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Zusammenfassung

1. Zusammenfassung

Organische Solarzellen haben jiingst Wirkungsgrade von 12 % unter Laborbedingungen
erreicht und sind damit fiir die industrielle Fertigung geeignet. Im Vergleich zu den weit
verbreiteten Silizium-Solarzellen zeichnen sich organische Solarzellen durch groRe Ex-
tinktionskoeffizienten aus, wodurch das einfallende Sonnenlicht innerhalb weniger
hundert Nanometer vollstandig absorbiert werden kann. Dies ermdglicht die Herstellung
diinner, flexibler, leichter und kostengtinstiger Solarfolien durch Druck- oder Verdamp-
fungstechnik.

Die jungsten Effizienzsteigerungen organischer Solarzellen beruhen jedoch mehr auf
Verbesserungen der Solarzellenmorphologie und der Solarzellenarchitektur, als auf
einem vollstandigen Verstandnis der in einer Solarzelle ablaufenden Prozesse. Auf dem
Weg zu leistungsstarkeren Solarzellen ist es jedoch unerlasslich, den komplexen, aber fir
den Erfolg entscheidenden Prozess der Ladungstragertrennung vollstandig zu verstehen.
Die vorliegende Arbeit untersucht deshalb die Ladungstragertrennung in Donor-
Akzeptor-(D-A)-Solarzellen aus verschiedenen Blickwinkeln, um mit den gewonnenen
Erkenntnissen die gezielte Entwicklung neuer, leistungsstarkerer Solarzellenmaterialien
und Solarzellenarchitekturen zu ermdoglichen.

In der vorliegenden Arbeit wird erstmalig an drei Poly(p-phenylen)-basierten Polymeren
in Kombination mit jeweils zwei Akzeptoren die feldabhiangige Quantenausbeute in
einer Zweischichtsolarzelle bis zur Sattigung des Fotostroms bei hohen Feldstdrken
gemessen. Die Ergebnisse zeigen, dass eine grofde Konjugationslange bei Polymeren mit
einem gleichzeitig hohen Grad an energetischer Ordnung die Ladungstragertrennung
entscheidend unterstitzt. Dieses Ergebnis ist unabhdngig davon, ob ausschlieBlich der
jeweilige Donor oder der jeweilige Akzeptor angeregt werden. Jedoch werden geringere
Sattigungsfeldstarken beobachtet, wenn die Donormaterialien angeregt werden. Da die
Energiedifferenz zwischen LUMO-Donor und LUMO-Akzeptor konsequent groRer ist als
die Energiedifferenz zwischen HOMO-Akzeptor und HOMO-Donor bei der Anregung des
Akzeptors, konnte dies darauf hinweisen, dass ein grofBerer Energieunterschied die
Ladungstragertrennung unterstutzt.

Fortfiihrende Untersuchungen an einem erweiterten System von Donormaterialien in
Zweischichtsolarzellen mit Cgo ermoglichen dann eine Unterscheidung zwischen Auswir-
kungen auf die Ladungstragertrennung, die durch Konjugation oder durch energetische
Ordnung verursacht werden. Es wird deutlich, dass besonders eine ausgedehnte Konju-
gation des Polymers und eine damit verbundene Delokalisation des Coulomb-
gebundenen Lochs entlang der Polymerkette die Ladungstragertrennung maligeblich
beglinstigt und Uber Effekte der energetischen Unordnung dominiert. Die experimentell
gemessenen feldabhangigen Quantenausbeuten werden mit bestehenden theoretischen
Modellen simuliert und verglichen, wobei Ultraviolett-Photoelektronen-Spektroskopie-
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(UPS)-Messungen von Grenzflachendipolen mit berlicksichtigt werden. Es zeigt sich, dass
eine Kombination zweier Modelle die Messungen am besten beschreibt. Beide Modelle
basieren in der Grundidee auf der Delokalisation des gebundenen Lochs, das quanten-
mechanische Nullpunktschwingungen auf der Polymerkette im Coulombpotential seines
zugehorigen Elektrons ausfiihrt. Die Nullpunktschwingungen sind durch eine effektive
Masse charakterisiert und stellen dem dissoziierenden Loch zusatzliche kinetische Ener-
gie zur Uberwindung der Coulombbarriere zur Verfiigung. Daher werden diese Modelle
auch als , effektive-Masse-Modelle” bezeichnet. Bei dem einen Modell, im Folgenden als

Ill

,Dipolmodell” spezifiziert, wird der Einfluss des elektrostatischen Potentials an der D-A-
Grenzflache berlicksichtigt. Bei dem anderen Modell, dem , Fehlstellenmodell”, wird
eine Dissoziation an vereinzelten Defekten mit berlicksichtigt. Die Kombination der
beiden effektive-Masse-Modelle ermoglicht schlieBlich eine geschlossene und stimmige

Beschreibung der Ladungstragertrennung in D-A-Solarzellen.

Um ein breiteres Verstandnis der Ladungstragertrennung in organischen Solarzellen zu
bekommen wird an einem auf Triphenylamin-basierenden D-A-Copolymer Materialsys-
tem der Einfluss der Akzeptorstarke und —position auf die Ladungstragertrennung an-
hand optischer und elektrischer Messungen untersucht. Die experimentell gemessenen
feldabhangigen Quantenausbeuten der D-A-Copolymere in Zweischichtsolarzellen mit
Csowerden mit dem Dipolmodell analysiert. Die Ergebnisse zeigen, dass ein schwacherer,
innerhalb des Copolymers gut mit dem Donor auf dem Polymerriickgrad konjugierter
Akzeptor die Ladungstragertrennung mehr erleichtert, als ein starkerer Akzeptor, der
seitlich zum Polymerriickgrad lokalisiert ist. Dies wird durch ein kleineres Dipolmoment
an der Copolymer-Cgo-Grenzflache und durch eine kleinere effektive Masse in den Fitpa-
rametern fiir den im Polymerriickgrad eingebundenen Akzeptor belegt.

Weitere Einblicke in die Ladungstragertrennung liefern systematische Absorptionsmes-
sungen an D-A-Grenzflachen. Es zeigt sich, dass die optische Dichte eines elektrisch
halbleitenden Donors und eines Akzeptors bei direktem Kontakt an einer gemeinsamen
Grenzflache nicht additiv ist, sondern dass ein signifikanter Anteil der Extinktion des
Donors und des Akzeptors im sichtbaren Wellenldangenbereich fehlt. Dieses Phanomen
wird sowohl experimentell an mehreren D-A-Kombinationen, als auch bei theoretischen
Simulationen eines Ubereinander liegenden Donors und Akzeptors mittels zeitabhangi-
ger Dichtefunktionaltheorie festgestellt. Die ,fehlende” Absorption wird auf die Bildung
eines Grundzustandskomplexes an der D-A-Grenzflache zuriickgefiihrt. Weiter beobach-
tet man, dass ein grofRer Anteil an fehlender Extinktion in den Experimenten direkt mit
niedrigen Sattigungsfeldstarken der feldabhangigen Quantenausbeute zugehoriger D-A-
Zweischichtsolarzellen korreliert, was im Umkehrschluss eine erleichterte Ladungstra-
gertrennung bescheinigt. Dadurch lasst sich auf eine aktive Beteiligung des Grundzu-
standskomplexes bei der Ladungstrennung schlieBen. Die Lichtabsorption direkt an der
D-A-Grenzflache ist stark reduziert und die D-A-Wechselwirkung fiihrt nach Dichtefunk-
tionaltheorie-Rechnungen zur Ausbildung eines treppenférmigen Energieniveausystems.
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Bei diesem wird beim Ladungstransfer eines angeregten Donors (Akzeptors) das Elektron
(Loch) Gber den Grundzustandskomplex auf den Akzeptor (Donor) libertragen, wodurch
ein gebundenes Elektron-Loch-Paar gebildet wird. Der Grundzustandskomplex wirkt bei
der Bildung des gebundenen Elektron-Loch-Paares als raumlicher Distanzhalter, der den
anfanglichen Elektron-Loch-Abstand vergréRert und damit die Rekombination unter-
driickt.
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Summary

Organic solar cells have recently reached power conversion efficiencies of 12% and are
thus ready for industrial mass production. In contrast to the widely used silicon solar
cells, organic solar cells are characterized by large extinction coefficient, so that the
incident sunlight can be absorbed completely within a film thickness of a few hundred
nanometers. This allows for the fabrication of flexible, light weight and cheap solar foils
in a printing or evaporation technique.

The recent rise of the organic solar cells efficiencies is related more to improvements of
the solar cell morphologies and device architectures than to a full understanding of the
processes that take place in an organic solar cell. When aiming for efficient solar cells,
however, it is essential to completely understand the complex, yet crucial step of charge
separation. Therefore, the work presented in this thesis is concerned with investigations
in the process of charge separation in donor-acceptor-(D-A)-solar cells. This issue is
addressed from several angles with the aim that the insights gained may enable the
systematic development of new and more powerful solar cell materials and solar cell
architectures.

In this work, the field-depended quantum efficiency of bilayer solar cells is measured as
a function of the electric field strength, for the first time until the photo-current satu-
rates at high field strengths for a wide range of materials. The material set used here
comprises three poly(p-phenylene) based polymers, each combined with two different
acceptors. The results show that a large conjugation length in the polymers, with a con-
comitant high degree of energetic order, facilitates charge separation. This result is
independent on whether only the donor or only the acceptor is excited. Overall smaller
saturation field strengths are observed when the donor material is excited. Since the
energy difference between the donor’s LUMO and acceptor’'s LUMO is consistently
larger than the energy difference between the acceptor’s HOMO and donor’'s HOMO
upon exciting the acceptor, this might indicate that a larger energy difference assists
charge separation.

Further studies on an extended system of donor materials in bilayer solar cells with Cg
enable us to distinguish between effects on charge separation caused by conjugation
from those caused by energetic order. It emerges that in particular an increased conju-
gation of the polymer and the associated delocalization of a Coulomb-bound hole along
the polymer backbone facilitates charge separation significantly and that this dominates
over effects caused by energetic disorder. The experimentally measured field-dependent
guantum vyields are simulated numerically on the basis of published theoretical models
and the experimental data are compared against the published models. In this approach,
possibly existing surface dipoles as measured by ultraviolet-photoelectron-spectroscopy
(UPS) are taken into account. The results show that a combination of two models fits the



Zusammenfassung

measurements best. Both models are based on the idea of delocalization of a bound
hole that performs quantum mechanical zero point oscillations in the Coulomb potential
of its sibling electron. The zero point oscillations are characterized by an effective mass
that provides the dissociating hole with an additional amount of kinetic energy to over-
come the Coulomb barrier. For this reason, they are also referred to as “effective mass
models”. One model, in the following termed as “dipole model” accounts for the effect
of the electrostatic potential at the D-A-interface. The other model, the so-called “trap-
induced dissociation model” considers the dissociation on localized defects. The combi-
nation of these two effective-mass-models finally offers a complete and consistent
description of the process of charge separation in D-A-solar cells.

In order to gain a deeper understanding of the charge separation in organic solar cells
the influence of the strength and position of the acceptor on the charge separation is
investigated in a triphenylamine based material system of D-A-copolymers using optical
and electrical measurements. The experimentally measured field-dependent quantum
yields of the D-A-copolymers in bilayer solar cells with C¢o are analyzed in the framework
of the dipole model. The results show that a weaker acceptor that is well conjugated
within the polymer backbone facilitates charge separation more than a stronger accep-
tor that is localized on the side of the polymer backbone. This result is expressed in the
parameterization of the simulation by a smaller dipole moment at the copolymer-Cgo-
interface and by a smaller effective mass for the acceptor that is conjugated with the
polymer backbone.

Systematic absorption measurements at D-A-interfaces give further insights into charge
separation. It is shown that the optical density of a semiconducting donor and an accep-
tor that are in direct contact at their interface is not equal to a superposition of the
individual contributions. Rather, there is a significant amount of extinction missing in the
visible wavelength regime when donor and acceptor are in contact. This phenomenon is
observed experimentally for several combinations of donors and acceptors and also in
theoretical time dependent density functional theory simulations of an acceptor lying on
top of a donor. The “missing” absorption is attributed to the formation of a ground state
complex at the D-A-interface. Furthermore, it is observed that a large amount of missing
extinction in the experiments directly correlates with low saturation field strengths of
the corresponding D-A-bilayer solar cell which implies an easier charge separation. Thus,
there is evidence for an active participation of the ground state complex at the charge
separation process. The absorption of light directly at the D-A-interface is strongly de-
creased and the D-A-interaction leads to the formation of a cascading energy level sys-
tem in density functional theory calculations. In this system the electron (hole) of an
excited donor (acceptor) is transferred via the ground state complex onto the acceptor
(donor), thus forming a bound electron-hole-pair. Upon the formation of the electron-
hole-pair the ground state complex acts like a local spacer increasing the initial electron
hole distance und thus suppressing the recombination.
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2. Einleitung

2.1 Motivation

Innerhalb einer Stunde strahlt die Sonne den von der gesamten Weltbevédlkerung in
einem Jahr bendtigten Energiebedarf auf die Erde ein.'? Die Umwandlung von Strah-
lungsenergie der Sonne in elektrisch nutzbare Energie mittels Solarzellen hat damit in
der Zukunft endlicher fossiler Brennstoffe groRes Potential in einer Kombination erneu-
erbarer Energien im Rahmen der Energiewende. Die Erforschung organischer Solarzellen
als ernstzunehmende Alternative zu den etablierten Silizium-Solarzellen wurde dabei in
den letzten Jahren besonders geférdert und die wirtschaftliche Massenproduktion ist
mittlerweile in greifbare Nahe geriickt. So hat Heliatek im Jahr 2013 einen labortechni-
schen Wirkungsgrad von 12 % erreicht und damit die geforderte untere wirtschaftliche
Rentabilitatsgrenze organischer Solarzellen von 10 % deutlich tibertroffen.?

Organische Solarzellen bestehen aus wenigen hundert Nanometer dicken kohlenstoffba-
sierten Polymer- oder Molekilfilmen und kénnen in groRtechnischer Herstellung kos-
tenginstig auf flexible, leichte Kunststofffolien aufgedruckt oder aufgedampft werden.”
*® Diese Eigenschaften ermdglichen aktuell bereits einen universellen Einsatz der Solar-
folien als kleines ,Reservekraftwerk” in der Freizeit, etwa fiir die Aufladung eines Handys
oder zum Betrieb kleinerer elektronischer Gerate im Freien fernab der Stromversorgung.
Grolflachig konnen bunte Solarfolien als Gestaltungselemente an Hauserfassaden mit
der gleichzeitigen Nutzung als Stromlieferanten eingesetzt werden.

Leider besitzen organische Solarzellen im Vergleich zu anorganischen Solarzellen den
Nachteil, dass durch die Absorption von Sonnenlicht nicht sofort aufgespaltene Ladungs-
trager entstehen.”® Vielmehr generiert die Absorption eines Photons ein stark Coulomb-

gebundenes Elektron-Loch-Paar, das lUber mehrere Zwischenschritte aufgespalten und

. .. -12
aus der Solarzelle extrahiert werden muss, ohne ungenutzt zu rekombinieren.’

Die Steigerung des Wirkungsgrades wurde in den letzten Jahren besonders durch Bau-

13-15

teil-technische Verbesserungen erhdéht. Hierbei liegt der Fokus zum einen auf der

Erhdéhung der Anzahl der absorbierten Photonen und zum anderen in der Unterdriickung

der Rekombination bereits gebildeter freier Ladungstrager in der Solarzelle. Ersteres

16-18

wird durch die Synthese neuer Materialien mit einem dem Sonnenlicht moglichst

angepasstem Absorptionsspektrum, und dem Einsatz von Tandemsolarzellen erreicht,

bei denen zwei Solarzellen mit verschiedenen Absorptionsbereichen hintereinander

gebaut sind.*?° Die Unterdriickung der Rekombination wurde besonders durch eine
Verbesserung der Filmmorphologie erreicht. %’
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Diese Arbeit beschaftigt sich mit dem komplexen Prozess der Ladungstragertrennung,
der im Detail noch nicht vollstandig verstanden ist, aber auf dem Weg zu leistungsstar-
ken organischen Solarzellen eine Schlisselrolle einnimmt. An einem breiten Materialsys-
tem wird deshalb aus verschiedenen Blickwinkeln die Ladungstragertrennung in Donor
Akzeptor (D-A)-Solarzellen mittels elektrischer und optischer Experimente genauer
untersucht und durch theoretische Modelle beschrieben. Die erlangten Erkenntnisse,
welche Materialeigenschaften die Ladungstragertrennung erleichtern und welche Me-
chanismen bei der Ladungstragertrennung an der Donor-Akzeptor Grenzflache ablaufen,
kénnen in Zukunft die gezielte Entwicklung neuer, leistungsstarkerer Solarzellenmateri-
alien erleichtern.
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2.2 Aufbau und Funktionsweise organischer Solarzellen

Die charakteristischen Eigenschaften organischer Halbleiter beruhen auf der Alternation
von Einfach- und Doppelbindungen zwischen Kohlenstoffatomen, der sogenannten
Konjugation. Die Kohlenstoffatome sind sp? hybridisiert und bilden eine o-Bindung aus.*®
Zusatzlich zur o-Bindung kann das senkrecht dazu stehende p,-Orbital eine m-Bindung
eingehen, wodurch sich eine Doppelbindung ergibt. Die p,-Orbitale tUberlappen gegen-
seitig und es bildet sich ein delokalisiertes n-Elektronensystem aus, wodurch die organi-
schen Materialien ihre Leitfahigkeit erlangen.

In Analogie zu den Leitungs- und Valenzbandern in anorganischen Halbleitern spricht
man in organischen Halbleitern von HOMO- und LUMO- Energieniveaus. Das HOMO
(highest occupied molecular orbital) beschreibt das im Grundzustand hochste, vollstan-
dig besetzte Molekilorbital, das LUMO (lowest unoccupied molecular orbital) das nied-
rigste, unbesetzte Molekilorbital. HOMO und LUMO besitzen typischerweise einen
Energieunterschied zwischen (1-3) eV, wodurch ein Ubergang zwischen den zwei Ener-
gieniveaus durch Absorption von Licht im sichtbaren Spektralbereich méglich ist.?

Allerdings fihrt die Absorption von Licht in organischen Solarzellen nicht direkt zu auf-
gespalteten Ladungstragern, wie man es von anorganischen Solarzellen her kennt. Die
niedrige relative Dielektrizitatskonstante von 3-4 verursacht eine starke Coulombanzie-
hung der positiven und negativen Ladungstrager, da das umgebende organische Materi-
al die elektrische Anziehung nur wenig abschirmt. Ein durch Lichtabsorption gebildetes
Elektron-Loch-Paar, ein sogenanntes Exziton, besitzt darum eine Bindungsenergie in der
GroBenordnung von 0,5eV und muss erst noch in freie Ladungstrager aufgespalten
werden.” Die Exzitonenbindungsenergie Eg erhilt man als Differenz der elektrischen
Bandliicke E¢ und der optischen Bandliicke Eqpt zu Eg = Eg| - Eope. Hierbei entspricht die
optische Bandliicke der Energie des optischen S;<S, Ubergangs. Die elektrische Bandlii-
cke ergibt sich aus der Differenz des lonisationspotentials I, und der Elektronenaffinitat
E. zu E¢ =1l,-E,. Die thermische Aktivierungsenergie reicht fiir die Uberwindung der
Exzitonenbindungsenergie alleine nicht aus und der komplette Mechanismus der La-
dungstrennung in organischen Solarzellen ist ein mehrstufiger Prozess.

Effiziente organische Solarzellen bestehen deshalb im Gegensatz zu anorganischen
Solarzellen aus zwei Materialien, einem Elektronendonator und einem Elektronenakzep-
tor, im Folgenden Donor und Akzeptor genannt. Der Akzeptor zeichnet sich dabei durch
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ein tieferes HOMO- und LUMO-Niveau aus.” Ein auf dem Donor gebildetes Exziton kann
innerhalb seiner Diffusionslange beziehungsweise Lebenszeit an die D-A-Grenzflache
diffundieren und das Elektron seines angeregten Zustandes auf den elektronegativeren
Akzeptor i]bertragen.29 Dieser Ubertrag funktioniert sehr schnell innerhalb einiger
(10 - 100) fs.*>*! Dabei verbleibt ein positives Loch auf dem Donor und der Akzeptor
nimmt ein Elektron auf, wodurch ein Charge-Transfer-(CT)-Zustand, in englischsprachi-
ger Literatur auch ,geminate pair” genannt, entsteht. Falls das Exziton durch optische
Anregung auf dem Akzeptor entsteht, wird im analogen Prozess ein Loch auf den Donor
Ubertragen. Dieser Elektronen- bzw. Lochibertrag ist immer dann energetisch glinstig,
wenn die resultierende Energie des CT-Zustandes kleiner als die Energie des vorange-
gangenen Exzitons ist. Der CT-Zustand ist weiterhin Coulomb-gebunden und muss weiter
aufgespalten werden. Die erfolgreiche Ladungstrennung steht dabei in Konkurrenz zu

verschiedenen Rekombinationsmechanismen,® 32

wie der sogenannten ,geminate”
Rekombination zweier Ladungstrager selben Ursprungsas, Triplettbildung mit anschlie-
Rendem Zerfall in den Grundzustand®*3> oder bimolekularem Zerfall (,non-geminate

Rekombination®).*®

Die Exzitonentrennung wird spdter noch detaillierter anhand ver-
schiedener theoretischer Modelle besprochen. Nach der Aufspaltung des CT-Zustandes
miussen die freien Ladungen zu den Elektroden diffundieren, an denen sie aus der Solar-
zelle extrahiert werden. In modernen Blendsolarzellen liegt die technische Schwierigkeit
darin, den morphologischen Kompromiss zu finden, einerseits die D-A-Grenzflache fir
die Ladungstrennung zu maximieren und trotzdem ausreichende Perkolationspfade fir
den Abtransport der getrennten Ladungstrager aus der aktiven Schicht der Solarzelle zu

generieren.

Die aufgezahlten Funktionsschritte einer organischen Solarzelle sind in Abbildung 1
zusammengefasst.

" Die Begriffe HOMO und LUMO werden in dieser Arbeit, wie im Fachbereich organischer
Halbleiter weit verbreitet, weitgehend synonym fiir das lonisationspotential und die
Elektronenaffinitat verwendet, auch wenn sie sich, streng genommen, aufgrund der
Elektron-Elektron-Wechselwirkungen in Molekilen unterscheiden.

10
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Llchtgbsorpt!on und Exmtonenwande"rung | Exzitonentrennung:
Exzitonenbildung zur D-A Grenzflache

Charge-Transfer-Bildung

Aufspaltung in freie

Ladungsextraktion
g €——— Ladungstransport [€— Ladungstrager

an Elektroden

Abbildung 1: Schematische Funktionsabldufe in einer organischen Solarzelle, beginnend
von der Lichtabsorption bis zur Extraktion der Ladungstrager.

Abbildung 2 zeigt den Aufbau einer D-A-Solarzelle in der einfachsten Form einer Zwei-
schichtgeometrie. Durch eine lichtdurchlassige Elektrode, haufig ITO (Indiumzinnoxid),
und eine PEDOT:PSS- (Poly(3,4-ethylendioxythiophene)/polystyrenesulfonate) Zwischen-
schicht kann das Licht in die darauf folgende aktive Schicht eindringen und vom Donor
und Akzeptor absorbiert werden. PEDOT:PSS liefert eine definierte Austrittsarbeit, ver-
hindert die Eindiffusion von Indium in die aktive Schicht und glattet die raue ITO-
Oberfliche. >’ Als Gegenelektrode der Solarzelle wird haufig Aluminium aufgedampft.

a) A b)

iii) i)

Donor Akzeptor Donor Akzeptor

ITO PEDOT:PSS Al Energie ITO PEDOT:PSS Al

Abbildung 2: Schematischer Aufbau und vereinfachte Funktionsweise einer
Zweischichtsolarzelle, inklusive der angedeuten Energieniveaus der verwendeten
Materialien ohne Bericksichtigung von Wechselwirkungen. a) Durch Absorption eines
Photons wird im Donor ein Exziton gebildet (i), das zur Grenzflache diffundiert (ii). Das
angeregte Elektron wechselt auf den Akzeptor und es bildet sich ein immer noch
Coulomb-gebunder Charge-Transfer-(CT)-Zustand, der weiter aufgespalten werden muss
(iii). Die getrennten freien Ladungstrager konnen zu den Elektroden wandern (iv), um
extrahiert zu werden (v). b) Analoger Prozess zu a), aber mit der Bildung des Exzitons im
Akzeptor (i). Bei der Bildung des CT-Zustandes wird ein Loch auf den Donor lbertragen.
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Ohne Beleuchtung flieBt durch die Solarzelle ein Dunkelstrom, mit Beleuchtung wird
zusatzlich ein Fotostrom /g generiert. Beide Uberlagern sich im Betrieb der Solarzelle
zu einem Gesamtstrom (Abbildung 3). Bei der Leerlaufspannung Voc (open circuit) ist der
netto flieBende Gesamtstrom null. /s¢ (short circuit) ist der ohne dulRere Spannung flie-
RBende Kurzschlussstrom. Dieser sollte fur effiziente Solarzellen betragsmaRig grof$ sein
und einen flachen Kurvenverlauf besitzen. Ein flacher Kurvenverlauf des Gesamtstroms
bei vernachladssigbar kleinem Dunkelstrom bedeutet, dass der generierte Fotostrom
sattigt und sich Ladungstrager entsprechend den morphologischen Voraussetzungen der
Solarzelle bestmoglich aufspalten und extrahiert werden. Der Betrag von /ru ist direkt
proportional zur externen Quantenausbeute EQFE (external quantum efficieny). Sie
beschreibt das Verhaltnis der im duRReren Stromkreis durch erfolgreiche Aufspaltung und
Extraktion flieBenden Elektronen zur Anzahl der in die Solarzelle eingestrahlten Photo-
nen. Aus ihrem feldabhangigen Verlauf lassen sich Erkenntnisse liber die Ladungstrager-
trennung ableiten.

00—
[ Fallfaktor:
5:_ _ FF = Vupp - Ivpp _ Prpax
[ ] Voc " Isc Voc " Isc
a L Dunkelstrom
< 0 ]
e maximal Voc] Wirkungsgrad:
E 5 entnehmbare L _ Puax _ FF -Voc " Isc
S Leistung Py, i P P
@ - Gesamtstrom unter (o i
-10F Beleuchtung ] Externe Quantenausbeute:
[ lsc ] FOE = NEiektronen _ Iroto ) h-c
151 ; CE=N TP Xe
b T Photonen L
-1.0 -0.5 0.0 0.5 1.0
Spannung

Abbildung 3: Schematischer Verlauf einer I-U-Kennlinie unter Beleuchtung und der
dazugehorigen Dunkelstromkennlinie. Voc(open circuit) ist die Leerlaufspannung und Is¢
(short circuit) der Kurzschlussstrom der Solarzelle. Der MPP (maximum power point)
markiert den optimalen Arbeitspunkt der Solarzelle, bei der ihr die maximale Leistung
Puax, symbolisiert durch die Flache des gelben Rechtecks, entnommen werden kann. Das
Flachenverhaltnis aus der gelben Rechteckflaiche der maximal entnehmbaren Leistung
und der Rechteckflache gebildet aus dem Produkt von Isc und Vo, symbolisiert durch
die gestrichelte schwarze Linie ergibt den Fillfaktor (£F). Dieser ist neben dem
Wirkungsgrad 7, der als Verhaltnis von der maximal entnehmbaren zur eingestrahlten
Lichtleistung definiert ist und der externen Quantenausbeute EQF (external quantum
efficiency) ein wichtiges Charakterisierungsmerkmal. Zur Berechnung der EQE bendtigt
man den unter Beleuchtung generierten Fotostrom /r.z, die Wellenldnge A und Leistung
P, des eingestrahlten Lichts, sowie das Plancksche Wirkungsquantum A, die
Lichtgeschwindigkeit cund die Elementarladung e.
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Der optimal Arbeitspunkt der Solarzelle liegt am MPP (maximum power point), an dem
der Solarzelle die grofite Leistung entnommen werden kann. Ein weiteres Qualitats-
merkmal effizienter Solarzellen ist ein grofRer Fillfaktor (FF), der sich aus dem Verhéltnis
der maximal entnehmbaren Leistung und dem Produkt aus Leerlaufspannung Voc und
Kurzschlussstrom /sc ergibt. Der Wirkungsgrad 77 der Solarzelle ist das Verhaltnis aus der
maximal entnehmbaren Leistung zur eingestrahlten Lichtleistung P,. In den besten orga-
nischen Solarzellen wurden derzeit Fillfaktoren von annihernd 70 %*° und Wirkungs-
grade von 12 % gemessen.’
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2.3 Modelle der Ladungstragertrennung

Die Ladungstragertrennung ist, wie in Abbildung 1 und Abbildung 3 beschrieben, der
zentrale Schritt zur Ladungsgeneration in organischen Solarzellen, der im Detail noch
nicht vollstandig verstanden ist. Folgende Unterkapitel fassen haufig verwendete und
aktuell diskutierte Modelle der Ladungstragertrennung zusammen.

2.3.1 Braun-Onsager-Modell

Das 1984 von Braun entwickelte Modell der Ladungstragertrennung in Donor-Akzeptor
Systemen basiert auf den Onsager-Modellen zur Aufspaltung Coulomb-gebundener
lonenpaare, die durch die unterstiitzende Wirkung eines elektrischen Feldes, dargestellt

in Abbildung 4, getrennt werden.*"*?

Im ersten feldunabhdngigen Schritt wird bei Onsa-
ger durch eine optische Anregung mit ausreichend grolRer Energie ein lonenpaar er-
zeugt. Das heiBe, von seinem Molekiil entfernte Elektron relaxiert durch Wechselwir-
kung mit seiner Umgebung und befindet sich nach dem Thermalisierungsprozess im
Abstand rpvom Loch, hier dem ionisierten Molekil, entfernt. Die beim Relaxationspro-
zess abgegebene, Uberschiissige Energie steht im weiteren Verlauf nicht mehr zur Verfi-
gung. Im zweiten Schritt, dem Dissoziationsprozess, durchlaufen die geladenen Teilchen
eine temperaturaktivierte Brownsche Diffusionsbewegung im Gesamtpotential ihres
Coulombfeldes und des duBeren elektrischen Feldes. Ist der Thermalisationsradius rp

eZ

kleiner als der Coulombradius 7, = , bei dem die Coulombenergie gleich der

AmeregkT
thermischen Energie kT ist, dann rekombinieren die Ladungen und stehen fiir weitere
Dissoziationsschritte nicht mehr zur Verfliigung. Hierbei ist e die Elementarladung, &, die
relative und g, die Permittivitat, k die Boltzmann-Konstante und 7" die Temperatur.

Ein Anstol} zur Entwicklung des Braun Modells zur Ladungstragertrennung waren Mes-
sungen von Melz, der die Ladungstragertrennung an Polyvinyl-Carbazol-Systemen unter-
suchte, die mit 2,4,7-Trinitrofluorenon (TNF) dotiert waren.* Fits mit dem Onsager-
Modell lieferten hier deutlich zu groRe Thermalisationsradien von (2,5 - 3,5) nm, obwohl
man fiir einen Elektronentransfer zwischen einem benachbarten Donor und Akzeptor
ein rp von 0,5nm, in der GroRenordnung eines nachste-Nachbarn-Abstandes,
erwartet.*> *°
Dies veranlasste Braun flr Donor-Akzeptor-Systeme den Charge-Transfer (CT)-Zustand
als den niedrigsten angeregten Zustand als Ausgangspunkt des folgenden Dissoziations-
prozesses zu wahlen.*? Dieser CT-Zustand kann direkt durch die Absorption eines
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Abbildung 4: Einfluss eines dulleren elektrischen Feldes F auf Coulomb-gebundene
Ladungstrager: Das Elektron-Loch-Paar muss einen durch das duBBere elektrische Feld um
AU verkleinerten Potentialwall Gberwinden, um in freie Ladungstrager aufzuspalten.

Photons oder indirekt entstehen, wenn ein angeregter neutraler Donor (Akzeptor) auf
einen Akzeptor (Donor) trifft. AuBerdem ist es dem CT-Zustand mdglich, durch seine
lingere Lebenszeit T von etwa 10®s mehrere unvollstindige Dissoziationsversuche zu
unternehmen, bevor er schlieBlich erfolgreich dissoziiert oder in den Grundzustand
rekombiniert. Die Wahrscheinlichkeit zur erfolgreichen Dissoziation ergibt sich damit als
Funktion der feldabhangigen Dissoziationsrate &y () und der feldunabhangigen Rekom-
binationsrate k,, = 71 in den Grundzustand zu:

_ kq(F) _ 1
o(F) = kq(F)+ky  1+kykg L(F) (1)
Die Dissoziationsrate der Exzitonen ist temperatur- und stark feldabhangig:
_ 3ue —AE J1(2vV=2b) . _ e3F
kd(F) T amege,mod exp( kT ) vV=-2b mit b = 8megerk2T? (2)

Dabei ist J; die Bessel-Funktion erster Ordnung, F das elektrische Feld, u die gemittelte
Summe der Elektron- und Lochmobilitit, AE = e?/4meye,r, die Coulomb-
Bindungsenergie des Elektron-Loch-Paars beim Thermalisationsradius ry, €, die relative
und g, die Permittivitat. In der Dissoziationsrate ist die bimolekulare Langevin Rekombi-
nationsrate k; freier Ladungstrager zurtick in den CT-Zustand bereits im Vorfaktor von
(2) mit beriicksichtigt:*°

ke, == (3)

Eoér

Das Braun-Onsager-Modell hat sich zur Beschreibung der feldabhdngigen Dissoziation in
D-A-Systemen, die aus kleinen Molekiilen bestehen, bewihrt.*
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2.3.2 Effektive-Masse-Modelle

Ein wesentlicher Mangel des Braun-Modells ist die Betrachtung der Ladungstrager als
Punktladungen. Dies ist bei kleinen Molekiilen als Naherung moglich, doch es fihrt bei
konjugierten Polymeren und der Verwendung realistischer Thermalisationsradien zu
einer Unterschatzung der Dissoziationswahrscheinlichkeit.

