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Dankwoord

DANKWOORD

Eindelijk, het dankwoord, een stukje tekst waar ik niet moet letten op spelling,
zinsbouw, taalgebruik, etc. De afgelopen vier jaren zijn wel zeer snel
voorbijgevlogen en de vele mensen die ik gedurende die periode heb mogen
leren kennen hebben het op z'n minst uiterst plezant gemaakt. Daarom dat ik
ook de volgende pagina’s wil spenderen om een dikke merci over te dragen aan
iedereen voor de vele toffe momenten, evenals voor een succesvolle afwerking
van dit onderzoekswerk, ervan uitgaande dat ik hier dus hopelijk niemand

vergeet te vermelden ...

Allereerst zou ik mijn promotor, Prof. dr. Wouter Maes, willen bedanken. Ook al
was het startschot van mijn doctoraat een beetje stroef (projectgewijs), toch
denk ik dat we best tevreden mogen zijn met het eindresultaat en wat we
voorlopig hebben kunnen bereiken. Al vanaf het begin was het mij duidelijk dat
je zeer gedreven was in wat je deed. Tijdens het verbeteren van de artikels was
je dan ook zeer kritisch en ging je gedetailleerd te werk, wat me toch wel
geholpen heeft om een niveautje verder te geraken op dit vlak. Natuurlijk moest
er af en toe eens afgereageerd kunnen worden, maar gelukkig hebben we daar
een tennisnet tussen kunnen plaatsen, en de introductie in Zelem was uiterst

aangenaam. Dus bij deze, voor alles, thanks!!!

Mijn eerste copromotor, Prof. dr. Jean Manca, zou ik uiteraard ook willen
bedanken. Aangezien de meeste van mijn activiteiten plaatsvonden aan de kant
van de fysica, is het natuurlijk ook duidelijk dat jij deel zou uitmaken van dit

doctoraatsavontuur. Hetgeen mij het meest opviel vanaf het moment dat ik in je
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bureau binnenstapte was je vrolijkheid en motivatie voor het wetenschappelijke
veld, en het gemak waarop je mensen kan motiveren. De bijnaam ‘mister cool’
zal ik waarschijnlijk ook niet meer kunnen afschudden? Bedankt voor de kans

die je mij gegeven hebt en me in je groep hebt toegelaten.

Vervolgens verdient mijn tweede copromotor, Prof. dr. Dirk Vanderzande, ook
een dank-je-wel. Ik was best wel aangenaam verrast door je sociaal en open
karakter (en dat gevoel werd ook wel eens bevestigd op één van de BPG-
feestjes), en dat is een prachtig kenmerk voor iemand in jouw positie. Hetgeen
me altijd is bijgebleven is ons preliminair sollicitatie-telefoontje 4 jaar geleden,
waardoor jij eigenlijk aan de bakermat stond van dit doctoraat, waarvoor dank.
Natuurlijk mag ik ook onze zeiltrip van eerder dit jaar niet vergeten. Het was
werkelijk een super ervaring, en hopelijk kunnen we volgende keer effectief

Engeland bereiken.

Not to forget, dr. Laurence Lutsen, thank you very much for everything. Through
our small discussions, you were always able to show me a different side to every
story. Also, thank you for giving me the opportunities to visit various

conferences, allowing me to meet a lot of nhew people in our field of research.

Of course, I would also like to thank the other members of the jury for taking

the time to evaluate this work.

Het volgende stukje zou ik willen toewijden aan mijn directe collega’s, die
natuurlijk voor een groot deel voor alle fijne tijden die we hier samen hebben
beleefd hebben ingestaan. Laten we er dan ook maar geen doekjes om draaien,
dit is waarschijnlijk het enige wat de meesten gaan lezen (©). Aangezien ik met

hun nog het meeste contact heb gehad, en zij het hebben uitgehouden met mij
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al die jaren, verdienen zij toch ook wel een dank-je-wel. Als lid van twee
verschillende groepen loopt dit aantal wel een beetje op, dus laten we hopen dat
ik hier nu niemand ga vergeten ... Allereerst een klein woordje voor het vaste
personeel. Iris, dank je wel voor de plezante babbeltjes. Huguette, bedankt voor
je onmiddellijke paraatheid als het op metingen aankwam. Je kennis van
bepaalde technieken was zeer behulpzaam, en je verdient zeker alle lof hiervoor.
Gunther, je was altijd zo een beetje een vaderfiguur voor de groep, een zeer
harde werker en toch ook altijd klaar voor een lach en babbel. I wish you the
best of luck with everything! Prof. dr. Jan D’Haen, bedankt voor de TEM
metingen, die de verhalen toch elke keer een stukje specialer maakten. Christel,
Hilde, bedankt voor het goede opvolgen van de bestellingen, zodat wij arme
doctoraatsstudentjes altijd voort konden met ons onderzoek. Johnny man, ik
vermoed dat ik je vaak genoeg het bloed onder de nagels uit heb gehaald met
mijn ‘plezante’ opmerkingen, maar bij deze ga ik dat meteen rechtzetten. Merci
voor de snelle ingrepen die (vaak) voor kwamen bij het gebruik van de
gloveboxen. Zonder jouw aanwezigheid zou het onderzoek 100 keer trager zijn
verlopen. Ik denk dat het IMO misschien wel letterlijk uit elkaar zou kunnen
vallen zonder alles wat je daar ‘fixed’. Ook de ‘oude’ garde mag ik natuurlijk niet
vergeten in dit plaatje. Sarah, vanaf het moment dat ik jouw motivatie zag, wist
ik dat je een soort rolmodel zou zijn voor komende doctoraatsstudenten,
waaronder mezelf. Ans, de chille bureaugenoot aan ons eilandje, veel succes
met je dochtertje, je doet dat waarschijnlijk super. Toon, ook al lukt het me
momenteel niet meer echt om te komen opdagen, merci om mij te introduceren
tot het klimmen, en natuurlijk niet te vergeten, de plezante samenwerking.
Inge, mijn bureaubuur gedurende toch wel een lange periode, veel succes met

je nieuwe job. Tommeke, mister festival of mister PhD-presentation (ik kon niet
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kiezen), veel succes nog met het afronden van je doctoraat. Wouter V., bedankt
voor de meerdere, mooie en zeer succesvolle samenwerkingen. Je was hier
maar 2 jaar aanwezig als post-doc, maar ik denk dat je een zeer goed voorbeeld
bent geweest voor een heel aantal mensen. Ook jij veel succes met je nieuwe
job, ook al is het waarschijnlijk een beetje aanpassen met het aanmaken van
kg’en in plaats van mg’en. Natuurlijk, de huidige generatie van collega’s mogen
we ook niet vergeten. Pieter, ik kende je al een beetje voor onze tijd hier in
Hasselt, maar de afgelopen vier jaren hebben me laten inzien wat voor een
goede gast je bent, en hoe fel je gegroeid bent in de onderzoekswereld. Ik weet
ook dat ik wel vaak achter je veren aanzat, dus bedankt dat je mij al die tijd
hebt getolereerd. Jeroen D., AFM-superman, merci voor de 10000'den metingen
te doen waarmee ik je heb opgezadeld. Ook al bleef ik de stalen maar
opstapelen, ik hoorde je (bijna) nooit klagen, wat dan toch ook gelukkig heeft
uitgedraaid tot een aantal mooie publicaties. Geert, Joris, “"Mingeh!!” wie heeft
die gasten hier losgelaten. Buiten plezante collega’s zijn jullie dan ook uiteraard
nog eens goei kameraden. Het afgelopen jaar was al super, maar ik denk dat we
zo nog wel eventjes kunnen doorgaan. “Schol hé boys!” Tim, de happy man,
altijd zo enthousiast en opgewekt (na half 10 dan toch), bedankt voor de
snelheid van de verschillende metingen, en voor het helpen nadenken over die
vervelende probleempjes die we tegenkwamen. Ook nog veel succes met de
muziek, maar dat komt wel in orde. Joke, tennis dubbelpartner van het jaar,
merci voor de mooie matchen (en overwinningen)! Natuurlijk ook Rafaél niet
vergeten, bedankt voor de hulp toen ik even het noorden kwijt was met al die
sectie- en pagina-eindes ... Of course, I would also like to thank all the other
colleagues for all the fun times; Julija (small molecules yeah!), Yasmine, Sanne,

Mathias (laat die porfyrines maar lopen), Jeroen, Vero, Evelien, Joachim,
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Benjamin, Stephan, Kayte, Ya-Mi, Rebekka, Brecht, David, Tien, Bert, Sabine,
Wim, Lien, Wouter D., Ilaria, Dieter, Mirco, Koen, Sien, Jeroen S., Inge V., I

wish you all the best of luck in everything you do!

