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1 Summary

Organic photovoltaics (OPV) has been established as a potential regenerative energy
conversion method ovehe last yeardn contrast to the omnipreseintoften silicon based
inorganic photovoltaics, OPV consists of carbon based molecules or polymers. Likewise,
these are able to absorb light followed by charge carrier generation. The advantages of OPV
arisedirectly from its material propertie$ior instancethey exhibit absorption coefficients
several orders of magnitudes higher than that of silicon. Consequéeetlghotoactive layer

can be fabricated much thinner and even on flexible substrates. Tdheysarsuitable for
stretchable and bendable applications. The fabrication is often carried out from solution and is
suitable for many large area coating methods. However, OPV commercialization is still at the
beginning, which is due to the moderate poaanversion efficiency and the low lifetime. In
addition, some of the materials are highly energy demanding in production and hence
expensive. Foinstance, the fullerene basedepytCsi-butyric acid methyl ester (PCBM)a

widely used efficient electroncaeptor in the photoactive layer and indium tin oxide (ITO),
which serves as a transparent conducting electrode (TCE) are both together responsible for
more than 60% of the energy requirement of the overall solar cell. The search for alternative
materialss therefore crucial for the competitiveness of OPV.

The dissertation contributes to that aspect and deals with alternative material concepts to
replace both, PCBM and ITO. The thesis consists therefore of two parts: In tloedrsto
perylene bisimide (PBIs) as potential electron acceptors are investigated in the blend with
three different donor polymers. The focus lies on the morphology formation between the two
components and the charge carrier recombination dynamics as well as their photovoltaic
performance in order to understand the potential of PBIs. In the second part of this thesis, a
novel transparent metal network electrode was developed, characterized and successfully
integrated into OPV. This electrode is highly transparent and exhibits gtmtrical
conductance. In contrast to ITO, the metal network electrode is not only suitable for front, but
also for back electrode and hence enables the fabrication efréEGsemitransparent solar

cells. In the following the major findings on these twpics are summarized.



PBI is a potential electron acceptor, since it fulfills basic requirements such as suitable energy
levels and high electron mobility. It also exhibits excellent light absorption, whereas the
synthesis and purification is easiemgoared to PCBM and it is also suitable for large scale
production. Moreover, it is easy to chemically modify PBIs, which enables precise tuning of
energetic and photophysical properties. The solubility of the usually poorly soluble PBI core
can be enhanceda solubilizing substitueniswhereas they influence also the miscibility
between PBI and the donor polymer. The aim of this thesis is to examine the correlation
between solubilizingubstituentsand miscibility with donor polymers. Therefotevo PBIs

were selected eithavith nonpolar alkyl or polar oligoethylene glycole (OEsaipstituentand

were investigated in blend systems with three different donor polymers. The corresponding
solar cells showedifferences in current densityvoltage (-V) characgristics depending on

the chain used in PBI. The investigation of the morphology was carried out using atomic force
microscopy (AFM). A higher degree of intermixing between donor and acceptor was found
when bothcomponents carry alkyhains, whereas a liigr degree of phase separation was
found for the donor polymer having alkyl side chains and the PBI having an OEG chain.
However, this finding could not be correlated with the obtaid&d characteristics. This
discrepancy wakully resolvedby using tranent absorption spectroscopy (TAS). Via TAS it

is possible to determine the remaining density of charge carriers on nanosecond to
microsecond timecale after photxcitation as well as their recombination dynamics. In the
course of this thesis, a sens#tifAS-setup covering the time range from several nanoseconds
up to milliseconds was installed. Prior to the TAS experimantthods to measure the
radical cation and anion spectra of the donor and acceptor via spectroelectroghanaist
chemical oxidatia were worked out. These radical ion spectra were then used to analyze the
TAS spectra. Finallycombining TAS and AFM, it was shown that the alkyl/OEG interaction
usually leads to higher phase separation and a higher charge carrier density insidedthe blen
Here the charge carriers are ldhged compared to blend systems having a high degree of
intermixing due to the favorable alkyl/alkyl interaction. However, when the degree of phase
separation is too high, the charge carrier density is extremely redlicidis becauséhe
exciton is no more abl® reach the doneacceptor interface within its diffusion length for
charge carrier generation. Thermal annealing was proved to be a suitable method to induce
phase separation in a highly intermixed alkyl/alkiend system. Consequently, a reduced
recombination dynamics and hence more {bwed charge carrierwereobserved.
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In the secongbartof this thesis a novel metal network as a TCE in OPV was developed. The
fabrication is based on a colloidal polynaspersion, which forms cracks during drying. This
cracked polymer layer served as a template and was afterwards metalized. Finally, the
polymer template was lifted off, whereas a fine structured metal network remained. This
metal network is highly trangpent and exhibits at the same time good electrical conductance

T two basic requirements for a TCE. In the first step the metal network was fabricated on
glass substrate and characterized with regard to optical transmittance and sheet resistance.
Both paraneters depend on the lateral feature sizes as well as the height of the metal network.
An increase in optical transmittance led to an increase in sheet resistance and hence an
optimal compromise between both was realized. Using scanning electron micr{SEdp)y

we found that the typical thickness of 45 rmmc oxide (ZnO) layer was not sufficient
anymore to cover the metal network completely leading to electrical shorts in the respective
devices. A subsequent optimization led to a Za§er thickness of 183 nm. Using that
thickness allowed us to fabricate devices, which were comparable to theef@®nce
devices.

The successful integration of the transparent metal network in OPV motivated us to consider
the metal network not only as a replacement for BtG@he front side, but also as a potential
back electrode. For that the metal network had to be fabricated on top pblytig,4-
ethylenedioxythiophene) polystyrene sulfoné@EDOT:PS$ coated photoactive layelThe
implementation of the idea posed twaegtions: 1. Will the cracking process on PEDOT:PSS

be similar to that on glass substrate? 2. How can the lift off process of the polymer template
be realized without destroying the underlying soluble layers? In the investigations, no
significant differenes in the cracking process on the PEDOT:PSS were observed.
Additionally, the haze, a property describing the optical scattering, was determined. A low
haze is especially interesting for applications as semitransparent solar cell. The haze of the
transparenmetal network electrode could be decreased to 5%. Afterwardsathgparent

metal network was fabricated on top of the complete solar cell device. The challenge was to
lift off the polymer template after metallization without damaging the underneaginslay
Thereby we found that the polymer template could be easily dissolved by ethyl acetate under
ultra-sonication, while keeping the underlying layers intact. Thus we were able to integrate
the transparenimetal network successfully as front and as baekteddein OPV which
consequently leads to I'Fdee semitransparent solar cell devicsggh good photovoltaic
performance. Thdransparenimetal network represents therefore a realistic alternative to

current TCEs, especially to ITO, and is moreover sléthdy large area production.



Zusammenfassung

Die organische Photovoltaik (OPV) hat sich in den letzten Jahren zu einer ernstzunehmenden
regenerativen Energiequelle etabliert. Im Gegensatz zur allgegenwartigen oft auf Silizium
basierten anorganischen Powvltaik, besteht sie im Kern aus kohlenstoffbasierten
Molekilen oder Polymeren. Diese sind ebenso in der Lage, Licht zu absorbieren und
elektrische Ladungen zu generieren. Dabei ergeben sich die Vorteile der OPV unmittelbar aus
den Eigenschaften der vemdeten Materialien: So besitzen dieseinen um
GroRRenordnungen hoheren Absorptionskoeffizient als Silizium und dementsprechend kann
die photoaktive Schicht sehr dinn und sogaifr flexiblen Substratergestaltet werden. Die
Herstellung erfolgt zudem oft aukdsung und ist geeignet fir viele grol3flachige
Beschichtungsverfahren. Dennoch steht die OPV noch am Beginn ihrer kommerziellen
Verwendung, was zum einemamoderaten Wirkungsgrathdan demiedrigenLebensdauer

liegt, zum anderen aber auch an Matesigldie ihrer Herstellung noch energieintensiv und
damit zu teuer sind. Die zwei energieintensivsten Materialien sind das Fellessrerte
[6,6]-PhenyiCs1-Buttersauremethylest€PCBM) 1 ein weitverbreiteter Elektronenakzeptor

in der photoaktiven Schicht und Indium Zinn Oxid (ITO), welches als transparente
leitfahige ElektrodgTCE) fungiert. BeideKomponentermachen in ihrer Herstellung tber

60% des Energiebedarfsiner kompletten organischen Solarzelle aus. Die Suche nach
alternativen Materialien istaher von entscheidender Bedeutung fir die Konkurrenzfahigkeit
der OPV.

Diese Dissertationleistet dazu einen Bétrag und beschéftigt sichmit alternativen
Materialkonzepten um PCBM und ITO zu ersetzen. Sie besteht daher aus zwei [feilen
ersten Teil watten zunachst zwei Perylene Bisimide (PBI)@dtentielleElektronakzeptan

in Verbindung mit drei verschiedenen Donorpolymeren untersucht. Hier liegt der Fokus auf
der Ausbildung der Morphologie zwischen beiden Komponenten und deren Einfluss auf die
Rekambinationsdynamik der Ladungstrager sowie der Solarzellencharakteuistikdas
Potential der PBIs zu verstehetm zweiten Teil der Arbeit wurde eine neuartige
Metallnetzwerkelektrode entwickelt, charakterisiert und erfolgreich in die OPV integriert.
Diese Elektrode ist hoch transparent und gut elektrisch leitfahig. Sie karwengleich zu

ITO zudem auf Vorderund Rickseite der Solarzelle zum Einsatz kommen und ermdoglichte

dadurch die Herstellungpn ITO-freien semitransparenten Solarzelle
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Im Folgende werden die wichtigsten Erkenntnisse dieser zwei Themenkomplexe kurz

vorgestellt.

PBI ist ein potentieller Elektronenakzeptor, weil er nicht nur Gber Grundvoraussetzungen wie
geeignete energetische Lagen und hohe Elektronenmobilitat verfiigt, sondemn einge
hervorragende Lichtabsorption zeighulR3erdem ist dieSynthese und Aufreinigungm
Vergleich zu PCBM einfaar und in grol3en MalRstab umsetzb@res Weitererkann man

PBIs leicht chemisch modifizieren und so die energetischen und photophysikalischen
Eigenschaften genau anpassen. Die Loslichkeit des sonst wenig loslichen PBI Kerns lasst sich
durch l6slichkeitsvermittelnden Substituentesrth6hen, wobei diese dann auch auf die
Mischbarkeit des PBIs mit dem Donorpolymer Einfluss nimmt. Das Ziel der gerlden
Arbeit ist es, diesen Zusammenhang zwischen loslichkeitsvermittelS8déstituenterund
Mischbarkeit mit dem Donorpolymer néher zu beleuchten. Dazu wurden zwei PBjs mit
einem unpolaren Alkyloder polarerOligoethylenglycol (OEG) Substituergn gewéhlt und

im Blend mit drei verschiedenen Donorpolymeren untersucht. Die entsprechenden Solarzellen
zeigten unterschiedliche Stre&pannungs (J-V) Kennlinien in Abhé&ngigkeit der
verwendetenSubstituentenam PBI. Die Untersuchung der Morphologie erfolgtsttels
Rasterkraftmikroskopi€AFM). Es zeigte sich eine héhere Vermischung zwischen Donor und
Akzeptor, wen beide Komponenten Alkyétten trugen, wohingegen eine hdhere
Phasenseparation im Fall von Alkylseitenketten am Donorpolymer und einelK@f&an

PBI. Jedoch korrelierte dieser Befunicht mit dem Verhalten ded-V-Kennlinien. Diese
Diskrepanz konnte mitransienter Absorptionsspektroskopie (TAS) vollstandig aufgeklart
werden. Mittels TAS kann man sowohl die verbleibende Dichte der Ladungstrager
Photoanregung bestimmen, als auch deren Rekombinationsdynamik. Innerhalb dieser Arbeit
wurde dazu ein sensitiver TASufbau in Betrieb genommen, der den Zeitbereich von einigen
Nanosekunden bis zu Millisekunden abdeckt. In Vorbereitung zur TAS Messurdgen
zudem Mdoglichkeiten zur Mesag von Radikalspektren der Kationemd Anionen von
Donor und Akzeptor mittels Spektroelesthemie und chemischer Oxidation erarbeitet.
Diese Radikalionenspektren wurden dann zur Auswertung der TAS Spektren herangezoge
AbschlieRend konnte durch die TAS in Verbindung mit AFM ggzeverden, dass eine
Alkyl/OEG Wechselwirkung zwischen Polymer und PBlaunerbessererPhasenseparation

und auch zu einer erhdhten Ladungstragerdichte im Bidntl Die Ladungstrager singabei
stabiler und langlebiger im Vergleich zu den Blendsystemen mit hoher Vermischung aufgrund
von der bevorzugten Alkyl/Alkyl Wechselwirkung. Es konnte aber auch gezeigt werden, dass

ein zu hoher Grad an Phasenseparation die Ladungstragerdichte extiegeste da hier die



Exzitonen nicht mehr die Dondtkzeptorgrenzflache innerhalb ihrer Diffusionsléange
erreichen. Aul3erdem erwies sich das Tempern eines hoch vermischten Alkyl/Alkyl
Blendsystems alsgpentielle Methode um Phasensegi®mn zu induzierenfolglich konnten

in diesem Blend mittels TAS eine verlangsamte Rekombinationsdynamik und damit stabilere

Ladungstrager beobachtet werden.

Im zweiten Themenkomplex der Dissertatimrde ein neuartiges Metallnetzwerk fur die
Verwendung als TCE in OPV entkelt. Die Herstellung beruht auf einer kolloidalen
Polymerdispersion, die beim Trocknen auf einem Substrat feinste Risse ausbildet. Dieser
rissige Polymerfilm dient als Template und wird anschlieBend metallisiert. Zuletzt wird das
Polymertemplate mit eime Losungsmittel abgelést und dbrig bleibt ein feines
Metallnetzwerk. Dieses ist hoch transparentl besitzt gleichzeitig eine he elektrische
Leitfahigkeit i zwei Grundvoraussetzungen fir die TCEna ersten Schritt wurde das
Metallnetzwerk auf einem Gladgersubstrat hergestellt und in Hinblick auf optische
Transmission und Flachenwiederstandarakterisiert. Beide Parameter hangen von der
lateralen StrukturgréRe und der Hohe des Metallnetzwerkes ab. Eine Erh6hung der optischen
Transparenz fuhrte zu eineErhdhung des Flachenwiederstandes und ein optimaler
Kompromiss zwischerbeiden konnte realisiert werden. Es zeigte sich allerdings mittels
RasterelektronenmikroskdEM), dass die Ubliche Schichtdicken 45 nm Zinkoxid (ZnO)

nicht ausreichte um die Nmterk vollstandig zu Uberdeckewasin den entsprechenden
Solarzellen zu lektrischen Kurzschlissen flhiine anschlieRende Optimierung ergab eine
Schichtdicke von 135 nm ZnO. Unter Verwendung dieser Schichtdicke konnten Solarzellen
hergestellt werderdie in ihrer OPVPerformance vergleichbar mit der entsprechenden ITO

Referenzsolarzelle waren.

Der die erfolgreiche Integration der Metallnetzwerkelektrode in die OPV ermutigte uns diese
nun nicht nur als Ersatz zur ITO Elektrode zu sehen, sondern audie fiiegeniberliegende
Ruckelektrodezu verwenden. Dazu musste die Metallnetzwerkelektandieler mitPoly(3,4
ethylendioxythiophen)polystyrolsulfongPEDOT:PSS) Uberzogengphotoaktiven Schicht
hergestellt werden. Die Umsetzung dieser Idee warf zwagefr auf: 1. Verhalt sich die
Rissbildung auf PEDOT:PSS &hnlich wie der auf dem Glassubstrat? 2. Wie kann ein Ablésen
des Polymertemplates erfolgen, ohne die darunter I6slichen Schichten zu zerstéren? In der
folgenden Untersuchung zeigten sich jedoch kemu®en Unterschieden in der Rissbildung

auf PEDOT:PSS. Zudem wurde der Haze bestimneine Eigenschaft, die das optische
Streuverhalten beschreibt. Ein niedriger Haze ist insbesondere fiur Anwendungen als
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semitransparente Solarzelle interessant. Der ldazdransparenten Netzwerkelektroden war
Uberraschend gering und lag bei 5%. AnschlieRend wurde die transparente Netzwerkelektrode
auf einer kompletten Solarzelle hergestellt. Die Herausforderung bestand darin, das
Polymertemplate nach der Metallisierungeder abzulésen ohne die darunterliegenden
Schichten zu zerstoren. Das Abldsen in Ethylacetat in Verbindung mit Ultraschall stellte sich
dafir als erfolgreiche Methode heraus. SchlieRlich war es uns mdglich das transparente
Metallnetzwerk sowohl als unterals auch als obere Elektrode erfolgreich in OPV zu
integrieren, was unmittelbar zu einer If@ien semitransparenten Solarzelle mit guter
Performance fuhrt. Das transparente Metallnetzwerk stellt daher eine echte Alternative zu
bisherigen TCEs dar, allaroran zu ITO, und ist dariber hinaus leicht auf eine grol3flachige
Produktion tbertragbar.
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2 Introduction

2.1 Organic solar cells i a motivation

At the EXPO 2015 in Milan, ltaly, the German paviliéh(Figure 1)made the great progress

of the last years imrganic photovoltaic§OPV) visible by showing how versatile this new
technology for buildingntegration can h&® With properties such as flexibility, lightweight
and semitransparenc®PV canenter new markets and applications, where their siliesed
counterpartscannot This is due to the properties of material used for orgsolar cells.
Organic materials exhibit much highenolar absorption coefficients than inorganic
material&! and hence a very thin photoactive layetiarange of 100 t®00 nm is sufficient

for proper light absorption. Furthermore, they are not brittle like inorganic materials, which
make them intergéimg for flexible applicationsA roll to roll production enables cheap and
fast productionon flexible polymer substraten large scal€’ In addition the color of the
photoactive layer can be easily tuned by careful selection of the photoactive materials. This is
especially interesting for semitransparsalar cellsfor building integrated photovoltaics and

automotiveapplicationst¥

Figure 1. Photographs of the German pavilion at the EXPO 2015 in Milan (Italy) taken from multiple

perspectives to highlight the potential of flexible semitransparent OPV in architééture.
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It is a fact, that OPV still needs to be iraped in terms opower conversioefficiency(PCE)

and longterm stability, howevera number ofnew companies try to enter niche markets at
this early state of commercialization. Darling and You describe scenarios for the next 10 years
and longeregardirg the OPV market and emphasize, that up to date with respect to energy
payback time, global warming potential and the abundance of elements only silicon and
organic photovoltaics are suitable for large grewer plants in terawatt scdtt The energy
payback time isa key factor for the economic evaluation of OPV and depends dAGEsn

the one hand and the energquirementfor production on the other hand. It is therefore
important to keep an eye on the energy demand to enable OPV commercializationhei
markets, e.g. for mobile applications, even if BF@Eand lifetime is limitedln Figure 2the
energy demand of typical polymer bulk heterojunction solar cetisven. It is obviousthat

both phenytCs1-butyric acid methykestes (PCBM)i a common electron acceptdras well

as indium tin oxide (ITO) as transparent electroderesponsible fomore thar60 % of the

whole solar cell energy demaliiHence, search for alternative materials to PCBM and ITO

is required This thesis therefore deats the one handvith perylene bisimidegPBIs) as
potential alternative to PCBMnNd on the other handith developing and studying novel

metal network as transparent conducting electesdeeplacement famrO.

Electron + Hole BL Donor, 0.90%
0.10%

Donor, 0.50%

Solvent, 1.40%

Sol. Processing, \
150%

Annealing, 2.30%

Solvent, 2.30%

Sol. Processing,/

2.40%

Encapsulation,

Annealing, 6.40% 6.70%

Contacts (Silver +
Printing), 8.40%

Encapsulation,
7.30%

Contacts (Silver+
Printing), 9.20%

P3HT:PC;,BM PBDTTT:PC,,BM

Figure 2. Proportion of each component the cumulative energy requirement for fabrication of two common
solution processed polymer solar cells P3HT¢BBA and PBDTTT:P&BM (reproduced from [6]).

