such as
polystyrene, poly(methyl methacrylate), and polycarbonate,
which have glass transition temperatures of 100, 121, and 150
°C, respectively.'® They use the holographic grating technique,
where the diffusive decay of a photochemically produced
grating is monitored by recording the intensity of forced
Rayleigh scattering as a function of time, and they obtain values
for the diffusion coefficient D(Tg) at the glass transition of 8 X
1075, 1 x 107", and 6.3 X 107" em® 57/, respectively. In a
conceptually related way, the group of Moulé'® uses a confocal
microscopy technique, where an acceptor dopant pattern is
evaporated through a shadow mask onto a polymer film, and
the spatial decay of the polymer luminescence due to the lateral
diffusion of the dopant is monitored as a function of time and
space before and after a heating step. They determined the
difftusion of the acceptor molecules FATCNQ and
F4MCTCNQ in poly(3-hexylthiophene) (P3HT), which has
a T, of 10—14 °C, and report values of D(25 °C) ~ 5 X 107
cng s~ for both compounds. The associated activation energy
for an Arrhenius-like temperature dependence is 0.77 and 0.55
eV per molecule for FATCNQ and FAMCTCNQ, respectively.
Dynamic secondary ion-mass spectroscopy (DSIMS) was
applied by Treat et al*® to a terraced bilayer—monolayer
structure of PCBM covered with P3HT. Solving Fick’s diffusion
equation they arrive at D to be about 107'~107° em* s™* for
the range from 50 to 110 °C at a concentration of 1 vol %
PCBM and at an activation energy of 0.7 eV per molecule.
Extrapolation of their data to a T, of about 10 °C gives D(10
°C) = 1 X 1072 cm? s\, Labram and co-workers™” use a bilayer
structure of 40 nm PCBM on top of 8 nm P3HT. This bilayer
is on top of a source and drain electrode, a hexamethyldisi-
lazane layer, and a SiO,-covered silicon wafer, so as to form an
organic field-effect transistor. They analyze the change in
electron organic field-effect transistor mobility as a function of
time after annealing and deduce D(130 °C) = 5 x 107 cm?
s™". Given that for very thin layers, T, tends to be about 20 °C
lower than that in the bulk,’ this suggests a rather low value at
T,. Thus, overall, it seems that diffusivities for low amounts (~1
wt %) of a diffusing dye/dopant molecule in a polymer at T,
range around 1077—107" cm? s7!, with activation energies
around 0.7 + 0.3 eV per molecule. By the Stokes—Einstein
relation, these variations between polymers even for the same
dopant might result from differences in the viscosity of the

polymers, though we argue that they also reflect differences in
local polymer motion (vide infra).

We point out that significantly higher diffusivities around
107"'=107"° cm? s7! are reported when the measurements are
not concerned with a low dopant amount but rather with a
blend of about equal ratios between the molecular and
polymeric components, for example, of PCBM and
P3HT.'***** Although Treat reported only a weak dependence
of the diffusivity on concentration,” results obtained on 1:1
blends are, at this stage, difficult to compare with our
measurements as T, changes, when half of the P3HT (Tg =
12 °C) is replaced by PCBM (T, = 131 °C), and as it is not
clear whether the diftusing entity then are PCBM molecules or
50 nm clusters, as suggested by Berriman et al.**

We finally comment on the laws governing the observed Cg,
diffusion above and below the glass transition temperature. As
mentioned above, according to the classical expectation based
on the Stokes—Einstein relation, the diffusion should vanish
below Tg;g’45 yet, we observe a continuation of the diffusion
process even at lower temperatures. The violation of the
Stokes—Einstein relation below T, has been observed before,
for example, by Ehlich and Sillescu in 1990,'" and seem to
occur particularly frequently for polymeric hosts.” The reasons
for this are a current subject of research in the area of polymer
science.”> ™" A crucial quantity for describing the dynamics of a
glassy material is the free volume of the glass elements that
provides motional freedom required for mechanical flow. The
temperature dependence of the free volume follows a
Williams—Landel—Ferry (WLF) (or, mathematically equiva-
lent, the Vogel—Fulcher—Tammann law), which approaches
zero near T, It is very different from Arrhenius-type
dependence and is incompatible with the temperature depend-
ence we observe. If the Cg, diffusion was a direct reflection of
the dynamics of free volume, it should be frozen out below T,
and the diffusivity should decrease drastically. However, for
PCDTBT and PCDTBT,,, there is still diffusion well below
T,. On the basis of this observation, we argue that the
temperature dependence of Cg, diffusion is not a direct
reflection of collective motion of the glass elements but rather
of local and simply activated motion although both have a
common origin.

In recent work, Xie et al. used oscillatory shear rheometry to
investigate the glass transition temperature in regioregular (rr)
and regiorandom (rra) poly(3-hexylthiophene) (P3HT), as
well as in poly(bis(octyl)fluorene-dithiophene-benzothiadia-
zole) (PFTBT), which is structurally identical to PCDTBT,
except that the carbazole moiety is exchanged by a fluorene
moiety.”® They pointed out that there is one glass transition
temperature (T, = T,), for example, at 22 °C for region-regular
P3HT, 6 °C for region-random P3HT, and 144 °C for PFTBT,
that reflects the motion of the polymer backbone and that is
also commonly observed in DSC measurements. In addition,
there can be a second transition temperature (=T,pg), for
example, near —100 °C for P3HT, that is associated with the
sidechain. The T,pp that they observe for P3HT is in a
temperature range similar to that observed for alkyl sidechain
relaxations in other, nonconjugated polymers.*” We therefore
suggest that it is mainly the mobility of the sidechain that allows
for the diffusion of Cg below T, (=T,) in the polymers we
investigated and that this diffusion should, in general, be
accelerated upon reaching T, (=T,) by the additional backbone
motion. The importance of the sidechains for the diffusivity of
the dopant, here the Cg molecule, is thus 2-fold. The
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sidechains plasticize the backbone and so reduce the T, (=T,)
of the backbone, as detailed in ref 48. In addition, the
sidechains themselves enable local motion even below T,
(=T,). As the investigated temperatures are far above the
typical transition temperatures for sidechains,' as already
pointed out above, all sidechains can be regarded to be mobile.

5. CONCLUSIONS

We developed a comparatively simple all-optical technique to
monitor diffusion of a quenching dopant in a fluorescent
organic layer that is based on monitoring the luminescence
decay after inducing the dopant diffusion by heating. We found
diffusion coeflicients and activation energies that were
consistent with earlier work by us and others. The advantage
of the here presented two-layer-PL-quenching approach is its
versatility. In principle, the method requires only that (i) a
bilayer can be made, for example, by evaporation of the top
layer, or by lamination'* and (ii) that the diffusing dopant
induces a change in optical properties, for example, photo-
luminescence quenching. The analysis of the photolumines-
cence decay gives the diffusivity and its activation energy, as
well as an approximation of the time-dependent concentration
profile of the dopant. Notably, our approach allows for
measurements several tens of degrees below T,. In the present
case, we utilized the extension of the detection range into the
red part of the electromagnetic spectrum provided by the new
architecture in contrast to the three-layer system to study low-
bandgap materials relevant to state-of-the-art organic semi-
conducting devices, especially solar cells. We used three
PCDTBT derivatives to explore the effect of structural
variations on the diffusion of small molecules, in our case
Cgo- In these systems, diffusion already takes place well below
the glass transition temperature related to the polymer main
chain. This and the observation of an Arrhenius-type
dependence of the diffusion coefficient on temperature indicate
that Cg, diffusion is not driven by WFL-type collective motion
above T, but rather by local motions mediated by the
sidechains.

The method uses a planar heterojunction layout to
determine the diffusion coefficient as well as the maximum
soluble equilibrium concentration at a given temperature for a
molecular acceptor in a polymer donor matrix. The knowledge
of these two parameters is highly relevant for the controlled
design as well as for estimations on morphological stability and
thus lifetime of bulk heterojunction solar cells. For example,
knowing the solubility limit as a function of temperature allows
for predictions whether certain compositions will phase
separate at room temperature and knowing the temperature-
dependent diffusivity will allow estimating on what time scales
this should occur. Evidently, knowing the diftusivities and
solubilities of the components in binary or ternary blends as a
function of temperature will assist the intelligent design of such
devices. Our method may, for example, also be applied to the
novel nonfullerene acceptor systems that attracted more and
more attention in the recent years.”® Clearly, for application to
OSC materials, acceptors with higher solubility than Cgy need
to be considered. In future work, our method may be also
applied to study the diffusion of dopants in OLED host or
transport materials.

Up to now, our method relies on luminescence quenching by
the diffusing molecule. Variations of this approach may include
measuring changes in photoinduced absorption, charge-trans-
fer-state absorption, electroabsorption, or PL lifetime instead of
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PL intensity. In future work, the versatility of our approach
should be used to further quantitatively explore the observed
diffusion below T, in device-relevant materials, which might
impact the long-term morphological stability of devices.

6. EXPERIMENTAL SECTION

6.1. Sample Preparation. The samples were prepared in a
nitrogen-filled glovebox by first spin-coating a thin polymer layer onto
a2 X 2 cm?* quartz substrate from chlorobenzene solution and then
evaporating a 30 nm thick Cg, layer with a shadow mask onto half of
the polymer film. For PF2/6-A-75:25, we used 200—270 nm thick
films that were cross-linked by UV-illumination at 40 °C (15 min at SO
W) prior to Cg deposition. For the low-bandgap polymers, film
thicknesses were in the range of 30—70 nm. To ensure that there is no
residual solvent in the polymer film anymore, the samples were kept in
the evaporation chamber for several hours before depositing Cg. It
was evacuated down to a pressure of 5 X 1077 mbar.
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Full synthetic details:

Materials

All chemicals and anhydrous THF were used as received from commercial suppliers. For purification,
solvents were distilled prior to use. Argon inert gas atmosphere was used for air-sensitive and
moisture-sensitive reactions. The monomers 2,7-bis(4’,4’,5’,5’-tetramethyl-1’,3’,2’-dioxaborolan-2’-
yl)-N-(heptadecan-9”-yl)carbazole, 4,7-bis(5’-bromothien-2’-yl)-2,1,3-benzothiadiazole, and 4,7-bis-
(5’-bromo-4’-hexylthien-2’-yl)-2,1,3-benzothiadiazole were delivered by SunaTech Inc. and used
without further purification. The synthesis of N,N’-bis(4-bromophenyl)-N,N’-bis(4-methylphenyl)-
benzidine was carried out as reported in literature.! C¢, was purchased by American Dye Source and
used as received. Poly(2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene) (MEH-PPV) was
purchased by Aldrich and also used as received. *H NMR spectra were recorded on a Bruker
Avance 300 spectrometer in CDCl; at 300 MHz operated at room temperature. High temperature
'H NMR spectra were obtained with a Varian INOVA 300 spectrometer at 120 °C in 1,1,2,2-tetra-
chloroethane as solvent. The residual solvent peaks were used as internal reference. Deuterated
solvents were purchased from Deutero. Mass spectra were measured with a Finnigan MAT 8500.
Size exclusion chromatography (SEC) was carried out with a Waters 515 pump with UV detector (UV
WAT 2489) and refractive index detector (RI WAT 410) equipped with two Resipore columns (3 um).
As eluent, tetrahydrofuran was used at a flow rate of 0.5 mImin™ and o-dichlorobenzene was used as
internal standard. High temperature SEC was performed at PSS Polymer Standards Service GmbH.
Differential scanning calorimetry (DSC) was performed on a Mettler Toledo DSC2 with a
temperature rate of 40 Kmin™ under nitrogen atmosphere. The absorption coefficient & required to
evaluate the diffusion data was determined by measuring the absorption spectra using a Cary 5000

spectrometer.
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Figure S1: Synthesis scheme for Poly-(N-heptadecan-9’-yl)-2,7-carbazole-alt-5,5-(4‘,7‘-bis(thien-2-yl)-
2‘,1°,3'-benzothia diazole): PCDTBT

Poly-(N-heptadecan-9’-yl)-2,7-carbazole-alt-5,5-(4‘,7'-bis(thien-2-yl)-2‘,1°,3‘-benzothiadiazole):
PCDTBT was synthesized similar to the procedure described by Leclerc.” In a Schlenk flask, 0.723 g
(1.10 mmol) of 2,7-bis(4’,4’,5’,5 -tetramethyl1’,3’,2’-dioxaborolan-2’-yl)-N-(heptadecan-9”’-yl)carba-
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zole, 0.504 g (1.10 mmol) of 4,7-bis(5’-bromothien-2’-yl)-2,1,3-benzothiadiazole, 14 mL of toluene
and 3.7 mL of an aqueous tetraethylammonium hydroxide solution (20 wt%) were mixed under
argon. After degassing by three freeze-thaw cycles, 5.0 mg of tris(dibenzylideneacetone)di-
palladium(0) and 6.7 mg of tri(o-tolyl)phosphine were added and again three freeze-thaw cycles
were conducted before stirring the mixture under reflux for 72 h. Endcapping was performed by
addition of 0.173 g (1.1 mmol) of bromobenzene, stirring for 1 h at reflux temperature and addition
of 0.134 g (1.10 mmol) of phenylboronic acid. The mixture was allowed to cool to room
temperature. After precipitation in methanol/water (10:1), the polymer was fractionated via Soxhlet
extraction using acetone, hexane, and toluene. The reduced toluene fraction was precipitated in
methanol/water (10:1) and dried in vacuum overnight. Yield: 0.468 g (61%) of a violet powder. A
molecular weight of 37,000 gmol™ (M,,) and 16,000 gmol™ (M,) was determined by high temperature
polymer size exclusion chromatography in trichlorobenzene at 150 °C with a polydispersity index of
2.25 (polystyrene calibration). *H NMR (300 MHz, C,D,Cl,, 120 °C): 6 = 0.68-0.92 (m, CHs), 1.07-1.59
(m, CH,), 2.10 (br, carbazole-CH,), 2.38 (br, carbazole-CH,), 4.68 (br, CH), 7.04-8.37 (m, ar-CH).

3OO
St G — oo Bt
H17Cg CgHi7 H13Ce Hy7C; CHBC6
17t8  Lgh17
PCDHTBT
(88%)

Figure S2: Synthesis scheme for Poly-(N-heptadecan-9’-yl)-2,7-carbazole-alt-5,5-(4‘,7‘-bis(4-hexyl-
thien-2-yl)-2,1‘,3-benzothiadiazole): PCDHTBT
Poly-(N-heptadecan-9’-yl)-2,7-carbazole-alt-5,5-(4‘,7'-bis(4-hexylthien-2-yl)-2‘,1,3'-benzothia-
diazole): The synthesis of PCDHTBT was carried out similar to the procedure described in literature,
but with a different catalyst system.? In a Schlenk flask, a mixture of 0.526 g (0.80 mmol) of 2,7-bis-
(4’,4’,5’,5’-tetramethyl1’,3’,2’-dioxaborolan-2’-yl)-N-(heptadecan-9”’-yl)carbazole, 0.501¢g
(0.80 mmol) of 4,7-bis(5’-bromo-4’-hexylthien-2’-yl)-2,1,3-benzothiadiazole, 8 mL of toluene and
2.7 mL of an aqueous tetraethylammonium hydroxide solution (20 wt%) was degassed by three
freeze-thaw cycles. After addition of 3.7 mg of tris(dibenzylideneacetone)dipalladium(0) and 4.9 mg
of tri(o-tolyl)phosphine, the resulting mixture was degassed again by three freeze-thaw cycles and
stirred at reflux temperature under argon for 72 h. 0.126 g (0.80 mmol) of bromobenzene were
added and the mixture refluxed for 1 h under argon. Endcapping was finished by the addition of
0.098 g (0.80 mmol) of phenylboronic acid and stirring overnight at reflux temperature. Cooled to
room temperature, the polymer was precipitated into methanol/water (10:1) and purified via

Soxhlet extraction with acetone and hexane. The reduced hexane fraction was precipitated into
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methanol/water (10:1) and the polymer was dried in vacuum overnight. Yield: 0.611 g (88%) of a
dark-red powder. Size exclusion chromatography in THF solution at room temperature exhibits a
molecular weight of 14,000 gmol™ (M,,) and 7,000 gmol™ (M,) with a polydispersity index of 2.09
(polystyrene calibration). *H NMR (300 MHz, C,D,Cl,, 120 °C): & = 0.75-0.94 (m, CHs), 1.05-1.50
(m, CH,), 1.75 (br, thiophene-CH,), 2.04 (br, carbazole-CH,), 2.32 (br, carbazole-CH,), 2.67-2.93
(m, thiophene-CH,), 4.62 (br, CH), 7.02-8.19 (m, ar-CH).

PN B - P«
N@ @

o .7

(0)
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(68%)

Figure S3: Synthesis scheme for N,N’-bis(4-methylphenyl)-N,N’-bis((4’,4’,5’,5’-tetramethyl-1’,3’,2’-di-
oxaborolan-2’-yl)phenyl)benzidine
N,N’-bis(4-methylphenyl)-N,N’-bis((4’,4’,5’,5’-tetramethyl-1’,3’,2’-dioxaborolan-2’-yl)phenyl)benzi-
dine: In a three neck flask, 1.246 g (1.85 mmol) of N,N’-bis(4-bromophenyl)-N,N’-bis(4-methyl-
phenyl)benzidine was dissolved in 18 mL of anhydrous THF under argon. The solution was cooled to -
78 °C and 2.54 mL (4.06 mmol) of n-butyllithium (1.6 M in hexane) were added dropwise. After
stirring for 30 min at -78 °C, 0.91 mL (4.43 mmol) of 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxa-
borolane were added rapidly and stirred for 1 h. The reaction mixture was allowed to warm to room
temperature and stirred overnight before it was poured into water. After extraction with diethyl
ether, the organic phase was washed with brine, dried over Na,SO,, and the solvent was evaporated.
The crude product was purified via recrystallization in hot ethanol. Yield: 0.962 g (1.25 mmol, 68%)
of a white solid. "H NMR (300 MHz, CDCls, 20 °C): & (ppm) = 1.33 (s, borolane-CHs), 2.33 (s, phenyl-
CHs), 7.01-7.16 (m, 16 H, ArH), 7.44 (d, 8.6 Hz, 4 H, ArH benzidine), 7.66 (d, 8.5 Hz, 4 H, ArH
borolane). EI MS: m/z (%) = 768 (M", 48), 642 (62) 516 (100), 384 (5), 321 (7), 258 (19).
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Figure S4: Synthesis scheme for Poly[(N-heptadecan-9’-yl)-2,7-carbazole-alt-5,5-(4‘,7*-bis(4-hexyl-
thien-2-yl)-2,1°,3-benzothiadiazole)], ;-stat-[N,N’-bis(4-methylphenyl)-N,N’-diphenylbenzidine-alt-
5,5-(4‘,7'-bis(4-hexylthien-2-yl)-2‘,1°,3'-benzothiadiazole)]g 3: PCDTBTg:
Poly[(N-heptadecan-9’-yl)-2,7-carbazole-alt-5,5-(4‘,7'-bis(4-hexylthien-2-yl)-2‘,1°,3'-benzothia-
diazole)], ;-stat-[N,N’-bis(4-methylphenyl)-N,N’-diphenylbenzidine-alt-5,5-(4°,7‘-bis(4-hexylthien-2-
yl)-2¢,1°,3'-benzothiadiazole)]ys: PCDTBTs.: was synthesized via Suzuki coupling according to the
following procedure:* The molar ratio of the carbazole, the phenyl-substituted benzidine, and the
bisthienyl benzothiadiazole units in PCDTBT,; is 0.7:0.3:1. A Schlenk flask was charged 0.368 g (0.56
mmol) of 2,7-bis-(4’,4’,5’,5’-tetramethyl-1’,3’,2’-dioxaborolan-2’-yl)-N-(heptadecan-9”'-yl)carbazole,
0.184 g (0.24 mmol) of N,N’-bis(4-methylphenyl)-N,N’-bis((4’,4’,5",5’-tetramethyl-1’,3’,2’-dioxa-
borolan-2’-yl)phenyl)benzidine, 0.501 g (0.80 mmol) of 4,7-bis(5’-bromo-4’-hexylthien-2’-yl)-2,1,3-
benzothiadiazole and 12 mL of toluene under argon. One drop of Aliquat 336 and 20 mL of 2 M
Na,COs; solution were added and the mixture was degassed by three freeze-thaw cycles. Afterwards,
14 mg of tetrakis(triphenylphosphine)palladium(0) were added and followed by again three freeze-
thaw cycles. The reaction mixture was then stirred under reflux in an argon atmosphere for 90 h
before 0.126 g (0.80 mmol) of bromobenzene was added. After stirring at reflux temperature for 2 h,
0.098 g (0.80 mmol) of phenylboronic acid was added and the reaction mixture was refluxed
overnight before allowed to cool to room temperature. The polymer was precipitated into
methanol/water (10:1). Soxhlet extraction was carried out using acetone and toluene. The reduced
toluene fraction was precipitated into methanol/water (10:1) and dried in vacuum overnight. Yield:
0.669 g (93%) of a dark-red powder. A molecular weight of 47,000 gmol™ (M,,) and 18,000 gmol™
(M) was determined by size exclusion chromatography in THF solution with a polydispersity index of
2.56 (polystyrene calibration). 'H NMR (300 MHz, C,D,Cl4, 120 °C): 6 = 0.75-0.95 (m, CH3), 1.05-1.55
(m, CH,), 1.75 (br, thiophene-CH,), 2.04 (br, carbazole-CH,), 2.23-2.44 (m, benzidine-CH3, carbazole-
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CH,), 2.63-2.95 (m, thiophene-CH,), 4.62 (br, CH), 6.92-8.22 (m, ar-CH). From the integration of the
signal for the CH, group in the swallow-tail spacer of the carbazole unit (2.04 ppm), the combined
signal for the methyl group in the benzidine units and the other CH, group in the carbazole spacer
(2.23-2.44 ppm), and the signal for the CH, groups in the hexyl spacer of the thiophene (1.75 ppm), a

molar ratio of 0.7:0.3:1 was calculated (Figure S5).
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Determination of the Stern-Volmer constant K:

In order to determine the Stern-Volmer constant Ky we prepared i) neat films of the polymers PF2/6-
A-25:75, PCDHTBT, PCDTBT and PCDTBT,.,: and ii) blend films of the respective polymers with 2 wt%
content of PCsBM. PCsBM was chosen to ensure proper solubility in the polymer solution from
which the films were cast via spin-coating. To achieve a homogenous distribution of the fullerene
within the polymer matrix we used only 2 wt% of PCBM.>® For each of the films we then carried out
steady-state PL measurements. From the observed quenching in the PCBM containing samples as
compared to the neat films we extracted the value of K4 for each polymer according to equation 7

from the main text. The resulting K4 values are given in Table S1.

Detailed derivation of equations (3)-(5):

In the following derivation, we assume a film of thickness d consisting of one fluorophore type. This
layer will be denoted as sensor layer. The fluorphores shall have only one possible excited electronic
state that decays either radiatively or non-radiatively in a film. The PL of a fluorphore is therefore

given by

ko -k, (1)

PL=——"
ke + kny

with k, being the excitation rate and k. and k,,,. being their radiative and non-radiative decay rate of

the excited state, respectively. When exciting from the glass side of a sample, the excitation rate is

ko(x) = Ky - exp(—a(d — x)) (2')

Now we consider a fluorophore film that additionally features a concentration c(x, t) of quenchers,
e.g. Cgo. For the PL of a fluorophore at position x in the sensor layer in the presence of quencher

molecules, equation (1’) changes to

ko(x) - ky (3)
K + ke + kg(x,£)

PL(x,t) =

kq denotes the additional quenching rate caused by the presence of Ce. Self-absorption within the

sensor layer as well as reflexions at the polymer/Cgp-interface are neglected.