Nu (denk ik) dat ik nog maar één iemand aan dit lijstje moet toevoegen, maar
ze verdient wel een apart paragraafje. Neomy, je bent een fantastische steun en
toeverlaat geweest het afgelopen jaar. Je begreep elke keer opnieuw als er me
iets dwars zat, en je tolereerde ook dat ik sommige periodes, zeker naar het
einde toe, iets minder tijd had. Je gaat dit zelf nog allemaal fantastisch doen. Ik

zie je graag!

Next I would also like to thank all the people I was able to collaborate with. To
start off, thank you to everyone from Solliance. Attending the regular meetings
showed me the high potential of our field of research. Afshin, Eszter, David,
Bregt, Tom, and all the others from IMEC, thank you for everything that you
taught me. Of course, I cannot forget to thank you as well for your amazing
hospitality during our troubling times without the glovebox at the UHasselt.
Especially to Afshin, thank you for taking your time to teach me pretty much
everything on OPV processing. To the people from Eindhoven (Alice, Serkan,
Koen, Gijs, Hans, ...), thanks for the wonderful times at the HOPV conference in

Sevilla (I still keep thinking about that one tapas bar).

De mensen van de Vrije Universiteit Brussel, Prof. dr. Bruno Van Mele, Niko,
Maxime, jullie bijdrage inzake thermische analyses leverde altijd een grote
meerwaarde aan al de verschillende projecten die we hebben kunnen afleveren.
Niko, dank je wel voor alle metingen, interpretaties en je gastvrijheid om me

alles eens in detail te tonen tijdens een rondleiding.
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Prof. dr. Benoit Champagne (Laboratoire de Chimie Théorique, Namur), thank
you for the theoretical calculations. They showed to be an added value to our

work for several articles.

Tenslotte mag ik nog drie belangrijke mensen zeker niet vergeten te bedanken.
Als eerste, mijn ouders, voor alle steun en kansen die ze me ooit hebben
gegeven. Twee jaren geleden zijn we begonnen aan ons eigen grote zijproject,
het huis, en daarvoor wil ik jullie nogmaals zeer hard bedanken. Zonder jullie
had ik dit nooit allemaal kunnen verwezenlijken in combinatie met een
doctoraat. Nancy, ‘grote’ zus, bedankt voor al je steun over al die jaren. De vele
telefoontjes zijn altijd al een goede uitlaatklep geweest voor als er me iets
dwarszat, en je stond altijd wel klaar om te luisteren (tenzij je weer eens niet

opnam ©).

THANKS!!

Jurgen
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Chapter 1

1.1 GENERAL INTRODUCTION

Sustainable energy has been gaining large attention over the past decade and
currently wind turbines and solar panels are decorating our every day scenery.
With a global population of 7 billion people and an estimated population of over
9 billion people by 2050, the call for alternative renewable energy sources is one
that needs to be answered rather sooner than later.['] At the moment, the
predominating sources for our energy supply are fossil fuels (coal, crude oil and
gas), but as these are finite and considering the continuous economic growth
and industrialization across the world, alternative possibilities have to be
explored. Additionally, during the last decade, the problem of ‘global warming’
has arisen, with various climate change conferences discussing the issues and
possible solutions. The main challenge originates from the fact that the
combustion of fossil fuels leads to the production of CO,, the primary malefactor
for climate change. To step away from these polluting processes, an
intensification of research and development toward renewable and clean
energy sources (wind, biomass, geothermal, hydropower and solar) is required.
In 2011, 11% of the total energy supply in the U.S. arose from renewable
energy, and it is prospected to rise to 15% by 2040.[2! As illustrated in Figure 1,
before 2010, most of the renewable energy (in the U.S.) was gathered from
sources such as hydropower, biomass and wind power. However, solar energy
has the capacity to become the main renewable energy source, as the amount of
solar irradiation upon earth in one hour is equivalent to the world’s annual
energy demand. The figures and prospects from 2011 to 2015 already show a

clear increase in the contribution of solar energy to the total renewable energy
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pallet (Figure 1). With only a share of 0.6% in 2011, there was a growth to

2.7% in the U.S. in 2012, illustrating the rise in popularity of solar energy.[*!

U.S. Renewable Energy Supply
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Figure 1: Distribution of renewable energy sources (figures for the U.S.) showing

an increase in the contribution of solar energy.!

1.2 PHOTOVOLTAICS

The rapid development of photovoltaic (PV) technologies is clearly visible
nowadays when looking at the change in rooftop appearance over the past few
years. Dispite the difficult economic situation, the worldwide PV market doubled
in 2010, showed a consecutive growth of 30% in 2011 and took another leap
forward (11%) in 2012.0°! Starting from the first silicon based solar cells
achieving 6% power conversion efficiency (PCE), as reported in 1954 by Chapin
et al.,'®! present PV modules are reaching PCE’s of approximately 25% and they
are guaranteed to have a continuous energy output for at least 25 years. These
current generation PV modules mainly consist out of mono- or polycrystalline Si

and are generally considered to be the first generation solar cell technology.!”
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Even though at present day the cost of this technology is decreasing, the
production costs still remain rather high. To reduce these costs, a second
generation of solar cells has been developed, based on thin-film
technologies.!”! This second generation PV comprises mainly of cells based on
amorphous silicon, copper-indium-gallium-selenide (CIGS) or cadmium-telluride
(CdTe), materials characterized by high absorption coefficients, hence reducing
the required material quantities. Recently, a CIGS based solar cell with a PCE of
20.8% was reported, only slightly lagging behind the current PCE’s obtained
from crystalline Si solar cells.[®] However, the technology still faces difficulties in
scalability. In an attempt to simplify the large-scale production processes,
enormous efforts are directed toward a third generation solar cell technology,
consisting of organic and hybrid organic/inorganic solar cells, with current record
efficiencies of 10.8%," 9.95%,!% and 12.2%!!!! for single junction polymer,
small molecule and liquid dye-sensitized solar cells (DSSC), respectively. This
novel generation of solar cells is attractive for particular applications due to
additional appealing features such as aesthetics, semi-transparency, flexibility,
improved low-light performance, cost-effectiveness, and large area printability.
In DSSC's, the liquid electrolyte causes issues toward long-term applicability and
toxicity. Very recently, the appearance of perovskite based solid state DSSC's
and their high performance provided a way to circumvent these challenges.
These types of solar cells utilize a light harvesting material taking the form of
the perovskite crystal structure (generally CH;NH3;MX3, with M a metal cation
and X an oxide or halide anion). The group of Yang Yang recently reported a
planar perovskite based solar cell (in contrast to the mesoporous TiO, or AlO;

architecture) with an astonishing PCE of 19.3%,!'2! and in November 2014, the
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Korean Research Institute of Chemical Technology (KRICT) produced a certified

perovskite solar cell with a PCE of 20.1%.3!

Figure 2 summarizes the efficiency roadmap for solar cell technologies over the
past 40 years. As can be observed, organic solar cells have only been emerging
as a promising technology for approximately 15 years, starting with certified
PCE’s of 2.5% in 2001, and they have shown a strong growth to 10.8% in the

last couple of years.!°]
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Figure 2: Evolution of the best research-cell efficiencies over the last 40 years

(source: NREL, version November 2014).[13

1.3 ORGANIC PHOTOVOLTAICS

The cradle of organic photovoltaics (OPV) is situated in the 1970’s when Alan
Heeger, Alan MacDiarmid and Hideki Shirakawa discovered the high conductivity

of polyacetylene after doping with chlorine, iodine or bromine. The result was a
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material that approached the conductivity of copper or silver (10° vs 10® S/m),
resulting in the Nobel Prize for Chemistry for ‘the discovery and development of
conductive polymers’.[**1] Inspired by these findings, the quest toward efficient
organic solar cells started, comprising the use of conjugated polymers. However,
due to the little available knowledge, the first results were rather discouraging.
Tang et al. came up with a proper approach for establishing organic photovoltaic
cells in 1986, and by utilizing a bilayer stack approach, PCE’s of up to 1% could
be achieved by thermal evaporation of an n-type material (a
perylenetetracarboxylic acid derivative) on top of a p-type material (Cu-
phthalocyanine), sandwiched between two electrodes.!'®! To further improve the
performance, a search for alternative acceptor layers commenced. It was only in
1992 that Sariciftci and coworkers discovered the photoinduced electron transfer
from conducting polymers to buckminsterfullerenes, concieving the concept of
polymer-fullerene solar cells.!'”! As the bilayer architecture was still the
predominant cell structure, the limited maximum thickness of the polymer donor
material became the new focus point. Upon illumination of the donor polymer,
bound hole-electron pairs (excitons) are formed, which need to dissociate at
the donor/acceptor interface. These excitons have binding energies ranging from
0.4 to 0.5 eV, limiting the distance they can travel to 5-10 nm (exciton
dissociation length) before undergoing radiative or non-radiative
recombination.[*® A possible approach to lower exciton dissociation is to
increase the interfacial area between the donor and the acceptor. In order to do
so, Hummelen and Wudl in 1995 synthesized a more soluble Cgo-
methanofullerene derivative, [6,6]-phenyl-Cgi-butyric acid methyl ester
(PCe1BM), hence laying the foundation for the bulk heterojunction (BHJ)