Arkhipov beobachtete zudem kritisch die schwache Temperaturabhangigkeit des Fo-
tostroms in Polyparaphenylen-Leiterpolymeren (MeLPPP), die Barth in Verbindung mit
Fotoleitfahigkeitsmessungen gemessen hatte und die im Widerspruch zum Braun-
Onsager Modell steht.*’” Arkhipov folgerte, dass ein bis dato noch vernachlassigter Pa-
rameter die Dissoziationsenergie in Polymeren minimiert und bericksichtigte deshalb
erstmalig Delokalisationseffekte. Dabei betrachtet er zum einen die Ladungstrennung in
dotierten Polymeren,48 bei denen der Dotand als Fallenzustand wirkt, als auch die La-
dungstrennung an einer D-A-Grenzflache, bei der zuséatzlich Grenzflachendipole berlick-
sichtigt werden.*

In beiden Fallen wird nach der Fotoanregung des Polymers bzw. Donors ein Elektron auf
den Fallenzustand bzw. Akzeptor lbertragen, womit ein Loch auf der Polymerkette
zuriickbleibt und ein gebundener Elektron-Loch-Zustand entsteht. In Polymeren mit
ausgedehnter Konjugation kann sich das Loch Uber mehrere Wiederholungseinheiten
ausbreiten und delokalisieren, das Elektron wird als lokalisiert betrachtet. Arkhipov
beschreibt die Delokalisation durch eine effektive Masse des Lochs, das quantenmecha-
nische Nullpunktschwingungen im Coulombpotential seines gebundenen Elektrons
ausfiihrt. Dabei entspricht eine kleine effektive Masse einer besonders guten Delokalisa-
tion des Lochs auf der Polymerkette, was man mit einer gréBeren kinetischen Energie
verbinden kann. Diese zuséatzliche kinetische Energie der Nullpunktschwingung hilft dem
Loch die Coulombanziehung des gebundenen Elektrons leichter zu Giberwinden.
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i) Das Fehlstellenmodell

Arkhipov*® betrachtete 2003 schwach dotierte Polymere mit einer Konzentration der
Fallenzustdnde Nyim Polymermaterial. Als Ausgangsbasis dieses Modells, dargestellt in
Abbildung 5, wird eine Polymerkette mit Konjugationslange / angenommen, die sich
zufallig orientiert in einem dulleren elektrischen Feld befindet. Nach der Fotoanregung
tunnelt das Elektron mit der Rate KArepisteie zum Fallenzustand, der sich im Abstand r
befindet und das zugehorige Loch muss entlang der Polymerkette entkommen. Die
Wahrscheinlichkeit wreniscerfe des Elektrons, diesen Fallenzustand innerhalb der Lebens-
zeit T des Exzitons zu erreichen, ist gegeben durch:

k -2 _ _
Wrehistelle = Fehlscelle _ — YoeXp(-2yT) = [1 + (VOT) 1 exp(Zyr)] 1 (4)

krenistelle+T™1 voexp(-2yr)+t~1

Dabei ist vy die , attempt-to-jump-frequency”, also die Frequenz der versuchten Hupf-
prozesse und yder inverse Lokalisationsradius, der ein MaR fir die Kopplung der Poly-
merketten in Tunnelrichtung ist.

Die Wahrscheinlichkeit wrenisteie muss mit der Poissonverteilung P(r) gewichtet werden,
die die Wahrscheinlichkeit angibt, innerhalb einer Wegliange r um die Polymerkette
herum einen Fallenzustand zu finden:

P(r) = 2nriNgexp[—mlNy (r? — r2;)] (5)
I'minist der minimale Abstand, den ein Fallenzustand zur Polymerkette haben kann.

Wenn das Elektron erfolgreich in den Fallenzustand im Abstand r zur Polymerkette
getunnelt ist, befindet es sich im Gesamtpotential des anziehenden Coulombpotentials
und des duBeren elektrischen Feldes F, das im Winkel & zur Polymerkette steht. Das
Gesamtpotential kann man um ein Potentialminimum an der Stelle xmi» auf der Poly-
merkette entwickeln, um die das Loch quantenmechanische Schwingungen ausfiihrt.
Hier ist die harmonische Naherung dargestellt:

eZ

U(x) = —eFcosf x — T (6)
4Ameggg (x2412)2
e? e?(r’=2xp,in)
U(x) = —eF Xmin — Tt e 5 (x — Xmin)? (7)
4‘7T505r(x72nin+r2)2 8”€0€r(xrznin+rz)2

Dabei ist e die Elementarladung und g (&) die (relative) Permittivitat und F - cos@ die
Projektion Fy des elektrischen Feldes in x-Richtung.
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a) b) U o u
Polymer-
kett Ximin Xmin
e 0 H x OH x
F;( .\\‘ Emin
\ umax Umax- -------
X F hw/2 Erin '
O Xinin \/ h(‘)/z
Umin Umin
r

Fallenzustand

Abbildung5: a) Schematische Darstellung des  Fehlstellenmodells.  Ein
Polymerkettenabschnitt zeigt in Koordinatenrichtung x und unter dem Winkel 6 dazu
stent das dulere elektrische Feld F. In Richtung des betrachteten
Polymerkettenabschnitts wirkt die Projektion des elektrischen Feldes Fy. Das Elektron
eines auf der Polymerkette gebildeten Exzitons tunnelt zu einem Fallenzustand, der sich
in einem Abstand r von der Polymerkette befindet. Sobald das Elektron im
Fallenzustand angelangt ist, rutscht das Loch unter dem Einfluss der Uberlagerung des
Potentials des &uReren elektrischen Feldes und des Coulombpotentials in das
Potentialminimum Upmi, an der Stelle xmi, auf der Polymerkette. (b). Berilicksichtigt man
nun die Energie hw/2 der Nullpunktsschwingung, die sich aufgrund der
Delokalisationseffekte des Lochs auf der Polymerkette mit der potentiellen Energie Unin
zur Gesamtenergie Enin addiert, so erhalt das gebundene Elektron-Loch-Paar zusatzliche
Energie bei der Dissoziation. Ist Enin grofler als Unax, so trennen sich Elektron und Loch
auf; ist Emin kleiner gleich Unax bleiben sie ohne weitere energetische Unterstiitzung
vorerst gebunden (c).

Das Loch besitzt wahrend der Schwingung auf der Polymerkette mindestens die Gesamt-
energie Emin, die sich aus der minimalen Potentialenergie U(xmin) und der Energie der
Nullpunktschwingung zusammensetzt:

Enin = U(xmin) + ihw (8)

2
e
Emin = —eFXmin — 1+ h

ameger(x2,,+12)2

5 (9)

1/2
(-2 ) ]

5
16me0er (X210 +72)2Merf
h ist das reduzierte Plancksche Wirkungsquantum, @ die Schwingungsfrequenz des
Lochs im Potential und mes die dem Loch zugeordnete effektive Masse.

Damit das Loch sofort auf der Polymerkette entkommen kann, muss die Gesamtenergie
Emin grofler als die maximale Potentialbarriere Upax sein. Ist Emin < Umax, SO kann die
thermische Energie kT unterstiitzend zur Dissoziationsrate krucne beitragen, die in Kon-
kurrenz zur Rekombinationsrate k- steht.
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Umax( )_E i
kerucne(r) = voexp [_ rkT min{7) (10)

ky(r) = voexp(—2yr) (11)

Damit ergibt sich analog Gleichung ( 1 ) eine Fluchtwahrscheinlichkeit des Lochs wzucar:

Umax(1,2)=Emin(7,2) }_1 ( 12 )

K
Wrluche = — et = {1 + exp [—Zyr + —

kriucht+kr
Die Gesamtwahrscheinlichkeit 7 einer erfolgreichen Ladungstrennung nach der opti-
schen Anregung des Polymers mittels einer Fehlstelle ergibt sich aus dem Produkt der
Wahrscheinlichkeit, dass das Elektron zu einer Fehlstelle tunnelt (4 ), in der Umgebung
eine Fehlstelle auffindet (5) und das Loch schlieBlich auf der Polymerkette entkommt
(12). Um alle moglichen Orientierungen der Polymerkette relativ zum dufReren elektri-
schen Feld und die zuféllige Verteilung der Fehlstellen zu bericksichtigen, wir fir die
Gesamtwahrscheinlichkeit 7 der erfolgreichen Ladungstrennung noch Uber z und r
gemittelt:

n = 2N, [} dz (f;7 dr 7 exp[~mlNy(? = )

fmax{rmin'ro (2)}

[1+ (vor)texp(Ryr)]Tt + fmax{rmi"'r"(z)} drr - exp[-mINg(r? — r2;)]

Tmin

Umax(1,2)=Emin(7,2) }_1) ( 13 )

[1+ (vor)texp(2yr)]Tt- {1 + exp [—Zyr + "
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ii) Effektive-Masse-Modelle an der Donor-Akzeptor-Grenzflache

Die im Folgenden betrachteten effektive-Masse-Modelle basieren auf der idealen An-
nahme einer Zweischichtsolarzelle, bei der parallel angeordnete Polymerketten als
Donoreinheiten einem ebenfalls gitterahnlich angeordnetem Block aus Akzeptoreinhei-
ten an einer gemeinsamen Grenzflaiche gegentiberliegen. Das dullere elektrische Feld
steht dabei senkrecht zu den Polymerketten und die Dissoziation des Coulomb-
gebundenen Lochs erfolgt durch Hipfprozesse ebenfalls senkrecht zur D-A-Grenzflache.
Die Dissoziation wird damit mathematisch quasi eindimensional, wobei die Delokalisati-
on des Lochs auf der Polymerkette, beschrieben lber die effektive Masse, indirekt die
zweite Dimension beriicksichtigt.

Nenashev gelang es 2011 erstmalig, aufbauend auf Arkhipovs Arbeiten unter obig ge-
nannten Voraussetzungen, die Dissoziation eines Exzitons an einer D-A-Grenzflache
anhand exakter analytischer Rechnungen zu beschreiben.>® Das zugehérige Modell ist in
Abbildung 6 dargestellt. Hierin wird fiir ein dissoziierendes Loch seine quantenmechani-
sche Wellenfunktion lber die eindimensionale Schrédingergleichung auf jeder besuch-
ten Polymerkette 1 bis n im Gesamtpotential U,()7) des Coulombpotentials und des
dulleren Feldes F berechnet und damit die Gesamtenergie £, des Lochs bestimmt.

~ ) 0,0 ) = Ep () (14)
Meff y

eZ

mit U,(y) = ———————¢eFx,
ATrE € ’y2+x%

Dabei ist h das reduzierte Plancksche Wirkungsquantum, mes die dem Loch zugeordne-

(15)

te effektive Masse, Y (y) die Wellenfunktion des Lochs, e die Elementarladung, & (¢,) die
(relative) Permittivitat und x; der Abstand des Elektrons zur n-ten Kette.

Ein Loch auf der ersten Polymerkette (n=1) an der D-A-Grenzflache kann mit der Hipf-
rate a,_,, auf die nachstentfernte Polymerkette springen, oder innerhalb seiner Exzito-
nenlebenszeit 7 mit seinem zugehorigen Elektron rekombinieren. Zur Beschreibung der
Hipfraten a,_,,+, des gebunden Lochs von Kette zu Kette wird die von Rubel entwickel-
te exakte Losung fir die Dissoziation von Exzitonen verwendet, die auf Miller-Abrahams

51-52

Hlpfraten basiert. Hierbei sind explizit auch Hipfraten zuriick in Richtung der D-A-

Grenzflache erlaubt:

Apons1 = Voexp(—2yr) {exp (I KT (16)
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1y ist die Frequenz der versuchten Hipfprozesse des Lochs von einer Polymerkette zur
nachsten im Abstand r;, ¥ der inverse Lokalisationsradius in Sprungrichtung, & die Boltz-
mann-Konstante und 7" die Temperatur.

Das Exziton wird als getrennt betrachtet, wenn das Loch die /V-te Polymerkette erreicht
hat, wobei /& in den Rechnungen so groR gewahlt wird, dass die Dissoziationswahr-
scheinlichkeit ppiss unabhangig davon wird:

To

Ppiss =

— 17
) (17)

N-1 -1
To+Xn=1 an—>n+1ex17( kT

In diesen Gesamtausdruck fir die Dissoziationswahrscheinlichkeit ppiss miissen dann die
berechneten quantenmechanischen Energien aus der Schrodingergleichung in Gleichung
(14 ) und die damit berechneten Hipfraten in Gleichung ( 16 ) eingesetzt werden. Hau-
fig wird in der Praxis fur die Losung der Schrodingergleichung eine harmonische Ndhe-
rung verwendet.

a) b)
r T E
N | | | N
i
I —~ =
! Mesy E; |- /,: =T
e Ez = d1-2 —4/
/' Az-1
2
y !

Abbildung 6: a) Schematische Darstellung des effektiven-Masse-Modells von Nenashev:
Parallele Polymerketten liegen im Abstand r an der D-A-Grenzflache. Ein optisch
generiertes Exziton wird an der D-A-Grenzflache aufgespalten und das Elektron auf den
Akzeptor Ubertragen. Das Elektron wird als ortsfest betrachtet, wohingegen das
zugehorige Loch auf der Polymerkette delokalisiert. Hier fiihrt es quantenmechanische
Nullpunktschwingungen aus, was durch eine effektive Masse m.g berlcksichtigt wird.
Mit zusatzlicher Unterstitzung des elektrischen Feldes F dissoziiert das Loch durch
Miller-Abrahams-Hupfraten a,_.,;; in b) von der Grenzflaiche weg, bis es die
Coulombanziehung (berwunden hat, oder rekombiniert innerhalb seiner
Exzitonlebenszeit mit der Rate 771, Nach *°
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2011 erweiterte Wiemer>® Nenashevs effektive-Masse-Modell von 2011 um Arkhipovs
Grundidee®, dass Dipole an der D-A-Grenzfliche die Coulombanziehung eines gebunden
Elektron-Loch Paares abschirmen und somit die Dissoziationswahrscheinlichkeit zusatz-
lich erhéhen. Diese Annahme leitete Arkhipov zum einen von einer stark ansteigenden
Dissoziationswahrscheinlichkeit in D-A-Systemen ab, wenn eine kritische Akzeptorkon-
zentration tberschritten wurde®, als auch von experimentell gemessenen Verschiebun-
gen der Austrittsarbeit eines Polymers an einer D-A-Grenzflache.>

Wiemer> geht in seinem effektive-Masse-Modell mit Grenzflichendipolen
(Abbildung 7), im Folgenden nur noch Dipolmodell genannt, von M Dipolen aus, die im
Abstand d auf der Polymerkette liegen. Der Abstand der parallelen Polymerketten,
sowie der Abstand der ersten Polymerkette zu den Akzeptoreinheiten liegen hier in
einem Gitter mit Abstand r. Die Dissoziation erfolgt senkrecht zur D-A-Grenzflache in
Richtung des elektrischen Feldes, analog zu Nenashevs effektivem Masse Modell.

Grenz-
flaiche n=1 n=2 N

r

X

Akzeptor Donor

——————— =g

Abbildung 7: Schematische Darstellung des Dipolmodells nach Wiemer. Das Elektron des
CT-Zustandes ist auf dem Akzeptor ortsfest, das Loch delokalisiert auf der Polymerkette.
Zusatzlich zum effektive-Masse-Modell nach Nenashev werden Grenzflachendipole beim
Dissoziationsprozess berlcksichtigt, die das Coulompotential abschirmen und somit
unterstitzend zur Ladungstragertrennung beitragen. Nach *°.

Ein an der D-A-Grenzflache gebildeter CT-Zustand mit lokalisiertem Elektron auf dem
Akzeptor und delokalisiertem Loch auf der Polymerkette nin Umgebung von M Dipolen
der Dipolstarke a und des duBeren elektrischen Feldes F befindet sich im Gesamtpoten-

tial Un (xy):
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Up (s, y) = — —— L
n\Xn, Y AmE g A2ty?
e? M/2-1 ( a ) -a
_ + —eFx 18
amerey [“="M/2\ [(on—1)2+(y—[t+1/2]d)? \/x,zl+(y—[t+1/2]d)2 n )

e ist die Elementarladung, &g (g) die (relative) Permittivitat und x, der Abstand des Elek-
trons zur n-ten Kette. Berechnungen von Wiemer zeigen, dass eine Betrachtung von
M = 20 Dipolen ausreichend ist; eine grolRere Anzahl verdndert die Dissoziationswahr-
scheinlichkeit nicht mehr.>®

Das Loch mit effektiver Masse ms flihrt Nullpunktschwingungen auf der Polymerkette
durch. Die Lésung der Schrodingergleichung fiir diese Schwingung erfolgt mit der har-
monischen Naherung. Damit ergibt sich fiir die Gesamtenergie £, des Lochs, bestehend
aus der kinetischen £j, und potentiellen Energie £,

En=Epn+Exn (19)

h
2 Meff

1 d2
Eyn= Un(xn,y)| y=o und  Ej, = Ehw = \/d—yz Un(xn,y)| y=0 (20)

Mit der Kenntnis von Ej, konnen dann, analog zu Nenashevs effektiven-Masse-Modell
anhand Gleichung ( 16 ) die Miller-Abrahams Hipfraten und letztlich mit Gleichung ( 17 )
die Gesamtdissoziationswahrscheinlichkeit berechnet werden.
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2.4 Aktueller Stand der Forschung

Zu Beginn der Arbeit war der komplexe Prozess der Ladungstragertrennung noch nicht
im Detail verstanden und es war unklar, welche Materialeigenschaften die Ladungstra-
gertrennung in organischen Solarzellen beglinstigen. Hierzu fehlten speziell experimen-
telle Messungen der feldabhdngigen Quantenausbeuten bis zur Sattigung bei hohen
Feldstarken, um die bereits bestehenden Dissoziationsmodelle sicher zu tberpriifen und
die untersuchten Parameter gezielt zu unterscheiden.

In der Literatur wurden die oft zusammenhangenden Einfliisse der Lochmobilitat, der
Konjugationslange und der energetischen Ordnung, sowohl in Ein- als auch Zweimateri-
alsystemen untersucht und dazu teils widerspriichliche Ergebnisse veroffentlicht. Weite-
re offene Fragen betreffen den Einfluss der Uberschussenergie und der Grenzflichendi-
pole auf die Ladungstragertrennung.

Der Prozess der Ladungstragertrennung wird in der Literatur oft als Zweischrittprozess
betrachtet. Im ersten Schritt wird ein CT-Zustand gebildet, der im zweiten Schritt aufge-
spalten wird. Besonders kontrovers wird dabei der Einfluss der energetischen Ordnung
auf die Ladungstragertrennung diskutiert. Emelianova stellte an Einmaterialsystemen in
ihrem theoretischen Modell eine Unterstiitzung der Ladungstrdagertrennung im ersten
Schritt durch energetische Unordnung fest.”” Ahnliche Ergebnisse erzielten Monte-Carlo-
Simulationen von Albrecht® an Einmaterialsystemen und Offerman®® an D-A-Systemen,
die eine Unterstlitzung der Dissoziation im zweiten Schritt durch energetische Unord-
nung beobachteten. Experimentell werden diese Resultate durch Barth unterstitzt.*
Differenziertere Ergebnisse erhielt Rubel bei seiner Beschreibung der Dissoziationsraten
via Hiupfprozesse von der D-A-Grenzflache weg: Die energetische Unordnung unterstiitzt
die Dissoziation bei kleinen elektrischen Feldstarken, jedoch ist sie bei groen Feldstar-
ken hinderlich.”*

Diesen Ergebnissen liber den Einfluss der energetischen Unordnung auf die Ladungstra-
gertrennung stehen Untersuchungen des Einflusses der Konjugationslange gegeniber,
da Polymere mit hoher effektiver Konjugationslange in der Regel eine geringere energe-

162 |y Einmaterialsystemen zeigte Barth an zwei PPV-

tische Unordnung zeigen.
Derivaten, dass das Material mit den planaren Ketten und damit der langeren Konjugati-
onslange groRere Quanteneffizienzen aufweist, was auf einen unterstiitzenden Effekt
der Konjugation schlieRen l3sst.®® Dies ist der Wegbereiter der bereits beschriebenen
effektiven-Masse-Theorien, die allesamt von einem delokalisierten Loch auf einem kon-

48-50, 53
Der

jugierten Kettensegment ausgehen, was die Ladungstrennung beglinstigt.
unterstitzende Effekt einer guten Konjugation wurde auch von Deibel in D-A-Systemen
anhand von Monte-Carlo-Simulationen gezeigt.64 Diese hatten aber den Nachteil, dass

auf den konjugierten linearen Ketten das Loch mit einer gleichmafigen Dichteverteilung
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angenommen wurde und somit eine modellbedingte zu hohe Dissoziationswahrschein-
lichkeit an den Polymerenden aufweist.

Eng verbunden mit der effektiven Konjugationslange und der energetischen Unordnung
ist auch der Einfluss der Ladungstragermobilitdt. In Brauns Modell der Ladungstrager-
trennung in D-A-Systemen steigert eine hohere Ladungstragermobilitat die Dissoziati-
onswahrscheinlichkeit.*> Groves und Mihailetchi stellen mittels Monte-Carlo-
Simulationen und Messungen an P3HT/PCBM Solarzellen tatsachlich eine Verbesserung

der Solarzellenausbeute fiir gréRere Ladungstrigermobilititen fest.>®

Eine grofle
Mobilitat fihrt zwar zur Erhéhung des Kurzschlussstroms, allerdings auch zu einer Ab-
nahme der Leerlaufspannung und damit zu schlechteren Wirkungsgraden, da die Grenz-
flachenrekombination der Minoritatsladungstrager an den Gegenelektroden zum domi-

nierenden Verlustprozess aufsteigt.®®

Ebenfalls ungeklart ist der Einfluss der Uberschussenergie.®” Mit Uberschussenergie
bezeichnet man haufig die Differenz zwischen der Anregungsenergie des absorbierten
Photons und des durch Elektronentransfer gebildeten CT-Zustandes. Bei der Uberschuss-
energie wird angenommen, dass sie die Ladungstrennung beglnstigen kann, indem sie
zur Bildung heier CT-Zustdnde fuhrt, die delokalisierter sind und die Vorstufe zu freien

788 Unterstiitzt wird dieses Bild durch Versuche von Bakulin, der

Ladungstrageren bilden.
in sogenannten Pump-Push Messungen, bei denen kurz nach der optischen Anregung
ein zusatzlicher niederenergetischer Infrarotstrahl auf die Probe eingestrahlt wird,
einen betragsmaRig kleinen zusatzlichen Stromfluss im D-A-System beobachtet. Der
Infrarotstrahl dient dabei zur Wiederanregung relaxierter CT-Zustinde in heille CT-
Zustinde.” Die Grundvoraussetzung fir eine Beglinstigung der Ladungstragertrennung
durch die Uberschussenergie ist, dass die freien Ladungstriger schneller gebildet wer-
den, als die interne vibronische Relaxation ablzuft.”’ Vandewal und van der Hofstad
finden dazu in umfangreichen Materialsystemen, dass die Uberschussenergie nicht zur
Unterstlitzung der Ladungstragertrennung beitrdgt und die interne Quantenausbeute
der D-A-Systeme unabhingig von der eingestrahlten Wellenlinge und damit der Uber-

88,70 Neueste Untersuchungen deuten darauf hin, dass es entscheidend

schussenergie ist.
ist, ob die Uberschussenergie durch Anregung héherer vibronischer oder elektronischer
Zustande entsteht. So kann eine Anregung hoherer elektronischer Zustande tatsachlich
die Ladungstrennung erleichtern, wie von Grancini in PDPCTBT/PCBM-Filmen gezeigt,*°

da hdhere elektronische Zustinde delokalisierter sind.”

Ein weiteres aktuelles Forschungsgebiet sind Grenzflaichendipole und ihre Verbindung
zur Ladungstragertrennung in Solarzellen. Theoretische Modelle von Arkhipov und Wie-
mer zeigen, dass intermolekulare Dipole an D-A-Grenzflaichen die Ladungstragertren-
nung unterstiitzen, indem sie die Coulombanziehung der gebildeten Elektron-Loch-Paare
abschirmen.*” > Auch intramolekulare Dipole in D-A-Copolymeren beeinflussen die
Ladungstragertrennung. Bei D-A-Copolymeren werden Donor- und Akzeptorbausteine
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bei der Polymersynthese miteinander verknipft, um durch die intramolekulare D-A-
Wechselwirkung Polymere mit niedriger Bandlicke zu generieren. Diese kénnen
dadurch einen groReren Spektralbereich des Sonnenlichts absorbieren, was D-A-
Copolymere aktuell fir effizientere Solarzellen als lGberarbeitete Donormaterialien un-
entbehrlich macht. Der Einfluss und das Zusammenspiel der Donor- und Akzeptorbau-
steine in den Copolymeren und ihre Auswirkungen auf die Ladungstragertrennung sind
dabei noch nicht systematisch untersucht. Aktuelle Untersuchungen von Carsten zeigen,
dass eine moglichst groBe Dipoldnderung zwischen dem Grundzustand und dem ange-
regten Zustand eines Copolymers zu effizienteren Solarzellen mit groflerem Wirkungs-
grad fuhrt.”? Ferner fiihren starke Dipole auf einer Copolymerkette zu einer Art Vortren-
nung des Elektrons und Lochs nach der Anregung, indem das Elektron auf dem Copoly-
mer vorzugsweise auf den elektronegativeren Teilen des Copolymers lokalisiert ist,
wodurch es leichter auf den Akzeptor wechseln kann.”

Grenzflachendipole und Grundzustandskomplexe sind eng miteinander verknipft, da bei

74-77

beiden ein gewisser Ladungstransfer stattfindet. Grundzustandskomplexe sind bis

dato durch zusatzliche, nichtadditive niederenergetische Absorption und Emission ge-

3% 78 Der genaue Einfluss der Grundzustandskomplexe auf die Ladungstra-

kennzeichnet.
gertrennung bleibt dabei unklar. Die veroffentlichten Arbeiten schwanken zwischen den
Aussagen, dass Grundzustandskomplexe an der Ladungstrennung beteiligt sind und

79-80

diese unterstlitzen 34, dass sie nicht wesentlich zum Fotostrom beitragen , oder den

Wirkungsgrad der Solarzelle sogar minimieren.

Vor dem Hintergrund der hier dargestellten Forschungslandschaft konzentrieren sich die
in dieser Arbeit dargestellten Untersuchungen besonders auf Effekte der Konjugations-
lange, energetischer Ordnung und Grenzflachendipole im Bereich der D-A-Solarzellen.
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3. Experimentelles

3.1 Messmethodik

Der Prozess der Ladungstragertrennung in organischen Donor-Akzeptor Solarzellen wird
in dieser Arbeit durch die Bestimmung der feldabhangigen Quantenausbeute unter-
sucht. Diese Messmethode beruht auf der Grundidee, dass durch ein unterstiitzendes
dulleres elektrisches Feld ab einer gewissen Feldstarke die Coulombanziehung der gebil-
deten Exzitonen lUberwunden wird, wodurch diese aufspalten und die getrennten La-
dungstrager zu den Elektroden abwandern.

Fir die Bestimmung der feldabhdangigen Quantenausbeute misst man Strom-Spannungs-
(I-U)-Kennlinien der Solarzellen ohne und mit Beleuchtung bis zu moglichst groRen
Spannungen in Sperrrichtung. Das aufgetragene elektrische Feld erhdlt man, indem man
die angelegte duRere Spannung vom internen Potential der Zelle subtrahiert und das
Ergebnis durch die aktive Schichtdicke der Solarzelle teilt. Das interne Potential wird
gleich der Leerlaufspannung des Fotostroms gewahlt. Fiir die Quantenausbeute ist der in
der Solarzelle generierte Fotostrom von Bedeutung. Man erhalt ihn, indem man vom
Gesamtstrom unter Beleuchtung der Solarzelle den ohne Beleuchtung flieBenden Dun-
kelstrom abzieht. Die Quantenausbeute erhdlt man aus dem Fotostrom unter Beriick-
sichtigung der in der Solarzelle absorbierten Photonen, wie es in Abbildung 3 genauer
beschrieben wird. Zur besseren Ubersicht wird die Quantenausbeute hiufig auf eins
normiert dargestellt, falls sie bei groflen Feldstarken sattigt und einen waagrechten
Verlauf annimmt. Dabei nimmt man an, dass alle durch Absorption von Photonen ange-
regten Exzitonen an der Grenzfliche durch das duBere Feld erfolgreich aufgespalten
werden und sich der maximale Fotostrom ausgebildet hat. Diese Annahme wurde Uber-
prift und bestatigt, indem flir mehrere Solarzellen die interne Quantenausbeute durch
Berlcksichtigung des gemessenen Absorptionskoeffizienten und einer Exzitonendif-
fusionsldange von circa 10 nm berechnet wurde.

Die Messungen der I-U-Kennlinien unter monochromatischer Beleuchtung und der
Fotostromspektren erfolgten am modifizierten Solarmessplatz, dargestellt in
Abbildung 8. Ausgehend vom Stand einer besonders schonenden, Lock-In-basierten
Messmethode aus meiner Diplomarbeit, bei der ausschlieRlich der Fotostrom detektiert
werden kann, wurde der Messplatz wieder auf die Keithley-Source-Measure-Unit (SMU)
rickgebaut und erweitert. Dies ermdglicht, unter Einsatz eines angesteuerten Shutters,
die Aufnahme des in der Solarzelle flieBenden Dunkelstroms ohne Beleuchtung und des
Gesamtstroms unter Beleuchtung bei jeder angelegten &dulleren Spannung. Der
Fotostrom wird sogleich fiir jeden Spannungswert Uber die Differenz des Gesamtstroms
und des Dunkelstroms vom Labview Programm gebildet. Um auch bei diesen SMU-
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Abbildung 8: Solarzellenmessplatz fiir Fotostromspektren und I-U-Kennlinien unter
monochromatischer Beleuchtung. Die Solarzellen befinden sich unter einem
dynamischen Vakuum einer Drehschieberpumpe in einem Probentopf, der auf einer
justierbaren Blhne sitzt. Die Ansteuerung der Messgerdte erfolgt (ber ein
selbstgeschriebenes Labview-Programm.

basierten Messungen die Belastungen der Solarzelle wahrend des Messvorgangs so
gering wie moglich zu halten, wird an die Solarzellen die duBere Spannung nur fiir den
kurzen Moment der eigentlichen Stromstarkemessung angelegt; die (iberwiegende Zeit
verbringt die Solarzelle unter Kurzschlussbedingungen. Diese Messmethode hat den
Vorteil, dass mogliche Ladungsansammlungen in der Solarzelle aufgrund eines dauerhaft
starken elektrischen Feldes reduziert werden und angestaute Ladungstrager wahrend
den Kurzschlussbedingungen die Solarzelle verlassen konnen. Ferner schont die
verkilirzte Messzeit, besonders bei extrem grolRen Feldstarken in der GréBenordnung
von 10°Vcm™? die Solarzelle, indem die Gefahr eines elektrischen Durchbruchs an
bauartbedingten Schwachstellen der aktiven Schicht reduziert wird.

Im weiteren Verlauf meiner Doktorarbeit war zudem ein Messplatz mit Sonnensimulator
verfligbar, der ebenfalls mit einer Keithley-SMU und einem &hnlichem Labview-
Messprogramm ausgestattet wurde. Der Sonnensimulator Newport Sol2A ermoglicht
nun die Aufnahme der U-I-Kennlinie unter standardisierten AMG-1.5-Bedingungen.

Bei beiden Messplatzen befinden sich die Solarzellen in einem Probentopf unter einem
dynamischen Vakuum. Der Ein- und Ausbau der Solarzellenproben erfolgt ausschlielich
in der Glovebox, wodurch Oxidationsschaden der Solarzelle durch Luftsauerstoff weitge-
hend ausgeschlossen sind.
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3.2 Probengeometrie

Der Schliusselerfolg zum Erreichen der extrem hohen Feldstarken in der GréRenordnung
von 10°V cm™ bei den feldabhingigen Quantenausbeutemessungen war die Verwen-
dung einer angepassten Probengeometrie flir homogene Felder die nach meiner Di-
plomarbeit am Lehrstuhl EP Il etabliert wurde.?” Allgemein ist im Fachgebiet eine Pro-
bengeometrie Ublich, bei der die Kathode in Form eines Streifens orthogonal zur strei-
fenférmigen Anode aufgedampft wird. Dadurch wird jedoch das elektrische Feld zwi-
schen Anode und Kathode an der Anodenkante inhomogen. Da der organische Halb-
leiterfilm an dieser Kante in der Regel auch dlinner als mittig auf der Elektrode ist, wird
an der Kante das elektrische Feld zusatzlich verstarkt. Dieser sogenannte Kanteneffekt
hat zur Folge, dass das elektrische Feld dort in seiner GrofRe nicht wohldefiniert ist, und
dass zudem an der Kante vermehrt dielektrische Durchschldge auftreten. Dies macht
eine Messung zu hohen Feldstiarken unmoglich. Die Kanteneffekte werden durch den

83-85

Einsatz einer isolierenden Fotolackschicht beseitigt, wie graphisch in Abbildung 9

dargestellt.

Die Solarzellen werden nach einer in meiner Diplomarbeit erwahnten Vorschrift auf
selbst strukturierte und auf 2 cm Kantenlange zugeschnittene Glassubstrate gebaut, die
vier symmetrische ITO- (Indiumzinnoxid) Elektroden mit 10 Q/o besitzen. Die Substrate
werden zuerst mechanisch mit Tensid und Wasser und anschlieRend mit Aceton, Hexan,
nochmals Aceton und Isopropanol gereinigt, bevor mit einem Spincoater die Fotolack-
schicht aus AZ 1518 von Microchemicals aufgetragen wird. Der Fotolack wird struktu-
riert, sodass sich vier kreisrunde Aussparungen fiir die spateren aktiven Flachen mit
einer GrofRe von 7,07 mm? ergeben.