For the calculation of the fluorescence of the whole sensor layer consisting of several fluorophores,
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equation (3’) is regarded as a PL density by assuming the rates k to be rate densities ([k] = m™s™).
Thus, the photoluminescence of the sensor layer PLyq With the area A and the thickness d at a

time t can be calculated by inserting (2’) into (3’) and integrating over the layer volume:

d a

PLioia(t) = A f PL(x,t)dx = A- K, f exp(—a(d — x))
0 0

ky
. dx
ke + knr + kq(x, t)

This is equation (3) of the main text.

If there is no quencher present in the sensor layer (c = 0, kq = 0), PLqtq is given by:

A K. ke 1—exp(-ad) (5")
® ke + Ky a

PLtotal(C = 0) =

This is equation (4) of the main text.

Finally, the ratio of the PL from the sample half with Cs in relation to the PL from the reference half

without Cg is then given by:

d
PLCGO (t) — PLtotal(t) — a f
PLg PLiotal(c = 0) 1 —exp(—ad)

0

kq(x, t) )_1 da (&)

exp(—a(d — x)) - (1 + ot ko

This is equation (5) of the main text.

Detailed explanation of the self-consistent approach (cf. section 3.2 in the main text):

To account for a possible concentration gradient at the beginning of the experiment, we took an
iterative, self-consistent approach (“fit B”, red dashed line in Figure S7a). In a first step, we simulate
the diffusion with the aim to obtain the approximate initial concentration profile in the experiment.
For this, we apply equation 6 with the initial condition that there will be no Cg, and thus no PL-
quenching (R, = 1) at a certain time t < 0 (Figure S7b). The diffusion coefficient D is adjusted until
a reasonable fit to the experimental data is achieved, in particular at later times, as illustrated in
Figure S7a. From this simulation, we obtain an initial spatial concentration profile c(x,t = 0)
(Figure S7c). This is used in a second step as initial input concentration, nominally ¢,(T;), to obtain

an improved and more accurate diffusion coefficient.
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Including surface quenching

To account for a possible influence of exciton quenching at the polymer/Cg, interface without the
presence of Cg in the polymer bulk we applied a slightly modified approach that is based on the self-
consistent procedure discussed above. In this case we added another term in equation 6 of the main
text:

a

%(t) = mfod exp(—a(d —x)) - (1 + Kp - c(x,t) + s(x, t) - ys) tdx. (1%)

where ysis a measure of the initial quenching at the polymer/Cq, interface when no dopant is
presented within the polymer bulk. This accounts for the fact that excitons may diffuse over a

certain distance before they get finally quenched at said interface. s is defined as

s(x,t) = exp <—;—d- exp (%)) (2%)

Where xp denotes the exciton diffusion length (typically in the order of 10 nm) and c¢ 4, defines the
characteristic concentration at which the distance to the next interface has decayed to 1/e of the
initial value of x4 (here assumed to be 1 wt%). From this concentration on the quenching is regarded
to be dominated by the bulk effect characterized by Kp - c(x,t). The second exponential factor
accounts for the fact that the distance to the next interface decreases with increasing concentration,

effectively reducing the diffusion length of the exciton.

The value for ys is determined from a quick calculation in which we take equation (1*)att =0s
and with no quencher molecules present in the bulk of the polymer. ys is systematically varied until
the calculated quenching level is equivalent to the expected quenching level for a given exciton
diffusion length x4, e.g. about 20 % for a film of thickness 70 nm.” Apart from this modification, the
fitting procedure is identical to the self-consistent approach discussed above and in the main text

(see figure S7).

An exemplary comparison of all three approaches (effective concentration, self-consistent approach
without initial quenching, self-consistent approach with initial surface quenching) is shown in
figure S8 for the case of crosslinked PF2/6-A-75:25. We find good agreement of all three fits with the
experimental data and only small to no differences in the extracted diffusion coefficient (cf.
Table S1). This again illustrates that in our case, an exact knowledge of the initial concentration
profile is not required to obtain a reasonable value for the diffusion coefficient of a dopant in a

polymer matrix.
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Figure S7: (a) lllustration of the fitting procedure using a self consistent initial condition as described
in the main text. The black solid line corresponds to experimental data, the red dashed line is the
result of a first simulation starting at zero intial concentration (i.e. right before evaporation) and
ending at an eqilibrium concentration corresponding to the experimentally observed final quenching
level. (b) The concentration profiles assumed to prevail just bevor acceptor deposition at T;. This is
used as input to the first fitting round. (c) The concentration profile obtained from the first fitting

round, assumed to prevail just before the heating step to T,. This is used as initial condition for the
second fitting round to the experimental data.
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Figure S8: Time-dependence of PL¢, /PLy measured on bilayer samples using crosslinked PF2/6-A-
75:25 with Cgo on top when increasing temperature to (a) 115°C, (b) 120°C, (c) 130°C and (d) 140°C.
The red solid lines correspond to a fit according to eq. 6 of the main text using an effective
homogeneous concentration as initial condition to extract the diffusion coefficient for Cg in PF2/6-
A-75:25 as a function of temperature (fit A). The green dotted (fit B) and dashed orange lines (fit C)
correspond to fits using a self-consistent initial concentration profile instead, as detailed in
section 3.2 of the main text as well as the explanation given here in the supporting information.
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Figure S9: Time-dependence of PL¢  /PL, for different final temperatures after a temperature
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PL¢_,/PLg in order to better visualize differences in decay dynamics. (c) Final concentration c(T3) as
a function of the final temperature T, for PCDTBTstat (filled symbols) and PCDHTBT (open symbols).
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Figure $10: Time-dependence of PL¢. /PL, (left axis) measured on bilayer samples using
(a,b) PCDHTBT, (c-f) PCDTBT and (g-j) PCDTBT,,: with Cs on top when applying a heating ramp as
indicated by the dashed blue curve (right axis). The red solid and green dotted lines correspond to
fits according to eq. 6 of the main text using an effective homogenous concentration (fit A) and a
self-consistent initial condition (fit B) to extract the diffusion coefficient for Cg (cf. figure 5¢ in the
main text). The decay curves displayed here are the original data corresponding to some of the
normalized data displayed in figure 5a in the main text and figure S9 above.
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Table S1: Input and output parameters for the simulated PL decay due to quenching according to the
model described in section 3.2 of the main text. T, and T, correspond to the initial and final
temperature of the experimentally applied heating ramp, respectively. a denotes the absorption
coefficient of the respective material at the indicated excitation wavelength. K, is the Stern-Volmer
constant as determined from steady state PL quenching experiments as detailed above. cy(T;)
denotes an effective homogenous initial concentration when evaluating the data according to the
first approach outlined in section 3.2 of the main text (“fit A”). co(T,) corresponds to the final
equilibrium concentration after the temperature has been raised from T, to T,. D4(T,) refers to the
diffusion coefficient for Cg diffusion at T, assuming an effective initial concentration. Dg(T;)
denotes the diffusion coefficient for Cg, diffusion at T, using a self-consistent initial condition and
assuming no initial quenching. D (T,) is deduced from a self-consistent approach with the
consideration of surface quenching.

input output
Polymer T, T, a Kyp co(T1) co(T2) D4(T,) Dp(T;) D¢ (T>)
in °C in °C innm™ in wt%! in wt% in wt% in cm’s™? in cm’s™ in cm’s™
PCDTBT 22 80 0.0157° 6.51 0.28 0.33 5.50-10"°  533.10'° 53710
25 87 0.0157° 6.51 0.26 0.37 6.33-10"° 5.8310" 6.17.10"°
77 95 0.0157° 6.51 0.85 1.35 7.50-10"°  7.50-10%®  7.83-10°
85 100 0.0157° 6.51 0.72 1.19 9.17-10"  9.17.10%  9.17.10™
90 105 0.0157° 6.51 0.95 1.87 1.66:10° 16610  1.75:10™
25 115 0.0157° 6.51 0.85 2.72 2.83-10°  2.92:10"°  2.92-10"
27 125 0.0157° 6.51 1.00 3.02 7.00.10"  6.83-10"°  6.92-10"
97 140 0.0157° 6.51 1.12 2.52 1.83-10™  1.83.10™ 1.87.10™
PCDHTBT 32 60 0.0139° 8.26 0.76 1.23 467-10°  4.1610° 4.1610"
30 70 0.0139° 8.26 0.67 1.23 1.12:10™  1.05.10™  1.08-10™
30 80 0.0139° 8.26 1.17 2.23 2.08-10™  2.00-10"  2.05-10"
PCDTBT.t 25 80 0.0117° 6.56 0.12 0.16 5.83-10"°  6.33.10%°  5.83.10°
25 95 0.0117° 6.56 0.70 0.85 8.66-10"°  1.08:10"°  1.03-10™°
77 100 0.0117° 6.56 0.90 1.36 12510  1.2510" 133107
87 105 0.0117° 6.56 0.78 1.36 1.83-:10°  1.83-10"°  1.92:10™°
85 140 0.0117° 6.56 0.73 1.55 2.00-10™  23310% 21710
PF2/6- 32 115 0.00357° 4.81 0.11 0.16 1.62:10™  1.6510™  1.65.10™
A-75:25 22 120 0.00357" 4.81 0.09 0.20 22510 22510 2.21.10™
25 130 0.00357° 4.81 0.11 0.30 63310  6.17.10"  6.17.10"
35 140 0.00357° 4.81 0.09 0.27 13810 140102  1.38-10™"
2 at 520 nm b at 405 nm
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ABSTRACT: Carrier mobility is a key parameter for the applica-
tion of conjugated polymers. In this work, a series of polyfluor-
enes (PF2/6) with different fractions of crosslinkable acrylate
groups is investigated. Mobility measurements are carried out
to assess the influence of crosslinking with different photoini-
tiators on the performance of the material. For the regime of
low to medium charge carrier density, relevant for OLEDs and
OPVs, we used a novel technique based on the injection of
charge carriers from the electrodes of an optoelectronic device:
MIS-CELIV (MIS: metal-insulator-semiconductor). For large
charge carrier densities we performed OFET measurements.
We find that using optimized conditions crosslinking does not

INTRODUCTION Crosslinking provides a good means to fabri-
cate optoelectronic devices, especially organic light emitting
diodes (OLEDs) or organic solar cells (0OSCs), with multiple
layers via solution processing, or to stabilize certain mor-
phologies in organic bulk heterojunction solar cells.'® In a
previous work,” we have shown that varying the crosslinking
density of a polymer allows controlling the interdiffusion of
“small molecules,” in our case Cgp, in a polymer layer. The
diffusion coefficient of Cgo could be reduced by three orders
of magnitude in a highly crosslinked polyfluorene network.
This is especially relevant for bulk heterojunction OSCs in
order to maintain their morphology and to prevent crystalli-
zation. In the literature on crosslinkable conjugated polymers
so far mainly processing issues and aspects of device archi-
tecture were addressed. However, another very important
point is the actual performance of the material and its
charge transport properties in optoelectronic devices, espe-
cially with respect to the question whether, or even how
many, defects are induced by crosslinking or by adding addi-
tional substances needed for curing. A very sensitive quanti-
ty with respect to defects and a key parameter for device
performance is charge carrier mobility. This is due to the

influence the hole mobility in the investigated system. Further-
more, we demonstrate that the crosslinking process may be
triggered solely by thermal activation and UV-illumination
without the need of any initiator. Thus, densely crosslinked
networks are obtained without the formation of undesired
decomposition products from added photoinitiator. © 2016
Wiley Periodicals, Inc. J. Polym. Sci.,, Part B: Polym. Phys.
2017, 55, 112-120

KEYWORDS: free radical polymerization; acrylate; MIS-CELIV;
photoinitiator; polyfluorene (PF2/6)

fact that defects may induce additional trapping states below
or above the density of states (DOS) for electron or hole
transport. Charge carriers travelling through the device will
in this case be captured easily resulting in a reduced mobili-
ty.2*"12 Up to now, only few investigations on the influence
of crosslinking on charge carrier mobility were published
and these were mainly focusing on charge transport in
organic field effect transistors (OFETs) and (liquid) crystal-
line materials.">**

In this paper, we investigate a series of poly(9,9-bis(2-ethyl-
hexyl)fluorene) derivatives with different fractions of cross-
linkable acrylate groups [PF2/6-A, Fig. 1(a)]. The polymers
have been prepared by Yamamoto coupling similar to the
procedure given in ref. 15. A structurally similar polyfluor-
ene with pendant acrylate groups has been described by Wu
and crosslinking has been monitored by IR, UV/VIS, and PL
spectroscopy, but no measurements of the carrier mobility
have been reported.'® Due to the bulky side chains, PF2/6
films are amorphous at room temperature under the experi-
mental conditions used in this work.'”'® In our case the
polymer network is formed by free radical photopolymeriza-
tion of polymers containing acrylate groups in their side

Additional Supporting Information may be found in the online version of this article.

© 2016 Wiley Periodicals, Inc.
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FIGURE 1 Chemical structure of the PF2/6-A polymers (a) and the photoinitiators Irgacure 651 (b) and Irgacure 784 (c). n and m
denote the fractions of acrylate containing and unmodified fluorene repeating units, respectively. The crosslinkable acrylate group
is highlighted in red. PF2/6-A-0:100 corresponds to unmodified PF2/6. [Color figure can be viewed at wileyonlinelibrary.com]

chains. The approach of incorporating the crosslinkable
group into the side chain has the advantage that the polymer
backbone is not directly affected, so that the electronic struc-
ture remains largely undisturbed. Furthermore, this
approach may, in principle, be adapted to a wider range of
polymer backbones. The acrylate based polymerization reac-
tion may be performed at room temperature but can be
accelerated using elevated temperatures. For this reaction,
however, it is usually necessary to introduce photoinitiator
into the polymer film.> In order to investigate the effect of
different initiators in the curing process, two different photo-
initiators are used, the purely organic compound Irgacure
651 [Fig. 1(b)] and the Ti-complex Irgacure 784 [Fig. 1(c)].
In order to assess the influence of introducing acrylate
groups and crosslinking with different crosslinking agents on
the performance of the material, we performed spectroscopic
measurements and determined mobility values in the low to
medium and in the high charge carrier density regime. For
the latter we measured OFETs, whereas for the former
regime, which is more relevant for OLEDs and OSCs, we
used a special CELIV technique called MIS-CELIV.'*?® Unlike
in conventional CELIV it is possible to measure hole and
electron mobility values separately. As PF2/6 is usually used
as a hole conducting material, we focused on the measure-
ment of hole mobility values.

By comparing crosslinked samples using either a Ti-complex
or an organic compound as crosslinking agent with PF2/6 as
reference, we found that the crosslinking process itself has
no major influence on hole mobility. Nevertheless, a
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reduction of around one order of magnitude is observed for
the crosslinkable PF2/6 derivatives compared to PF2/6,
even before crosslinking. This effect is attributed to confor-
mational differences caused by the introduction of acrylate
groups. Another important effect we observed is that the
underlying crosslinking mechanism allows for network for-
mation solely by thermal activation and UV-illumination
without any additional photoinitiator. This is of special inter-
est as it turned out that the decomposition products of the
photoinitiator may introduce traps for charge carrier
transport.

EXPERIMENTAL

Sample Preparation

Samples for spectroscopic characterization were prepared in
a glovebox by spincoating the respective polyfluorene deriva-
tive from a 15 g/l chlorobenzene solution onto round spectro-
sil B substrates. For mobility measurements we used cleaned
patterned ITO glass substrates that were additionally covered
with a patterned layer of photoresist to avoid spurious electri-
cal breakdown effects at the electrode edges. After treating
the substrates for 2 min inside a plasma chamber, a 15 nm
layer of MoOs is vapor deposited using a shadow mask. After
that the active layer of polyfluorene is spin-cast on top inside
a glovebox again from a 15 g/l chlorobenzene solution. Layer
thicknesses were around 80-100 nm as determined using a
Veeco Dektak 150 profilometer. In case of crosslinking, sam-
ples were treated as described in the crosslinking procedure.
For MIS-CELIV measurements, an additional layer of MgF,
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(40 nm) is evaporated on top of the polyfluorene layer before
Al is deposited as cathode (100 nm). The resulting device
area is around 2.1 mm? OFET samples were prepared on
commercially available Fraunhofer IPMS end of line substrates
(bottom gate/bottom contact). These were cleaned with ace-
tone and isopropanol inside a cleanroom. Prior to HMDS
deposition, the SiO, surface was first activated by treating the
samples at 50 °C inside an ozone chamber for 15 min. SAMs
of HMDS were deposited by exposing the substrates to HMDS
vapor for 45 min. PF2/6 compounds were then spin-cast on
top of the substrates from chlorobenzene solution (10 g/l)
inside a glovebox.

Materials

Molybdenumtrioxide (MoO3), magnesiumfluoride (MgF,),
and hexamethyldisilazane (HMDS) were purchased from Sig-
ma Aldrich and used as received. The PF2/6 polymers with
photo crosslinkable acrylate groups [Fig. 1(a)] were synthe-
sized by Yamamoto coupling. The detailed synthesis route is
given in the SI In order to vary the degree of crosslinking,
five derivatives are used, labelled as n:m, where n is the frac-
tion of fluorene monomers with an acrylate group in the
side chain and m is the fraction of unmodified, noncrosslink-
able fluorene monomers. Due to the bulky side chains,
PF2/6 films are amorphous at room temperature.!”8

Crosslinking Procedure

Crosslinking of the acrylate groups is carried out by photo-
polymerization using either Irgacure 651 (IC651) or Irgacure
784 (IC784) from Ciba Specialty Chemicals in an amount of
0.1 or 1.0 wt%. Samples were tempered at 100 °C on a hot
plate inside the glovebox and simultaneously exposed to UV-
light of a 50W Xenon lamp at 20 cm distance with a UV-
filter cutting off at 330 nm. For comparison, a series of sam-
ples was treated according to this procedure without using
any photoinitiator. Success of crosslinking was checked by
taking absorption spectra of spectroscopic samples before
and after rinsing in THF for 1 min. The corresponding struc-
tures are shown in Figure 1(b,c).

Spectroscopic Characterization

Absorption spectra were taken using a Varian Cary 5000 UV-
VIS-NIR Spectrophotometer. Photoluminescence (PL) spectra
measurements were performed using a Jasco Spectrofluor-
ometer FP8600. PL quantum yield values were determined
using a Picoquant PDL 800-D Diode laser LDH-D-C-375 in
combination with an integrating sphere. For detection we
used a Andor DU420A-OE CCD camera.

MIS-CELIV Measurements

MIS-CELIV measurements were performed according to the
procedure described in ref. 19,20. The voltage is supplied by
a Rigol DG4102 function generator. The slope of the voltage
ramp, the offset voltage and the length of the voltage pulse
were fixed to 0.2 V/ps, 10 V, and 100 ps, respectively, for all
measurements, to make sure that experimental conditions
are identical for all compounds and samples. This ensures
that observed trends and effects may be attributed to mate-
rials. The resulting current response signal was amplified
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using a Femto DHPCA-100 current amplifier and recorded
with a Tektronix TDS3000 digital phosphor oscilloscope. In
all the measurements we applied a prebias voltage of 10 V
for several minutes to ensure equilibrium conditions.

OFET Measurements

OFETs were measured under inert conditions inside a glove-
box using a PM5 Cascade Microtech measurement station and
an Agilent B1500 A Semiconductor Device Analyzer. Mobility
in the saturation regime was determined according to

2
2L (01 Tasat | )
V.

Hsae= WG an

1

where L denotes the channel length, W the channel width
(10 mm), C; the capacitance per unit area
(1.4 £ 0.1)- 107* F m™2), Ijsa the source-drain-current in
the saturation regime V, the gate voltage and Vy the source-
drain-voltage. Mobility in the linear regime was determined
according to

L 0l
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RESULTS AND DISCUSSION

Absorption Spectroscopy

In order to correlate findings in our mobility measurements
to structural or morphological peculiarities of the investigat-
ed PF2/6 compounds, we performed spectroscopic measure-
ments on dilute solutions and thin spin-cast films. First of all
we consider absorption spectra, giving insight into structural
and morphological properties of the investigated system in
the ground state,”! such as to assess changes upon forming
a crosslinked network structure.

The absorption spectra under different conditions are shown
in Figures 2 and 3. We first consider spectra of dilute solu-
tions (0.017 mg/ml) and as-cast films prior to the crosslink-
ing procedure to assess the influence of different acrylate
content on the optical properties of PF2/6 (Fig. 2). The spec-
tra do not show a distinct structure. In solution, the absorp-
tion onset is the same irrespective of acrylate content [Fig.
2(a)], yet the FWHM increases up to 50% acrylate content
and then decreases again [Fig. 2(b)]. Furthermore, increasing
the acrylate content to 50% leads to a blue shift of the peak
position, yet a further increase shifts the spectra back to the
red again. The latter effect is observed for solution and as-
cast films. Finally, comparing the spectra of thin films and
dilute solutions one observes a spectral line broadening in
the film [shown in Supporting Information Fig. S1(a)], a very
commonly reported and well known effect attributed to an
increased energetic disorder in the amorphous film com-
pared to solution. It arises from the higher polarizability of
the chromophores in the film compared to the solvent mole-
cules surrounding a particular chromophore in solution.?%?3

The lack of structure in absorption spectra of both solution
and film indicates that there is a distribution of conjugation
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FIGURE 2 (a) Absorption spectra of crosslinkable PF2/6 com-
pounds with different ratios of acrylate containing repeat units
to unmodified fluorene repeat units for dilute solutions
(0.017 mg/ml) and for as-cast films. (b) FWHM (black squares)
and peak positions (red circles) of the solution spectra as a
function of acrylate content. [Color figure can be viewed at
wileyonlinelibrary.com]

lengths. This arises from the torsional degree of freedom
between different fluorene units. We recall that in PF2/6
with its branched side chains, the backbone is not restricted
by packing as would be the case for polyfluorene with linear
side chains such as PFO (PF8).17212%25 Eyidently, the width
of the distribution, indicated by the Full Width at Half Maxi-
mum (FWHM) and the peak position, changes with acrylate
content in the sidechain, being largest when half of the
repeat units features an acrylate moiety. This trend coincides
with the evolution of polydispersity in the samples. For
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FIGURE 3 (a) Comparison of film absorption spectra for differ-
ent sample treatments: as-cast (black solid line), thermally
treated without photoinitiator (black dotted line), thermally
treated with either 0.1 wt% (solid line) or 1.0 wt% (dotted) of
photoinitiator Irgacure 651 (blue) or Irgacure 784 (red). The
grey dashed line provides a guide to the eye for the spectral
shifts indicated by the black arrows. (b) Peak positions of as-
cast (black squares) and thermally treated (red triangles) films
without Irgacure as a function of acrylate content. [Color figure
can be viewed at wileyonlinelibrary.com]

samples with 0, 25, 50, 75, or 100% of acrylate containing
polyfluorene units in the backbone, the polydispersity index
(PDI) evolves as 2.4, 3.2, 4.1, 3.2, and 2.8. To examine wheth-
er this reflects a high fraction of short chains and concomi-
tantly short conjugation lengths and blue-shifted peak
positions,?***  we  considered the gel  permeation
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chromatography (GPC) data. We did not find any significant dif-
ference in the distribution for molecular weights below 4000
Daltons, corresponding to chains shorter than 10 repeat units.
We therefore consider that the observed trend in blue-shift and
FWHM arises from structural disorder, notably more torsions,
that are introduced by the presence of different side chains to
the same backbone and that slightly reduce the conjugation
lengths in some chains, thus causing a small overall blue-shift
and broadening. The very well coinciding onset in solution
spectra is noteworthy. It points to a similar maximum intrinsic
actual conjugation length of the chains, irrespective of acrylate
content.?* As similar spectral shifts are observed for both dilute
solution and as-cast films, we may state that despite of addi-
tional solid state effects such as packing and intermolecular
interactions the basic properties of the respective compounds
are preserved in the as-cast film.