organic solar cells.'*®) In these devices, the organic materials are blended
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together and upon film formation a BHJ interpenetrating network of the donor
and acceptor components, intermixed at a length scale less than the exciton
diffusion length, is accomplished. Up to date, the BHJ] structure is still the
dominant OPV device architecture, as can be seen by the evolution in PCE's,
starting at ~1% before 2000 and amounting to 10.8% in 2014.!°! Obviously, the
evolution of the BHJ organic solar cells does not stop here. Due to the limited
absorption of most polymer materials, only a portion of the solar spectrum is
harvested. Therefore, research efforts are focused on establishing highly
efficient multi-junction photovoltaics, compiling two or even more single-
junction solar cells, separated by a recombination layer. Via this approach, a
broader window of the solar spectrum can be absorbed, resulting in enhanced
performance. Earlier this year, a new record efficiency of 11% was obtained
within the group of Yang Yang by optimization of a triple junction organic solar

cell.[20]

The fact that organic photovoltaics have been gaining popularity over the years
can clearly be observed from Figure 3, showing the number of publications
appearing on the topic each year. Whereas 20 years ago, less than 20 articles
per year were published covering the topic of organic solar cells, this number
has increased to ~3500 publications in 2013.?Y) Obviously, this interest in the
development of OPV technologies has also attracted the attention of various
industrial partners, amongst which established industries such as BASF, Solvay,

Merck, Belectric, Heliatek and ThyssenKrupp.
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Figure 3: Number of publications on organic solar cells per year (source: Web of

Science, search term "organic solar cells").

1.4 WORKING PRINCIPLE OF ORGANIC SOLAR CELLS

As illustrated in Figure 4, generation of current in organic solar cells occurs
through a series of steps. Upon absorption of incident solar light by the
photoactive layer (PAL) materials (mostly by the donor material), electrons are
excited from the highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO), resulting in the creation of Coulombically
bound excitons (exciton formation). In contrast to the inorganic PV
counterparts, in which immediate dissociation in free charge carriers is achieved
upon photoexcitation, the bound hole-electron pairs first have to diffuse to the
donor/acceptor interface (exciton diffusion). As mentioned before, the
distance these excitons can travel without decaying to the ground state is
limited by the exciton diffusion length, and in this respect the concept of the BHJ
solar cell is of importance. In a subsequent step, electrons will be transferred to

the acceptor material with high electron affinity, e.g. methanofullerenes (charge
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transfer). To achieve a successful forward charge transfer, a proper energy
offset between the LUMO’s of the donor and acceptor material must be
established. As a rule of thumb, a minimum energy difference of ~0.3 eV is
required for effective exciton splitting and charge dissociation. Energy
differences larger than this will lead to energetic loss-mechanisms, lowering the
device performance.!'®22-27] After charge transfer, recombination processes can
still occur, either under the form of geminate (recombination of one electron and
one hole originating from the same bound hole-electron pair after charge
transfer) or non-geminate (bimolecular) recombination of free charge carriers
during transport to the electrodes (charge separation and charge
transport). The presence of efficient percolated pathways is required to reduce

the risk of recombination.
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Figure 4: General mechanism of photoconversion in organic solar cells.

1.5 CONSTRUCTION AND PERFORMANCE FEATURES

OF ORGANIC SOLAR CELLS

Typical organic solar cells, as illustrated in Figure 5, are constructed on a
transparent glass substrate coated with a high work function anode material
such as indium tin oxide (ITO). On top of the ITO, a thin hole conducting layer,
such as poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)
is deposited. The presence of this layer ensures a proper ohmic contact between
the anode and the photoactive layer by smoothening out the surface of the

anode material, as well as provides a good wettability for the photoactive layer.
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In a next step, the photoactive donor-acceptor blend is deposited from solution.
Various deposition techniques such as spincoating, screen printing, spray
coating, inkjet printing or blade coating have been established to ensure
conversion from lab scale to industrial needs. To obtain the final device, a low
work function cathode, often consisting of calcium and aluminum (or calcium

and silver), is deposited on top of the photoactive layer by thermal evaporation.

As research grew, a more stable device platform was developed as well, which is
generally referred to as the inverted solar cell architecture (Figure 5). This
layer stack is constructed starting from ITO (now serving as the low work
function electrode), followed by the deposition of an electron transporting
material such as zinc oxide (ZnO) and the active layer. Finally, the device is
finished off by the deposition of a small layer of molybdenum oxide and a high
work function top electrode. PEDOT:PSS and Ca are eliminated from the device
layout. It is known that PEDOT:PSS is responsible for the extraction of indium
from the ITO electrode, whereas Ca is prone to oxidize to calcium oxide, both

delicate factors when foreseeing long term use of OPV devices.

11
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Figure 5: (top-left) Configuration of a standard architecture organic bulk
heterjunction solar cell, (top-right) Inverted architecture, (bottom) Current
density-voltage curve of a solar cell under illumination with the most important

parameters indicated.

The operation of organic solar cells can be evaluated by a series of parameters,
such as the short-circuit current density (Jsc), the open-circuit voltage (Voc),
the fill factor (FF) and the power conversion efficiency, illustrated in Figure 5. All
these parameters can be extracted from the fourth quadrant of a current
density-voltage plot when performing J-V measurements. The Jsc is the current
density flowing through an illuminated device when applying a 0 V bias, which is
the maximum current the device is able to produce. This current is largely
dependent on the overlap between the absorption spectrum, and thus the
bandgap, of the organic material and the solar spectrum. Additionally, factors
such as active layer thickness, intensity of sunlight and charge collection

efficiency will also determine the final Jsc. The Voc shows the maximum voltage

12
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attainable when no current is flowing through the device. A general
approximation for the value of the Voc can be determined by inspection of the
energy level alignment of the HOMO of the donor and the LUMO of the acceptor
component.[?8! Additionally, the Voc can be influenced by features such as the
presence of impurities, non-optimal interfaces in the solar cell stack and non-
optimal phase separation of the donor and acceptor materials. The FF is
determined by the device series resistance and the charge recombination rate
and extraction efficiency, and quantifies the solar cells actual maximum power
output (Pmax) to its theoretical maximum power output (Pineor max). Ptheor max €an
be determined constructing a rectangle in the fourth quadrant of the J-V curve
starting from Jsc and Voc (Figure 5) and can readily be calculated by the product
of these two parameters (Peor max = JSC x Voc). The actual maximum power
output P,. from a solar cell under operation is given by the product of the
current and voltage at the corresponding maximum power point, i.e. J,. and

Vnax- Hence, the FF can be calculated by the following equation:

FF = Pmax _ ]max Vmax (1)
Ptheor max ]sc V(')c

Finally, the performance of a solar cell is expressed by its power conversion
efficiency (PCE or n). The PCE corresponds to the ratio of the power that comes
out of the device (P, or Pnax) to the total power input of photon irradiation. The
efficiency of a solar cell can thus be calculated according to the following

equation:

Pmax =]max Vmax — FF]SC]/UC (2)
Piy P; Pin

PCE (n) =

13
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In order to report and compare solar cell results amongst different laboratories,
it is necessary that certain standard testing conditions are established. In
general, these include a temperature of 25 °C and an irradiation of 1000 W/m?2
with an air mass 1.5 (AM 1.5 G) spectrum. The AM 1.5 G spectrum corresponds

to the solar irradiation with the sun at 45° above the horizon.