Erganzend zum bereits erwdhnten Bauprozess wurde fiir alle in dieser Arbeit gebauten
Solarzellen ein weiterer neuer Reinigungsschritt nach der Fotolackstrukturierung einge-
baut, bei dem die Substrate zwei Minuten lang mit einem Sauerstoffplasma geatzt wer-
den. Dies fuhrt zur Abtragung von circa (15-20) nm des Fotolacks, was auch in den Foto-
lackaussparungen eine besonders griindliche Reinigung der rauen ITO Oberflache von
Fotolackresten ermoglicht. Zudem wird durch den Atzprozess die Oberflichenspannung
des Substrats dem des PEDOT:PSS angeglichen, wodurch sich die PEDOT:PSS Schicht
homogener aufbringen lasst. Das PEDOT:PSS wird ausschlieRlich mittels je eines kleinen
Tropfchens direkt in die Fotolackaussparungen getropft und dann gespincoatet. Dadurch
bleiben die definierten aktiven Flachen trotz der PEDOT:PSS-Schicht weiterhin elektrisch
voneinander isoliert. Das erhéht den Parallelwiderstand und ermoglicht in Verbindung
mit einer flaichengenauen Belichtung der aktiven Flache eine unverfalschte Charakteri-
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sierung der Solarzelle. Unter dem spateren Kontaktierungspunkt der aufgedampften
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Abbildung 9: Schematische Darstellung des verwendeten Solarzellenaufbaus ohne
Kanteneffekte: 1. Vier isolierte ITO-Elektroden sind symmetrisch auf einem Glassubstrat
angeordnet. Die gestrichelten Kreise symbolisieren die zukilinftigen aktiven Flachen.
2. Die ITO-Kanten werden durch Fotolack eliminiert und die Aussparungen der aktiven
Flachen sind erkennbar. 3.In diese Fotolackaussparungen wird jeweils ein Tropfen
PEDOT:PSS gefillt (a)), dann gespincoated (b)) und schlieRlich die Ausflussspuren
gereinigt (c)). 4.Die aktive Schicht wird ganzflachig aufgebracht und fiir eine
Zweischichtstruktur werden ein Akzeptor und eine Gegenelektrode aufgedampft. Die
Kontaktierung der Solarzelle erfolgt an den jeweiligen ITO-Ecken und zentriert auf der
aufgedampften Gegenelektrode.

Gegenelektrode im Zentrum des Glassubstrats befindet sich kein leitfahiges PEDOT und
kein ITO. Dadurch werden Kurzschliisse vermieden, falls sich der Kontaktstift durch die
aufgedampfte Elektrode driickt. Nach dem Ausheizen der PEDOT:PSS-Schicht in der
Glovebox wird die aktive Schicht mit dem Spincoater aufgetragen und anschlieRend der
Akzeptor und die Gegenelektrode aufgedampft.
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4. Uberblick der Teilarbeiten

In dieser Arbeit wird der Prozess der Ladungstragertrennung in organischen Donor-
Akzeptor Solarzellen und dabei auftretende Wechselwirkungen zwischen den Donor-
und Akzeptormaterialien an der gemeinsamen Grenzflache untersucht. Das grundlegen-
de Ziel dieser Arbeit ist den physikalischen Prozess der Ladungstragertrennung besser zu
verstehen. Mit den neu erlangten Erkenntnissen kénnen langfristig hocheffiziente, neue
Solarzellenmaterialien und Bauteilarchitekturen gezielt entwickelt werden.

In den durchgefiihrten Experimenten wurde dazu groRe Aufmerksamkeit auf ein mog-
lichst breit angelegtes Materialsystem gelegt (siehe Abbildung 10), in dem sich Material-
parameter systematisch unterscheiden, sodass ein groftmoglicher Wert an vergleichba-
ren, gemeinsamen Eigenschaften vorhanden bleibt. Nur so lasst sich sicherstellen, dass
die experimentellen Ergebnisse eine groRe Allgemeingiltigkeit besitzen, um damit theo-
retische Modelle zu testen und auch weiterzuentwickeln.

MeLPPP PIF PF2/6 DOOPPP
SlateswloRens sy

Abbildung 10: Strukturformeln und Abkilrzungen verschiedener Poly(para-phenylene),
wie sie in dieser Arbeit als Donor Materialsystem haufig verwendet werden. MelLPPP =
methyl-ladder-type-poly(p-phenylene), PIF = poly(indeno-fluorene), PF2/6=ethyl-hexyl-
poly(fluorene), DOOPPP = Dioctyloxy-poly(p-phenylene) (R = 2-ethylhexyl, R* = 1,4-CgH;-
n-CioH>1, R = -n-C¢Hy3). Die Konjugationslange der Polymere nimmt von MeLPPP hin zu
DOOPPP kontinuierlich ab, da die zunehmende Anzahl von nicht verbriickten Einzelbin-
dungen zwischen den verbriickten Segmenten eine Verdrehung des Polymerriickgrads
und damit eine Reduktion der Konjugation verursachen.

Die Solarzellenexperimente wurden bewusst an technisch einfachen Zweischichtsolarzel-
len durchgefiihrt, die sich im Idealfall durch eine definierte Donor-Akzeptor Grenzflache
beschreiben lassen. Dies ermoglicht, im Gegensatz zu den sonst haufig verwendeten
Blendsolarzellen, eine einfachere Analyse der Ladungstragertrennung. In der Zwei-
schichtsolarzelle kénnen stoérende Einflisse der D-A-Morphologie und der ,non-
geminate” Rekombination, also der Rekombination eines Lochs und Elektrons verschie-
denen Ursprungs auf dem Weg zu den Elektroden vernachldssigt werden.
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Zusatzlich wurden alle in dieser Arbeit beschriebenen elektrischen Messungen an spezi-
ell praparierten Solarzellen ohne Kanteneffekte durchgefiihrt, was eine exakte Messung
der auftretenden Fotostrome auch bei sehr hohen elektrischen Feldstarken ermdglichte.
Die Messungen bei grolRen Feldstarken waren in den Experimenten von groRRer Bedeu-
tung, um bestehende theoretische Modelle zur Ladungstragertrennung erstmalig konse-
guent Uber einen weiten Feldstarkebereich und bei verschiedensten Materialkombinati-
onen systematisch zu tberprifen und sie anschliefend anzupassen.

Aufbauend auf insgesamt vier Teilarbeiten untersucht diese Doktorarbeit experimentell
und theoretisch den komplexen Prozess der Ladungstrdgertrennung in organischen
Solarzellen anhand elektrischer Messungen, optischer Charakterisierungen und Model-
lierung. In Kapitel 5 werden erstmalig feldabhangige Quantenausbeuten verschiedener
Poly(p-phenylene) in Zweischichtsolarzellen mit den Akzeptoren Cg oder Trinitroflu-
renon (TNF) bis zu einer Sattigung des Fotostroms bei hohen elektrischen Feldstarken
gemessen und der Zusammenhang zwischen dem Grad der Konjugation eines Polymers
und der Neigung zur Ladungstragertrennung hergestellt. Die Experimente in Kapitel 6
entwickeln die in Kapitel 5 aufgestellten Zusammenhange weiter. Verschiedene theore-
tische Modelle werden an den Messdaten getestet und schlieBlich wird ein zusammen-
hiangendes Modell prasentiert, das die Ladungstriagertrennung in allen betrachteten
Materialkombinationen zufriedenstellend beschreibt. Zusatzlich werden in dem Modell
die Beitrage der wesentlichen Materialparameter, wie der Konjugationslange und der
Starke der Grenzflachendipole, quantifiziert. In Kapitel 7 wird der Einfluss der Akzeptor-
starke und -position innerhalb des D-A-Copolymers auf die Ladungstragertrennung in
Zweischichtsolarzellen mit Cgo untersucht. Kapitel 8 beschreibt abschlieRend elektroni-
sche Wechselwirkungen zwischen elektrisch leitfahigen Donor- und Akzeptormaterialien
an einer gemeinsamen Grenzflache und ihre Einflisse auf die Ladungstragertrennung in
organischen Solarzellen.

In den folgenden Unterabschnitten werden die vier Teilarbeiten genauer vorgestellt.

“Does conjugation help exciton dissociation? A study on poly(p—phenylene)s in planar
heterojunctions with Cgo or TNF”

Diese Teilarbeit untersucht experimentell den Zusammenhang zwischen der Konjugation
eines Polymers und deren Einfluss auf die Ladungstragertrennung in D-A-
Zweischichtsolarzellen. Dazu wird erstmalig an den auf Poly(p-phenylen)-basierenden
Polymeren MeLPPP, PIF und DOOPPP in Verbindung mit jeweils C¢o oder TNF als Akzep-
tor die feldabhdngige Quantenausbeute systematisch bis hin zur Sattigung des Fo-
tostroms bei hohen Feldstarken gemessen. Eine Besonderheit dieses Materialsystems
ist, dass sich die Donor-Polymere neben der unterschiedlichen Konjugationslange auch
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hinsichtlich ihrer energetischen Unordnung unterscheiden. Mit abnehmender Konjuga-
tionsldnge von MelLPPP Uber PIF zu DOOPPP lasst sich anhand von Frank-Condon-
Analysen der Fluoreszenzspektren eine zunehmende Verbreiterung der energetischen
Zustandsdichte o von 28 meV, lGber 45 meV auf 106 meV bestimmen.

Von (ITO/PEDOT:PSS/Polymer (40 nm)/Akzeptor (40 nm)/Aluminium)-Zweischichtsolar-
zellen werden |-U-Kennlinien bis zu hohen negativen Spannungen aufgenommen und
aus dem Fotostrom die feldabhangige Quantenausbeute berechnet. Um eine gezielte
Analyse der Quantenausbeuten zu ermoglichen, erfolgt die Anregung der Solarzellen
unter monochromatischer Beleuchtung selektiv in einem Spektralbereich, in dem ent-
weder nur der Donor oder nur der Akzeptor absorbiert. Bei den Solarzellen mit Cg als
Akzeptor wird entsprechend die niederenergetische Cgo-Absorption bei 2,2 eV angeregt.
Die Solarzellen mit TNF als Akzeptor werden im jeweiligen Absorptionspeak des Poly-
mers angeregt. Unter der Annahme einer Exzitondiffusionslange zur D-A-Grenzflache
von circa 10 nm und unter Berlicksichtigung des jeweiligen Absorptionsspektrums er-
rechnet sich aus dem maximal gemessenen Fotostrom in Sattigung eine interne Quan-
teneffizienz nahe 100% fiir alle untersuchten D-A-Kombinationen. Das bedeutet, dass ab
der Sattigungsfeldstarke zu groRBeren Feldstarken hin tatsachlich alle gebildeten Elek-
tron-Loch-Paare aufgespalten werden. Die Sattigungsfeldstarke ergibt sich in der doppel-
logarithmischen Auftragung der feldabhangigen Quantenausbeute aus dem Schnittpunkt
der Tangente an die ansteigende Kurve bei kleinen Feldstarken und der Tangenten an
die Kurve bei hohen Feldstarken im Sattigungsbereich. Fir beide Akzeptoren zeigt MelL-
PPP die niedrigste Sattigungsfeldstarke, gefolgt von PIF. DOOPPP besitzt die hochste
Sattigungsfeldstarke. Im Langevin-Bild klassischer Punktladungen, bei dem Ladungen
erfolgreich getrennt werden, falls das Potential des duf3eren elektrischen Feldes groRer
oder gleich des Coulombpotentials ist, kann man aus den gemessenen Sattigungsfeld-
starken die erforderlichen Elektron-Loch-Abstande und Bindungsenergien berechnen.
Hierbei ergeben fiir die D-A-Kombinationen bei MeLPPP groRRe Elektron-Loch-Abstdande
von 9 nm aber nur 2 nm fiir DOOPPP. Entsprechend dazu sind Elektron und Loch bei den
D-A-Kombinationen mit MeLPPP mit 50 meV nur sehr schwach gebunden und kdnnen
dadurch leichter dissoziieren, wohingegen fiir die DOOPPP-Kombinationen 200 meV
Bindungsenergie zu Uberwinden sind, was eine erfolgreiche Ladungstragertrennung
stark minimiert.

Bei der Anregung der Donor-Polymere ist die Energiedifferenz zwischen LUMO-Donor
und LUMO-Akzeptor konsequent groRer als der Energieunterschied zwischen HOMO-
Akzeptor und HOMO-Donor bei der Anregung des Akzeptors. Bei Anregung der Poly-
mere sind die jeweiligen Sattigungsfeldstarken durchgehend niedriger. Dies konnte als
ein Indiz daflir gewertet werden, dass ein groRerer Energieunterschied beim Ladungs-
transfer die Ladungstragertrennung unterstitzt.
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Die Kernergebnisse zeigen, dass eine grolRe Konjugationslange bei Polymeren mit einem
gleichzeitig hohen Grad an energetischer Ordnung die Ladungstragertrennung entschei-
dend unterstitzt. Das bei der Anregung gebildete, Coulombgebundene Loch des
Exzitons kann innerhalb der effektiven Konjugationslange des Polymers auf der Kette
schnell delokalisieren, was den mittleren Elektron-Loch-Abstand vergroRRert. Hierdurch
wird die Bindungsenergie minimiert und die Ladungstragertrennung erleichtert. Ware
dagegen ein hoher Grad der energetischen Unordnung zur Dissoziation foérderlich, so
hdtte man in der Donorreihe von MeLPPP zu DOOPPP statt einer ansteigenden, eine
abnehmende Sattigungsfeldstarke beobachten mussen.

“Role of the effective mass and interfacial dipoles on exciton dissociation in organic
donor acceptor solar cells”

In dieser Teilarbeit werden fortfiihrende Untersuchungen der Ladungstragertrennung in
D-A-Zweischichtsolarzellen durch Messungen der feldabhangigen Quantenausbeute an
einem erweiterten System von Donormaterialien mit Cgo als Akzeptor gemacht. Damit
lassen sich zwischen Effekten der Konjugationslange des Polymers und durch energeti-
sche Ordnung verursachte Auswirkungen auf die Ladungstragertrennung weiter unter-
scheiden. AbschlieBend wird ein geschlossenes Modell der Ladungstragertrennung
vorgestellt, das Delokalisationseffekte in konjugierten Polymeren, sowie auch auftreten-
de Grenzflachendipole an der D-A-Grenzflache beriicksichtigt und alle erhaltenen Mess-
ergebnisse beschreibt.

Das auf Poly(p-phenylen)-basierende Donor-Materialsystem bestehend aus MelLPPP, PIF
und DOOPPP wird um PF2/6 erganzt. Um den alleinigen Einfluss der Konjugationsldange
auf die Ladungstragertrennung zu untersuchen, wird zusatzlich ein MeLPP-Dimer mit
dem zugehorigen MeLPP-Polymer verglichen. Zusatzlich wird das D-A-Copolymer
PCDTBT (Poly[[9-(1-octylnonyl)-9H-carbazole-2,7-diyl]-2,5-thiopenediyl-2,1,3-benzothia-
diazole-4,7-diyl-2,5-thiophenediyl] in die Versuchsreihe aufgenommen, da dafiir in der
Fachliteratur bereits sehr gute Wirkungsgrade berichtet wurden. Aus allen Donor-
Materialien werden (ITO/PEDOT:PSS/Donor (40 nm)/Ceo (40 nm)/Aluminium)-Zwei-
schichtsolarzellen hergestellt, I-U-Kennlinien unter monochromatischer Beleuchtung bei
2,2 eV aufgenommen und die feldabhangigen Quantenausbeuten berechnet. Fir die
Polymere werden zusatzlich mit Ultraviolett-Photoelektronen-Spektroskopie-(UPS)-
Messungen die Grenzflachendipole an der jeweiligen Polymer/Cgo-Grenzflache ermittelt.

Innerhalb der Poly(p-phenylen)-Donor-Materialserie nimmt die Sattigungsfeldstarke von
MeLPPP, dem Polymer mit der langsten effektiven Konjugationslange, tber PIF und
PF2/6 zu DOOPPP mit der kiirzesten Konjugationslange systematisch zu. Das MelLPP-
Dimer hat eine groBere Sattigungsfeldstarke als das zugehorige MelLPP-Polymer. PCDTBT
besitzt von allen Donor-Materialien in Verbindung mit Cgg als Akzeptor die kleinste Satti-
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gungsfeldstarke. Diese Messergebnisse an D-A-Solarzellen zeigen, dass besonders eine
ausgedehnte Konjugation des Polymers und eine damit verbundene Delokalisation des
Coulomb-gebundenen Lochs entlang der Polymerkette die Ladungstragertrennung maf3-
geblich beglinstigt und Uber Effekte der energetischen Unordnung dominiert. Die Satti-
gungsfeldstarke ist dabei innerhalb der Poly(p-phenylen)-Polymer-Materialserie expo-
nentiell von der reziproken effektiven Konjugationslange abhangig; grofle effektive
Konjugationslangen fiihren zu kleinen Sattigungsfeldstarken.

Die experimentell gemessenen feldabhangigen Quantenausbeuten werden zum theore-
tischen Verstandnis der Ladungstragertrennung mit bestehenden Modellen simuliert
und verglichen. Das in der bisherigen Fachliteratur haufig verwendete Onsager-Braun-
Modell fiir D-A-Kombinationen beschreibt alle gemessenen Kurvenverldufe der feldab-
hangigen Quantenausbeuten nur unzureichend. Zudem liegen die verwendeten Fitpa-
rameter in untypischen physikalischen GroRenordnungen. Der verlaufsmaRig beste Fit
flir DOOPPP mit Cgp liefert Parameterwerte fiir das Produkt aus Ladungstragermobilitat
und Lebensdauer des CT-Zustands, die eine deutlich zu hohe Charge-Transfer-
Lebenszeiten von 30 ms ergeben, wenn man fiir dieses ungeordnete Material eine rea-
listische Mobilitat von 10° cm?V's™?

bensdauer eines CT-Zustandes nur einige zehn Nanosekunden. Da die Konjugationslange

annimmt. Typischerweise misst man fir die Le-

eines Polymers die Ladungstragertrennung, wie in den Experimenten gezeigt, deutlich
beeinflusst, ist eine Berlicksichtigung der Delokalisationseffekte des gebundenen Lochs
auf der konjugierten Polymerkette auch in den Modellen nétig. Die dazugehdrige Pio-
nierarbeit lieferte Arkhipov, dessen Modell spater von Nenashev und Wiemer nochmals
aufgegriffen und verfeinert wurde. Alle Modelle basieren in der Grundidee auf der Delo-
kalisation des gebundenen Lochs, das quantenmechanische Nullpunktschwingungen auf
der Polymerkette im Coulombpotential seines zugehérigen Elektrons ausfiihrt. Die Null-
punktschwingungen sind durch eine effektive Masse charakterisiert und stellen dem
dissoziierenden Loch zusitzliche, kinetische Energie zur Uberwindung der Coulombbar-
riere zur Verfligung. Die exakte Losung der Dissoziationswahrscheinlichkeit im einfachen
effektiven-Masse-Modell nach Nenashev, wie auch Wiemers Modell, das Grenzflachen-
dipole berticksichtigt, jedoch eine harmonische Naherung des Potentials annimmt, be-
schreiben die feldabhangigen Quantenausbeuten der PCDTBT/Cgso und MeLPPP/Cg
Kombinationen erstmalig in guter Ubereinstimmung mit dem Experiment. Hierbei wer-
den bei den Fitparametern des Dipolmodells explizit die experimentell mit UPS gemes-
senen Grenzflachendipole beriicksichtigt, welche die Coulombanziehung der gebildeten
Elektron-Loch-Paare an der D-A-Grenzflache abschirmen und dadurch die Dissoziations-
wahrscheinlichkeit erhéhen. Bei den anderen Materialkombinationen kénnen die effek-
tive-Masse-Modelle nur den Bereich groRer elektrischer Feldstarken richtig beschreiben;
bei kleineren elektrischen Feldstarken ist die experimentell gemessene Quantenausbeu-
te groRer als von den Modellen vorausgesagt. Diese in den Experimenten beobachtete
erhohte Quantenausbeute erfordert auch in den theoretischen Modellen eine zusatzli-
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che Dissoziationswahrscheinlichkeit. In der Annahme, dass die erhohte Quantenausbeu-
te von der Aufspaltung lokalisierter CT-Zustdande an Defekten herriihrt, werden zwei
Kombinationen in Betracht gezogen. Zum einen wird das Dipolmodell mit dem klassi-
schen Braun-Onsager-Modell kombiniert. Der resultierende Fitverlauf hat aber beson-
ders fiir die D-A-Kombinationen mit héherer Sattigungsfeldstirke wenig Ubereinstim-
mung mit den experimentellen Daten. Als weiterer Modellansatz um die experimentell
zusatzlich beobachte Quantenausbeute bei niedrigen elektrischen Feldstarken zu be-
schreiben, wird die Kombination des Dipolmodells mit Arkhipovs Fehlstellenmodell
gewahlt. Die Fehlstellen- oder Fallenzustande werden vor allem Cgg zugeordnet, welches
in das Donormaterial eindiffundiert ist.

Es zeigt sich, dass eine Kombination aus dem Dipolmodell in der Nenashev’schen Formu-
lierung mit Arkhipovs Fehlstellenmodell die experimentell gemessenen feldabhdngigen
Quantenausbeuten am besten beschreibt. Die Kombination der beiden effektive-Masse-
Modelle erméglicht schliellich eine geschlossene und stimmige Beschreibung der La-
dungstragertrennung in D-A-Solarzellen. Der Anteil der Uber Fehlstellen aufgespalteten
Ladungstrager an der Gesamtdissoziationswahrscheinlichkeit ist dabei umso kleiner, je
kleiner die effektive Masse des Donors ist. Hierbei zeigt sich experimentell auch, dass die
effektive Masse innerhalb der Poly(p-phenylen)-Polymerreihe von der reziproken effek-
tiven Konjugationslange abhangig ist; grofSe effektive Konjugationslangen entsprechen in
den effektive-Masse-Modellen kleinen effektiven Massen.

“Influence of the excited state charge-transfer character on the exciton dissociation in
donor-acceptor copolymers”

In den ersten beiden Teilarbeiten wurden lberwiegend Homopolymere als Donor in
einer Zweischichtgeometrie mit einem Akzeptor untersucht. Fiir aktuelle Anwendungen
werden jedoch vor allem Copolymere als Donor mit meistens einem Fullerenakzeptor
verwendet. Die Copolymere sind ihrerseits wiederum aus je einer elektronenarmen und
einer elektronenreichen Wiederholungseinheit zusammengesetzt, sodass sie auch als
Donor-Akzeptor-(D-A)-Copolymere bezeichnet werden. Sie zeichnen sich in der Regel
durch eine Absorptionskante im roten Spektralbereich aus, was zur optimalen Nutzung
der einfallenden Sonnenstrahlung von Vorteil ist.

Diese Teilarbeit beschaftigt sich daher mit alternierenden D-A-Copolymeren. Hierbei ist
die Fragestellung, wie der Donor und Akzeptor bezliglich ihrer Starke und Position be-
schaffen sein missen, dass nicht nur die Absorptionskante im Vergleich zu den entspre-
chenden Homopolymeren reduziert, sondern auch die Ladungstragertrennung erleich-
tert wird. Als ersten Schritt dazu wird in dieser Teilarbeit an einem auf Triphenylamin-
(TPA)-basierenden Materialsystem der Einfluss der Position und der Starke des Copoly-
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mer-Akzeptors auf die Charge-Transfer-Charakteristik und Ladungstragertrennung an-
hand optischer und elektrischer Messungen untersucht.

Ein TPA-Homopolymer (P1), das als Vergleichsgrundlage dient und zwei neuartige D-A-
Copolymere mit TPA-Bausteinen werden synthetisiert. Beim ersten D-A-Copolymer
bilden ein TPA, verbunden mit einem weiteren TPA, das eine stark elektronegative
Dicyanovinyl-Seitengruppe besitzt, die Wiederholungseinheit (P2). Beim anderen D-A-
Copolymer ist ein Thieno[3,4-b]thiophencarboxylat und ein TPA zu einem Copolymer-
rickgrat miteinander verknipft (P3), welches die Wiederholungseinheit bildet. Alle
Polymere werden chemischen Standardanalysen unterzogen.

Die Copolymere P2 und P3 zeigen in diinnen Filmen, sowie in verdiinnten Losungen, im
Vergleich zur typischen TPA-Absorption von P1, jeweils eine zusatzliche, niederenergeti-
sche Absorptionsbande. Aufgrund der niedrigeren Energie des Ubergangs und der klei-
nen Oszillatorenstirke handelt es sich hierbei um intramolekulare CT-Uberginge, die
besonders bei P2 auf einen geringen Wellenfunktionsliberlapp zwischen der Dicyanovi-
nyl-Seitengruppe und dem Donorriickgrat zurlickzufiihren sind. Die niederenergetische
Absorptionsbande von P3 besitzt eine groflere Oszillatorenstarke als P2 und ist zu P2
rotverschoben. Diese hohere Oszillatorenstdrke bei P3 ist auf einen zusatzlichen Anteil
an mm+-Ubergingen zuriickzufiihren, was konsistent mit stirker delokalisierten 7-
Orbitalen in P3 ist. Weitere Einblicke in die CT-Eigenschaften erhalt man durch das Fluo-
reszenzverhalten. P1 und P3 besitzen ein strukturiertes Emissionsspektrum, bei denen
im Film fur langere Zeiten eine strukturierte, niederenergetische Emission dominiert. Bei
P2 |6scht der sehr starke CT-Charakter durch die Dicyanovinyl-Seitengruppe fast die
komplette Fluoreszenz. Das niederenergetische Fluoreszenzspektrum ist verbreitert,
unstrukturiert und mit einer Verteilung von Lebenszeiten, wie man es fiir eine CT-
Fluoreszenz erwartet.

Die elektrische Lochleitfahigkeit der Polymere wird in elektrischen Bauteilen mit
(ITO/PEDOT:PSS/Polymer/Gold)-Aufbau anhand von raumladungsbegrenzten Strommes-
sungen (space charge limited current, SCLC-measurements) ermittelt. Hierbei zeigt P2
die niedrigste Mobilitat, P3 die Grofte.

Aus dem Homopolymer und den zwei Copolymeren, die als Donormaterialien dienen,
werden (ITO/PEDOT:PSS/Donor (40 nm)/Ceo (40 nm)/Aluminium)-Zweischichtsolarzellen
hergestellt und I-U-Kennlinien unter AM 1.5 Sonnensimulator-Beleuchtung gemessen.
Hierbei zeigt P2 in Verbindung mit Ceo den kleinsten Kurzschlussstrom und den gerings-
ten Wirkungsgrad, was auf Probleme bei der Ladungstragertrennung hinweist. Fiir die
Copolymere werden aus dem Fotostrom deshalb zuséatzlich die feldabhangigen Quan-
tenausbeuten berechnet, um die Ladungstragertrennung genauer zu untersuchen. Hier-
bei ergibt sich fir P2 mit dem stark ausgepragten CT-Charakter durch die elektronegati-
ve Dicyanovinyl-Seitengruppe eine deutlich héhere Sattigungsfeldstarke als bei P3, bei
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dem der schwiachere Akzeptor in das Polymerriickgrat eingebaut ist. Das bedeutet, dass
die Elektron Loch-Paare in der P2/Cgo-Kombination starker als bei der P3/Cgo-
Kombination gebunden sind.

Die feldabhangigen Quantenausbeuten der D-A-Copolymere werden nach den bisheri-
gen Erfahrungen der bereits beschriebenen anderen Teilarbeiten zur ersten, groben
Untersuchung mit dem Dipol-Modell nach Wiemer analysiert. Die Fitparameter zeigen,
dass das D-A-Copolymer P3 eine grofRere effektive Konjugationslange als P2 besitzt, was
sich in einer kleineren effektiven Masse widerspiegelt. Dieses Ergebnis ist in Uberein-
stimmung mit den Absorptionsmessungen und lasst auf eine bessere Delokalisation in
P3 schlieBen. P2 besitzt dagegen die groRBeren Grenzflachendipole, was sich mit dem
starken CT-Charakter der optischen Messungen deckt.

Die Untersuchung des Einflusses des CT-Charakters an TPA basierten D-A-Copolymeren
zeigt, dass ein schwaécherer, innerhalb des Copolymers gut mit dem Donor auf dem
Polymerriickgrad konjugierter Akzeptor die Ladungstragertrennung erleichtert. Eine
stark elektronegative Dicyanovinyl-Seitengruppe fiihrt dagegen zu starker gebundenen
Elektron-Loch-Paaren und kleineren Lochmobilitaten, die mit einem schlechteren Wir-
kungsgrad einhergehen.

“Ground state bleaching at Donor-Acceptor interfaces”

In dieser Teilarbeit werden systematische Absorptionsmessungen an D-A-Grenzflachen
durchgefiihrt, die weitere Einblicke in die Ladungstragertrennung ermdglichen. Aus den
Experimenten wird deutlich, dass die Donor- und Akzeptormaterialien an einer gemein-
samen Grenzflaiche im Grundzustand elektronisch miteinander wechselwirken und sich
somit ein Grundzustandskomplex ausbildet, der die Ladungstragertrennung unterstitzt.

Quarzglassubstrate werden durch Spincoaten mit circa 40 nm dicken Polymerfilmen
beschichtet. Eine Halfte des Glassubstrates wird anschliefend vollstdandig vom Polymer
befreit und orthogonal dazu wird ein Akzeptorfilm aufgedampft. Man erhalt auf dem
Quarzglas einen Bereich mit einem reinen Polymerfilm, einen reinen Akzeptorfilm, einen
Bereich, in dem die jeweiligen Filme Ubereinander liegen und eine D-A-Grenzflache
bilden und ein unbeschichtetes Quarzglas zur Referenz. Als erstes Kontrollexperiment
wird der Akzeptorfilm in der gleichen Anordnung, aber auf der Riickseite des Quarzgla-
ses aufgedampft, sodass der Donor- und Akzeptorfilm durch das Quarzglas getrennt
sind. Anschliefend wird die Absorption der einzelnen Filmbereiche gemessen und die
gemessene Absorption der D-A-Zweischicht mit der Summe der Absorption der beiden
Einzelschichten verglichen.
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Hierbei zeigt sich an einer Kombination aus substituiertem Poly-(p-phenylenevinylen)
(MEH-PPV) und TNF, dass sich die optische Dichte beider Materialien bei direktem Kon-
takt an der gemeinsamen Grenzflache nicht addiert, sondern dass ein signifikanter An-
teil, besonders der Extinktion des Donors, fehlt. Im Kontrollexperiment der durch das
Quarzglas getrennten Donor- und Akzeptorfilme ist die gemessene Absorption der zwei
getrennten Schichten gleich der Summe der Absorption der Einzelschichten. Weitere
Kontrollexperimente zeigen, dass die Schichtdicke der D-A-Zweischicht gleich der Sum-
me der Einzelschichtdicken ist und dass die Absorptionsanderung nicht auf eine Veran-
derung der Polymerabsorption wahrend des Aufdampfprozesses durch Warmeeinwir-
kung zurlckzufiihren ist. Absorptionsmessungen in einer Ulbrichtkugel zeigen ferner,
dass Streueffekte vernachldssigbar klein sind.

Weitere Versuche an einer MeLPPP-Perylendiimid-Derivat-(PDl)-Kombination, deren
Einzelmaterialien ein sehr strukturiertes Absorptionsspektrum besitzen, zeigen deutlich,
dass durch die D-A-Wechselwirkung sowohl ein gewisser Anteil der Absorption des
Donor-, als auch des Akzeptormaterials fehlt. Versuche an unléslichem PPV, das durch
die Konvertierung eines Precursormaterials hergestellt wurde, in Kombination mit einem
anschlieend aufgedampftem Cgo zeigen ebenfalls eine reduzierte Extinktion in der
Zweischicht. Entfernt man von der harten PPV-Schicht allerdings die Cgo-Schicht mit
einem trockenen Wattestabchen, so misst man wieder die urspriingliche, unveranderte
PPV-Absorption. Dieses Experiment zeigt, dass die D-A-Wechselwirkung ausschlieRlich
an der Grenzflache stattfindet und eine reversible Wechselwirkung ist. Zeitabhangige
Dichtefunktionaltheorie-Rechnungen an einem MEH-PV-Trimer und einem dariber
liegenden TNF Molekiil belegen ebenfalls eine Abnahme der Extinktion bei der Bildung
eines D-A-Komplexes.

Experimente an den Poly(p-phenylene)n MeLPPP, PIF und DOOPPP in Kombination mit
TNF konnen so interpretiert werden, dass sich Grundzustandskomplexe bilden, indem
das HOMO des Polymers und das LUMO des Akzeptors miteinander wechselwirken. Je
kleiner der Energieunterschied des HOMO des Polymers und des LUMO des Akzeptors
ist, desto groRRer ist der experimentell beobachtete Anteil der fehlenden Extinktion des
Polymers. Ein groRer Anteil fehlender Extinktion korreliert in den Experimenten auRer-
dem direkt mit niedrigen Sattigungsfeldstdrken der feldabhangigen Quantenausbeute
der zugehorigen D-A-Zweischichtsolarzelle. Das bedeutet, dass in Materialkombinatio-
nen mit einem grofRen Anteil fehlender Absorption gebildete Elektron-Loch-Paare leich-
ter getrennt werden. Dadurch lasst sich auf eine aktive Beteiligung des D-A-Komplexes
bei der Ladungstragertrennung schliel3en.