So far we have discussed intrinsic properties of the poly-
fluorenes themselves. Figure 3a addresses what happens
when the compounds are crosslinked. It shows the spectra
of films made with the polymers containing different acrylate
content and treated thermally at 100 °C for 15 min under
UV/VIS-illumination inside a glovebox as described in the
experimental section. Prior to the thermal treatment, 0.1 and
1.0 wt% of the organic (IC651) and the metalorganic
(IC784) photoinitiator were added. Both amounts are suffi-
cient to obtain fully crosslinked, insoluble films. For refer-
ence, the spectra of films without any photoinitiatior, yet
thermally treated in the same way, are included (“no Irg.
100 °C + hv"), as well as the spectra of as-cast films that
have not undergone any thermal treatment (“as-cast”). We
observe that (i) the spectra of the thermally treated samples
coincide very well irrespective of the presence or the kind of
photoinitiator, (ii) after thermal annealing, the spectra are
slightly broadened and the peak shifts to the blue spectral
range by about a 20 meV, and (iii) comparing the samples
with different acrylate content, we find a blue shift with
increasing acrylate content up to 50%, yet a backshift to the
red for a further increase also for treated films, irrespective
of the presence or the amount of photoinitiator [see Sup-
porting Information Fig. S1(b) and arrows in Fig. 3(a)], just
like in dilute solution and as-cast films.

Observation (i) hints at the possibility of mere thermally
activated crosslinking. This was confirmed by taking UV/VIS
absorption spectra before and after rinsing the sample in
THF for 1 min observing no change in optical density [see
Supporting Information Fig. S1(c)]. We further interpret the
fact that the spectral shifts in the thermally treated samples
show the same trend than the samples in solution (observa-
tion iii) yet in a slightly enhanced fashion (observation ii) to
indicate that thermal treatment, and in particular the forma-
tion of crosslinks, increases the structural disorder, for exam-
ple, by promoting twists of the fluorene.

Photoluminescence Spectroscopy
While absorption measurements yield information about the
chromophore  conformations in the ground state,
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measurements of the photoluminescence (PL) spectra, and
even more so of the photoluminescence quantum yield, are a
sensitive indicator for possible defects. This applies in partic-
ular when the spectra are taken in a film where energy
transfer to defect sites can occur readily by three-
dimensional exciton diffusion in the dense medium. Figure
4(a) shows the PL spectra obtained in a thin film after differ-
ent sample treatments, exemplary for the crosslinkable PF2/
6 with 25% of acrylate containing repeat units. All spectra
are normalized to the total area below the spectrum. In addi-
tion to the as-cast, untreated film, a spectrum is shown for
the film after heating, in a glovebox, to 100 °C under illumi-
nation to UV light for 15 min (“no Irgacure, 100 °C + hv").
Further, films exposed to same treatment, yet with the pho-
toinitiators IC651 and IC784, each at concentrations of 0.1
and 1.0 wt%, are also shown. Apart from some variation in
the 0-0 peak intensity due to self-absorption in the film, we
find that there are no changes of the spectral shape irrespec-
tive of the treatment. Importantly, the spectra of thermally
treated films with and without photoinitiator are essentially
identical, implying that the use of photoinitiators does not
introduce any emissive defects. This behavior was found
identical for all samples, irrespective of acrylate content (see
Figs. S2 and S3 in Supporting Information).

While we do not observe any effect of the photoinitiator on
the PL spectra, differences become evident when considering
the PL-Quantum efficiency (PL-QE) measured in an integrat-
ing sphere. The PL-QE is a more sensitive measure to detect
traps and quenching sites in the investigated system. The
results are shown in Figure 4(b). The PL-QE is plotted as a
function of the fraction of acrylate containing repeat units for
different treatments. Error bars are estimated from a series of
measurements of several samples. We find there is no differ-
ence in the PL-QE for untreated (as-cast) samples, for thermal-
ly treated samples without photoinitiator, and for thermally
treated samples with the organic photoinitiator Irgacure 651.
The PL-QE for these samples is about (24 = 3)%, which is in
good agreement to literature values measured for neat
PF2/6.25"%7 In contrast to the organic photoinitiator, a signifi-
cant reduction of PL-QE occurs when using the metalorganic
photoinitatior Irgacure 784, that is, the Ti-complex. These
results imply that the (residual) organic photoinitiator Irga-
cure 651 or its decomposition products do not act as quencher
for singlet excitons. In contrast to this, the Ti-complex Irgacure
784 or its reaction byproducts enhance nonradiative decay.
This makes the latter compound unsuitable for applications in
OLEDs and OSCs.

Impact on Mobility

MIS-CELIV Measurements

From absorption and photoluminescence spectroscopy we can
conclude that the acrylate groups themselves only induce a
small degree of structural disorder. Crosslinking without pho-
toinitiator or with organic photoinitiator does not lead to
noticeable defect sites. Crosslinking, in contrast, in the pres-
ence of metalorganic photoinitiator induces quenching sites
for the photoluminescence. An even more sensitive technique
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FIGURE 4 (a) Exemplary thin film photoluminescence spectra
of crosslinkable PF2/6 with 25% of acrylate containing repeat
units for different sample treatments (normalized to unit area).
(b) Photoluminescence quantum yield as a function of the frac-
tion of acrylate containing repeat units for different sample
treatments. [Color figure can be viewed at wileyonlinelibrary.
com]

to probe the presence of defect sites is measuring the charge
carrier mobility. We focus here on hole mobility of PF2/6. First
of all, we will discuss the results obtained for the low to medi-
um charge carrier density regime using the MIS-CELIV
technique.

The basic layer structure of a device employed in MIS-CELIV
and an exemplary current response curve for a PF2/6 film of
(98 = 4) nm thickness are shown in Figure 5. In brief, charge
carriers, in this case holes, are injected into the device from
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the anode and the hole injection layer (HIL) by applying a
constant offset voltage Vog to the sample. These charges are
then accumulated at the interface between the investigated
organic semiconductor (S), here PF2/6, and an insulating
layer (I), here MgF,, forming an extractable charge carrier
reservoir. This reservoir is then depleted by applying an
oppositely biased voltage ramp. Mobility is determined from
the current response of the sample according to*°

stz Ssd,'
=2% (14
M= ae < ads)’

where the indices s and i refer to the organic semiconductor
and the insulator, respectively. d denotes the layer thickness,
¢ the relative permittivity, A the slope of the voltage ramp,
A=dV/dt, and t, the transit time of the charge carriers, that
is, the time a charge carrier needs to travel from the semi-
conductor/insulator interface to the opposite electrode. &
and & were assumed to be 3.5 and 5.5, respectively.?**® For
sufficiently large signals [j—jo > jo, compare Fig. 5(b)], the
transit time is given by

(3

4

Ly = o 2y

where tpj, refers to the time, where the current reaches two
times the plateau value j,. The plateau value jj, is determined
separately by performing a second measurement at zero off-
set voltage, giving the pure capacitive response of the sam-
ple. Details about the parameters used are given in the
experimental section. For all measurements we applied the
same values for offset voltage, slope of the voltage ramp and
pulse length so that experimental conditions are identical for
different devices and compounds. Observed trends may
therefore be attributed to intrinsic properties of the respec-
tive compounds or to changes induced by the respective
treatment.

The results are shown in Figure 6. The mobility is plotted as a
function of the fraction of acrylates in the chemical structure.
Error bars reflect the statistical error obtained by measuring
several samples prepared from the same material. At least
8 and up to 32 devices were measured for each of the data
points. Figure 6(a) shows that for untreated, as-cast films of
PF2/6-A-0:100, we find a mobility of about 2 X 10~° cm?/Vs,
which is in good agreement with the results obtained by Arif
et al. by space-charge-limited current (SCLC) measurements.>’
Heating a PF2/6-A-0:100 sample at 100 °C for 15 min under
UV-illumination only induces a small mobility reduction [Fig.
6(a)]. We also find no significant difference in the mobility for
PF2/6-A-0:100 samples with 0.1 wt% of the organic photoini-
tiator Irgacure 651. The mobility reduces, however, from about
2 X 107° to 2-4 X 10°° cm?/Vs by introducing acrylate
groups into the polymer structure, as indicated by the dashed
grey arrow in Figure 6(a). This is independent on whether the
polymer is used as cast, crosslinked without initiator or cross-
linked with 0.1 wt% of organic initiator. In contrast to this,
from Figure 6(b) it is evident that adding larger amounts of
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FIGURE 5 (a) Schematic representation of the layer structure used in the MIS-CELIV experiments. Holes are injected from the ITO
anode into PF2/6 via a hole injection layer (HIL). (b) Typical voltage ramp (top) and current response curve (bottom) in a MIS-
CELIV experiment (black curve). The grey curve is the pure capacitive response of the sample when no offset voltage is applied.
[Color figure can be viewed at wileyonlinelibrary.com]

the organic photoinitiator (Irgacure 651) or, in particular, add-  mobility. In contrast, the mobility reduction caused by adding
ing the metalorganic photoinitator (the Ti-complex Irgacure  a larger amount (1.0 wt%) of organic photoinitiator Irgacure
784) significantly reduces the hole mobility in a polymer. This ~ 651 or the metalorganic photoinitiator Irgacure 784 may be
is the case for both PF2/6 as well as the acrylate containing  attributed to the introduction of traps for charge transport
derivatives. through the photoinitiator. It appears that the traps are deeper

for the metalorganic photoinitiator than for the organic photoi-
There are several conclusions we can draw from the data pre-  nitiator. We infer this from the fact that the hole mobility is
sented in Figure 6. First and most importantly, the fact that the  only reduced upon adding larger amounts of organic photoini-
hole mobility of a particular sample is not affected by cross-  tiator (1.0 wt%), yet not upon adding small amounts
linking without photoinitiator or by crosslinking with 0.1 wt% (0.1 wt%), which would be consistent with the presence of
of 1C651 implies that crosslinking itself does not influence  shallow traps that are negligibly in small amounts. In contrast,
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FIGURE 6 (a) Hole mobility as a function of the fraction of acrylate containing repeat units for different sample treatments, that is,
as cast without photoinitiator (open squares), crosslinked without photoinitiator (full grey squares), crosslinked with 0.1 wt% of
organic photoinitiator (Irg. 651, red open triangles). The grey dotted arrow indicates the mobility trend for increasing acrylate con-
tent. (b) Mobility of samples for different treatments, that is, as cast without photoinitiator (open squares) for reference, cross-
linked with 1.0 wt% of organic photoinitiator (Irg. 651, red open triangles) and crosslinked with 0.1 or 1.0 wt% of metalorganic
photoinitiator (Irg. 784, blue circles). [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 7 Typical (a) transfer and (b) output characteristics of
a crosslinked PF2/6-A-25:75 OFET. Measurements were taken in
forward and backward direction (arrows). (c) OFET mobility as
a function of the fraction of acrylate containing repeat units for
selected compounds without photoinitiator and crosslinking
(as cast), crosslinked with 1 wt% organic photoinitiator (IC651)
and crosslinked with 1 wt% metalorganic photoinitiator (IC784).
The mobility was determined from the saturation regime. [Col-
or figure can be viewed at wileyonlinelibrary.com]

the same small amounts of the metalorganic photoinitiator
drastically reduce the mobility. The decrease in mobility by
about one order of magnitude when introducing acrylate
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groups into PF2/6 can be attributed to changes in the micro-
structure of the amorphous film resulting in slightly enhanced
chain torsions as discussed in the context of the spectroscopic
data presented in Figures 2 and 3.

OFET Measurements

We performed OFET measurements to assess the hole trans-
port in the regime of large charge-carrier-density. The results
are shown in Figure 7 and were obtained for channel lengths
of 10 and 20 pm to reduce short channel effects.3*~3? Error
bars are determined from measurements of at least 8 OFETs
for each of the displayed fractions of acrylate. Typical trans-
fer and output characteristics are shown in Figure 7(ab),
respectively. For the output characteristics, we find a clear
saturation of the drain current /; for larger drain voltage Vj.
In the transfer characteristics, the threshold voltage is quite
high (40-50 V) and, for both characteristics, a small hystere-
sis occurs between forward and backward scans, indicating
trapping and a some disorder at the interface between
dielectric and organic layer.”*>* The clear linear dependence
in the saturation regime in a /I; versus V; plot, indicating
no nonlinear effects at high V; and Vg, allows us to deter-
mine the saturation (linear) mobility from the slope of the
transfer characteristic according to eq 1 (2) given in the
experimental section. We find a roughly 2-3 times smaller
mobility in the linear regime compared to the saturation val-
ues. We attribute this, as well as a small bending of the out-
put characteristics to nonlinear contact resistances.>*

Considering the mobility as a function of acrylate content in
the active layer polymer [Fig. 7(c)], we observe that (i) the
mobility reduces markedly with increasing content of acry-
late and (ii) the mobility values are independent of the sam-
ple treatment, even for large amounts (1 wt%) of organic or
metalorganic photoinitiator. The first observation confirms
the conclusions drawn above, that is, that the introduction of
acrylate groups promotes structural disorder such as tor-
sions in the respective compound thus reducing its mobility.
The second observation reflects the higher charge density
regime of the OFET measurements compared to the MIS-
CELIV measurement. Whereas in regime of low carrier densi-
ty, deep traps or large amounts of shallow traps affect the
overall mobility measured in the sample, in the regime of
high carrier density such traps are filled, so that the mobility
in a sample with and without traps are identical. This result
thus confirms that the metalorganic photoinitiator, the Ti-
complex Irgacure 784, induces deep traps, which are, howev-
er, only relevant in the low to medium charge carrier density
regime.

CONCLUSIONS

Crosslinking allows for facile fabrication of multilayer poly-
mer devices as well as stabilization of the morphology in
optoelectronic device such as bulk heterojunction solar cells.
From our study of crosslinkable PF2/6 derivatives we have
seen that crosslinking induces only minor structural changes
and has no effect on the hole mobility, provided that the
crosslinking conditions are chosen properly. The acrylate-
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substituted PF2/6 derivatives may be crosslinked to a dense
network without any initiator merely by exposing the sample
to heat and UV illumination. The reaction can be accelerated
by using organic or metalorganic photoinitiators. The organic
photoinitiator Irgacure 651 introduces only shallow traps.
Small amounts such as 0.1 wt% are sufficient to obtain a ful-
ly crosslinked, insoluble film and, most importantly, do not
affect the hole mobility. This applies to both, the regime of
low-to-medium charge carrier density typically encountered
in OLED or solar cell applications as well as for high carrier
densities characteristic for OFETs. In contrast, we found that
the titanium-containing photoinitator Irgacure 784 introdu-
ces deep traps. By MIS-CELIV measurements we could dem-
onstrate that this reduces the mobility in the low-to-medium
charge carrier density regime, so that this photoinitiator is
not suitable for use in OLED or solar cell applications. It can,
however, be used for OFET applications where the high carri-
er density implies that these deep traps do not affect mobili-
ty. Overall, these results show that polymers can be
efficiently crosslinked for use in complex OLED and OSC
architectures without compromising charge carrier mobility,
if initiator-free conditions or only small amounts of organic
photoinitiators are used.
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Synthesis of poly(9-(2-ethylhexyl)-9-((6-acryloyloxy)hexyl)-fluorene-2,7-diyl) (PF2/6-A-n:m)
by Yamamoto coupling

For (PF2/6-A-100:0)

A Schlenk flask was charged with nickel dicyclooctadiene (Ni(COD), 0.668 g, 2.43 mmol),
cyclooctadiene (COD, 0.263 g, 2.43 mmol), 2,2*-bipyridyl (0.380 g, 2.43 mmol) and 15 mL dry
DMF under argon. The mixture was degassed by three freeze—thaw cycles before it was heated to
80°C for 30 min while stirring. The monomer 2,7-dibromo-9-(2-ethylhexyl)-9-((6-
acryloyloxy)hexyl)-fluorene (0.602 g, 1.02 mmol) was weighed into a separate flask under argon.
A trace of BHT and 30 mL of dry toluene were added and the mixture was degassed by three
freeze—thaw cycles. Subsequently, the monomer mixture was added to the catalyst mixture using
a syringe. The reaction mixture was stirred at 80°C for five days in the dark before 2-bromo-9,9-
bis -(2-ethylhexyl)-fluorene (0.09 g, 0.18 mmol) was added as endcapper. After stirring for 24
hours at 80 °C the mixture was poured into methanol-HCI (conc.) 1 : 1 and stirred at room
temperature for 2 h. The organic layer was separated from the HCI layer, which was then washed
with ether. The combined organic layers were washed with an alkaline EDTA solution (5%) and
water and the solvent was evaporated. The crude product was reprecipitated twice from THF into
methanol and dried under vacuum, yielding 0.146 g (33%) of PF2/6-A-100:0 as a pale yellow
powder.

PF2/6-A-75:25, PF2/6-A-50:50, PF2/6-A-25:75 and PF2/6-A-0:100 (= PF2/6) were prepared
according to the same procedure.

The molecular weights of the copolymers were measured by size exclusion chromatograpy (SEC)
in THF solution and are given in Table S1.

Table S1: Molecular weights of the crosslinkable polyfluorenes

Yield M,V MY Mu/M,
PF2/6-A-100:0  33% 24.900 8.900 2.8
PF2/6-A-75:25  55% 34.700 10.900 3.2
PF2/6-A-50:50  79% 35.400 8.500 4.1
PF2/6-A-25:75  84% 23.200 7.300 3.2
PF2/6-A-0:100  93% 45.300 19.200 2.4
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b The weight average Mwand the number average Mn of the molecular weight were determined from SEC measurements using a
polystyrene calibration



Absorption spectroscopy
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Figure S1: (a) Absorption spectra of crosslinkable PF2/6 compounds with different ratios n:m of
acrylate containing (n) to pure fluorene (m) repeat units for dilute solution (0.017 g/l) and as-cast
films. The arrows indicate the observed spectral shift. (b) Thin film spectra of treated samples
containing no photoinitiator (Irgacure). (c) Absorption spectra of acrylate containing, treated
samples without photoinitiator before (solid lines) and after (dotted lines) rinsing in THF for 1

min.
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Photoluminescence spectroscopy
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Figure S2: (a) Comparison of dilute solution (0.017 g/l) photoluminescence spectra (not
normalized) for all the investigated compounds. (b) Comparison of photoluminescence spectra of
as-cast thin films (normalized to area).

Figure S2a shows that in dilute solution, the PL of all samples is identical, independent of
acrylate content. In thin film, shown in Figure S2b, there are small, yet statistical, variations
concerning the 0-0 peak intensity and concerning the low-energy tail. The latter is characteristic
for a small, statistical, inherent amount of fluorenone sites that are populated efficiently by
energy transfer in the thin film. ™
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Figure S3: Thin film photoluminescence
spectra of crosslinkable PF2/6 compounds
with different ratios of acrylate containing
repeat units to unmodified fluorene repeat
units for different sample treatments. Spectra
are normalized to unit area.

In Figure S3, the thin films are shown for
different treatments, analogous to Figure 4 in
the manuscript. In the same way as for Figure
4, we find that for all samples, the addition of
photoinitator does not result in a spectrum
that differs from that obtained by heating
under UV-light without photoinitiator.
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The aim of the present work is to identify the appropriate frame-
work for analyzing photoluminescence and photocurrent (EQE)
spectra of charge transfer (CT) states in donor—acceptor blends used
as active materials for organic solar cells. It was stimulated by the
work of Vandewal et al. (J. Am. Chem. Soc., 2017, 139(4), 1699-1704)
who analyzed EQE spectra of CT states of a series of blend systems in
terms of Marcus theory assuming that, first, the spectral shape
reflects the reorganization energy of the donor upon ionization
and, second, that disorder effects are unimportant. To test this
assumption we applied gated photoluminescence (PL) spectroscopy
within a temperature range from 5 to 295 K combined with EQE as
well as electroluminescence (EL) experiments on 1:1 Me-LPPP: PCBM
blends by weight. We find that the PL spectra are virtually tempera-
ture independent and the temporal decay of the emission features a
power law with an exponent close to —3/2 as Hong and Noolandi
predicted for distributed geminately bound electron-holes pairs. The
EL spectrum reveals a red-shift by 100 meV relative to the PL
spectrum. The results are inconsistent with both Marcus’ electron
transfer theory and the original Marcus—Levich—Jortner (MLJ) theory,
and they prove that disorder effects are crucial. Both PL and EQE
spectra can be rationalized in terms of the classic Franck—Condon
picture of electronic transitions that couple to intra-molecular vibra-
tions as well as low frequency modes of the donor—acceptor pair that
forms the CT state.

1. Introduction

Research into the spectroscopy of charge transfer (CT) states is
basically an old subject'™ but it receives currently a renaissance.
The reason is related to the current endeavor to convert light to
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Conceptual insights

The generation of charges in organic solar cells occurs by the dissociation
of interfacial charge transfer (CT) states. It is therefore crucial to under-
stand the properties of these states. Spectroscopy of CT state emission
and absorption (inferred from the photocurrent) can yield pertinent
information, provided one knows how to extract it. We demonstrate that
the interpretation of CT spectra in thin films requires due consideration
of the inhomogeneously broadened density of states. If energetic disorder
is included, the spectra can be analysed in a conventional Franck-
Condon or a Marcus-Levich-Jortner type picture, with the Stokes’ shift
between the maxima of absorption and emission reflecting the reorgani-
zation energy of the donor-acceptor pair. This advances beyond the
currently applied method, where a classical Marcus-type approach is
used without consideration of the energetic inhomogeneity of the film,
and where the Stokes’ shift is associated predominantly with the intra-
molecular reorganization energy of the donor. In contrast to the classical
Marcus-type approach, our model correctly reproduces the spectra over
the entire temperature range from 5 to 300 K. Conceptually, it implies
that the CT state emission or absorption can be described as a process
dominated by quantum mechanical tunnelling rather than by strong
thermal activation.

electrical power using an organic solar cell (OSC). The active
material in an OSC is either a blend or a bilayer of two
components that act as electron donors and electron acceptors.
When the donor - or equivalently the acceptor - is optically
excited, there is charge transfer in whose course a pair of free
charge carriers is generated. Understanding how this process
proceeds is the subject of current research. There is firm
evidence that the process is sequential. Upon exciting the donor
(or the acceptor) phase an exciton is created that diffuses
towards the acceptor and transfers an electron. This interfacial
transfer is an ultra-fast process, completed within typically
100 fs.>™! Meanwhile there is growing evidence that the initial
electron transfer step creates first a — more or less delocalized -
CT state at the donor-acceptor interface.">° To contribute to a
photocurrent, this CT state has to escape from the coulomb well
to be converted into a charge-separated state. It turns out that in
efficient OSCs this escape process is quite effective. The reason

Mater. Horiz.,, 2018, 5, 837-848 | 837
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for this is currently heavily disputed.'®*'>® Evidently, the
dynamics of the CT state plays a crucial role. Other factors
include the magnitude of the charge carrier mobility, the
delocalization of charge carriers comprising the CT state, the
topology of interface and the entropy of the diffusive random
walk that the geminately bound electron-hole pair execute prior
to complete dissociation.