1.6 OVERIEW OF OPV ACTIVE LAYER MATERIALS

1.6.1 Conjugated polymers

The polymer donor materials developed for organic photovoltaics can be divided
into three main generations. As mentioned above, the OPV story started off with
the discovery of the high conductivity of polyacetylene via doping the polymer
with halides in the 1970’s. Inspired by the possibility to create renewable energy
applications, research on the fabrication of organic solar cells commenced.
However, it was only in 1995 by the introduction of the BHJ concept, using a
polymer as a donor component and a buckminsterfullerene as an acceptor, that
there was a real chance for application of the technology. The first generation
of OPV donor materials consisted mainly of poly(p-phenylene vinylene) (PPV)
type materials. Initial results were obtained by Heeger et al., who successfully
generated the first solution-processed BHJ polymer solar cell, consisting of a
blend of poly[2-methoxy-5-(2'-ethylhexyloxy)-1,4-phenylene vinylene] (MEH-
PPV) mixed with PCy;BM (Figure 6).!°! Even though a PCE of only 0.04% could
be obtained, mainly attributed to a non-optimal active layer (nano)morphology
hindering efficient charge separation, this result demonstrated the photoinduced
electron transfer between the donor and the acceptor material. Six years later,

in 2001, Shaheen et al. utilized a more processable PPV derivative, namely

14
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poly[2-methoxy-5-(3’,7'-dimethyloctyloxy)-1,4-phenylene vinylene] (MDMO-
PPV) (Figure 6), and through substantial efforts in blend morphology
optimization, the PCE of the OPV cell could be increased to 2.5%.[3% A few years
later, in 2003, Janssen and coworkers replaced PCq:BM with [6,6]-phenyl-C;-
butyric acid methyl ester (PC,;BM) (Figure 6), enhancing the solar cell
performance to 3.0% due to the significantly higher absorption of PC,;BM in the

visible range up to 700 nm.[31]

ko

H,CO n
MEH-PPV H;CO

PC¢BM

Figure 6: (top) First and second generation conjugated polymers for OPV

devices, (bottom) Fullerene acceptors.

Even though considerable knowledge was gathered from the PPV:PC¢;BM based
devices, the interest in this material class was slowly fading, mainly due to the

rather low potential of the polymer materials, as they exhibit a quite large
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bandgap (~2 eV). Simultaneously, a second generation polymer class was
gaining a lot of attention, poly(alkylthiophene)s, with poly(3-hexylthiophene)
(P3HT) as the most prominent example (Figure 6). In 2002, Brabec et al.
published the first promising results for P3HT:PCq;BM solar cells with external
guantum efficiencies (EQE’s) up to 76% at 550 nm.[3?] Further investigations
quickly revealed the influence of thermal annealing on the photovoltaic
performance, directed by an enhancement in charge carrier mobility.’*3 Soon
thereafter, the crystallinity of the material was found to be a key parameter, and
through synthesis of regioregular P3HT, PCE’s around 5% were established.[>¥
From there on out, the P3HT:PCs;BM material system was investigated very
extensively, and it would remain the benchmark system for several years to
follow. Most significant findings came from increasing the regioregularity of
P3HT,%! optimizing the annealing temperature in combination with the molar
mass of the polymer,[3433¢] slowing down the drying kinetics of the wet films!3*"!
and using processing additives to support phase separation between P3HT and
PCq:BM.1371 However, P3HT has one big issue that cannot be overcome, being its
inherently limited absorption, resulting from a relatively large bandgap of ~1.9
eV. Another disadvantage is the limited Voc (0.66 V) of the P3HT:PCqBM
system. In 2010, a PCE of 6.48% was reported when replacing PCs;BM with an
alternative fullerene derivative, indene-Cqy bis-adduct. The device showed an

improved Voc of 0.84 V, a Jsc of 10.61 mA/cm2 and a FF of 72.7%.[38

It was already stated that conjugated polymers with lower bandgaps could be
more beneficial, allowing a more optimal light harvesting of the solar spectrum.
With the Voc being proportional to the energy difference between the polymer

HOMO level and the acceptor LUMO level, an alternative strategy in the design
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of the polymer material was required to lower both the HOMO and LUMO levels
while affording increased light absorption through a reduced bandgap well below
2 eV (low bandgap polymers). The design of low bandgap polymers is
generally based on a donor-acceptor (push-pull) approach, in which electron-rich
and electron-poor (heterocyclic) units are coupled in an alternating fashion to
form the polymer backbone. These types of polymers are considered to be part
of the third generation polymer solar cell materials. Obviously, the amount of
combinations is nearly endless and tremendous efforts have been put into the
discovery of high-performance OPV materials. On the other hand, fine-tuning of
established polymer materials is also very important to optimize their
performance. In this introduction, we will only mention some of the most well-
known examples amongst the low bandgap copolymer materials. Poly[2,6-(4,4-
dialkyl-4H-cyclopenta[2,1-b;3,4-b’]-dithiophene)-alt-4,7-(2,1,3-

benzothiadiazole)] (PCPDTBT) (Figure 7) was one of the first push-pull type
materials that gained quite some attention as a possible candidate toward
higher-performance BH] OPV devices, with a nearly ideal bandgap of 1.46 eV
and excellent charge transport properties. Unfortunately, with a PCE of 3.2%,
initial results were somewhat disappointing.*® The main reason behind this
rather unsatisfying performance was found to be originating from an
unfavorable, very intimate nanomorphology of the active layer blend. To tackle
this problem, Bazan and Heeger experimented with the blend solution and they
found that the morphology could be optimized through the addition of
alkanedithiols, leading to efficiencies surpassing 5%.4% The key parameters that
were influenced were the Jsc (from 11 to 16.2 mA/cm?2) and FF (from 47% to
55%), clearly indicating an enhancement in morphology and hence charge

carrier extraction. Despite a high Jsc, the material system was still limited by a
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disappointing Voc value (0.6 V). In 2007, a particular carbazole-based
copolymer, poly[2,7-(N-9-alkyl-2,7-carbazole)-alt-5,5-(4',7'-di(2-thienyl)-
2’,1',3'-benzothiadiazole)] (PCDTBT) (Figure 7), was reported by Leclerc et al.,
with an initial solar cell performance of 3.6% when blended with PCg;BM.[*!]
With a high Voc of 0.88 V, it was found that the Jsc of barely 6.8 mA/cm2 was
limiting the final device performance. Shortly thereafter, Heeger et al. were able
to enhance the Jsc to 10.6 mA/cm2 and hence set a record efficiency of 6.1% for
the same material by simply exchanging PC¢;BM for PC,;BM, enlarging the light
absorption of the active layer blend in the visible range. In this way, an internal
quantum efficiency (IQE) close to 100% could be reached, meaning that almost
every absorbed photon results in a separated pair of charge carriers and that all
photogenerated carriers are collected at the electrodes.!*?! Consequently, with
more than 250 publications by the end of 2013, PCDTBT:PC5;BM has become a
new benchmark system for various studies involving active layer morphology,
device architecture and the influence of the molar mass on the photovoltaic
performance. Especially the enhancement in performance through optimization
of the interfaces between the separate layers in the BH] device stack has
become a popular topic in recent years. In 2013, the group of Heeger was able
to revise its record efficiency of 6.1% to 7.5% by insertion of a very thin (~1
nm) graphene oxide layer between the active layer and the top electrode.!*3! The
exact working principle of this electron transporting material remained unclear,
but it was observed that its insertion led to a reduction in the series resistance
(Rs), an enhancement in the shunt resistance (Rs,), an improvement in the
surface roughness, and the occurrence of a shift in the vacuum level, affected by
the magnitude of the interfacial dipole.*3®! The main concern governing the

further applicability of PCDTBT lies in the necessity of using rather thin films.
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Optimized devices processed from PCDTBT:PC,;BM utilize layer thicknesses in
the range of 60—80 nm and a rapid decrease in PCE is observed for thicknesses
above 100 nm. Due to this limitation, a lower amount of light can be absorbed,
leading to a relatively modest Jsc (as compared to e.g. PCPDTBT). Additionally,
the current is also hindered to a certain extent by the rather wide bandgap of
the material (~1.88 eV), restricting the portion of the solar spectrum that can be

absorbed.

PCPDTBT PCDTBT

Figure 7: Low bandgap polymers with bridged bithiophene (left) or carbazole

(right) electron rich building blocks.