In the following sections of this chapter a brief insight into function, fundamental processes
andmeasurement of OPV is given. Special attention is paid in section 1.5 to PBI as a potential
alternative electron acceptor for PCBM and Hir€e transparerglectrodes.
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2.2 Device architecture and function of solar cells

During the last decades of OPV resda organic solar ceall underwent an intensive
development including different architectures, material compositions and device concepts.
Simultaneously a better understanding of fundamental processes in organic semiconductors in
generalalso evolved. In oganic semiconductors %pybridized carbons are connected via
alternating single and double bonds, whereas tloghjital is perpendicular to the %splane of

each carbon. According to the linear combination of atomic orbitals (LCAQO) a combination of
twopatom orbitals | eads to a mblecmatarbitajy The and
b o n d i nmolgcularorbital is also ca#td the highest occupied molecutznbital (HOMO)

filled by the two p, electrons, whereas the antibonding® mo | agbital is amptyand
therefore also called the lowest unoccupied molecular orbital (LUMO). Depending on the

number( o f par t tbondsp at it rhg ‘c-gystgnuagsattoeHODMOs (HOMO,
HOMO-1, HOMO-2, é , HOMOQ as well as a set of LUMOs (LUMO, LUMO+1,

LUMO+2 , é, l- &) N6Gormed. The energetic difference between the HOMO band

and the LUMO band is called tliendamentabap andt decreases with increasiigl”? The

energetic level of the HOMO and LUMO and so thmdamentalgap can be tuned
furthernror e by i ntegr at i n egonjhgatedesystem.tToenHOMOIN® o t he
gap is typically in the r ystgmtoabsorblighttimthe3 eV
visible spectrunto transferone electron from the HOMO to energetic higher lying LUMO

while leaving a hole in the HOMO.u8h an electroimole pair, secalled singet exciton, is

strongly boundria the columbic force resulting in a high exciton binding energy. The exciton
binding energy is much higher than in inorganic semiconductors due towker effective

dielectric constant of 2 to 4 in organic semiconductdoh® question arisefiow to overcome

the exciton binding energy in order to split the exciton into free charges. The very first
organic solar cells in the late 70s consist of onig @rganic semiconductor sandwiched
between two metal electrodes with different work functi®nat the contact between the

organic semiconductor and the metalhottky barrier is formed where the electric field is

strong enough to split the excitomto free charges. However, only a very small fraction of
excitons reach the metal contact due to limited exciton diffusion length, whereas tinigymaj

of the excitons recombirf®. A new concept to split the exciton more efficiently was
introduced by Tanegt al.in 1986. He combined atype with a Atype organic semiconductor

to form a bilayer which was sandwiched between the respective elecifbddse ptype

material, also called electron donor, exhibits energetic higher lying HOMO and LUMO levels
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compared to the 4tiype material or the scalled electron acceptor. In Figure 2a, the HOMO
and LUMO levels of the donor and the acceptor are shown with respect to the vacuum level.
The energetic value of the HOMO levels correspond than to the (verticatiom potential

(IP) and the energetic value of the LUMO levels to the electron affi&i#y, (respectively.
Experimental accessible are both values via ultraviolet photoelectron spectroscopy (UPS) for
IP and inverse photoemission spectroscopy (IPESErThe differencéetweenP andEA
represents the HOMQUMO band gap, also called the transport aghs? For simplicity

we consider in the following the exciton to be generated only in the donor material. However,
exciton generation takes place ioth donor and acceptor. Absorption of a photon in the
donor leads to a donor exciton while the lowest optical transition is defined as optical gap
Eopt. ExperimentalEop: is estimated from the thifilm UV / Vis absorption onsét! In
excitonic materia such as used here for donor and acceptor, the optical gap isitower
energy than the transport gap The difference between both is defined as exciton binding
energyE’ex In order to overcom&®ex and to split the exciton into free charges theiterc

has to reaclthe donor acceptor interface. Théakes place one electron transfer from the

excited donor (donor exciton) to the acceptor LUMO.

a L Y acuum leve b
) v fevel )f Cathode

Acceptor

b
E exc

=
8l . AEc. Anode
[ ] x.
g uf; LUMO
w Ecs= IP-EA 2 aVoc  C)
Cathode
ROl R SR
HOMO
Donor Acceptor Anode

Figure 3. a) Principle of photoharge generation in donor / acceptor organic solar cells based on ¢heigy
levels considering photoexcitation in the domaeaterial’® 4 and simplified architecture of b) bilayer and c)

bulk heterojunction solar cell.

A charge transfer exciton or a charge transfer state, which may appear as an intermediate
between thelonor exciton and the free charges will be discussed in sdcB8omhe available

driving force for charge separation with respect to the exciton is given by the energy



Introduction 13

differenceqp ks andis derivedfrom the energy of the separated charesand the gptical
gap Eopt according to Eql, wherea€csis calculated fromonization potentiabf the donor
(IPp) andelectron affinityof the acceptofEAs) (Eq. 2).

Yo O © 1)
0O 00 06 (2)
YO 00 086 O (3)
YO © (4)

Roughly spoken, for a successful splitting of the exciton into free charges at the donor
acceptor interface, the driving forcgkcs has to be greater than the exciton binding energy
EPexc (EQ. 4) This is necessary but might be not sufficient. From Eq. 3 it is clearly seen, that
the success of light induced charge generation depend not only on the opti€g: bapalso

on the HOMGLUMO transport levels of both the donor and the acceptor inrgemgven by

the IP and EA respectively*!! After charge separation the free charges will be transported
towards the electrodes for charge extraction, whereas holes are transported via the donor
HOMO transport levels and electrons are transported viadbteptor LUMO transport levels.

In Figure 2athe exciton diffusion length of 10 nimdepicted to emphasize that only excitons
generated within thigxciton diffusion length are able to reach the donor acceptor interface
for charge generation. Howeveaqr fsufficient light absorption photoactive layers of at least
100 nm are required. Coming back to Tangs bilayer type solar cell (Figure 2b) it is now clear,
that only a small fraction of excitons contribute to the photocurrent when the photoactive
layer ismuch thicker than the exciton diffusion length, whereas the majority recombines e.g.
eitherradiativelyvia photoluminescencer via thermal relaxatianThis is one reason for the

poor photocurrent iffangs solar cell resulting irelatively poor efficieny of 1 %1% On the

other handit should be noted, that once the free charge carriers are generated, they likely
migrate tlough the pure donor and acceptor phasg bilayer deviceowards the electrode

rather than recombindhe concept of bilayeiis today therefore mainly applied succes$isfu

for vacuum processed organic solar cells using small molecules, where the photoactive layer
can be fabricated in the range sdmenanometers and multi junctiostructures can be
precisely createdFor solution processed organic solar cells the bilayer tgpesually not
practicable, since the thicknesses of tens abneeters are hard to controldditionally, the
required orthogonal solvent for fabrication e.g. the donor layer on top of the acceptor layer

limits the variety of suitable photoactive materials. In 1992 Heegat presented a new
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concept by fabricating the photoactive layer from a solvent containing thetrdonor and
acceptor materiéf! which wasthenrealized in an orgsc solar cell in 9954 Surprisingly

this resulted in a donor acceptor blend structure with an increased interfacetlayse
called bulk heterjonction (Figure 2c). Here phase domains in the range of the exciton
diffusion length guarantee, that almost each excitanhes the donor acceptor interface. This
leads to a higher photocurrent with respect to the bilayer type and high power conversion
efficiency of up to 10 % are reported recentsing improved photoactive layer materiéts
However due the blending ofahor and acceptor, the chance for recombination of opposite
free charges on the way towards the electrodes is increasedegjithct to a bilayer solar
celll’® T An engineering of the optimal blend morphology is therefore crucial to ensure both,
a highdonor acceptor interface for charge generationfangercolation pathways towards

the electrodes for fast charge carrier extraction.
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2.3 Elementary processes in the photoactive layer

To understand, what influences the solar cell performaneetake a deper lookinto the
elementary processes inside the photoactive layer of a bulk heterojunction solar cell. As
mentioned above, the photoactive layer is a blend consisting of an electron donor material and
an electron acceptor material. In Figure 3a a skefcthe blend illustrateshe elementary
processes including the involved intermediate species such as singlet exciton, charge transfer
exciton, polaron pair or free polaron. The transition probability between the intermediate
species depends highly on ithenolecular state energy. A respective schematadecular

state diagram is given in Figué.

o s X4 N N
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> /et 60T,

ol + =X I

2 T / Exciton generation

w _ =3 Fluorescence
/ —> Pathway for charge generation
{ — > Recombination

So”
Exciton® Charge Transfer % Charge Separation

Figure 4. Photacharge generation process illustrated by a) insight into bulk heterojunction photoactive layer

with elementary processes and b) molecsiate diagram (modified from [%nd [18]).

The elementary processes and possible loss mechanismisered in Figure 3aan be

described as follows:

(1) Exciton formation
When the photoactive layer is exposedlight, a photon gets absorbed by the
donor leadig toadonor excitation. In terms of molecular energy states the photon
absorption corresponds ti@nsition fromthe electronic ground statey % the first
excited statés; of the donor leading to a singlet exciton formation. Due to the low
relative dieéctric constant in organic semiconductors, the singtetton can be
considered as atrongly coulombboundelectronhole pair, ased al | ed - Af r en|

excitono.
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(2) Exciton diffusion
The excitonis electricaly neutral and its diffusiofengthL therefore dpendsonly
on its lifetime Uand thediffusion coefficientD according tod O Ot.1
Typical exciton diffusion lengts in organic semiconductor are in the range of 5 to
10 nm.?% Within this diffusion lengthor exciton lifetimethe exciton may reach
the donor / acceptor terface (3) or recombinadiativelyunder fluorescence back
to the $ ground state. Aransition from the singlet exciton & a triplet &citon
T1 is spin forbidden and rather ineffective in organic materials without heavy

atoms.

(3) In case the Ssinglet exciton reaches the donor / acceptor interface within the
exciton diffusion lengthan electron transfer from the donor to the acceptor leads
to asingletcharge transfer statéQqT). This transfer occurs typically on a very fast

timescale of 10 to 100 fs

(4) If the thermalization length exceeds the coulomb capture raithesCT state is
able to spt off into free charges represented in Fig8keby a charge separated
state (CS). The hole is located at the HOMO transport level in the donor, whereas

the ekctron is at the LUMO transport level of the acceptor.

(5) The free charges, also called polarons, are now able to migrate through its
respective transport levels towards the electrodes. These molecular transport levels
are not equal in energy but rather dédsed bya Gaussian distribution of density
of energy (DOS). The charge transport is than dominated by a charge hopping
process between these energy states.

(6) As mentioned already before, due to the deammeptor blend structure in BHJ
solar cells thereis a certain probability for therde charges to recombine Ron
geminate before reaching the electrodes. Due to spin statiaticatio between
singlet ICT to triplet 3CT states ofone to threeis proposed. AICT state can
recombine directly to the groursdiate S, whereas 8CT may include a triplet state
T1 of the acceptor followed by a relaxation to the ground staté&@& both, the
ICT and the3CT, dissociation back to free charge carriers is possible itand
depend upon the time constant between thesocesses™
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(7) Free charges may also reach the oppa@sitthencédf wr ongo el ectr ode
surface recombinatioriThis is especiallythe caseat low internal electric field
condition near the open circuit voltagehere the current is controlleg diffusion
rather than by internal electrical fiel@lo prevent this, interlayers serving as hole
and electron blocking layer are used successfully (more abobblocking layers
in sectionl.5.2.
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2.4 Measurement & Characterization

The curremvoltage(J-V) characteristien dark of solar cell is similar to that of a diode. In the
reverse bias region only a very weak dark current is observed, whereas in the forward bias
region the current increases rapidly at certain apfiad(Figure 5. Under illumiration the

current increases in the reverse bias region due to the additional photocurrent. Fdevh the
curve under illumination the characteristic parameters short circuit c@dgefitmaximal cell
current) and open circuit voltag€oc T maximal cell wltage) are obtained. The ideal power

of the solar cell would be the productBt andVoc T represented by the white rectangle in
Figure 4. However, the ideal power is never reached and the maximum Pewes given
therefore at the maximum power poi(MMPP), where the product ofwer and Vwep 1
represented by the blue rectanglemaximizes. The fill factor is the ratio between both

products and a measfthelev/cirve (Eg.p.he fAsquarenessao

iy { == Dark current
NE sj = Under illumniation
S 61 FF = JuppVupp _ Pmax (5)
e 4 ) JscVoc Jsc-Voc
= 24 Vuep ¢
> ‘]
w 0
g 4
o '2'.
€ -41 Juer MPP
@ ]
s ~ Pmax  FF-JscVoc
= -6-_ Jse PCE = = / (6)
(&) -8' % PL PL
'1 0 T T T
-0.8 -0.4 0.0 0.4 0.8
Voltage / V

Figure 5. J-V characteristic of a typical PSHT:PQB organic solar cell in dark and under illumination

including characteristic parametersg) FF and \bc as well as the maximum power point (MPP).

The unique parameter of the solar cell is the power conversion effic({@@k) which
ultimately describeshe ratio between the incoming light powrand the obtained maximal
electrical powerPmax (Eq. 6. In order to measure under standardized lab condjtRnis
defined as 1 sun with a power surface densitd@J0 Wh?. This represents the overall
yearlyaverage of solar irradiation under a zenith angle of 48.2°. Under this angle the sun light
has to travel in average trough 1.5 air masses (AM 1.5). In labomtoaijbrated &non arc

lamp with suitable filters is used to simulate 1 sun conditions foasarement. The

measurement under illumination should be furthermore carried out using a shadow mask to



Introduction 19

define the active area and restrict measured photocurrent from additional contribution by light

scattering or high conductive interlay&?

Another inportant characterization method is the determination of the external (EQE) and
internal quantum efficiency (IQE). The EQE is defined as the ratio of the numbers of
collected charges (electronkl: to the numberf incident photons at a givemavelength

Nph ( &Bg. 7), whereas the IQE is defined as the ratio of the number of collected chiarges
to the number of absorbed photons by the photoactive layef &Bg. 8. EQE and IQE are
connected via the absorptividy in percentageof the photoative layer (Eq. 9 A precise
determination of the IQE spectra considers the parasitic absorption (chierkayer etc.) by
simulation’® An EQE spectra as well as an IQE spectra of a typi8&T:PCBM organic

solar cell is shown in Figure 5.

100 N,

el :E;Eo;fP::Jr:CBE:WM EQE (A) = Nph ) (7)
801
. 70]
=~ 60
2 50 _ N
o 10F () = e (8
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20]
o . EQE () = 1QED) A (9)
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Figure 6. Comparison betweeBQE (red) and IQE BlacK) spectra of a typical P3HT:PCBM organic solar cell
showingthat at 500 nm nearly 636 of the incident photons are converted into collected chaffyesy EQE
spectrun. In contrast to that, the respective I@pectrumshows, that70 % of the absorbed photorse

convertednto collected chargeat the same wavelength

Knowing both, thel-V curve including their characteristic parameters and the IQE spectrum

helps to understand loss mechanism in organic selks: ¢
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2.5 Materials

This section will give an overview of commgnused and high efficiencynaterials for
solution processed bulk heterojunction solar cells including materials for the photoactive
layer, interlayers and electrodes. Special atenis paidto perylenebisimide (PBI) as an
alternative small molecule acceptwr the one hand and the variety of transparent conduction
eledrodes (TCE on the other hand, since both topics will be addressed in the main part of
this thesis.

An unique property of lathe materials useds particular layers in organic solar cells is the
position of their energy levels with respect to the vacuum level. In Feaadypical organic
solar cell in normal geometry is shown including the energy levelmofg(3-hexylthiophere-
2,5diyl) (P3HT) and phenytCs1-butyric acid methyl estefPCBM) as a common electron
donor and acceptor respectively. As mentioned in sett@rhe energy levels of interest for
donor and the acceptor are the HOMO and LUMO transport lexdsr photanduced
charge generatigmoleshave to travel through the transport HOMO levels towardsuioele,

whereaglectronshave to travel through the LUMO transport levels towards#tieode

a) Normal geometry b) Inverted geometry
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Anode (ITO) Cathode (ITO)
/ / / /Substrate (Glass !/ PET) / / /' / / / /Substrate (Glass | PET) / / /'

Figure 7. Energy level diagram and crosection withthe particular layers and materials of an organic bulk

heterojunction solar cell in a) normal and b) inverted device geometry.
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On theanodesidein normal geometryindium tin oxide (ITO) serves asT&CE andenables

both, light passgetowards the photosige layer and charge carrier collection. Between ITO
and the photoactive layer a hole blocking layausually poly(3,4-ethylenedioxythiophene)
polystyrene sulfonattPEDOT:PS$i reducessurface recombination between hole from the
photoactive layeand dready extracted electrons as mentioned in sedtidnFor thecathode

a low work function metals used forelectronextraction and collection. Additionallyhe
opaque metal layer enables reflection of H-atsorbed light back into the photoactive layer
leading to increased photocurrent. Howevie contrast to normal geometry, an inverted
geometry with inverse layer structure as shown in Figure 6b might be also suitable for many
cases and was first applied Bhirakawaet al!*® Betweena high work funt¢ion metalanode

(e.g. Au) and the photoactive layer, again PEDOT:PSS serves as hole extraction layer /
electron blocking layer. In additiprzinc oxide (ZnO) is fabricated between ITO and the
photoactive layer as an electron extraction la@thole blodking layer. Such interlaysido

not only prevent surface recombination, but also define mainly the built in voltage. ,iIndeed
efficient organic solar cells are published using silver electradésth, the anode and the
cathode A drawback of low work furtton metalsis their oxidation which reduceabe long

term stability of such device3he question about the choice between normal and inverted
geometry concernsot only long term stabilityhut has also a huge impact on the photive

layer during procssing,due to préerential interaction of eithehe donor or the acceptor with
eitherof the interlayes or theair. The following sections present common materials for each

layer.
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2.5.1 Photoactive layer

This section presents a selection of commorodamd acceptor materials for the photoactive
layer with a focus on PBIs as promising alternative electron acceptors. The structures of the

donor and acceptor materials are shown in Figure 7 ared@ectively.

The very first bulk heterojunction solar te&las published by Heeget al in 1995 using
poly[2-methoxy5-(2-ethylhexyloxy}1,4-phenylenevinylene] (MEH-PPV) as a donor
polymer anda fullerene derivativ®CBM as small molecule accepttt Using a structurally
related donor polymerpoly[2-methoxy5-( 3 Miim&tiNjloctyloxy}1,4-phenylenevinylene]
(MDMO-PPV), Sariciftci et al achieved an almostreefold enhancement in PCE of 2.5 %

in 2001 due to a more intimate mixed morphology usthtprobenzene(B) instead of
toluene?¥! Indeed the morphologylays a crucial role as already mentioned in sedti8and

it need to be optimized. One of the best investigated systems also in terms of morphology is
definitely a blend using®3HT as donor polymer arRICBM as acceptor. A lot of work was
done to invesgate the influence of solvent and solvent additives, PCBM content and thermal
annealing. But also P3HT itself was optimized by variation of the polydispersityculenie
weight or regioregularitf®! and including device optimization a high PCE 05%. was
reported for this systefff! A further milestone in order tinprovethe performance dDPV

was achieved usinthe secalled low band gap (LBG) polymers. Having electron rich and
electron deficient unitsa mixing of their respeaté moleculamrbitalsleads to a decrease in
electronic and hence optical gap resulting in a bathochromic shift of the absorption onset.
Taking the photon flux of the sun into accounis obvious thatonsequently morphotons

will be absorbed leading to a poteniahighe Jsc.?”! Typical high efficient LBG polymers
classified according to their electron deficient units are basedliketopyrrolopyrrole
(PDPP5TH¥ thieno[3,&]pyrroleZ,6dlione (PBDTTPDY?, thienothiophene (PBDTTCT-

T PBDTT-F-TTEY and PTB#3) or benzothiadiazole (PCPDTBY) with 5 to 8 % PCEs.
Based on benzothiadiazoleighly efficient low band gap polymers were recently Imhed
exhibiting PCE over 10 %% Following the low band gap approach, also small donor
molecules were synthesitesuch as DTS with a high PCE of 7 %** Most of the donor
materials mentioned above were blended with acceptors based on fullerene and its derivatives
such as PCBM. Indeed, PCBM is up to date one of the most efficient acceptor for organic

photovoltaicglue to its high electron affinity and mobility.
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Figure 8. A selection of common donor materials @PV. Note that EH stands fdt-ethylhexyli a common

alkyl solubilizing side chain.

On the other hand, the high electron affinity results in a relgtikel LUMO level with
respect to the LUMO levailf P3HT, at the cost of the attainabec. This issue was solved
by the indeneCso bisadduct(ICBA) having a LUMO level 0.17 eV highdhan that of
PGes1iBM. In consequence a remarkable high: of 0.84 V aml hence an increase to 5.44 %
PCE when blended with P3HT was observed, whereas the reference cell witiBNPC
exhibits aVoc of 0.58 V and a PCE of 3.88% PCBR. After the optimization the
P3HT:ICBA blend achieved evea PCE 0f6.48 %6 However the light absorption
properties of fullerene based electron acceptors are in general poor. Additiatlahging
synthesis angburification after chemical modification make fullerenes and its derivatives a
cost intensive material for large area photovodtaithis motivated researchers to look for
alternative electron accept6rs®® whereasBl is one of the most promising one for several
reasons: PBI exhibit high extinction coefficiemts10* i 10° Mt cm® in the visible range
from 400to 600nm combned with suitable electron affinityf i 3.9 eV/*® Both, optical and
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electronic properties can be tuned via chemical modification of tbenjugated core or
through extension of the conjugatggtem!*® 4 Furthermore, an electron mobility as high as
2.1 cnt V! st were measured by OFE*®! The synthesis and purification is easier and
cheaper compared to fullerene derivatiges carbe carried out o large scale. Additionk,

PBI is known for its high phottability and hence used for dyes and pigments for many
years® In OPV, a PBI based acceptor was already used by Baral in the very first
vacuum processed organic bilayetas cell. For bulk heterojunction solar cells R&in be
blended with a donor polymer such as P3HT. A prominent one is thé& stiglwn in Figure

8, which was first blended with P3HT by Frieetl al*l Here, also a huge impact of the
solvent on the morplogy was observed: A blend of P3HT aRBI 1 spin coated from CB
showed large crystalsf PBI due to its high tendency to aggregate, whereas the same blend
system results in an intermixed network when spin coated @tdoroform (CF). This was
ascribed tothe fast evaporation of CF giving nehoughtime for the PBI to aggregate.
Additional optimization of the CF spin coated blend was done and a combination of hot
substrate spin coating, annealing and cooling in liquid nitrogen was found to give the highes
Jsc resulting in an overalPCE of 0.25 %51 However, in both caseshe PCE was poor
compared to a P3HT:PCBM blend solar cell. Similar findimgre obtained by Howard
etal.: a polymer:PBI 1 blendspin coated from CF showed well intermixing of both
components leading to strong nrgaminate recombination. In contrast to that, spin coating of
the same blend from toluene resuih large PBI aggregates. He found, that excitons
generated inside the PBI aggregates rather convert into intermolecular wtatdsdo not
contribute to further charge generation. It was also shown, that such intermoleculavittates
excimer like emission at 620 ¥ exhibit much shorter diffusion length compared to the
exciton staté*’! which would in consequence need musrhaller domain sizes for charge
generation. Indeed, the strong ability of the PBI to aggregdtea s t e @ksingbig
domain sizes, turned out to be a serious issue in polymer:PBI blend systems. Beside the
intermolecular state formation, the charge transport suffers from grain boundaries and poor
interconnection betweelarge PBI crystals. Threfore two concepts were applied to control
the nanomorphology and to allow excited state diffusion (exciton or excimer) towards the
donor / acceptor interface layer for charge generation: First, control over aggregation by
chemical modification ofPBI 1 to inhibit intermolecular state formation and guarantee
relatively long exciton diffusion lengshand second, reducing the PBI domain size in the
range of the intermolecular state diffusion length, while keeping the chemical structure of
PBI 1.
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Following the first concept, Kamnat al introduced branched alkyl substituents to the PBI
core and achieved fdPBI 2 an exciton like emission pking at 590 nm, whered3BI 1
showed an excimer like emission at 640 nm. As expethedlsc was slightly higherfor