Usually the CT state at the donor-acceptor interface of an
OSC is generated by optically exciting the donor (or, equi-
valently, the acceptor) to the first singlet state. The electron in
the LUMO of the donor is then transferred to the acceptor. Since
this is an electron transfer process, it appeared straightforward
to apply Marcus’ electron transfer theory for quantitative descrip-
tion. However, Marcus theory is based on thermal equilibrium
assuming that the quantum nature of the vibrations that drive
the thermally activated transition from the precursor state to the
final state does not need to be considered explicitly. Our recent
study showed that this assumption is indeed questionable,
notably on a time scale of 100 fs that is typical for photo-
induced electron transfer in thin films of donor-acceptor
composites.” There is growing evidence that fast electron transfer
is accomplished via quantum tunneling.

Energetically, the CT state of the donor-acceptor complex is
the lowest state in the system. It can also be generated optically
by photons below the absorption edge of either donor or
acceptor, yet the oscillator strength of such a transition is
quite low. This precludes simple absorption spectroscopy of
CT states, though more sophisticated techniques such as
photothermal deflection measurements can reveal its absorp-
tion spectrum.***® Similarly, the low energy tail of the action
spectrum of the photocurrent is a reflection of optical CT state
generation. It is usually manifested as weak feature, usually
of Gaussian character, in the low energy tail of the external
quantum efficiency (EQE) spectrum. In principle, a direct optical
formation of a CT state, i.e. not via an excited donor or acceptor
state, is also an electron transfer process, as is the emission of
the CT state. This led Gould et al®* to use the Strickler-Berg
relationship to connect the intensity of the reduced emission
spectrum rPL(E) to the transfer rate for electron transfer by

= %(E) o V2ARPFC(g) 1)

rPL(E)
with V being the electronic coupling matrix element, Au the
change in dipole moment when returning from the CT state
(A"D") to a neutral donor-acceptor pair (AD), and FC(g) being
the Franck-Condon weighted density of states, that depends on
the driving force for the charge transfer reaction, g. E is the
photon energy, and the emission spectra, PL(E), are given as
photons per unit spectral energy. For the thermally averaged
Franck-Condon weighted density of states, Gould uses the
expression derived by Marcus, Jortner, Bixon and Levich,*'°

1 X eSS (g + Alow + nha))2
FC(g) = X €
©) Vandiowks T ; n! P ( 42iowks T

(2)
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where g = Ecr — E is identified as the driving force of the
transition in terms of original Marcus rate equation, Ao, is the
reorganization energy associated with the low-energy phonons
due to inter-molecular vibrational motion (we shall below use Zpjgh
for that associated with intramolecular, high-energy modes), S and
hw are the Huang-Rhys parameter and the vibrational quantum
energy for the high-frequency intramolecular vibrations. We refer to
eqn (2) henceforth as MLJ-equation. Gould applied eqn (1) and (2) to
analyze room temperature absorption and photoluminescence
spectra of CT complexes in various solvents using methyl-
substituted benzene as an electron donor and tetra-cyanobenzene
and tetra-cyanoanthracene as electron acceptors and found good
agreement between measured and calculated values.

This work prompted Vandewal et al. to apply a similar form-
alism to analyze OSCs with different donor materials combined
with PCBM as an acceptor that feature Gaussian tails below the
dominant absorption of both donor and acceptor.’”*° Analogous
to Gould, Vandewal used a modified Marcus expression taking an
energy dependence of the electronic transition moment M into
VAu  VAu

w - E thus arriving at the expressions
v

for the reduced external quantum efficiency rEQE(E) and the
reduced emission spectra rEL(E) of the OSCs, that is,*”"®

account, i.e. M =

1 —E+Ecr+1)°
rEQELE) = BQEE) £ ¢4—nAkBTexp< e )
(3a)
_ ELE) 1 (=E+ Ecr - )’
rEL(E) = 7 = —4nZkBTeXp< T ) (3b)

The “reduced” emission spectrum is given in photons per unit
spectral energy, divided by energy, ie. if the emission was
measured as photon per unit time per unit wavelength, it needs
to be divided by E°. The emission spectrum is taken from the
electroluminescence when the diode is operated in forward
direction, so that charge carriers are injected from the electrodes
and recombine in the diode. In theory, the reorganization energy
/ here comprises both, the contribution from low-frequency and
from high-frequency phonons, so that 4 = Jjow + Anigh. Vandewal
et al. found the reorganization energy correlates linearly with the
calculated relaxation energy of a hole on the donor.

The analysis of the CT spectra according to Gould et al
[eqn (1) + (2)] and according to Vandewal et al. [eqn (3)] differs
from the approach usually taken in the spectroscopy of thin
amorphous organic films. To describe the shape of absorption
or emission spectra, it is common to consider a Franck-Condon
progression in form of a Poisson-distribution of high-energy
vibrational modes, that is multiplied by a Gaussian linewidth
function, e.g. to account for the inhomogeneous broadening
that is characteristic for amorphous thin films. This results in
expressions such as*!

PL(E) ox M*[n(E)E]® x Zi—:e’s -T-6(E — (Ey — mhw))

(42)
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Abs(E) o« M*[n(E)E] x Z%e’s -T'-0(E — (Ey + mhw)),

(4b)

when it suffices to consider a dominant effective high-
frequency mode. Similar expressions exist when several high-
frequency modes need to be considered explicitly.*"** Here,
m =0, 1, 2,... denotes the number of vibrational levels con-
sidered for the high-frequency intramolecular vibration with
vibrational energy hw. E, is the 0-0 energy of the optical
transition. ¢ is the Delta-function, and for the lineshape func-
tion I', a Gaussian profile is usually taken, ie.

I' =exp (7%) (5)

with ¢” being the variance. The electronic transition moment M
is usually considered to be constant. In this representation, the
effect of low-frequency modes is usually subsumed in the
linewidth function. PL(E) and Abs(E) are given in photons
per unit energy. Here, the relaxation energy associated with
the transition is Anign = S-hw. n(E) is the refractive index of the
medium. To allow for facile comparison with the work of
Gould, we shall also consider the electronic transition moment
to be energy dependent in this work. Eqn (4) can then be
rewritten in a reduced form:

ug

tPL(E) = %(E) o Z%e“ T -8(E — (Ey — mhw)) (6a)

m

rAbs(E) = Abs(E) - E Z%e’s -T - 0(E — (Eo + mhw))
(6b)

The present work has several goals. The role of CT state disorder
is receiving increasing attention in the community,**™*° and here
we aim to find out if the neglect of inhomogeneous broadening
in eqn (1)-(3) is acceptable when describing CT states in thin
donor-acceptor films. By comparison with experiment, we shall
explore whether a Marcus-type description or a description
based upon conventional molecular spectroscopy is more appro-
priate to rationalize the spectroscopy of CT states in an OSC.
Associated with this question, we will discuss the relation
between eqn (1), (2), (3) and (6) in the framework of earlier
work,**?>#147 and the Stokes’ shift and the reorganization
energy associated with the CT transition. The experimental
system we chose for evaluation and illustration is a blend of
the rigid conjugated polymer MeLPPP (methyl-substituted
ladder-type poly(para-phenylene)) and PCBM ([6,6]-phenyl C61
butyric acid methyl ester) (see Table 1 below). We carried out
steady state as well as time-gated fluorescence spectroscopy in
combination with photocurrent excitation spectroscopy to deter-
mine the EQE on related OSCs.

2. Experimental section

Bulk heterojunction solar cells devices using MeLPPP : PCBM
blends (1:1 by weight) were fabricated on structured ITO-coated
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Table 1 Structure formulas as well as ionisation potential /p, electron
affinity £, and S; energy levels for MeLPPP and PCBM

MeLPPP

E, (eV) —-2.60"* —3.70*°
I (eV) 5.20"% 6.10"°
S; (eV) 2.70%° 1.75%

glass substrates. A 15 nm thick layer of MoO; was used on top
of the ITO to improve hole extraction. The active blend layer
was spun from chloroform solution (15 mg ml™") and had a
thickness of 110 nm. Finally, a 100 nm thick aluminum cathode
was evaporated. For reference, solar cells with pristine MeLPPP
(in chloroform, 7.5 mg ml~') and PCBM layers (in chloroform,
15 mg ml '), respectively, were fabricated accordingly. The
thickness of MeLPPP and PCBM were 60 nm and 30 nm,
respectively. The thicknesses of the active layer of the solar
cells were controlled with a Dektak (Veeco) profilometer directly
on a device. Structure formulas and relevant literature values
for the energy levels (ionisation potential I;,, electron affinity E,,
S; energy) of MeLPPP and PCBM are summarized in Table 1.
For ease of reference, the absorption and emission of both
compounds are shown in the ESIL{

EQE measurements were performed using a Lock-In-Amplifyer
(SR830) at a reference frequency of 130 Hz and monochromatic
illumination from a 150 W tungsten lamp (Osram). For EL
measurements, the solar cells were biased at 3 V using a Keithley
source-measure unit (SMU 237). The luminescence of the sample
was recorded by a CCD-camera (Andor iDus) coupled to a mono-
chromator (Oriel). For both EQE and EL measurements, the sample
was kept in a sample holder under vacuum at room temperature.

For time-gated emission spectroscopy, the sample was
excited at 355 nm, using the frequency-tripled output from a
Nd-YAG laser with variable pulse frequency. To record spectra
with distinct delay and integration time an intensified charged
coupled device camera from Andor was used. For exact time
correlation the iCCD camera was triggered by the laser. All
experiments were done with the sample being kept under
vacuum in a temperature controlled cryostat.

3. Results

Fig. 1a shows gated photoluminescence spectra of a Me-LPPP:PCBM
blend with zero delay and integration time of 10 ns excited at 3.49 eV
and recorded in a temperature range of 5 K to 295 K. The spectra
reveal two main features with maxima at 1.68 eV and near 1.55 eV.

Spectra recorded with a variable delay time indicate that
the higher energy feature gradually disappears (Fig. 1b). It is
straightforward to associate the 1.68 eV feature with
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Fig. 1 (a) Photoluminescence spectra of a MeLPPP:PCBM blend recorded
at different temperatures with zero delay and 10 ns gate width, normalized
to maximum intensity (b) emission spectra of a MeLPPP:PCBM blend at
room temperature with different delay times and 10 ns integration time,
normalized to about 1.55 eV (c) evolution of the emission spectrum with
temperature 90 ns after excitation. While the 5 K spectrum is normalized to
unity, all spectra show the correct relative intensity.

fluorescence from large PCBM domains that are formed during
the spin coating process based on comparison with emission
spectra from neat PCBM films (shown in the ESILi Fig. S1).
Evidently, domains with a size that exceeds the exciton diffusion
lengths are being formed at such a high PCBM loading (> 50 wt%)
in MeLPPP. We note that the PCBM emission is still noticeable
after a delay time of 30 ns although the lifetime of Cs, is known to
be around 1 ns. In the following discussion only the 1.55 eV feature
of the PL spectrum will be considered that we assign to the CT
emission of a Me-LPPP:PCBM complex. This is consistent with the
fact that the energy difference between the E, of the acceptor and
the I, of the donor is about 1.5 eV (¢f. Table 1).

In Fig. 1c we show how the CT emission spectra, recorded
after a delay time of 90 ns, evolve as a function of temperature.
The key observation is that there is a 5-fold increase in intensity
when lowering the temperature from 295 K to 5 K while the
shape of the emission spectrum is preserved (see also Fig. S2,
ESIt). There is only a marginal hypsochromic shift of the
spectra upon cooling. The high energy wing of the spectrum
is close to a Gaussian lineshape.

Next we measured the temporal decay of the CT emission.
It turns out the decay is highly non-exponential and extends
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Fig. 2 Normalized emission intensity at (a) 295 K and (b) 50 K along with
fits following a t /2 power law.

into ps range. This is documented by Fig. 2(a and b), in which
the emissions, recorded at 295 K with a gate width of 10 ns
(at 5 K with a gate width of 500 ns) are plotted on a double
logarithmic scale. The decay follows a power law with an
exponent very close to —3/2.

Finally we measured the EQE as well as the electrolumines-
cence (EL) of the diode with a 1:1 blend of Me-LPPP: PCBM at
selected temperatures. The EQE spectra, shown in Fig. 3a,
reveal a broad tail with a weak shoulder below 1.7 eV that is
associated with the generation of CT states, followed by a weak
local maximum at the S;-S, 0-0 transition of PCBM at about
1.75 eV (c¢f. Table 1) and a smooth increase at higher photon
energies. Upon sample cooling from the 300 K to 50 K the
EQE decreases by two orders of magnitude (Fig. 3b), yet the
character of the spectra is largely retained. Normalization of
the EQE to the PCBM S, energy (1.75 eV) identifies two small
spectral changes (Fig. 3c). First, the linewidth close to S,
increases with temperature, and second, the relative intensity
of the EQE signal at the CT energy reduces, so that the tail of S;
and the CT state merge into one indistinguishable feature.

The EL spectrum (Fig. 4a), is a superposition of the electro-
luminescence from the CT state (ELcr) and the EL-spectrum of
PCBM. By subtracting the EL-spectrum of pristine PCBM, know
from the literature,’® the ELcy spectrum can be recovered. It is
noteworthy that the ELqr spectrum is bathochromically shifted
relative to the PLoy spectrum (Fig. 4b).

4. Analysis

Before embarking on an analysis and discussion of results it
is appropriate to summarize the essential experimental facts:
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Fig. 3 (a) External quantum efficiency of MeLPPP:PCBM (1:1) bulk het-
erojunction devices measured at 300 K over the whole VIS-range down to
the sub-bandgap region below 1.7 eV. (b) Temperature dependent EQE for
MeLPPP: PCBM (1:1 by weight) blends in the range from room tempera-
ture (300 K) to 50 K, shown for the red spectral range. (c) EQE Spectra
normalized to the S; transition peak of PCBM at about 1.76 eV.

(i) upon lowering the temperature from 295 K to 5 K the
intensity of the CT emission increases by a factor of 5 while
the spectrum shifts slightly to the blue, yet it retains its spectral
shape (Fig. 1c). (ii) When cooling from 295 K to 50 K, the
EQE-decreases by two orders of magnitude while the spectral
shape is preserved (Fig. 3b). (iii) The electroluminescence
spectrum is off-set from the PL spectrum by roughly 100 meV
(Fig. 4b). (iv). The decay of the optically generated CT spectrum
features a power law and extends into the ps range (Fig. 2).

We shall first argue that there is not a single, well-defined
CT state, but rather a broad distribution of them that gives rise
to significant energetic disorder.*® In general, OSCs are made of
disordered materials as evidenced by the inhomogeneous
broadening of the absorption and photoluminescence spectra
of the singlet excited states. Likewise, charge transport occurs
via incoherent hopping among energetically disordered chromo-
phores or conjugated segments of a polymer chain. Therefore,
CT spectra are likely to be affected by disorder.***® There are two
features in the experimental data that testify to it.

First, the CT-emission decays in power law fashion rather
than exponentially (Fig. 2). This is firm evidence that there is a
broad distribution of states that have their own transition rates
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Fig. 4 (a) Electroluminescence spectra of MeLPPP: PCBM (1:1 by weight,
black solid line) and pristine PCBM (black dashed line). The difference of
the two spectra corresponds to the CT emission (blue solid line). The
spectra of pristine PCBM was reprinted with permission from J. Am. Chem.
Soc., 2009, 131(33), 11819-11824 Copyright (2009) American Chemical
Society. (b) Comparison of electroluminescence (blue) and photolumines-
cence spectra (red) of the CT-state in MeLPPP:PCBM (1:1 by weight),
measured at room temperature.

and emission energies. The observation that the CT decay
follows a power law with an exponent of —3/2 up to a micro-
second is suggestive of geminate recombination as has been
described by Hong and Noolandi.”® In their original work these
authors calculated how an electron-hole pair within its
Coulomb capture radius recombines with constant, tempera-
ture dependent, diffusivity, and they found that the recombina-
tion rate follows a power law with exponent —3/2. Later on they
extended their formalism by including the possibility that the
recombination event is a tunneling process that does not
require thermal activation, yet the functional dependences
are the same.” It is a straightforward conjecture that this
formalism can explain the observed non-exponential decay of
optically generated CT states evidenced in Fig. 2. Since donor
and acceptor moieties are distributed in energy it is likely that
CT states also form a distribution. It is also likely that the hole
that has been transferred from an excited PCBM molecule can
make another jump to a nearby but energetically lower state at
the expense of electron-hole separation. Considering that the
recombination of the pair depends exponentially on their
distance this gives rise to a broad distribution of recombination
rates and the premises for the Hong-Noolandi formalism are
fulfilled.

Second, the observation that the EL spectrum is red-shifted
relative to the PL spectrum of CT states is also a signature of the
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importance of disorder. If one generates an exciton or a charge
carrier in a bulk organic solid in which the distribution of sites
is inhomogeneously broadened, it will execute a random walk
and thereby, on average, jump to lower states of the distribu-
tion. Such a spectral relaxation of an exciton is amenable by
time resolved fluorescence spectroscopy. In an EL experiment,
the recombining electrons and holes are injected from the
electrodes, and thus experience a long journey until their decay
during which significant energetic relaxation in the DOS
occurs. However, when a CT state is generated by direct optical
excitation, electron and hole are correlated. In addition, the
transition dipole moment and overlap integral, controlling the
rate of energy transfer, are low. Thus, spectral diffusion is
greatly reduced. Accordingly, EL spectra are red-shifted relative
to PL spectra of CT states, and this redshift is a signature of the
broadened DOS. This implies, by the way, that the Stokes shift
between absorption and EL emission includes a contribution
from spectral relaxation.>*>®

Having confirmed that the CT states form a broad DOS, we
now proceed to analyze the spectra in terms of the classic
Franck-Condon picture. In this concept, absorption and
fluorescence spectra of a chromophore are vibronic progressions
of high-frequency intramolecular modes built on a resonant 0-0
origin. The coupling strength is controlled by a Huang-Rhys
factor S. In rigid chromophores S is usually <1. In this case, the
0-0 transitions in absorption and emission are the dominant
spectral features, and they are resonant. If the chromophore is
embedded in a solid or liquid environment both, absorption and
emission, experience a bathochromic shift because the excited
state polarizes its environment. If the environment is non-
crystalline, the inter-molecular distances, and concomitantly
the polarization energies, vary randomly, and this effect leads
to inhomogeneous line broadening and an associated Gaussian
lineshape.”® Nevertheless, the 0-0 features in absorption and
emission remain being resonant provided that § < 1 and that
there is no spectral diffusion, e.g. due to energy transfer. In a
condensed medium, such as a thin film, there is an additional
coupling of the excited state to low energy modes of the
molecular environment, ie. phonons. As a consequence, each
vibronic (high-frequency) transition carries a so-called phonon
wing. This wing can be described by a Poisson distribution
characterized by Huang-Rhys factor Sj,, and an average
(low-frequency) phonon energy %wjow. If Siow > 2, the maxima
of the 0-0 transition are no longer resonant as evidenced by the
appearance of a Stokes shift.”” For large values of S, €.8 Siow = 4
the Poisson distribution merges into a Gaussian distribution
(¢f ESL,T Fig. S3). In consequence, a Gaussian lineshape results
that adds to the Gaussian linewidth obtained by the inhomo-
geneous broadening.

The reduced EQE spectrum (Fig. 5a), plotted on a logarithmic
scale, is composed of a Gaussian low energy tail and a strong
feature that is associated with S;-S, 0-0 transition of PCBM. The
width of the PCBM feature decreases upon sample cooling which
facilitates spectral deconvolution (Fig. 3c). For this reason and
since at lower temperatures thermal broadening plays a lesser
role, we present an analysis of the reduced PL and EQE spectra
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Fig. 5 (a) Reduced EQE spectrum at 100 K (black squares), together with a
Franck—Condon fit to the CT state at about 1.61 eV (blue solid line) and a
Gaussian fit to the PCBM S; state at about 1.75 eV (green dashed line). (b)
Reduced Photoluminescence at 90 K (grey squares) along with a Franck—
Condon fit (black line) as described in the text. The 0—0 and 0-1 vibronic
overtones are indicated by red solid and dashed lines, respectively (c)
Reduced EL spectrum (orange dots). The FC fit to the CT state from the
EQE is also indicated in parts (b and c) for ease of comparison.

recorded at 90 K. At that temperature, the origin of the PCBM
feature is at 1.77 eV with a standard deviation of 20 meV. The rPL
spectra of the CT state show a Gaussian high energy edge
followed by a low energy tail that we interpret as a vibrational
overtone (Fig. 5b). In the rEQE spectra, the vibrational overtone
cannot be differentiated from those pertaining to the S, state of
the PCBM.

We therefore analyze the rEQE and rPL spectra with eqn (6)
for only the 0-0 and, in the case of the rPL, also the 0-1 peak,
i.e. m = 0 to 1. As already mentioned, the Gaussian linewidth
function I' usually includes contributions from both, the
inhomogeneous line broadening as well as the low-frequency
phonon wing. Here, we wish to explicitly differentiate between
the two contributions. Focusing first only on the 0-0 transition
of the CT state (m = 0), we thus use the product of the Poisson
distribution for the low-frequency intermolecular modes with
the Gaussian lineshape function of variance ¢” characterizing
the inhomogeneous broadening to fit the 0-0 peak. This corre-
sponds to using eqn (6) with S = Sjow and @ = wey (and m = 0).

To fit both, rEQE and rPL, E, = Ecy is determined by the
intersection of the rEQE and rPL spectra. It may, at first, seem
that with 3 parameters, Sjow, ®ow and o, the problem is
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overparametrized. However, the high energy tail of the rPL (the
low energy tail of the rEQE) needs to be reproduced, thus
determining the inhomogeneous broadening captured in o2,
and the maxima of rEQE and rPL are at fixed positions, which
defines combination of Sjo, and %wjey,. (We recall that any
contribution to the PL at energies above the 0-0 transition can
only arise from inhomogeneous broadening and not from a
phonon wing that, by definition, is below the 0-0 transition.)

The rPL spectrum can be reproduced by invoking a 0-0
feature of the CT transition at Ecy = 1.62 eV and an inhomo-
geneous broadening (standard deviation ¢) of 67 meV. The
coupling to low-frequency phonons can be expressed, e.g., by
considering 10 meV phonons with a Huang Rhys factor of
Siow = 4.0, corresponding to a reorganization energy of Ajow =
Siow W1ow = 40 meV. Equally good fits can be obtained by
considering phonons of a lower or higher energy, with corre-
spondingly higher or lower Huang-Rhys parameter (in the
range of S = 3-7), as long as the reorganization energy is kept
at 40 meV.# The peaks pertaining to rPL and rEQE are not fully
mirror-symmetric but differ slightly. However, the pertinent
parameters to fit the rEQE are kept at a ¢ of 67 meV, and
a Ecr of 1.62 eV. For the rEQE, a reorganization energy of o =
60 meV results, e.g. obtained by Siow = 4 and Awjew = 15 meV.
The sum of both reorganization energies is 40 meV + 60 meV =
100 meV. This is the observed Stokes’ shift. The parameters
used for the fits of rEQE and rPL are summarized in Table 2.

We can now continue to also include the first vibrational
overtone observed in the PL. The easiest way to do this is to
shift the obtained rPL fit by an effective high frequency mode,
here hopign = 165 meV, multiply it by an appropriate high-
frequency Huang-Rhys factor, here Spi,n = 0.58, and add the
two peaks (0-0 and 0-1). The excellent match of the fit to the
experimental data is shown in Fig. 5b. Mathematically, this is
equivalent to performing one multi-mode fit, taking both
modes into account simultaneously, according to*'

PL(E)

tPL(E) = ——

o ZH?Z; e ST 5<E — (E() — Zm,—hw,))
@)

with 7/ ranging from 0 to 1 in our case, as detailed in the ESIf
(¢f Fig. S4), and the two modes being %w, = 10 meV and
hw, = 165 meV.