Die Dichtefunktionaltheorie-Rechnungen bescheinigen fiir das Modellsystem aus dem
MEH-PV Trimer und dem TNF eine Absorption, die im Wesentlichen auf einem HOMO
nach LUMO+4 Ubergang beruht. Dieser HOMO nach LUMO+4 Ubergang des D-A-
Systems ,ersetzt” gewissermalien die S; Absorption, die das MEH-PV in Abwesenheit

45



Uberblick der Teilarbeiten

des Akzeptors hat. Da das LUMO+4 auch etwas Elektronendichte auf dem TNF hat, be-
sitzt der HOMO->LUMO+4 Ubergang auch etwas Charge-Transfer-Charakter. Entspre-
chend hat der HOMO->LUMO+4 Ubergang eine Oszillatorenstirke, die im Vergleich zur
S; Absorption des MEH-PVs reduziert ist. Die Rechnungen belegen weiterhin die Existenz
eines Zustands mit verschwindender Oszillatorenstdarke, der unterhalb der Absorption
von Donor oder Akzeptor liegt, der als Charge-Transfer-Komplex betrachtet werden darf.
Dieser fuhrt zur Ausbildung eines treppenférmigen Energieniveausystems zwischen dem
Donormaterial, dem D-A-Komplex und dem Akzeptormaterial. Bei einer Anregung des
Donors kann beim Ladungstransfer das Elektron iber den D-A-Komplex auf den Akzep-
tor lbertragen werden, wodurch ein gebundener Elektron-Loch-Zustand (,geminate
pair”) gebildet wird. In analoger Weise wird bei der Anregung des Akzeptors ein Loch
Uber den D-A-Komplex auf den Donor Ubertragen. Wird trotz der erniedrigten Oszillato-
renstarke der D-A-Komplex direkt angeregt, wird das Elektron auf den Akzeptor und das
Loch auf den Donor (ibertragen. Der D-A-Komplex wirkt bei der Bildung des gebundenen
Elektron-Loch-Zustandes in allen Fallen als raumlicher Distanzhalter, der den anfangli-
chen Elektron-Loch-Abstand signifikant vergréRert. Damit wird die Rekombination un-
terdrickt und die Ladungstragertrennung erleichtert, da sich mit zunehmendem Elek-
tron-Loch-Abstand die energetisch zu Uberwindende Barriere des Coulombpotentials
erniedrigt.

Zusammenfassend zeigt diese Teilarbeit, dass elektronische Wechselwirkungen zwischen
Donor- und Akzeptormaterialien an einer gemeinsamen Grenzflache zur Ausbildung von
Grundzustandskomplexen mit reduzierter Absorption flihren. Die Absorptionsexperi-
mente zeigen deutlich, dass in Materialkombinationen mit einem groRen Anteil redu-
zierter Extinktion die Elektron-Loch-Paare in den zugehorigen Solarzellen leichter ge-
trennt werden. Einfache Absorptionsmessungen kénnen damit in Zukunft schnelle und
kostenglinstige Abschatzungen (iber die Eighung verschiedener Materialkombinationen
fur die spatere Solarzellenanwendung liefern.

46



Uberblick der Teilarbeiten

Eigene Beitrage

Diese Doktorarbeit beruht auf insgesamt vier Teilarbeiten. Davon sind drei veroffent-
licht, die vierte Teilarbeit steht zur Einreichung an. Im Folgenden werden die eigenen
Beitrage zu den Teilarbeiten aufgelistet.

Kapitel 5

Diese Teilarbeit ist in Advanced Materials (2012, 24, 922-925) veroffentlicht unter dem
Titel

“Does conjugation help exciton dissociation? A study on poly(p—phenylene)s in planar
heterojunctions with C¢o or TNF”

von Christian Schwarz, Heinz Bassler, Irene Bauer, Jan-Moritz Koenen, Eduard Preis,
Ullrich Scherf, Anna Kéhler

Ich habe den bestehenden Messaufbau und das Messprogramm zur Messung von |-U-
Kennlinien bis zu hohen Feldstdrken vom Stand meiner Diplomarbeit modifiziert und den
Herstellungsprozess der Solarzellen nochmal verbessert. Dadurch konnte ich alle Solar-
zellen gezeigten Materialkombinationen bis zu hohen Feldstdrken messen. Alle in der
Teilarbeit verwendeten Proben wurden von mir gebaut und die gezeigten Daten, soweit
nicht anders gekennzeichnet, wurden von mir gemessen und analysiert. Ich habe Teile
des Skripts geschrieben.

Kapitel 6

Diese Teilarbeit ist in Physical Review B (2013, 87, 155205) verd&ffentlicht unter dem Titel
“Role of the effective mass and interfacial dipoles on exciton dissociation in organic
donor acceptor solar cells”

von Christian Schwarz, Steffen Tscheuschner, Johannes Frisch, Stefanie Winkler, Norbert
Koch, Heinz Bassler, Anna Kohler

Ich habe die Solarzellen gebaut, die feldabhangigen Quantenausbeuten gemessen, ana-
lysiert und interpretiert. In den UPS-Experimenten habe ich die Probenpraparation in
Berlin unterstitzt. AuBerdem habe ich bei der theoretischen Modellanalyse anfangs
durch eigene Simulationen und spéater durch intensive Diskussion mitgewirkt. Ich habe
Teile des Skripts geschrieben.
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Kapitel 7

Diese Teilarbeit ist im Journal of Physical Chemistry C (2013, DOI: 10.1021/jp407014q)
veroffentlicht unter dem Titel

“Influence of the excited state charge-transfer character on the exciton dissociation in
donor-acceptor copolymers”

von Katharina Neumann, Christian Schwarz, Anna Kohler, Mukundan Thelakkat

Ich habe die optischen Messungen gemacht, die Solarzellen gebaut und gemessen.
Meine Messdaten habe ich analysiert und interpretiert. Ich habe Teile des Skripts ge-
schrieben.

Kapitel 8

Diese Teilarbeit ist zur Einreichung bereit unter dem Titel
“Ground state bleaching at donor-acceptor interfaces”
von Christian Schwarz, Felix Milan, Stephan Kimmel, Anna Kéhler

Ich habe alle Proben hergestellt und gemessen. Auflerdem habe ich die Messdaten
analysiert und interpretiert. Ich habe den GroRteil des Skripts geschrieben.
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Does Conjugation Help Exciton Dissociation? A Study on
Poly(p-phenylene)s in Planar Heterojunctions with Cg, or

TNF

Christian Schwarz, Heinz Bdissler, Irene Bauer, Jan-Moritz Koenen, Eduard Preis,

Ullrich Scherf, and Anna Kohler*

The process of exciton dissociation in organic semiconductors is
the key step that needs to be understood for the realization of effi-
cient organic solar cells.'l A systematic optimization of solar cells
requires a well-founded and detailed understanding of the mech-
anism of exciton dissociation and its dependence on material
parameters. Consequently, it is being investigated intensely.>-1
There is widespread agreement on the elementary steps that
accompany charge carrier generation at an organic molecular het-
erojunction.!? Light absorption creates an excited state on one
molecule. This is followed by electron transfer to a neighboring
molecule, which results in the formation of a more or less strongly
bound metastable intermolecular state. This excited state has a
strong charge-transfer character and will eventually break up into
free charge carriers or lead to recombination. The central ques-
tion, therefore, is how to overcome the Coulombic binding energy
that prevents the final separation of the opposite charges. There
are studies implying that dissociation may be favored by a higher
hole mobility,'>%] which is typically associated with a larger con-
jugation length and a low degree of energetic disorder.! On the
other hand, there are also reports that in certain circumstances
an increased disorder or a lower hole mobility may be preferen-
tial.'%17] Using a set of poly(p-phenylene)s (PPPs) as systematic
model compounds, we have investigated how the conjugation
length of the chromophore affects the process of charge carrier
dissociation at a molecular heterojunction. In field-dependent
photocurrent measurements we find the photocurrent yield to
saturate at 100% at electric fields between 5 x 10* V cm™ and
1 x 10° V cm™. Importantly, the saturation field that is required
decreases with increasing conjugation length, implying that the
excited state delocalization is of crucial importance for the yield.
We conclude that the rate-limiting step of the photogeneration of
charges is the formation of a loosely bound (“hot”) electron—hole
pair that can either be dissociated at moderate field or relax back
to a tightly bound electron-hole pair.
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A systematic study requires changing as few parameters
as possible. Therefore we chose the set of poly(p-phenylene)s
(PPPs) shown in Figure 1a as a donor material system. Within
this series, the polymer backbone is formed by the same chem-
ical repeat unit, the phenylene, yet the rigidity of the backbone
is varied by stiffening links. This results in an increased con-
jugation length and a narrower density of excited state ener-
gies from DOOPPP to MeLPPP, as evidenced by the reduced
S1<S, absorption energies and the concomitantly reduced
linewidth (Figure 1b). This change in linewidth is particularly
obvious when the fluorescence spectra are shifted in energy
such that the 0-0 S;—S, coincide (Figure 1c). A Franck—Condon
analysis(®®! of the thin-film fluorescence spectra yields vari-
ances of 106, 45, and 28 meV for DOOPPP, PIF, and MeLPPP,
respectively. We have combined these donors with two different
acceptor materials, Cq and trinitrofluorenone (TNF).' Cy is
a well-known acceptor, yet it has excited states at lower ener-
gies than the PPPs. For an unambiguous data analysis, we want
to excite only one of the two materials at the heterojunction.
Using Cg, we can excite the acceptor only, however, it is not
possible to excite the polymer donor without simultaneously
exciting the acceptor. This can be achieved by using the strong
electron acceptor TNF, as it has an onset of absorption around
3 eV, which is similar to DOOPPP and larger than PIF and
MeLPPP.

For our study we employed the method of field-dependent
photocurrent measurements.[®2% We stress that this technique
probes a different situation than the related field-dependent
photoluminescence (PL) quenching experiment.?1?2 By PL
quenching, one explores the field dependence of the recombi-
nation process. Recombination occurs from the intermolecular
state when it is tightly bound. This situation is also referred to
as a charge transfer state, exciplex, or tightly bound geminate
pair.'211 In contrast, the photocurrent results from the break-up
of the intermolecular state, which, immediately beforehand, will
be only loosely bound. Sometimes this is termed a dark inter-
mediate state, a polaron pair state, a hot charge transfer com-
plex, or a weakly bound geminate pair.>?1?l Its weak binding
energy and ultrafast split-up, on a time scale of 100 fs,7-
can lead researchers to disregard this intermediate state and
to consider only the free carriers resulting from its dissocia-
tion.[’! The field-dependent photocurrent measurements probe
the decisive process for the photogeneration of charge carriers,
that is, the break-up of the weakly Coulomb bound geminate
pair (GP). A priori, the experiment does not tell us whether
the weakly bound intermolecular geminate pair was formed
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Figure 1. a) The chemical structures of the donor polymers (R = 2-ethylhexyl, R" = 1,4-C¢Hy- n -CyoH,p, R” = - n -CgHy3), along with b) their absorption
spectra and c) the fluorescence spectra for excitation at 3.5 eV. For comparison, the fluorescence spectra have been shifted along the energy axis so

that the 0-0 transitions coincide at 0 eV.

directly by electron transfer from the intramolecular excited
state or whether it results from evolution via an initially tightly
bound geminate pair.

For the field-dependent photocurrent measurements, a planar
heterojunction geometry was chosen as device structure to avoid
non-geminate recombination as much as possible. The solar
cells were prepared on glass substrates in the layer structure
ITO/PEDOT:PSS (35 nm)/donor polymer (40 nm)/acceptor mol-
ecule (40 nm)/aluminum, where ITO is indium tin oxide and
PEDOT:PSS is poly(3,4-ethylenedioxythiophene):poly(styrene-
sulfonate). The polymers were spun from chlorobenzene solu-
tion while the acceptor molecules were thermally evaporated.
We note further that we employed a careful device design that
ensures a homogeneous field distribution without edge effects
in fully individually addressed photocells. This is an essential
prerequisite for accurate measurements at high field strength.

Figure 2 shows the photocurrent quantum vyield J(F)/J(F..) as
a function of internal electric field F and normalized to unity at
the field strength F., at which the photocurrent yield saturates.
To obtain the internal electric field, the open-circuit voltage
was subtracted from the applied external voltage and the result
was divided by the film thickness. In Figure 2a, the molecular
acceptor Cg is excited, which results in electron transfer from
the polymer highest occupied molecular orbital (HOMO) to the
Cg HOMO. In contrast, in Figure 2b we excite the polymer
donor, thus inducing electron transfer between the lowest
unoccupied molecular orbitals (LUMOs) of the polymer and
the TNF. In both cases, we observe the same trends. First, the
photocurrent quantum yield saturates for high field strength. A
quantitative analysis, taking into account the exciton diffusion
length of about 10 nm inferred from a comparison of photo-
current and absorption spectra shows that the quantum yield
at saturation is around 100%. This value is subject to inaccu-
racies regarding the exciton diffusion length. In other words,
essentially all the excitations photogenerated on one compound
that reach the interface split up at sufficiently high fields.
Second, the electric field needed to induce this complete split-
up decreases from DOOPPP to MeLPPP. In this order, the con-
jugation length increases and the energetic disorder decreases,
as demonstrated in Figure 1. When using TNF as the acceptor,
overall lower fields are required to dissociate all excitations

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

than when Cg is used. The fact that we observe photocurrent
saturation at high fields under illumination rather than device
breakdown or uncontrolled photocurrent gain is remarkable.
We consider this is mostly the result of using a device geom-
etry with an insulating patterned photopaint layer that removes
any edges at the transition between polymer film and ITO elec-
trode. This structure eliminates any high inhomogeneous fields
that promote multiple or uncontrolled carrier injection, in par-
ticular under high-energy illumination. Furthermore, when Cg,
is used the exciting photon energy is low, while with TNF the
saturation field strength is moderate.

What do these data reveal about the process of charge carrier
separation? In a naive classical picture, following Langevin, we
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Figure 2. The external quantum yields of planar heterojunction devices
made with MeLPPP, PIF, and DOOPPP, measured as a function of the
internal field and normalized to unity at the saturation value. a) Using
Ceo as acceptor and exciting at 2.2 eV. b) Using TNF and exciting at the
maximum of the polymer absorption.
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may associate the binding energy of the intermolecular excited
state with the Coulomb energy of two opposite pointlike charges
separated at a distance rgp. When the intermolecular excited
states dissociate into a free electron and hole at a high field this
implies that the potential energy of the electric field compen-
sates the binding energy of the geminate pair. This is the case
from a certain saturation field value F,,; onwards. We can use
this to calculate the binding energy of the intermolecular excited
state and the associated distance r¢p. As a basic estimate we use
Farope = €°/(Amegorcp), leading to rep = J/e/(4mereo Fen),
where ¢ is the elementary Coulomb charge and &, and g, are
the dielectric constants at the interface (taken as 3.5) and of
vacuum, respectively. This results in values from 9 nm to 2 nm
for the electron-hole distance and from 0.05 eV to 0.2 eV for
the binding energy of the geminate pair along the series from
MeLPPP to DOOPPP, as detailed in the Supporting Informa-
tion. The key message to take from this is that with increasing
energetic order and conjugation length, the weakly bound gem-
inate pair is more extended and it is more loosely bound. This
general observation is independent of whether the donor or the
acceptor is excited.

A comparison between devices made with Cg, and with TNF
shows a lower F,, implying larger electron-hole distances,
when TNF is used. This can be associated with the different
energy gain that accompanies the electron transfer from the
photoexcited intramolecular state.>?* When C is excited and
the electron transfers between the HOMOs, the excess energy
between the HOMO levels ranges from 1.1 eV to 0.7 eV from
MeLPPP to DOOPPP. In contrast, when the polymer is excited,
the electron transferring between LUMOs gains an energy of
about 1.3-1.5 eV (see Supporting Information). The data in
Figure 2 suggest that this larger excess energy in particular for
PIF and DOOPPP reduces the binding energy of the geminate
pair. In the conceptual framework of two pointlike charges,
this corresponds to a larger extent of the geminate pair created
when TNF is used instead of Cg,.

Figure 2 also allows us to draw conclusions about the nature
of the intermolecular state. Consider the point that electron
transfer from a photoexcited intramolecular state may, in prin-
ciple, result in a tightly or loosely bound geminate pair. A tightly
bound geminate pair with charges separated by less than 1 nm
requires an electric field exceeding 4 x 10° V cm™ in order to
overcome its Coulomb binding energy of 0.4 eV. Our experi-
ment tells us that much lower fields are sufficient to split up
the geminate pairs. Thus the geminate pairs formed by electron
transfer in the presence of a high electric field must be only
weakly bound and well extended. Furthermore, our experiment
results in a yield around 100% at high fields. This implies there
are no efficient competing processes such as energy transfer
to triplet excited states or radiative or non-radiative recombina-
tion.[226] It follows that such processes limit the efficiency of
dissociation only if the geminate pair is tightly bound, as is the
case for example at low fields or when the weakly bound gemi-
nate pair relaxes.l?’]

How can we use the insight gained from Figure 2 to make
more efficient solar cells? For applications, it is worth noting
that the field required to separate all charges also affects the
fill factor, which is a critical parameter for the efficiency of
solar cells. This is illustrated in Figure 3, where the current
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Figure 3. The current density of MeLPPP, PIF, and DOOPPP in a planar
heterojunction with Cg for excitation at 2.2 eV, as a function of applied
voltage. The curves are normalized to —1 at the saturation value of the
photocurrent.

densities obtained for the three different polymers are normal-
ized to negative unity at the voltage at which the photocurrent
saturates. For the performance of the solar cell, the operating
range between zero applied volts and the open-circuit voltage is
relevant. It is evident that the fill factor strongly decreases with
increasing saturation field from MeLPPP (35%) to DOOPPP
(20%). A low saturation field is also required as, ideally, one
would like to obtain a quantum yield of 100% at the electrical
field strength that prevails at the open-circuit voltage. The
essence is that the saturation field strength needs to be close
to the internal field strength. This is tantamount to saying that
the extent of the intermolecular excited state needs to be large.
In the picture of pointlike charges, they need to be separated by
distances around 10 nm. From our data this seems to be ena-
bled by the larger conjugation length of the more ordered poly-
mers. It is known that right after generation the charge carrier
on a conjugated segment is in a highly mobile state, character-
ized by a low effective mass and a large coherence length.[282]
Scattering by conformational disorder quickly reduces the
mobility of the charge carrier, and the coherent motion of the
carrier becomes limited to the conjugation length.?% A long
conjugation length means the hole coherently oscillates over a
large segment of the polymer chain, leading to a large mean
separation from the electron on the acceptor site. We therefore
conclude that the realization of efficient solar cells will benefit
from the use of materials that are highly conjugated and allow
for effective charge carrier delocalization.

Experimental Section

MeLPPP, PIF and DOOPPP were synthesized by the group of
U. Scherf as described elsewhere.F'-33 Trinitrofluorenone (TNF) was
synthesized in Bayreuth following the method of Woolfolk and Orchin.[34
Cyclovoltammetry measurements were carried out in dichloromethane
and the HOMO levels were calculated relative to ferrocene.

For spectroscopic measurements, about 40 nm thick polymer films
were spun from filtered chlorobenzene solution (7.5 mg mL™). The
films were heated at 80 °C for 10 min. Absorption was measured with
a Cary 5000 (Varian) UV-vis spectrometer. The fluorescence spectra
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were recorded using a charge-coupled device (CCD) camera at room
temperature with the samples in vacuum under UV-multimode
(351 nm/364 nm) excitation from an Ar* laser. Photoluminescence
spectra of Cgo and of TNF are included in the Supporting Information.
For photocurrent measurements, heterojunction solar cell devices
were fabricated on structured ITO-coated glass substrates. To ensure
a homogeneous electric field without edge effects, a circular active
area of the device was defined on top of the ITO anode using AZ 1518
photopaint from Microchemicals. The devices were then prepared by
spin-coating 35 nm  poly(3,4-ethylenedioxythiophene):poly(styrene-
sulfonate) (PEDOT:PSS) into the active area, heating at 140 °C for
30 min, spin-coating 40 nm polymer on top of it, and heating again
to 80 °C for 10 min to drive off any residual solvent. After this, we
evaporated 40 nm Cgq (99.9% purity, American Dye Source Inc.) or TNF,
followed by 80 nm aluminum.

Current—voltage curves under monochromated illumination from
a 150 W Xenon lamp were measured under active vacuum at room
temperature with a Keithley source-measure unit. Light intensities
were recorded with a Hamamatsu S1337-33BQ photodiode. The
internal electric field was calculated as F = (V — V,.)/d, with applied
external voltage V, open-circuit voltage V,. (typically between 0.5 and
0.7 V, see the Supporting Information) and active film thickness d. The
photocurrent quantum yield J(F) was calculated taking into account
photocurrent density of the solar cell, illumination light intensity, and
the exciton diffusion length (typically around 10 nm)B-38l derived by
comparison between absorption and photocurrent spectra.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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HOMO optical gap LUMO (eV) HOMO poly- LUMO TNF —
(eV) (eV) mer - HOMO LUMO poly-
Ceo mer
(eV) (eV)
MeLPPP -5.2 2.6 -2.6 1.1 13
PIF -5.4 2.8 -2.6 0.9 1.3
DOOPPP -5.6 3.2 -2.4 0.7 15
PCBM -6.3 1.7 -4.6
TNF -7.9 - -3.9

Table 1: HOMO and LUMO energies

Cyclic voltammetry measurements of the polymers and of the Cgo-derivative PCBM were

done in dichloromethane and the HOMO levels were calculated against ferrocene. The

LUMO levels were estimated by adding the optical gap (taken as the onset of absorp-

tion). The value we found for PCBM is consistent with the value reported for Cg. [a] For
TNF, the HOMO and LUMO levels were taken from literature. [b]
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rgp with CGO rgp with TNF Eb with C60 (eV) Eb with TNF (eV)

MelLPPP 8 nm 9 nm 0.05 0.05
PIF 4 nm 5nm 0.10 0.08
DOOPPP 2nm 4 nm 0.20 0.11

Table 2: Geminate pair radii and binding energies Ey

Photoluminescence of the acceptor materials

For reference, the photoluminescence of TNF is displayed in Figure S1. Excitation was
with a HeCd laser at 325 nm at a few mW. The sample was placed in an evacuated cryo-
stat at room temperature. The luminescence was recorded using CCD-camera coupled to
a spectrograph.
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Figure S1: Photoluminescence of TNF

The photoluminescence of Cg is well known with a 0-0 peak at 1.7 eV and a vibrational
side peak at 1.5 eV. A spectrum is displayed in Ref [c].
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Photovoltaic parameters

Voc lsc FF EQE Irradiance A
V) (Aem?) (%) (%) (Wnmlcm?) (nm)
MelPPP/Cso  0.7#0.1 5.0x10° 35 5.8 3.4x10™ 570
PIF/Cso 0.7£0.1 1.0x10°® 20 0.8 3.4x10™ 570
DOOPPP/Csy 0.530.1 6.8x10° 21 0.1 3.4x10™ 570

MeLPPP/TNF 0.5+0.1 6.0x10° 19 5.4 3.4x10™ 450
PIF/TNF 0.7+0.1 2.3x10° 13 3.4 2.4x10™ 412
DOOPPP/TNF 0.0+0.1 9.0x10° o 103 8.6x107 350

Table 3: Photovoltaic parameters for the solar cells made with the acceptor C¢g or TNF

The solar cells were illuminated at the irradiance and wavelength A given in the table.
Voo, Isc and FF denote the open circuit voltage, the short-circuit current density and the
fill factor, respectively. EQE gives the external quantum yield at that irradiance derived
by considering the short-circuit current at the wavelength listed. Note that this value is
for zero applied field and does not take into account the fraction of excitons absorbed
near the interface of the bilayer structure. The low EQE at zero volts is a manifestation
of the significant recombination that takes place from the tightly bound geminate pair,
in contrast to the efficient field-assisted dissociation from the loosely bound geminate
pair.
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Efficient exciton dissociation at a donor-acceptor interface is the crucial, yet not fully understood, step
for obtaining high efficiency organic solar cells. Recent theoretical work suggested an influence of polymer
conjugation length and of interfacial dipoles on the exciton dissociation yield. This necessitates experimental
verification. To this end, we measured the dissociation yield of several polymer/Cg, planar heterojunction solar
cells up to high electric fields. The results indeed prove that the yield of exciton dissociation depends strongly on
the conjugation length of the polymers. Complementary photoemission experiments were carried out to assess
the importance of dipoles at the donor-acceptor interfaces. Comparison of exciton dissociation models with
experimental data shows that the widely used Onsager-Braun approach is unsuitable to explain photodissociation
in polymer/Cqg cells. Better agreement can be obtained using “effective mass” models that incorporate conjugation
length effects by considering a reduced effective mass of the hole on the polymer and that include dielectric
screening effects by interfacial dipoles. However, successful modeling of the photocurrent field dependence over
a broad field range, in particular for less efficient solar cell compounds, requires that the dissociation at localized

acceptor sites is also taken into account.

DOI: 10.1103/PhysRevB.87.155205

I. INTRODUCTION

Organic solar cells have now reached power conversion
efficiencies above 10%, which is often referred to as the
lower limit for industrial mass production.! A significant
contribution to this advance lies in the optimization of film-
processing conditions and device architecture.>® These steps
serve to increase the fraction of photogenerated excitons
that can dissociate, e.g., by reaching dissociation sites, and
effectively reduce inadvertent recombination of electrons and
holes.” For even more efficient solar cells, fill factor, short
circuit current, and open circuit voltage need to be improved
by increasing the exciton dissociation yield further.® A key
step toward this lies in understanding the mechanisms and
the material parameters that control how a photogenerated
bound electron-hole (e-h) pair (exciton) dissociates into mobile
charge carriers. Knowledge of the relevant processes allows
for further optimization of film morphology and device
architecture and, in particular, for guidelines in the design
and choice of suitable high efficiency materials.

Today’s organic solar cells involve at least two different
types of molecular materials, i.e., a donor compound and an
acceptor. In such a donor-acceptor (D-A) system, an exciton
is created next to a molecular D-A interface or reaches it
within its lifetime. There, it transfers its electron from the
excited donor to the ground state acceptor molecule and
forms a charge transfer state. This initial charge transfer step
usually takes place on an ultrafast timescale.”' Since the
dielectric constant of organic semiconductors is typically only
3—4, dielectric screening is weak and the e-h pair is initially
bound by its Coulomb potential. To become mobile, the
charges need to escape from their mutual Coulombic potential
without suffering geminate recombination. In a naive picture

1098-0121/2013/87(15)/155205(13)
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of pointlike charges, they are unbound when they separate to a
distance defined as the capture radius, which, in the absence of
an electrostatic field, is r. = e?/4mweoe, kT. At that distance,
the thermal energy exceeds the Coulomb energy, with typical
room temperature values being . = 16 nm for ¢, = 3.5.

The central question is why the e-h pair can overcome
the considerable Coulomb potential. One currently discussed
possibility is that the excess energy, liberated when the
excited donor electron transfers to the acceptor, facilitates
complete dissociation. In this case, the yield should depend
on the energy difference between the energy of the lowest
unoccupied molecular orbital (LUMO) level of the donor and
the acceptor. Although there are reports in the literature in
favor of this possibility,''"!* there is strong evidence that
alternative dissociation channels must be operative as well.
Experimental and theoretical investigations suggest that the
degree of delocalization of both an exciton and a charge in
a conjugated polymer may be of key importance,”'?: 1410
the extreme view being the notion that conjugated polymers
behave like a one-dimensional inorganic semiconductor with
completely delocalized wavefunctions.!” A more conservative
view is that right after its creation, an e-h pair at a D-A
interface is in a short-lived extended state with a high, yet finite
chance for complete dissociation. Unsuccessful e-h pairs relax
in energy and form more tightly bound meta-stable charge
transfer states, from which subsequent dissociation attempts
may occur.'? In addition to exciton delocalization, it has
emerged that interfacial dipoles may also be conducive to ex-
citon dissociation. Theoretical,'®!” as well as experimental,*”
evidence for such dipoles seems to correlate with increased
photocurrent yields.

To discriminate between the different possibilities, one
may compare the experimental photocurrent yields against

©2013 American Physical Society
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FIG. 1. (a) Chemical structures and abbreviations of the donor polymers (R = 2-ethylhexyl, R = 1,4-C¢Hy-n-C1yHy;, R” = -n-C¢Hj3,
R* = C¢Hy3, R*™ = CjoH;3). (b) External photocurrent quantum yields of bilayer Cg devices made with PCDTBT, MeLPPP, MeLPP-dimer,
PIF, PF2/6, and DOOPPP, measured at 2.2 eV excitation as a function of the internal field and normalized to unity at the saturation value. For
PCDTBT, the tangents whose intersection defines the saturation field Fg, are indicated as an example. PCDTBT = Poly[[9-(1-octylnonyl)-9H-
carbazole-2,7-diyl]-2,5-thiophenediyl-2,1,3-benzothiadiazole-4,7-diyl-2,5-thiophenediyl], MeLPPP = methyl-ladder-type-poly(p-phenylene),
MeLPP-dimer = methyl-ladder-type-p-phenylene-dimer, PIF = poly(indeno-fluorene), PF2/6=ethyl-hexyl-poly(fluorene), DOOPPP = Di-

octyloxy-poly(p-phenylene).

predictive models. A classical approach, based on the seminal
works by Onsager and Braun, consists in considering the
dependence of exciton dissociation on an increasing electric
field in the device.”! A coulombically bound e-h pair requires
a certain electric field for complete separation. Above a
certain saturation field strength, the yield should become
constant when the drop of the electrostatic potential exceeds
the Coulomb-binding energy of the e-h pair. If geminate
recombination was the dominant recombination process, then
the saturation field strength Fi, is a measure of the Coulomb-
binding energy of an e-h pair and also of the size, i.e., the mean
e-h separation of the dissociating e-h pair. While the Onsager-
Braun model is frequently employed to interpret organic
solar cell performance, its premise of treating the e-h pair as
point charges renders its application questionable for materials
with extended, delocalized excited states such as polymers.
Meanwhile, there are more sophisticated models available.
For example, the delocalization of the photogenerated charges
can be incorporated explicitly by considering their effective
mass.?>~2> Similarly, the screening effect of interfacial dipoles
on the Coulomb potential of the e-h pair has been implemented
in the theoretical framework.?**> So far, however, these models
have not yet been compared against experimental data.

Here, we aim to assess the impact of conjugation length
and interfacial dipoles on exciton dissociation by comparing
simulations of the aforementioned models with experimental
data. We recently measured the field dependent photocurrent in
a bilayer solar cell in which conjugated phenylene-type donor
polymers were combined with a Cg acceptor layer. We found
that the more ordered, and thus the more conjugated, a polymer
chain is, the lower the saturation field strength.'® To cover a
wide range of donor materials in the same series of experiments
and under exactly the same experimental conditions, we
confirmed the previous experiments on DOOPPP, PIF, and
MeLPPP and expanded them to further include PF2/6, a
dimer of MeLPPP and the widely used low band-gap material

PCDTBT (see Fig. | for chemical structure and abbreviations).
To obtain information on possible interfacial dipoles, ultra-
violet photoelectron spectroscopy (UPS) experiments were
carried out for the interfaces of these compounds with Cegy.
The experimental results were analyzed by parameterizing
and simulating the existing models. We are able to quantify
the effect of charge delocalization, expressed in terms of
the effective mass, and of ground state dipoles on the field
dependent exciton dissociation. Further, we show that a
single mechanism cannot explain the field dependence of the
photocurrent, yet it can be modeled adequately by considering
a superposition of two processes.

II. EXPERIMENTAL RESULTS

Figure 1 shows the chemical structures of the investigated
polymers and the dimer, as well as the relative photocurrent
quantum yields ¢(F) of bilayer devices (with Cg as acceptor)
as a function of the internal electric field. The key parameter
derived from these data is the saturation field strength F,,
defined by the intersection of the tangents to the photocurrent
in the regimes of low electric field and high electric field
(i.e., at photocurrent saturation) in a double logarithmic plot
(see Fig. 1). The existence of the saturation field implies that
there is a field-dependent recombination mechanism that can
be overcome at high fields. This can be seen by considering
that photoexcitation with rate G results in bound or unbound
charge carriers. This leads to a photocurrent that is controlled
by the competition between a field-dependent escape rate pF/d
from the recombination zone, with pF being the transport
velocity and d the layer thickness, and a recombination
rate k.. The recombination mechanism may, in principle, be
geminate or nongeminate. The photocurrent then depends on
thefieldas j o« G - uFd ' J(uFd~" + k) =G -1/(1 + %).
Thus, at low fields, the photocurrent will be reduced due to
recombination, while at high field, it eventually saturates. We
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now argue that, in our case, this recombination is predomi-
nantly geminate. As detailed in the Supplemental Material,?
one can estimate that monomolecular and bimolecular decay
become comparable at a critical light intensity of about
2 - 108 photons/cm?s. Our photocells were measured at a pho-
ton flux of about 4 - 10' photons/cm?s, i.e., at an intensity that
is 1/500ths of the intensity where bimolecular recombination
becomes important. This is consistent with the observation that
for all materials the photocurrents depend linearly on the pump
intensity I.. If the carrier would recombine bimolecularly,
as were the case for trap-free nongeminate recombination, a
dependence such as j oc /T, should result. The existence of
a saturation field at the light intensities used in our experiment
therefore shows that there is a field-dependent geminate-
pair recombination mechanism. Such a dominant role of
geminate recombination is in agreement with reports by other
research groups, even when using higher light intensities.”’
When comparing the polymer MeLPPP and the associated
dimer MeLPP, one observes a significant drop of Fy, from
4-10* V.em™ to 2-10° V em™!. This is the first clear
indication that wave-function delocalization in the donor is
important. It turns out that the saturation field strength, and
thus the binding energy of the interfacial e-h pair, decreases in
the order DOOPPP, PF2/6, PIF, MeLPP-dimer, MeLPPP, and
PCDTBT (Fig. 1, and Table II further below). For the poly-
p-phenylene based systems, yet not for the donor-acceptor
copolymer PCDTBT, this also correlates with a red-shift of
the absorption [Fig. 2(a)].

The red-shift of the optical spectra within a series of
structurally related compounds is a well-established signa-
ture of increased delocalization of the m-electron system
in conjugated oligomers and polymers. A heuristic way to
correlate the transition energy of an oligomer or polymer
with a certain number of conjugated monomers is provided
in the coupled oscillator model of W. Kuhn.?®?° In the case of
poly- p-phenylene-type polymers, the coupling elements are
identified with phenylene rings. By using fluorescence spectra
of ladder-type phenylene oligomers, one can parameterize
the chain-length dependence of the transition energy of a
chain of perfectly aligned phenylenes.*” Deviations from chain
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planarity raise the transition energy and can be translated into
an effective conjugation length. This parameterization allows
extracting the effective conjugation length of the polymers in
both absorption and emission. The two values differ as the
excited state geometry is usually more planar than the ground
state geometry. In addition, in a film of disordered polymers,
there is energy transfer from (shorter) absorbing to (longer)
emitting chromophores. In Fig. 2(b), we show the saturation
field strengths as a function of the effective conjugation length
in absorption and fluorescence for the poly- p-phenylene-type
systems. The dramatic decrease of Fy, with the increasing
conjugation length of the polymers proves that the spatial
extent of the conjugation length in a w-conjugated polymer
has an important bearing of exciton dissociation in our solar
cells. We also note that the MeLPP-dimer, which contains
five phenylene units so that 1/n = 0.2, behaves differently.
Although Fgy for the dimer is four times higher than that for
the polymer, one expected a much higher value based upon
the parameterization data of the conjugation length. This is
evident in Fig. 2(b), where Fg, for the dimer is compared to
the saturation field strength for the polymers.