PBI 2, when blended with P3HT resulting in a PCE of 0.8%#dditionally, it was shown,

that core substitution not only suppressescttystallinity but also enables tuning of the PBI
phase siz&€% For instance, phenyl substituents at the bay position in3RBLlse twisting of

the PBI core and hence inhibit aggregation, which finally leads to a PCE of 4.1 % using PTB7
as donor polyméP® Another approach considers the fact, that the intermolecular state in PBI
is almost exclusively found in ddggregates, whereasagon diffusion length up to 96 nm
where measured for-aggregate8! Following that approach, Markst al presented lip
stacked PBI aggregates with different slip angles depending on the core substituent.
Increasing the slip angle leads to an increask®dnd the overall efficiency. However, with
increasing the slip angles also the LUMO level of the PBI decreasekemoée providing

more excess energy for charge separation, which could also explaighiee Jsc®J. As
mentioned already before, core substitution does not only affeeigtfregation but also the
photghysical and electronic properties of the PBljckhmakes an analysis of the particular

contribution of a PBI excimer to the increaskedcomplex inthis system

Following the seond concept, several approach@&sed out to be suitable in order to reduce
domain size ofPBI 1. Rajaramet al used for nstance a P3HT:PBI diblock copolymer as
compatibilizer to reduce the PBIdomain size resulting in a higher PCE of 0.55 % due to
higher Jsc comparedo a PCE of 0.37 % without compatibiliz€# Thermal annealing was
also found to have a huge impact bétPBI1 domain size, where increasing temperature
leads to an increased intermolecular state emission dasgeyPBI 1 domaind® However,
adjusting the PBIL domain size by thermal annealing to the intermolecular state diffusion
length quenched thigmission at the donor / acceptor interface and lead to higher
photocurrent generatid?? Furthermore solvent additives were used to control the
morphology in both PTBPBI 1 and FDTS:PBI 1 blend systeri® Using diiodooctane
(DIO) as solvent additivethe PBI domain size in a PBDT¥TT:PBI 1 blend could be
significantly reduced resulting in a PCE of 3.64 % compared to a PCE of 2.67 % without
DIO. The authors mentioned, that not only the smaller PBI domain size causes the higher
PCE, but also an improsgeslectronic coupling of the adjacent PBI aggregates and a balanced
charge transport between holes and elecffén¥he impact of using DIO as additive was
even more shown in a blend BBI 1 with the small molecule donorBTS, where thé°CE
increased chmatically from 0.13 %without DIO) to 3.1 % (with DIO).[® 59 This blend
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system could be further optimized by changing tHeTS:PBI 1 ratio to 1.3:1 resulting in a
surprising high PCE of 5.1 % This is remarkable, sincBBI 1 is known for its hip
tendency to aggregate in large crystals as mentioned above. However, in blend systems with
F-DTS high miscibility withPBI 1 was fand and almost no aggregation. Here DIO allows
PBI aggregation and higher crystallinity in both phases, donor and aceesoobserved,
leading to a higher photocurrent and hephetovoltaicperformance. It should be noted, that
especially in blends with LBG donor materials, such as PBDTTTor DTS, energy
transfer fromPBI 1 to the donomight contribute significantly tthe photocurrent, since the
emission ofPBI 1 (excitons and excimer) overlaps with the donor absorption. Although the
PCEof PBDTTT-CT:PBI 1 and FDTS:PBI 1 are highfor PBI based solar cells, theye sill
significantly lower tharthe respective blesdvith fullerene based acceptdt$ 3 The lower
PCEwas attributed to the lower photocurrent represented by the relativeliQBvof only

45% in FDTS:PBI 1 compared to 90 % in-BTS:PCBM. The IQE value was rather
independent on the lighttensity suggsting a low nofgeminate ecombination. In contrast

to that the IQE value was found to increase to 60 %eaense applied voltage e10V, an
indication for electricafield dependent charge generatimncharge transpof® 5% The PBI
crystalline corelation length (a measure of the distance over which crystalline order is
preserved) in DTS: PBI 1 blend was foundo be 7.4 + 3.3 ni?® which might not be
sufficient for efficient charge separation and chateglecalization / stabilizatiof§!

The efficiency of charge separation based on thes@ife at the donor:PBI interface depends
highly on the order of th&BI and a certain electronic coupling between dldgacent PBI
moleculesseems to be necessary to take the charge fast away from thacmtand hence

avoid recombination. This should be especiktgp in mindfor the first concept, since here

the chemical modification of the PBI disturbs the aggregation and likewise the electronic
coupling. Asburyet al has shown in a P3HT blend systehat noncrystalline PBI derivate
exhibits activated charge separation, whereas charge separation with PCBM occurs through
barrierless pathway. He proposed an improved charge separation with reduced activation
energy in case of highly crystalline PBI ph#8kIndeed, a crystalline PBI derivative
exhibiting higher electron mobijitthan PCBM has shown to be more efficient in charge
photogeneration even at low energetic driving foradth respectto PCBM!® This was
furthermore confirmed for a series afjgregating PBI derivatives leading to the same
result®! However, the high mobility expected for crystalline PBI phase might not be
maintained through the whole bulk when blended with a polymer like PBBOT Que to

missing percolation pathways betwethre PBI domains. Consequently this poor charge
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transport in bulk limits the performance of PBDTCIT:PBI solar cells compared to
PBDTTT-CT:PCG1BM, even if chargeseparatiorand norgeminate recombination dynamics
were observed to be strikingly similar footh blend systend® One way to solve the
conflict of avoiding crystallinity while keeping the charge mobility high is the approach of
liquid crystals. Liquid crystals are known for their supramolecular assembly andlaajion
mobilities of 1.3 crA V! st in SCLC/®® while at the same time showing a reduced
crystallinity and sehhealing properties leading to reduction of structural defects like grain
boundaries?”! With respect to PBIs, Thelakkat al. observed a different behavior in terms of
charge mobiliy between the crystalline PBI @nd the liquid crystalline PBI.3oth PBIs
exhibit similar electron mobility in asast films However, annealing allows structural
reorganization which leads to an increase of two orders of magnitude in ¢ tas liquid
crystalline PBI 5whereas the electronahility of the crystalline PBI 4lecreases by a factor

of four®®l Based on this result in chapter the impact of crystallinity versus liquid
crystallinity on thecharge carrier yield and nageminate recombination for these two PBIs
when blended with P3HT is investigated.

It wasalso reportedhat the efficiency of CBtate formation and Gdlissociation depends on

the electronic structure of the acceptor and fundamental differences betweenPBCBM

were found. For instance,Bredas et al calculated thatthe CT-recombination in a
Usexithienyl / PBI s y st e mexithisnyl/RGBM tsystémaand leence t h an
compees with CT-dissociation. It is worth to note, that this theoretical cakooih was

applied just on the single donor / acceptor system and did not involve any aggregation effects
e.g. of the acceptdi® Troisi et al calculated the rate constant for Sffite formation based

on a donor exciton and provides an explanation whBM@s acceptor leads to high rate
constants compared to other small molecule acceptors such as PBI. In pahteatzrsiders

the charge transfer in the Marcus inverted region, where an increase of the Gildosehgy

leads to an increase activationenergy and hence a decreased rate for the electronetransf
reaction However, in PCBM the access to low lying excited states in the anionic form of
PCBM leads to decreased Gibbs free energy and consequently an increased rate constant for
these excited ates, respectively. With regard to PBé suggests to link two PBI units via a
methylene bridge in order to create low lying excited states for an increase -of CT
formation!”™ Such low lying exited states could be already found experimentally in linked

PBI dimers!™!
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In OPV the concept of linked PBIs was first realized by Naragaal by connecting two
PBIs directly at the Merminal leading td®BI 6. In a blend with PBDTTICT as donor he
observed a Hfold increase inlscfor the linked PBI when compad to the no#inked PBI as
reference. Howevethe increasdscwas attributed to the disturbed stacking”®l 6 leading

also to smaller PBI domaigizes andan increase in dimensionality, whereas the role of
possible low lying excited states for tR&8| 6 anionic form was not discuss€d Following
detailed studies on the same blend system confirmed an intermittent mixing where both,
donor and acceptor contribute equally to the photocurrent and an d€eatif 3.20 % was
found!® Yao et al linked two PBE at the bay positiowia a thiophene bridge resulting in
PBI 7. Also herethe PBI 7 domain size walramatically reducedb approximately 30 nm
comparedto 206700 nm of the monomeric analag PBI in blend with PBDTTT-CT.
Consequentlyan increae inFF and an over 2%old increase inJsc were observed for PBI 7
resulting in a remarkable highCEof 4.03 %. It is worth to note, that DIO is again essential
as additiveandleaving out DIO leads to a PCE of only 0.77"%A detailed optimization fo

the DIO content in combination with solvent annealing to reconstruct the morphology for the
same blad systenieads to further increase dacto 12.8 mA/cm andFF to 56.4 % and an
overall PCE of 6.1 %! Using F-DTS as small molecule dongthe impat of additives on

the PBI8 domain size was controlled afidally, a direct correlation between tR&1 domain

size andJsc was found’® Subsequently a number of other dimeric PBIs were synthesized
predominately to top thECEand to demonstrate the patial of this approach, whereas an
understanishg of the structural and phgibysical consequences is often fragmentary.
However the following additional candidates are presented to highlight the progress in
linking PBI units for high efficient small matelle acceptorsZhan et al investigated the
impactof the length of the thiophene bridge and the numbehiophenes was varied from
zeroup to threeunits Using PBDTTFCT as donor polymer the PBI deanwith only one
thiophene unitvas found to give thbest performancef 3.6 % PCEwhereas direct linking

of two PBkresult in poomperformance of 0.7 % PCHhis was attributed to the high dihedral
angle of 62.71n direct linked PBlswhich does not allow-" steaking leadingo inability to

form PBI domains and conversely, large crystalline PBDTITdomainswverefound As a
result hole transport was promoted, whereas electron transport was re€tti¢tesvever
taking the same donor polym&BDTTT-CT and after small changego the solubilizing
chainsof the direct linked PBI result in PCE enhancement to 3.63 ®Bb6.[8 This clearly
shows the impact of solubilizing chains on the morphology which is supported by further

examples at the end of thiscdion.A very similar but more suitable donor polymer for FBI
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seems to be PBDFF-TT due to a deeper ®MO level and reghifted absorption with
respect to PBDTTACT resulting in a PCE for normal device geometry of 4.21 % and for
inverted device geometryf 5.31 %"° PBI 9 was also blended with others donor polymers
and high efficiencies between 4 to 5 % are repd?ted: 8! Another candidate for high
efficient PBI based acceptors was presented by Nuc&bld and was formed by fusion of

two PBI units with a twecarbon bridge. In combination with PTB7 or PBDTT as donor
polymer highPCEsbetween 4.5 and 6% were obtained, whereas phchtarge generation

was found to originate from both, donor as well as acceptor ex&tbBeside PBI dimers

also trimers and tetramers were synthesized, motivated by an expected improved three
dimensional charge transpgtt 8 86 8lin order to get théighestPCEnot only anoptimal
matching of the photophysical and energetioperties between donor aadceptor, but also

a balance between miscibility and aggregation of the components for a beneficial morphology
is necessaryThis enables especially PBI based acceptors more opportunities for chemical
fine-tuning and thus was shown also for Rihers to gain improved photovoltaic

performancé®® &
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2.5.2 Interlayers and electrodes

As seen fronFigure 6the photoactive layer is, no matteiinfnormal or inverted geometry,
sandwiched between interlayers, in particular hole and electron blocking layersheand t
electrodes for charge collection. In this section the interlayers and eleciviidiee treated
together, since they appear often also as hybrids. This is especially the case for a series of

transparent conducting electrodes (TCE8)ich will be discgsed in detail here

The reasons to use interlayers between the photoactive layer and the electrodes instead of
sandwiching the photoactive layer directly between metallic electrodes are manifold. The
main reason to use interlayers is to prevent recombmat charges at the opposite electrode.
This is especially important for bulk heterojunction solar cells, since here donor and acceptor
phase are distributed over the whole photoactive |Ay@enthe acceptor phase is in direct
contact with the anode drelectrons from the acceptor LUMO may recombine with already
extracted holes. However, when an electron blocking layer is integrated exhibiting a higher
LUMO level than the acceptor, this recombination is heavily suppressed. Sijalantyle
blocking layer at the cathode having a deepeergylevel as the donor hinders hofesm the

donor to recombine with previous extracted eledratthe cathode. As a consequence of the
suppressed recombination high photocurrent densities can be achieved evek etvutda

field resulting in an improve8F and an overall better PG¥! Depending upon the blocking

layer material, e.g. in case of metal oxides, the energy level is described by conduction band
and valence band rather than HOMO and LUMO respectiBaigide the blocking effect of
opposite charges, the interlayers are of course also responsible for the extraction of the desired
charges. The involved energy levels for charge extraction predominantly define the built in
voltage of the device and hence thlectric field strength. High electric field strength is
needed for high charge carrier extraction efficiency and to restrict recombination processes
inside the photoactive layer. The selection of interlayers has therefore a direct impact on the
device PE. For instance, the PCE of a device based &3HT:PCBM blend varies from

2.3% to 4.2 % using different interlayef4 Common interlayerare based on both, organic

and inorganic materials and depending on their energy Jekelsare used for hokxtracting

layer (e.g. Mo@ NiO, PEDOT:PSS) or electron extracting layers (e.g.x,T&nO). The

choice of suitable interlayers depends not only on their energy levels but also on their
procesability. In this context the surface energy @agn importantrole, when the
photoactive layer is processed on top of the interlayer and vice versa. Additional to that, the
so-called selfassembled monolayers (SAMs) are used to control both, work function via

formation of dipoles and surface energy. rAquirement forall interlayers is a high
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transparency to minimize parasitic absorption and thus maximize dlggarption in the
photoactive layeP? An overview of the several interlayer materials and their functions is
given in literaturereviews®® % %Finally, electrodes are needed for charge collection and no
matter,whethemormal or inverted geometry is used, @aa define the electrode right top

of the substrate as front electrode and the counter electrode as back el&ttpadel0).For

the front electrode usuallylTO is used asTCE to allow light transmission towards the
photoactive layerDepending on the device geometitye back electrode is made eitlfierm

a low (foranode¢ or high (forcathod¢ work function metal Figure 10a). As seen ingtre

10a the metal back electrode allows reflection of the light back to photoactive layer and
interlayers such asitanium oxides TiOx) are also used as optical spacer to adjust the
maximum of light intensitywithin the photoactive layef® In contrast to that, using a
transparent back electrode enables the fabricatiorOBY deviceson nontransparent
substrates such as pape€rgre 10h. Having front and back electrodes transparent lead to
semitransparenOPV devicesand opens up new applicationer fwindows in building
integrated photovoltaics and automotreefs (Figure 10g.

a) b)

™

7\ )

Opaque back electrode Transparent back electrode Transparent back electrode

Photoactive layer

A 9

Opaque front electrode

Photoactive layer Photoactive layer

Transparentfrontelectrode Fransparentfront electrode

/// lSlflb,st;atle (,GllaslsIIPI,E'I'l)/ //////IS:.Ib,st;at’e (,e.é. f’a,peir) ’/

L AT A A AR A A A
/ Substrate (Glass/ PET)/

Figure 10. Possible arrangements of transparent conducting electrode as a) front electrode, b) back electrode
and c) front & back electrode.

In the following, currently used efficient TCEs especially for OPV will be briefly
demonstrated to illustrate the variety of materials and its applications. Two elementary
properties are essential for a high performing TCE: high optical transparency and low sheet
resistanceRi). The optical transparency is of course necessary for high light transmittance
(T) and can be easily measured by UV / Vis absorption spectroscopy. Typidallgiven for

550 nm, which corresponds to the maximof human eye luminosity curé®&! A low Ry is
needed for fast charge collection over the entire size of the photoactivéAargerease in

R may increase the probability feecombination at the electrodephotoactive interface
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leading to a decreased photovoltaic performarike.depends on the aterial specific
resistivity } and the thicknesd of the electrode layer according to Eq. 10. UsuBlyis
measured by a fotpoint probe method, butan be also determined by a twoint probe

method as deduced in the following.

Y- (10)

t — Y -0— (11)

w

YOY O—  (12)

Figure 11. lllustration to derive the sheet resistance & a thin conducting layer having the thickness t, width
W and length L.

In Figure 11 the respective electrode is defined by tio&ribsst, the widthW and the length

L. The resistancR alongL can be then measured and it is connected to the resigtwitthe

material and. as well as the cross sectibn Waccording to Eq. 11. Combining EXQ and

Eq.11 leads to Eq. 12 and rfd. = W, the resistance measured between the edges
perpendicular td. equals toR;. However, as seen from Eq. 1, depends ort and the

thicker the electrode layer is, the smallerRs but also the lower isl. Therefore a
compromise between loR andhigh T has to be found for the optimal electrode thickriess

A quantitative way to connect the optical transparency with the sheet resistance is ratio of
electrical (ioc) and optical {lor) conductivity, the so called figure of merit (FOM) given by

the Eq 131 HereZoi s t he i mpedan c el &fis tHe sheet resisfarceand ( 3 7 7

T corresponds to the transmittance.

06 — ———— (13)

For instancecommercial ITO having=97% andR = 1571 3 0  @xhibits FOM values of
400 800°71 However, it should be noted, that also othesfinitions of FOM were
proposed? while the one presented herghg most populaf®

Thus the highl along with a sufficiently lowR of ITO is the reasgrwhy ITO is one of the
most common TCE not only f@PV, but also for organic light emittindjodes displays and
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touchscreens. Beside IT@lso other tin oxide based TCE are known such as fluorine doped
tin oxide (FTO) or aluminum doped zinc oxid&Z0O). FTO requires high deposition
temperatures above 600°C, which makes the use of FTO for flexible polymer substrates
difficult,®® whereas AZO is attacked easily by acid or alkaline chemical groups and therefore
also by the acidic PEDOT:P$8Y In contrastto that, ITO is much more resistant against
acids or basd® and can be deposited also on flexible substrates such as PET, although a
higher thickness is required to achiev®ao f 12. 6 q/ | T2 Ontha etherc 0 s t
hand transparent conducty oxides are brittleand form cracks on flexible substrates after
bending and a significant increase in resistance with increasing strain for ITO on polymer
substrates was fou®® In addition indium is a rare and expensive elen&htand the
producton of ITO is highly energy demanding. Considering a complete organic solaa cell
shareof over 35% for ITO on the overall energy demand in produatias determined!

This may hampelOPV to be produced inexpensively darge flexible substrate, which
motivated researchers to look for alternative $Clased on preliminary studies on carbon
nanotubes (CNTs) and their optical and &leal properties in thin film&2* 1%lGruneret al
replaced ITO by a 30 nm CNT thin film coated on PHE85%, R =20 0 ¢ Whierpas
PEDOT:PSS was used to smooth the surface and to faitbezasé to 160q / | . Fai nal |y
PCE of 2.5 % using a P3HT:PCBM blend was achieved, whereas the ITO reference device
exhibits 3 % PCE%! Additionally, the sheet resistance waslueed using chemical dopants

and trough mechanical pressing to improve the contact between the.EKTAIthough

CNT electrodes were proposed for cheap large area production, the intercalation of CNTs into
the active layer lowers significantly the dewigerformanc&® Using a PTB7:P@BM blend

Matsuo et al achieved 6.04 % PCRhich is 83% of he ITO reference device (PCE of
7.48%)with a MoQ, doped and PEDOT:PSS over coated CNT electrbidevever, it was

found that MoQ forms cracks through bendinghich leads to a deeased in PCE® In
contrast to that, a graphene ba3&E (T=92%,R = 3 0 0 [wasquite stable even after 100
bending cycles using again PTB7:28M asphotoactive layer. Graphene was useddoth,

anode and cathode aR€CEs of 6.1 % and 7.1 % were achievet!! Analogous to CNTR; in
graphene TCE can be further reduced with increasing nuofilggaphene layers, but only at

the cost ofT, or by chemical doping resulting aR o f 3 @'Y Howéver, a big drawback

of using gaphene for TCE is the high cost due to the sophisticated syntheses and issues in
maintaining high qualit{**? Beside CNT and graphene also highly doped PEDOT:PSS
(T=98.1 %,R =145 q/ Was successfeally dsed as TCE resulting in 4.1 % PCE for a

P3HT:PCBM blend system, which is actually the saassachieved for the ITO reference
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(4.11 % PCE}*® At the first instance, it is surprising that the mentioned alternative TCEs
with R much higher than that of ITO still gives quite similar performance. é¥ew this is
only possible due to the small device areas and it should be noted, that the powRssipss (
depends o and the device area ( Aacdbrding to Eq. 14.

0 0D 3Ip Y 35 (14)

Thereis J the current density, is thelength andW is the width as defined in Figure 11 and

R is the sheet resistance. Having for instadae> = 8 mA/cnt and Vwer = 500 mV, the

fraction of power 10S®i0ss/ (Jwpp- L - W - Mwip) is limitedto 10 % foR = 10 q/W, wher
is kept elow 1.4 cm, whereasf&t = 160 q/ | Wishelowp.34veh® A further

decrease dRi especially for larger device areas is therefore needed.

As mentioned above, carbon based TCEs such as CNT, graphene and PEDOT:PSS needs
often to be doped inrder to increase the charge carrier density and hence the conductivity.
This is not the case for metal based TCEs due to the intrinsic high charge carrier density of
metals. Thin metal films are known as semitransparent electrod®withe | ow 20 q/ I f
long timel' Unfortunately, ultrathin metal films exhibit generally only a very low
transmittance for sufficiently low values, leading to loweksc**®! Ag nanowires are used

similar to CNT as TCE, whereas much loviRri n t he r arfge 80%) 9t q/ 69
(T=95%) is observed. To reduce the conduction resistance between Ag nanowires, further
treatments such as pressing or namdding is required-*®! Additional over coating with
PEDOT:PSS significantly improved the performance and a PE& leigher than fothe ITO
reference were obtainéd’! However, similar to CNT, Ag nanowires may lead to shorts
especially in rolto-roll fabrication and breakdown of Ag nanowires due to current induced
heating reduces the performance dutmetime.[*18] Beside Ag nanowires, also Cu nanowires

are suitable for TCE in OPY°! and furthermore TCEs based on electro spun nanofibers
exhibits reasonable loR between 15and 2¢ / | whi | e Thoh approxignatetyi g h
90% or higher for Cu, Au and Ag and roughly 70 % fot*A¥ Apart from that, metals grids

in combination with high conducting PEDOT:PSS are used as front TCE on flexible
substrates with compante performance to IT®?! The grid isofteninkjet printed from an

Ag ink resulting e.g. in 130 nm high lines, which needs to be over coated or embedded into
the substrate and because of a line width of 100 um and more, the grid is still vishme to t
naked eyé'??
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An elegant method to fabricate a rasible metal networkTssonnr=86 %,Ri =10 q/ 1) i s
of this thesis and presented in chapter 5. The metal network was successfully incorporated in
OSCs, which exhibits a similar performance like the ITO reference. The big advantage of this
metal network is the potential for easy and chgaygluction on a large scale and the variety

of materials, which may be used for the network.