We can summarize the result of our analysis as follows. The
rPL and rEQE of the CT state can be modelled as a Franck-
Condon progression with a 0-0 transition at Ecr = 1.62 eV. It is
characterized by an inhomogenous broadening of 67 meV.

Table 2 Parameter set used in the fits to rEQE and rPL spectra at 90 K
according to egn (6)

Ecr (eV) o (meV) J1ow (MeEV) Slow ho (meV)
rEQE 1.62 67 60 4 15
rPL 1.62 67 40 4 10
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The Stokes’ shift of 100 meV between the peaks of CT emission
and rEQE arises only due to low-frequency phonon modes. The
asymmetry between the CT part of the rEQE and the rPL results
in a higher reorganization energy for the CT state D'A™ than for
the associated ground state pair DA. This is illustrated in Fig. 6.
It implies a steeper curve of the potential energy for D'A™ than
for DA, in agreement with the intuitive notion that there should
be a stronger bonding, i.e. force constant k, for the ionic pair
where coulomb forces prevail than for the neutral pair that is
only held together by van der Waals forces. We suggest that
the low-frequency modes be predominantly of inter-molecular
nature. The transfer of an electron from donor to acceptor
creates an inter-molecular coulomb attraction that is likely to
couple strongly to inter-molecular motion. Moreover, coupling
of the rigid MeLPPP or the fullerene to low-frequency torsional
or librational modes can only be weak due to their geometric
constraints.

The above analysis is consistent with all experimentally
observed features. In Fig. 1, we noticed a surprisingly long-
lived fluorescence from PCBM that still prevails after 30 ns at
room temperature, and concomitantly, the CT emission
increases upon cooling by a factor of 5. Given the moderately
small energy difference between the 0-0 peaks of the CT state
(1.62 meV) and that of the PCBM S; state (1.77 meV) of
150 meV, the part of PCBM emission that we still observe at
30 ns after excitation is likely to arise from thermally activated
delayed fluorescence (TADF), and this is also the most likely
non-radiative decay channel of the CT state that is frozen out
upon cooling. The power-law decay with exponent —3/2 we
reported in Fig. 2 testifies to the existence of a broad DOS of CT
states. Our analysis shows that the CT DOS (¢ = 67 meV) is about
3.5 times as broad as that of the S, state of PCBM (¢ = 20 meV).
This broad CT DOS is fully consistent with the observed energy
difference between EL and PL (Fig. 4b), as detailed above. The
fact that the EQE of the diode decreases strongly upon cooling as
documented by Fig. 3b can be understood by considering that
the EQE is the product of the probability for creating a CT state,
the probability that it dissociates into a pair of free charge

CT State (D*A)

Energy

Ground State (DA)

Configuration coordinate

Fig. 6 Schematic illustration of the energy surface of Sg and CT state. The
general configuration coordinate reflects mostly the distance and orienta-
tion between donor and acceptor. Note the steeper potential and thus
higher vibrational frequencies in the excited state.
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carriers, and the probability that these free carriers are extracted
at the electrode. From earlier work we know that the dissociation
probability of the MeLPPP-fullerene CT state under short-circuit
conditions depends only weakly on temperature.’® This is
because the degree of delocalization of the hole on the con-
jugated polymer of Me-LPPP is large, which substantially
reduces the binding energy of the CT state with fullerenes.’®
The probability for charge extraction is controlled by the
mobility of the charge carriers, which has a strong dependence
on temperature.”>*>®® Thus, the overall decrease of the EQE
reflects mostly the charge transport properties of the film. The
subtle change in shape of the EQE reflects mostly the increase
in inhomogeneous line broadening for the Sy-S; transition of
the PCBM with temperature.

5. Discussion

It appears appropriate to briefly comment on the results of the
analysis of the rEQE that Vandewal et al. carried out on a series
of donor-acceptor systems with Cg, as an acceptor.*® Using the
Marcus-formalism [eqn (3)], they identified the standard devia-
tion of the Gaussian tail of the reduced EQE spectrum with the
structural relaxation of the CT state thus ignoring inhomo-
geneous spectral broadening. They suggest (i) that the most
important contributor to the line-shape be low-frequency intra-
molecular vibrations and that static disorder played no role,
and (ii) that these vibrations be thermally activated, so that the
lineshape be reasonably well described in terms of a Marcus-
type expression. In their definition, ‘“low-frequency” reaches up
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to 125 meV, which differs from the range e.g. Jortner®” refers to
as ‘“low-frequency’”’, which is up to about 10 meV. Moreover,
they compared the inferred reorganization energy with that of
the donor upon ionization thus arguing (iii) that the EQE
spectrum is an experimental probe of this intramolecular
reorganization energy.

In certain cases, it can indeed be useful to consider the
optical excitation as a charge-transfer reaction,®”®' and this
approach, cast into eqn (1) by Gould, is undoubtedly valid.
However, we question whether the use of a classical Marcus
expression [eqn (3)] is appropriate, and whether the neglect of
inhomogeneous broadening can be justified, and we doubt to
the direct association of the Stokes’ shift with a reorganization
energy that mostly reflects the intramolecular reorganization
energy of the donor cation.

We first point out that the observations presented in Fig. 2
and 4 cannot be accounted for when presuming a single
CT-state energy without energetic disorder. Moreover, when
using the rEL instead of the rPL to obtain a simultaneous fit of
reduced emission and reduced EQE, a different Stokes’ shift is
obtained, which would suggest a different reorganization energy,
depending on the mode of excitation, which is unphysical. When
using the rPL spectra, the Gaussian shape of the 0-0 peak at
room temperature can readily be reproduced using the classical
Marcus expression of eqn (3), which is also a Gaussian function,
albeit with Ecp = 1.71 and 4 = 160 meV at 295 K, as shown in
Fig. 7a. However, neither the low-energy tail of the rPL nor the
experimental rEQE are reproduced. Rather, the fit suggests the
absorption of the CT state to peak at an energy above the S;
energy of PCBM, which is also unphysical. More important,
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Fig. 7 (a) Reduced PL and EQE recorded at (a) 295 K and (b) 90 K (squares), along with a fit (blue solid lines) to the rPL according to the Marcus model, i.e.
egn (3b). The concomitant resulting curve for the rEQE (blue curve) according to egn (3a) is also shown. The fit parameters are at Ect = 1.71 (1.74) meV
and 2 = 160 meV at 295 K (90 K). (c) Comparison of the rPL data at 295 K, 90 K and 5 K (solid lines) with the spectra calculated (dashed lines) according to
Marcus’ theory [egn (3)] at corresponding temperatures. (d) Spectra calculated according to Marcus theory [egn (3)] over a temperature range from 295 K

down to 5 K.
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however, is that the temperature evolution of the rPL spectra of
Fig. 1c cannot be rendered correctly in the classical Marcus
framework of eqn (3). When reducing the temperature, eqn (3)
predicts a narrowing of the Gaussian shape that is not observed
experimentally, as evident in Fig. 7b. Fig. 7c compares the
intensity-normalized rPL spectra with the fit to eqn (3) for different
temperatures. In the same way, the shape of the EQE around the
CT transition hardly narrows upon cooling (Fig. 3 and 7b), and is
thus not compatible with the Marcus-type description.

To understand why the classical Marcus expression falls
short here, it is worthwhile reconsidering eqn (1). As Jortner
pointed out some time ago,* the Franck-Condon-weighted
density of states, FC(g), can be evaluated for different limiting
cases, such as at low, intermediate and high temperature,
where the thermal energy is compared to the energy of the
vibrational modes involved. The classical Marcus expression
that is used for eqn (3), with A = Aiow + Znign, presumes that the
thermal energy be large compared to both low-frequency and
high-frequency phonons, ie. kg7 >» hw. For MeLPPP and
PCBM, the dominant high-frequency mode is associated with
the CC stretching motion and is around 160 meV. The highest
temperature, at which the measurements are carried out, is room
temperature, where kg7 is about 25 meV. Thus, the requirements
for the classic case are not fullfilled. kT is even smaller than the
“low-frequency” cut-off of 125 meV of Vandewal et al.

In his evaluation of CT-states, Gould used the MLJ-expression
to account for FC(g). This is the intermediate case, where
the thermal energy is large compared to the low-frequency
modes, yet small compared to the high-frequency modes,
hwow < kT <« ho. Given that for organic thin films, low
frequency modes usually range from about 1-10 meV,”® and
high-frequency ones from about 50-300 meV, this appears to be
the appropriate range for a description at room temperature. To
test whether this works, we have fitted the PL and EQE using
the MLJ expression, multiplied with a Gaussian lineshape
function of standard deviation ¢ to account for inhomogeneous
broadening. The pertinent expression is thus

rEQE(E) = EQE(E) - E

2, [eSs” (Ect — E+ Jiow + nhw)2
x> < a c ex"( GrronknT + 202

n=0

(8a)
tPL(E) = %(E)
2, feSS" (E(‘T — E — Jjow — nhw)z
x ; < - e"p< SioknT + 207
(8b)

To illustrate the effect of disorder we performed fits both with
and without considering disorder in eqn (8). Fig. 8 displays
exemplary rPL spectra recorded at three different temperatures,
ie. 295 K, 90 K and 5 K. They are compared to fits once
according to eqn (7) (“FC-Fits”) and once according to eqn (8)
(“MLJ-Fits”). The fit-parameters are summarized in Table 3.
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Fig. 8 Comparison of Franck—Condon-Fit (red line) and MLJ-Fit with
(solid blue line) and without (dashed blue line) inhomogeneous broadening
due to disorder for 295 K, 90 K and 5 K. Open symbols represent the
measured data at distinct temperature. The parameters used in the fits are
mentioned in the text.

Fig. 8 shows that the FC-Fits reproduce the experimental data well
at all temperatures. An equally good reproduction is obtained for
the MLJ-fits, when disorder is taken into account. However, the
MLJ-equation without disorder cannot reproduce the lineshape of
the rPL, neither at room temperature and especially not at lower
temperature, where the associated linewidth narrows to an extend
that is not compatible with experiment. Similarly, good fits
according to eqn (8a) are obtained for the same parameters with
respect to the rEQE, as illustrated in the ESIf (cf. Fig. S5), when
disorder is taken into account, yet not without it.

What do we learn from this? Evidently, a FC-Fit and a
MLJ-Fit work equally well, as long as inhomogeneous line
broadening due to energetic disorder is taken into account.
In fact, the large degree of disorder (¢ = 65 meV) compared to
the reorganization energy of the low-frequency phonons
(40 meV) makes it impossible to differentiate between two fits.

Formally, at very low temperatures where kgT < A®iow,
according to Jortner’s work it would be necessary to use a
different expression for the Franck-Condon-weighted density
of states instead of eqn (2) or (8). It is

o0 e—SlOW % Slko(\:) y e—Ssn

FC®) =2~ i ©)

n=0

with a certain relation between k and 7 as detailed in ref. 35.
It is easy to see that, when incorporating inhomogeneous line
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Table 3 Parameter set used for the fits to the PL spectra recorded at 295 K, 90 K and 5 K according to eqgn (7) and (8)

Ecr (eV) Ecr (eV) Ecr (eV)
o (meV) ho (meV) S J1ow (MeV) (295 K) (90 K) (5K)
FC-Fit 67 165 0.58 40 1.61 1.62 1.625
MLJ-Fit with ¢ 65 165 0.58 40 1.61 1.62 1.62
ML]J-Fit ¢ = 0 meV 0 165 0.58 40 1.61 1.62 1.62

broadening into this and truncating the sum over n in eqn (9) at
n =1, one arrives at the same expression for FC(g) as was used
in eqn (7), or equivalently at the procedure we adopted in
eqn (6) and the accompanying text. Thus, eqn (9), combined
with eqn (1), is evidently the expression that reproduces the line
shape and temperature dependence of the CT state emission
and absorption from 5 to 300 K. As Jortner points out, eqn (9)
“corresponds to temperature independent nuclear tunneling
between the zero point of the nuclear configuration of the
initial state to the vibronic states of the final nuclear surface,
which are nearly degenerate with it”’. Poignantly, this is exactly
the case described by the common evaluation of the Franck-
Condon overlap integral, from which the common Franck-
Condon analysis derives, and implies that electron transfer
can be consistently described by a tunneling process. With
increasing temperature, e.g. above about 100 K, the evaluation
of the Franck-Condon-weighted density of states then results in
eqn (2), where some (small) thermal activation of the transfer
by low-frequency photons is included. In practice, however, the
broad DOS removes any distinction between the two modes of
transfer.

6. Conclusion

Thus, in summary we find that the lineshape of the CT state, in
PL and EQE, is determined by the effects of static disorder and
low-frequency vibrations by about equal contributions. Van-
dewal et al. attribute the modes involved in the reorganization
process entirely to an intramolecular origin. We question this
and suggest that the transfer of a charge, that changes a
neutral DA pair into a charged D'A™ pair, is likely to couple
strongly to inter-molecular vibrations, so that the low-
frequency reorganization energy is predominantly an inter-
molecular quantity that reflects the structural displacement
between donor and acceptor upon excitation like in an
excimer state. Even so, Vandewal et al. have convincingly
shown that the Gaussian linewidth, and thus the Stokes’shift,
correlate linearly with the reorganization energy calculated for
the formation of the donor cation. It is conceivable that this
correlation is accidental. We suspect that the static disorder,
which contributes to about half of the Gaussian linewidth,
may actually correlate with the flexibility or rigidity of the
chromophores. For a satisfying description of the CT state
spectra, we found that the inclusion of static disorder is
essential. As already noted by Burke et al, the neglect of
disorder in the treatment of CT states leads to values that
implicitly contain a contribution from disorder, and the

846 | Mater. Horiz., 2018, 5, 837-848

associated values for A, ECT and the Stokes’ shift need to
be viewed with some caution, keeping this implication in
mind.*®®* with disorder included, the spectra may be mod-
elled using a ML]J-based or a FC-based fit [eqn (8) or (7),
respectively]. In our interpretation, the resulting Stokes’ shift
gives the reorganization energy associated with low-frequency
phonons.
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Figure S1: Absorption (red) and emission (black) spectra of pristine MeLPPP (top) and pristine
PCBM (bottom) measured in a neat film. For PL spectra, the films were excited at 355 nm and
375 nm, respectively.
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Figure S2: Normalized CT emission spectra from Figure 1c
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Mathematically, the procedure used in the manuscript to obtain the fit in Figure 5b is equivalent to
performing one multi-mode fit, taking both modes into account simultaneously, according to®

PL(E)

rPL(E) = 28 o 3, TS e~ T+ 8(E — (B — Tymihay) 7)

with the number of modes, i, ranging from O to 1 in our case. We used Aw, = 10 meV and
hw; = 165 meV. The number of overtones, m;, was running from 0 to 20 for m,, and from 0 to 1 for

m,. In equation (7) we again considered the electronic transition moment M to be dependent on energy,

. vap va
ie. M=——"£="2F
hv E

presented in Figure 53, it gives an excellent match to the experimental data. Also, the values for S; and
hw; are in line with the values obtained from the method presented in the paper, therefore validating
that both approaches are equivalent.

. The resulting fit, according to equation (7) is shown in Figure S4. Just like the fit
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Figure S4: Franck-Condon fit with two vibronic modes according to eq. (7) with Aw, = 10 meV

and hw; = 165 meV of the 90K reduced PL recorded after a delay of 90ns with respect to the excitation
pulse
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Organic Bidirectional Phototransistors Based on

Diketopyrrolopyrrole and Fullerene

Frank-Julian Kahle, Tobias Hahn, Tushita Mukhopadhyay, Boregowda Puttaraju,

Satish Patil, and Anna Kéhler*

It is shown that simple bilayer devices consisting of the diketopyrrolopyrrole
(DPP) monomer Ph-TDPP-Ph as donor and Cg, as acceptor feature J—V-
characteristics of a bidirectional organic phototransistor where illumination
intensity plays the role of the gate voltage as compared to a conventional
field-effect transistor. The output current may therefore be controlled both
electrically and optically. The underlying mechanism is based on the good
charge transport in Ph-TDPP-Ph and Cg, the intrinsic dissociation properties
of Cgp, and the presence of an injection barrier for holes. In addition to this,

it is demonstrated that the observed behavior of the DPP/Cg, system allows
the realization of basic logic elements like NOT-, AND-, and OR-Gates, which

Recently, organic materials have dem-
onstrated potential for light sensing
and memory applications in so called
phototransistors.'®!7] Yet, these devices
mostly rely on the basic FET structure
using three electrical contacts. Here, we
show that by combining a DPP monomer
with Cgo (Figure 1) in a simple vertical
sandwich-type bilayer structure we obtain
a fully organic device capable of both
switching mechanisms at the same time,
that is, optical and electrical (voltage-
driven) switching. This can be employed

may provide the basis for advanced analog and digital applications.

1. Introduction

Diketopyrrolopyrrole (DPP) materials are commonly used as
pigments in inks and paints due to their good stability."# Fur-
thermore, DPPs can be tuned to feature excellent fluorescent
properties as well as good charge transport.’~l In the context
of optoelectronic applications, the DPP chromophore has been
widely used in a plenty of m-conjugated donor-acceptor poly-
mers and oligomers for excitonic organic solar cells.12 This is
due to the fact that DPP-based materials have high molar extinc-
tion coefficients and easy synthetic tunability.”! Moreover, there
are several reports on a good performance in ambipolar organic
field effect transistors (OFET).*1%13 It is a quite obvious
attempt to use these devices in a conventional way as voltage-
driven field-effect transistors (FETs) in logic circuits.'*1]
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to realize basic organic hybrid optical
and electronic logic elements (AND-,
OR-, NOT-Gates), therefore providing the
basic set of operations necessary for various optically controlled
analog and digital applications.

Up to now, there are few studies demonstrating logical ele-
ments using a combination of optical and electrical inputs,
and those studies are often of an organic-inorganic device
structure.l'’-2% One of the first works reporting on this topic
is the study by Kim et al.l'! In their work, they used single-
walled carbon nanotube-silicon junctions to obtain scalable
devices with voltage-switchable photocurrent output and
switching ratios in the order of 10*-10°. In a more recent
study, Lin et al.'® aimed for this application using the
evolving materials class of hybrid organic—inorganic perovs-
kites. They successfully demonstrated memristor activity and
logic OR operation using a simple sandwich architecture and
employing an electric field and illumination as input to con-
trol the output current. An on/off ratio of about 10° could be
achieved. Anthopoulos had already addressed the fabrication
of organic electro-optical switches based on blends of poly[2-
methoxy-5-(3’,7’-dimethyloctyloxy)]-p-phenylene vinylene
(OC,C14PPV) and [6,6]-phenyl-Cg;-butyric acid methyl ester
(PC4BM) on a silicon substrate.’!l In his study, he used
light-sensing ambipolar FETs in a conventional organic FET
architecture on Si-wafers and demonstrated the realization
of logic circuits like NOT and OR gates with response times
of about 65 pus by combining up to two FETs. albeit requiring
driving voltages typically exceeding 10 V. In contrast to these
earlier reports, we demonstrate the realization of low-voltage
drivable, optically controlled vertical phototransistors, and
logic circuits made only of organic semiconductors. We
show that the photophysical mechanism involves mainly
efficient autoionization of the Cqy and a hole injection bar-
rier at the anode.
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Ph-(TDPP)-Ph

Figure 1. Chemical structures of Ph-(TDPP)-Ph and Cq.

2. Electrical Characterization and Logic Circuits

We fabricated photocells in a conventional layer structure
of indium tin oxide (ITO)/MoO3 (15 nm)/Ph-TDPP-Ph
(15 nm)/C60 (30 nm)/Al as described in the Experimental
Section below. The results of current voltage (J-V) measurement
on these devices under AM1.5 conditions are shown in Figure 2a.
We observe a J-V characteristic that has a low dark current
and a fill factor (FF) of 45% under illumination. Unusually, it
is symmetric with respect to a certain point of maximum sym-
metry at Vpys = 0.44 V and Jpys = —0.3 mA cm2 and exhibits
a net photocurrent in either direction, independent on whether
forward or reverse bias is applied. One may therefore regard
the device as a vertical asymmetric bidirectional phototransistor
because i) current flow is possible in forward and reverse direc-
tion and ii) this current flow may be controlled and turned on
and off via illumination of the device. The illumination in this
case has the same function as the gate voltage in a conventional
FET. At -1 V (+1 V) the on/off ratio, i.e., the difference between
the current with and without illumination, is about 10° (10%)
(Figure S1a, Supporting Information).

Qualitatively the same I[-V characteristics is obtained
when the device is illuminated with monochromatic light at
a wavelength above 2.25 eV, e.g., at 2.76 €V, as shown in the
supporting information (Figure S1b, Supporting Information).
In contrast, the bidirectional photocurrent disappears to yield
to a “usual’” unidirectional photocurrent for excitation below
2.25 eV, e.g., at 1.91 eV (Figure 2b). A more extended voltage
range can be found in the Figure S1c in the Supporting Infor-
mation. We point out that the dark current remains low, so that
also the total current is very small above V.. The devices are
very well reproducible. It is therefore possible to combine two
devices in a back-to-back configuration to obtain a symmetric J-V
characteristic and therefore in total a symmetric bidirectional
phototransistor. An exemplary J-V curve of such a configura-
tion is shown in Figure 2c¢ for monochromatic illumination with
1.96 eV (A = 632 nm) at 5.94 mW cm™2. We observe a vanishing
current at zero applied bias and a symmetric characteristic with
respect to the origin. With increasing bias, the current remains
low in the dark. Yet, under illumination, the current strongly
increases above a threshold voltage of about * 0.35 V and satu-
rates at + 0.70 V. The on/off ratio at + 1.0 V is around 2 x 102
Although the on/off ratio is low compared to conventional
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Figure 2. a) Exemplary J-V characteristic of a Ph-TDPP-Ph/C60 device
with MoOj interlayer measured at 1 sun illumination. b) I-V characteristic
measured at 7 mW cm2and an excitation energy of 1.91 eV. c) Exemplary
J-V characteristic of a back-to-back configuration of two Ph-TDPP-Ph/Cg
devices recorded at an excitation energy of 1.96 eV (A = 632 nm). Dark
(light gray circles) and photocurrent contribution (red filled squares) to
the total current (grey solid line) are explicitly shown. Schematic circuit
diagrams are shown as insets.
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Figure 3. Output current I, (black) for different input logic states as a function of time for various logic elements ([0]: off/low state, [1]: on/high state).
a) NOT-Gate; The temporal course of the input voltage (input 1) is depicted in blue. The device is constantly illuminated (red, input 2). b) AND-Gate;
voltage (input 1) and irradiation intensity (input 2) serve as two different input channels (back-to-back configuration). c) OR-Gate; Two devices in a
parallel circuit are either illuminated ([1]) or not ([0]). d) 4-bit analog output ADDER; The number of red dots in a column indicates the number of
simultaneously illuminated devices (parallel circuit). The corresponding circuit diagrams are also shown.

OFETs (210%),2224 it is nonetheless satisfying that a simple
bilayer approach is capable of achieving the basic properties of
a phototransistor.

This opens up the possibility to realize basic hybrid optical
and electronic logic elements such as AND-, OR-, and espe-
cially also NOT-Gates, therefore providing the basic set of
operations necessary for applications in logic algebra. As first
logic element we consider the NOT-Gate (Figure 3a). A single
phototransistor is constantly irradiated with the monochro-
matic light of a He-Ne-laser (1.96 eV, red), and the voltage (blue)
is switched from 0 V (off state) to +1 V (on state). The resulting
output current, depicted in black, is the typical response of a
NOT-Gate. The current is in the Off [0] state (= low current)
when the input voltage is in the On [1] state (= +1 V) and vice
versa. With the low-intensity monochromatic illumination used
here, the switching ratio is about a factor of 10, but neverthe-
less the basic requirements for a NOT-Gate are fulfilled. The
ratio can be increased by using a higher illumination intensity,
for example, to a factor of 500 for AM 1.5 (see Figure Sla in the
Supporting Information).