Motivated by the upward trend in OPV device efficiencies, further research led to
the discovery of several new state-of-the-art low bandgap copolymers affording
polymer solar cells with PCE’s exceeding 7%, amongst which poly(thieno[3,4-
b]lthiophene-co-benzodithiophene) (PTB7) (Figure 8) as one of the most popular
representatives. The motivation to investigate the PTB family came from the fact
that the thienothiophene (TT) unit is able to stabilize the quinoidal structure of
the benzodithiophene (BDT) monomer unit, hence producing polymers with
lower bandgaps (1.6—1.8 eV). Moreover, this quinoidal structure enhances the
planarity along the polymer backbone, providing more rigidity. Additionally, the
nature of the polymer enabled an improved n-n stacking, instigating a shorter

distance between different polymer backbones and leading to a high hole
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mobility.[* The actual synthesis of PTB7 was preceded by the investigation of
various other PTB derivatives (PTB1-6) (Figure 8), for which side chain
optimization and the effect of fluorination were investigated. Side chain variation
can lead to differences in solubility and miscibility with the fullerene acceptor, in
its turn influencing the (nano)morphology of the active layer blend, which may
lead to more optimal charge extraction.!*>! On the other hand, fluorination has
been shown to lower the HOMO level of the donor polymer, possibly enlarging
the Voc of the polymer:PCBM solar cells.[*®) In this way, it was found that the
PTB derivative containing a fluorine atom on the thienothiophene part (PTB4)
resulted in a PCE of 7.1%, encouraging further optimization. With these insights,
the synthesis of PTB7 resulted in high performance photovoltaic devices with a
Voc of 0.74 V, a relatively high Jsc up to 14.5 mA/cm2 and an astonishing FF of
almost 70%, resulting in a final PCE of 7.5%.1*”1 Further optimization of the
molar mass and polydispersity (128 kg/mol and 1.12, respectively) of the
polymer resulted in device performances up to 8.5%.[%! Via the use of suitable
interfacial layers, similarly as for PCDTBT, the highest reported efficiency for a

PTB7 based OPV device is currently set at 9.2%.[%?
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PTB1-6

PTB1: X = H, Ry= -O-n-octyloxy, R, = n-dodecyl
PTB2: X = H, Ry= -O-n-octyloxy, R, = 2-ethylhexyl
PTB3: X = H, Ry= n-octyl, R, = 2-ethylhexyl
PTB4: X = F, R4= -O-2-ethylhexyloxy, R, = n-octyl
PTB5: X = H, Ry= -O-2-ethylhexyloxy, R, = n-octyl
PTB6: X = H, Ry= -O-n-octyloxy, R, = 2-butyloctyl

Figure 8: Benzo[1,2-b:4,5-b']dithiophene-based low band gap copolymers.

1.6.2 Small molecules

Following the success achieved with conjugated polymer donor materials, the
development of analogous small molecules has also seen a strong growth. In
this paragraph, a few examples of the top performing small molecules are
gathered. Even though the use of small molecules in OPV is found to be a more
tedious process, mainly due to their specific active layer film formation, they
contain certain advantages over their polymer-based counterparts. Due to their
uniform and defined molecular structures, they show less batch-to-batch
variations!*] and they can attain higher hole mobilities than the corresponding

polymer materials due to their enhanced stacking properties.>®

Since the appearance of P3HT and its general success, it was only natural that
thiophene based small molecules would be explored as possible candidates for

small molecule organic solar cells. Consistent with most first attempts on
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polymer solar cells, initial results on these oligothiophenes were rather
depressing, with PCE’s of 0.3% when using a tetrahedral silicon core-based
three-dimensional oligothiophene as the donor material.’®!  Further
improvements to efficiencies just below 2% were obtained by exploration of
various branched and star-shaped oligothiophenes.[*?! The main issue behind the
disappointing performance is the limited light absorption in the visible and near-
infrared region due to a rather large bandgap (>2.2 eV). An important
breakthrough was realized in 2006, when Bé&uerle et al. reported on the
vacuum-evaporated quinquethiophene derivative (DCV5T) (Figure 9) with a
lower bandgap due to the insertion of strongly electron withdrawing dicyanovinyl
(DCV) units on both ends of the oligothiophene.!®®! Further optimization of the
structure and dimethylation of the central thiophene unit (DCV5T-Me) (Figure

9) resulted in a device with a PCE of 6.9%.[>%

HiC. CHs
1\ S I\ s 7\ 1\ s I\ s ]\
| S \ / S \ / s S \ S \ / SEE
NC""%cN By Bu BY Bu NG N NC™en nc” CN
DCVS5T DCV5T-Me

Figure 9: Quinquethiophene-based small molecules for vacuum-evaporated

organic solar cells.

In 2013, the group around Heeger and Bazan reported on a new small molecule,
7,7’-[4,4-bis(2-ethylhexyl)-4H-silolo[3,2-b:4,5-b’]dithiophene-2,6-diyl]-bis(6-
fluoro-4-(5'-hexyl[2,2'-bithiophen]-5-yl)benzo[c][1,2,5]-thiadiazole)
(DTS(FBTTh,),) (Figure 10), affording a PCE of 8.01% with a very high FF of
73%.5°°1 The strength of this material lies in its high mobility, attributed to the

high crystallinity, clearly evidenced by fibrillar structures persisting over
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distances of almost 1 pm.[% Shortly afterwards, Heeger et al. revised their top
efficiency. Through insertion of an optical spacer (a thin ZnO layer), a new

record PCE of 8.94% could be established.

DTS(FBTTh,),

R4 = hexyl
R, = 2-ethylhexyl

Figure 10: Dithienosilole-based small molecule (DTS(FBTTh,),) for high-

performance organic solar cells.

Based on the success of the PTB family of polymer donor materials, some of the
top performing all solution-processed small molecules were also constructed
from the benzo[1,2-b:4,5-b’]dithiophene building block. As reported by Chen et
al. earlier this year, a small molecule comprising of a central BDT donor unit and
ethylrhodanine acceptor units on both sides, linked by terthiophene spacers
(Figure 11, denoted as DR3TSBDT), resulted in solar cells with PCE’s up to

9.95% (certified 9.938%).[17]

L s R CgH47 CgH17
o o)
CgHy7 Cathi7 R R = 2-ethylhexyl $
DR3TSBDT

Figure 11: Benzo[1,2-b:4,5-b']dithiophene-based small molecule DR3TSBDT.
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1.6.3 Non-fullerene acceptors

Even though fullerene derivatives are very attractive due to their high electron
mobilities, considerable advances have recently been made toward alternative
acceptor materials. Polymers and non-fullerene small molecules exhibit certain
advantages over fullerenes, such as higher absorption coefficients, which are a
limiting factor for both PC4;BM and PC;;BM.[°®] Moreover, the use of alternative
acceptors allows for reduced production costs as well as an easier tuning of the
energy levels, hence providing a means to enhance the photoinduced charge
separation at the donor/acceptor interface.’’! In the next sections, a few
examples of polymer-polymer and polymer-small molecule photovoltaic devices

are provided.

1.6.3.1 Polymer-polymer OPV

Interestingly, one of the first satisfying results on all-polymer solar cell devices
was achieved by combination of a P3HT derivative, poly[3-(4-n-octyl)-
phenylthiophene] (POPT), and a PPV derivative, poly[2-methoxy-5-(2'-
ethylhexyloxy)-1,4-(1-cyanovinylene)phenylene] (MEH-CN-PPV) (Figure 12),
as donor and acceptor material, respectively. Even though the BHJ] approach
provided evidence of effective charge dissociation between various PPV

(58] it was the construction of

derivatives, with device performances up to 0.04%,
an optimized bilayer device consisting of Au/PEDOT/[POPT:MEH-CN-PPV
(19:1)]/[MEH-CN-PPV:POPT (19:1)]/Ca that provided significant progress
toward a PCE of 1.9%.[°°! Fréchet et al. in 2009 published new results obtained
from GRIM-polymerized POPT as a donor layer and MEH-CN-PPV as an acceptor
layer, acquiring a PCE of 2% in a bilayer architecture, the highest recorded

efficiency for an all-polymer based photovoltaic device at that time.[®?]
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CgH47

POPT MEH-CN-PPV
Figure 12: POPT (donor) and MEH-CN-PPV (acceptor) materials for all-polymer

solar cells.

In 2009, a PCE of 1.67% was reported for BHJ all-polymer solar cells by using a
perylenediimide (PDI)-phenylene vinylene copolymer (P(PDI-PEPEP)) (Figure
13) as electron acceptor and poly(3-phenylhydrazone-thiophene) (PPHT)
(Figure 13) as electron donor.[®'! Upon annealing the photoactive blend film at
80 °C for 10 minutes, the more balanced charge transport and improved

(nano)morphology increased the efficiency to 2.3%.

PPHT

Figure 13: PPHT (donor) and P(PDI-PEPEP) (acceptor) for all-polymer solar cells.
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In more recent years, the field of all-polymer based solar cells has been
dominated by the Polyera Corporation team. In 2012, Polyera demonstrated
polymer-polymer solar cell devices with PCE’'s exceeding 5%, and only 1 year
later a new top efficiency of 6.4% (with Polyera’s Activink® PV2700) was

reported.[®?]