Many of the TCEs presented here for the front electrode (Figure 10a) can be fabricated also
on top of the photoactive layer (Figure 10b), which is especiallgrasting for non
transparent substrates such as pBper?4Having both front and back electrode transparent
(Figure 10c) enables semitransparent organic solar cells, where the color can be tuned through
selection of the photoactive layer materialspectively. This opens new application and
markets for building integrated OPV and automotive roof top applications. Many
semitransparent OPV devices reported in the literature use ITO as front electrode and Ag
nanowireg!?s 126.127. 128, 12p meta| / netal oxidé=% 3% 32or PEDOT:PSE33: 134, 135, 1365¢

back electrode.However, due to the drawbacks of ITO mentioned above,-fl€®
semitransparent OSC are of special interest and there are a few examples in the literature as
well. Jenet al usedPEDOT:PSS based front and back electrodes for a P3HLBIC@

system, but achieved a rather low PCE of only 0.%*%More successful was a combination

of Ag nanowires and PEDOT:PSS or metal oxides for both electrodes leading to PCEs
between 2.0 and 28 when P3HT as donor polymer is us&d'*land a PCE of 2.9 % using

a LBG-polymer™# Current collecting grids printed from Ag inks in combination with
PEDOT:PSS are well established as front and back electrodes for large atteaaloll
fabrication of ITO-free OPV. However, here the dimensions of the grid ranging from 200 to
300 um are visible to the naked eye and hence not ideal for wiagplicationg'*! where a

complete transparent electrode is desired.

Based on the presented work in chaftethe metal network was successfully fabricated on
top of a photoactive layer exhibiting a low haze and a high FOM. The combination with the
metal network front electrode from chapter 5 leads to an-ff€® semitransparent OPV

device as presented in cheip6.

K
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3 Overview

Organic photovoltaics (OPV) owns a great potential as a source for renewable energy and a
big progress was made over the last decades in terms of understanding the fundamental
photophysical processes and device engineering. Botmeasssary to establish OPV as
inexpensive and environment friendly alternative to current photovoltaic technologies. For
OPV commercialization several aspects need to be considered such as cost of material and
fabrication, power conversion efficiency and aevlifetime Also environmental friendliness

and carbon foot print are important factorbus the choice of suitable OPV materjaidich

should be also available in large scasecrucial. However,phenylCsi-butyric acid methyl
ester(PCBM) 1 the stateof-the-art electronacceptor insolution processe®PV 1 is one of

the most expensive components and its large scale production needsffgreat synthesis

and purification Likewise, indium tin oxide (TO), a common transparentonducting
electrode suffers from the limited abundance and high costs of indium. Additionally, ITO is
not the best choice for flexible substrates, since it is brittle and forms cracks which lower the
electrical conductancelherefore,alternative material and device concepte needed to

make solution processed OR¥mMpetitiveand to enable large scale production.

The aim of this thesis is to provide alternative concepts for both, PCBM and he@efore

the thesis deals with detailed study of perylene bisimides (PBl)sasall molecule electron
acceptor to replace PCBM. PBIs exhibit a higher light absorption efficiency compared to
PCBM and its color can also be easily tuned. The color of photoactive materials again is an
interesting aspect for semitransparent OPV, sinedows a variety in design by selecting
suitable colors of photoactive materials. On the other hand, this thesis presents a concept to
fabricate a novel transparent conducting electrode based on transparent metal networks which
can replace ITO. The disdation contains four individual manuscripts, each represented by

one chapter.

Chapter 3 and chapter 4 regard PBI as potential electron acceptor in bulk heterojunction
polymer blends solar cells. Here the impact of alkyl ekgo ethylene glycol(OEG)
solubilizing substituentson morphology, charge carrier recombination dynamics and
consequently OPV device performance was investigated. We found, that solubilizing
substituens have a large impact on the miscibility and hence on the phase separatiombetwee
donor and acceptor. We could correlate the different degrees of phase separation to changes in

charge carrier recombination dynamics. Based on these findivgscould explain the
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difference in photovoltaic performance of two differently aggregating RBombination

with two different donor polymers. The methods used here, i.e. atomic force microscopy
(AFM) and transient absorption spectroscopy (TAS) represent a powerful combination to
analyze the effect of phase separation on charge carrier recambidghamics and hence

help to understand the loss mechanisms in OPV using PBI.

Chapter 5 and chapter 6 deal with a novel concept to fabricate transparent metal network
electrodes, which were successfully integrated into OPV devices as both, front &nd bac
transparent conducting electrode (TCE). The metal network was fabricated with the help of a
cracked polymer template by thermal evaporation of a metal (e.g. Ag) followed by removal of
the polymer template. We have developed methods to easily incorgugataetal network
electrode not only as front electrode on a glass substrate, but also as back electrode, where the
whole fabrication of the metal network had to be carried out on sensitive organic photoactive
layers. Thereforghe metal network electredvas not only used to replace ITO successfully,

but also to provide a transparent back electrode. Having both front and back electrode made
by transparent metal network electrodes leads to anfid®semitransparent organic solar

cell. Since the metal heork can be fabricated at low cost and in large scale, this concept is
relevant for industrial production of large area OPV including the opportunity for
semitransparency, which is especially interesting for building integrated OPV and automobile

roof topapplications.

Studying concepts based on novel material for electron transport as well as transparent

electrodes, this thesis contributes to novel device concepts and applications.
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Controlling phase separation indonor polymer-PBI blend systems via
hydrophobic vs. hydrophilic side chains and their impact on norgeminate

recombination (Chapter 3 and 4)

The photoactive layer is theeartof a solar cell device. The charge carriers are generated
within the photoactive layer and thus the careful seleatfophotoactive materials i.e. the
electron donor and acceptor materials decides the overall photovoltaic performance of the
device. A milestone of OPV development is the introduction of the bulk heterojunction
concept, where the electron donor and acceaptblended to form a morphology suitable for
efficient exciton diffusion to the donor/acceptor interface, charge generation and charge
carrier transport towards the extracting electrodes. Thereby, not only photophysical and
electronic properties such absarption, energy alignment and of@arcarrier mobility are
important, but also the donacceptor miscibility and theapability to undergo favorable
phase separation. Several concepts are known to control the morphology such as thermal and
solvent anneaig as well as the use of solvent additives. Solubilizing side chains of the donor
and acceptor material have also a huge impact on the miscibility and hence phase separation
between both and offer further possibilities to control aggregation and morghblogever,

in many of the organic solar cell devices, the donor polymer is designed to suit thaf-state
theart PCBM acceptor, since PCBM itself has only very limited potential for chemical
modification without losing its electron accepting propertieddiional drawbacks of PCBM

such as very poor light absorption, tendency to agglomerate and high costs due to
sophisticated synthesis and purification motivated researchers to look for alternative electron
acceptors. PBI is a prominent candidate, singeofisessehigh light absorption, excellent
electron accepting and transport properties and it is easy to synthesize in large scale. With
regard to morphology control, PBI allows fine tuning through chemical modification of not
only the photophysical and ergetic properties, but also aggregation behavior and phase
separation in combination with a donor polymer. However, the effect of PBI solubilizing
substituents on the phase separation in polymer blends is not well investigated. To do this,
two unsymmetrial PBIs both having a linear alkyl chain on one of the imide positions,
whereas the other imide position is either functionalized with an alkyl (PBI 1) or OEG (PBI 2)
swallow tail. The chemical structures of PBI 1 and PBI 2 are shown in Figure 1. Sidrstitut

of the imide position does not affect the photophysical and energetic properties.
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Figure 1. a) Chemical structure of the two investigated perylene bisimides PBI 1 and PBI 2 as electron
acceptors and the respecting donor poly®8HT. b) 3V characteistics of normal organic solar cells under
illumination using P3HT as donor polymer and PBI 1 (black) or PBI 2 (red) as small molecule acceptor. The

P3HT:PBI ratio was 1:2 by weight in each case.

This allowed a direct comparison of the results based erdifferent side chains. Starting

point of the investigation (chapter 3) was the diffeggmtovoltaic behavior observed for PBI

1 compared to PBI 2 when blended with P3HT (Figure 1b). Here, the PBI 2 blend showed
much higher short circuit currefisc) and open circuit voltagé/oc) compared to the PBI 1

blend. Although the power conversion efficiency (PCE) of both blend systems was low, the
difference was significant and the question arose, whether this can indeed be attributed to the
different structurbfeatures of PBI 1 and PBI 2 which can cause different morphologies. We
therefore focused on investigation of the photoactive blend itself including methods such as
UV / VIS spectroscopy, AFM imaging and TAS. In additiere study the effect of thermal
amealing in both PBI blend systems, since this in known considerably influence the phase

separation and thereby charge carrier recombination dynamics.

First, the results of the @ast blend system are discussed and based on that the changes upon
thermal anealing at selected temperatures are referred. Following the assumption that the
different side chains of PBI lead to changes in blend morphology, AFM images were taken. It
is obvious, that the topography of PBI 1 blend (RMS roughness = 0.6 nm) is veoghsm
compared to that of PBI 2 blend (RMS roughness = 6.4 nm). We ascribed this to a well
intermixed morphology due to high P3HTPBI 1 miscibility mediated by similar alkyl side
chains in both components. In contrast to that, PBI 2 having polar OEGhsides leads to

phase separation featuring larger domains. The high degree of intermixing in PBI 1 blend

versus phase separation in PBI 2 blend was expected to have a big impact in the charge carrier
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recombination dynamics. Hence, time resolved TAS inndngsecond to microsecond time
scale was carried out. In preliminary studies, radical cation and anion spectra were taken for
donor and acceptor materials either by spectroelectrochemistry or by chemical oxidation. This
is helpful to interpret the polardsands in transient absorption spectra. In Figure 28 3h€T

polaron band of the PBI 1 blend is shown, which is in line with data from literature. The
P3HT polaron band having a maximum at 970 nm was selected for analyzing the charge
carrier recombinatiodynamics in both blend systems, hence the evolutiep ©ffipon time

(note thatgp O here at each time is proportional to the charge carrier density in the blend
system). In Figure 2b the charge carrier recombination dynamics for both blend systems are
shown in a loglog plot. The change i O upon time was well described by a power law
having the order ofe{ +)land a decay rate constdntwhich is typical for charge carrier non
geminate recombination and consequently the decay dynamics could be fitigdthesi

integrated power law Eq. 1.
3000 300 D T ()

The different decadynamics are shown in Figure for PBI 1 and PBI 2 blend including the
best fit according to Eq. 1. For P3HT:PBJ d decay rate constant k being twalers of
magnitude higher than for P3HT:PBI 2 was observed, indicating a faster di@tayicsin

the PBI 1 blend. The faster decay was ascribed to the high degree ofximgras confirmed

by AFM images. In addition, the decay ordar<)1in PBI 1 blendwvas exceeding two (2.49)

and significantly higher than in the PBI 2 blend (1.71). This was ascribed to a higher density
of trap states and lower domain crystallinity in PBI 1 blend.
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Figure 2. Transient absorption a) spectrum of P3HT:PBI 1 blend andeopyg dynamics at 970 nhm monitoring
the maximum oP3HT polaron absorption for PBI 1 (black) and PBI 2 (red) blend including the best power law
fit (blue) according to Eq. 1.
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Using thermal annealingt selected temperaturése phase separation in P3HT:PBivas
increasedas confirmed by AFM imagednterestingly, significant changes in steady state
absorption spectra were observed indicating structural reorganizations of either the P3HT or
PBI or both. This probably also causes higher degree of crystallffigure 3a)Likewise,

we observed different recombination dynamics upon thermal annealing, which is shown in
Figure 3b. As an example, the P3HT:PBI 1 blend annealed at 170°C was analyzed and two
different decay dynamics were found; one betw@8bto 5.5 psand the second betweérb

to 450 psillustrated by the black lines in Figure 3b. Both time regimes could be described by
power law and are ascribed in accordance to literature to aermmate recombination
between free charge carriers for the ydnme regime and to trap limited ngeminate

recombination for the later time regime.
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Figure 3. a) normalized steady state absorption spectra and b) transient absorption decay dynamicsrat 970

for P3HT:PBI 1 blend for asast and thermal annealedrfi at selected temperatures.

However, for P3HT:PBI 2 blend neither in steady state absorption nor in transient decay
dynamics significant changes upon thermal annealing were observed. Only a decreasing
charge carrier density with increasing annealing teatpee was found. In accordance to the
higher degree of phase separation upon thermal annealing, this m®uékplained by
decreased photbarge generation due to a smaller desxareptor interface.

Thus the big impact of solubilizing side chains in RBIthe phase separation and thus on
morphology was clearly demonstrated here. It is shown that the different degree of
intermixing in both PBI 1 and PBI 2 blend systems directly affects the recombination
dynamics and thus the photovoltaic performance. dgJgmermal annealing large phase
separation was induced leading to decelerated recombindyioamicsin P3HT:PBI 1

compared to the asast blend system.
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In chapter 4, the morphological impacts of the same two PBI compounds in combination with
two differert donor copolymers were studied. It was an open question, whether the findings
from chapter 3 can be generalized also to other donor polymers. The selected donor polymers,
having both alkyl solubilizing side chains, OPV32 and PDPP5T are depicted in &igure

CgHy7

OPV32 PDPP5T

Figure 4. Chemical structures of the donor polyn@PV32and PDPP5Tfor the PBI blends.

According to chapter 3 one could assume, that both donor polymers will show high
intermixing when blended with PBI 1, whereas coarse phase separation will deenr w
blended with PBI 2 due to the alkyl/alkyl versus alkyl/polar OEG interaction of the blend
systems, respectively. The aim of this chapter is to verify this assumption including the
investigation of photovoltaic behavior, morphology and charge carrmemigination. The
optimization of the OPV32:PBI solar cells as well as their blend characterization using AFM
images was published before elsewh¥relere the PDPP5T:PBI blend was optimized first
for solar cell performance and investigated including U&¢pectroscopy, and morpgbgy

using AFM. However, analysiof the recombination dynamics by TAS is provided for both
the blend systems using different polymers; OPV32:PBI (1:1) as well as PDPP5T:PBI (1:2).

From a previous doctoral thesis aur group! it was known, that a OPV32:PBI 2 blend
performs much better in OPV device than the respective OPV32:PBI 1 blend. This result was
similar to the conclusion drawn for P3HT:PBI 1 in chapter 3 which can be ascribed to the
high degree of intermixing between OB/ and PBI 1 and could be supported by AFM
images showing a very smooth film. In contrast to that OPV32:PBI 2 exhibited clear phase
separation between both components leading to higgaeand finally, improved PCE. The
explanation for the different morplogy is again the alkyl/alkyl versus alky/polar OEG
interaction of the solubilizing side chains in OPV32 and PBI. Similarly, from the chemical
structure of PDPP5T in Figure 4 one could assume a high degree ofixmerwith PBI 1.
Consequentlythe PDPP%:PBI 2 blend should result in higher phase separation due to
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unfavored alkyl/polar OEGubstituentinteraction of both components. The question was,
whether the higher phase separation again leads to highealues and an overall better
photovoltaic pgormance. Surprisingly, the blend using PBI 1 exhibited always hiddwer

and a much better photovoltaic performance compared to PBI 2.
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Figure 5. a) JV characteristics of PDPP5T blends using PBI 1 (black) or PBI 2 (red) as electron acceptor in
dark (goen symbols) and under illumination (filled symbols) and b) EQiEetraof PDPP5T blends using PBI 1
(black) and PBI 2 (red) as electron acceptor. The PDPP5T:PBI ratio was 1:2 by weight in each case and both
devices were in inverted geometry

Figure 5a sha's the optimized inverted solar cells havingsaof 5.03 mA/cnt and a PCE of

1.56 % for PBI 1 blend which is much better than for the PBI 2 blasigof 0.76 mA/cnd

and PCE of 0.27 %). In addition, the EQE spectra are given in Figure 5b emphasizicg a mu
higher photocurrent extraction for the PBI 1 blend over the whole range of the blend
absorption spectrum (not shown here). This is surprising since PBI 1 was expected to intermix
with PDPP5T leading to amfavored morphology for phatbarge generatioand extraction.

The AFM images shown in Figurdo@onfirm our initial assumption and a mucbarser

phase separation could be found for the PBI 2 blend. Neverthalsssthe PBI 1 blend
exhibits a certain degree of phase separation as seen in Figwkidamight be favorable

for photacharge generation.
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Figure 6. AFM phase images of PDPP5T blends using a) PBI 1 or b) PBI 2 as electron acceptor. The
PDPPS5T:PBI ratio was 1:2 by weight in each case

Finally, time resolved TAS was performed to monitodaompare the charge carrier ron
geminate recombination dynamics in both kinds of blend systems. The decay dynamics for
OPV32:PBI 1 in Figure 7a is much faster compared to OPV32:PBI 2 blend indicating faster
nortgeminate recombination dynamics caused higher degree of intermixing in the former

as confirmed by AFM images. This is totally different for PDPP5T:PBI blend systems (Figure
7b). Whereas the PBI 1 blend exhibits also a polaron decay dynamics, this is not observed for
the case of PBI 2 blend. Almst no or very little amount of charges were generated in the
PBI 2 blend which can be explained by having again a closer look at the AFM images in
Figure 6b: a very coarse macro phase separation is most probably responsible for poor exciton

diffusion towads the donor/acceptor interfadeading to a very limited photbarge

generation.
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Figure 7. Transient absorption decay of PBI 1 (black) and PBI 2 (red) blend system monitored at 970 nm using
either a) OPV32 or b) PDPP5T as donor polymer. The transségrial was normalized to the steady state
absorption at the excitation wavelength, which was 500 nm for a) and 470 nm for b). The excitation density was

30uJ/cnt in each case.
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Thus within this study it was shown that the nature of solubilizing side chams huge

impact on blend morphology and hence on the overall device performance. In contrast to
chapter 3 we found, that PBI 1 having alkyl side chains does not always result in high
intermixing with donor polymers which also have alkyl side chains. ltertne case of
PDPP5T:PBI blend system, the PBI 1 blend exhibits suffigidrase separation, whereas

PBI 2 blend system results in domains sizes probably much larger than the exciton diffusion
lengths éading finally to limited phottharge generation. Th, these two chapters address

the potential and complexities to use PBIs instead of fullerene derivatives in bulk
heterojunction devices. The results indicate the need to adapt the donor & acceptor structures

to each other in order to obtain desired plsagmration and morphology.
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A cracked polymer templated metal network as a transparent conduction

electrode for ITO-free semitransparentorganic solar cells(chapter 5 and 6)

Transparent conducting electrodes (TCESs) are essential in OPV, since tinegessary for

light incoupling and transmission towards the photoactive layer while at the same time they
have to ensure high conductivity for lefsse photocurrent collection. ITO fulfills these
requirements very efficiently and is therefore the stétihe-art TCE not only for OPV, but

also organic light emitting diodes, liquid crystal displays, touch screens and inorganic thin
film solar cells. However, ITO has also a number of drawbacks. It is brittle and forms cracks
on stretchable or bendable flelalsubstrates, which limits its utilization for large area-toll

roll fabrication and flexible applications. The fabrication of ITO requires high temperature
and indium itself is a rare and therefore expensive element. Many alternatives to ITO were
propased such as graphene, carbon nanotubes, and silver nandwavesver,they suffer

from high resistance and need further treatments such as pressing or filling with other
conductive materials. Current collecting grids printed from silver inks do not hage t
problems, but they are visible to the naked eye, since they exhibit large feature sizes. In
chapter 5 development of a novel transparent metal network electrode for OPV application is
presented. The metal network exhibits low sheet resistance antrdmgmittance, while its
structural features remain invisible to the naked éyethermore,it is seamless and the
fabrication is suitable for large area fabrication, even on flexible substrates. The principle of
fabrication is schematically shown in Eig 8. It starts with the coating of an acrylic resin
colloidal polymer suspension on glass, where a polymer cracked template is thurmefa

fast drying process. The template is fully cracked down to the substrate to forgrobues

and the cracks ar highly interconnected with >5 pum features (Figure 8a).