The next logic element we realize is the AND-Gate, using
i) the externally applied voltage and ii) the incident light on the
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device as input parameters to control the current flow. For a
working AND-Gate, there must be an output current response
(on state) only, if both inputs are in the on-state. Due to the
high reproducibility of our devices, we could easily obtain this
behavior by combining two devices in a back-to-back configu-
ration. The response resulting using a bias of -1 V as input
1 and monochromatic light of 1.96 eV as input 2 is displayed
in Figure 3b together with an illustration of both input states.
As desired, an output response is only present if both inputs
are in the on state. The on/off ratio for the output current is
in the range of 102-10% and the response time is about 80 us,
corresponding to an operating frequency of about 12.5 kHz
(Figure S2, Supporting Information).

Other possible applications are the OR-Gate and closely
related to it, an analog output ADDER circuit. In the case of an
OR-Gate, an output is required if any of the input channels is
in the high state, with no output only if both inputs are in the
off state. This function is realized with our system by using two
devices in a parallel circuit that are biased at -1 V and either
irradiated with monochromatic light for the on-state, [1], or
not (off-state, [0]). Figure 3c shows the output current for every
combination of the two inputs. As expected, an on state of the

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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output is achieved as long as any of the two devices or both
of them are illuminated. Otherwise there is no significant cur-
rent flow. The fact that the current output is twice as high when
both devices instead of one are exposed to light at the same
time already shows the possible application as a 2-bit analog
output ADDER circuit. By using more devices, more bits are
available for ADDER operations. This is illustrated in Figure 3d
for four devices and thus 4 bits. Due to the good reproducibility
of the samples the current output is proportional to the number
of illuminated devices.

3. Optoelectronic Mechanism

In order to unravel the mechanism behind this special behavior
of the investigated devices, we consider the external quantum
efficiency (EQE) spectra at three different voltages (-1, 0, and
+1 V). The EQE spectra are displayed in Figure 4a together with
the respective absorption spectra of the pristine materials. For
forward bias, at +1 V, we observe a significant photocurrent only
for excitation above 2.25 eV. In contrast, under short-circuit con-
dition and for reverse bias at —1 V, we observe a similar spectral
response. The response for forward bias matches the absorption
of Cg and in particular, it is almost identical to the photocur-
rent observed from autoionization of Cg, by Hahn et al.*>! Com-
parison of the donor absorption spectrum and the photocurrent
spectrum for short-circuit and reverse bias shows that the con-
tribution below 2.25 eV can be assigned to photoexcitation of the
donor and subsequent dissociation at the donor/acceptor (D/A)
interface, because neither Cgy nor Ph-TDPP-Ph shows consider-
able autoionization of photogenerated excitons there. For refer-
ence, the EQE of single layer devices of pristine Ph-TDPP-Ph
and Cg is given in Figure S1d in the Supporting Information.
Figure 4b,c shows simplified schemes of the energy levels
for the bilayer devices under forward and reverse bias. Detailed
values of the energy levels of Cy4 and Ph-TDPP-Ph are given
in Figure S7 in the Supporting Information. We shall consider
first the expected photoresponse for excitation below 2.25 eV.
Under reverse bias (Figure 4b), excitons photogenerated in the
donor dissociate at the interface and the carriers (shown in red
color in Figure 4b) leave the device without encountering any
extraction barriers, thus giving rise to a photoresponse. Under
forward bias (Figure 4c), photogenerated excitons may only dis-
sociate by electron transfer to the ITO. However, the remaining
holes (still shown in red color) experience an extraction barrier
at the Ph-TDPP-Ph/Cy interface, so that photocurrent ceases.
Furthermore, a space charge will build up at the Ph-TDPP-Ph/
Cgo interface that additionally impedes charge extraction.26:%7]
This changes upon illumination above 2.25 eV. At these photon
energies, CT states in Cg, are excited that autoionize into
charges (shown in green color) with significant yield.?>?% The
holes accumulating on the donor side of the D/A junction can
now recombine with the electrons provided from the autoion-
ized Cqy molecules, and the remaining hole on the Cqq drifts
to the cathode.?>3% In this way, a photocurrent is maintained
under forward bias. To a certain extent, this mechanism resem-
bles a tandem solar cell. In view of this, the observed net
photocurrent under forward bias (above V,. of the junction)
can be interpreted in terms of an enhanced recombination
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Figure 4. a) Left axis: series of voltage-dependent EQE spectra of MoO;/
Ph-TDPP-Ph/Cgp-devices. Right axis: absorption spectra of Ph-TDPP-Ph
(dashed blue) and Cg (dotted blue). Simplified energy level diagram under
b) reverse bias (-1 V) and c) forward bias (+1 V). Red and green color indi-
cate charges resulting from photoexcitation in DPP and Cg, respectively.

current close to the cathode and the D/A interface, which even-
tually enables a hole current flow to the conventional cathode
and an electron current flow to the conventional anode.?”3!
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Under reverse bias and excitation above 2.25 eV, the photocur-
rent from the autoionized Cg, or Cg excitons dissociated at the
D/A interface simply adds to the total current (Figure 4b). In all
these cases, good charge transport properties of both Cg,2-34
and Ph-TDPP-Phi'!l ensure that no additional losses are intro-
duced due to low or imbalanced mobilities. ]

The overall mechanism is further supported by the inde-
pendence of the FF on the illumination intensity, by the obser-
vation of a clear saturation field for exciton dissociation when
exciting below 2.25 eV, yet not above 2.25 eV, and by the two
orders of magnitude higher dark current observed when
MoO; is replaced by PEDOT:PSS, as detailed further in the
Supporting Information. The latter indicates the presence of a
considerable hole injection barrier in the case of MoOj3, which
accounts for the low dark current in our devices. Thus, this bar-
rier is an important prerequisite for the total current above V.
to be dominated by its photogenerated component.

4. Conclusion

To conclude, we are able to obtain the characteristics of an
asymmetric vertical bidirectional phototransistor with on/off-
ratios of up to 10° at an applied bias of =1 V in a simple Ph-
TDPP-Ph/Cg bilayer structure. The underlying mechanism for
this behavior is identified to be based on the efficient autoioni-
zation of CT states in Cqy and presence of an injection barrier
at the anode to keep the dark current low, while at the same
time charge carrier extraction is not inhibited. The net photo-
current in forward direction can be understood in terms of an
enhanced recombination current close to the cathode and the
D/A-interface.l?”31

The observed behavior of our bilayer devices allows the com-
bination of switching operations with light and voltage inde-
pendent from each other. These features make them capable of
being used as hybrid optical/electronic logic elements. We have
shown that the basic set of logic operations comprising NOT,
AND, and OR-operations are possible using either a single
phototransistor or two of them in a back-to-back configuration.
The latter features a symmetric J-V characteristic with an on/
off ratio of about 2 X 10%2. An improvement of this ratio could
be achieved by further optimization of the injection barriers or
illumination intensity.

With all the basic logic operations possible, our system — or
the underlying approach — may in principle be used for various
analog and digital applications. As a simple example we have
shown the function of a 4-bit analog output ADDER. With this,
we hope that our work will give new impulses toward further
development of multifunctional organic logic elements.

5. Experimental Section

Sample Preparation: All samples were fabricated by spin coating the
DPP-monomer Ph-TDPP-Ph®l from a chlorobenzene/chloroform-(2:3)
solution (15 mg mL") onto patterned glass/ITO/MoO; (15 nm)
substrates. ITO was ozone treated prior to the evaporation of MoOs.
For some reference measurements, MoO; was replaced by a layer
of PEDOT:PSS (30 nm). In a subsequent evaporation step, 30 nm
of Cgo (Sigma-Aldrich) and 100 nm of Al were evaporated on top as
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acceptor layer and cathode, respectively. Single layer devices with either
Ph-TDPP-Ph or Cg, were fabricated accordingly by simply omitting the
respective other layer.

Electrical and Optical Characterization: Current—voltage characteristics
and current transients were recorded under vacuum conditions using
Keithley source-measure units (SMU236/238). lllumination under
AM1.5 sun light conditions was provided by a Newport sun simulator.
Monochromatic light incidence for EQE measurements was generated
by a 450W xenon lamp in combination with a monochromator. For the
current transients, a HeNe-laser (3.9 mW) was used instead. In order
to avoid heating of the sample due to illumination, light exposure
time during the measurement was minimized using a shutter and
alternatingly recording the current with and without illumination at
each voltage step. The photocurrent was defined as the difference
between the total current measured with and without light exposure.
Absorption spectra were recorded using a Cary 5000 (Varian) absorption
spectrometer. Response times for AND-Gates were measured using
an optical chopper operated at 485 Hz and a 300 MHz oscilloscope
(Tektronix). For this, response currents were converted to voltages using
a FEMTO DHPCA-100 amplifier.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Figure S1: a) Exemplary J-V-characteristic of a Ph-TDPP-Ph/C60 device with MoOs interlayer
measured under 1 sun illumination (red open symbols) and in the dark (black filled squares). b)

I-V-characteristic measured at 7 % and an excitation energy of 2.76 eV. c) Same as in b) but at

an excitation energy of 1.91 eV. Dark (light grey circles) and photocurrent contribution (red
filled squares) to the total current (grey solid line) are explicitly shown. c) Left axis: EQE spectra
of Ph-TDPP-Ph and Cg single layer devices measured under short circuit conditions. Right axis:
Absorption spectra of Ph-TDPP-Ph (dashed blue) and Cg (dotted blue).
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Comment on the definition of the photocurrent

In this study, the term “photocurrent” is defined as the difference between the total current
measured with and without light exposure. According to Wehenkel et al.!, the direct
identification of the difference between the current under illumination and in the dark with a
photogenerated current is only justified, when the voltage drop across the series resistance Rg
of the electrodes can be neglected. This is the case for low injection currents which are typical
under reverse bias. Under forward bias, however, injection usually dominates the current above
Voc and the effective voltage across the active layer may actually be lower due to the voltage
drop across Rs. Yet, as in our case the dark current is much lower than the current under
illumination, no further correction is needed here.
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Figure S2: Response times for an AND-Gate when the light is turned a) ON and b) OFF. The total
response time is given by the sum of rise (tg) and fall time (tf).

Further details about the optoelectronic mechanism

Intensity dependent I-V-measurements

Figure S3a-c display intensity dependent I|-V-characteristics of devices with MoOs interlayer
recorded at a) 3.54 eV, b) 2.76 eV, and c) 1.91 eV, i.e. above and below 2.25 eV, respectively.
While the shape of the curves measured at 2.76 eV and 3.54 eV does not change with
illumination intensity, a pronounced S-shape emerges with increasing intensity at 1.91 eV.
Furthermore, a considerable net photocurrent is present when illuminating the device with
2.76 eV or 3.54 eV light, whereas it is nearly vanishing for 1.91 eV (see also Figure 2b, S1b and
Slc).

In order to get an idea about the dissociation processes happening in the device it is convenient
to convert the monochromatic I-V-data into field dependent EQE (Figure $3d).>* An estimation

appl™

v v
of the electric field E is simply calculated via E = TO, where Vg, is the externally applied

voltage, V,, denotes the compensation voltage and d is the thickness of the active layer of the
device. Following the approach of Schwarz et al. presented in Ref. > we obtain saturation field

strengths Fs.; in the range of 3+ 10* — 5-10* ﬁ According to the work of Schwarz et al., Fsut

can be regarded as a measure of the ease of dissociation of charge transfer (CT) states at the
D/A interface.? For 1.91 eV, i.e. below 2.25 eV, we obtain a very well defined saturation regime,
as already expected from EQE data, whereas at energies above 2.25 eV an additional field
dependence emerges at higher electric fields, implying a further exciton dissociation process.
The same observations regarding the shape of the I-V-curves and the saturation field strength
for different energies also apply to devices with PEDOT:PSS instead of MoOs (Figure S4).
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Figure S3: Intensity dependent I-V-characteristics of Ph-TDPP-Ph/Cgq bilayer devices with MoO3
interlayer measured at a) 3.54 eV, b) 2.76 eV, and c) 1.91 eV. The respective total currents at
the indicated intensities are drawn as solid lines, whereas the associated photocurrents are
depicted as filled symbols of the same colour. d) Field dependent EQE for excitation energies of

3.54 eV, 2.76 eV and 1.91eV. The intersection of the two dashed tangents indicates the
saturation field strength Fs.. €) Intensity dependence of the FF for the same energies as in d).

Finally, the degree and kind of recombination present in the device may be addressed via the
intensity dependence of the fill factor (FF).> The FF as function of illumination intensity is
displayed in Figure S3e for excitation energies of 3.54 eV, 2.76 eV and 1.91 eV. For reference
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also the FF obtained under AM1.5 conditions is given (see also main text). Due to the very low
current at 1.91 eV, the FF for the two lowest intensities was omitted, as Voc is largely dominated

by the dark current in this case. Overall, we observe only small changes in the range of +2 %,
meaning that the FF is basically independent of intensity for all three wavelengths. The absolute

value is about 50 % up to an intensity of 7 % Under solar conditions (AM1.5) the FF is slightly

lower (45 %). Devices with PEDOT:PSS as HIL/HTL feature overall smaller values for FF under
both monochromatic illumination as well as sunlight conditions (Figures S1a and S4b-d).
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Figure S4: a) Field dependent EQE for excitation energies of 3.54 eV, 2.76 eV and 1.91 eV for
PEDOT:PSS/Ph-TDPP-Ph/Cg, devices. The intersection of the two dashed tangents indicates the

. ) . - w
saturation field strength Fs;. b) Corresponding I-V-characteristic measured at 7:;—2 and an

excitation energy of b) 3.54eV, c) 2.76 eV, and d) 1.91 eV. Dark (light grey circles) and
photocurrent contribution (red filled squares) to the total current (grey solid line) are explicitly
shown.
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From the presence of a defined saturation regime and the small Fsy; derived from field
dependent EQE at 1.91 eV, we can conclude that all CT states are easily dissociated at the D/A
interface and the resulting charges are separated efficiently. This is a result of good transport
properties as well as maybe delocalization of the charge carriers in the donor or the acceptor or
even both.** % unlike for 1.91 eV, an additional field dependence appeared at higher electric
fields at excitation energies above 2.25 eV. According to Hahn et al. this can be attributed to an
additional splitting of CT states generated in the bulk of Cg.™* This autoionization process is also
the reason for the considerable EQE observed for Cgg single layer devices. With this in mind, the
EQE spectrum at +1 V can be easily assigned to the intrinsic charge carrier generation in Cgo."
The independence of the FF on illumination intensity for devices with MoOs interlayer indicates
that no bimolecular recombination is present in these devices.’

Presence of a hole injection barrier

When replacing MoO; with PEDOT:PSS, the dark current is overall at least two orders of magnitude
higher (Figure S5). Undoubtedly, this effect is related to the presence of a considerable hole injection
barrier in the case of MoOs.

10° | ——MoO, 1

[ —e— PEDOT:PSS

o~
o o 3
T 5 e
””“7'
—_

[ ]
W

-1.0 -0.5 0.0 0.5 1.0
voltage (V)

Figure S5: Dark current characteristics of Ph-TDPP-Ph/Cg devices with either MoOs (black
squares) or PEDOT:PSS (red circles) as anode interlayer.

Moreover, the presence of an injection barrier in the case of a MoOs interlayer is experimentally
verified by the characteristic intensity dependent behavior of the J-V curves measured at
1.91 eV (Figure S3c).*>* A similar effect is not observed for energies above 2.25 eV, as in this
case the behavior is dominated by a considerable net photocurrent in forward direction that is

still present at intensities as low as 0.007 Zn? Both observations, explain the low dark current in
S7
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devices with MoOjs interlayer compared to those with PEDOT:PSS interlayer, where the barrier is
obviously considerably lower. The latter is also reflected in the overall smaller EQE (Figure S6a)
and the lower FF (Figure S4b-d and S6b) in samples with PEDOT:PSS, because a larger density of
injected charge carriers enhances bimolecular recombination .
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Figure S6: a) Left axis: Series of voltage dependent EQE spectra of PEDOT:PSS/Ph-TDPP-Ph/Cgo-
Devices; Right axis: Absorption spectra of Ph-TDPP-Ph (dashed blue) and Cgo (dotted blue).
b) Exemplary J-V-characteristic of a Ph-TDPP-Ph/Cso device with PEDOT:PSS interlayer measured
at 1 sun illumination. Dark (light grey circles) and photocurrent contribution (red filled squares)
to the total current (grey solid line) are explicitly shown.

Summary

We had seen that

(1) A significant photocurrent in forward direction is only observed for energies above
2.25eV, i.e. when charge carriers are generated within the Cg bulk due to
autoionization of CT-states.

(2) Ph-TDPP-Ph does not feature any significant intrinsic photogeneration ability.

(3) Ph-TDPP-Ph**® and Cgo * feature sufficiently good charge transport properties to ensure
good extraction and avoid additional losses due to low or imbalanced mobilities
between donor and acceptor.®

(4) Under reverse bias, dissociation of CT states at the D/A interface is efficient.

(5) A significant hole injection barrier is present in the case of a MoOs interlayer, which
effectively suppresses the dark current in the devices.
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In view of these observations, the presence of a net photocurrent can be explained in terms of
an enhanced recombination current close to the cathode and the D/A-interface due to the
photoinduced increase of minority charge carrier densities at the respective interface (holes at

1,18

the cathode, electrons at the acceptor side of the D/A-interface), as discussed in the main

text.

In the light of this explanation, the significantly reduced photocurrent at +1V for devices with
PEDOT:PSS interlayer (Figure S6a) compared to those with MoOjs interlayer (Figure 4a) can be
attributed to a higher dark injection current for PEDOT:PSS because of a lower injection barrier
for holes. This in turn leads to increased bimolecular recombination due to the higher charge
carrier density. In contrary, for MoOQs interlayers, that introduce a larger hole injection barrier,
the dark current is much lower resulting in significantly less bimolecular recombination so that
photogenerated charge carriers in the Cgo bulk can effectively contribute to the measured
photocurrent.® A slightly more detailed discussion of the EQE at +1V of PEDOT:PSS containing
devices is given below.

Comment on the EQE spectra recorded at +1V (with PEDOT:PSS interlayer)

The EQE spectrum at +1V follows the absorption of Ph-TDPP-Ph down to about 2.4eV, i.e. close
the autoionization threshold of CTS in the Cg bulk at 2.25 eV (Figure S6a). Below this energy,
the extracted EQE values have to be treated with caution, as the measured current in the dark
and under illumination were of the same order. This fact results in larger errors when
calculating the photo current from the difference between the illumination current and the dark
current, particularly below 2.25 eV.

The fact that the EQE roughly follows the absorption spectrum of Ph-TDPP-Ph indicates the
presence of a displacement current that is caused by the recombination of charge carriers,
especially electrons, from the Cg side at the D/A-interface with excitons generated by photon
absorption in the bulk of Ph-TDPP-Ph. The remaining electron from Ph-TDPP-Ph may then be
transported to PEDOT:PSS, where it can recombine with an injected hole or be extracted.
Consequently, the additional recombination between excitons in Ph-TDPP-Ph and electrons
from Cg is limited on the one hand by the number of excitons generated in Ph-TDPP-Ph, as well
as the number of charges generated from CT states in the Cg bulk via autoionization. This
mechanism may explain the fact that the additional displacement current only follows the
absorption of Ph-TDPP-Ph down to an energy where autoionization of CT states in the Cgo bulk is
still possible.
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The remaining contribution below 2.25 eV could be due to exciton diffusion to the D/A-interface
or the ITO/MoOs electrode and a subsequent (inefficient) splitting, as no significant intrinsic

dissociation was observed in single devices of Ph-TDPP-Ph.

Energy levels of Ph-TDPP-Ph and Cg

240

>
20
] vacuum
C
[N}
Ph-TDPP-Ph
C60
-3.21eV
-4.16 eV
-5.46 eV
-6.51 eV

Figure S7: Energy levels of Ph-TDPP-Ph and Cgp

The variation in frontier molecular orbital energy levels of Ph-TDPP-Ph was investigated by cyclic
voltammetry measurements (CV) at a scan rate of 0.1 V/s. Platinum electrodes were used as working and
counter electrode; where Ag/ Ag+ have been employed as the reference electrode. Energy levels have
been calibrated with respect to an internal standard ferrocene/ferrocenium redox couple. Energy levels

of Cg, are taken from literature and were measured via UPS/IPES."
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Crosslinked Semiconductor Polymers for

Photovoltaic Applications

Frank-Julian Kahle, Christina Saller, Anna Kohler, and Peter Strohriegl*

Organic solar cells (OSCs) have achieved much attention and meanwhile
reach efficiencies above 10%. One problem yet to be solved is the lack of long
term stability. Crosslinking is presented as a tool to increase the stability of
OSCs. A number of materials used for the crosslinking of bulk heterojunction
cells are presented. These include the crosslinking of low bandgap polymers
used as donors in bulk heterojunction cells, as well as the crosslinking of
fullerene acceptors and crosslinking between donor and acceptor. External
crosslinkers often based on multifunctional azides are also discussed. In the
second part, some work either leading to OSCs with high efficiencies or giving
insight into the chemistry and physics of crosslinking are highlighted. The
diffusion of low molar mass fullerenes in a crosslinked matrix of a conjugated
polymer and the influence of crosslinking on the carrier mobility is discussed.
Finally, the use of crosslinking to make stable interlayers and the solution

PTB7-Th/PC;;BM,“ high efficiencies of
10.33% and 10.95% could be achieved,
respectively.

Most BH] solar cells containing a donor
polymer and a fullerene acceptor are real-
ized by solution processing. In contrast,
vacuum evaporation allows the fabrication
of solar cells with a large number of layers
by subsequent deposition of different
small molecules. Using this technique,
BHJ as well as planar heterojunction
(PH]J) solar cells, multilayer solar cells, and
tandem solar cells can be fabricated. The
advantage of this method is the possibility
to optimize the properties of the different
layers separately. The highest reported effi-

processing of multilayer OSCs are discussed in addition to presentation of a
novel approach to stabilize nanoimprinted patterns for OSCs by crosslinking.

1. Introduction

In recent years, the research on solar cells from organic semi-
conducting materials has made fast progress.l'! Organic solar
cells (OSCs) are an interesting alternative to the widely used
silicon solar cells because of their unique properties. These
include low weight, cost-efficient fabrication via solution pro-
cessing, and the ability for application on flexible substrates.l?!
The active layer of an OSC is composed of an electron donor
and an electron acceptor. The most promising approach is the
bulk heterojunction (BH]J) solar cell that is composed of a blend
of the two materials. In many cases, electron-donating poly-
mers and electron-accepting fullerenes are applied.'” Using
different low bandgap polymers like NT812/PC;;BMPl and
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ciency of a polymer tandem solar cell made
under laboratory conditions is 11.3%.0
Companies announced multilayer OSCs
with efficiencies up to 13.2%.1°!

As the exciton diffusion length in OSCs
is about 10 nm, a controlled morphology of the active layer in
combination with direct charge percolation paths towards the
electrodes is of vital importance for the performance of organic
solar cells. One possible solution for that issue are nanostruc-
tured active layers, for example realized by nanoimprinting.”]
By means of this method, an efficiency of 4.4% could be
achieved with a nanostructured poly-3-hexylthiophene (P3HT)
layer and [6,6]-phenyl-C61-butyric acid methyl ester (PCBM).[®l
In this case, the nanoimprinting additionally enforces a
favorable chain alignment of the polymer.