Having established that there is a clear dependence of the
saturation field strength on the effective conjugation length,
we now consider whether there is an influence of interfacial
dipoles that exist at the heterojunction in the ground state. To
this end, the energy-level line-up at the polymer/Cg interfaces
was investigated by UPS. Cgy was sequentially deposited by
thermal sublimation in ultrahigh vacuum conditions. After
each deposition step, valence band and secondary electron
cutoff (SECO) spectra were recorded. The typical SECO
evolution upon deposition of Cg on the polymer film is shown
for the example of PCDTBT in Fig. 3(a). We observe that the
initial work function of the pristine PCDTBT film (4.60 eV) is
increased to 4.72 eV upon 8 A Cg deposition, and it remains
constant for higher C¢ coverage. The valence spectra show the
evolution of Cgo-derived molecular levels. The valence band
onset of pristine PCDTBT is at a binding energy of 0.63 eV
below the Fermi level (E ), as indicated in Fig. 3(a) this yields
an ionization energy of 5.23 eV. The position of the PCDTBT
valence band onset was found to be independent of the Cgg

MeLPPP
MeLPP-Dimer
PIF

PF2/6
DOOPPP

® X ¢ > o

4 ) L

ot Ly . . . . . I
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.2
1/n

FIG. 2. Saturation field strengths of the bilayer field-dependent photocurrent yields; (a) as a function of the donor absorption energy (empty
symbols) and emission energy (filled symbols), (b) as a function of the inverse effective conjugation length of the donors in the ground state
geometry (data taken from absorption, empty symbols) and in the excited state geometry (data taken from emission, filled symbols). The lines

serve as a guide to the eye.
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FIG. 3. (a) SECO (left) and low-binding energy region (right) of
a 20-nm PCDTBT film spin coated on a PEDOT/PSS-ITO substrate
and subsequently deposited Cgy on top. (b) Work function evolution
as a function of subsequent deposited Cgy coverage. Two groups
can be distinguished: group 1 (MeLPPP, PCPTBT, and DOOPPP)
Fermi-level pinning of Cgo-LUMO is found; group 2 (PF2/6 and PIF)
vacuum-level alignment is established.

coverage, as it can be observed in the valence band region
spectra up to a Cgy coverage of 8 A [see close-up spectra in
Fig. 3(b)]. The low binding energy onset of emission from
the Cgp highest occupied molecular orbital (HOMO) levels is
constant at 1.68-eV binding energy for all coverages. Adding
the final work function of 4.72 eV to the energy difference
between the Cqp HOMO onset and the Fermi level yields an
ionization energy of 6.40 eV for Cgp, which is in line with
previously reported values.?!*?

The situation of a constant HOMO position and an increase
of the sample work function for the very early stage of interface
formation is typical for an interface dipole due to Fermi-level
pinning at unoccupied states of Cg, i.e., the LUMO level or
gap states at slightly lower energy.’>* In this scenario, the
work function changes until a full monolayer is reached and
remains constant for higher film thickness, which we indeed
observe beyond 8 A Cg coverage. This coverage corresponds
approximately to a monolayer of Cgy since the diameter of
a Cgp molecule is ~10 A.% Similar results are obtained for
DOOPPP and MeLPPP. In both cases, the initial work function

PHYSICAL REVIEW B 87, 155205 (2013)

TABLE 1. The ionization energy (IE), the work function & of
the pristine film, and the change in work function A® due to the
deposition of Cg, along with the derived value for the fractional
dipole strengths .

Material PCDTBT MeLPPP  PIF  PF2/6 DOOPPP
IE (eV) 5.23 5.28 5.82 5.85 522
P (eV) 4.60 4.67 4.85 4.84 4.57
AD (eV) 0.12 0.08 0.02 0.05 0.17
a (1073) 214 14.2 3.6 8.9 30.3

of the pristine polymer films increases due to Cgy deposition.
Note that in all three cases, including PCDTBT, the final work
function of a multilayer Cq deposited film onto the polymer
film reaches the same value. Thus, ground state interface
dipoles of varying magnitude, dependent on the initial polymer
work function, are found (Table I). In contrast, vacuum-level
alignment was found at the Cgo/PIF and Cgy/PF2/6 interfaces
[Fig. 3(b)]. Within accuracy of our measurement (£0.05 eV),
the work function of the PIF and PF2/6 polymers film
did not change due to Cgy deposition. The evolution of
the sample work function as a function of Cg, coverage
is summarized in Fig. 3(b) for all five different polymers.
As indicated in Fig. 3, a transition from vacuum-level
alignment to Fermi-level pinning at the polymer/Cg interface
occurs for a work function of a pristine polymer film below
~4.75 eV. Nevertheless, Fermi-level pinning at unoccupied
states of Cgp was unexpected because of the Cg threshold
electron affinity of 4.50 eV in the solid phase’! (obtained by
inverse photoelectron spectroscopy). This is 0.25 eV lower
as the obtained transition work function of ~4.75 eV. This
difference can be explained by unoccupied gap states that are
created within the Cg film due to impurities coming from the
spin-coated polymer films or structural defects. The resulting
work function values, ionization energies, and work function
changes A® for the five interfaces are summarized in Table 1.

From these studies, two key experimental observations
emerge.

(1) The electric field strength Fy,, at which ¢(F) saturates
decreases by about a factor of 20-30 in the series DOOPPP,
PF2/6, PIF, MeLPP-dimer, MeLPPP, and PCDTBT. This
correlates with the bathochromic shift of the S;-So 0-0
transition, except for PCDTBT. This is a strong indication
that electronic delocalization of the hole residing on the donor
is of key importance.

(i) The photoemission experiments show that there is,
indeed, some ground state charge transfer between donor and
acceptor, but this effect is relatively weak. In the case of
PF2/6, PIF, and MeLPPP, it is barely noticeable. For DOOPPP
and PCDTBT, the interfacial potential drop is 170 meV and
120 meV, respectively.

III. ANALYSIS AND DISCUSSION

A. Individual models

One of the most widely applied models to account for
exciton dissociation is the Onsager-Braun model, even though
it does not account for the effects of effective conjugation
length or for interface dipoles.*®?” The high popularity of

155205-4



ROLE OF THE EFFECTIVE MASS AND INTERFACIAL ...

10"
@ 7
S 40° s PCDTBT 4
,’ o MeLPPP
. * PIF
10°F y o PF2/6 |
e > DOOPPP
10* 10° 10°
F (Vem™)
(b) ; ; ;
10
10"
o
& 402 o PCDTBT |
o MeLPPP
s PIF
. * PF2/6
10 o DOOPPP3
10* 10° 10°
F (Vem™)
C T T T
( )100
10"
m
S 102 o PCDTBT -
o MeLPPP
s PIF
3 * PF2/6 |
10 o DOOPPP
10* 10° 10°

F (Vem™)

FIG. 4. Comparison of the field-dependent photocurrent yields
(symbols) of donor /Cg bilayer solar cells with simulations (lines)
based on (a) the Braun model [Eqgs. (1), (2)], (b) the effective mass
model [Egs. (3)—(5)], and (c) the dipole model [Egs. (3), (6), and (7)].
The parameters are presented in Table II.

this model warrants a detailed consideration. Onsager’s theory
for photogeneration in a single component molecular solid
rests upon the notion that optical excitation with sufficient
energy can autoionize and form a Coulombically bound e-h
pair.*® This pair of pointlike charges can rather fully dissociate
in the course of temperature and field-assisted random walk
of one carrier in the field of the other, or it may recombine
geminately to the ground state. Braun extended this concept
to D-A systems in which the lowest excited state is a charge
transfer state that can live long enough to make several attempts
toward complete dissociation before decaying geminately to

PHYSICAL REVIEW B 87, 155205 (2013)

the ground state.> This dissociation yield is determined by the
trade-off between the field-dependent dissociation rate k;(F)
and the field-independent e-h pair decay rate to the ground
state ks, i.e.,

ka(F) 1

F) = = . 1
A= 1k~ Tk ka(F) W

The theory predicts a strong field dependence of the dissocia-
tion rate k;(F), that is,

3 —AE\ Ji(2v/—2b
ky(F) = —H¢ 3exp< > i ) yith
Amepe,r; kT v —=2b
aF
= 2
8meoe, k2T? 2

Here, J; is the Bessel function of order one, F is the electric
field, 1 is the sum of the mean electron and hole mobility,
AE = ¢?/4mepe, 1y is the Coulombic-binding energy of the
e-h pair, which is controlled by the initial intrapair sepa-
ration ry. Inserting (2) into (1) allows simulating the field
dependence of the dissociation yields and comparing it with
the experimental data; this is shown in Fig. 4(a). For the
simulation, we employed ¢, = 3.5 and we used the Bessel
function J; and not the frequently employed approximation
(1+b+b%/34+b%/18 +..)), as the deviations become sig-
nificant in the regime of high field strengths that is of interest
here. The free parameters in the simulation are the intrapair
separation ro and the ratio ju/k s; they are listed in Table II.
We find that the Onsager-Braun model yields unsatisfactory
results in two respects. First, and most importantly, the field
dependence for the compounds with low Fg,, MeLPPP, and
PCDTBT, cannot be reproduced at all, and for the remaining
compounds, agreement between the experimental data and the
Onsager-Braun fits is poor. The main reason for this is that the
field dependence predicted by the Braun model is steeper than
the experimentally found one. For illustration, if the simulation
parameters are adjusted so that there is not an overall
agreement with the experimental curve but rather the value of
the saturation field is matched [dashed in Fig. 4(a)], one finds
that for the regime of low-field strengths, the Onsager-Braun
model underestimates the photocurrent yield for DOOPPP
while it overestimates it for PCDTBT. Second, the simulation
parameters required are unphysical. While the values obtained
for rp in the nm range are plausible, the values inferred for
i/ ky imply either charge mobility or a lifetime that are too
high to be consistent with existing knowledge. Consider, for
example, PCDTBT, where u/k; =2-10"% cm* V~'. The
lifetime at zero electric field is 79 = [k + k(O] kg(0)

can be evaluated as k,(0) = £< 3 exp(%‘TE). Taking p to

T g 4mr)
be dominated by the hole mobilitoy, and using a value of
1-107* cm?/Vs,* one obtains ky(0) = 1.3-10% s7!, ky =
5-10° s7!, and 10 = 158us. Similar calculations can be
carried out for the other polymers in Table II. From this
estimate, one can see first that k;(0) < ky, so that 7o ~ 1/k,
and, more importantly, the values for 7y range from 6 us
(for MeLPPP, based upon p = 2 - 10~3 cm?/Vs) to more than
30 ms (for DOOPPP, assuming p < 10~° cm?/Vs, which is
an upper limit for the hole mobility in highly disordered
polymers). Typical lifetimes for charge transfer states between
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TABLE II. Fit parameter for different individual models, along with the experimentally measured saturation field strength Fi,.

Material PCDTBT MeLPPP PIF PF2/6 DOOPPP MeLPP-dimer
Fy [Vem™'] 3.4-10 4.4.10* 1.8-10° 4.6-10° 1.0 - 10° 2.3.10°
Onsager-Braun model*
o [nm] 1.03 1.02 0.92 0.86 0.80 1.02
w/ky [1072 m? V7] 2.0 1.5 1.3 1.1 0.3 0.50
Effective mass model (numerical)
Meg/m, 0.060 0.067 0.110 0.170 0.300 0.115
Tovp exp(—2yr) 3910 3830 3500 100 40 3830
Effective mass model (parabolic approximation)
Megelm, 0.060 0.067 0.110 0.170 0.300 0.115
Tovo exp(—2yr) 60 65 40 37 12 65
Dipole model
Megr/m, 0.117 0.109 0.130 0.250 1.000 0.20
ToVp exp(—2yr) 60 65 40 37 12 65

aFor the solid lines in Fig. 4(a). See Supplemental Material®® for the dashed lines.

conjugated polymers and Cgo derivatives tend to be up to
few tens of nanoseconds.’’**=* Thus, the Braun model
is clearly inadequate to describe the field dependence of
exciton dissociation in conjugated polymers. In the same
way, we found the mathematically more rigorous treatment of
the Onsager-Braun model presented recently by Wojcik and
Tachiya** to be inappropriate for these conjugated polymers.

Why should the Onsager-Braun treatment be an unsuitable
model for conjugated polymer systems when it has been shown
to be highly successful for molecular donor-acceptor crystals?
One difference between aromatic molecules such as the
polyacenes and the conjugated polymers used in today’s solar
cells is the degree of charge and exciton delocalization. The ex-
perimental results clearly show that the photodissociation yield
increases with the effective conjugation length of the polymers.
A way to explicitly include the effects due to conjugation has
been presented by Arkhipov et al. by considering the effective
mass of a hole on a polymer chain.’>?? The original motivation
for this effective mass model was the observation of a very
weak temperature dependence of the photocurrent in MeLPPP
that was incompatible with the predictions of the Onsager-
Braun model.*’ Such weak temperature dependence has more
recently been confirmed for bilayers*® as well as blends.*” In
order to account for the lack of temperature activation for a
well-conjugated polymer like MeLPPP, Arkhipov suggested
there should be an additional term that reduces the energy
needed to separation of electron and hole.

The central idea of Arkhipov’s model is simple. After pho-
toexcitation of the polymer donor, the electron is transferred to
the acceptor, and the hole remains on the polymer chain. The
two carriers are bound by their mutual Coulomb potential.
The hole on the polymer is delocalized within the effective
conjugation length, i.e., it can be viewed to carry out zero-point
quantum oscillations in the Coulomb potential due to the
electron [Fig. 5(a)]. This quantum oscillation is associated
with an energy that depends on the effective mass mg of
the hole. This kinetic energy assists the hole in overcoming
the Coulomb potential. The effective mass is introduced here
in a heuristic way as a measure for the electronic coupling

within the polymer chain that depends on intrachain disorder.
A low relative effective mass implies a highly delocalized
hole. Arkhipov applied this effective mass model to two
different situations. One case comprises the situation of a
donor doped with only few acceptors;*> the other considers
an extended interface between donor and acceptor, where
dark interfacial dipoles prevail.>* This idea of the effective
mass model has been taken up and developed further by
the Baranovskii group. A particularly elegant formulation of
the effective mass model has been presented by Nenashev
and coworkers, and we have therefore applied the Nenashev
formulation to our data.’* Nenashev considers the polymer
as a set of one-dimensional chains that are placed parallel to
the polymer fullerene interface. The electric field is acting
orthogonal to the interface. The geometry of this model is
illustrated in Fig. 5(b). The chains are numbered from 1 to n,
starting at the interface, with spacing r. The electron on the
fullerene is taken as immobile while the hole on the polymer is
taken to hop. The dissociation yield ¢(F’) is controlled by the
rates for the recombination of the e-h pair, k, = 1/19, where 7y
is the lifetime of the e-h pair, and by the rate for dissociation k

kd 70
o(F) = = —
k,] + kr 70 + kd
0

= 3)

N—-1 — — :
70 + anl an—]>n+l exp (E”kTEl)

Here, a,,—, ,+1 is the Miller-Abrahams hopping rate of the hole,

_M E E
Apsnt1 = Vo Xp(=2yr) exp( kT ) n+l > Lp
1 En+l < En

“

vo and y take their usual meaning as frequency factor and as a
measure for the electronic coupling, respectively. The hopping
and dissociation process is controlled by energy of the hole on
each chain, E,, which results from the Coulomb potential due
to the electron, from the potential of the applied field and from
the zero-point oscillation along the conjugated segment within
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FIG. 5. (Color online) Schematic illustrating electron-hole dis-
sociation at the bilayer interface with an electron on Cgy at x = 0
and a hole on a polymer chain. The chains are assumed parallel to
the interface and are labeled 1 to n. (a) The hole on the polymer
chain executes a zero-point oscillation along the y direction inside
the Coulomb well set up by the electron. The potential along x
direction is due to the Coulomb field from an electron at x = 0
and a constant applied electric field in x direction. The energy of the
hole located at x.;, is raised by a zero-point oscillation energy fiw /2,
Enin = U (Xmin) + hw/2. To escape, the energy barrier between E iy
and U (¥, ) needs to be overcome. The potential along the y direction
is approximated by a parabola. (b) Detailed geometry at the donor-
acceptor interface. In the effective mass model, §7 = §~ = 0. In the
dipole model, interfacial ground state dipoles §* and §~ modify the
potential and assist the hole’s escape. For simplicity, we used dgipole =
r in our modeling.

the Coulomb potential. As detailed in the original paper by Ne-
nashev, it can be calculated solving the Schrédinger equation

n: d*y
o dy? +UnY = Ey ¥, (5)
with
&2 1

Un = _eF-xn; Xy = nr.

dmege, VY242
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The dependence of the dissociation rate on the electric field
and on the effective mass is thus included implicitly via the
hole energy E,. To implement the Nenashev formalism, we
solved (5) numerically and inserted the resulting E, in (4)
and (3), so that ¢(F) could be calculated parametric in the
relative effective mass megr/m, and in the product of the
e-h pair lifetime with the isoenergetic hopping parameter
Tovo exp(—2yr). The resulting curves with optimized param-
eters listed in Table II [as “effective mass model (numerical)”’]
are compared to the experimental data in Fig. 4(b).

In contrast to the Onsager-Braun model, the agreement
of the simulated and experimental field dependence is quite
satisfactory over the entire field range for the more delocalized
compounds PCDTBT, MeLPPP, and PIF. For the compounds
with shorter conjugation length, simulation and experiment
match only at high fields, and one finds that experimentally
there is an additional photocurrent quantum-yield contribution
at low field strength. Before we address this additional contri-
bution, let us discuss the values obtained for the parameters.
If we know the isoenergetic jump rate vyexp(—2yr), we
can derive the lifetime 7y of the geminate e-h pair from the
Tovo exp(—2yr) value.

As an estimate, we consider first the jump rate of an
electron from an optically excited donor to a silicon nanopar-
ticle as an acceptor in a P3HT/Si solar cell, which was
recently reported.’ Using ultrafast pump-probe spectroscopy,
Herrmann and coworkers showed that the exciton state, created
instantaneously during the rise of the laser pulse, decays to
yield a polaron signal. The time constant of the exciton decay
and the concomitant polaron rise was found to be 120 fs,
corresponding to a jump rate of 8 - 10'? s~!. This jump rate
associated with the initial charge transfer step can be taken
as the rate for an isoenergetic jump. Second, one may argue
that the rate for an isoenergetic jump should be of the same
range of that of a charge carrier in an ordered organic solid.
There, the charge carrier mobility is around 1 cm?/Vs.*® By
using the Einstein ratio between mobility p and the carrier
diffusion constant D, u/D = e/kT, and assuming isotropic
diffusion in a cubic system, where D = éaz[vo exp(—2yr)],
with a typical lattice constant for a crystal of 0.6 nm, one ends
up with an estimate of the jump rate of 4 - 10'* s~!. Adopting
a representative value for ovy exp(—2yr) = 3800 and a jump
rate of about 4 - 103 s~! thus yields a lifetime of about 95 ps
for the geminate e-h pair, which is a realistic lifetime.

The relative effective masses obtained from the simulation
decrease in line with the increase in conjugation length of the
compounds. This confirms the notion that improved electronic
coupling along the polymer chain is crucial for improving the
dissociation efficiency. However, the values for the relative
effective masses meg/m, range from 0.3 for DOOPPP to
0.060 for PCDTBT, which is rather low. For comparison,
for polydiacetylene, which is the most ordered conjugated
polymer that is known, electroreflectance measurements by
Weiser and Méller yielded an effective mass of 0.05 m,,*° and
theoretical calculations by Van der Horst placed its effective
mass at 0.1 m,.>° In the more disordered compounds studied
here, the effective mass can be expected to be somewhat higher.
Thus, in summary, while the incorporation of the conjugation
lengths’ effects through the effective mass leads to an improved
description of the charge dissociation process, in particular for
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the well-delocalized compounds, the values required for the
effective mass to account for the dissociation are too low.

The fact that there must be an additional factor that
contributes to efficient exciton dissociation at the D-A interface
had already been noticed by Arkhipov a decade ago.>* This
was prompted by the observation that in a D-A system,
the dissociation yield increases abruptly above a critical
acceptor concentration.’! Dissociation yields exceeding 50%
at moderate electric field strengths, as well as the usually weak
temperature and field dependence, were taken as an indication
that the Coulomb attraction between carriers within a short
geminate pair must be effectively screened or counterbalanced.
To allow for such a screening, Arkhipov et al. invoke the
existence of a layer of dipoles that exist in the dark (i.e., in the
ground state) at the interface between donors and acceptors
with different electron affinities. There are experimental and
theoretical results in favor of this notion.'®2 Arkhipov thus
extended the effective mass model to account for the effect of
dipoles.”® We refer to the resulting model as the dipole model.

Arkhipov considered a bilayer system where photoexcita-
tion results in a hole on the first chain adjacent to the interface
and an electron on the acceptor on the other side of the
interface [Fig. 5(b)]. Suppose there is an additional partial
positive charge on the donor chain 1 and a partial negative
one on the acceptors, caused by interfacial dipoles. The hole
executes zero-point oscillations, as described previously, for
the effective mass model, but now these oscillations occur
within the Coulomb potential modified by the fractional
positive charges, thus raising the energy of the hole on chain 1.
A jump of the hole to chain 2 is favorable for two reasons. First,
the attractive Coulomb force to the negative sibling charge is
partially shielded due to the positive fractional charges on
chain 1. Second, on chain 2, the energy of the zero-point
oscillations is diminished since the Coulomb potential there is
wider and shallower (as there are no fractional charges on chain
2). Both effects will reduce the energy needed to overcome
the attractive Coulomb potential. Note that this mechanism
requires internal interfaces that can exist in a bilayer system or
in a blend system where phase separation occurs. In the model
by Arkhipov, the interfacial dipoles are, however, not formed
in a donor phase doped by a low concentration of acceptors.

Meanwhile, Wiemer et al® improved the theoretical
treatment and showed that the existence of a dipole layer
has a profound effect. For the practical implementation, we
follow the formulation by Wiemer, though for simplicity, we
used a square grid with the distance between the chains equal
to the distance between the dipoles equal to r. As before,
the dissociation yield ¢(F) is given by (3) and (4). The hole
energy E, is given by the sum of its kinetic energy and potential
energy,

E,=E,,+ E,, where E,,=U(x,,y)l,— and

1 h d?
Ek,n = *ha)

2T 2 e\ dy?

U (xn,¥)y=0, (6)

which uses a parabolic approximation for the energy of
the zero-point oscillations. The potential energy is modified
compared to (5) by considering the effect of dipoles with
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fractional strength «.

2

4meos, \/x2 + y?

e? Nz o
+
4w ene, ( Z

j=—N/2 \/(x,, -2+ (y-(+ %)7)2

U(yvxn) =

N/2

+ 3 < ) —e¢Fx,. (7)
i=—N/2 \/xg +(O-(>+ %)r)Z

The number N of dipoles we used is 200. For r we took
0.92 nm as before, and values for the dipole fraction o were
derived from the work function difference A® obtained from
the photoemission experiments (Table I). The change in work
function A® can be related to the fractional dipole strength «
at the interface using the Helmholtz equation for interfacial
dipoles. When A® is measured in eV, the strength of an
interfacial dipole can be expressed as sosr%d) = epo, where
p = «aer is the dipole moment and o is the area density of
dipoles, 0 =1/ r2, with o being the fractional dipole. This
yields o = gpe,r A®/e. Using the measured values for AP
and taking ¢, = 3.5 and » = 0.92 nm, we arrive at the rather
low values for « up to 0.03 listed in Table I. Inserting (7) into
(6) allows us to simulate the dissociation yield ¢(F) using
(3) and (4) as before. The resulting curves shown in Fig. 4(c)
are very similar to those of the pure effective mass model in
two respects, noting, however, that the values for the effective
masses are larger (vide infra). First, we can reproduce the
field dependence and, in particular, the decrease of Fg in
the polymer series, from DOOPPP to PCDTBT. Second, the
comparison of experimental and theoretical efficiencies still
indicates that at lower electric fields the model predicts lower
yields than experimentally measured.

To compare the simulation parameters of the dipole model
with the effective mass model, we need to take a little detour.
In the effective mass model, we could use accurate values
for E, by solving the Schrédinger Equation (5) numerically.
This is valuable and needed when evaluating the resulting
simulation parameters quantitatively. In the dipole model (6), a
numerical solution to E,, was not possible, and the quantization
energy needs to be approximated by a harmonic oscillator
[U(y) in Fig. 5(a)]. Since we want to directly compare how
the incorporation of dipoles affects the simulation and its
associated parameters, we have first repeated the simulations
to the effective mass model using also the harmonic oscillator
approximation (Eq. 12 in Ref. 24), while keeping the effective
masses equal to those obtained with the numerical solution
[Table II, “effective mass model (parabolic approximation)”].
The resulting field dependence of the photocurrent yield is
identical to Fig. 4(b) and is therefore not shown. Changes
caused by the parabolic approximation are manifested in the
different values obtained for the factor tovy exp(—2yr), which
reduces by one to two orders of magnitude and shall not
be considered any further. Having used the same level of
approximation and very similar values for tovyexp(—2yr),
we can now consider the impact of including the dipoles on
the effective masses (Table II, dipole model). We find mg/m,
still decreases from DOOPPP to MeLPPP, yet the values are
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FIG. 6. Comparison of the field-dependent photocurrent yields (symbols) of donor /Cg bilayer solar cells with simulations (lines) based
on (a) the combination of dipole model with Braun model, and (b) the combination of dipole model with dopant assisted dissociation model.

The parameters are presented in Table III.

higher and more realistic than those needed when the dipoles
are ignored. Thus, we have seen that charge dissociation in the
more efficient, well-delocalized polymers PCDTBT, MeLPPP,
and PIF can be described well by taking into account the effects
from both, zero-point oscillations and interfacial dipoles. For
the efficient polymers with shorter conjugation length, PF2/6
and DOOPPP, there is an additional photocurrent at lower
fields that is not yet included in the modeling.

B. Combined models

We now attend to the additional contribution to the
dissociation yield observed experimentally at lower electric
fields. It is tempting to consider localized charge transfer
states as candidates for the additional contribution. To test this
hypothesis we tried to fit that extra contribution employing
the Onsager-Braun model, i.e., we combined the dipole
model and the Onsager-Braun model as ¢(F) = @gipote(F') +
(1 = @dipole(F))@0nsager—Braun(F'). As is evident in Fig. 6(a) and
Table III, this was unsuccessful. To reproduce the yield at low
electric fields, one had to invoke parameters that lead to a lower
saturation field than experimentally observed, and, vice versa,
if the saturation field is reproduced, the yields at low field
cannot be matched. We therefore abandoned the Braun model
(and its modification by Tachiya) to describe our results.

As a second option, we explored the idea of dopant-assisted
carrier photogeneration at Cg molecules that may have
diffused into the polymer donor layer.’? The field dependence
of the photocurrent resulting from such a process has been
worked out by Arkhipov in 2003 as a variation of the
effective mass model.””> Arkhipov et al. consider a polymer
film containing a low dopant concentration. The idea is again
that the electron is transferred to the dopant, leaving behind
a hole that oscillates coherently in the conjugated polymer
segment. Due to the isolated, localized nature of the dopant,
no interfacial dipoles are considered, which is in contrast to
the situation of an extended dopant layer forming an interface.
Note that while the dopant concentration is low and dopants
are isolated within the polymer matrix, the concentration
needs to be sufficient to allow for trap-to-trap motion of the

electrons to the electrode in order for this process to result in
a photocurrent.

If an exciton initially happens to be on a conjugated polymer
segment adjacent to an individual Cgp molecule at a distance
r, then the probability w for it to dissociate into free carriers
is given by the product of the probability for the electron to
transfer to the Cgp, w,, multiplied by the probability for the
hole to escape from the mutual Coulomb potential, wes.. For
an exciton with lifetime 7y and a tunneling rate to Cgp given
by k; = vy exp(—2yr), this yields

k; 1
Tkt 1L+ o) TexpQyn)

®)

Wy

Similarly, wesc is given by considering the escape rate
kese = Vo eXp (—(Umax — Emin)/kT) and the recombination
rate, which is equal to the tunneling rate k,. Thus,

kesc 1

kese + ki 14 exp(—2yr)exp (Yea—bun)’

C))

Wese =

The potential U considered here is the sum of Coulomb
potential and electric field, as expressed in (5). As indicated in
Fig. 5(a), Upnax 1s the maximum value of the potential. E;, is
the energy of the hole. Analogous to (6), it can be expressed as
the sum of the potential energy at the hole position x,;, and the
zero-point oscillation energy, so that Ein = U (Xmin) + 0.5 w.
To facilitate the calculations, the parabolic approximation is
used for @ analogous to (6). The difference between Uy, and
E in 1s the height of the barrier that the hole needs to overcome
in order to escape. The probability for dissociation at a site at
distance r is then

1

1+ (vot0)~' exp2yr)
1

. 1 4+ exp(—2yr)exp (%)

w(r) =

(10)

Arkhipov considers that the dopants are distributed ran-
domly so that the probability of finding the nearest dopant over
the distance r from a conjugated segment is determined by the
Poisson distribution P(r) = 2w rIN,exp (—mINy(r> — r2. ).

min
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TABLE III. Fit parameter for different combined models

Material PCDTBT MeLPPP PIF PF2/6 DOOPPP MeLPP-dimer
Dipole model + Onsager-Braun model
mege/m, (dipole) 0.125 0.110 0.135 0.310 1.180 0.180
ToVp exp(—2yr) 39 40 39 38 12 40
ro [nm] 0.92 0.92 0.92 0.92 0.92 0.92
pt[1072 m? v-1] 5.00 4.00 0.15 0.40 0.02 1.50
Dipole model 4+ dopant model

megr/m, (dipole) 0.125 0.110 0.135 0.310 1.180 0.180
Tovp exp(—2yr) 39 40 39 38 12 40
mege/m, (dopant) 0.125 0.133 0.250 0.490 1.300 0.340
Tovp [10°] 55 36 22 15 8 36
y [nm™~!] 2.8 3.0 4.0 4.0 7.0 6.3
Tovp exp(—2yr)* 318 120 14 9 0.02 0.3
Fmin [NM] 0.60 0.60 0.60 0.63 0.70 0.60
IN, [10" m™2] 1.32 1.98 4.86 1.32 3.6 1.8

“Calculated from the parameters 7oV and y, using » = 0.92 nm.

'min 18 the smallest possible distance between dopant and chain,
[ is the conjugation length, and N, is the dopant concentration.
The overall dissociation yield ¢(F) is then obtained by
integrating P(r)w(r) over space [Eq. (8) in Ref. 22]. By
combining the dipole model with the dopant-assisted model,
the experimental data can be fitted in a perfect manner,
giving the parameters in Table IIl. The high quality of fit
for all polymers considered over the entire field range is very
satisfying [Fig. 6(b)].

We shall consider the values obtained for the parame-
ters. The two physical processes that are combined here in
the fashion (F) = @dipole(F) + (1 - ‘pdipole(F))‘pdopant(F) are
(i) the dissociation at an interface between an extended
polymer phase and an extended C¢y phase, where interfacial
dipoles can form, and (ii) the dissociation at localized
polymer/Cg sites that arise from the diffusion of individual
Ceso molecules into the polymer phase. It is gratifying that the
values for the effective mass inferred from the data for both
processes are close (Table IIT). Those values should, indeed,
be similar because both processes are based upon the concept
of a hole oscillating within the conjugated segment of the
polymer. They differ insofar that, at the extended interface,
the oscillation happens in the Coulomb well modified by the
interfacial dipoles, yet at always the same distance from the
Ceo. In contrast, for the dopant-assisted dissociation process,
the Coulomb potential is only due to the geminate charges, yet
the polymer—Cg distance varies, and thus the position of the
hole within the potential well. At this point, it is appropriate
to consider the numerical error that might arise if the built-in
potential, used to calculate the internal field, was 100 meV or
200 meV lower than the open-circuit voltage V' determined
for the photocurrent. Repeating the fits for such a case (see
Supplemental Material’®) shows that the effective masses
change by up to 30%, yet they remain within the error margin
indicated in Fig. 7. In view of the large variation of effective
mass between the compounds, this variation obtained when
using a different built-in potential is not significant.

We now turn to the remaining parameters. To evaluate
whether the values obtained for [N, are reasonable, consider
a conjugation length / of about 10 nm and take the result of

IN; = 2-10" m~2 obtained for MeLPPP as representative
example. This translates into a dopant concentration of Ny =
210 ecm™3. A typical concentration of molecules in a
molecular crystal is about 4 - 10?! cm~3 (using, for anthracene,
a density of 1.2 g/cm?, a molar mass of 178g, and Avogadro’s
number). Assuming a similar concentration of conjugated
segments (chromophores) here, this would suggest a doping
concentration of about 5%. This is a realistic value. Similarly,
the value obtained for ry;j, is plausible. Considering the values
for the product of the lifetime and probability in detail is not
meaningful. As discussed previously, they are underestimated
due to the technical need of using the parabolic approximation
for the potential. Nevertheless, it is encouraging that their trend
and magnitude is consistent with that obtained for the effective
mass model when also using the parabolic approximation.