Figure 8. Schematic illustration of the process for transparent metal network fabrication consisting of a) crack
template formation from coating and drying of a colloidal precursor polymer susperyianetal deposition
onto the polymer template and c) final silver metal network emerges afteff Idf the polymer template by

dissolving the polymer in chloroform.
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In a second step 55 nm of silver is deposited by vacuum evaporation on the crdgkest po

template (Figure 8b)Finally, the polymer template is washed away by dissolving it in

chloroform, while consequently the submicron metal network remains on the glass substrate

(Figure 8c). The structure of metal network was afterwards characteygedptical

microscope, optical profiler (Figure 9a) and scanning electron microscope (Figure 9b). The

metal fill factor, which describes the ratio of deposited metal area with respect to the total

substrate area, was estimated to be approximately 20%stiintural width varied between

some hundreds of nm ane2lum, the spacing between the silver structures was in the range

of 20 to 60 um. With these structural dimensions the metal network is invisible to the naked

eye, which is important for certain appt at i ons . The sheet

resi

slightly better than that of ITO referenck 6 qwhéreas the transmittance at 550 nm was

sta

86% and therefore a bit lower compared to that of ITO (93%). However, as seen from

Figure9c, the transmittancef dhe metal network is quite constant over a large wavelength

range with significantly higher transmittance in the UV region. It is worth to note, that the

transmittance and sheet resistance of the metal network depends highly on the metal fill factor

as well as on its thickness. A reduction in metal fill factor leads general to an increase in

transmittance but on the other side also to an increase in sheet resistance. A fine tuning of the

structural dimensions of the metal network is therefore essentiithdoa compromise

between high transmittance and low sheet resistance. This fine tuning was realized by

adjustment of the precursor polymer suspension as well as the template fabrication process

parameters. Likewise, an increase in metal network thickadgasted by thermal evaporation

leads to a decrease in sheet resistance. However, the maximal thickness is limited due to the

fact that the metal network needs to be over coated by the subsequent layer, which is in our

case a hole blocking layer made framc oxide (ZnO). A thickness of 55 nm Ag was found

to give a sufficiently low sheet resistance.
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Figure 9. a) Optical profile meter image in 3D view and b) SEM image of the network junction showing the
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structural dimensions of the Ag metal network. cjnparison of transmittance spectra of Ag metal network and

ITO. The inset shows a photograph of the Ag network on a glass substrate
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The overcoating with ZnO is necessary to avoid electrical shorts through the device. The
commonly used ZnO layer thicknes$ 45 nm turned out to not cover the metal network
completely as seen from the SEM images in Figure Thareforethe ZnO layer thickness

was increased stepwise and 135 nm ZnO was found to be the optimal thickness (Figure 10b).
Figure 10c compares thEV characteristics of the optimized Ag network electrode having
135 nm ZnO with an ITO device as reference with 45 nm ZnO, whereas all other layers were
kept the same. Iparticular,the solar cell parameters are almost same for the Ag network and
the ITO cevice. This emphasizes the potential of transparent Ag metal network electrode as

suitable replacement for ITO transparent conducting electrode.
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Figure 10. SEM image and schematic illustration of the Ag metal network on glass substrate covered by a) 45
nm and b) 135 nm ZnO. c¢) Comparison ¥ Eharacteristics of ITO (black) and Ag network (red) front
electrode in dark (open symbols) and under illumination (filled symbols). Note, that the ZnO layer thickness was

45 nm for ITO device and 135 nm for Adwerk device. All other layers were kept same.
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Chapter 6 is an extension of the concept based on the successful integration of Ag metal
networks as a replacement for ITO as the front transparent electrode. The central question
here is, whether the metaktwork can be processeld@ on top of the organic phatctive

layer leading to a transparent back electrode. In case of having both front and back electrodes
transparent, a semitransparent organic solar cell can be realized. The color of such a
semitraigparent solar cell can be then tuned by the choice of the photoactive layer materials.
The semitransparency of OPV is of special interest in the field of window applications in
building integrated photovoltaics or for automobile roof tops. The color tityadpens up a
completely new freedom in design which is not realizable with other photovoltaic
technologies.

The fabrication of the metal network follows the polymer template method from the previous
chapter which is schematically showm Figure 8. However, the fabrication of the metal
network electrode on top of soluble organic layers is a quite challenging task, since the
polymer template needs to be removed by solvents without dissolving the underneath layers.
In an inverted device, the underlyingdat is PEDOT:PSS as hole transporting layer on top of

the photoactive layer. For this purpose, a 50 nm thick PEDOT:PSS layer was spin coated on a
glass substrate. After the polymer template fabrication on top of this PEDOT:PSS layer, it
turned out that theracking characteristic is very similar to that found on glass substrate in the
previous chapter. The polymer template was metallized with Ag or Au by thermal evaporation
and afterwards dissolved in different organic solvents. Chloroform, acetone ahdoettaye

were suitable solvents to dissolve the polymer template fully while retaining the PEDOT:PSS
layer. As a typical example, Au was chosen and the impact of selected Au network
thicknesses in the range of 20 to 60 nm on both the transmittance aslie#teresistance

were studied in detail. laddition,the haze for all thicknesses was determined, which is an
important parameter for determining the effect of light scattering. This is especially
interesting for applications, where light scattering doeghe metal network isindesired
Surprisingly, the Au metal networks on PEDOT:PSS exhibit an ultralow haze of 5% up to 60
nm Au thickness.Finally, the transmittance sheet resistance relation of the Au metal
network electrode was quantified by a figafemerit (FOM) to compare the performance of
different transparent conducting electrodes. A high FOM is desired for most of the
applications. For the 60 nm thick Au network on PEDOT/PSS having a sheet resistance of 3
q/ 1T and a tr ansmi of 75 was ebtaméd wich cotpetesiwelFvitivithat

for ITO (FOM = 400 to 800).



Overview 63

After characterizing the metal network on top of a PEDOT:PSS layer, complete organic solar
cells were fabricated using the back metal electrode. A very short treatment abh@ssen

ethyl acetate in combination with uksanication was identified as the best method for
dissolving the polymer template while keeping the underneath layers intact. Three types of
devices were fabricated according to their front/back electrodd€D/apaque metal device

as reference, a ITO/metal network device to proof the possibility of using the metal network
as back electrode and a metal network/metal network device, where the transparent metal
network back electrode was ultimately combinedhwibe optimized transparent metal
network front electroddn Figure 11a an illustration of all three devices is given for Ag metal
electrode. A photograph of each device in Figure 11a highlights the semitransparency of the
ITO/Ag network and the Ag/Ag nebrk device Here the underlying text is fully visible and

the color of the device is dominated by the photoactive layer which is P3HT:PCBM for these
devices. Thus both the front and the back metal network electrode could be easily structured
and preparedn the required size only by using suitable shadow mask during the metal
evaporation process. In Figure 11b th&/ characteristics of all the three devices are
compared in dark and under front illumination. It is obvious that the two semitransparent
devies (ITO/Ag network & Ag/Ag network) exhibits a lowégc compared to the ITO/Ag
opaque device. This expectablyattributed to the missing back reflection of light at the Ag
metal back electrode, because now most of the light which is not absorbedpbytibactive

layer is transmitted through the device.
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Figure 11 a) Schematicallyllustration andphotographs and b)-¥ characteristics for the three devices having
ITO/Ag opaque (black), ITO/Ag network (red) and Ag/Ag network (blue) as front /batioeés respectively.
Note that the </ characteristics are measured in dark (open symbols) and under front illumination (filled

symbols).
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Due to the reducedsc, we obtained 2.25 % PCE for the ITO/Ag network device and 1.80 %
PCE for the Ag/Ag network elices compared to 3.10 % PCE of the referethedce.
Moreover the semitransparent devices enables not only front illumination, but also back
illumination emphasizing the high transmittance of the metal network/PEDOT:PSS back
electrode. It is shown herthat the transparent metal network based TCE is not only just a
good replacement for ITO, but also serves as excellent back electrode fere€rO
semitransparent OPV. The easy and fast fabrication andathyeicability for large area and

flexible substate make these network electrodes interesting for industrial production.

Reference:

[1] Muth, MathisAndreas: Structur®roperty Correlation of Electron Transport Materials in

Organic DevicesDissertation University of Bayreuth2013
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68

Chapter 6
Thiswork is published inEnergy Technolog{2015 3 (6), 638 645 with the title

fiTransparent Metal Network with Low Haze and High Figure of Merit applied to Front and
Back Electrodes in Semitransparent Hr@e Polymer Solar Celts

by Christoph Hunger, K. D. M. Rao, Dr. Ritu Gupta, Chetan R. Singhridhar U. Kulkarni,
andMukundan Thelakkat

| optimized and fabricated the transparent metal network for front and back electrode and
integrated them into photovoitadevices. | characterized the photovoltaic devices by optical
microscopy, UV/Vis transmittance and reflectance spectroscopy, current dengitiage
characteristics and external quantum efficiency measurements. | wrote the electrode

integration and chracterization of photovoltaic devices part in the manuscript.

K. D. M. Rao and Ritu Gupta prepared the transparent metal network electrode on
PEDOT:PSS and characterized them by scanning electron microscopy, transmittance and
optical haze measurements. yhverote the transparent metal network preparation part in the

manuscript.

Chetan R. Singh was involved the scientific discussion regarding the impact of measuring the

devices with mask vs. without mask.

Giridhar U. Kulkarni and Mukundaimhelakkatsupervisd the project, were involved in the
scientific discussion and corrected the manuscript.



Controlling phase separation in P3HT-PBI blends 69

4 Controlling phase separation in P3HT-PBI blend
systems via hydrophobic vs. hydrophilic side
chains and their impact on non-geminate

recombination

Christoph Hunger, Méhis-Andreas Muth and Mukundan Thelakkat*

*correspondingwthor

Prof. Dr. Mukundan Thelakkat, Applied Functional Polymers,
Macromolecular Chemistry I, University of Bayreuth95440 Bayreuth,
Germany.

E-mail: mukundan.thelakkat@ubayreuth.de

This manuscript is prepared for submission.



70

Abstract

Two unsymmetrical @rylene bisimides PBI 1 and PBI 1 were studied in blend poti(3-
hexylthiopher-2,5diyl) (P3HT) as donor polymer in terms of photovoltaic performance,
morphology and charge camieecombination dynamics. The PBIs have a linear alkyl chain at
the one imide position while the other imide position was substituted by either a hydrophobic
alkyl swallow tail (PBI 1) or a hydrophilic oligethylene glyco(OEG) swallow tail (PBI 2).

Even through the photophysical properties of both PBIs are very similar, significant
differences in photovoltaic performance were found. We observed a much higher short circuit
current (s and open circuit voltageVec) for PBI 2 blend compared to PBI 1 bten
Investigation of the blend morphology by atomic force microscopy (AFM) showed a very
smooth topography for PBI 1 blend whereas a coarse surface was found for PBI 2 indicating a
higher degree of phase separation in this blend. We ascribed the differgioiogy to the
favored hydrophobic alkyl / alkyl vs. ufavored hydrophobic alkyl / hydophilic OEG
interactions of the different substituents in P3HT and PBI, respectively. The impact of the
different morphology on the photovoltaic performance was aoefir by measuring the
charge carrier recombination dynamics in both PBI blend using transient absorption
spectroscopy. The high degree of donor/acceptor intermixing found in PBI 1 blend leads to
faster charge carrier recombination dynamics and a lower eltargier density compared to

PBI 2 blend, where a high degree of phase separation was found. Finally, phase separation of
the PBI 1 was induced by thermal annealaggconfirmed by AFM leading tdecelerated
charge carrier recombination dynamics. We ersigeahere the importance of donor and
acceptor substituent as a powerful tool to control the phase separation in P3HT:PBI blend

systems.

Introduction

Organic photovoltaic§OPV) underwent a rapid development in terms of power conversion
efficiency anda deep understanding of the fundamental processes over the last decades. A
large number of photoactive materials especially for solution processed bulk heterojunction
solar cells were investigated with regard to their photovofiarformanceHowever, beside
fundamental aspects such as absorption properties, energy alignment and charge carrier
mobility also a control of the morphology and thus a defineermediatephase separation of

donor and acceptor phase are crucial for high efficient devices.c@hibe realized by
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thermal!! or solvent anneali§ and using solvent additived. For instance,Yan et al.
presented recently polymer solar cédisving over 186 power conversion efficiencyPCB),

which was achieved by temperatstependent aggregation dhe donor poimer
Additionally, block copolymers were used as compatibilizetw®en donor and acceptor
phas&! or to build up by itself a foro phase separated morphold@yThe solubilizing side
chains of the donor polymer were also found to haveige impact on the phase separation
and their fine tuning allows optimizatiaf morphologythusleading consequently to higher
photovoltaic performance. Moreovegariciftci et al. has shown that the length of the
solubilizing side chain in Poig-alkylthiophene affects not only the phase separation but does
also thephenytC61-butyric acid methyl estefPCBM) diffusion and an increasing PCBM
diffusion rate with lmger alkyl sidechains was fouftlin contrast to that, PCBM has only
limited possibilitiss in chemical modification, since each additional substituent to the
fullerene core will change its energy levels and hence electron accepting properties. In
addition purification of such multiple substituted fullerene acceptors is highly sophisticated.
Even through PCBM is still one of the madticient electron acceptor in OPV, litasseveral
drawbacks. As mentioned above, PCBM show diffusion and aggregation which leads to
instabilities in blendmorphology and consequently to limited device lifetime.atdition,

PCBM possesnly low molecular extinction coefficiendnd hence contribute less to the
photocurrent geeration than the donor polym&r.The synthesis and in particular the
purification of PCBM is highly sophisticated making PCBMcost intense compomnt in
organic solar cell§! Therefore a series of alternative electron acceptors for @Eke
proposed in the last yedt3.! Among these, perylene bisimides (PBI) is a promising
candidate, since it shows higlghit absorption, is highlyhmtostable, and exhibits sufficient
electron mobility and electron accepting propertiese chemistry allows fine tuning of

each property bystructural modification®d Most of all PBI based acceptors can be
synhesized cheap and in large sd&leAs a special feature,B? tends to selassembly via

-~ stacking, which opens new opportunities f
dimensionalcharge carrier transport in OPV. A t t he same t’i met a dkei nsgt
property leads often to formation of largeystallineaggregates in polymer:PBI blends which
result in unfavorable blend morphology. consequengehotocurrent generation is reduced

for phase domains much larger than the exciton diffusion length and the charge carrier
transport between large aggeges is limitedas found forpoly(3-hexylthiopher-2,5-diyl)

(P3HT) blends$'® Additionally, excitons in large PBI aggregates are converted into immobile

excimer states followed by excimer radiative relaxation rather than charge carrier generation
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at the donor/acceptor interfaé A control of the PBI aggregafermationand phase domain

size is therefore a determinifector for its applicationsOn the basis of the above mentioned
factorsfor polymer blend systemsnorphology tuningwas realized bysing aP3HT-PBI

block copolymer as compatibilizEf! solvent additives'®2% or by thermalannealing 22!
Furthermore linking PBI cores covalently together is a successful way to reduce the PBI
aggregation and hence building up a vafined mophology. Higly efficient polymer:PBi

dimer solar cells having PCE up to 6.05 % were publi§feds mentioned above tuning of

the solubilizing side chains offers opportunities to control the donor and acceptor miscibility
and hence the blend morphology.contrast to PCBM, chemical modification via side chains
can be realized much easier in both fa&inomer and PBdlimer acceptors. In this context

Lu et al.investigated the impact of hydrophilic ethylene glycol side chains at the bay position
with respet hydroghobic alkyl side chain at the-drminal of a PBI dimer on the phase
separation in albnd with P3HT as donor polym&?! However, differences in photovoltaic
performance of this study were not only attributed to the different side chains effdaton
phase separation, busa to the changes in the phphysical and electronic properties since
the functionalization of the aromatic core alg influences these properti&. Thus a
systematic study about the impact of different side chaif®Bil without coresubstitution to

keep the photghysical and energetic properties is still needdtlitionally, nongeminate
recombination dynamics have a huge impact on photovoltaic performance and are very
sensitive to any change in phase separationngestigation of different side chain impact on
the morphology including the charge carrier recombination dynamics will help to understand
the role of donoacceptor miscibility and phase separation not only for PBI blend systems but
for OPV materials irgeneral. This is the aim of this stugsesented in this manuscript.

As an example we chose two PBbleculessach with a different substituted side chain at the
N-atom position of the imide part, while leaving the PBI core unsubstitistdceep the
photghysical and energetic properties constant. In Figurédta PBIs are shown, having a
linear alkyl chain at one imide position, while eitharadkyl (PBI 1) oroligo ethylene glycol

(OEQ) (PBI 2) swallow tail at the other imide position. The two PBIkileix very similar

light absorption as well as electronobility in pristine thin film?”! Here weaddressthe
question, how these different swallow tail substituents will affect the morphology when
blended with P3HT a typical donor polymer in OPV. Thefluencewill be discussed in the
context of photovoltaic performance, AFM images and time resolved transient absorption
spectroscopy. The study includes also the effect of thermal annealing on morphology and

charge carrier recombination dynamics.
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Figure 1 a) Chemical structure of the donor polymer P3HT and the two investigated perylene bisimides PBI 1

and PBI 2 as electron acceptors. b) Thin film normalized UV / Vis absorbance spectra of a blend using PBI 1

(black) or PBI 2 (red) as electron acceptansd P3HT as donor polymer in each case.

Experimental Part

Chemicals The synthesis of PBI 1 and PBI 2 is published elsewher8 PBI 1 is crystalline
up to 182 °C, whereas PBI 2 exhibits a liquid crystalline phase up to 183HMT. (4002EE)

was usd as purchased from Rieke Metals. Chlorofd@iCls) (anhydrous with crowncap,

99%),

orthedichlorobenzene (oDCB), etrahydrofuran (THF),

tetrabutylammonium

hexafluorophosphatéTBA[PF]e) and atimony pentachloridéSbCk) were purchased from
SigmaAldrich. Poly(3,4-ethylenedioxythiophene) polystyrene sulfona@EDOT:PSS -
Clevios P VP Al 4083) was purchased from Heraeus.

Thin film sample preparatiorThin film samples for UV/VIS spectroscopy, AFM images and

time resolved transient absorption measurememete fabricated omglass substratesvhich

were cleaned in ultrasonic bath using the following sequence of solvents: detergent, water,

acetone and-propanol. A solution of P3HT:PBI (1&t/wt) in chloroform (30 mg/ml) was

afterwards spin coated at 10Gihr on glass substrate. Annealing of the thin film was carried

out under nitrogen at selected temperatures between 50°C and 200°C on hot plate for 15 min.

UV-Vis spectroscpy was carried out using a JASGG670 spectrometer.

Photovoltaic device preparationOPV cells were fabricated using a standard device
architecture: glass/ ITO/ PEDOT:PSShaioactive Layer/ CaAl. Commercial ITO coated

glass substrates with a sheet resistance af A3

(Lumt ec) wer e cl

sequence in an ultrasonic battietergent, water, acetone aneprdpanol. After ozone

eane
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treatment of the substrates fomin, PEDOT:PSS was spooated on the ITO surface and
dried at 13CC for 30min. All the following steps were carried out under nitrogen
atmosphere with water andyxy e n | e \ppnl. After@oolihg the substrate, the active
layer was blade coated 2% °C from CHCE solution (20mg/ml) on an ErichsenCoatmaster
509MC (40mml/s, gap30um) leading to a photoactive layer thickness of 80 to 90 nm. The
substrates were theput in a thermal evaporation chamber to evaporate the top electrodes
(30nmCa/10hm Al ) under Himgah threumit aushasow (mask (adive area
4mm?). The currenvoltage characteristics of the devices were measured using a Keithley
2420 (-V) Digital SourceMeter at 25C under AM1.5 solairradiation The power of the

solar simulator was calibrated using a reference silicon solar cell.

Radical ion spectra:Radical anion spectra for PBI 1 and PBI 2 were taken by
spectroelectrochemicakll kit provided by ALSjapan at low concentration (c=%0nolL?)

in THF solution having 0.1 moltL TBA[PF]s as electrolyte. For this qualitative measurement
no reference electrode wased and bias was applied as stated. Radical cation spectra of
P3HT weretaken in oDCB by adding stepwisantimony pentachloride Changes in

absorption in each case were recorded usifSLDV-670 spectrometer.

Time resolved transient absorptioNanc to microsecond timescale transient absorption of
the thin film blend sampk was measured using the LKS8@ectrometer(Applied
Photoghysics). The P3HT:PBI blend samplasder controlled atmosphere were plectited

at 500 nm by an optical parametric oscillator (Rainbovg, s pulse duratioii Quantel)

which was pumped with tH&rd harmonic oscillation of a Nd:YAG laser (BrilliahQuantel).

The excitation energy density for analyses of the recombination dynamics was 36, pJ/cm
whereas for capturing the transient absorption spectra it was 280%idfdA8HT:PBI 1 and

130 pJd/cri for P3HT:PBI 2 blend system to have a sufficient signal to noise ratio. The
different excitation energy densities in each case were controlled by neutral density filters and
an attenuator consisting of two apaced GlaTaylor calcite polarizers. Adddanally,
suitable filters were used in the laser beam to cut off the fundamental wavelength at 1064 nm
and in the probe light beam totooff any visible light up to 8 nm. Changes of transient
absorption were measured in the visible wavelength usinghlbéomultiplier tube R928
(Hamamatsu) or NIR wavelength range using the InGaAs photodiode-SHZDOM-IN
(Femto), both supplied by Applied Phothgsics). The data were collected using a
DSOS104A oscilloscope (Keysight Technologies).
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Resultsand Discussion

As mentioned already, PBI 1 and PBI 2 (Figure l1la) exhibit similar thim dibsorption
spectra in the asast film rangng mainly from 420 nm to 630 nff{! Since P3HT absorbs
also in a similar wavelength region from 300 nm to 650 nm (Figure S1) the PBHiAlend
absorption result from contributions of both components. Adrenalized absorption of the
ascast 1:2(wt/wt) blend films using P3HT and PBI 1 or PBI 2 is shown in Figure 1b.
Organic solar cells in normajeometrywere made toobtain an initial idea about the
photovoltaic potential of both blends. The P3HT:PBI ratio was(W2wt) in each case.
Chloroform was used as solvent for the photoactive layer, since it is fast evaporating and
consequently giving the PBI no time to form large aggregatisvas obsered in the case of
chlorobenzen&® The J-V characteristics for both blend solar cells are shown in Figarel2

a difference irphotovoltaic performance between both is obvious: P3HT:PBI 1 exhibgs a
of only 0.16 mA/cm and aVoc of 280mV. In contrast to thathe Jscin P3HT: PBI 2 is more
than doubled to 0.34 mA/éhwhile at the same time théoc increased to 420 mV. The

parameters of both devices are summarized in Table 1
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Figure 2. J-V characteristics of organic solar cells undamination in normal geometry using P3HT as donor

polymer and PBI 1 (black) or PBI 2 (red) as small molecule acceptor. The P3HT:PBI ratio was 1:2 (wt/wt) in
each case. The photoactive layer thickness in both devices was about 80 to 90 nm.

Table 1 Summaizes the solar cell parameters for P3HT:PBI blend systems according to Figure 2.

Blend system (1:2 wt/wt) Jsc[ mA AL 1 Voc [V] FF [%] PCE [%]
P3HT : PBI 1 0.16 0.28 40 0.02
P3HT : PBI 2 0.34 0.42 32 0.05
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The PCE of both devices is much less thiaat usually obtaned from P3HT:PCBM solar
celldd and it is also lower thanthosefor other P3HT:PBI solar cal'® However, the
difference in behavior of PBI 1 and PBI 2 in photovoltaic performance is significant and
needs to be explaine&ince different swallow tail substituents ar@laced at the Mitom
terminal of the PBI cordt does not affect the phagibysical and energetic properties of the
PBI moleculs.'? Therefore, an explanation of the differences in photovoltaic parameters due
to possible dierent HOMO or LUMO levels fails. It was shown that the swallow talil
influences the packing behavior of the PBI. The packing of PBI 1 and PBI 2 in bulk and
pristine films is wel/ s tstacking elistanae mdoth PBis w a s
similar 2”1 With respect to the donor polymer it is known, that side chains have a huge impact
on miscibility between donor polymer and PBI acceptor and hence on the morphology and in
paticular on the PBI domain siZz&! Due to difference innature of the wallow tail
substituentsn PBI 1 and?2 (hydrophobic alkyl in PBI 1 vs. hydrophilic OEG in PBI 2), we
expectdifferentPBI domain sizes and different morphologies when blended with P3HT.