1.6.3.2 Polymer-small molecule OPV

The success of the PDI-based polymers inspired the development of analogous
small molecule acceptors. In 2013, a PCE of 4.03% was reported for a polymer-
small molecule OPV device comprising of an active layer blend of PBDTTT-C-T
and 1,1’-bis(2-methoxyethoxy)-7,7’-(2,5-thienyl)-bis-PDI (bis-PDI-T-EG)
(Figure 14) upon the use of 5% of 1,8-diiodooctane (DIO) as a processing
additive.!®3! A year later, the same group reported a PCE of 4.34% through fine-
tuning of the molecular structure of the PDI acceptor, affording 1,1’-bis(2-
methoxy)-7,7’-(2,5-thienyl)-bis-PDI (bis-PDI-T-MO) (Figure 14).°*] A large
influence on the PCE was observed for small differences in additive usage.
Addition of 2% or 3% of DIO to the active layer blend resulted in PCE’s of 3.65%
and 4.34%, respectively.'®¥ From these results, it becomes apparent that
precise optimization of the (nano)morphology is of absolute importance when

investigating polymer-small molecule based devices.
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R = 2-ethylhexyl

bis-PDI-T-EG bis-PDI-T-MO
Figure 14: Small molecule acceptors (bottom) combined with a donor polymer

(top) for polymer-small molecule BHJ organic solar cells.

1.7 OPV APPLICATIONS

"Can OPV grow toward a commercially viable technology?” This question has
come to the forefront many times over the past years. In 2004, Brabec
suggested that three key pillars, namely cost, efficiency and stability (Figure
15), need to be addressed in order for OPV to become a competitive player.[®°!
As organic solar cells with for instance low cost and high efficiency, but
moderate lifetime will receive little attention, all three of these components will

have to be optimized.

27



Chapter 1

-

Figure 15: ‘Brabec triangle’ showing the interdependence of cost, solar cell

efficiency and lifetime.

It is generally accepted that OPV will not replace the silicon based solar panels
currently installed on many rooftops. The OPV market will most likely be one in
which its niche characteristics are important, with the flexibility and semi-
transparency of the devices as the most significant features. Adaptation to
flexible surfaces such as tents, canopies, clothing, lamella, backpacks, etc. offers
many possibilities for ‘plug-and-power’ applications (Figure 16). Recently, OPV
has also gained interest from a number of designers, as the technology can be
used both as a decorative object and power supply. Additionally, as organic
photovoltaics are not limited by the need of perpendicularly incident light and
also function well with indirect light sources, the integration into, for example,
windows offers favorable perspectives toward (energy neutral) building and

automotive applications.
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Figure 16: Applications showing the commercialization potential of organic

photovoltaics.!®®!

1.8 OUTLINE OF THE THESIS

As indicated by Brabec and illustrated in Figure 15, OPV technology can only
become viable for commercialization when complying to three important
aspects, i.e. cost, efficiency and stability. The goal of this thesis was to focus on
two of these components, i.e. stability and efficiency. In the next two chapters,
the focus will be on the (thermal) stabilization of the (nano)morphology of the
active layer blend. The subsequent chapters will deal with improvements on
efficiency, and in order to do so, two different routes were investigated, i.e. new
or fine-tuned donor polymer materials and optimization of electron transporting

interlayers.

Chapter 2 focuses on a series of P3HT derivatives on which the hexyl side
chains have been modified with functional moieties. The lifetime of the resulting

polymer:fullerene solar cell devices was evaluated by accelerated lifetime tests
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under thermal stress. Due to the presence of the functional moieties, the
behavior of the active layer (nano)morphology upon heating changed. By a
combination of continuous J-V measurements and TEM imaging, clear
differences between the reference P3HT and the modified components have

become apparent.

Chapter 3 continues from the work reported in Chapter 2. As the focus of the
OPV donor materials has shifted from P3HT to low bandgap polymer systems, it
was reasoned to be of interest to translate the findings for P3HT-type materials
to a new generation of OPV donor materials. For this purpose, the

PCPDTBT:PC,;BM system was chosen.

Chapter 4 describes the synthesis and photovoltaic performance of a new donor
polymer (PDTPTPD). N-alkylated dithieno[3,2-b:2’,3’-d]pyrroles (DTP’s) were
already known as electron-rich donor building blocks. However, their OPV
performance was mainly limited by disappointing Voc’s. In this chapter, we
present DTP N-acylation as an effective way to enhance the Voc, and

consequently the PCE, of DTP-based polymer solar cells.

Chapter 5 continues the work on N-acylated DTP’s, but now in combination with
(fluorinated) electron-deficient quinoxaline (Qx) building blocks. Three different
PDTPQx copolymers containing 0, 1 or 2 fluorine atoms on the Qx unit were
prepared. Fluorination can serve as an additional way to lower the HOMO level of

the donor polymer and thereby improve the Voc.

Chapter 6 describes the intial work performed on polythiophene-based cathodic
interlayers. By replacing calcium with a conjugated polyelectrolyte layer in the

solar cell stack, a significant enhancement in PCE (from ~5.7% to ~6.7%) was
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observed for the PCDTBT:PC,;BM system. The topographical influence of the
addition of the interlayer was investigated. Furthermore, similar observations
were made when translating this method to another polymer:fullerene device,

i.e. PCPDT-DTTZzTz:PC;,BM.

Chapter 7 continues the work on ionic (co)polythiophene-based interlayer
materials. Four different CPE materials were investigated PBDTTPD:PC,;BM
devices and a record efficiency of 9.08% (7.91% reference device) was obtained
for one of these materials. When applied in in PCDTBT:PC5;BM devices, this
specific CPE interlayer was found to give differentiating results in respect to the
different I-V parameters. Also the topography images revealed a difference in
compatibility of the CPE material and the underlying polymer:fullerene active

layers.

Finally, in Chapter 8, a general summary is given (in English and Dutch) and an

outlook is postulated.
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ABSTRACT

Organic photovoltaics (OPV) have acquired huge attention over the past years as
potential renewable energy sources, adding attractive features such as
aesthetics, semi-transparency, flexibility, large area printability, improved low-
light performance, and cost-effectiveness to the well-known Si-based
photovoltaics. Steady improvements in OPV power conversion efficiencies are
continuously reported, notably for bulk heterojunction solar cells based on
conjugated polymer:fullerene blends. However, apart from efficiency and cost,
the stability of organic solar cell devices is of particular concern. Among the
different factors contributing to OPV instability, gradual loss of the optimum
phase-separated nanomorphology of the photoactive layer blend is a critical
parameter. In this paper, we present the results of ‘shelf-life’ accelerated
lifetime tests performed for devices containing a range of functionalized poly(3-
alkylthiophene) donor polymers upon prolonged thermal stress. By the
incorporation of functional moieties on the side chains of P3HT-based
copolymers, a remarkable improvement of the intrinsic stability of the active
layer blend morphology is accomplished, even for fairly low built-in ratios (5-
15%) and without crosslinking to covalently anchor the polymer and/or fullerene
molecules. Moreover, these alterations do not influence the initial power
conversion efficiencies to a large extent. As such, the presented approach can be

regarded as an attractive paradigm for OPV active layer stability.
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2.1 INTRODUCTION

As the introduction of alternative (non-fossil-based) abundant energy sources is
becoming more and more important, organic/polymer bulk heterojunction (BHJ)
solar cells have gained considerable interest as a means to produce green
energy!'!. BHJ polymer solar cells show desirable properties, as they combine a
number of unique features such as solution processability enabling low cost
large-area thin film fabrication (by R2R printing), improved low-light
performance, aesthetics, reduced weight and mechanical flexibility, making
them ideal candidates for a multitude of (niche) applications, including
portable/wearable chargers, building-integrated photovoltaics (BIPV) and
automotive integration. As record efficiencies are constantly being reported from
various research facilities around the world™*?!, the idea of commercialization is
now becoming more and more realistic. However, additional to low production
costs and high power conversion efficiencies (PCEs), it is obligatory for these
solar cell devices to show long-term stability, which is the Achilles heel of state-
of-the-art BHJ organic photovoltaics (OPVs)!). Successful commercialization of
OPV rests on 3 key parameters, i.e. cost, efficiency and lifetime (the ‘Brabec
triangle’)*). As moderate cost is a parameter rather inherent to this type of
printable thin-layer (carbon-based) technology, and novel materials leading to
increased performances are constantly on the horizon, it is OPV lifetime that

urgently needs to be addressed.