However, a major disadvantage of OSCs is their lack of sta-
bility. Device instability arises from different reasons such as
thermal, chemical or mechanical stress, and light exposure.’)
Encapsulation of the device can prevent degradation by water
or oxygen.['% One major issue regarding thermal degradation of
BH]J solar cells is the diffusion of low molecular weight fuller-
enes and subsequent formation of large fullerene aggregates.
This results in a decreased device performance.['!]

Extending the concept of multilayer structures from evapo-
rated low molar mass compounds to polymers is difficult as they
are solution processed. The underlying polymer layer would be
dissolved by the deposition of a second polymer solution on top.
This can be prevented by the use of orthogonal solvents!? or
the introduction of inorganic interlayers, especially in the field
of tandem devices.’*3 Orthogonal solvents are also used to
prevent nanoimprinted patterns from dissolution./:®l

One approach to overcome the problems mentioned above
is the application of crosslinkable materials.") The basic
advantage applying crosslinkable materials is the “freezing”
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of the initial morphology. This principle is illustrated using
the example of a crosslinkable polymer in Figure la. Before
crosslinking, the conjugated polymer is soluble and can be
solution processed. Upon crosslinking, covalent bonds, which

a) Crosslinking principle
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crosslinkable side groups
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b) BHJ stabilization

| Donor polymer
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c) Multilayer formation
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d) Nanoimprinting
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connect the polymer chains, are formed. The resulting densely
crosslinked conjugated polymer network is insoluble and its
morphology is frozen. Initiation of the crosslinking process is
possible via a (photo)initiator, exposure to UV-light or heat.

® Crosslinks

Densely crosslinked conjugated
polymer network

insoluble

Substrate

B X-linked polymer
W Acceptor

/

Substrate Substrate

Substrate /
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Bromine UV exposure or thermal activation
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Figure 1. a) Schematic drawing of the formation of an insoluble network by crosslinking chains of a conjugated polymer. b) Stabilization of a BH)
morphology by crosslinking of the donor polymer. c) Multilayer formation by application of a crosslinkable donor and a crosslinkable acceptor.
d) Patterning via nanoimprinting of a crosslinkable donor polymer. e) Popular crosslinkable units and requirements for crosslinking.
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Crosslinking enables the realization of different concepts
regarding organic solar cells. The first one is the stabilization of
BHJ morphologies and is shown in Figure 1b. In this example,
the blend is made up of a crosslinkable donor polymer. After
crosslinking, the donor polymer has become insoluble and the
morphology is locked. Thus, the migration of low molecular
mass acceptors such as PCBM is reduced, leading to a stabi-
lization of the OSC. A second concept concerns the multilayer
formation from solution-processed materials. Figure 1c depicts
the process applying two crosslinkable materials. First, the
crosslinkable donor polymer is spin-coated onto a substrate.
Subsequent crosslinking in presence of an initiator renders the
donor polymer insoluble. This allows the spin-coating of an
acceptor solution on top of the donor layer without damaging
or dissolving the underlying layer. More complex stacks can
also be realized by applying further crosslinkable functional
materials. Finally, the realization of patterned structures by
nanoimprinting is presented in Figure 1d. The first step in this
process is the deposition of a crosslinkable donor polymer on a
substrate. The pattern is transferred to the polymer layer with
a stamp. Subsequent crosslinking of the donor polymer leads
to a pattern that is stabilized and completely insoluble. After
removal of the stamp, an acceptor can be deposited via solution
processing or vacuum evaporation on top of the pattern without
damaging it.

In the following, the design strategies for crosslinkable
materials as well as the most popular crosslinking units are
presented.

2. Overview of the Chemistry
of Crosslinkable Materials

Three approaches can be discriminated for the crosslinking of
active layers. These include the crosslinking of the donor mate-
rial or the acceptor material as well as crosslinking both the
donor and acceptor.

A lot of research effort has been put into crosslinkable donor
materials over the last years. In organic solar cells, polymers
are frequently used as electron donor. The general approach
is to attach crosslinkable units to the solubilizing side chains
of the polymers. Bromine, vinyl, acrylate, azide, and oxetane
groups are commonly used. Their molecular structure and
requirements for the crosslinking procedure are summarized
in Figure le.""! Bromine, vinyl, acrylate, and azide function-
alities are activated upon UV-light exposure or thermally and
the crosslinking procedure can additionally implement an
annealing step to ensure complete crosslinking. In addition to
its benefits, crosslinking may cause some problems that differ
between the functional units. Remaining bromine groups can
negatively influence device properties such as the charge car-
rier mobility. For the crosslinking of acrylates, photoinitiators
are often used. The residues of the photoinitiator decompo-
sition remain in the polymer layer. The activation of azides
results in the release of nitrogen and very reactive nitrene spe-
cies are formed. Because of the high reactivity, the nitrenes may
not only attack the polymer side chains, but also insert into the
conjugated backbone. Oxetane crosslinking requires the pres-
ence of an acid source or prolonged thermal activation.® An
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annealing step is necessary to ensure complete crosslinking.
The problems with acid activated crosslinking are acid resi-
dues or the counterions of the photoacid generators. In con-
trast to the radical crosslinking process applying for bromine,
vinyl and acrylate, the cationic mechanism of oxetane allows
crosslinking in the presence of radical scavenging materials
such as fullerene.

The crosslinking groups shown in Figure le have been
attached to a number of polymers. P3HT, a widely used con-
jugated donor polymer, has been modified with several
crosslinkable units. Kim et al. presented the derivative P3HT-
Br containing up to 20% of bromine units that can be photo-
crosslinked via UV-exposure.'®f The chemical structure is
shown in Figure 2. Both planar heterojunction (PHJ) and BH]
solar cells were prepared. An efficiency of 2.2% was reached
for a polymer with 10% bromine in a PHJ geometry and 3.4%
efficiency for the 5% bromine derivative in a BHJ geometry.
Stability tests at 150 °C showed that the efficiency is stable
upon crosslinking for PHJ solar cells for up to three days and
for BHJ solar cells for up to two days. Vinyl functionalized
P3HNT that can be crosslinked thermally was used to realize
BH]J cells and the stability was tested by annealing at 150 °C
for 10 h (Figure 2).'"] The crosslinked devices showed a better
thermal stability than the non-crosslinked reference devices.
This is confirmed by optical microscopy yet the formation of
PCBM crystals could not be fully suppressed. A P3HT diblock
copolymer consisting of a P3HT block and a polythiophene
block with pendent acrylate units was synthesized by Ouhib
et al. and crosslinked thermally (Figure 2).'8] BHJ cells with the
crosslinked polymer retained 85% of their initial efficiency after
165 h at 110 °C. In contrast, the P3HT reference devices exhib-
ited a decrease to 65%. Kim et al. demonstrated the synthesis
of a photo-crosslinkable P3HT-azide copolymer (Figure 2).*"]
Annealing at 150 °C for 40 h yielded thermally stable BH] solar
cells with 3.3% efficiency. Another crosslinking chemistry was
presented by Brotas et al. who synthesized a P3HT copolymer
with 10% oxetane functionalization (P3HT-oxetane, Figure 2).120]
The oxetane group was crosslinked using UV-light in presence
of a photoacid generator and a subsequent annealing step. The
incorporation of the oxetane unit decreased the performance of
BH]J cells to 1.1% compared to 1.9% for the non-functionalized
P3HT cell. Crosslinking of the blend led to a further drop to
0.2%. However, this is balanced by an improved stability of the
cells during illumination for 40 min.

Recently, the interest shifted from P3HT to low bandgap
polymers that can harvest a large part of the sun’s spectrum.
Griffini et al. presented a crosslinkable PBDTTPD derivative
with 16% and 33% bromine in the side chains, respectively
(Figure 2).2! This was the first crosslinkable low bandgap
polymer applied in BHJ solar cells. The devices composed of
the polymer with 16% bromine containing repeat units were
annealed for 72 h at 150 °C and finally exhibited a remark-
ably high efficiency of 4.6%, while the efficiency of the ref-
erence cell dropped from 5.2% to 3.9%. In 2012, the Krebs
group presented a study in which the performances of OSCs
from the low bandgap polymers TQ-x (Figure 2) with different
crosslinkable groups were compared.?2 TQ1 was modified
either with an alkyl chain, a bromine, a vinyl, or an oxetane
functionality. This work is discussed in more detail in the next
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Figure 2. Crosslinkable semiconducting polymers and low molar mass crosslinkers. The chemical structures of the copolymers are drawn according
to the IUPAC nomenclature, where -stat- means statistical and -block- denotes block copolymers.
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section. Further work was performed on bromine containing
low bandgap polymers,?3l azide functionalized copolymers?*l as
well as on a series of PBT derivatives including bromine, azide,
and vinyl units.l’!

In the polymers discussed above, the crosslinkable groups
are attached to the polymer side chain. Another option for the
incorporation of a crosslinkable unit is the backbone itself.
Bui et al. reported three different copolymers containing triple
bonds in the polymer backbone.?®) Two of them were tested
as buffer layers in inverted OSCs for the interface modifica-
tion of zinc oxide. Thereby, the crosslinking was performed by
exposure of the polymer layers to UV-light. The increase of the
hydrophobicity of the zinc oxide layer due to the crosslinked
interlayer resulted in an improved efficiency of 3.1% compared
to 2.7% for the reference cell.

A versatile approach for crosslinking without the need of
functional groups is the use of small molecule crosslinkers. A
prominent example was presented by Friend and co-workers.
They added the reactive bis-nitrene crosslinker sFPA (Figure 2)
to mnon-functionalized conjugated polymers.?”l With this
method, a PHJ solar cell with three polymer layers on top of
each other was realized.® The materials featured cascaded
energy levels achieving an efficiency of 0.45%. In addition,
P3HT was also crosslinked by the use of sFPA. Bilayer cells
with PCBM as acceptor yielded 3.0% efficiency in comparison
to 3.3% efficiency for the non-crosslinked reference.?”) Derue
et al. studied the crosslinking of fullerenes in blends with dif-
ferent donor polymers under mild conditions using the bis-
azide BABP (Figure 2).5% 3.3% efficiency was achieved for a cell
with P3HT. After 120 days at 85 °C, 90% of the initial efficiency
could be retained. Regarding PTB7, an efficiency decrease from
5.8% to 4.6% was observed upon annealing for 16 h at 150 °C.
PDPPTBTEY exhibited an initial value of 4.5%, which dropped
to 3.0% when the cell was annealed for 15 h at 150 °C. In the
group of McCulloch, SiIDT-BT was crosslinked using the bis-
azide DAZH (Figure 2), which improves the efficiency from
6.0% to 7.0%.531 Thermal aging for 130 h at 85 °C resulted in
an efficiency of 4.1% for the crosslinked cell compared to 3.5%
for the reference cell.

In addition to the crosslinking of donor polymers, crosslinkable
fullerene derivatives were also investigated in the last years and
are discussed in the reviews of Wantz et al. and Rumer et al.'4

3. Application of Crosslinking
in Organic Photovoltaics

In the preceding section a number of polymers and different
reactive groups used to make OSCs with crosslinked layers
were presented. In a short review, however, it is not possible
to cover all the work on crosslinked OSCs.'* Instead, we
decided to highlight work that leads to efficient OSCs or that
we believe is important for the understanding and the devel-
opment of crosslinked solar cells. We begin with work on the
stabilization of BH]J solar cells followed by a section on the use
of crosslinked layers and multilayer OSCs and end with a short
section on patterning.

As discussed above, there are several approaches of
crosslinking in organic solar cells: donor to donor, acceptor
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to acceptor, or donor to acceptor. In principal, all of the three
approaches are capable of stabilizing the blend morphology in
BHJ solar cells. Crosslinking of the donor is often used, as it is
relatively easy and versatile and may be applied to a variety of
material classes.[1418222%]

In an attempt to systematically assess the relation between
different functional groups and the stability of the crosslinked
OSCs, comparative studies were performed by several
groups.?22>32 Krebs and co-workersl?” compared bromine-,
azide-, vinyl-, and oxetane- functionalized derivatives of the low
bandgap polymer TQ1 (Figure 2). Crosslinking via UV-illumi-
nation resulted in solvent resistant films and did not change
the optical absorption spectra, therefore excluding damage
to the m-conjugated polymer backbone. Photochemical and
thermal stability was investigated using different experimental
conditions for aging: dark versus illumination under 1 sun
and ambient versus inert atmosphere. The observed stability
enhancement was attributed to the suppression of morpho-
logical changes, that is fullerene aggregation, as confirmed by
optical microscopy. Yet, the analysis of stability under the dif-
ferent experimental conditions did not result in a consistent
correlation between polymer stability and the different func-
tional groups used for crosslinking.

Heeney and co-workersP®?l compared derivatives of the
low bandgap polymer PDTG-TPD with both bromine and
oxetane functional groups (Figure 2). The pure polymers can
both readily be crosslinked. Yet, in blends with fullerenes,
crosslinking was only successful for the oxetane-containing
PDTG-TPD derivative. This might be attributed to the radical
scavenging ability of fullerenes® preventing radical polymeri-
zation in the case of bromine. Moreover, efficiencies as high
as 5.02% could be obtained with a relatively small number of
oxetane units (20%). Finally, Heeney and co-workers found an
increased thermal stability of the crosslinked BH]J cells on the
timescale of 30 min.

Similar observations with regard to small amounts of func-
tional groups were also made by several other groups.[16-21:22:24.34]
A noteworthy example is the work by Chen et al., who obtained
a PCE of 6.06% using only 2.5% of crosslinkable vinyl-groups in
PBDTTPD-V, (Figure 2) combined with PC;;BM, still retaining
91% of the efficiency after 40 h of annealing at 150 °C. This is
among the highest PCEs reported for OPVs using crosslinked
active layers.134l

In the context of oxetane functionalization, it is noteworthy
that, although it is generally assumed that this mechanism
requires the exposure to an acid,**! Knauer et al.® showed
that crosslinking via oxetane groups can be achieved by pro-
longed heating, yielding a fully crosslinked and long-term
stable BH]J cell.

In general, this possibility of crosslinking without
crosslinking additives is a great benefit, as possible remnant by-
products, which could be detrimental for device performance,
are avoided.**3¢ This issue was addressed by Kahle et al., who
investigated the effect of crosslinking on the charge carrier
mobility of acrylate functionalized PF2/6-A-x:y (Figure 2) using
MIS-CELIV measurements.®®l They showed that an amount of
photoinitiator of 1 wt% could deteriorate charge transport in a
PF2/6 polymer layer. This effect was especially pronounced in
the case of a Ti-based initiator, leading to a reduction of hole
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mobility by over two orders of magnitude due to the introduc-
tion of traps. On the other hand, when choosing appropriate
conditions such as a small amount of Ti-free photoiniator
(0.1 wt%) or even purely thermal crosslinking, no reduction in
mobility compared to the respective non-crosslinked reference
was observed.

In addition, Kahle et al. found a reduction of the mobility
with increasing content of functional groups because of steric
effects, implying that a smaller amount of functional groups
may be advantageous for devices. This is in agreement with the
results of Heeney and co-workers®? discussed above, who have
shown that just 20% of crosslinkable groups result in sufficient
device stabilization.

Apart from creating a 3D network of the donor polymer as
a stable matrix for the fullerene acceptor, one can also follow
the approach of directly crosslinking donor to acceptor. In this
case, there are only a limited number of functional groups!'*!
available due to the electron scavenging properties of fullerene.
The most suitable and common pathway to perform a con-
trolled reaction between the donor and the acceptor is thermal
crosslinking using azide-functionalized donor polymers.['37]

A remarkable exception is the work of Tournebize and co-
workers,®¥ who managed to link donor and acceptor without
any additional functionalization using a blend of PCDTBT
(Figure 2) and PC;;BM. The underlying mechanism was iden-
tified to be of photochemical origin and studied via acceler-
ated artificial photoaging. It proceeds via scission of the bond
between the N-atom of the carbazole units of PCDTBT and the
alkyl side chain followed by reaction of the macroradicals with
the fullerene. The formation of the covalent crosslinks first
results in a decrease in PCE (“burn-in”) of about 25% of the ini-
tial value,?) but then leads to an impressive long-term stability
and an expected average lifetime of PCDTBT/PCBM solar cells
of about seven years, as reported by McGehee and co-workers
(Figure 3).13% To the best of our knowledge this is the best long-
term stability of polymer:fullerene blends reported to date.
By performing additional thermal annealing and measuring

a)
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(light-induced) electron paramagnetic resonance ([LJEPR), it
was shown that the crosslinking is mainly related to polymer
crosslinking and not only due to a thermally reversible PCBM
oligomerization.38l

The last possibility to suppress fullerene crystallization
in a blend morphology is to directly crosslink functional-
ized fullerene derivatives.*9 Yet, due to the electron scav-
enging properties of fullerenes and their ability to terminate
radical reactions, only a limited number of functional groups
may be used, and this approach is only rarely applied in BH]J
stabilization.'*l In the emerging class of non-fullerene accep-
tors, !l no crosslinkable materials have been reported yet. We
believe that such materials would be an interesting perspective
for further research.

Instead of being a component of the BHJ layer, functional-
ized fullerenes are more often used as thin self-assembled
layers at an electrode for passivating interfacial trap states
and lowering the contact resistance,*? which leads to another
possible application of crosslinking in organic photovoltaics:
the formation of stable, insoluble interlayers. In general, this
approach allows the fabrication of multilayer devices or even
tandem or triple junction solar cells from solution without the
use of orthogonal solvents!*}l or relying on materials that have to
be evaporated. More specifically, crosslinked layers may be used
as exciton blocking or transport layers at the electrodes allowing
for subsequent deposition of further layers from solution or
preventing materials from diffusing into each other.[7-2844]

However, to date, to best of our knowledge there is no report
about advanced multilayer organic solar cell devices that are fully
processed from solution using several crosslinked layers. Well-
known examples such as the work by Janssen and co-workers!3
or Leo and co-workers*! still rely on solution-processed inor-
ganic interlayers or vacuum-deposited small molecules.
Nevertheless, there is some recent work demonstrating the
successful application of polymeric interlayers in multilayer
devices.?72844<de-l Hahn et al. were able to improve the effi-
ciency of a PCDTBT/Cg bilayer cell by introducing an additional

layer of crosslinked PFTPDAc (Figure 2) that
reduced exciton quenching at the donor—
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Figure 3. a) Definition of the OSC lifetime according to McGehee and co-workers. It is defined
as the point at which the efficiency has dropped to 80% of the value at the start of the linear
decay period. Both axes are linear. b) Normalized device efficiency for PCDTBT (red) and P3HT
(blue) solar cells over a time span of 4400 h of continuous testing. Each point is the average
of the efficiency for 8 individual solar cells of each type. c) Estimated lifetimes of eight P3HT
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system. Reproduced with permission.%! Copyright 2011, John Wiley Sons, Inc.
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anode interface leading to an increase of 25%
in efficiency.**d Wang et al. demonstrated
an efficiency improvement of 195% using
PFN-V (Figure 2) as an additional interlayer
at the cathode of an inverted PTB7-Th/
PC;;BM solar cell reaching a remarkable PCE
of 9.18%. The improvement was attributed to
enhanced vertical phase separation due to a
favorable surface energy of the polymer inter-
layer.*®l A 204% increase of the efficiency
to 9.28% was achieved with a crosslinked
interlayer of PFN-Ox in an inverted PTB7/
PCyBM cell.*

The general ability of crosslinking to slow
down or suppress the diffusion of fuller-
enes in BH]J cells is commonly accepted, but
rather difficult to address experimentally.
Therefore, this topic has only rarely been
dealt with in the literature up to now.l'#’]
Recently an experimentally simple approach
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to assess diffusivity of fullerenes in a polymer matrix by optical
means was presented by Fischer et al.*! The method is based
on photoluminescence quenching in a sensing layer (here:
MEH-PPV) induced by electron transfer from the excited sin-
glet exciton of the sensor to the fullerene after the fullerene has
diffused through a polymer matrix starting from the top of the
polymer layer (Figure 4a—c). In the accompanying work, Fischer
et al. demonstrated a reduction of three orders of magnitude in
the diffusion coefficient of Cy at 140 °C when using a densely
crosslinked polyfluorene derivative (PF2/6-A-x:y) compared to a
non-crosslinked reference sample (Figure 4d).

Finally, the stability and insolubility of crosslinked layers may
be exploited in a third possible application: nanostructuring of
layers and interfaces in optoelectronic devices. Structuring allows
controlled tuning of donor—acceptor interfaces, phase intercala-
tion, and percolation pathways and therefore is an approach to
achieve an optimal spatial morphology on a nanometer scale.”4l
In addition to conventional photopatterning!*! using crosslink-
able conjugated polymers as negative photoresists, it is also

www.advenergymat.de

possible to apply nanotemplating to a blend mixturel3>>
or even to use mold-assisted mechanical imprinting tech-
niques.®! The latter even allows resolution beyond the limits
imposed by light diffraction or beam scattering, that is even
sub-10 nm accuracy,”) which is on the order of the exciton diffu-
sion length. The templating approach was used, for example, by
Farinhas et al., who processed a mixture of F8T20x1 (Figure 2),
a conjugated polymer, and polystyrene, utilizing the tendency
of both polymers to demix. After crosslinking F8T20x, polysty-
rene was removed, leading to columnar structures of F8T20x,
which were then filled with PCBM. Unfortunately, the resulting
PCEs were smaller than 1%.°%! A promising approach to get
a spatially very well-defined interface morphology, allowing
the systematic study of the influence of the interface on
device performance, was presented by Schmidt-Mende and co-
workers.’™®l They applied nanoimprinting lithography (NIL)
to process a comb-like bilayer all-polymer structure from the
non-fullerene acceptor P(NDI20D-T2) (Figure 2) and P3HT
with exact control over spacing, dimensions and pattern of the
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(MEH-PPV), excited by a laser-shutter unit (L-S), is recorded using a charge-coupled detector (CCD) camera. At 294 K the fluorescence is almost con-
stant with time. b,c) After heating the sample to 413 K, Cgo molecules diffuse leading to a decrease in the fluorescence of the sample cell at a certain
time (blue circles). The corresponding kink is assigned to the arrival time of Cg in the senor layer. The red solid line gives the temporal evolution of the
sensor fluorescence in the sample cell (blue circles) normalized to that of the reference cell (black triangles). d) Diffusion coefficient of Cgj as a func-
tion of the fraction of crosslinked polymer repeat units for PF2/6-A-x:y at 413 K. The structure formula of PF2/6-A-x:y is shown in Figure 2. Reproduced

with permission.[*4ll Copyright 2014, John Wiley Sons, Inc.
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basic properties of the crosslinked layers and
finally the OSCs have already been carried
out by several groups. Apart from comparing
different functional groups concerning device
stability, lifetime, and efficiency, such studies
include investigations on the influence of
crosslinking on the charge carrier mobility
and on the diffusion coefficient of low molar

02 03 04 05

height (nm)
3 8 8 &8 8

5

Figure5. Comparison of nanoimprinting topographies with pore parameters of 35 nm (first row)
and 75 nm (second row). The honeycomb lattice has a periodicity of 100 nm. a,d) SEM images
of the master mold structures used in the NIL process. b,e) AFM height profiles of imprinted
P(NDI20D-T2) films. c,f) Exemplary AFM line sections. Adapted with permission.l°'®l Copy-

right 2014, American Chemical Society.

structure and therefore the resulting donor-acceptor interface
(Figure 5). Photoinduced crosslinking of the P(NDI20D-T2)
layer was used to additionally stabilize the printed template
and allow for the subsequent deposition of P3HT from solu-
tion. Schmidt-Mende and co-workers found that the enhanced
harvesting of photoexcitations due to a larger interfacial area
is outbalanced by increased polaron recombination losses.
This results in efficiencies smaller than 1%. Consequently,
morphology must be spatially and energetically optimized to
achieve good efficiencies.