Phase m

Figure 3. AFM height & andb) and phaseqandd) images of P3HPBI blends (1:2 wt/wt) for PBI Ja(andc)

and PBI 2 b andd) ascast from chloroform on glass slide. Note the different scale bars.
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This assumption was confirmed by AFM images for both P3HT:PBI blend systems. The
samples used for AFM images are the saméor UV / Vis spectroscopyis seen from the

AFM height images in Figure 3, both P3HT:PBI blends exhibit phase sepatraiweayer,on

quite different scales: The blend using PBI 1 show rather small features having a RMS
roughness of only 0.6 nm. In doast to that, the PBI 2 blend forms large phase separation
exhibiting increase in RMS roughness to 6.4 fimate the difference in scatef the AFM

image of 10 x 10 um For comparison & x 1 um AFM image is given in Figure Sfar

PBI 2 blendhaving a RMs roughness of 4.8 nnAdditionally, somestructural featureare
visible in Figure 3bwhich may origimte from highly aggregated PBI 2 domainghe
structural features amven more noticeable in the respective AFM phase image in Figure 3d
(see Figure S2tor the 1 x 1 um AFM phase image). As seen from the AFM phase image in
Figure 3c, the PBI 1 blend does not exhibit ssttuctural featuresTogether with low
roughness obtained from the AFM height images it can be concluded, that PBI 1 exhibits a
higher miscibility with P3HT mediated most probably trough the alkyl side chains in PBI 1
and P3HT. In contrast to that, thgdrophilic OEG side chain in PBI 2 prevents intermixing

with the P3HT phase and hence leading to formation of large PBI 2 domains.

Charge carrier recombination dynamics are very semsito difference inmorphology and
have a huge impact on tlleV characteristicsFor instare, Voc does not only depend on
energy levels of the donor / acceptor system or the charge extraction layers batimeato

be affected by the charge carrier recombination dycsimside the photoactive layé?.

We therefore performed transient absorption spectroscopy in the nanosecond to microsecond
timescale using a laser flash photolysis setup to monitoret@mbination dynamics. This

time regime is dominated by ngieminate recombination of separated changgsaining at

this timeand geninate recombination of singlet exciton states or singlet charge transfer states
appearing usually at shorter timescale banneglected. To identify the separated charges
(radical cations or anions) or the-salled polarons from the transient absorption spectra,
usually the radical cation spectra of the donor and radical anion spectra of the acceptor is
measured before in esidy state by electrochemical doping or by spectroelectrochemical
measurement. In Figure Adne PBI radical anion of PBI 1 in THF solution measured by
spectroelectrochemistry is shown. The concentration of the PBI was kept in the range of

10° mol L to prevent any aggregation effects.
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Figure 4. a) Normalized spectroelectrochemical spectra of PBI 1 radical anion in THF (c5id) L) with
an applied bias ranging between 0.0 V and 2.0 V. For spectroelectrochemical spectra of PBI 2 see Figure S3.
b) Normalized absorbance spectra of chemical oxidation of P3HT in oDCB with different amounts ©f ShCI

given in wt% with respect to P3HT.

When no bias is applied to thieetrodes (black linednly the steady state absorption spectra

of the noraggregated netal PBI 1 appears between 400 and 550 nm with the characteristic
vibronic bands at 456 nm -®), 485 nm (1) and 520 nm (@), which are typical fothe

SoY S: electronic transition in PBIFigure 4a) After applying an electrical bias of 1.3 V new
bands between 550 nm and 1000 nm emerge with three maxi#@lam, 795nm and
958nm. These bands are specific for the PBI radical anioraesid line with puldished data

on PBI radical anion spectf! With increasing bias from 1.3 V up to 2 V the absorption
intensityof the neutral PBI 1 species between 400 and 55@erreaseswhile at the same

time the absorptiomtensityfor the PBI 1 radical anion beegn 550 and 1000 nm increases.
This conversion from the neutral species of PBI 1 to the radical anion is even more obvious
with increasing bias between 1.3 V up to 2 V. A very similar spectra for PBI 2 in neutral and
radical anion form was obtained (Figu88) and both spectra were also very similar to PBI
anion spectra from the literature, which supports that the different side chains astiwa N
does not affect the phqgibysical properties of the PBI. TRRS8HT cation spectrum was not
measured by specglectrochemistry, since P3HT was precipitating uplactricaloxidation.
Therefore, thé3HT cation spectrum was obtained by chemical oxidation usings$Bigure

4b) which is a common way to estimate frmaron spectrum for polymek8! Upon chemical
oxidation the steady state absorption of P3HT reduces, whereas a new broad band between
600 and 1700 nm appears whighs attributed to thB3HT radical cation spectra in solution.

Both PBI and P3HT radical spectra confirm the findings fronermsthin literaturé®® 32 and

help to identify the polaron absorption band in the transient absorption speistraorth to
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note, that the polaron band of P3HT in thin film is red shifted with respect to its cation spectra
in solution due to aggregation effects.bfoad polaron band centred at 980 nm is usually
observed for BHT in the NIR wavelength randfg.

With the knowledge about the radical absorption spectra of P3HT, PBI 1 and PBI 2 we now
turn to the transient absorption spectroscopy measurement of bothdylstems P3HT:PBI 1

and P3HT:PBI 2. We foculsere in this study on the3HT polaron band between 900 and
1100 nm for technical reasons explained under Figure S4. For that, the same samples used in
UV / Vis absorption spectra measurements in Figure ¥k wsed. To exclude any saturation
effect due to high laser excitatiome first analyzed thep O Ddependence upon laser
excitation energy, which should be linea&ny further measurement was than fpened

within the linear regim&4 The transient absorption decay was measured therefore for both
blend systems at 970 nm which is dominated by the P3HT polaron absorption. In Figure 5a
the O value as a function of laser excitation density is given. gl ¥alues were taken

at 500 ns aftephotoexcitation and were normalized to the ground state optical density at 500
nm. Two information can be obtained from this plot: First, the PBI 2 blends exhibits much
higher g O Dvalues at a given excitation density, indicating higher charge densities w
respect to the PBI 1 blend, singeO s proportional to the charge densityhere ascribed to

the P3HT polaron density) according lambert beers law (Eq.1), wihsrthe film thickness

and(} is the extintion coefficient of the polarofi
YOO ¢ 0O (1)

Second, the different slope of the linear regime and the fact theg @&t 970 nmstarts to
saturate atifferent excitation densitiesvith for the two blendss an indication for different

recombination dynamics in both blend syss€Figure 5a)
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Figure 5, a)Nor mal i zed (with respect to the steady state op

time delay versus laser excitation density between 17 and 925$at¢d0 nm for PBI 1 (black) and PBI 2

(red) blends. Straiht lines illustrating the linear regime (below 460 pJ4ior PBI 1 and 130 pJ-crhfor PBI 2

blend) where no saturation due to high laser excitation energy occurs. b) Normalized transient absorption
spectra between 870 and 1300 nm for P3HT:PBI 1 bldteat lser excitation at 500 nm with 280 pJ-€nfor
P3HT:PBI 2 blend see Figure S4 in supporting information.

In anext stepwe measured the transient spectra in the NIR region for both blend systems,
whereas the excitation density was chosen to bep@86m? for the PBI 1 blend and 130
uJ-cni? for the PBI 2 blend to have a sufficient high signal to noise ratio especially apart from
the polaron maximum, while still being in the linear regime to prevent saturation effects.
Figure 5b is showing the traeat absorption spectra for P3HT:PBI 1 blend between 870 and
1300 nm having a maximum around 970 nm, which was earlier ascnidietly to theP3HT
polaront®! Note that PBIexhibits also certain radical anion absorptand58nm as seen
from Figure 4a ad may partially contribute to the transient absorption in this region. The
transient absorption spectrum of P3HT:PBI 2 (Figure S4) is very sithdarever,it appears

a little bit narrower and redshifted to that of P3HT:PBI 1. Following the temporaltevoit

is obvious, that thelynamicsin P3HT:PBI 1 is much faster than in P3HT:PBI 2 indicating a
faster charge recombinatiasynamicsfor the PBI 1 blend. Note that both spectra were
smoothed and normalized to 1. A comparison of original data and sedoddita at early time

is given in Figure S5 for both blends.

We now take a deeper look at the temporal evolution oftrdresient absorption around
970nm tounderstandhe recombination dynamics in both blend systems. The |lasiatson
density was keptat 30 pJ-cm? (excitation wavelength = 500 nm), to minimize fast

recombination due to high charge densities, since it was shown, that the recombination
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dynamics depend highly on the charge density. To ensure, that triplet states were not
significantly involved inthe recombination processe measured the tempomynamicsof

the transient absorption at 970 nm for both blend systerder nitrogen and under air. In
case of significant triplet contribution to the transient absorpivmn expectin oxygenan
accelerated recombinatialynamicsdue to triplettriplet energy transfer frorany triplet state

in the photexcited blend to the triplet oxygé#! Additionaly, a mono exponential decay of

the transient absorption would be a possible indication forrggenrecombination domated

transient absorption dec&y.

a) 1e4 b
) s 0, = P3HT:PBI 1 under nitrogen ) = P3HT:PBI 2 under nitrogen
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Figure 6. Decay of transient absorption at 970 nm after laser excitation at 500 nm with 30-{ufbcra)
P3HT:PBI 1 and b) P3HT:PBI 2 under nitrogen (black) and air (red). The date shownaher@s measured

without any normalization.

In Figure 6athe decay of transient absorption in P3HT:PBI 1 blend under nitrogen and air is
shown. No differences between the measurement under nitrogen and air are observed, hence
triplet states does notgy a significant role in the decay dynamics of this blend system.
Furthermore the linear decay from the-log plot indicaésa norgeminate recombination of
charge carriers according to power law as it was found also in P3HT:PCBM blend systems
rather tha a mono exponential decay indicating geminagombination or triplet stat&¥.

Such power law behavior was also found for the P3HT:PBI 2 blend system under air
especially in the time domain between 20 and 100 ps (FigureHglnyever,an analogous
measirement under air leads to prolonged recombination dymsamascit was not expected

and to the best of our knowledge such behavior was also not published earlier. We assign this
prolonged recombination to the formation of charge trapping causkygogsc@ic natureof

the OEG gie chains and hence leading decelerated recombination dynamim air
Ethylene glycol is known for its high hygroscopicity. Using PBI 1 in blémal OEG side
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chaing such a behavior was not found under air. As mentioned alrégolgt state would
accelerate the decay dynamics due to triplet state quenching by oxygen. However, this is not
the case for the P3HT:PBI 2 blend. We assign therefore the decay characteristics observed for
both blends under nitrogen to recombination lwdrge carriers between holes from the P3HT
donor domain with electrons from the PBI acceptor domain. The rate of recombiRation
hence the decay of charge carrier density upon dingtcan be written as Eq. iyheren and

p are the charge carrier dems# for electron and hole respectively dnid the recombination

rate constant.

Y — 120 (2)
Y — 13 )
Y — 12 (4)

Eo ¢ F2®» T (B

Under the assumption that intringibarge carrier densities are negligible, the number of both
charge carriers should be equal, since each electron |leglle one hole during the
photanduced charge generation process. Having p, Eq. 1 simplifies to a second order
power law (Eg. 2), with emphasize a pure bimolecular nature of recombinatiowever,it

was shown, that often recombirati orders beside 2 are obsertEUTherefore a general
power law equation having an order of £) vas introduced (Eq.3). Integration of Eq. 3 leads

to Eq. 4, which represents the charge density at a given time. As mentioned above in Eq. 1,

o O [ directy proportional ton and hence Eq. (5) can be rewritten as
Ww0® w00 M®» T (6

with k being the rate constant for tg@O Blecay. Using Eq. (6) we were able to fit both decay
dynamics for PBI 1 and PBI 2 blend systetm Figure 7the measured decays for both blend
systems are shown including the best fit according to @dDifferent decay dynamg
between PBI 1 and PBI @reobvious indicating different recombination dynamics in these
blend systems. Note that all data from Figure 7 were also normalized to the steady state
optical density of the sample at 500 nm. In EaBl all the parameters from the best fit
according to Eq. (6) are shown. Additiotidis given, which corresponds to the slope of the
power low linear regime in the ldgg plot and is based on the relation n(tﬁ!, with
U=-(1/ &) .
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Table 2 Summarizes the parameters from decay data in Figure 7 using a best fit based on Eq. (6). The

par ameter U was calcul4gtlé@&)from & according to U =

blend PO b k [s7] (a+1) U
P3HT:PBI 1 8.3 E5 4.0 E5 2.49 -0.40
P3HT:PBI 2 35E4 3.2E7 1.71 -0.58

a) 048 —P3HT:PBI 1 b) —— P3HT:PBI 1
. 0401 ——P3HT:PBI 2 - —— P3HT:PBI 2
E 035 E onl
é 0.30 4 %

8 0.25 4 g
o 0.204 a
% 0.154 % 0.014
£ 0.10- £
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Figure 7. Normalized (with respect to the steady state optical density at 500 nm) der@mys@ent absorption at
970 nm after laser excitation at 500 nm with 30 pFdor P3HT:PBI 1 (black) and P3HT:PBI 2 (red) under
nitrogen in a) lineatlinear scale between 0 and 100 us and b}llog scale between 0.1 and 500 us. The blue

line represerd the best fit according to power law Eq. (6).

From the lineatinear plot (Figure 7a) one can already see that the initial signal given in
gonOD for PBI 1 blend is much smaller than for PBI 2 blend as it was found already from the
excitation density dependent measurement shown in Figure 5a and which again corresponds
to a smaller charge carrier density for PBI 1 blandhe time of measuremeMwo reasons

might explain the differences in initial charge density:Al certaincrystallinity and domain
sizemight be needed tensure fast transport away from the interfac®BI blend systems
which minimize geninate recombination. Taking the rédsufrom AFM images in Figure 3

into account, the high intermixing found in P3HT:PBI 1 might lead to an isedegeninate
recombination due to the inability to transport the charges carriers away from the interface
and to stabilizethe charge carriers isufficient large PBI domains. In consequence, the
efficiency of charge carrieseparations reduced. 3.Meredithet al. has shown recently an
enhancement of dielectric constant in a small molecule acceptor by substituting treedakyl
chain with OEG sle chains®®! A higher dielectric constant reduces the Coulomb force and

hence higher the efficiency of exciton dissociation at the donor acceptor interface into charge
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transfer states and further into separated charge carriers. We therefore expedtafiBg) 2

OEG side chains to exhildiigher dielectric constant compared to PBI 1, which consequently
leads to an increase in separated charge carrier generation due to reduced Coulomb binding
force. Similarly differences in the decay const&ntan be explaied: First, the high
intermixing found in P3HT:PBI 1 increases the probability for opposite charge carriers to
meet and hence increases the recombination rate. Second, the recombination rate reduces with
increasing dielectric constant, which is theoreljcalescribed by the Langevin expression

and was eperimental shown by Jeet al*® Therefore the OEG side chain in PBI 2 might be

again responsible for a decay constabting two orders of magnitude lower than for PBI 1

due to a higher degree of phaseparation for charge carrier stabilization and a higher
dielectric constant which leads in both cases tedaced nofgeminate recombination rate.

The recombination order of the power laav+{) vas also obtained from the best fit. Based on

the relation mentioned abovewas calculated from= Al t ernati vely U can
the slope of the linear regime in the Jlog plot shown in Figure 7b. In literature both, the

order of power lawe +)las well as the power law slope indbgp g p | ot didcusiss use
the unddying recombination dynamics. For instan@ recombination order of one was
ascribed to ShockleMall-Read recombination via interface states or trap states, whereas
secom order recombination is explained by Langevin recombination of free charge carriers as
found for example in neat P3HT. Consequently a recombination order between one and two
(2.71) as found for the P3HT:PBI 2 blend, is explained by a combination of both
recombination types. In contrast to that, P3HT:PBI 1 exhibits a recombination order of 2.49.
Such recombination orders higher than two were also reported for P3HT:PCBM blend
systems and theimigin is still under discussiof’ 44! Deibel et al tookseveral effects into
account to explain supsecondorder kinetics, whereby the effect of interfacial states was
found to provide the most complete explanation. Such interfacial stag@satefrom close
donor/acceptor interaction in the presence dhied mixed phase beside pure donor and
acceptor domain$’l This might explain the higher recoihtion order found in
P3HT:PBI1, since presence of higher intermixing between PBI 1 and P3HT was already
demonstrated by AFM images (Figure 3c andhwe\er, a full explanation for the effect of
involved trap states for both blend systems is still needed. While indeed an increase in
recombination orders where found with increasing density of trappadjed) e.g. at low
temperaturd®’ or through photdegadation®®a hi gher exponent U was
annealing in P3HT:PCBM blend systems and consequently was attributed to a reduction in

the fraction of deep traps through ieased crystallinity of the filf¥3! Thus, the higher
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exponent U ( s irecombirmtioh grder) fouad in RBWTePBI 2 is an indication

for lower density of trapped charges and a higher crystallinity inside the blend of either the
donor or acceptor or both with respect to P3HT:PBI 1. This is in line with the results from the
AFM measurements, whergructuralfeatures were found (Figure 3b aBd). We are now

able to explain the lowelscin P3HT:PBI 1 with a lower initial charge carrier density and a
faster recombinatiordynamics,which is a result of the high degree of intermixiag
confirmed by AFM images. In addition, Durramt al found the Voc to be linked
guantitatively to the recombination rate constant, where a larger recombination rate constant
leads to a loweNoc. The larger recombination rate constant was explainedbetoa
consequence of poor phase sefianabetween donor and accepft,which is in line with

our results. Consequently an increase in phase separation at least for the intermixed

P3HT:PBI 1 blend should lead to a smaller recombination rate constant.

It was shown earlier, that phase separation and hence PBI domain size can be controlled by
thermal annealing in Polymer:PBI bleagstemd?+23 We therefore annealed both P3HT:PBI
blend systems for 15 minutes at selected temperatures to investigate gchanggshology

and norgeminate recombination dynamics. In Figure 8 the absorption normalized at 500 nm
for both P3HT:PBI blend system is shown. Interestingly the shape of the absorption spectrum
in PBI 1 blend changes upon thermal treatment most olyifnesn a rising peak at 540 nm

with respect to the peak at 500 nm with increasing annealing temperature (Figure 8a). This is
a strong indication for structural changes inside the PBI 1 blend. Possible reasons for that
might be the crystallization of P3HT ohanges in the monomer to aggregate ratio of PBI 1.

In contrast to that, no significant spectral changes could be observed for the PBI 2 blend
(Figure 8b).
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Figure 8. Normalized absorbance of a) P3HT:PBI 1 and b)P3HT:PBI 2 annealed for 15 minutes endiffe

annealing temperatures. Normalization of the absorption was applied at 500 nm which &bgbrption

maximum for the asast film for both PBI blends.
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Usually thermal annealing of polymer:PBI blends leads to higher surface roughness indicating
an ircrease in phase separation or in particular an increase in PBI domafiXide verify
whether the film roughness of the P3HT:PBI blends increases upon thermal annealing, AFM
images were taken and compte the ascast film shown in Figure 3. As axample, AFM
images of both PBI blend filsmafter 15 minutes at 170°C are shown (Figure 9). The RMS
roughness of PBI 1 blend was 1.31 nm, whereas for PBI 2 blend it was 10.8 nm. The
difference is similar to the a=ast films in Figure 3 mainly based orettlifferent side chas.
However, compared to the-aast film, both PBI blend systems exhibits an increase in RMS
roughness as seen also by comparing the respective AFM height images (Figure 3 and Figure
9). This is similar to the finding from literatufer polymer:PBI systems and can be explained

by thermaly driven grow of PBI domains and / or an increased formation of P3HT crystalline

phases.

Height 200.0 nm

d)

Phase 200.0 nm Phase 2.0 um

Figure 9. AFM height & andb) and phasedqandd) images of P3HT:PBI blends (1:2 wt/wt) for PBlalandc)
and PBI 2 b andd) annealed at 170°C for 15 minutes . Note the different scale bars. An 1 x 1 pym AFM images
of the P3HT:PBI 2 blend is available in Figure S7.
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The increased RMS roughness of the P3HT:PBI blend film topography upon thermal
annealing is anndication for & increasedpha® separation compared to thecast blend

films. We again performed transient absorption spectroscopy to verify the impact of thermal
annealing on the negeminate recombination dynamics. The decay dynamics of transient
absrption monitored at 970 nm for annealed P3HT:PBI 1 blends is shown in Figure 10a. No
differences in demy dynamics are observed for-@asst and at 50°C annealed blend films.
However, starting from 80°@nd aboveannealed blend filmexhibit two different decay
dynamicsthe first one at early times between 0.35 to 5.5 ps was ascribed to tgemarate
recombination between free charge carriers, whereas the linear tail inbg lggt between

6.5 to 450 us was referred to trap limited rg@minate reembination of a fee and a trapped
charge carrief!! This is prticulaty pronounced fothe blend film annealed at 170°C and
200°C. As an exampl¢he two different decay dynamics of the blend film annealed at 170°C
were fitted to power law decay. Thiest decaydynamicsbetween0.35 to 5.5 pswas fitted

using Eq. 6, whereas for the second decay dyreeiween 6.5 to 450 ps a simple linear fit

in the loglog plot was used to estimate the sldpeThe fits of the two time regimes are
shown in Figure 10a as black line following the decay dynamics for the blend film annealed at
170°C. According to the power law fit betwe@r85 to 5.5 psa decay rate constant kfa
1.2E-6 st was found, which isndeed one order of ryaitude smaller than for the -aast
P3HT:PBI 1 blend (Tablel). This is a strong indication for deceleratedgemmate
recombinationdynamicsfor the blend film annealed at 170°C most probably through more
crystalline domains as stsmed from the absorption spectra (Figure 8a) and a higher degree of
phase separation which is in line with the increased rasgghriound by AFM images
(Figure9a). Both effects help to stabilize the charge carriers in the respective domains and
prevent tem from fast nomgeminate recombination as it iket case for asast highly
intermixed P3HT:PBI 1 blend. The recombination order+{lis 1.3 for this edy time
regime, whereas it is.2 for the later time regime betweérb to 450 pswhich is obtained

from the slope of the linear fit in the kbgg plot U= -0.35. Such high recombination orders
observed from the later time regime #&ypical for trap limited nofgeminate recabination

from deep trap staté®!
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In contrast to that, the P3HT:PBI 2 blend system does not show significant changes in decay
dynamics upon thermal annealing as can ben seom Figure 9b. Hence no significant
changes in crystallinity or structure could be observed upon thermal annealing, which affect
neither the absorption spectra (Figure 8b) nor the decay dynamics in transient absorption
(Figure 10b). However, the initiagpm O Bsignal decreases with increasing annealing
temperature indicating decreasing charge carrier density upon thermal annealing. We attribute
this to the increasing roughness at higher annealing temperature as confirmed by AFM image
(Figure 9b). The incresd phase separation leads consequently to a decrease@capor

interface and hence and lower phcharge generation.