E
£ e MeLPPP
* PF
* PF2/6
0.1 * DOOPPP -

0.00 0.02 0.04 0.06 0.08 010 0.12
1/n

FIG. 7. The dependence of the relative effective masses on the
inverse effective conjugation length of the donors for the ground state
geometry (data taken from absorption, empty symbols) and for the
excited state geometry (data taken from emission, filled symbols).
The effective masses are taken from the dipole model (Table 1) and
the dipole model + dopant model (Table III), with the error bar
indicating the spread of values between these models. The solid lines
are fits to an exponential curve with a baseline, as described in the
text.
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Overall, the combination of experiment and modeling
demonstrates that taking into account the effect of conjugation
length by an effective mass approach is essential for an
appropriate description of the dissociation process. In this
context, it is useful to recall that the degree of delocalization
can be quantified through the effective conjugation length.
It is the number of repeat units over which an excitation,
be it an exciton or a charge carrier, is coherently coupled
considering, though, that there is, on average, no sharp
boundary between different conjugated segments but rather
a gradual local decrease of the coupling strength. In this sense,
the effective mass should be viewed as an average effective
mass that depends on the size of coherently coupled repeat
units. The concept of a conjugation length-dependent effective
mass is confirmed by Fig. 7. It shows the variation of the
values for the effective mass inferred from the data fits on
the reciprocal effective conjugation lengths taken from either
the absorption or fluorescence spectra. The effective mass
decreases roughly exponentially toward a value of about 0.1 m,
at infinite conjugation length. This value is in good agreement
with both experiment*’ and theory™’ on perfect 7 -conjugated
chains. Empirically, the dependence of the relative effective
mass on the effective conjugation lengths in either the ground
state geometry (i.e., for the energy taken from the S; <—S, 0-0
transitions seen in absorption) or the excited state geometry
(i.e., for the energy taken from the S;— S 0-0 transitions seen
in fluorescence) can be expressed as

Meft

=0.090 + 0.014 - ¢ (11a)
me
for the excited state geometry, and
Mgt 7
=0.095+0.014 - e~ (11b)
me

for the ground state geometry.

This is an entirely empirical relationship, obtained for the
poly(p-phenylene) type polymers, since for these materials
the parameterization of transition energy versus conjugation
lengths is known.*

IV. CONCLUSIONS

The present experiments on polymeric donor/Cg bilayer
systems demonstrate that measuring the photocurrent over
a broad range of electric field provides a unique source of
information on the elementary step of photodissociation.

(i) The existence of a saturation field confirms the notion
that mobile charge carriers originate from the dissociation
of geminately bound e-h pairs. These are generated by a
preceding ultrafast charge transfer step. %'°

(i) The experiments show that the Coulomb-binding en-
ergy, evidenced by Fy, scales inversely with the conjugation
length of the donor polymer. If that conjugation length is large,
the Coulomb-binding energy is small, and the built-in potential
of the solar cell can be sufficient to break up all initially
generated geminate e-h pairs. This is the case desired for solar
cell applications, and it is associated with a high fill factor.
Here, this is realized for MeLPPP and PCDTBT, with the
latter having a far more suitable optical gap for actual solar cell
applications. In contrast, if the conjugation length is short, the
hole cannot overcome the Coulomb barrier and will recombine
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eventually with its sibling electron. The recombination can be
prevented, and escape from the Coulomb well can be assisted
by supplying additional activation energy, for example, in
the form of an infrared light pulse as demonstrated by
Bakulin et al."”

(iii) Photoemission measurements and modeling show that
in a bilayer device, the dissociation process can be facilitated
by a weak ground state dipole layer that exists at the donor-
acceptor interface and that screens the Coulomb potential.

(iv) Except for electric field strengths that are much lower
than the saturation field strengths, the experimental results
can be quantitatively explained in terms of a model that
was set up by Arkhipov et al. and subsequently refined and
extended by Nenashev et al.’>>> The key idea is that the
hole on the e-h pair is delocalized within a segment of the
m-conjugated polymer and executes zero-point oscillations
within the Coulomb potential well of the localized electron
at the Cgo. The energy of those zero-point oscillations is
controlled by the effective mass of the hole.

(v) When modeling the experimental results, we find that
the effective mass correlates inversely with the effective
conjugation length, i.e., the larger the conjugation lengths, the
smaller the effective mass and, concomitantly, the Coulomb-
binding energy of the dissociating e-h pair.

(vi) The present results show there is also an additional
photogeneration channel. It originates from the dissociation
of e-h pairs at individual Cgy molecules that diffused into the
donor layer. The description of this process is also based on an
effective mass model except for the absence of the interfacial
dipole layer. This channel is relevant at low fields for polymers
with short conjugation lengths. In systems with large effective
conjugation lengths of the polymeric donor, this contribution
of dopant-assisted dissociation becomes virtually negligible.

V. EXPERIMENTAL METHODS

MeLPPP, MeLPP-dimer, PIF, PF2/6, and DOOPPP were
synthesized by the group of U. Scherf, as described
elsewhere.’>¢ PCDTBT was bought from ““1-material.” The
structure formulae for the materials are given in Fig. 1. For
photocurrent measurements, bilayer solar cell devices were
fabricated using structured ITO-coated glass substrates in a
special device architecture that eliminates edge effects.'® This
allows applying electric fields up to 1.3 MV/cm without
risking spurious breakdown effects. For the series of solar cells
reported here, 50—60-nm-high conductive PEDOT:PSS (Sigma
Aldrich, neutral pH) was spin coated on top of the ITO and
heated up to 180 °C for 30 min. Onto this, 40-nm-thick polymer
films were spin coated from filtered chlorobenzene solutions
(5.0-7.5 mg/ml) and annealed at 80 °C for 10 min to remove
any residual solvent. This was followed by vapor deposition of
a40-nm layer of Cg (99.9% purity, AmericainDyeSourcelnc).
A 100-nm vapor-deposited layer of aluminum as a top
electrode completed the diode structure.

Current-voltage curves were measured under monochro-
matic illumination at 2.2 eV (570 nm) from a 150 W
Xenon lamp at 1.5 mW/cm?. At this wavelength, the light is
absorbed by the Cg acceptor while the polymer donors are not
excited, except for the low-bandgap polymer PCDTBT. The
photocurrent was determined by measuring the dark current
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and the total current under illumination and then subtracting
the dark current from the total current under illumination.
This is done after each data point before stepping to the
next voltage step. The solar cells were evaporated under a
vacuum of 5- 1077 mbar at room temperature. A Keithley
236 source-measure unit was used to record current and
applied voltage. The internal electric field was calculated as
|F| = (V — W)/d, where V is the applied external voltage,
Vi 1s the built-in field, taken as V;; = Vopchom unless stated
otherwise. VA is the open-circuit voltage determined for
the photocurrent (i.e., after subtracting the dark current from
the total current).

Its value is slightly higher than that of the usual open-
circuit voltage, V,., where the total current (dark current +
photocurrent) is zero. d is the active film thickness determined
using a Dektak surface profilometer. The relative photocurrent
quantum yield ¢(F) corresponds to the photocurrent per
illuminated light intensity, both normalized to unit area. ¢(F)
is normalized to unity at the high field saturation value. In our
earlier work,'® we have confirmed that ¢(F) indeed is on the
order of unity at the high field saturation value by considering
the absorption coefficient and modeling the exciton diffusion
to the interface. The incident light intensities were recorded
with a calibrated Hamamatsu S1337-33BQ photodiode, and
the absorption of the films was measured using a Cary 5000
absorption spectrometer.

For UPS studies, the polymer samples were spincoated on
PEDOT:PSS coated ITO glass substrates from chlorobenzene
solutions (2 mg/ml, 25 rps), similar as previously described.

PHYSICAL REVIEW B 87, 155205 (2013)

Cep was vacuum sublimed (base pressure p =
3-107° mbar) from resistively heated glass crucibles. The
mass thickness of the layers was monitored using a quartz
crystal microbalance [p(Cgo) = 1.6 g/cm?]. The UPS mea-
surements were performed using a multitechnique ultra high
vacuum (UHV) apparatus (base pressure: 1 - 107'° mbar) and
a Helium discharge lamp (hv = 21.22 eV). The initial photon
flux was attenuated by a factor of ~100 using a silicon filter
to avoid irradiation damage of the sample. All spectra were
recorded at room temperature and normal emission using
a hemispherical Specs Phoibos 100 energy analyzer with
90 meV energy resolution. To determine the work function,
the SECO was recorded with the sample biased at — 10 V to
clear the analyzer work function. Binding energies are reported
relative to the Fermi-level spectra, and the error of energy
values is estimated to be £0.05 eV.
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The critical photon density at which geminate and non-geminate recombination become
comparable can be estimated roughly as follows.

The rate equation for the density of photogenerated charges n is given by
(1)

where yis the bimolecular recombination coefficient, 7, is the transit time i.e. the in-
verse of the rate constant for getting the charges through the film to the electrodes. G is
the generation rate per cm?, i.e. the photon flux (photons/cm?) divided by the penetra-

tion depths.
The quadratic equation in (1) can be solved as
2
n=— 1 + 94{ ! J (2)
2yre v 217
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which may be written as

A [—1+1/1+(21tr )Zey] 3)

2yz,
y is a material constant that is the same, independent of illumination intensity. Two
cases can be distinguished. First, consider the case of a very low photon flux, i.e. low
generation rate, so that (Zrtr )sz <<1. Developing the root leads to

S for (2z, Gy <<1. (4)
Ty

This is identical to the result one obtains from (1) if bimolecular recombination is negli-
gible. The other case is that of a very high generation rate, so that (21tr )ZGy >>1. The
number of 1 under the root and in front of the root can then be neglected, leading to

n=_|— for (27, )Gy >>1. (5)
v

This is the same than would be obtained from (1) if bimolecular decay dominates. We
now consider the number of charges getting out of the device, n/z, . For high genera-

n 1 |G
_:_\/: for (Zrtr)zG}/ >>1. (6)
e Tu N7

From (4) and (6), the effects of monomolecular decay and bimolecular decay are equal
if,

tion rate, this is

oot
VT

The transit time is given by 7, =d/ uF , with d being the film thickness and F the elec-

(7)

trical field across the film. The rate constant for bimolecular recombination can be
taken from the Langevin condition

Y e
L , (8)
H o &,
Inserting this into equation (7) gives
£y, UF?
G="ot £ (9)

Typical parameters of F = 10° V/cm, x= 10° cm?/Vs, d = 100 nm imply that
G =2-10% cm>stis the volume generation rate at which bimolecular and monomolec-
ular decay become comparable. If we presume that every photon absorbed generates
an electron (and a hole), and that absorption is linear, then for a film thickness of 100
nm, the critical photon flux G, is

G,=2 10% em 35t (10)
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In our experiments, we used monochromatic illumination at 570 nm from a Xenon lamp.
The intensity at the position of the solar cell was 1.5 mW/cm?. This corresponds to a
photon flux of about 4-10% photons/cm?s, i.e. the intensity used in our experiment is
1/500 of the intensity at which bimolecular recombination becomes important.

PCDTBT dashed PCDTBT solid DOOPPP dashed DOOPPP solid
r, [nm] 1.03 1.03 0.80 0.80
vr [10m?VvY 2.0 15.0 0.30 0.02

Table S1: Parameters for the Braun model, comparison of dashed and solid lines in Fig.
4a

Photocurrent yield and fits to the MeLPP-Dimer

ny
S 107} . o MeLPP-Dimer 1
e Braun-fit
[ --- mAit _
10" dipolefit -
10° 10° 10°
F (Vem™)

Figure S1 : Fits of the experimental external quantum vyields of bilayer MeLPP-Dimer/Cgo
devices with different models. The fit parameters are shown in the paper.
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In order to assess the impact of the uncertainty in determining the built-in field, we have
repeated the combined fit (Dipole model + Dopant model), using the same parameters

in Table 3 except for the effective mass, for the case V, =V

oc -100 meV,

V,, =V.”" _200 meV. The resulting parameters are compared in Table S2.

DOOPPP PIF

meff/me meff/me meff/me meff/me
(dipol) (dopant) (dipol) (dopant)

MeLPPP
meff/me meff/me
(dipol) (dopant)

__\/ photo
V, =V

oc

V,; =V, - 100 meV

V,; =V, - 200 meV

1.180 1.300 0.135 0.250
1.200 1.000 0.160 0.190
1.300 0.900 0.160 0.175

0.110 0.133
0.115 0.110
0.110 0.100

Table S2: Adapted mes/me to assess the impact of uncertainty in determining the built-in
field in the combined fit (Dipole model + Dopant model).

The corresponding fits (lines) to the data (symbols) are shown here for different Vy;:

MeLPPP 3
_y /ohoto E

" Vbi—Vzc ]
V,2Ve-100mV

* V,2V0-200mV G

10° ¢
10
T
T 107}
bi oc
10° V,=VP-100meV/|
: « V 2V1-200meV
10* 10° 10°
F (Vem™)
o o Y amasass
10t
T
PIF T 102t
—\ /photo
" Vi Ve
V, =\°-100mV
-3
+ V2V 200mV 3 107¢
10° 10° 10*
F (Vem™)
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ABSTRACT: We synthesize a polytriphenylamine homopolymer and two donor—acceptor
copolymers (D—A-copolymers) based on triphenylamine (TPA) as donor in combination
with two different acceptor moieties to study the effect of the acceptor unit on the excited-
state charge-transfer characteristics (CT-characteristics) and charge separation. The two
acceptor moieties are a dicyanovinyl group in the side chain and a thieno[3,4-b]thiophene
carboxylate in the main chain. Absorption and photoluminescence studies show new CT-
bands for both of the D—A-copolymers. Field-dependent charge extraction studies in bilayer X
solar cells indicate a stronger CT-character for the copolymer in which the acceptor group is 10 o
less conjugated with the copolymer backbone. The D—A-copolymer carrying the acceptor

Photocurrent Quantum Yield

Internal Electric Field (V cm™)

unit in the main chain exhibits smaller excitonic CT-character and good conjugation leading
to less-bound electron—hole pairs and a better charge separation. This fundamental study gives insight into the interdependence
of conjugation, charge carrier mobility, and solar cell performance for two different D—A-copolymers.

1. INTRODUCTION

There is intensive research in the field of bulk heterojunction
solar cells comprising alternating donor—acceptor copolymers
(D—A-copolymers) and fullerene derivatives with the aim to
design novel D—A-copolymers and thus to increase the power
conversion efficiency.' > In general, two strategies are widely
used as the design principle for these D—A-copolymers: (a)
introduction of the A unit as a side chain on the donor
backbone and (b) incorporation of D and A in the main chain
to get alternating D—A-copolymers.*"'* The diverse elemen-
tary processes and dynamics of charge transfer (CT) and
charge separation in such a bulk heterojunction solar cell have
been intensively studied.'"'* After light absorption a bound
metastable intermolecular CT-state is formed by electron
transfer to a neighboring molecule. This state can separate into
free charge carriers or recombine. Since the charge separation is
a key step, it is very important to understand the influence of
conjugation and excited-state CT-character on this process.
Commonly, the CT-character of the excited state between D—
A-copolymer and fullerene acceptor has been investigated." It
is equally important to understand and correlate the degree of
excited-state CT-character of the D—A-copolymer itself with its
charge carrier mobility as well as the charge separation with
fullerenes. It was shown by Tautz et al. that the polaron pair
yield in D—A-copolymers is dependent on the electron affinity
of the acceptor moiety.'* A correlation of this observation with
charge separation and device characteristics was not reported
there. Furthermore, Carsten et al. showed that not only the
energetics but also the internal dipole moment along the
polymer chain may be critical for the CT-state, and these results
were compared with charge separation in bulk heterojunction

W ACS Publications  © xxxx American Chemical Society

devices."> Here, we first correlate the observed CT-character
with the conjugation/delocalization as well as with the charge
carrier mobility in the D—A-polymer itself. The observed CT-
character is then compared with the charge separation in
fullerene bilayer devices. We selected a well-defined bilayer
device to avoid possible morphological differences in blend
devices on using different polymers. Our material system
consists of two novel D—A-copolymers based on triphenyl-
amine (TPA). We chose a system containing TPA which is a
widely examined and well-known donor material with excellent
thermal and electrochemical stability.'® The CT-character of
the excited state of D—A-copolymers depends on the nature of
attachment of the acceptor unit to the donor moiety. Here, we
compare two different D—A-copolymers: (a) with a dicyano-
vinyl acceptor in the side chain (P2) and (b) with a thieno[3,4-
b]thiophene acceptor in the main chain (P3) with the
homopolymer (P1) without any acceptor unit. Since the
resulting interaction between electron donating and the
electron withdrawing molecules usually leads to the formation
of an intramolecular CT-state,’” the two different strategies
adopted here can result in different degrees of CT-character
and conjugation or delocalization between the D and A
moieties.

2. EXPERIMENTAL SECTION

2.1. Synthesis and Polymerization. P1: 4-Bromo-N-(4-
bromophenyl)-N-(4-(2-ethylhexyloxy)phenyl)aniline (1; 516
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mg, 0.97 mmol) and 4-(2-ethylhexyloxy)-N,N-bis(4-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)aniline (2; 607 mg,
0.972 mmol) were dissolved in 8 mL of tetrahydrofuran
(THF). A 5.3 mL aliquot of 2 M K,CO; in water and
dimethylformamide (DMF; 1:1) were added, and the mixture
was purged with argon for 30 min. Pd(PPh,), (45 mg, 0.04
mmol) and Pd(OAc), (4 mg, 0.02 mmol) were added, and the
reaction mixture was heated to 70 °C. After 72 h the
polymerization was end-capped by the addition of phenyl-
boronic acid pinacol ester and bromobenzene for 3 h. After
cooling, the reaction mixture was extracted with dichloro-
methane (DCM) and water. The crude product poly[N,N'-
bis(4-(2-ethylhexyloxy)phenyl)-N,N’-di-p-tolylbiphenyl-4,4'-di-
amine] (P1) was precipitated in MeOH and purified by
sequential Soxhlet extraction in MeOH and EtOH. Yield: 66%.
'"H NMR (300 MHz, CDCl,, 298 K; ppm): § 7.51-7.36 (d,
2H, H,), 7.18—6.99 (d, 2H, H,,), 6.93—6.81 (m, 6H, H,,), 3.83
(d, 2H, O—CH,), 1.80—1.66 (m, 1H, CH), 1.60—1.39 (m, 8H,
CH,), 1.34 (s, 12 H, CH,), 0.97—0.84 (m, 6H, CH,).

P2: First, an aldehyde functionalized copolymer was
synthesized as precursor. For that, 4-(bis(4-bromophenyl)-
amino)benzaldehyde (0.79 g, 1.83 mmol) and 2 (1.15 g, 1.83
mmol) were dissolved in 15 mL of THF. After addition of 2.33
mL of 2 M K,CO; in water and DMF (1:1), the mixture was
degassed. A 20 mg (0.017 mmol) amount of Pd(PPh,), and 2
mg (0.009 mmol) of Pd(OAc), were added, and the reaction
mixture was heated to 70 °C. After 5 days, phenylboronic acid
pinacol ester and bromobenzene were added for end-capping
and the mixture was stirred for 3 h. The reaction mixture was
cooled to room temperature and extracted with dichloro-
methane (DCM) and brine. The organic phase was dried over
Na,SO,, and the solvent was evaporated under reduced
pressure. The dark brown residue was dissolved in THF, and
a small amount of the scavenger N,N-diethylphenylazothio-
formamide was added. After 3 h at room temperature the
polymer was precipitated in MeOH followed by a Soxhlet
extraction in EtOH for 12 h. Poly[4-((4'-((4-(2-
ethylhexyloxy)phenyl) (p-tolyl)amino)biphenyl-4-yl) (p-tolyl)-
amino)benzaldehyde] was obtained as beige powder. Yield:
70%. "H NMR (300 MHz, CDCl,, 298 K; ppm): & 9.83 (s, 1H,
CHO), 7.84-7.64 (s, 2H, H,,), 7.64—7.34 (m, 4H, H,,), 7.23—
6.95 (m, H,,), 6.95—6.64 (s, H.,), 3.93—3.67 (d, 2H, O—CH,),
1.85—1.62 (m, 1H, CH), 1.59—1.37 (m, 8H, CH,), 1.34 (s,
12H, CH,), 091 (s, 6H, CH,). IR (cm™): v 2915 (s), 2842
(s), 1692 (m), 1588 (m), 1488 (m), 1469 (s), 1263 (m), 1161
(m), 1109 (m), 816 (m), 718 (s).

Second, the precursor copolymer poly[4-((4'-((4-(2-
ethylhexyloxy)phenyl) (p-tolyl)amino)biphenyl-4-yl) (p-tolyl)-
amino)benzaldehyde] (736 mg, 1.14 mmol) was dissolved in 9
mL of pyridine and 2 mL of acetic acid. After purging with
argon for 30 min, malonodinitrile (2 mg, 0.24 mmol) and one
crystal of NH,OAc were added and the solution was stirred for
70 h at room temperature. The reaction mixture was extracted
with DCM and water. The organic phase was washed with
water and dried over Na,SO,. After evaporation of the solvent
under reduced pressure, the polymer was precipitated from
THF in MeOH. 2-(4-((4'-((4-(2-Ethylhexyloxy)phenyl)(p-
tolyl)amino)biphenyl-4-yl) (p-tolyl)amino)benzylidene)-
malonodinitrile (P2) was obtained as dark red powder. Yield:
98%. "H NMR (300 MHz, CDCl,, 298 K; ppm): 8 7.87—7.67
(m, 2H, H,), 7.56 (s, 1H, H,), 7.52=7.33 (m, 4H, H,),
720-6.92 (m, 10H, H,), 6.92—6.56 (m, 2H, H,)), 3.93—3.67
(d, 2H, OCH,), 1.81-1.58 (m, 1H, CH), 1.58—1.37 (m, 8H,

CH,), 0.95—0.73 (m, 6H, CH,). IR [em™']: v 2927 (m), 2222
(m), 1567 (m), 1487 (s), 1237 (m), 1181 (m), 1112 (m), 817
(s), 696 (m).

P3: Compound 2 (590 mg, 0.94 mmol) and 4-
bromothiophene-3-carbaldehyde (4; 429 mg, 0.94 mmol)
were dissolved in 8 mL of THF. A § mL aliquot of 2 M
K,CO; in water and DMF (1:1) were added, and the mixture
was purged with argon for 30 min. Then Pd(PPh;), (22 mg,
0.02 mmol) and Pd(OAc), (2 mg, 0.01 mmol) were added, and
the reaction mixture was heated to 70 °C in a microwave. After
S h the reaction mixture was extracted with DCM and water.
The crude product poly[octyl-6-(4-((4-(2-ethylhexyloxy)-
phenyl) (p-tolyl)amino)phenyl)-alt-4-octylthieno[3,4-b]-
thiophene-2-carboxylate] (P3) was precipitated in MeOH and
purified by Soxhlet extraction in EtOH and acetone. Yield: 40%.
"H NMR (300 MHz, CDCl,, 298 K; ppm): & 8.06—7.87 (s, 1H,
H,), 7.68—7.40 (m, 4H, H,,), 7.25—7.02 (m, 6H, H,,), 7.02—
6.72 (m, 2H, H,,), 447—4.19 (d, 2H, OCH,), 4.02—-3.72 (d,
2H, OCH,), 1.88—1.68 (m, 1H, CH), 1.68—1.12 (m, 26H,
CH,), 1.10—0.72 (m, 9H, CH,).

2.2. Physical Measurements. Number-average (M,) and
weight-average (M,,) molecular weights were determined by
size exclusion chromatography (SEC) using a Waters S1S-
HPLC pump with stabilized THF as the eluent. The flow rate
was 0.5 mL min~". The column setup consisted of a guard
column (Varian; 50 X 0.75 cm; ResiPore; particle size, 3 yum)
and two separation columns (Varian; 300 X 0.7S cm; ResiPore;
particle size, 3 ym). The compounds were monitored with a
Waters UV detector at 254 nm. SEC in chlorobenzene was
carried out at 60 °C on an Agilent 1100 series SEC using two
Polymer Laboratories mixed B columns. Both SEC systems
were calibrated against polystyrene. Thermogravimetric analysis
(TGA) measurements were carried out using a Mettler Toledo
TGA/SDTA 851° with a heating rate of 40 °C min~! under
nitrogen flow, and the temperature of degradation (Ty)
corresponds to a 5% weight loss. Differential scanning
calorimetry (DSC) analysis was performed on a Perkin-Elmer
Diamond differential scanning calorimeter, calibrated with
indium. Glass transition temperature (Tg) was determined
using a scanning rate of 20 °C min~' under a nitrogen flow.

Cyclic voltammograms (CVs) were recorded under
moisture- and oxygen-free conditions using a standard three-
electrode assembly connected to a potentiostat (model 263A,
EG&G Princeton Applied Research) and at a scanning rate of
50 mV s7'. The working electrode was a glassy carbon disk
electrode (area, !/, X 0.0314 cm?), a platinum wire was used as
auxiliary electrode, and the quasi-reference electrode was Ag/
Ag" composed of a Ag wire and AgNO; in acetonitrile.
Tetrabutylammonium hexafluorophosphate (Bu,NPF,, 0.1 M)
was used as the conducting salt. Each measurement was
calibrated with an internal standard (ferrocene/ferrocenium).
The HOMO values were determined from the value of —5.16
eV for ferrocene with respect to vacuum level and correcting for
the solvent effects.

For spectroscopic measurements polymer films were spin-
coated from filtered chlorobenzene solutions (10 mg mL™").
Solution measurements were also performed in chlorobenzene
with a concentration of the repetition units of 107°—107 mol
L™". Absorption was measured with a Cary 5000 (Varian) UV—
vis spectrometer. The fluorescence quantum vyields were
measured in an integration sphere filled with nitrogen under
illumination with an Ar* laser (P1, UV-multiline 351 nm/364
nm; P2 and P3, 488 nm) with a charge-coupled-device (CCD)
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Figure 1. Scheme of the syntheses of polymers P1, P2, and P3 via Suzuki polycondensation. The bis-boronic ester monomer 2 was reacted with the
three different dibrominated monomers 1, 3, and 4. The polycondensation of P3 was carried out under microwave irradiation.

camera as described elsewhere.'® The fluorescence spectra were
recorded on a time-correlated single photon counting
(TCSPC) setup at room temperature with the samples in
vacuum under excitation from a laser diode (P1, 375 nm; P2
and P3, 485 nm).

Electric devices were fabricated on structured ITO-coated
glass substrates using AZ 1518 photopaint from Micro-
chemicals to define the active area and to prevent edge effects.
The devices were then plasma-edged, and a 50 nm layer of
poly(3,4-ethylenedioxythiophene):poly(styrene-sulfonate) (PE-
DOT:PSS; Clevios) was spin-coated into the active area. The
PEDOT:PSS layer was heated to 180 °C for 30 min, followed
by spin-coating a 40 nm polymer layer on top of it for the
bilayer solar cells. Then a 40 nm Cg, layer (99.9% purity,
American Dye Source Inc.) and a 100 nm aluminum layer were
evaporated at S X 1077 mbar. For the space—charge-limited
current (SCLC) devices, the polymers were blade-coated from
chlorobenzene solutions and a 40 nm gold electrode was
evaporated.

All device measurements were performed under active
vacuum at room temperature with a Keithley source measure
unit. For performance and field-dependent measurements a
Newport 1.5 AM solar simulator was used, and the solar
spectrum measurements were recorded under monochromatic
illumination of a 150 W xenon lamp. Light intensities were
recorded with a Hamamatsu S1337-33BQ_ photodiode. The
internal field F was calculated as F = (V,. — V)/d with applied
external voltage V, the open-circuit voltage V,, and the active

film thickness d.

3. RESULTS

3.1. Synthesis. Here, we present the synthesis and
characterization of a main chain homopolymer (P1, poly-
[N,N’-bis(4-(2-ethylhexyloxy)phenyl)-N,N’-di-p-tolylbiphenyl-
4,4'-diamine]), an alternating D—A-copolymer with dicyano-
vinyl in the side chain (P2, poly[2-(4-((4'-((4-(2-
ethylhexyloxy)phenyl) (p-tolyl)amino)biphenyl-4-yl)-alt-(p-
tolyl)amino )benzylidene)malononitrile]) and the D—A-copoly-
mer carrying thieno[3,4-b]thiophene-2-carboxylate in the main
chain (P3, poly[octyl-6-(4-((4-(2-ethylhexyloxy)phenyl)(p-
tolyl)amino)phenyl)-alt-4-octylthieno[ 3,4-b]thiophene-2-car-
boxylate]. The dicyanovinyl group is strongly electron
withdrawing. It has been shown that the introduction of this
group as a side chain lowers the optical gap, by mainly lowering
the LUMO value.'® On the other hand, the electron
withdrawing comonomer thieno[3,4-b]thiophene carboxylate
stabilizes the quinoidal form and therefore lowers the optical
gap when coupled with a suitable donor comonomer.'”** We
used Suzuki AA/BB type polycondensation as a synthetic
method to obtain the conjugated polymers' because it enables
the synthesis of well-defined alternating copolymers. The
symmetrically difunctionalized monomers were synthesized
according to the literature with good yields (see the Supporting
Information).**?

Homopolymer P1 was obtained by polycondensation
between a dibromo-TPA and a TPA bis-boronic acid ester
(Figure 1). The synthesis of P2 was realized by a precursor
method. We used monomer 3, a dibromo-TPA with an
aldehyde group which is stable under Suzuki polycondensation
conditions, and polymerized it with the common bis-boronic
acid ester monomer 2. After purifying the precursor copolymer
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by Soxhlet extraction, the dicyanovinyl group was introduced
via a polymer analogous Knoevenagel condensation with
malonodinitrile. "H NMR spectroscopy and FT-IR spectrosco-
py clearly proved the complete conversion of the aldehyde
functionality to the dicyanovinyl group (see the Supporting
Information).

The alternating main chain D—A-copolymer P3 was
synthesized by reacting directly the dibromo-monomer thieno-
[3,4-b]thiophene carboxylate 4 with monomer 2 under
microwave irradiation. All polymers were soluble in THEF,
CHCI;, and chlorobenzene, whereas P3 was soluble only in
CHCl,; and chlorobenzene.

3.2. Polymer Properties. M,, and M, of polymers P1, P2,
and P3 were determined by SEC with THF as eluent. For
calibration a polystyrene standard was used. Copolymer P3 was
analyzed in a chlorobenzene SEC at 60 °C due to the low
solubility in THF. Homopolymer P1 has a M, of 10330 g mol ™
and a M,, of 15770 g mol™". Both D—A-copolymers show a
comparable M, with 7400 and 7770 g mol™" for P2 and P3,
respectively. The corresponding M,, are 18760 g mol™' and
11610 g mol ™', and all of the relevant SEC data are given in
Table 1. The homopolymer and all copolymers showed high

Table 1. Molecular Weights and Thermal Properties of
Homopolymer P1 and D—A-Copolymers P2 and P3“

polymer M, (gmol™) M, (gmol™) PDI T, (°C) T, (°C)
P1 10330 15770 1.52 402 203
P2 7400 18760 2.54 410 212
P3 7770 11610 491 370 118

“SEC analysis was carried out in THF as eluent and polystyrene
standards at room temperature. P3 was measured in chlorobenzene at
60 °C.

thermal stability in TGA with temperatures for 5% weight loss
ranging from 402 to 410 °C. All of the polymers form optically
clear and smooth films, which is advantageous for device
preparation. DSC analysis showed that all compounds were
amorphous and had glass transition temperatures of 203, 212
and 118 °C for P1, P2, and P3, respectively.

Cyclic voltammetry measurements were employed to
investigate the redox behavior and the influence of the different
electron withdrawing groups on the HOMO/LUMO levels.
The HOMO values were calculated by calibrating with
ferrocene and correcting for solvent effects.”*** The polymers
were measured in DCM vs AgNO;. P1 and P3 have similar
oxidation potential values (0.15 V vs Fc), whereas the oxidation
potential of P2 is slightly higher (0.3 V vs Fc). Thus, the
calculated HOMO levels are —5.31, —5.45, and —5.30 eV for
P1, P2, and P3, respectively. The values are summarized in
Table 2. The LUMO levels were estimated from the optical gap

(determined from the onset of absorption bands, vide infra)
and the HOMO energy values. Due to the slightly lower optical
gap of P3 the LUMO levels of both D—A-copolymers are
similar. Thus, the introduction of the strong electron
withdrawing dicyanovinyl acceptor unit as substituent reduces
the electron richness and delocalization of the TPA main chain,
resulting in an increased oxidation potential by about 0.14 V.
Additionally, the redox potential is drastically lowered, resulting
in low LUMO values. However, the incorporation of the
thieno[3,4-b]thiophene acceptor unit in the main chain does
not affect the oxidation potential, indicating a similar
oxidizability or delocalization of the main chain as in the
homopolymer P1. This means that the thieno[3,4-b]thiophene
carboxylate does not withdraw electrons from the TPA moiety
but maintains the conjugation between two TPA units resulting
in the same oxidation potential for both P3 and P1. This
conclusion can be derived from the fact that an individual TPA
unit exhibits an oxidation potential of about 0.2 eV higher than
that for a dimer in which the TPA units are in conjugation.'®

A further relevant parameter for semiconductor materials is
the charge carrier mobility. We investigated the hole transport
mobilities (4;,) of the three polymers in hole-only diodes using
the SCLC method. This method allows the determination of
the bulk charge carrier mobility. A PEDOT:PSS-coated ITO
electrode and a gold electrode were used to fabricate the
devices. In this case, PEDOT:PSS serves as a hole-injecting
electrode. Furthermore, the high work function of the gold
electrode hinders the injection of electrons but allows for hole
collection. Therefore, the transport of the holes is only limited
by the charge carrier mobility of the polymer and can be
described by the Mott—Gurney eq 1.>

V2

J= e 1

According to this equation the current density ] is dependent
on the permittivity of free space €, the dielectric constant of
the polymer ¢ (assumed to be 3), the charge carrier mobility s,
the thickness of the polymer layer L, and the voltage drop
across the device V. Assuming ohmic contacts to the injecting
electrode, the current is space—charge-limited at high voltages.
The measured I-V curves were fitted according to eq 1 to
obtain the hole transport mobility y,. By recording different
active layer thicknesses, the thickness scaling of the space—
charge-limited currents was verified. The log—log plots of ] vs L
and the fits according to the relation ] ~ V*/L? are illustrated in
the Supporting Information. This clearly indicates that the
measured current is space—charge-limited. The contact
resistance and series resistance were measured in a reference
device without a polymer layer, and the corresponding voltage
drop V, was subtracted from the applied voltage. The built-in

Table 2. (a) HOMO Values of P1, P2, and P3 Obtained from Oxidation Potential (E,,) vs Ferrocene in Cyclic Voltammetry
Measurements at 50 mV s~' in DCM with 0.1 M Tetrabutylammonium Hexafluorophosphate® and (b) Hole Transport
Mobilities (¢;,) Determined by SCLC Measurements in Hole-Only Devices with PEDOT:PSS and Au as Electrodes

polymer E,, vs Fc (eV) HOMO (eV)
P1 0.15 —-5.31
P2 0.29 —5.45
P3 0.14 -5.30

E, (eV) LUMO (eV) wy, (cm? V71 s7h)
297 -2.34 1.4 x 107*
224 -321 7.6 X 107°
2.10 -3.20 31x 107

“The HOMO value for ferrocene/ferrocenium oxidation in DCM was taken as —5.16 eV.>> LUMO values were estimated using the onset of
absorption (E;) from UV—vis measurements and corresponding HOMO values. bGiven values are the average values of three different measured

thicknesses.
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potential V}; for PEDOT:PSS and gold is estimated to be 0 V.
Figure 2 gives the half-log plots of J vs V of the three polymers
at similar layer thicknesses and the device geometry.
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Figure 2. (a) Schematic structure of a hole-only device with
PEDOT:PSS and gold as electrodes. (b) Halflog plot of current
density ] vs voltage V of P1, P2, and P3 for comparable layer
thicknesses. Additional measurements for different layer thicknesses
are given in the Supporting Information.