4. Conclusion and Outlook

One major problem concerned with OSCs is the lack of long-
term stability. An important issue regarding the degradation in
particular of BHJ solar cells is the diffusion of low molecular
weight electron acceptors, for example fullerenes, followed
by the formation of aggregates accompanied with a decrease
in performance. In this article, crosslinking of the organic
layers in OSCs is presented as a tool to overcome problems
concerned with diffusion. According to the chosen synthetic
strategy, crosslinking can take place within the donor polymer,
between donor and acceptor, and within the acceptor. Until
now, crosslinking the donor polymer is the most popular
strategy. Nevertheless, the two other options will lead to an even
stronger decrease in the diffusion of the acceptors and should
be investigated intensively in the future. Different reactive
groups such as bromine, vinyl, acrylate, azide, and oxetane have
been used to crosslink OSC materials. As discussed in detail in
Section 2, all reactive groups have certain advantages and disad-
vantages, for example with respect to their crosslinking ability
in the presence of fullerenes. Consequently, up to now no final
decision can be made as to which reactive unit is best suited
to crosslink certain OSC materials. Here, some fundamental
studies to clarify how the process of crosslinking influences the

Adv. Energy Mater. 2017, 1700306
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mass electron acceptors in a crosslinked
polymer matrix, including the effect of the
resulting crosslink density on both charge
carrier mobility and diffusion.

In the crosslinked materials mentioned
above the reactive group is part of the low
bandgap polymers or of a low molar mass
molecule, normally the electron acceptor. An
alternative concept uses external crosslinkers
that are added to an existing low bandgap
polymer and lead to crosslinking upon
UV-irradiation or heating. The most popular
materials from this class are bis-nitrenes.

For both crosslinkable polymers and
low molar mass crosslinkers, the following
design rules can be established. In general, it is important that
crosslinking is carried out in a way that minimizes changes
in the conjugated material. Therefore, the functional groups
must be situated in the solubilizing spacer group or flexible
low molar mass crosslinkers must be used. The chemistry of
crosslinking has to be selective, meaning that crosslinking has
to take place solely in the side chains and the conjugated system
should not be affected. In the case that initiators are used, frag-
ments of the initiating species remain in the polymer. By the
choice of appropriate initiators, one has to make sure that these
fragments do not negatively influence the material properties
such as the charge carrier mobility. If possible, crosslinkable
groups such as acrylates that can be crosslinked thermally or by
UV-light without any initiator should be used.

Crosslinking of the active layer in BHJ solar cells has become
rather popular and it has to be mentioned that unintentional
crosslinking of PCDTBT/PCBM layers resulted in OSCs with
the, to our knowledge, best long term stability.?%] Nevertheless,
crosslinking can be used not only in BH]J solar cells but also
to get crosslinked, insoluble layers of a single material, which
are used as interlayers or to obtain multilayer OSCs by solu-
tion processing. This concept has been successfully used in the
solution processing of OLEDs!*}l and, to our opinion, is a prom-
ising concept also in the field of OSCs.

Recently, crosslinking has been used for the stabilization
of nanoscale polymer structures obtained by imprinting. Such
small structures are prone to degradation and crosslinking
seems to be a promising way to stable nanostructures.®"!

02 03 04 05

Acknowledgements

F.-J.K. and C.S. contributed equally to this work. Financial support by
the Bavarian State Ministry of Science, Research, and the Arts through
the Collaborative Research Network “Solar Technologies go Hybrid” and
by the German Science Foundation DFG through the doctoral training
center “GRK 1640” is acknowledged.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

253



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

Conflict of Interest

The authors declare no conflict of interest.

Keywords

bulk heterojunctions, cross-linking, multilayer materials organic solar
cells, stability

Received: February 3, 2017
Revised: February 27, 2017
Published online:

[1] a) H. Benten, D. Mori, H. Ohkita, S. Ito, J. Mater. Chem. A 2016,
4, 5340; b) ). W. Jung, ). W. Jo, E. H. Jung, W. H. Jo, Org. Electron.
2016, 37, 149.

[2] H. Kang, G. Kim, J. Kim, S. Kwon, H. Kim, K. Lee, Adv. Mater. 2016,
28, 7821.

[3] Y. Jin, Z. Chen, S. Dong, N. Zheng, L. Ying, X.-F. Jiang, F. Liu,
F. Huang, Y. Cao, Adv. Mater. 2016, 28, 9811.

[4] ). Huang, . H. Carpenter, C. Z. Li, J. S. Yu, H. Ade, A. K. Y. Jen, Adb.
Mater. 2016, 28, 967.

[5] a) H. Q. Zhou, Y. Zhang, C. K. Mai, S. D. Collins, G. C. Bazan,
T. Q. Nguyen, A. J. Heeger, Adv. Mater. 2015, 27, 1767; b) X. Z. Che,
X. Xiao, J. D. Zimmerman, D. J. Fan, S. R. Forrest, Adv. Energy
Mater. 2014, 4, 1400568.

[6] heliatek, Technical Data, http://www.heliatek.com/de/heliafilm/
technische-daten (accessed December 2016).

[7] ). Weickert, R. B. Dunbar, H. C. Hesse, W. Wiedemann, L. Schmidt-
Mende, Adv. Mater. 2011, 23, 1810.

[8] Y. Yang, K. Mielczarek, A. Zakhidov, W. Hu, ACS Appl. Mater. Inter-
faces 2016, 8, 7300.

[9] P. Cheng, X. W. Zhan, Chem. Soc. Rev. 2016, 45, 2544.

[10] D. Yu, Y. Q. Yang, Z. Chen, Y. Tao, Y. F. Liu, Opt. Commun. 2016,
362, 43.

[11] a) N. D. Treat, T. E. Mates, C. ). Hawker, E. . Kramer, M. L. Chabinyc,
Macromolecules 2013, 46, 1002; b) N. D. Treat, M. A. Brady,
G. Smith, M. F. Toney, E. ). Kramer, C. J. Hawker, M. L. Chabinyc,
Adv. Energy Mater. 2011, 1, 82; c) B. A. Collins, E. Gann, L. Guignard,
X. He, C. R. McNeill, H. Ade, J. Phys. Chem. Lett. 2010, 1, 3160.

[12] H. Kong, J. Sinha, D. Hoeft, S. B. Kirschner, D. H. Reich, H. E. Katz,
Org. Electron. 2013, 14, 703.

[13] a) W. W. Li, A. Furlan, K. H. Hendriks, M. M. Wienk, R. A. ). Janssen,
J- Am. Chem. Soc. 2013, 135, 5529; b) A. Puetz, F. Steiner,
J. Mescher, M. Reinhard, N. Christ, D. Kutsarov, H. Kalt,
U. Lemmer, A. Colsmann, Org. Electron. 2012, 13, 2696.

[14] a) G. Wantz, L. Derue, O. Dautel, A. Rivaton, P. Hudhomme,
C. Dagron-Lartigau, Polym. Int. 2014, 63, 1346; b) |. W. Rumer,
I. McCulloch, Mater. Today 2015, 18, 425.

[15] P. Knauer, T. Hahn, A. K&hler, P. Strohriegl, J. Mater. Chem. C 2016,
4, 10347.

[16] B. ). Kim, Y. Miyamoto, B. W. Ma, J. M. |. Fréchet, Adv. Funct. Mater.
2009, 19, 2273.

[17] S. Miyanishi, K. Tajima, K. Hashimoto, Macromolecules 2009, 42,
1610.

[18] F. Ouhib, M. Tomassetti, ). Manca, F. Piersimoni, D. Spoltore,
S. Bertho, H. Moons, R. Lazzaroni, S. Desbief, C. Jerome,
C. Detrembleur, Macromolecules 2013, 46, 785.

[19] H. ). Kim, A. R. Han, C. H. Cho, H. Kang, H. H. Cho, M. Y. Lee,
J. M. J. Fréchet, ). H. Oh, B. J. Kim, Chem. Mater. 2012, 24, 215.

[20] G. Brotas, ). Farinhas, Q. Ferreira, . Morgado, A. Charas,
Synth. Met. 2012, 162, 2052.

Adv. Energy Mater. 2017, 1700306

254

1700306 (9 of 10)

www.advenergymat.de

[21] G. Griffini, J. D. Douglas, C. Piliego, T. W. Holcombe, S. Turri,
J. M. J. Fréchet, |. L. Mynar, Adv. Mater. 2011, 23, 1660.

[22] ). E. Carlé, B. Andreasen, T. Tromholt, M. V. Madsen, K. Norrman,
M. Jorgensen, F. C. Krebs, J. Mater. Chem. 2012, 22, 24417.

[23] a) D. P. Qian, Q. Xu, X. L. Hou, F. Z. Wang, ). J. Hou, Z. A. Tan,
J. Polym. Sci. Pol. Chem. 2013, 51, 3123; b) K. Yao, L. Chen, T. Hu,
Y. W. Chen, Org. Electron. 2012, 13, 1443.

[24] C. ). Mueller, T. Klein, E. Gann, C. R. McNeill, M. Thelakkat,
Macromolecules 2016, 49, 3749.

[25] X. Chen, L. Chen, Y. W. Chen, J. Polym. Sci. Pol. Chem. 2013, 51, 4156.

[26] T. T. T. Bui, S. Park, M. Jahandar, C. E. Song, S. K. Lee, J. C. Lee,
S. J. Moon, W. S. Shin, RSC Adv. 2016, 6, 61284.

[27] R. Q. Png, P. J. Chia, ). C. Tang, B. Liu, S. Sivaramakrishnan,
M. Zhou, S. H. Khong, H. S. O. Chan, J. H. Burroughes, L. L. Chua,
R. H. Friend, P. K. H. Ho, Nat. Mater. 2010, 9, 152.

[28] Z.K.Tan, K. Johnson, Y. Vaynzof, A. A. Bakulin, L. L. Chua, P. K. H. Ho,
R. H. Friend, Adv. Mater. 2013, 25, 4131.

[29] C. Tao, M. Aljada, P. E. Shaw, K. H. Lee, H. Cavaye, M. N. Balfour,
R. J. Borthwick, M. James, P. L. Burn, I. R. Gentle, P. Meredith,
Adv. Energy Mater. 2013, 3, 105.

[30] L. Derue, O. Dautel, A. Tournebize, M. Drees, H. L. Pan,
S. Berthumeyrie, B. Pavageau, E. Cloutet, S. Chambon, L. Hirsch,
A. Rivaton, P. Hudhomme, A. Facchetti, G. Wantz, Adv. Mater. 2014,
26, 5831.

[31] ). W. Rumer, R. S. Ashraf, N. D. Eisenmenger, Z. G. Huang, |. Meager,
C. B. Nielsen, B. C. Schroeder, M. L. Chabinyc, I. McCulloch,
Adv. Energy Mater. 2015, 5, 1401426.

[32] C. P. Yau, S. Wang, N. D. Treat, Z. P. Fei, B. |. T. de Villers,
M. L. Chabinyc, M. Heeney, Adv. Energy Mater. 2015, 5, 1401228.

[33] a) Y. Chen, K. C. Lin, J. Polym. Sci. Pol. Chem. 1999, 37, 2969;
b) S. Chambon, A. Rivaton, ). L. Gardette, M. Firon, Sol. Energy
Mater. Sol. Cells 2007, 91, 394; c) S. Chambon, A. Rivaton,
J. L. Gardette, M. Firon, Sol. Energy Mater. Sol. Cells 2008, 92, 785;
d) M. Manceau, S. Chambon, A. Rivaton, ]. L. Gardette, S. Guillerez,
N. Lemaitre, Sol. Energy Mater. Sol. Cells 2010, 94, 1572.

[34] X. Q. Chen, X. Yao, X. Xiang, L. Liang, W. Shao, F. G. Zhao, Z. Q. Lu,
W. W. Wang, J. ). Lic, W. S. Li, J. Mater. Chem. A 2016, 4, 9286.

[35] A. Charas, Q. Ferreira, J. Farinhas, M. Matos, L. Alc4cer, |. Morgado,
Macromolecules 2009, 42, 7903.

[36] a) S. Feser, K. Meerholz, Chem. Mater. 2011, 23, 5001; b) F.-). Kahle,
I. Bauer, P. Strohriegl, A. Kéhler, J. Polym. Sci. B Polym. Phys. 2017,
55,112,

[37] a) B. Gholamkhass, S. Holdcroft, Chem. Mater. 2010, 22, 5377;
b) C. Y. Nam, Y. Qin, Y. S. Park, H. Hlaing, X. H. Lu, B. M. Ocko,
C. T. Black, R. B. Grubbs, Macromolecules 2012, 45, 2338.

[38] A.Tournebize, A. Rivaton, ). L. Gardette, C. Lombard, B. Pépin-Donat,
S. Beaupré, M. Leclerc, Adv. Energy Mater. 2014, 4, 1301530.

[39] a) C. H. Peters, I. T. Sachs-Quintana, ). P. Kastrop, S. Beaupré,
M. Leclerc, M. D. McGehee, Adv. Energy Mater. 2011, 1, 497;
b) C. H. Peters, I. T. Sachs-Quintana, W. R. Mateker, T. Heumueller,
J. Rivnay, R. Noriega, Z. M. Beiley, E. T. Hoke, A. Salleo,
M. D. McGehee, Adv. Mater. 2012, 24, 663.

[40] a) C. P. Chen, C. Y. Huang, S. C. Chuang, Adv. Funct. Mater. 2015,
25, 207; b) N. Deb, R. R. Dasari, K. Moudgil, J. L. Hernandez,
S. R. Marder, Y. Sun, A. Karim, D. G. Bucknall, J. Mater. Chem. A
2015, 3,21856; c) C. Z. Li, H. L. Yip, A. K. Y. Jen, J. Mater. Chem. 2012,
22,4161; d) J. F. Nierengarten, S. Setayesh, New J. Chem. 2006, 30,
313;e) Y. ). Cheng, C. H. Hsieh, P. ). Li, C. S. Hsu, Adv. Funct. Mater.
2011, 21, 1723; f) M. Drees, H. Hoppe, C. Winder, H. Neugebauer,
N. S. Sariciftci, W. Schwinger, F. Schaffler, C. Topf, M. C. Scharber,
Z. G. Zhu, R. Gaudiana, J. Mater. Chem. 2005, 15, 5158.

[41] C. B. Nielsen, S. Holliday, H. Y. Chen, S. J. Cryer, I. McCulloch,
Acc. Chem. Res. 2015, 48, 2803.

[42] a) Y. ). Cheng, F. Y. Cao, W. C. Lin, C. H. Chen, C. H. Hsieh,
Chem. Mater. 2011, 23, 1512; b) W. W. Liang, C. Y. Chang, Y. Y. Lai,

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED

SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

[43]
[44]

[45]

[46]

Adv. Energy Mater. 2017, 1700306

S. W. Cheng, H. H. Chang, Y. Y. Lai, Y. ]. Cheng, C. L. Wang, C. S. Hsu,
Macromolecules 2013, 46, 4781.

K. Meerholz, Nature 2005, 437, 327.

a) N. Cho, H. L. Yip, J. A. Davies, P. D. Kazarinoff, D. F. Zeigler,
M. M. Durban, Y. Segawa, K. M. O’Malley, C. K. Luscombe,
A. K. Y. Jen, Adv. Energy Mater. 2011, 1, 1148; b) C. E. Tsai,
M. H. Liao, Y. L. Chen, S. W. Cheng, Y. Y. Lai, Y. J. Cheng, C. S. Hsu,
J. Mater. Chem. C 2015, 3, 6158; c) T. Hahn, C. Saller, M. Weigl,
I. Bauer, T. Unger, A. Kéhler, P. Strohriegl, Phys. Status Solidi A 2015,
212, 2162; d) B. Meng, Z. Y. Xie, ). Liu, L. X. Wang, Chem.-Asian J.
2016, 77,1218; €) Y. ). Cheng, C. H. Hsieh, Y. . He, C. S. Hsu, Y. F. Li,
J. Am. Chem. Soc. 2010, 132, 17381; f) C. H. Hsieh, Y. ). Cheng,
P. ). Li, C. H. Chen, M. Dubosc, R. M. Liang, C. S. Hsu, J. Am. Chem.
Soc. 2010, 132, 4887; g) Y. Sun, S. C. Chien, H. L. Yip, Y. Zhang,
K. S. Chen, D. F. Zeigler, F. C. Chen, B. P. Lin, A. K. Y. Jen, Chem.
Mater. 2011, 23, 5006; h) Q. Xu, F. Z. Wang, D. P. Qian, Z. A. Tan,
L. J. L, S. S. Li, X. H. Tu, G. Sun, X. L. Hou, J. H. Hou, Y. F. Li,
ACS Appl. Mater. Interfaces 2013, 5, 6591; i) K. Zhang, C. M. Zhong,
S.J. Liu, C. Mu, Z. K. Li, H. Yan, F. Huang, Y. Cao, ACS Appl. Mater.
Interfaces 2014, 6, 10429; j) F. Fischer, T. Hahn, H. Bissler, |. Bauer,
P. Strohriegl, A. Kéhler, Adv. Funct. Mater. 2014, 24, 6172.

R. Meerheim, C. Kérner, B. Oesen, K. Leo, Appl. Phys. Lett. 2016,
108, 103302.

J. Wang, K. Lin, K. Zhang, X. F. Jiang, K. Mahmood, L. Ying,
F. Huang, Y. Cao, Adv. Energy Mater. 2016, 6, 1502563.

[47]

48]

(49]

(5]

(511

[52]

1700306 (10 of 10)

www.advenergymat.de

D. Chen, F. Liu, C. Wang, A. Nakahara, T. P. Russell, Nano Lett.
2011, 171, 2071.

a) P. K. Watkins, A. B. Walker, G. L. B. Verschoor, Nano Lett. 2005,
5, 1814; b) K. M. Coakley, M. D. McGehee, Chem. Mater. 2004, 16,
4533,

a) E. Scheler, P. Strohriegl, J. Mater. Chem. 2009, 19, 3207;
b) E. Scheler, P. Strohriegl, Chem. Mater. 2010, 22, 1410.

a) B. Liu, R. Q. Png, L. H. Zhao, L. L. Chua, R. H. Friend, P. K. H. Ho,
Nat. Commun. 2012, 3, 1321; b) J. Farinhas, Q. Ferreira,
R. E. Di Paolo, L. Alcacer, ). Morgado, A. Charas, J. Mater. Chem.
2011, 27, 12511.

a) H. C. Hesse, D. Lembke, L. Dossel, X. Feng, K. Miillen,
L. Schmidt-Mende, Nanotechnology 2011, 22, 055303; b) T. Pfadler,
M. Coric, C. M. Palumbiny, A. C. Jakowetz, K. P. Strunk,
J. A. Dorman, P. Ehrenreich, C. Wang, A. Hexemer, R. Q. Png,
P. K. H. Ho, P. Miiller-Buschbaum, |. Weickert, L. Schmidt-Mende,
ACS Nano 2014, 8, 12397; ¢) C. Y. Chang, C. E. Wu, S. Y. Chen,
C. H. Cui, Y. J. Cheng, C. S. Hsu, Y. L. Wang, Y. F. Li, Angew. Chem.
Int. Ed. 2011, 50, 9386; d) X. M. He, F. Gao, G. L. Tu, D. Hasko,
S. Hiittner, U. Steiner, N. C. Greenham, R. H. Friend, W. T. S. Huck,
Nano Lett. 2010, 70, 1302; e) N. Haberkorn, J. S. Gutmann,
P. Theato, ACS Nano 2009, 3, 1415; f) R. Bai, M. Ouyang,
R. J. Zhou, M. M. Shi, M. Wang, H. Z. Chen, Nanotechnology 2008,
19, 055604.

L. J. Guo, Adv. Mater. 2007, 19, 495.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

255






B

List of abbreviations

’ abbreviation ‘ full name

BHJ Bulk Heterojunction

CELIV Charge Extraction by Linearyl Increasing
Voltage

CS (State) Charge Separated State

CT (State) Charge Transfer State

DFT Density Functional Theory

DMA Dynamic Mechanical Analysis

DOS Density of States

DPP Diketopyrrolopyrrole

DSC Differential Scanning Calorimetry

EA Electron Affinity

EQE External Quantum Efficiency

FF Fill Factor

FHJ Flat Heterojunction

Foat Saturation Field

FWHM Full Width at Half Maximum

GIWAXS Grazing Incidence Wide Angle X-ray Scatter-
ing

HOMO Highest Occupied Molecular Orbital

ICBA indene-Cgo-bisadduct

ICTA indene-Clp-tris-adduct

1E Tonization Potential

IPCE Incident Photon to Current Efficiency

IPES Inverse Photoelectron Spectroscopy

IQE Internal Quantum Efficiency

Ise Short-Circuit Current

LUMO Lowest Unoccupied Molecular Orbital

MD Molecular Dynamics (Simulation)

Meft Effective Mass

MeLPPP methyl-substituted  ladder-type  poly(p-
phenylene)

MIS-CELIV Metal-Insulator-Semiconductor Charge FEx-
traction by Linearly
Increasing Voltage

OFET Organic Field Effect Transistor

P3HT Poly(3-hexylthiophen-2,5-diyl)

PCBM Phenyl-C61-butyric acid methyl ester

PCDHTBT Poly-(N-heptadecan-9’-yl)-2,7-carbazole-alt-
5,5-
(4¢,7¢-bis(4-hexylthien-2-yl)
-2¢,14,3-benzothiadiazole)
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abbreviation

full name

PCDTBT

PCDTBTOx

PCDTBTstat

PCE
PF2/6
PF2/6-A-n:m

PHJ
Ph-TDPP-Ph

PTB7

SCLC
TDCF
TOF
TRMC
TREFISH

UPS
VOC

Poly-(N-heptadecan-9’-yl)-2,7-carbazole-alt-
5,5-(4°,7bis

(thien-2-y1)-2¢,1¢,3‘-benzothia diazole)
Poly-[(N-1"-((37-ethyloxetan-3"-yl)-
methoxy)-heptadecan-9’
-yl)-2,7-carbazole-alt-5,5-(4*,7-bis- (thien-2-
y1)-2¢,1°,3¢

-benzothiadiazole)]
Poly[(N-heptadecan-9’-yl)-2,7-carbazole-alt-
5,5-(4¢,7¢-bis(4-

hexylthien-2-y1)-2¢,1¢,3"-

benzothiadiazole)]y 7-stat-[N,N’
-bis(4-methylphenyl)-N,N’-
diphenylbenzidine-alt-5,5-(4,7*-bis-
(4-hexylthien-2-y1)-2¢,1¢,3¢-
benzothiadiazole)]o 3

Power Conversion Efficiency
poly[9,9-bis(2-ethylhexyl)fluorene]
poly(9-(2-ethylhexyl)-9-((6-
acryloyloxy)hexyl)-fluorene-2,7-diyl)

Planar Heterojunction
2,5-bis(2-octyldodecyl)-3,6-bis(5-
phenylthiophen-2-yl)pyrrolo
[3,4-c|pyrrole-1,4(2H,5H)-dione
Poly(4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-
b:4,5-b’|dithiophene-2,6-diyl
3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-
b]thiophenediyl)

Space-Charge-Limited Current
Time-Delayed Collection Field

Time of Flight

Time Resolved Microwave Conductivity
Time Resolved Electric Field Induced Second
Harmonic (Generation)

Ultraviolet Photoelectron Spectroscopy
Open-Circuit Voltage
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