Finally, using timedependent transient absorption spectroscopy and AFM imagesould
explain the impact ohydrophobicalkyl versushydrophilic OEG solubilizing side chains in
P3HT:PBI blend system on the charge recombination dymamne morphology and
consequently we were able to explain the differences observed in photovoltaic performance
Furthermore, we could monitéhe im@ct of thermal annealing on steady state absorption,

morphology and recombination dynamics for both PBI blend systems.
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Conclusion

We have studied two different PBI small molecule acceptors containing either alkyl (PBI 1)
or OEG (PBI 2) side in a blenditv P3HT. Both PBIs show similar phgbtysical and
energetic properties, however, PBI 2 show better photovoltaic performance when blended
with P3HT. From AFM images we observed a very smooth surface for the PBI 1 blend
indicating a high degree of intermig with P3HT. In contrast to that, the roughness of the
PBI 2 blend was dramatically increased, which is an evidence for high phase separation
between PBI 2 and P3HRAdditionally, structural featuresvere found indicating large PBI
aggregates. Using timdependent transient absorption spectroscopy in-rtanmicrosecond

time scale we were able to monitor tdgnamicsof charge carrier recombination. We
observed a much fastetynamicswith lower initial charge carrier density and a higher
recombination orer indicating a higher density of trap states for the P3HT:PBI 1 blend. The
fasterdynamicsand the lower initial charge carrier density were attributed to the high degree
of intermixing as confirmed by AFM images. The high recombination order might ip@ a s

for a third mixed phase between donor and acceptor. Further experiments are necessary to
support this hypothesis. For the P3HT:PBI 2 blend a slalyeamicstogether with a higher

initial charge carrier density was found, which can be explained behgiase separation

and stabilization as seen from AFM images and by the higher dielectric constant due to OEG
side chains, leading to an improved charge generation efficiency while reduced recombination
due to reduced coulomb binding force. The lower md@oation order found in PBI 2 blend
might origin from lower density of traps caused by a higher degree of crystallinity e.g. from
PBI aggregates as proposed from AFM images. Using thermal annealing, we were able to
increase the crystallinity and phaseagpion also in P3HT:PBI 1 blend system as confirmed

by steady state absorption spectroscopy and AFM images. Consequently the recombination of
an annealed P3HT:PBI 1 film was found to be lowered by one ofdeagnitude compared

to the ascast film indicéing a decelerated recombination dynamic.
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Figure S1 Normalized absorbance spectrum ofcast P3HT thin film on glass substrate spin coated from
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Figure S2 AFM (1 um x 1 um) heighiaf and phaself) image of P3HT:PBI 2 bleh(1:2 wt%) fromas-cast

chloroform on glass slide. The RMS roughness here was 4.8 nm.
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Figure S3 Normalized spectroelectrochemical spectra of PBI 1 radical anion in THF (c3midl L) with an
applied bias ranging between 0.0 V and 2.0 V. Note tleaspectrum at 0.0 V bias (black) is hidden behind the
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Figure S4 a) Normalized absorbance spectrum of P3HT:PBI 2 (1:2) (black) and tittasee spectrum of a
longpassifter having cuton wavelendt at around 550 nm. b) Transient absorption decay data for P3HT:PBI 2
blend obtained after excitation at 500 nm with an density of 130 p3 amehafter 100 averages. The data were
taken at 700 nm (black) and 970 nm (blue) under pulsed xenon lamp ai@@ air® (red) under nepulsed

xenon lamp. For lathree measurements the sarieif shown in a) was used.

Explanation:The available transient absorption setup uses for the visible wavelemgg@ r

(250 nm to 850 nm) a photuiltiplier tube and thus the men lamp needs to be pulsed to
achieve sufficient light intensity. In contrast to that, for the NIR wavelength range, an InGaAs
photodiode is used which works properly without pulsing the xenon lamp. The pulse mode
has two drawbacks: First, the measurentakes much longer, since the arc lamp pulser
needs a certain time to be recharged before giving the next pulse. A measurement with a high
number of averages for sufficient signal to noise ratio is then very time consuming and
additionally,the life time d the arc lamp shortens dramatically. Secondly, one has to carefully
select a suitablélter to prevent the sample from high light intensities. But this is notgust
guestion about possible phbteaching reactions. Especially in organic photovoltaidadsy

the recombination dynamics depends highly on the charge carrier density. However, each
photon from the Xenon lamp which reached the sample prior to the actual measurement by
the laser shot might get absorbed and create a charge carrier. To keegatragdensity as

low as possible before laser excitation, the sample has to be protected by a fibaafstem

light, which might get absorbed by the blend system. In Figure S4a a lorfigassaving a

cuton wavelength at around 550 nm does sudficiently blocks all the photons and light

from the xenon lamp between 550 and 800 nm which will be then absorbed by the sample
leads consequently to an increase of charge carrier density prior the actual laser pulse. This
effect of having high chargerier densities can be clearly seen from the decay dynamics in
Figure S4b. The black decay was recorded at 700 nm using the Xenon lamp pulsing mode,

which is necessary in this wavelength range as mentioned above. The red decay at 970 nm
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without pulsed Xean lamp shows much longer decay dynamics. However, the blue decay
also at 970 nm using now Xenon lamp pulsing mode shows the same fast dynamics as
observed to 700 nm (black decay). Since intlalee cases, the same longpaksrfwith

cuton wavelength 8550 nm was used, the faster dedgmamicscan be clearly ascribed to

high charge carrier densities due to photon absorption by high lamp pulsing prior to laser
excitation. A nearly suitableilter for the example in Figure S4a should have aotut
wavekngth at 690 nm to block most of the light <690 nm, while measuring at >700 nm to

monitor e.g. polaron band from PBI as well as from P3HT.

Since we measure the transient absorption for detailed recombination dynamics analysis at
low excitation energy (3Qlcnt), we decided to focus on the P3HT polaron band at 970 nm.
Here we are able to carry out a high number of averages for a sufficient signal to noise ratio.
In addition, the chosen longpaskeir having a cubn wavelength of 850 nm blocks most of

thewhite light in the visible range.
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Figure S5 Normalized to 1 transient absorption spectra between 870 and 1300 nm for P3HT:PBI 2 blend after
laser excitation at 500 nm with 130 pJ-ém
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Figure S6 Comparison between measured transient aktsmmpspectrum (black) and smoothed spectrum (red)

for a) P3HT:PBI 1 and b) P3HT:PBI 2 at early times (0.2us and 0.6us respectively). In both cases the excitation
wavelength was 500 nm, whereas the excitation density was 280%dcR3HT:PBI 1 and 130 J:cn? for
P3HT:PBI 2. Smoothing of the measured data was done using the S&alzksfilter with a second
polynomial order.
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Figure S7. AFM (1 pm x 1 pm) heightaf and phase k) image of P3HT:PBI 2 blend (1:2 wt%) thermal
annealed for 15 minutes &70°C on glass slide. The RMS roughness here was 3.8 nm.
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Abstract

The nonpolar vs. polar interaction of two donor polymers with awsymmetrical perylene
bisimides (PBI) PBI 1 and PBI 2 as acceptor were studied in blend. Both PBIs are substituted
with a linear alkyl chain at the one imide position, whereas with a hydrophobic alkyl swallow
tail (PBI1 1) or hydrophilic oligo ethylenelygol (OEG) swallow tail (PBI 2) at the other
imide position. From previous studies it is known, that the hydrophilic substituent in PBI 2
induces phase separation in blend with hydrophobic adigé chain substituted donor
polymers leading to a higher gfovoltaic performance compared to PBI 1. Here we found,
that this cannot be generalized, since a higher photovoltaic performance was observed for PBI
1 for one of the donor polymers. However, using atomic force spectroscopy (AFM) we
confirmed, that theunfavored interaction between hydrophobic alkgide chainof the
polymer and hydrophilic OEG swallow tail of PBI 2 still leads to higher phase separation for
each blend system compared to PBI 1. This discrepancy could by fully resolved by analysis of
chargecarrier recombination dynamics using time resolved transient absorption spectroscopy
(TAS), which leads us to the following conclusion: phase separation in polymer:PBI blends
can be indeed induced by hydrophobic vs. hydrophilic interactions of the sohgotdhains

of both components and helps to generate long living stabilized charge carriers. However, a
too coarse morphology with domain sizes much larger than the exciton diffusion length leads
to limited charge carrier generation as confirmed by TA&e Tesults from TAS of each
polymer:PBI blend system presented here explain fully the differences in the respective
photovoltaic devices.

Introduction

Solution processedrganic photovoltaic (OPV) devicesxceed already the 10 Yaower
conversion efficieay (PCE)mark!! Fullerene derivatives are still one of the most common
acceptors in high efficiencgolar cellsdue to its good electroaffinity and charge carrier
mobility. However, light absorption occurs mainly in tdenor material, since fullerenes
show weak light absorptiomnd their contribution to the photocurrent is therefore less
compared to the donor polymér. Additionally, when it comes to commercialization,
fullerene based acceptors are rather expenang involve energy intensiveynthegs!®
Moreover, theydiffuse or tend to agglomeratan a blendwhich leads to instability of the

donor /acceptor morphologwynd finally shortens thedevice lifetime. These aspects have
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motivated researchers to look for alternative electron accepior©OPV.H* °1 Perylene
bisimides(PBI) are one of the most promisinglternativesto fullerenefor several reason
PBIs exhibit highmolar extinction coefficients of 10i 10° M cm  in the visible range
from 4007 600 nml”! possessigh electron mobities® and theyarealsocheap to synthesize
in large amounts. A characteristic property of PBI is theasdembly through-" stacking of
the PBI core which enables new opportunities for orientated one dimendnamgé carrier
transport in OPVE! However, inbulk heterojunction solar cellte PBI is- similar to
fullerene based acceptorgust blended with a donor polymewrherebythe aggregation and
orientation of the PBI aggregates is hard to confrbls leads to low photocurrent and low
PCE.The main reason for the loWwCE of less than 1 %n poly(3-hexylthiopher-2,5-diyl)
(P3HT):PBIsolar cell§¥ is the formation of immobile intermolecular states inside large PBI
aggregates after photoexcitatiBH, which finally lead to an excimeformaion and
relaxation'? before reaching the donor / acceptor interface for charge sepafioinol of
the PBIphasesize is therefore cruciand this was demonstrated using a P3HBI diblock
copolymer as compatibilizé¥’l solvent additived*8! or by thermal annealing” '8 Chenet

al. found recently a direct correlation between PBasesize andlsc*® The phasesize was
here varied by changing thdonor:PBI ratio Chemical modification of the PBI via side
groups at the aromatic core or tNeterminal was done tamprove the solubility and / or
reducethe aggregation of the PBI cdfé.?t Another very promising concept was introduced
by Rajaramet al,’?Z in which two PBI core were covalently bound via the-tdrminals. In
this PBI dimerspecies the aggregation is heavily reduc¢edhich leads to smaller PBI
domains and therefera 10fold increase inJsc compared to an analogomsonomerPBI
molecule This concept was modified by Zhamg al in such a way, that two PBIs were
connected athe bay position via one thiophegeoupto achieve an efficiency of 4.03 &
The PCE of OPV devices using a bay linked PBI dimer as electron acceptdd be
increasedsince tha over 5% and reached recently 6.05%, whereby here the PBI cores are
fused directly togethéf®! For both, single PBIs and PBI dimers, thégdminalsubstituents
used to increase solubility often by alkyl side chaingthylene glycol?® 22 2428 The side
chains do not only improve the solubility of the PBI in tHeoteactive layer precursor
solution, but also affect the miscibility of the PBI in the donor polymer matrix. Consequently
the side chaimay havebig influence on the phase separatiora blendand furthermore on
the overallphotovoltaic performanceThe impact of the different numbers of hydrophilic
ethylene glycol side chains #te aromatic PBI corgith respect of the same hydrophobic

alkyl side chain at the #&rminal of a PBI dimewas investigated by Lat al’?®) However,
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functionalization of theromaticPBI core alwaysnfluences the phofihysicaland electronic
properties®® An investigation of the impact of hydrophilic and hydrophobic side chatins

the imide Natomson the phase separatioha blendis still missing This helps to keep the
photophysical and electric properties of the PBI unit the same. Wefdkeintroduce in
Figure 1two unsymmetrical PBlwith a linear alkyl chain on onenide positionand whereas

the otherimide positionis functionalizedwith either a hydrophobic alkydwallow tail for

PBI 1 or a hydrophilic ethylene glycol swallow tail for PBIAs expected, properties such as
thin film absorption, molecular energy levels and electron molaltigyquite similar for both
PBIs[?8 31 Keeping these properties the same, are able to investigate the impact of the
hydrophobic vs. hydrophilic swallow tail on the phase separation when blended with a donor
polymer. In Figure thetwo donor polymersised in thisnvestigation arshown. Muthet al
observed that PBI 1 is mewell intermixed with the donor polymer OPV32, giving a smooth
featureless film according to atomic force microscopy (AFM) studies. This results in an
overall poor OPV device performance most probably doe fast recombination
dynamicsi® 28l In contrast to that, PBI 2 exhibits phase separation when blended with OPV32
resulting in higher short circuit currenls€) and fill factor £F) leading to improved PCE. In

this work we investigate the differences in aggregation of both these PBIs in two different
donor polymer materials by studying recombination dynamics. For that we eDé¥e5Tas

an alternative donor polymer and compared it with OPV32 (Figure 1

Acceptor ,—/
0
o/
0 ° e
0
‘312H25—NN Ci2Hzs—N 8'0 N{
e}
(o] (o] o O 0 \_\
PBI 1 PBI 2 L,
0_
Donor CgHq7

CgHyz

CgHy7

CgH
OPV32 PDPP5T

Figure 1. Chemical structure of the two investigated perylene bisimides PBI 1 and PBI 2 asrebateptors

and the respecting electron donor polymers OPV32 and PDPP5T.
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PDPP5Tis a classical low band gap polymer and known to give high PCE of 5.8 % together
with PGz BM as acceptof? Furthermore its absorption appears mainly between 550 and
850 nm, whereas PBl 1 and 2 absorbsmplementarilybetween 400 and 600 nifl
Therefore using?DPP5Tas donor polymer should further enhance the photocurrent with
respect to OPV32, whose absorption appears only up to 700 nm. Here we fabricated OPV
devices fom PDPP5T as donor and PBI 1 or PBI 2 as acceptor. The photovoltaic
performance of these devices is compared to the devices using OPV32 as donor and
differences are discussed based on AFM images and time resolved transient absorption
spectroscopy (TAS). Wiund a strong impact of the hydrophilic vs. hydrophobic side chain

of the PBI on the different blend morphology depending on which donor polymer is used.
Furthermorea better photovoltaic performance for the inverted device geometry was found

with respet to normal device geometry.

Experimental Part

Chemicals: The synthesis of the acceptor molecule RBWwas analogous done to that of
PBI 221 The synthesisof the donor polymerPDPP5T is also described elsewtéfe
whereas the polymer OPV32 wasropided by Merck Chemicals Ltd.Poly(3,4-
ethylenedioxythiophene) polystyrene sulfon@@=DOT:PS$ (Clevios P VP Al 4083)was
purchased from HeraeusZinc acetate dihydrate methoxyethanel, ethanolaming
diiodooctaneg(DIO), dichlorobenzene (oDCB) and chlorafo (CHCk) were purchase from

sigma Aldrichand used without any further purification

Thin film sample preparationThin film samples for UV/VIS spectroscopy, AFM images and
time resolvedTAS were fabricated usinglass substratesvhich werecleaned inultrasonic
bath using the following sequence of solvedetergent, water, acetone andpisipanol.The
photoactive layer of the polymer:PBI blend was fabricatedlass substrate in the same way
as for polymer solar cellsUV-Vis spectroscopy was cardeout using a Jasco -§70

spectrometer.

Polymer solar cell:Patternedndium tin oxide (TO)substrates (14 q per
substrates) were cleaned with isopropanol and dried nvitbgen gas. For normal device
geometry PEDOT:PSS was spin coated with 3000 rpm for 60 s right on top of the cleaned
ITO substratesThe photaactive layer was ngpared by spircoating right on top of the

PEDOT:PSSlayer. Different donor:acceptor ratios are calculated by weight whereas any
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additive (DIO or oDCB) was added by volume percent (vol Y&xiation in thickness was
obtained by varying the rotation spesdspincoating. Lithium fluoride (1 nm) and aluminum
(100 nm) was finally evaporated thermally on top of the photoactive layer. For inverted
geometry, &inc acetate solution (109.75 rmmc acetate dihydrate, 30.5 gthanolamine and

1ml methoxyethanoleyvas mixed, stirred for at least two hours and filtered with 0.2 um
hydrophilic filter. To obtain a 45 nm thick ZnO layer, 1£10of zinc acetate solutiowas spin
coated on ITO witl1000 rpm for 50 s, followed by heating at 150°C for 5 min to convert zinc
acetatanto zinc oxid€®® The photoactive layer was prepared analogous to that of the normal
geometry.Molybdenum trioxide (10 nm) and silver (100 nm) was finally deposited on the
photaactive layer by thermal vacuum evaporation. The cell areaeiths 0.091 or 0.162

cn?. The currenvoltage characteristics were measured under the illuminati®10® mw

cm' 2 white light. Short circuit currentsl4d under AM1.5G conditions werestimated from

the spectral response and convolution with the sgpactrum. The spectral response was
measured under simulatedsin operation conditions using bias liglom a 532 nm solid

state lase(Edmund Optics). Light from a 50 W tungsten halogen ld@gam64610) was
used as probe light and modulated with meechanical chopper before passing the
monochromator (OrielCornerstone 130) to select the wavelength. Espanse wasecorded

as the voltage over a 50 resistance, using ailoeknplifier (Stanford Research Systems SR
830). The setup was calibrated with a silicon reference. All photovoltaic device measurements
were done under nitrogen. The thickness of thetgactive layers was measured on a Veeco
Dektak 150 profilometer.

Recombination dynamicsNanc to microsecond timescale transient absorption of the
photoactive blend system was measured usingLk&& 80 spectrometer (Applied
Photoghysics). The photoactivieyer was kept for measurements in a thin film holder under
N2> atmosphere. Excitation wavelength of tiphotoactive layer waseither 470 nm
(PDPP5T:PBI) or 500nm (OPV32:PBI) providedby an qtical parametric oscillator
(Rainbow, 48 ns pulse duratiofi Quantel) whichwas pumped with the "8 harmonic
oscillation of a Nd:YAG laser (Brillianti Quantel). The excitation energyf 30 W was
controlled by neutral density filters and attenuatorconsistingof two air-spacedGlan
Taylor calcite polarizersAdditionally, suitable filters were used the laser beam to cut off
the fundamental wavelength at 1064 nm and in the probe light beam to cut off any visible
light up to 850 nm.Changes of transient absorption were measured wsifagt InGaAs
photodiode KICA-S-200M-IN from Femto, supplied by Applied Photbpgsics) The data
were collectedy aDSOS104A oscilloscop@eysightTechnologies)
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Results and Discussion

UV-Vis Spectroscopy
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Figure 2. Thin film UV / Vis absorbance spectra of PBI 1(black) and PBI 2) (@sdelectron acceptor in blend
with the respective donor polymer a) OPV32 and b) PDPP5T. The polymer:PBI ratio was 1:1 (wt/wt) for OPV32
and 1:2 (wt/wt) for PDPP5T blends.

Thin films for UV-Vis absobance measurements were fabricated on glass substdcateey

are the same samples as used later for AFM images and TAS measurements. A clear
difference in absorption range between the two different blend systems (Figure 2a and 2b) is
obvious depending on which polymer is used. Using OPV32 as donor polyen®tetind
systems absorb mainly between 400 and m@0(Figure 2a), whereas PDPP5T:PBI blends
show much broader absorption range from 400 up to 850 nm (Figur&tib)is due to
PDPP5T, a low band gap polymer that dominates the absorption between S&mnto>?
whereas the absorption from 400 to 600 eniginates mainly from the PB¥! It is worth to

note, that the PBI 2 blend systems are weaker in absorption between 400 to 600 nm compared
to the PBI 1 blends. This can be explained by the higher malesglight of PBI 2 compared

to PBI 1 and thus a lower molar concentration of PBI 2 in its blends, since the blend ratio
polymer:PBI was calculated by weight (see experimental section for details). This is obvious
from the larger swallow tail substituent®Bl 2.

Photovoltaic performance

OPV devices were made to investigate the influence of the hydrophobic vs. hydrophilic side
chains of PBI 1 and PBI 2 respectively on the device parameters. Here only devices with
PDPP5Tas donor polymer are shown and dissed, since the optimization of devices with
OPV32is already published elsewhét8. To optimize each PDPP5T:PBI blend system
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several experiments were done to estimate the influence of additive content, device geometry,
PDPPS5T:PBI ratio and photoactileyer thickness on the device performaritables S1to

S4(in ESI)summarizeall device parameters for each experiment, which will be discussed in
the following. A selected set of data for optimized photovoltaic devices is shown in Table 1 to

help the ealer to follow the arguments.