We found that the homopolymer P1 shows a hole transport
mobility of 1.4 X 107" cm® V™' s7. The introduction of the
dicyanovinyl groups leads to a decrease of 1 order of
magnitude, 7.6 X 1075 cm® V™' s7', for P2. The low mobility
of P2 indicates that the side chain acceptor unit does affect the
delocalization or conjugation of the TPA main chain. However,
the incorporation of the thieno[3,4-b]thiophenecarboxylate
does not change the hole transport mobility considerably for
P3 (u, = 3.1 X 107 cm® V7! s7!). These hole transport
mobility values are in full agreement with the influence of the
acceptor units on the delocalization or the easiness of the
oxidation as observed in cyclic voltammetry.

3.3. Absorption and Photoluminescence Spectrosco-
py. The absorption spectra of P1, P2, and P3 in solution and
film are shown in Figure 3. We first consider the solution
spectra which were recorded at a concentration of the
repetition units of 107 mol L™". Identical spectra were found
at a concentration of 107° mol L™ with a reduced signal-to-
noise ratio. For the homopolymer P1 we observe an absorption
band in the high-energy region centered at 3.22 eV that is
characteristic for TPAs and that is assigned to a z—m*-
transition. For copolymer P2 containing the pendant
dicyanovinyl group, we find a lower energy absorption peak

centered at 2.66 eV with lower oscillator strength that appears
in addition to the original TPA absorption band. The latter is
blue-shifted by 100 meV to 3.32 eV and has a slightly decreased
oscillator strength compared to the homopolymer P1. On the
basis of the low oscillator strength and low energy, we attribute
the 2.66 eV absorption peak present in dilute solution to an
intramolecular CT-transition with low wave function overlap
from the donor backbone to the dicyanovinyl in the side chain.
A similar absorption behavior was also shown for other D—A-
copolymers.'® Overall, the copolymer P2 is able to cover the
whole low- and middle-wavelength region of the visible
spectrum.

In P3, the thieno[3,4-b]thiophene carboxylate, acting as an
electron pulling unit, is placed directly in the main chain of the
copolymer, allowing for a good electronic interaction with the
TPA unit. As for P2, we observe a low-energy absorption band
centered at 2.49 eV in addition to the original TPA absorption
at 3.26 eV. Compared to P2, this low-energy band is shifted
further to the red by 0.17 eV and carries a higher oscillator
strength. Concomitantly, the oscillator strength of the high-
energy 3.26 eV band is strongly reduced. We consider the high
oscillator strength of the additional, red-shifted absorption peak
of P3 and the reduction of the 3.26 eV intensity to indicate a
significant contribution of z—m*-transitions to the intra-
molecular CT-band that arises from the D—A-type interaction
of the electron withdrawing thieno[3,4-b]thiophene carboxylate
with the TPA unit. Similarly, we interpret the red shift of the
low-energy band compared to that of P2 to indicate a higher
degree of conjugation, consistent with a stronger contribution
of the delocalized 7-orbitals. We obtain the same results for the
absorption spectra taken in thin films, except for a small solvent
shift. The positions of the absorption peaks are summarized in
Table 3.

Table 3. Absorption Peaks (Position of the Center) In a
Chlorobenzene Solution at a Concentration of the
Repetition Units of 10™* mol L' and in the Film, Made from
Solutions of 10 mg mL ™" in Chlorobenzene

Wavelength (nm)

a) 600 500 400 300

1.0x10°
8.0x10* |

6.0x10* |

¢ (Imol™ cm™)

4.0x10°

2.0x10* |

0.0

Energy (eV)

polymer Eotution (€V) Eg (€V)
P1 322 3.26
P2 2.66, 3.32 2.68, 3.36
P3 2.49, 3.36, 4.11 2.46, 3.34, 4.11
Wavelength (nm)

b) 600 500 400 300

NP B B
3.0 3.5

Energy (eV)

Figure 3. UV—vis absorption spectra of P1, P2, and P3: (a) in chlorobenzene, concentration of the repetition units of 107 mol L™"; (b) in film from

10 mg mL™" solutions in chlorobenzene.
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Further information on the nature of excited states in the
polymers can be obtained from photoluminescence measure-
ments. First, we find that the three polymers differ strongly in
their thin film photoluminescence efficiencies. While integrat-
ing sphere measurements taken on thin films give a moderate
photoluminescence quantum yield (PL QY) of 3.4% for
homopolymer P1, the emission is below the detection
threshold of this setup for P2, and it is as low as 0.7% for
P3. The uncertainty on the PL QY is about 1%. This trend is
consistent with the observed absorption strengths of the lowest
energy bands in all three polymers and confirms the indication
of a stronger CT-character in P2 compared to P3, and,
naturally, of no CT-characteristics in P1. Due to the low-
emission efficiencies, we used the sensitive technique of
TCSPC to measure the photoluminescence spectra and
lifetimes. The spectra are shown in Figure 4. No reliable data
can be obtained for the spectral window from 2.35 to 2.50 eV
due to a technical limitation. Photoluminescence decay curves
are included as Supporting Information. We shall discuss the
data for the compounds in increasing order of intramolecular
CT-character.

For homopolymer P1, the same emission band with a 0—0
peak at 2.89 eV and vibronic replica at 2.72 and 2.55 eV is seen
in solution and, shifted by 40 meV to the red, in film. This
emission dominates for a few nanoseconds after excitation with
a lifetime of 0.9 ns in solution and 0.3 ns in the film. At longer
times, this emission disappears and a weak, structured emission
can be observed. It is shifted to the red by about 0.3 eV and has
a lifetime of about 6 ns in solution and 5 ns in film. Since this
signal is rather weak with poor spectral to noise ratio, we can
spectrally resolve it only for the film, where the higher energy
emission decays away fast, yet not for solution. Due to the
moderate Stokes’s shift of about 0.33 eV between absorption
and emission and the concomitant mirror symmetry, we
attribute the higher energy emission with 0—0 peak at 2.89 eV
to the 7—7*-transition in the TPA-homopolymer, possibly with
some mixing of the nonbonding orbital of the nitrogen lone
pair. The electronic origin of the lower energy emission at
about 2.55 eV is not clear. This emission is present in both
phases, solution and film, with the same lifetime, yet in solution
it is masked by the stronger higher energy emission. The
reduction of the fast component in photoluminescence lifetime
in film compared to solution suggests that the weakly red
emitting sites can only be populated effectively by energy
transfer in the condensed phase of the film.

We next consider the copolymer P3 where electron-rich and
electron-deficient groups alternate in the chain backbone. The
spectra in solution and in film immediately after excitation have
a spectral shape similar to that in P1 with similar full width at
half-maximum (fwhm) of about 0.2 eV and a comparable
Stokes’s shift of 0.40 eV. The spectra show a 0—0 peak at 2.10
eV in solution and slightly below, at 2.03 eV, in film. Whereas
no spectral change with time is noticeable in solution, in film
the higher energy emission decays and exposes a weak emission
centered at 1.79 eV that was initially hidden in the red tail of
the higher energy peak. The energy difference between the
comparatively intense higher energy emission and the weak
lower energy emission bands is similar for P1 and P3. In P1, it
is about 0.30 eV, and in P3, it is 0.24 eV. Overall, the dominant
decay lifetimes in copolymer P3 are longer than those of
homopolymer P1. For P3 in solution, the decay is not entirely
exponential and can best be approximated by a biexponential
decay with lifetimes of 2.0 ns (amplitude 20.000) and 3.2 ns
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Figure 4. Fluorescence spectra of the polymers in chlorobenzene
solutions at a concentration of the repetition units of (P1 and P3, 10~
mol L% P2, 107 mol L™!) and in the film under UV-irradiation (P1,
375 nm; P2 and P3, 485 nm) measured in a TCSPC setup. In the
spectral window from 2.35 to 2.50 eV, no reliable data could be
obtained due to a technical limitation.

(amplitude 7.000); ie., the dominant contribution is twice as
long as that for P1. This is consistent with the reduced
oscillator strength of P3 compared to P1 that is also manifested
in the intensity of the low-energy absorption peak and the
photoluminescence quantum vyield. For P3 in film, the
luminescence decay proceeds faster and it is characterized by
a distribution of lifetimes.

In contrast to P1 and P3, for P2 with the dicyanovinyl in the
side group we observe a very weak, broad, unstructured
emission centered at about 1.9 eV. To enable detection of this
inefficiently emitting compound in solution, we used a
concentration of the repetition units of 107> mol L™ instead
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Figure S. a) Current—voltage characteristics of bilayer solar cells built with the presented polymers P1, P2, P3, and Cg, under AM 1.5 illumination.
(b) Corresponding external quantum efficiency (EQE) spectra of copolymers P2 and P3.

of the 100 times lower value used for P1 and P3. For both,
solution and film, the emission does not change with time
except for an initial slight red shift that is common for
condensed media where spectral diffusion in the density of
states prevails.”” We stress that, in particular, in contrast to P1
and P3, there is no significant change of the spectral shape over
time. The emission is characterized by a distribution of lifetimes
in the nanosecond range, with more longer lived contributions
for the film. Such a broad, unstructured weak emission with a
distribution of lifetimes is a general signature for a CT-type
transition.

The overall picture that emerges from the absorption and
photoluminescence spectroscopy is that, in P2, the excited state
is dominated by CT-character, manifested in weak absorption
and weak, unstructured emission. The homopolymer P1 shows
the moderately intense emission and good absorption
associated with 7—n*-transitions as well as a weak, lower
energy emission of unclear origin. The nature of the first
excited state in the copolymer P3 lies between the two limiting
cases defined by P1 and P2.

3.4. Photocurrent Measurements. We next consider how
the different nature of the excited states impacts on their
performance as solar cell materials. Therefore, we built bilayer
solar cells where Cg, is evaporated on top of a spin-coated
polymer film. Indium—tin-oxide covered by a layer of
PEDOT:PSS was used as anode and aluminum as a cathode.
The simple device geometry of a bilayer allows for spatially
distinct electron and hole pathways to the electrodes, thus
preventing the nongeminate recombination of accidentally
meeting charge carriers that is inherently problematic in the
intermingled morphology of blends. The observed photo-
current characteristics in a bilayer structure can therefore be
interpreted as arising mainly from the charge generation at the
D—A-interface itself. The current—voltage curves of the bilayer
solar cells for the different materials under AM 1.5 illumination
are shown in Figure 5, along with the external quantum
efficiency (EQE) spectra. The resulting solar cell parameters
are given in the Supporting Information.

Homopolymer P1 and copolymer P3 show nearly identical
current—voltage (I—V) curves up to the open-circuit voltage
V., with similarly moderate performance. The moderate
performance is expected for bilayer cells with such material
combination.'® Copolymer P2 that has the stronger CT-
character, however, is distinct and displays a reduced short-
circuit current I, and a concomitantly reduced fill factor FF.

The lower efficiency of P2 compared to P3 over the whole
spectral range is also evident in the EQE spectra that largely
follow the absorption data of the blend. All three cells have a
pronounced “S-shape”, i.e, a zero or low photocurrent for
forward bias, at voltages exceeding the open-circuit voltage. The
appearance of low current upon further voltage increase is
occasionally reported, and it is tentatively attributed to
imbalanced mobilities of the donor and the acceptor in planar
heterojunction cells.”®

4. DISCUSSION

The aim of our study is to understand what controls charge
separation in D—A-copolymers P2 and P3. The impacts both of
dipolar or electrostatic effects and of excited-state delocalization
have been demonstrated to be of importance.”®~>* Here, we try
to differentiate between both influences by comparing a
homopolymer to two D—A-copolymers that represent two
different chemical architectures. D—A-copolymer P2 with a
dicyanovinyl group in the side chain (with reduced
delocalization with the main chain) shows a stronger CT-
character than P3 where the acceptor moiety is incorporated in
the main chain. This is evident from the reduced oscillator
strengths of the first absorption band in P2 compared to P1
and a barely detectable, broad, unstructured fluorescence that
decays nonexponentially. D—A-copolymer P3 possesses a
weaker CT-character as demonstrated by the absorption and
photoluminescence properties (vide supra); this results in a
lower prominence of the intrachain CT-character due to
significant contributions of delocalized - and 7*-orbitals. The
question in now whether the more dipolar character of P2
favors charge separation, e.g., by preseparation of the hole and
electron on the copolymer and concomitant dielectric screen-
ing,”> or whether the higher degree of excited-state
delocalization in P3 is a more beneficial approach. From the
I-V curve in Figure 5, a reduced performance of P2 compared
to P3 is already evident. The data of Figure S can be analyzed
by comparison with exciton dissociation models. For this, the
photocurrent quantum yield for P2 and P3 is plotted as a
function of internal electric field in Figure 6. The photocurrent
quantum yield has been normalized to unity at the saturation
value obtained for high field strengths since, for sufficiently high
field, complete exciton dissociation and extraction are
obtained.*® The internal field F is calculated by subtracting
the applied voltage from the open-circuit voltage and dividing
the result by the active layer thickness of the device. The effect

dx.doi.org/10.1021/jp407014q | J. Phys. Chem. C XXXX, XXX, XXX—XXX



The Journal of Physical Chemistry C

01k

0.01 |

Photocurrent Quantum Yield

1l n L0l
10 10°
Internal Electric Field (V cm’1)

Figure 6. Normalized field-dependent photocurrent quantum yields of
copolymer/Cgj bilayer devices calculated from the photocurrent under
AM 1.5 conditions. The lines indicate fits based on an effective mass
model that includes interfacial dipole effects.

of possible deviations in the internal field from the value
obtained by this method is discussed in detail in ref 31. Figure 6
shows that a higher electrical field is needed to dissociate all
excitons in P2 (Fyuution = 1.5 X 10° V cm™) than in P3
(Fopturation = 6 X 10* V. em™), implying that excitons in P2 are
more tightly bound than those in P3.

Exciton dissociation at the interface between a polymer
donor material and a fullerene acceptor is understood to be
assisted by both electrostatic interface effects (“interfacial
dipole”, parametrized through a fractional dipole strength a)
and charge delocalization. The latter can be parametrized in
terms of a heuristic “effective mass” of the hole on the
polymer.>’ Whereas electrostatic effects screen the mutual
coulomb attraction of electron and hole, the kinetic energy
associated with a delocalized hole helps its escape from the
coulomb potential of its geminate electron.® > In order to
obtain insight into the observed photodissociation behavior, we
have fitted the field-dependent photocurrent quantum yields
with a model containing the effects of both interfacial dipoles
and hole delocalization (eqs 3, 6, and 7 in>"). Good agreement
with the experimental data can be obtained when the fractional
dipole strength a at the interface to Cyj is set at 0.050 in P2 and
at 0.045 in P3, leading to effective relative hole masses m.g/m,
of 0.44 for P2 and 0.25 for P3, where m, is the mass of a free
electron. These parameter values obtained are consistent with
earlier work on homopolymers in bilayers with Cg.>' The
fractional dipole strengths are about twice as high as those
measured for homopolymer/Cg, interfaces, and the effective
masses are in a similar range, depending on the degree of
conjugation of the polymers. As detailed in the Supporting
Information, it is possible to increase the fractional dipole
strength for P2 while maintaining a good agreement with the
data when simultaneously increasing the hole effective mass
further.

What is the insight obtained from these values? This analysis
tells us that the improved performance of P3 compared to P2,
i.e. the higher photodissociation at low internal field strength,
and concomitantly the higher short-circuit current and fill
factor, are a result of the lower effective mass in P3. A more
delocalized character of the hole on P3 is fully consistent with
the overall more delocalized character of the excited state in P3
that is manifested in the optical measurements, and the higher
hole mobility in P3. Furthermore, the photocurrent analysis
shows a more localized hole on P2 to be associated with a poor
photodissociation, while the CT-character of P2 does not turn

out to be of benefit to the charge separation process. A more
localized hole with a higher effective mass derived in the
photocurrent fit corresponds well with the reduced hole
mobility measured for P2 in SCLC measurements. The fact
that this correlates with a low HOMO level points at trapping
effects or localization effects.*®*” Comparing these results of
field-dependent photocurrent quantum yields with previous
work on charge separation emphasizes the importance of a
good conjugation to facilitate charge separation.

5. CONCLUSION

On comparison of the homopolymer P1 with the two D—A-
copolymers P2 and P3, we could get conclusive information
regarding the effective design of D—A-copolymers for an
efficient delocalization/conjugation and good charge gener-
ation. The introduction of the strong electron withdrawing
dicyanovinyl acceptor unit as side chain in P2 reduces the
electron richness and delocalization of the TPA main chain. As
a consequence the HOMO level is lowered in P2 and the hole
mobility is decreased. P2 has a pronounced excited-state CT-
character compared to P3 in which the acceptor enters into
delocalization with the backbone. Field-dependent photo-
current measurements in bilayer devices clearly indicate the
advantage of the alternating D—A-copolymer strategy in which
the donor and acceptor moieties exhibit a better conjugation.
Thus, for this material system, charge separation is obtained
more readily when the acceptor group is located within the
copolymer backbone guaranteeing delocalization along the
main chain. The concept of adding a strong acceptor to the side
group which lowers the delocalization in the main chain, in
contrast, results in a lower hole mobility and stronger bound
electron hole pairs and thus lower solar cell power conversion
efficiency.
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1. Materials
Commercially available starting materials were purchased from Aldrich or abcr and used

without further purification. Solvents for chromatography, extraction and reactions
were distilled prior to use.
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1.1 Monomer 1 and 2

é_, ? 00 Q0o

2 3

R = Ethylhexyl 1 5
1-Bromo-4-[(2-ethylhexyl)oxy]-benzene

4-Bromophenole (18.08 g, 0.1 mol) and K,CO3 (33.83 g, 0.24 mol) were dissolved in dry
DMF. 2-Ethylhexylbromide (15.45 g, 0.08 mol) was added slowly and the reaction mix-
ture was stirred for 24 h at 60 °C. After cooling, the reaction mixture was extracted with
hexane and 1 M HCI. The crude product was used without further purification. Yield: 75
%.

'H NMR (300 MHz, CDCI3, 298 K): & (ppm) = 7.42 - 7.34 (d, 2H, Ha,), 6.84 - 6.75 (d, 2H,
Ha), 3.84 - 3.79 (d, 2H, OCH,), 1.80 - 1.66 (m, 1H, CH), 1.60 - 1.25 (m, 8H, CH,),
1.00 - 0.83 (m, 6H, CHs).

MS-El m/z calcd for C14H,:BrO 285.22, found [M*] 284.

4-(2-Ethylhexyloxy)-N,N-diphenylaniline

Diphenylamine (4.91g, 0.029 mol), 1-bromo-4-[(2-ethylhexyl)oxy]-benzene (10 g,
0.035 mol), sodium-tert-butoxide (3.62 g, 0.038 mol) and 0.07 g (0.30 mmol) Pd(OAc;)
were dissolved in dry toluene. Tri-tert-butylphosphine (1 M in toluene, 1ml) was added
and the reaction mixture was heated to 60 °C for 24 h. After cooling to room tempera-
ture the solution was filtered over Alox N. The solvent was removed by reduced pres-
sure and the crude product was precipitated in MeOH from THF and filtered. The white
powder was dried in vacuum. Yield: 87 %.

1H NMR (300 MHz, CDCI3, 298 K): & (ppm) = 7.26 - 7.16 (m, 4H, Ha), 7.90 - 7.00 (m, 6H,
Har), 6.97 - 6.90 (m, 2H, H,,), 6.87 - 6.80 (m, 2H, H,,), 3.85 - 3.79 (d, 2H, OCH,), 1.76 - 1.65
(m, 1H, CH), 1.57 - 1.26 (m, 8H, CH,), 0.97 - 0.86 (m, 6H, CHs).

MS-El m/z calcd for C6H3:NO 373.53, found [M*] 373.

4-Bromo-N-(4-bromophenyl)-N-(4-(2-ethylhexyloxy)phenyl)aniline (1)
4-[(2-Ethylhexyl)oxy]-N,N-diphenylaniline (8.36 g, 22.4 mmol) was dissolved in 190 ml of
a 5:1 CHCl3/AcOH mixture and degassed for 30 min with an argon stream. After cooling
the solution to -10 °C NBS (7.97 g, 44.8 mmol) was added in small portions under exclu-
sion of light. After stirring for 3.5 h at -10 °C the reaction was quenched with 1 M NaOH.
The reaction mixture was extracted with DCM and water. The organic phase was washed
with 1 M NaOH and two times with water. After drying over Na,S0O, the solvent
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was evaporated under reduced pressure. 4-Bromo-N-(4-bromophenyl)-N-(4-(2-
ethylhexyloxy)phenyl)aniline was achieved as a viscous oil. Yield: 99 %.

'H NMR (300 MHz, DMSO, 298 K): & (ppm) = 7.33 - 7.25 (m, 4H, H,), 7.06 - 6.98 (m, 2H,
Hp), 6.92 - 6.81 (m, 6H, H.), 3.85 - 3.80 (d, 2H, O-CH,), 1.77 - 1.66 (m, 1H, CH), 1.58 - 1.26
(m, 8H, CH,), 0.97 - 0.88 (s, 6H, CH3).

MS-EI m/z calcd for Cy6H29Br,NO 531.32, found [M*] 531.

4-(2-Ethylhexyloxy)-N,N-bis(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)
aniline (2)

4-Bromo-N-(4-bromophenyl)-N-(4-(2-ethylhexyloxy)phenyl)aniline 1 (3.30 g, 6.12 mmol)
were dissolved in THF under an argon atmosphere. The solution was cooled to -78 °C
and a solution of n-Buli in hexane (8.15 mL, 1.6 M, 13.04 mmol) were added dropwise.
After 2 h at -78 °C 2-isopropoxy-4,4,5,5-tetramethyl-1,2,3-dioxaborolane (8.6 ml, 7.80 g,
41.92 mmol) was added quickly. The reaction mixture was warmed to room tempera-
ture and stirred for 50 h. The reaction was quenched carefully with water. The following
extraction was carried out with DCM and water. After drying over Na,SO, the solvent
was evaporated under reduced pressure. The residue was recrystallized in THF hexane
(1:8). The non-crystallized part was purified chromatographically (CH:EE; 10:1). Yield:
27 %.

'H NMR (300 MHz, CHCl3, 298 K): & (ppm) = 7.68 - 7.58 (d, 4H, H,), 7.07 - 6.99 (m, 6H,
Hp), 6.86 - 6.79 (m, 2H, H¢), 3.84 - 3.79 (d, 2H, O-CH,), 1.76 - 1.66 (m, 1H, CH), 1.53 - 1.16
(m, 32H, CH,, CHs), 0.97 - 0.85 (m, 6H, CH3).

MS-El m/z calcd for C3gHs3B,NOs 625.45, found [M*] 625.

1.2 Monomer 3

a0 00

Br
;;HO gHO

3

4-(Bis(4-bromophenyl)amino)benzaldehyde (3)

4-Diphenylaminobenzaldehyde (5.0 g, 19.9 mmol) was dissolved in 195 ml CHCl;/AcOH
(5:1) and degassed with an argon stream. The solution was cooled to -5°C and
N-bromosuccinimide (8 g, 45.77 mmol) were added in small portions. After stirring for
10 h the solution was warmed to room temperature and stirred for 30 h. The reaction
was quenched with 1 M NaOH, extracted with DCM and washed with brine. The organic
phase was dried over Na,SO4 and the solvent was evaporated under reduced pressure.
The crude product was purified chromatografically (n-hexane:DCM, gradually from 5:1
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to 1:1). 4-(Bis(4-bromophenyl)amino)benzaldehyde 3 was obtained as yellow powder.
Yield: 81 %

'H NMR (300 MHz, CDCls, 298 K): & (ppm) = 9.85 - 9.83 (s, 1H, CHO), 7.74 - 7.66 (m, 2 H,
Ha), 7.48 - 7.40 (m, 4H, Hy), 7.07 - 6.98 (m, 6H, H., Hq).

MS-El m/z calcd 431.12, found [M*] 431.

1.3 Monomer 4

CgH17 CgH1z
o__0 o__0
O
Br H S ST
—_— —_—
7\ 7\ I\
S s Br—\g~~Br

4
4-Bromothiophene-3-carbaldehyde

3,4-Dibromothiophene (14.44 g, 0.06 mol) were dissolved in dry diethylether and cooled
to -78 °C. Afterwards 37 ml of n-Buli (1.6 M in hexane) were added slowly. After 30 min
DMF (5.97 ml, 0.08 mol) was added, the reaction mixture was warmed to room temper-
ature and stirred overnight. The reaction was quenched with saturated NH4Cl solution in
water and extracted with diethylether. The organic phase was dried over Na,SO4 and the
solvent was evaporated under reduced pressure. The crude product was purified by
column chromatography (hexane : diethylether 5:1).

Yield: 56 %.

'H NMR (300 MHz, CHCl3, 298 K): & (ppm) = 9.97 (s, 1H, H.), 8.18 (d, 1H, Ha,), 7.39 (d, 1H,
Har).

MS-El m/z calcd for CsH3BrOS 191.05, found [M*] 191.

Octyl-thieno[3,4-b]thiophene-2-carboxylate

4-Bromothiophene-3-carbaldehyde (5.82 g, 0.03 mol) and thioglycolicacid-octyl ester
(6.85 g, 0.03 mol) were dissolved in 50 ml DMF. K,CO3 (6.22 g, 0.04 mol) and CuO na-
nopowder (0.07 g, 0.9 mmol) were added. The reaction mixture was heated to 80 °C for
16 h. The reaction mixture was extracted with DCM and water. The organic phase was
dried over Na,SO,4 and the solvent was evaporated under reduced pressure. The crude
product was purified by column chromatography (Hexane : Ethylacetate, 90:1).

Yield: 31 %

'H NMR (300 MHz, CHCls, 298 K): 6 (ppm) = 7.71 (s, 1H, Ha,:), 7.61 (d, 1H, Ha,), 7.30 (dd,
1H, Ha), 4.33 (t, 2H, OCH,), 1.78 (g, 2H, CH5), 1.35 (m, 10H, CH,), 0.91 (t, 3H, CH).

MS-El m/z calcd for C15H200,S, 296.45, found [M*] 296.
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Octyl-4,6-dibromo-thieno[3,4-b]thiophene-2-carboxylate (4)
Octyl-thieno[3,4-b]thiophene-2-carboxylate (2.77 g, 9.34 mmol) were dissolved in 30 ml
dry DMF and degassed with an argon stream for 30 minutes. After cooling the solution
in an ice bath 4.16 g (23.36 mmol) NBS were added in small portions. The reaction mix-
ture was warmed up to room temperature. After stirring for 12 h the solution was
poured into a 10% aqueous solution of Na,5,03 and extracted with diethylether twice.
The organic phase was dried over Na,SO4 and the solvent was evaporated under re-
duced pressure. The crude product was purified by column chromatography (DCM).
Yield: 53 %

'H NMR (300 MHz, CHCls, 298 K): & (ppm) = 7.53 (s, 1H, Har), 4.32 (t, 2H, OCH,), 1.76 (q,
2H, CH;), 1.35 (m, 10H, CH;), 0.89 (t, 3H, CH3).

MS-EI m/z calcd for C15H,005S, 453.91, found [M'] 454.

2. 'H-NMR

'H NMR spectra were recorded using a Bruker Avance 300 spectrometer at 300 MHz at
298 K in deuterated chloroform.

3

CHa, d d
C e i
d a d :
b g
h h
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Figure 1. 'H-NMR spectrum of P3. No signal for the aldehyde group was observed.
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3. FT-IR spectra

FT-IR spectra were recorded on a Perkin ElImer Spectrum 100 spectrometer in solid using
a ATR unit.

Precursor

-CHO
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1
1
|
|
1
|
|
|
1
|
1
1
|
|
1
|
|
|
1
|
|
|
1
|
|
1
1
|
T

| I |

2500 2219 2000 1694 1500 1000
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Figure 2. FT-IR-spectra of the precursor alternating copolymer with aldehyde-group
showing a typical absorption band of the -CHO group at 1694 cm™ and the D-A-
copolymer P2 showing the CN-stretching vibration of the dicyanovinyl group at
2219 cm™.

91



Influence of the excited state charge-transfer character on the exciton dissociation in
donor-acceptor copolymers

4. Cyclic voltammetry
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Figure 3. Cyclic voltammogram of P1.
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Figure 4. Cyclic voltammogram of P2.
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Figure 5. Cyclic voltammogram of P3.
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5. Space charge limited current measurements
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Figure 6. Hole-only devices of P1 with varied layer thicknesses. The current density
values for the layer thickness of 234 nm are divided by a factor of 2 to provide a better

view on the other values.
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Figure 7. Log-log plot of the thickness dependence of the current density at a fixed bias
of 4 V for P1. The squares are experimental data and the solid line is the fit according to

relationJ~ V2/L3, where L is the thickness of the sample.

200 300

Device L[nm] u [cm?V7is™

1 234 1.8-10"
2 460 1.4-10"
3 614 1.0-10™
Average 1.4-10"

Table 1. Calculated hole transport mobilities py, for three layer thicknesses as well as

their average value.
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Figure 8. Hole-only devices of P2 with varied layer thicknesses.
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Figure 9. Log-log plot of the thickness dependence of the current density at a fixed bias
of 4 V for P2. The squares are experimental data and the solid line is the fit according to
relationJ ~ V2/L3, where L is the thickness of the sample.

Device L[nm] mn[cm?Vis™

1 127 5.0-10°
2 190 8.5-10°
3 414 9.2-10°
Average 7.6-10°

Table 2. Calculated hole transport mobilities py, for three layer thicknesses as well as

their average value.
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Figure 10. Hole-only devices of P3 with varied layer thicknesses.

o]

200 3

J(AM?

100 | ]

| Slope: -3 LI
P PR TTTNE FTTTTTITI FTTTTITT FITTTTT AT

300 350 400 450 500 550 600
L (nm)

Figure 11. Log-log plot of the thickness dependence of the current density at a fixed bias
of 4 V for P3. The squares are experimental data and the solid line is the fit according to
relationJ~ V2/L3, where L is the thickness of the sample.

Device L[nm] m [em?Vis™h

1 323 4.1-10"
2 482 2.9-10"
3 577 2.4-10"
Average 3.1-10"

Table 3. Calculated hole transport mobilities py, for three layer thicknesses as well as

their average value.
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6. Lifetime measurements
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Figure 12. Lifetime measurements of the (co)polymers in a time correlated single photon
counting (TCSPC) setup. The fit parameters are shown in table 4.
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Polymer Al  tl(ns) A2 t2(ns) vyo
P1 Film 45600 0.3 400 53 25
P1 Solution 60800 0.9 400 6.0 25
P2 Film 9000 11 700 6.0 2.5
P2 Solution 45000 0.6 600 4.0 2.5

P3 Film (2.05eV) 14000 0.5 320 32 25
P3 Film (1.79eV) 13000 1.3 2600 3.0 25
P3 Solution 20000 2.0 7000 3.2 25

Table 4. Fit parameters of the lifetime fits in Figure 12, fitted with the biexponential
equation y = 1*exp(-x/t1) + A2*exp(-x/t2) + y0

7. Photocurrent voltage curve for monochromatic illumination

010
005
000
005 | ;
010 F 3

-0.15 W —E

—— P2

020F E
_025:_WM =P
) I N NN N N N | | |

-1.0 -0.8-0.6 -04 -0.2 0.0 0.2 04 06 08 1.0
Voltage (V)

Current (mA cm’®)

Figure 13. Photocurrent voltage curve of the copolymers under monochromatic illumi-
nation at 570 nm.
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8. P2: fits with the dipole model
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Figure 14. Fits with the dipole model and different fit parameters.’ It is shown that the
data of P2 can be fitted with increased dipole strength a by increasing the effective mass
mesr. All other fit parameters stayed the same. Other fit parameters used (also in the
main article): tovgexp(-2yr) = 40.