At present, the most efficient light harvesting electron donor materials employed
in BH] polymer solar cells all belong to the class of donor-acceptor or low

bandgap copolymers!t?°), These materials are combined in photoactive layer
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blends with a fullerene derivative, most often PC4:BM ([6,6]-phenyl-Cg; butyric
acid methyl ester), PC;1BM ([6,6]-phenyl-C;; butyric acid methyl ester) or ICBA
(indene-Cg bisadduct), as the electron accepting component. Nevertheless, the
well-established P3HT(poly-3-hexylthiophene):PCs;BM blend is still a very
successful and widely employed workhorse system, perfectly suitable for
fundamental studies!®!. Solar cells based on these blends have afforded
reasonably high efficiencies!®”!, up to ~5%, and both materials are readily
available in reproducible purity and/or molar mass (distribution) for everyone
interested in studying and/or applying OPV blends, which is a serious drawback

of the more recent low bandgap materials.

Degradation studies on the reference system P3HT:PC¢;BM have identified
lifetimes of approximately 1500 hours when applying continuous illumination
(under a sulphur plasma lamp with a light intensity of ca. 1000 W/m?),
corresponding with lifetimes of ~1.5 years under exposure to direct sunlight [},
Translating this to real-world applications, this will add up to lifetimes of 3-4
years, which is still not sufficient for many large-scale market applications. A
number of degradation pathways are responsible for the moderate operational
lifetimes of OPV devices, acting on either the encapsulating materials, the
electrodes, the interconnections or the photoactive layer®!, and thorough
understanding of the various failure mechanisms clearly provides the key to
improve OPV reliability. Looking specifically at the photoactive layer blend, the
heart of the OPV device, the limited intrinsic stability of the intimately mixed BHJ
donor:acceptor blend under light (photo-oxidation!*®)) and heat (degradation
and phase demixing!*!) stress is an important drawback posing challenges to

[3,12]

material chemists It is commonly accepted that the fullerene material
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diffuses into microcrystals upon heating the blend, leading to a near-to-complete
phase separation of P3HT and PCg;BMI>*3], As a consequence, the total amount
of contact area between donor and acceptor material decreases, charge
separation will not occur optimally and less favorable pathways for efficient

charge transport to the electrodes are available.

Several strategies have been proposed to improve the thermal stability of BHJ
polymer:fullerene blends, such as lowering the regioregularity of the polymer
backbone, the use of compatibilizers, anchorage of the fullerene acceptor to the
polymer chain, the development of polymers with a higher glass transition
temperature (7;), and crosslinkable fullerene and/or conjugated polymer
derivativest®!#, An increase in T4 of the electron donor polymer hampers the
demixing process by slowing down molecular diffusion!*'¢*41, Another way to
obtain a more stable blend is to introduce a certain amount of functional groups
in the donor polymer that can crosslink and ‘freeze in’ the ultimate morphology
after a thermal or UV treatment. The photocrosslinking approach - which allows
decoupling from the thermal annealing step!**®) - has successfully been
demonstrated by Fréchet and co-workers based on bromine-functionalized
poly(3-alkylthiophene) (P3AT) copolymerst49!, Even though the
photocrosslinked devices were much more stable, the effect of the rather harsh
crosslinking process on the blend morphology is quite unpredictable and hence
presents a serious drawback. In a similar way, an azide-functionalized P3HT
copolymer was applied to suppress macroscale phase separation, attributed to
the formation of an in situ compatibilizer at the polymer:PCBM interfacel**™,
Choi et al. extended this approach to 4H-cyclopenta[2,1-b:3,4-b']dithiophene-

based copolymers with appended penta-1,4-diene moieties!!*], one of the
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limited reports applying these principles to low bandgap materials!**tl. Fréchet
and co-workers also extended their photocrosslinking work to thieno[3,4-
clpyrrole-4,6-dione  (TPD) based donor-acceptor copolymersi**l,  Most
degradation studies on low bandgap polymer solar cells have focused on PCDTBT
(poly{[9-(1-octylnonyl)-9H-carbazole-2,7-diyl]-2,5-thiophene-diyl-2,1,3-

benzothiadiazole-4,7-diyl-2,5-thiophene-diyl}), for which lifetimes approaching
seven years have been projected!*®l. Although this is significantly longer than for
P3HT-based devices, the initial ‘burn-in loss period’ - ascribed by the McGehee
group to a photochemical reaction in the active layer!*>! and analyzed in more
detail by joint work of the Leclerc and Gardette groups!®! - is more important.
McGehee et al. have also demonstrated that material purity of the low bandgap
polymers is essential for long-term stability!'”). Very recently it has been shown
that light exposure can enhance the thermal stability of
polymer(PCDTBT):PC¢:BM solar cells, as independently reported by the Manca
and Durrant groups!'®l, The photostabilizing effect was linked to light-induced
oligomerization of PC¢;BM, effectively hindering its diffusion and crystallization in

the blend.

Previous work within our group has indicated that ester-functionalized random
P3AT copolymers (with 10, 30 or 50% functionalized side chains) can readily be
synthesized by the Rieke polymerization protocol and that these materials show
solar cell performances close to the reference P3HT material!*®2%1, Moreover, the
ester-functionalized copolymers were easily converted into the corresponding
hydroxyl- and cinnamoyl-functionalized derivatives?®, and the absorption
[20b].

window was broadened by ‘click’ functionalization with phthalocyanines

Within the ISOS-3 inter-laboratory consortium, the stability of seven distinct
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sets of state-of-the-art OPV devices, degraded under well-defined conditions,
was analyzed by different techniques at different research facilities!?°49!, In this
general study, the ester-functionalized P3AT copolymer showed better stability
and reproducibility features as compared to regular P3HT in the same (semi-
encapsulated, flexible and inverted) device setup, assigned to a more stable BHJ]
morphology within the photoactive layer. It was also shown that the morphology
and efficiency of hybrid ZnO:polythiophene solar cells can be effectively
controlled via ester side chain functionalization[?°!, Evaluation of the efficiencies
of BHJ solar cells based on copolymer:PC¢;BM photoactive layers revealed that
the performance of the ester-functionalized copolymers is comparable to regular
P3HT, as far as the introduced side chains are not too long and the ratio of

functionalized units is moderate (below 30%)?%1,

From an initial lifetime screening (9/1, 7/3 and 1/1 ratios of the building blocks),
the copolymers with 10% functionalized side chains seemed most promising in
terms of both efficiency and stability!?°™!, Hence, in this work, fine-tuning
around this ratio was performed for a series of 4 copolymers (Fig. 1) — for which
a full description of the synthetic procedures and extensive characterization is
provided - aiming to assess the impact of the density and chemical nature of the
various side chains on OPV efficiency and stability. The evolution of the active
layer morphology upon artificial accelerated aging under thermal stress was
visualized by Transmission Electron Microscopy (TEM) with additional
information from Selected Area Electron Diffraction (SAED) patterns, and the
results were complemented with in situ I-V measurements at elevated

temperatures.
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Figure 1: Chemical structures of functionalized P3AT random copolymers P1-P4.

2.2 EXPERIMENTAL SECTION

2.2.1 Materials and methods

NMR chemical shifts (5, in ppm) were determined relative to the residual CHCI;
absorption (7.26 ppm) or the 3C resonance shift of CDCl; (77.16 ppm). Gas
chromatography-mass spectrometry (GC-MS) analyses were carried out applying
Chrompack Cpsil5CB or Cpsil8CB capillary columns. Polymer molar masses and
distributions were determined by size exclusion chromatography (SEC). Analysis
was performed on a Tosoh EcoSEC system, comprising of an autosampler, a PSS
guard column SDV (50 x 7.5 mm), followed by three PSS SDV analytical linear
XL columns (5 ym, 300 x 7.5 mm), and a differential refractive index detector
(Tosoh EcoSEC RI) and a UV-detector using THF as the eluent at 40 °C with a

flow rate of 1.0 mL min't. The SEC system was calibrated using linear narrow
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polystyrene standards (Polymer Labs) ranging from 474 to 7.5 x 10® g mol™* (K
= 14.1 x 10> dL g! and a = 0.70). Polymer concentrations were in the range of
3-5 mg mL™. UV-Vis absorption measurements were performed with a scan rate
of 600 nm min? in a continuous run from 200 to 800 nm. Thin film
electrochemical measurements were performed with an Eco Chemie Autolab
PGSTAT 30 Potentiostat/Galvanostat using a conventional three-electrode cell
under Ar atmosphere (electrolyte: 0.1 M TBAPFg in anhydrous CHsCN). For the
measurements, a Ag/AgNO; reference electrode (0.01 M AgNOs; and 0.1 M
TBAPF¢ in anhydrous CH;CN), a platinum counter electrode and a platinum
working electrode were used. The polymers were deposited by dipcoating. Cyclic
voltammograms were recorded at 100 mV s™'. From the onset potentials of the
oxidation and reduction the position of the energy levels could be estimated. All
potentials were referenced using a known standard, ferrocene/ferrocenium,
which in CH5CN solution is estimated to have an oxidation potential of -4.98 eV
vs. vacuum. DSC measurements were performed at 20 K min’! in aluminum
crucibles on a TA Instruments Q2000 Tzero DSC equiped with a refrigerated
cooling system (RCS), using nitrogen (50 mL min?) as purge gas. TGA
experiments were performed at 20 K min™ in platinum crucibles on a TA

Instruments Q5000 TGA using nitrogen (50 mL min'!) as purge gas.