Table 1 Photovoltaic parameters for the optimized PDPP5T:PBI blend devices in normal and inverted device

geometry.
Device PBI Solvent:additive d Voc Jsc FF PCE
Geometry (vol %) [nm] V] [mA-cm? | [%] [%0]
I PBI1| CHCl::oDCB 10% | 108 0.58 2.60 32 0.48
normal
PBI 2 CHCIL::DIO 2.5% 160 0.15 0.27 25 0.01
] PBlI 1| CHCIl::oDCB 10% 83 0.69 5.03 45 1.56
inverted
PBI 2 CHCI5:DIO 2.5% 120 0.75 0.76 47 0.27

At first each PDPP5T:PBI blend system was made from @l by adding additivesf

either 2.5 % vol. DIO or 10 % vol. oDCB in a normal device geometry, since these additives
are known to have influence on the device performance when PDPP5T and similar donor
polymers are blended with PGBM.E? Devices using PBI 1 as acceptor showderate
photovoltaic performance for all three solvent systems. The PCE increases depending on the
solvent system in the order CHGD.12 % PCE) < CHGIDIO 2.5 % vol. (0.34 % PCE) <
CHCI3:0DCB 10 % vol. (0.48 % PCE) and this increase in PCE originaiesdn increase in

Jscin the same order. Obviously, these additives influences the morphology in polymer:PBI
blends and hence their photovoltaic performance. In contrast to that devices using PBI 2 as
acceptor show no or very low PCE of 0.01 % for aleéhsolvent systems (Table S1). We
expect therefore a fundamental difference between both PBIs with respect to their
photovoltaic performance. From several polymer:PBI devices in literature, it is known, that
the device geometry in PBI blend systems hasia ibfluence on the photovoltaic
performancé?* 3 31|t was assumed, that in the case of normal device geometry the PBI
electron acceptor is concentrated more to hole conducting layer PEDOT:PSS. In contrast to
that, in inverted device geometry, wheéhe underneath layer is ZnO, the PBI concentration
was more vertically balanced in thin blend films, leading tobetter photovoltaic
performancé® This could be one reason for the bad performance especially for the
hydrophilic PBI 2, which might leadot a favorable interaction with the hydrophilic
PEDOT:PSS layer. To proof thisve tested in a next stdpe blend systems using their
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optimized solvent combinations in inverted geometry. For both blend systems we observed a
huge improvement of the photota@ic performance in the inverted geometry. This
improvement again originates mainly from a roughly doullleglcompared to the normal
device geometry. However, comparing PBI 1 and PBI 2 in their respective blends, it is
apparent that in the PDPP5T:PBI &l leads again to highdsc of 5.03 mA/cn compared

to the PDPP5T:PBI 2 blend with only 0.76 mA/dffiable 1 andrigure 3).
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Figure 3. Optimized PDPP5T:PBI (1:2 wt/wt) blend device under light (filled symbols) and dark (open symbols)
for PBI 1 (black) ad PBI 2 (red) in a) normal geometry and b) inverted geometry.

The big difference inlsc is also supported by the EQE spectra for both blend systems as
shownin Figure 4.Here the PDPP5T:PBI 1 blend show BQE value close to 20 % at
470nm, where the PBabsorption dominates and an EQE value above 23 % in the PDPP5T
absorption range with a maximum at 700 nm. The PDPP5T:PBI 2 blend exhibits only EQE
values below 4 % over the entire blend absorption rangei(88D nm). Nevertheless, for

both blend systemi& can be concluded that both the donor PDPP5T and the PBI acceptor
contribute to the photocurrent. Comparing now the normal with the inverted geometry for
both blend systems it is clear, that the bad performance of PBI 2 is not only based on an
favorableinteraction with a hydrophilic PEDOT:PSS layer. Moreover, in previous studies
with the donor polymer OPV32 in normal device geometry, the hydrophilic PBI 2 has
performed much tier than the hydrophobic PBIEE We therefore expect the different
photovotaic performance of PBI &nd PBI 2 to depend additionah differencs in phase
separation with the respective donor polymer based on hydrophiobindrophilic
interactions. This is supported by AFM measurements as discussed later. Some further

optimizatons were carried out for PBI 1 system to check the photovoltaic potential of these
systems.
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Figure 4. EQE spectra of optimized PDPP5T:PBI (1:2) blend device for PBI 1 (black) and PBI 2 (red) in

inverted geometry.

The influence of increasing oDCB adudicontent for the PDPP5T:PBI 1 blend system in an
inverted device was investigated, but no further improvement was observed (Table S2). In
previous studies with the donor polymer OPV32, it was shown that the polymer:PBI ratio has
a big influence on the mphology and consently on the device efficiend3t! We therefore

varied the PDPP5T:PBI 1 ratio keeping all other optimized parameters in the device the same
(Table S3). The different ratios affect the value most and for smalkc values the FF is
decreasing, while the 3¢ stays rather constant. Interestingly, teeahd therefore the overall

PCE is increasing rapidly with increasing PBI content for PDPP5T:PBI 1 ratios from 1:0.5 to
1:2. Analogues to the OPV32:PBI 2 blend systems, two possibléseffeght be responsible

for the increasingsc First, an improved electron transport due to the increasing amounts of
electron transporting PBI 1 and second an improved morphology, probably due to increasing
PBI 1 phase sizes. A further increase of PBiteat up to 1:4 leads just to minor changes in
Jsc It is worth to note, that with increasing PBI content from 1:0.5 to 1:4, the photoactive
layer thickness increasesmultaneouslyfrom 50 nm up to ~130 nm, which makes a full
interpretation of the resultdifficult. We therefore finally investigated the influence of the
photoactive layer thickness for a given ratio of PDPP5T:PBI 1 = 1:2 (wt/wt) (Table S4). Here
a clear impact on thécis observed: For a 60 nm thick photoactive layer, the light absorption

is insufficient leading to a decreasést In contrast to that, in a 167 nm thick photoactive
layer, the charge carriers likely recombine 1g@minate before reaching the electrodes. This
explains the lowedscand especially the lowdF in that devicé®® The optimum thickness in

this series was found at 85 nm, where a compromise between light harvesting, charge carrier

transport and charge carrier recombination is achieved.
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Morphology studiesising AFM

AFM measurements of blend films were done tbabetter insight into phase size and phase
separation between polymer donor and PBI acceptor. Here we focus on the optimized blend
system in inverted device geometry for devices shmwrigure ® using PDPP5T as donor
polymer and PBI 1 or PBI 2 as elemt acceptor. The thin film samples for each blend system
were prepared using the same conditions as for the respgttotevoltaic devices. In

Figure5, both AFM height and phase images are shown.

PDPP5T : PBI 1 blend PDPP5T : PBI 2 blend
b)

2.0 nm

-2.0 nm

Height 200.0 nm

- ®, ‘
e =&

200.0 nm 200‘0-nm

Figure 5. AFM height & andb) and phased andd) images of optimized blends (1:2 wt/wt) for PBlalafid c)
and PBI 2 b andd).

A first impression of the two different domain sizes of both blends systems is given by the
AFM heightimages (Figure 5a and 5Sljlere the roughness for tHRDPP5T:PBI1 blend is

much smoother than the PDPP5T:REBIAdditionally, the formetindicates smaller domain

sizes. This is further supported by the phase images of the respective blends, where smaller
domain sizes are clearly seen in the PDPP5TPBlend, whereas PDPP5T:PBIshow
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larger domain sizes anadditionally, a higher phase contrast. The question arigeth)e
different domain sizes are a result of the hydrophobic vs. hydrophilic swallow tail ib VBl

PBI 2. Such a correlation was found for these PBI accepioeady in bleds with the
OPV32 donor polymefll Here a 1:1 blend of OPV32:PBI results in a very smooth film
suggesting &igh degree ointermixing due tothe similar solubilizing alkyl chains in OPV32

and PBI1. In contrast to that, the OPV32:PRI bdend clearly showd phaseseparated
domains with sizes of about some hundreds of nanometers. The hydrophilic swallow tail of
PBI 2 prevented an intimate intermixing (as observed with PBI 1) and helps the formation of
phase separated morphology with OPV d&thor polymer. This leads to a high&c and
therefore better device performance in PBlI 2 blend compared to the well intermixed
OPV32:PBI 1 blend, wherdsc and the overall photovoltaic performance is worse. This is no
more the case, when PBI 1 is blendeith PDPP5T. Even though PDPP5T exhibits
solubilizing alkyl chains as well, a complete intermixing with PBI 1 was not observed.
According to AFM phase imagm Figure 5da rather phase separated morphology with
estimated domain sizes below 100 nm is fouFius explains also the highdsc observed in

this blend compared to the PDPP5T:RBblend, where the domains probably due to the
hydrophilic swallow tail of PBR are much larger than exciton diffusion lengths. In large
PBI 2 domains, excitons form kar immobile intermedia states, as mentioned alre&dy,

than convert into free charges at the donor acceptor interface. Additiahalllarger are the
phase domains, the smaller is the donor acceptor interfadefddts lead to a decreaselef

ard therefore a decrease of the overall PCE as observed for the PDPP5T:PBI 2 blend.

Recombination dynamiesingTAS

To better understand theorrelation between morphology anttc, we measured the
recombination dynamicsf charge separated states oicaeed polaronsn theblend systems

after photoexcitatiooy TAS in ns to us timescald?olarons mean in this context either the
positive charges in the polymer domain or the negative charges in the PBI domain. The
position of the absorption bands of thesdapons in polymer and PBI can be estimated by
measuring the radical cation and anion spectra of the donor and acceptor respectively. The
radical anion for PBI is known to appear in the visiblegkangth range at around 700 Ff.
However, here we focusn the near infrared (NIR) wavelength range, since ther&Bdal

anion band at 700 nm lies fully or partially in ground state absorption range of the blend

systems (Figure)avhich would lead to an overlapping with tresulting ground state bleach.
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TheNIR wavelength range is dominated by the polaron spectra of the polymers. In Figure S1
the radical cation spectra of the two donor polymers in solution are shown. Both polymers
exhibit a new absorption band of the cation species in the NIR range uporcah&xdation.

Note that the polaron band in thin film might be shifted with respect to the radical cation
spectrum obtained from solution due to aggregation effects. Dwetatireported transient
absorption studies of a DRRiophene polymer, which ielated to the chemical structure of
PDPP5T, by monitang the decaydynamicsat 980 nmi®® In Figure & the transient
absorption of the PDPP5T:PBI 1 blend between 900 and 1400 nm is shown with selected time
intervals after photoexcitation between 8 69Q ns. We assign the arged broad absorption

band to thepolaronof PDPP5T polymer, since a similar broad absorption of the PDPP5T
radical cation was found in this region (Figure Sf)contrast to that, theDPP5T:PBI 2

blend shows no or very weaktransient absorptiorthe same wavelength and time range
(Figure 6b). A direct comparison of the decay kinetics at 970 nm between the two blend
systems is given in Figure 6Elereit is clearly seen that after photoexcitation at 470 nm the
transient absorptionn the case of PDPP5T:PRBI vanishes after 500 ns, whereas for
PDPP5T:PBI 2 no transient absorption and therefore no polarons are observed. This is in good
agreement with thesd values from the respective photovoltaic devices and supports further
the asamption, that in PDPP5T:PBI the excitons inside the domains are able to reach the
donor / acceptor interface for charge generation much better due to the small domain sizes
than in the case of PDPP5T:PBIwhere bigger domain sizes hinder the excitoreéeh the

donor / acceptor interface. The decay kinetics at 970 omOPV32:PBI blends after
photaexcitation at 500 nm are shown Figure 6d. The decay dynamics in OPV32:RBI

blend are a bit faster than the OPV32:RBblend suggesting a faster recondtion
dynamics. This can be explained with the higher degree of intermixing between OPV32 and
PBI 1 as i was shown by AFM measuremeRt$. Thus the recombination dynamics fully
support the observed difference in behavior of PBI 1 and PBI 2 in the tigcedi polymer
blends. Since the energy levels and charge carrier propertieshoPBIs are very similar in
ascast films, the difference in photovoltaic performance in the two different blends can be
well explained due to a difference in morphologsiaig out of the different hydrophobic vs.

hydrophilic nature of the two PBIs.
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Figure 6. Transient absorption spectra of a) PDPP5T:PBI 1 and b) PDPP5T:PBI 2 and after excitation at 470
nm. Note that both spectra were smoothed and a comparison of oritatealand smoothed data for one
spectrum is given in Figure S2. Transient absorption decay dynamics at 970 nm are given for PBI 1 (black) and
PBI 2 (red) in their respective polymer blends using c) PDPP5T (after excitation at 470 nm) and d) OPV32
(after exitation at 500 nm). All signals shown here were normalized with the ground state optical density at
either 470 or 500 nm to have a better comparison in signal intensity. The excitation densitg@®in each

case.

Conclusion

We investigated the diffent behavior of polymer blend solar cells consisting of two selected
donor polymers blended with either the hydrophobic or hydrophilic swallow tail substituted
PBIs. Both PBIs have similar energy levels, optical gapcuadge carrier transport in-aast

film. However, from previous studies it was known, that the hydrophilic PBI 2 performs much
better than the hydrophobic PBI 1 in solar cells with OPV32 as donor polymer. Using
PDPP5T as a donor polymer, we observed the opposite case: here PBI 1 shdwhighrrc

Jsc leading to better PCE compared to PBI 2. We attribute the observed differedgesoin
differences in phase separation and domain sizes as studied by AFM. Together with TAS,
where we qualitatively compared the dynamics of the respectivgeclsaparated states in

polymer, we now come to the following conclusion: The choice of hydrophobic vs.
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hydrophilic swallow tail of the PBI acceptdias a big impact on the phattive layer
morphology and it depends furthermore on the miscibility withréspective donor polymer

used. Depending on, which PBI and which donor polymer was used, we found that a high
intermixing between the polymer and the PBI leads to-geminate recombination. On the
other hangmore phase separation leading to large dostnses reduced photarent. This

paper addresses the unexpected behavior of similar PBI molecules in different blends causing
opposite effects of phase separation or intermixing.
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Supporting information

Table S1 The photovoltaic parameters for PDPP5T:PBI (1:2 wt/wt) blend devices with different amounts of

additives (vol %) and in normal or inverted devigeometry.

Device Solvent:additive d Voc Jsc FF
PBI PCE [%)]
Geometry (vol %) [nm] V] [mA-cm? | [%]
CHCls 141 0.65 0.61 30 0.12
PBI 1 CHCI3:DIO 2.5% 141 0.65 1.82 28 0.34
CHCI3:0DCB 10% 108 0.58 2.60 32 0.48
normal
CHCl3 160 leak
PBI 2
CHCI3:DIO 2.5% 160 0.15 0.27 25 0.01
CHCl5:0DCB 10% 160 leak
) PBI1 | CHCl:oDCB 10% 83 0.69 5.03 45 1.56
inverted
PBI 2 CHCI5:DIO 2.5% ~120 0.75 0.76 47 0.27

Table S2 Photovoltaic parameters for PDPP5T:PBI 1 (1:2 wt/wt) blend devices with different anafurisCB
as additives in inverted device geometry

Solvent d [nm] Voc [V] Jsc [mA-cm? FF [%] PCE [%]
CHCI5:0DCB 10% 83 0.69 5.03 45 1.56
CHCI5:0DCB 20% 106 0.68 ~4.32 41 1.21
CHCl5:0DCB 50% 83 0.67 4.15 44 1.23

oDCB 141 0.67 ~3.98 42 1.11

Table S3 Photovoltaic parameters for PDPP5T:PBI 1 blend devices fabricated from £h@l 10 vol % oDCB

as additives in inverted device geometry using different donor:acceptor ratios (wt/wt).

PDPP5T:PBT
) d [nm] Voc [V] Jsc[mA-cm] FF [%)] PCE [%)]
ratio (wt/wt)
1.0.5 50 0.65 1.71 38 0.43
11 73 0.68 3.29 37 0.83
1.2 83 0.69 5.03 45 1.56
1.3 119 0.68 5.04 46 1.59
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Table S4 Photovoltaic parameters for PDPP5T:PBI 1 (1:2 wt/wt) blend devices fabricated from ;GingGl

10vol % oDCB as additives in inverted deeigeometry with different photoactive layer thickness d.

d [nm] Voc [V] Jsc [mA-cm? FF [%)] PCE [%]
60 0.68 3.59 45 1.09
85 0.69 5.08 45 1.55
167 0.66 4.25 35 0.97
S OPV32i i ing wi%: 0% b) . . . 0. —— 0%
in oDCB with doping wt%: — P PDPPST in oDCB with doping wt%:™ e
104 40% . 8%
3 —60% 3 12%
5 0.8 80% © 0.8 16%
] —100% 2 —20%
5 06+ g 0.6-
3 g
S 0.41 2 0.44
S 0.2 2 024
0.0 0.0

Figure S1 Normalized absorbance spectra of chemical oxidation of donor polyn@P®)32 and b) PDPP5T
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spectrum (red) for PDPP5T:PBI 1 blend at 8 fibe excitation wavelength was 470 nm, whereas the excitation
density was 30 pJ-cfnSmoothing of the measured data was done using the SaBibkkyfilter with a second
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We report a highly transparent, low resistance Ag metal network templated Y a
cracked polymer thin film and its incorporation in an organic solar cell. The
performance of this scalable metallic network is comparable to that of conventional ITO

electrodes. This is a general approach to replace ITO in diverse thin film devices.

Organic solar cells (OSCs) are an attractive option for large area and inexpensive production
of modules. This is because OSCs are well suited to low cost manufacturing due to simple
processing! steps that are easily translated to-toitoll mass produdn® and lead to near
commercialization. In the recent past, extensive research has been carried outadivehe a
semiconductor ingredierits and electrode optimizatiéh in order to improve the OSC
performancé’ which is typically poorer compared pther types of solar cells suas dye
sensitized solar celf$ and silicon based solar cell§! Nonetheless, OSCs occupy a unique
position in the photovoltaic roadmap as solid state, flexible, environmentally benign and

ultralight large area devic&$

In OSCs, indium tin oxide (ITO) is the most commonly used transparent conducting
electrode. Best ITO films exhibit a transmittance of 92% in the visible region and a sheet
resi st anc é.1®Ifdiurh i8 scarde and Expensit®JTO requires high t@perature
processing, is brittle and develops cracks on flexible substtatés.order to address these
issues, there has been much effort towards alternative electrodes, as reported in the literature.
Graphené!¥ carbon nanotubes (CNTS},'¥ and Ag nanowire8®1? have been proposed as
alternatives to ITO. Graphene has outstanding optical properties, but a limited sheet resistance
of 30 "L8%hTime ANT networks also exhibit high sheet resistance and in addition, are
less stable under ambient conditiéis$8 Ag nanowire networks show relatively superior
performance in terms of transmittance and sheet resistdnBeit like any other network
produced from prsynthesized nanowires (tubes), they suffer from contact resistance at
innumerable crossbar junctioasd high roughnes&>2% Further, the redundant wires/tubes in

the network can short the OSCs, which restricts its use Htorodlll fabrication. Often, they
require an extra treatment, such as mechanical pré8Sitigermal treatmeft or poly(34-
ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS) coating to improve the

performancé?

Metal grids offer attractive alternatives to the above TEE¥ Indeed being free of
junctions, they exhibit high performance in terms of transmittamcesheet resistance, and
have been successfully used in optoelectronic devices including OSCs. Typically, they are
produced by patterning using lithographic techniques such as photolithoéiapsuft
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lithography'?@ phase shift lithograpt# and naoimprint lithography?® A technologically
relevant and simple alternative is the direct printing of grids using silver nanoparticle inks
either by inkjet printing?2? or laser printin§" 2% or flexographic and thermal imprintir!
These recipe$or Ag grids result in relatively large feature sizes. Such printed patterns are

often used as current collecting grids in diverse applications.

Recently, metal meshes have been fabricated based on cracked TiO2 templates and their
application in touch seens has been shoWh®3 Some of US? have shown, very recently,
selective deposition of Cu by electroplating in the cracked regions of a polymer template to
produce Cu mesh based TCEs. These cracked template methods are highly scalable but need
to betested for their applicability and device integration in thin film organic devices such as
OSCs, OFETs, etc. One of the basic challenges is to obtain high light transmission
maintaining low sheet resistance for such TCEs. Additionally, in thin fiim dgvite
uniformity and connectivity of such meshes are very critical for the reproducibility of such

devices.

In this study, we have explored the feasibility of cracking as a tool for the preparation of such
metal meshes from inexpensive polymer templates@n temperature and integrating them

as TCEs in bulk heterojunction OSCs. Specifically, using a seamless Ag network in the form
of a mesh as a replacement for ITO electrodes, several OSCs having an inverted geometry
have been made, which exhibited periance comparable to those produced using ITO. We
like to note that this work emphasizes the suitability and reproducibility of such afrd&@O

TCE in OSCs and not specifically the optimization of efficiency of any kind of device.

The process flow for teptating is shown schematically in Figure Birst, a crack layer is
produced by drying an acrylic based colloidal dispersion on a glass substrate wherein highly

interconnected cracks are spontaneously obtained.

(a)

¥ deposition )
Crack template Transparent conducting

electrode

Figure 1. Schematic illustration of trangpent conducting electrode fabrication (a) cracked template (b)
deposition of metal on a cracked template and (cpffftof the template giving rise to the Ag network based
TCE.
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These Ushaped grooves are complete cracks down to the substrate toifgudibed from
incomplete crack84 Using the cracked template, the metal (Ag, 55 nm) is deposited by
vacuum evaporation and subsequently, the template is washed away with chloroform. As
shown in Figire 2a, the Ag mesostructures on glass appear to bk imtefconnected
throughout the network. The metal fill factor is estimated t®»@% with a structural width

ofD2 em and an average cell Ssize (spacing bet
optical profilometric image (1.2 x 0.8 nfjrin Figure2b not only reveals the connectivity of

the Ag network over a large area but also shows its seamless nature. The surface roughness of
the network is estimated to % nm while the peako-valley roughness, which corresponds

to the network thicknesss 55nm. The SEM image in Figui& shows a junction where the
network surface continues to be smooth and the junction itself is seamless unlike crossbar

junctions commonly seen in network TCEs made fromsyrehesized Ag nanowirés!

Figure 2. Characteization of the Ag network derived TCE: (a) the optical microscope image (transmission
mode), (b) the optical profiler image in a 3D view, (c) the SEM image of a network junction and (d) comparison
of transmittance spectra of Ag metallic network and ITQe ifiset shows the photograph of a Ag network TCE

on a glass substrate.
















































































































