9. Solar cell parameters

Polymer lsc (mMAcm?) Voc (V) FF (%) PCE (%)

P1 1.56 0.62 24.6 0.23
P2 0.92 0.74 l16.4 0.11
P3 1.52 0.50 36.0 0.26

Table 5. Characteristic parameters for the bilayer (co)polymer/Cgo solar cells measured
under AM 1.5 illumination.
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Abstract

Charge transfer (CT) at the donor-acceptor interface is the rate limiting step in organic
solar cells. If interfacial hybrid states exist already in the dark it is plausible that they can
have a major impact on the dissociation of optically generated excitations. In this work
we monitor such interfacial states via high precision steady state absorption spectrosco-
py. We find that depositing an electron accepting layer of either trinitrofluorenone
(TNF), Cgo, Or a perylene-diimide derivative on top of a layer of electron donating conju-
gated polymers, such as MEH-PPV or various poly-phenylenes, causes a substantial
bleaching of the absorption spectrum near the absorption edge. This is attributed to the
formation of ground state complexes that have reduced oscillator strength. The experi-
ments bear out a correlation between the reduction of the absorbance with the energy
gap between the donor-HOMO and acceptor-LUMO, the effective conjugation length of
the donor, and the efficiency of exciton dissociation in the solar cell. The effect origi-
nates from mixing of the donor-HOMO and the acceptor LUMO. Calculations using den-
sity functional theory support this reasoning. Implications for efficiency of organic solar
cells will be discussed.
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1. Introduction

The efficiency of promising low cost organic bulk heterojunction donor-acceptor (D-A)
solar cells is successively increasing over the past decade reaching now power conver-
sion efficiencies greater than 10%." These efforts are mainly based on progresses in
morphology control and in the development of low bandgap materials to harvest a
larger part of the suns solar spectrum. In these solar cells ideally composited blend films
with large D-A interfaces and interpenetrating networks are responsible for efficient
charge separation and charge transport. A deeper understanding of the electronic pro-
cesses at these donor-acceptor interfaces is needed to develop further improved strate-
gies towards organic solar cells with even enhanced efficiencies.

For organic solar cells, the key role of photoinduced charge-transfer states in the process
of dissociating an excited state at the donor-acceptor interface is well known and well
documented.?® Similarly, the intermediate formation of excited state complexes (exci-
plexes) in the course of electron-hole recombination has long been recognized as a
central step in the operation of organic light-emitting diodes.”®

More recently it was noted that interfacial donor-acceptor complexes with some charge-

10 and that their presence and

11-13

transfer character may also prevail in the ground state,
nature may impact on the photogeneration of charges. . Evidence for such ground
state (GS) complexes is frequently brought forward by detecting the weak absorption
associated with the GS complexes, for example through photothermal deflection spec-
troscopy.'® A limiting case of a “donor-acceptor-system” is obtained when the electron
affinity of the acceptor is so strong that the acceptor may even be employed to obtain p-
type doping.® An example for this is the acceptor molecule F4-TCNQ (2,3,5,6-
tetrafluoro-7,7,8,8-tetracyanoquinodimethane). Using ultraviolet photoemission spec-
troscopy in combination with quantum chemical calculations, Méndez, Salzmann and
coworkers have recently shown that for the D-A-system comprising pentacene as donor
and F4-TCNQ as acceptor, electronic interaction leads to the formation of a ground state

17 Their work explicitly spells out and demonstrates that the

charge-transfer complex.
frontier orbitals of the GS complex result from mixing of the highest molecular orbital
(HOMO) of the donor with the lowest unoccupied molecular orbital (LUMO) of the ac-
ceptor. Both electrons in the HOMO of the GS complex then result from the former
donor molecule. Salzmann and coworkers were also able to detect the weak absorption

due to the GS complex.

When a GS complex is formed due to electronic interaction between a donor and an
acceptor, it is not surprising that there should be an associated weak new absorption
feature, with the low oscillator strength of the GS complex resulting from its charge
transfer character. Concomitantly, one may expect that the original absorption from the
donor polymer and the acceptor molecule that now comprise the complex should have
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vanished. Assessing the existence of such a ground state bleach in a quantitative manner
is difficult for intermixed donor-acceptor blends. Here, we have used a bilayer geometry
to compare the absorption of the donor-acceptor bilayer with the sum of the two indi-
vidual layers. We observe a strong ground state bleach that we attribute to the for-
mation of ground-state charge-transfer complexes. The ground state bleach is more
intense for better conjugated chromophores. It correlates with the energy gap between
the donor HOMO and the acceptor LUMO as well as with the dissociation efficiency of
photo excitations. The systems investigated comprise the polymers MEH-PPV, PPV (poly-
(p-phenylenevinylene)), MeLPPP ( a ladder-type poly(p-phenylene)), PIF (poly-(indeno-
fluorene)), DOOPPP (Dioctyloxy-poly(p-phenylene)), and the acceptor molecules TNF
(2,4,7-trinitro-9-fluorenone), Ceo and a PDI derivative (N,N’-bis-(1-ethylpropyl)-perylene-
3,4:9,10-tetracarboxi-diimide). Given the ease of measuring the absorption of bilayers,
we suggest this may provide a convenient means for initial material screening with a
view to their suitability for solar cell applications.

2. Results
(i) The observation of a ground state bleach in MEH-PPV/TNF

In order to assess whether there might be any interaction between a donor and an
acceptor molecule in the ground state, we compare the absorption of a bilayer film
consisting of an acceptor layer on top of a donor film with the algebraic sum of the
absorption of a film of donor and a film of acceptor. For this experiment, we cover a
guadratic fused silica substrate with a 40 nm layer of donor polymer by spin-coating
from solution. We then clean half of the substrate from the polymer layer using a cotton
bud with solvent. This results in a strip of donor film. Orthogonal to the donor strip, we
then evaporate a strip of an acceptor layer of 50 nm thickness using a shadow mask. As
illustrated in figure 1, this results in four areas of the sample prepared by the same
fabrication process, that is the donor layer on its own, the acceptor layer on its own, a
bilayer with acceptor on top of the donor and an uncoated area for reference. We refer
to this arrangement where donor and acceptor are in contact at the bilayer as configura-
tion I. For comparison, we also employ a configuration Il, where we turn over the fused
silica substrate prior to the acceptor evaporation, so that the donor and acceptor are
physically separated by the quartz substrate, while still obtaining the three areas of
donor, acceptor, and their superposition. If there was no interaction between donor and
acceptor, one might expect that both configurations should yield the same absorption
spectra.
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1. quartz substrate 2. spincoat polymer 3. clean half of the substrate

4. evaporate acceptor

\n turn over substrate

Conf. | on top of the polymer  Conf. Il on the backside of the substrate

Figure 1: Scheme of the D-A-interaction experiment: In configuration | the acceptor is
evaporated on top of the polymer donor, in configuration Il on the backside of the fused
silica substrate.

As is demonstrated in figure 2 for the donor-acceptor pair of MEH-PPV and TNF, the
absorption spectra of MEH-PPV and of TNF are identical in both configurations. For the
area where donor and acceptor overlap, there is, however, a striking difference. In con-
figuration Il, where donor and acceptor are separated by the fused silica substrate, the
resulting measured absorption (dark blue line with star symbols) perfectly matches the
algebraic sum of the absorption spectra of the individual donor and acceptor layers
(light blue line with triangle symbols). When subtracting the measured spectrum from
the sum of the individual spectra, a flat line of zero intensity results (pink line with pen-
tagons). In contrast in configuration I, where the acceptor is directly deposited onto the
donor, the spectrum obtained by measuring the bilayer (dark blue line with star sym-
bols) differs from the sum of the donor and acceptor spectra (light blue line with triangle
symbols). This difference is displayed by the pink line with pentagons. Compared to the
direct superposition of the individual spectra, the bilayer shows a lack of absorption in
the spectral range characteristic for the S;¢-S, absorption of MEH-PPV, centered around
2.5 eV. At this energy, the bilayer in configuration | absorbs only about 60% of the light
compared to the superposition in configuration Il. Furthermore, the peak of the bilayer
absorption is shifted to the red by about 30 meV compared to the peak of the superposi-
tion spectrum. While the intensity of the first absorption band in MEH-PPV is reduced in
the bilayer, we find an additional absorption signal below the absorption edge of MEH-
PPV, i.e. below 2.2 eV, as well as in the ultraviolet spectral range (3.2-4.0) eV.
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Figure 2: Absorption spectra of the different film areas in the samples prepared a) in
Configuration Il and b) in Configuration I. The black line with squares and the red line
with circles show the absorption spectra measured for the areas containing only a film
of MEH-PPV or TNF, respectively. The dark blue line with stars shows the absorption
measured for the area where MEH-PPV and TNF films overlap. The algebraic sum of the
MEH-PPV film spectrum and the TNF film spectrum is shown as light blue line with
triangles. The difference between the calculated and measured superposition spectra is
shown as pink line with pentagons.

(ii) The role of the acceptor molecule

The observation of an altered bilayer absorption spectrum is not limited to the MEH-
PPV/TNF system but also occurs for other acceptors such as Cg and a perylene-diimide
derivative (PDI). Figure 3 shows the absorption spectra obtained for the combination of
the insoluble polymer poly(p-phenylene vinylene) (PPV) with Cgo. To prepare the sample,
a soluble precursor-polymer is deposited from solution and converted into an insoluble
layer of PPV by heating. In this way, we prepared a sample consisting of 41 nm of PPV
with about 30 nm of Cg on top of it in the geometry of configuration |, i.e. two stripes
orthogonal to each other, with direct contact between donor and acceptor in the bilayer
formed by the stripes’ overlapping area. Analogous to the case of MEH-PPV with TNF,
we find that the absorption of the bilayer (dark blue line with triangles) differs from the
sum of the absorption of the individual layers (light blue line with stars). The absorption
that is missing matches the absorption of PPV from about 2.5 to 3.5 eV, and it also fol-
lows the absorption of the Cg in the range from about 1.8-2.8 eV. At the peak of the
polymer absorption band, at 3.1 eV, the absorption in the bilayer is reduced by 25%
compared to the sum of the individual layers. Above 3.5 eV, absorption is not missing,
and centered around 1.6 eV, there seems to be a very small additional absorption signal.
The reduction of the S;¢S, absorption band in PPV is analogous to that in MEH-PPV,
while the reduction in acceptor absorption is a new feature. Before considering the
reduction in acceptor absorption in more detail, we draw the reader’s attention to an
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extension of this absorption experiment. Compared to MEH-PPV, PPV is characterized by
a high packing density of the polymer backbone due to the lack of side chains, a high

glass transition temperature, and concomitantly a hard surface.’®™®

We can therefore
remove the evaporated layer of Csg simply by swiping over the film with a dry cotton
bud. If we then measure the sample again (orange line with tilted triangles), we find a
spectrum that is identical to that of the individual PPV layer measured previously. From
the fact that the PPV absorption is recovered by wiping with a dry cotton bud we infer
that Cgo does not significantly diffuse into the PPV layer within the timeframe of the
experiment. This implies that the lack of absorption originates from a reversible donor-

acceptor interaction at the bilayer interface.
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Figure 3: Absorption spectra of the different film areas in the samples prepared in
Configuration |, for the combination of a 41 nm film of PPV with about 30 nm of Cg.
Lines and symbols are used analogously to figure 2. In addition, the orange line with
tilted triangles shows the absorption of the former bilayer area after the C¢ had been
mechanically removed.

We now attend to the issue of reduced acceptor absorption indicated in the measure-
ment of the PPV/Cg bilayer. The contributions of donor and acceptor absorption can be
identified more clearly when compounds are used that display well-structured absorp-
tion spectra. In figure 4a, we therefore consider the pair of MeLPPP as donor with a PDI
derivative as acceptor. The absorption spectra of the individual compounds show well-
resolved peaks. As for the previous samples, the absorption of the bilayer (dark blue line
with stars) is reduced compared to the sum of the individual layers (light blue line with
triangles). The difference spectrum (pink line with circles) can be matched by combining
the spectra of the individual layers in the form Ip;¢rerence = 0.17 * Iyerppp + 0.34 *
Ipp;. In other words, 17% of the polymer absorption are lacking as well as 34 % of the
PDI derivative absorption. This experiment shows that not only the polymer S;4S, ab-
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sorption is reduced but also the acceptor S;€Sy absorption. To probe whether this is
indeed due to an electronic interaction between donor and acceptor, we conducted a
control experiment where the MeLPPP was replaced by a 40 nm layer of the electroni-
cally inert polymer polystyrene. When polystyrene is used, the bilayer absorption spec-
trum is nearly identical to the spectrum obtained by the addition of the two individual
layers (fig. 4b).
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Figure 4: (a) Absorption spectra of a of the different film areas in the samples prepared
in Configuration | for MelLPPP and a PDI derivative, with lines and symbols used
analogous to figure 2. In addition, the dashed line shows the calculated linear
combination of the spectra measured for the MelLPPP-only and PDI derivative-only
areas. (b) The same for polystyrene and the PDI derivative.

With the aim to probe whether the observed bilayer absorption spectrum and its inten-
sity is free from measurement artefacts, we performed a number of auxiliary experi-
ments. The associated spectra are displayed in the supporting information.

(i) For a MeLPPP and PDI derivative system, we measured the absorption spectra with
and without an integrating sphere. We found no significant changes between the two,
suggesting that the influence of light scattering and reflection is negligible.

(ii) The spectra obtained are independent on the direction of the light path, i.e. whether
the light is incident first onto the donor layer or first onto the acceptor layer makes no
difference, thus excluding optical and scattering effects. This is most evident for the
MeLPPP/PDI derivative bilayer which has a well-resolved spectrum

(iii) We wondered whether the changes to the polymer absorption may be related to
annealing effects caused by thermal radiation of the evaporation source when the ac-
ceptor is evaporated. To test this hypothesis for the polymers MEH-PPV, MeLPPP and
PPV, we heated the evaporation source without acceptor material in it yet at the same
source temperature and for the same length of time used as for an acceptor evaporation
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while having the polymer film in its usual place. We found the polymer absorption to be
unaltered by this process.

We take these auxiliary experiments to confirm that the difference between the ob-
served bilayer absorption and the superposition of the individual spectra is a genuine
signature of the material system.

(iii) The relation of the missing absorption to solar cell performance

From the above mentioned experiments it appears that absorption is missing in the
bilayer as a result of some interaction at the interface between a n-conjugated donor
polymer and a m-conjugated acceptor molecule. We were wondering whether this
bleaching of the ground state absorption correlates in some way with the performance
of the donor-acceptor system in solar cells. We had previously considered exciton disso-
ciation in a series of poly(p-phenylene)-(PPP)-based polymers in combination with TNF

. . 20-21
or Cgo as acceptors in a bilayer solar cell. 0

When measuring the photocurrent as a
function of the internal field in the device, we found the photocurrent to increase with
the applied field until it saturates for a critical field strength F,; , roughly at about 100%
internal quantum yield. The value of the saturation field, where exciton dissociation into
charges is at its maximum, reduces with increasing effective conjugation length of the
PPP-type polymer. We shall now compare this to the bleaching of the ground state
absorption that we find in the associated donor-acceptor bilayers. The polymers consid-
ered are MeLPPP, which is a ladder-type PPP with a stiff backbone, a polyindenofluorene
(PIF) where three phenyl rings are bridged to form a stiff unit, and a PPP with sidechains
(DOOPPP) where each phenyl ring can rotate. The chemical structures are given in the
supporting information. As acceptor we use TNF since it has less overlap with the donor
absorption spectra than Cgo, which is beneficial for the analysis. For all three donor-
acceptor combinations, the measured absorption in the bilayer is lower than the math-
ematical superposition of the individual donor and acceptor absorption (Fig. 5 ).
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Figure 5: Absorption spectra of a of the different film areas in the samples prepared in
Configuration | for (a) MeLPPP with TNF, (b) PIF with TNF and (c) DOOPPP with TNF.
Lines and symbols are used analogously to figure 2. The thickness of the polymer film is
about 40 nm that of the TNF layer is about 57 nm.

Absorption is bleached in particular in the lower energy range of the polymer absorption
band, such that the bleach signal appears like a red-shifted absorption spectrum of the
polymer, even matching the vibrational structure. The amount of the polymer ground
state bleach, compared to the superposition of the individual donor and acceptor signal,
is summarized in Table 1 for the PPP-type polymers and MEH-PPV in combination with
TNF. Also listed are the saturation field F,,; required for maximum exciton dissociation,
the HOMO level of the polymer and the energy difference AE between the polymer
HOMO and the acceptor LUMO. For MEH-PPV and MelLPPP, about 34-40 % of the ab-
sorption is missing. In contrast, for PIF and DOOPPP, the absorption is reduced by only 8-
13 %. This amount of ground state bleaching correlates with the energy gap between
donor HOMO and acceptor LUMO which is lower for MEH-PPV and MeLPPP than for PIF
and DOOPPP. Importantly, it also parallels the critical field strength F,; needed for
complete exciton dissociation, which is an order of magnitude lower for MeLPPP than
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for PIF and DOOPPP, and concomitantly, the amount ground state bleach increases with
the effective conjugation length in the PPP-type system.

Reduction of the Polymer HOMO  AEg,, Fsat
Polymer . 4 1
ground state absorption (eV) (eV) (10°Vcm™)
MEH-PPV 40 % 5.1 1.2 -
MelLPPP 34 % -5.2 1.3 5
PIF 13 % 54 1.5 15
DOOPPP 8% -5.6 1.6 30

Table 1: The reduction of the ground state absorption observed for the polymers MEH-
PPV, MeLPPP, PIF and DOOPPP in a bilayer with TNF, along with the values of the
polymer HOMO energy, the energy difference AEg,, between the polymer HOMO and
the TNF LUMO energy (taken to be -3.9 eV) and the saturation field strength Fs,;
required for maximum exciton dissociation in a bilayer solar cell structure. Fs,; is taken
from %°, the MEHPPV and TNF energy levels from ***,

(iv) quantum chemical calculation of the absorption spectra

To assist the interpretation of the experimental data, we have calculated the absorption
spectra of an model MEH-PV trimer, of TNF and of a sandwich type model dimer where
TNF is placed above the MEH-PV trimer using time-dependent density functional theory
(TD-DFT). For this, the geometry of the trimer and of TNF were optimized first individual-
ly and then the ground state geometry of both molecules together was optimized. Dif-
ferent initial orientations of the two molecules resulted in a very similar, sandwich type
final geometry, as detailed in the experimental section. The lowest vertical transition
energies with their respective intensities were calculated, and these delta-functions
were broadened by multiplying with a Gaussian function to allow comparison with ex-
periment. Figure 6 shows the absorption spectra obtained for the model MEH-PV trimer,
the TNF and the sandwich-type model dimer (middle blue line with stars) with TNF on
top of the MEH-PV-trimer. For comparison, the sum of the calculated absorption spectra
of the TNF and the MEH-PV-Trimer is also shown (light blue line with triangles), as well
as the difference between the calculated dimer absorption and the sum of the individual
absorptions (pink line with circles). The calculations indicate a reduced absorption of the
sandwich-type dimer compared to the MEH-PV-trimer as well as a slight additional
absorption at the onset of the MEH-PV trimer absorption. In a qualitative manner, this
agrees very well with the experimental results displayed in figure 2. An analysis of the
transitions contributing to this absorption band of the donor-acceptor sandwich dimer,
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centered around 2.5 eV, indicates that it results mainly from a transition from the di-
mer’s HOMO to the dimer’s LUMO+4 orbital. Importantly, the dimer’s LUMO+4 has
some charge density on the TNF molecule, thus suggesting some resonance interaction
between the TNF and the PV-trimer to take place. The excited state analysis also indi-
cates a number of transitions with vanishing oscillator strength roughly around 2 eV.*?

In figure 6, we have summarized the HOMO and LUMO energies of the non-interacting
MEH-PV-trimer and TNF as well as the HOMO, LUMO and LUMO+4 of the sandwich-type
dimer. For reference, the values are also listed in the supporting information. In the
sandwich-type dimer, the HOMO is stabilized compared to that of the donor MEH-PV,
and the LUMO is destabilized compared to the TNF acceptor. The LUMO+4 of the dimer,
that contributes significantly to the first optically active excited state, is between the
LUMOs of the MEH-PPV and the TNF.
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Figure 6: TDDFT calculations of MEH-PPV and TNF.(a) Calculated absorption spectra of a
single MEH-PV trimer, a single TNF and a sandwich-type dimer of MEH-PV trimer with
TNF on top of it (dark blue line with stars). For comparison, the sum of the individual
spectra of MEH-PV timer and TNF is also shown (light blue line with triangles). The
difference between the sum spectrum and the calculated spectrum of the sandwich-
type dimer is shown by the pink line with pentagons. (b) Orbital plots of the sandwich-
type dimer for the HOMO and the LUMO+4.(c) Energy level diagram showing the
HOMOs and LUMOs of the MEH-PV trimer, the TNF and the sandwich-type dimer
formed between them. For the latter, the energy of the LUMO+4 is also indicated.
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4. Discussion

To summarize the results obtained on different donor-acceptor systems, we observe a
lack in the ground state absorption of donor and acceptor when the two are brought
into immediate contact such as to form a bilayer. Through various control measure-
ments, we ascertained that this is a genuine experimental feature associated with elec-
tronic interaction and not an artefact. This is further confirmed by quantum chemical
calculation on the absorption of an adjacent pair of donor and acceptor, i.e. a MEH-PV
trimer and TNF that also yield a reduced intensity of the absorption. As evident from
table 1, the lack of ground state absorption correlates with the energy difference be-
tween the donor HOMO and the acceptor LUMO, and with the electrical field strength
needed for maximum exciton dissociation. The latter is a measure for the ease of exciton
dissociation. Concurrently, lack of ground state absorption also increases with the effec-
tive conjugation length in the system of PPP-type polymers.

The energy levels obtained for the donor-acceptor system (Fig. 6) are reminiscent of
those suggested by Salzmann and coworkers for a ground state (GS) complex. They
propose such a species may form when a strong acceptor is brought in contact with a
donor with the purpose to p-dope the donor. ***” The GS complex would have a HOMO
and LUMO resulting from mixing of the polymer HOMO with the acceptor LUMO, with
both electrons for the HOMO of the GS complex being supplied from the former poly-
mer’s HOMO. In their picture, the splitting between the frontier orbitals of the GS com-
plex as well as the doping efficiency depend on the intermolecular resonance integral, (£
in a Hiickel treatment, or referred to as transfer integral t in a tight-binding treatment),
and thus on the energy difference between the donor HOMO and the acceptor LUMO.
The evidence they provide for this picture is based on photoemission spectroscopy
supported by quantum chemical calculations.

We interpret our data in similar fashion. This is, we suggest that upon depositing the
acceptor molecule onto the donor polymer, a ground state complex is formed with the
frontier orbitals having some hybrid character. The two electrons in the complex HOMO
being will result from the donor polymer, i.e. the MEH-PPV. Since the polymer chromo-
phore and the acceptor molecule no longer exist as individual entities after the for-
mation of such a complex, their lowest optical transitions no longer prevail in the same
manner. Concurrently, an absorption from the GS complex is expected. In fact, the spec-
tra of Salzmann, Méndez and coworkers shown in ref *® and in the associated supporting
information reveal both, a reduction of the S; absorption band of the donor as well as
the appearance of low energy absorption features. The latter are attributed to transi-
tions of the GS complex. The intensity of the spectral features are not analysed further
in their work. Obviously, for the purpose of making solar cells, molecules with weaker
acceptor strength are typically chosen than for the purpose of obtaining p-type doping.
For doping, an ideal acceptor will have a LUMO with the same or even with lower energy
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than the donor’s HOMO. For isoenergetic levels, resonance splitting and hybridization of
orbitals is at maximum. The finite energy difference AE,,, between donor HOMO and
acceptor LUMO that prevails in a typical donor-acceptor system employed for solar cells,

however, implies a weaker mixing. Let us, in a gedankenexperiment, tune AE,,, from

gap
zero offset to a very large limit, in a simple Hiickel-type picture. With increasing value of
AE 44, , the splitting reduces, and the hybrid orbitals of the complex acquire a weighted
character, with the donor HOMO contributing dominantly to the complex HOMO and
the acceptor LUMO prevailing in the complex LUMO. Eventually, for very large AE,,,,
the individual donor HOMO and acceptor LUMO would be retained.(Fig. 7) Let us now
consider the expected oscillator strengths. For zero AE,, (Fig. 7a), the transitions from
the complex HOMO to the complex LUMO should have reasonable oscillator strength,
since the well mixed character of these orbitals should ensure good overlap of initial and
final state wavefunctions, while the absorption from the parent donor and acceptor
molecule will be strongly quenched. This is indeed what is observed in refs ***7. With
increasing AE,,, (Fig. 7b), the low-energy transitions in the complex however acquire a
stronger charge-transfer character and a concomitantly weaker oscillator strength, so
that their detection requires sensitive techniques such as photothermal deflection spec-
troscopy. Concomitantly, the bleaching of the parent donor or acceptor absorption

should become less pronounced, until for very large AE,

gap, the independent absorption

features are retained.
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Figure 7: Schematic illustration of the effect of increasing the energy gap AEg,, between
the donor HOMO and acceptor LUMO on the hybridization and thus on the intensity of
the transitions.

This picture is supported by the experimental data. From table 1, the correlation be-
tween AE;,, and the bleaching of the absorption is evident. Within the PPP series,
AEqp reduces with the S; energy of the polymer due to the concomitant destabilization
of the polymer HOMO, so that the amount of ground state bleach also concurs with the
of S; energy and, implicitly, the effective conjugation length. The reduced extinction of
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the donor interacting with the acceptor was also observed in the TDDFT calculations,
reproducing the experimental data qualitatively. Quantitatively, the amount for ground
state bleach found in the calculation for the MEH-PV trimer/TNF system, i.e. 18 %, is low
compared to the value of 34 % measured experimentally for the bilayer formed with
MEH-PPV and TNF. We consider that a number of factors contribute to this difference.
Most importantly, the calculations have been carried out for a MEH-PV trimer. In the
MEH-PPV polymer, however, the effective conjugation length for the ground state ge-
ometry has been found in the range of 6 repeat units for the disordered phase, and
about twice as long for the planar phase. This larger effective conjugation length with
concomitant lower AE,,, implies a stronger ground state bleach. Multiple interactions,
such as clustering of GS complexes proposed by Parashchuk and coworkers, ** subse-
quent planarization of the donor after complex formation, the complex formation of one
TNF molecule with two or more MEH-PPV chromophores as proposed by Bruevich et
al,”?* or alternatively, of one donor chromophore with several acceptor molecules®,
are not taken into account. While more extensive computations would be required for a
detailed quantitative analysis, the simple initial model calculations employed here are
sufficient to qualitatively account for the key features observed experimentally, i.e. the
appearance of missing ground state absorption.

The interpretation of the data in the picture of an interfacial ground state complex can
also elucidate why the amount of missing ground state absorption concurs with the ease
of exciton dissociation, as evident in table 1. Consider an initial arrangement of chromo-
phores in the order donor, donor, acceptor, acceptor, that results in a three-component
system of donor, complex, acceptor. As illustrated in figure 8, light absorption by either
donor, acceptor or complex, followed by exothermic electron transfer will eventually
result in a configuration with an electron missing from the donor and being added to the
acceptor, with the two opposite, coulomb-bound charges being separated by the com-
plex. The energy levels of the complex form a barrier to geminate recombination in a

way, similar to a small insulating tunnelling barrier®*?’

or a cascading energy level tri-
layer system?®, thus enhancing the probability for the charges to escape from their
mutual coulomb potential. The height of the barrier to recombination scales with reduc-
ing AE 4y, and thus with the amount of missing absorption. In earlier work,?*?! we have
observed that the saturation field strength for complete exciton dissociation, Fg,;, de-
creases with increasing conjugation within the PPP series. On the basis of numerical
modelling, this was attributed to an increase in kinetic energy of the hole, parameterized
through an effective mass, and to the formation of an interfacial electrostatic potential
that assists the dissociation process. It is gratifying that the formation of a GS complex
proposed here is consistent with the notion of a repulsive interfacial electrostatic poten-
tial preventing geminate recombination.
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Figure 8: Schematic illustration of the effect of interfacial hybridization on the interfacial
energies. (a) formation of a ground state complex at the interface (b) excitation of the
donor or the complex (DA) and subsequent electron transfer (c) the resulting interfacial
geminate pair, spatially separated by the complex (DA).

The observation that a ground state complex may form in donor-acceptor system is well
established in the field. The pioneering work of the researchers around Dimitry Para-
schuk and Olga Paraschuk on the MEH-PPV/TNF system ascertained the formation of a

GS complex by Raman spectroscoy. ** *°

Using crystallography and modelling, they
showed that upon complex formation the MEH-PPV chromophore planarizes and be-
comes more ordered. GS complexes have further been demonstrated by the observation
of weak sub-gap absorption using photothermal deflection spectroscopy (PDS), for
example for the PPV-derivative MDMO-PPV, the thiophene-derivative P3HT or the co-
polymer TFMO (poly[9,9-dioctylfluorene-co-N-(4-methoxyphenyl)diphenylamine] with
the fullerene PCBM. ** ** 3% while it is well possible to detect the weak low-energy ab-
sorption of the GS complexes, PDS is a sophisticated technique that is not routinely
available for material screening. Our approach of investigating the existence of a GS
complex by focussing on the reduction of the donor and acceptor absorption in a bilayer,
in contrast, requires merely a commercial ultraviolet-visible spectrometer, which is a
common resource in many laboratories. Due to the observed connection between the
amount of ground state bleach and ease of exciton dissociation, this approach may lend
itself to screen material combinations for their potential in solar cell applications.
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Experimental and theoretical methods

MEH-PPV and Cgp (99.9% purity) were bought from American Dye Source Inc, polysty-
rene from Sigma Aldrich. MeLPPP, PIF and DOOPPP were synthesized by the group of U.

Scherf as described elsewhere 3133

The precursor PPV was synthesized in Bayreuth using
the method described in **. The PPV-precursor was converted to PPV by heating for one
hour at 165°C. TNF was also synthesized in Bayreuth following the method of Woofolk
and Orchin.®® The PDI derivative was synthesized by the group of K. Miillen as described
as compound PDI-2 in Ref. .

The samples have been prepared by covering a quadratic fused silica substrate with an
about 40 nm polymer donor layer by spin coating from solutions in chlorobenzene at
concentrations of 4-10 mgml™ and at an angular speed of 1000-4000 rpm. The polymer
layer is then conscientiously removed from half of the substrate with a cotton bud pre-
viously dipped into the solvent. In configuration |, a stripe of acceptor layer is then
thermally evaporated through a shadow mask orthogonal onto the polymer layer. In
configuration Il, the acceptor layer is evaporated in the same geometry yet the substrate
is turned over prior to the evaporation, so that polymer and acceptor are separated by
the fused silica layer. This results in three different areas: a polymer-only layer, an ac-
ceptor-only layer and an area with a superposition of the donor and the acceptor layer.
The absorption was recorded using a Cary 5000 (Varian) ultraviolet-visibile (UV-
vis)spectrometer. The film thicknesses were measured by a Dektak profilometer.

For the DFT and TDDFT calculations, a MEH-PV-trimer was used as model system for the
MEH-PPV polymer. The geometry of the MEH-PV trimer and the TNF were first opti-
I and the tur-
bomole program suite.®® Then the geometry of both molecules together was optimized

mized separately using the PBEO hybrid exchange-correlation functiona

with PBEO starting from different initial spatial separations and relative orientations of
the two molecules. Different relaxations lead to very similar end geometries. As ex-
pected for molecules with conjugated m-systems, the configuration in which the two
molecular planes are parallel to each other is consistently found as the ground state,
lowest energy configuration. The thus obtained gas-phase configuration cannot be ex-
pected to be identical to the molecular situation in layered films, but it serves as a rea-
sonable starting point for the exploratory calculations that we aim at in this work.

The ground state configurations of each individual molecule and the combined D-A
system served as input to linear-response TDDFT calculations with the exchange-
correlation functional PBEO. The spectra are produced within the range of 0 to approxi-
mately 4 eV ranging from the lowest to the highest excitation. The lowest 20 excitations
were calculated for the donor MEHPPV and the lowest 10 for the acceptor TNF, as these
numbers of excited states are sufficient to cover the spectral range of interest. The 30
lowest excitations were determined for the D-A-system. These 30 excitations cover the
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spectral range of interest, i.e. up to approximately 3.5 eV. In order to ensure that the
optically active excitation in the DA system is not underestimated due to TDDFT's well

know charge transfer problem 39

we repeated the TDDFT calculation for the donor-
acceptor system with a hybrid functional with an increased amount of exact exchange.
This influenced several of the optically dark, low lying excitations noticeably, but
changed the energy of the optically active excitation only very little. This finding is in line
with the observation that this excitation has only a weak charge-transfer character. Both
ground- and excited state calculations used the TZVP basis set. For ease of comparison
calculated excitation peaks in the TDDFT spectra were broadened via a Gaussian func-

tion with width chosen such that it roughly matches the experimental width.
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Figure S1: Absorption spectra of a single polystyrene layer (40 nm) and an evaporated
PDI derivative (56 nm), as well as the bilayer of both, measured in the geometry of
Figure 1 Configuration |, as presented in the main article. The mathematical
superposition of the single layers is within vanishing small deviations of maximum 1.7%
similar to the absorption of the bilayer.
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HOMO LUMO LUMO+4

MEH-PV
TNF

MEH-PV + TNF

-5.0
-8.5
-5.2

-2.0
-4.2
-3.8

-2.3

Table S1: The HOMO and LUMO energies calculated for the MEH-PV trimer, the TNF and
the sandwich dimer comprising both. For the latter, the LUMO+4 energy is also given.

Wavelength (nm)

700 600

0.5

0-4:‘ * 1+2 measured

1+2 calculated

0.3

Absorption (OD)

02|
01F

0.0 ==

500

400

[ o

[ o

010

[ ——| sphere
measure-,/

1MelPPP

2PDI

calc. - meas.
integrating /

ment

25

Energy (eV)

Absorption (OD)

0.5

04 F

0.3

0.2

01f

0.0

Wavelength (nm)
700 600 500 400
E o 1MeLPPP
[ o 2PDI

[ % 1+2 measured
[ 1+2 calculated
[ o calc.-meas.
measured /&
[—— | from 7
[—— fthe

20 25 3.0 35
Energy (eV)

Figure S2: Absorption spectra (small symbols) of a single MeLPPP layer (41 nm) and an
evaporated PDI derivative (42 nm), as well as the bilayer of both, measured in the
geometry of Figure 1 Configuration |, as presented in the main article . a) The lines
indicate the absorption of the similar films measured in an integrating sphere to check
for the effects of scattering and reflection. b) The lines indicate the absorption the
similar films when the samples are measured from the backside of the substrate to
check whether the spectra are independent on the direction of the light path.

In both auxiliary experiments we found no significant changes, thus excluding optical

and scattering effects.
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Figure S3: Absorption spectra of thin films of MeLPPP, MEH-PPV and PPV in the pristine
form (small symbols) and after the heat treatment of the thermal radiation within an
evaporation process (lines).

We found the polymer absorption to be unaltered by this process.
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