2.2.2 Synthesis

All manipulations were carried out on a dual manifold vacuum/Ar system.
Lithium (granular, 99+4%) from Acros was stored in a schlenk tube under Ar.
Lithium, naphthalene and benzothiophene were weighed in air as needed and
transferred to a schlenk tube under a stream of Ar. Naphthalene (Acros, 99+%)

and benzothiophene (Sigma-Aldrich, 98%) were stored in a desiccator over
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phosphorous pentoxide. Zinc chloride (Acros, analysis grade 98.5%) was
transferred into small vials inside a glove box and stored in a separate
desiccator over phosphorous pentoxide. Zinc chloride was dried by treating it
with thionyl chloride and heating with a Bunsen burner, and subsequently
removed under a stream of Ar gas. THF was freshly distilled from
Na/benzophenone under a N, atmosphere at atmospheric pressure prior to use.
Brass cannulas were stored in an (air) oven at 110 °C and cleaned immediately
after use with acetic acid (in the case of Zn* remnant), acetone (to clean non-
polymeric residues), or hot chloroform and/or chlorobenzene (for polymer-based
contaminations). Monomer synthesis was performed according to the procedures
previously reported in our manuscript focusing on ester-functionalized

copolymers 201,

2.2.2.1. Preparation of highly reactive Rieke zinc metal (Zn*)[?!]

Two 120 mL schlenk vessels, A and B, were dried by heating with a bunsen
burner under reduced pressure and cooled to rt under a stream of Ar. Schlenk
vessel A, filled with Ar, was weighed and then reassembled to the schlenk line.
Under a stream of Ar, ZnCl, was charged to the vessel. After three Ar/vacuum
cycles, ZnCl, was wetted with a small amount of SOCI,. The schlenk was heated
by a bunsen burner until the ZnCl, salt melted and a white fume was released,
and the schlenk was cooled down under an Ar flow. Schlenk flask A was weighed
again to determine the exact amount of ZnCl, and a stirring bar was added.
Dried ZnCl, (1.1 equiv) was dissolved in freshly distilled THF (25 mL/g). Li
pellets (2.2 equiv), naphthalene (2.25 equiv) and benzothiophene (0.04 equiv)
were weighed in air and charged into schlenk B under an Ar stream. Dry THF

(the same amount as added to dissolve ZnCl,) was added (the solution turned
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from colorless to dark green within less than 2 min) and the mixture was stirred
further for 2 h to dissolve the Li pellets. The ZnCl, solution was transferred
dropwise via cannula to the lithium naphthalenide solution over 10-15 min. The
resulting black suspension can be stirred for 1 more h to consume the
undissolved Li or stirring can be stopped right after the addition. The highly
reactive zinc was allowed to settle down for a couple of hours. The supernatant
was siphoned off via cannula leaving the Zn* powder. Thus prepared Rieke zinc

was ready to use.

2.2.2.2. Synthesis of copolymers P1 and P2 (poly{[3-hexylthiophene-
2,5-diyl]-co-[3-(6-ethoxy-6-oxohexyl)thiophene-2,5-diyl]) or P[3HT-co-
3(EOH)T] and poly{[3-hexylthiophene-2,5-diyl]-co-[3-(2-
acetoxyethyl)thiophene-2,5-diyl]) or P[3HT-co-3(AE)T])"?"!

The monomer mixture, 2,5-dibromo-3-hexylthiophene (M1) and either ethyl 6-
(2,5-dibromothiophene-3-yl)hexanoate (M2) or 2-(2,5-dibromothiophene-3-
yDethyl acetate (M3) (in the corresponding feed ratio: 95/5, 90/10 or 85/15),
was added via cannula to freshly prepared Zn*, as prepared by the modified
Rieke method!?!], at -78 °C. The mixture was stirred for 1 h at this temperature
and then allowed to warm to 0 °C gradually. Unreacted Zn* was allowed to
settle down overnight and the organozinc supernatant was filtered via a 0.45 pm
acrodisc filter into a flame-dried schlenk vessel. Via a cannula, 0.2 mol% of
Ni(dppe)Cl, was added to the ice-cooled organozinc solution. The schlenk vessel
was immersed into a preheated oil bath at 60 °C and the mixture was stirred at
this temperature overnight. It was then poured into a solution of MeOH:HCI (2M)
and the resulting dark precipitate was filtered off and washed several times with

MeOH. The crude polymer was transferred into an extraction thimble and
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purification was performed by sequential soxhlet extractions with MeOH, acetone
and hexanes. The polymer was then collected with chloroform and the solvent
was removed under reduced pressure. The polymer was redissolved in
chloroform and precipitation was again performed upon addition of MeOH.
Filtration and drying under high vacuum afforded the pure polymer materials
(~50-55% vyield). P1-85/15: UV-Vis (film, Amax, NM): 555, 602sh; 'H NMR
(300 MHz, CDCls, &, ppm): 6.96 (s), 4.10 (q), 2.79 (t), 2.56 (s), 2.31 (t), 1.69
(s), 1.48-1.20 (m), 0.90 (t); FT-IR (NaCl, vmax, cm'): 3053, 2955, 2928, 2854,
1738, 1563, 1509, 1455, 1376, 1260, 1179, 820; SEC (THF): M, = 25.7 x 10° g
mol™, M, = 15.4 x 103 g mol}, D = 1.67; P1-90/10: UV-Vis (film, Amax, NM)
555, 602sh; 'H NMR (300 MHz, CDCl;, 8, ppm): 6.96 (s), 4.11 (q), 2.79 (t),
2.55 (s), 2.31 (t), 1.68 (s), 1.48-1.20 (m), 0.90 (t); SEC (THF): M,, = 29.0 X
10° g molt, M, = 17.3 x 103 g mol'}, D = 1.67; P1-95/5: UV-Vis (film, Amax,s
nm): 555, 602sh; 'H NMR (300 MHz, CDCls;, 8, ppm): 6.96 (s), 4.10 (q), 2.79
(t), 2.56 (s), 2.31 (t), 1.69 (s), 1.48-1.20 (m), 0.90 (t); SEC (THF): M, = 29.0
x 103 g molt, M, = 17.9 x 10° g mol?, D = 1.62. P2-85/15: UV-Vis (film, Amax,
nm): 551, 600sh; 'H NMR (300 MHz, CDCl;, 8, ppm): 7.00 (s), 6.96 (s), 4.35
(t), 3.14 (t), 2.78 (t), 2.58 (t), 2.06 (s), 1.75-1.60 (m), 1.45-1.34 (m), 0.89
(t); FT-IR (NaCl, cm™): vmax = 3055, 2954, 2926, 2856, 1744, 1509, 1455,
1378, 1236, 1036, 820; SEC (THF): M,, = 37.0 x 103 g mol!, M, = 22.0 x 103 g
mol?, D = 1.68; P2-90/10: UV-Vis (film, Amax, NM): 551, 600sh; *H NMR (300
MHz, CDCl;, &, ppm): 7.00 (s), 6.96 (s), 4.34 (t), 3.14 (t), 2.78 (t), 2.58 (t),
2.05 (s), 1.75-1.60 (m), 1.45-1.34 (m), 0.89 (t); SEC (THF): M,, = 29.4 x 103 g
mol?, M, = 18.7 x 103 g mol!, D = 1.57; P2-95/5: UV-Vis (film, Amax, NM):

551, 600sh; 'H NMR (300 MHz, CDCls, 8, ppm): 7.00 (s), 6.96 (s), 4.35 (t),
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3.14 (t), 2.78 (t), 2.58 (t), 2.05 (s), 1.75-1.61 (m), 1.48-1.34 (m), 0.90 (t);

SEC (THF): M,, = 26.6 x 10°> g mol'}, M, = 17.3 x 10° g mol’!, D = 1.53.

2.2.2.3 Synthesis of hydroxyl-functionalized copolymers P3 (poly{[3-
hexylthiophen-2,5-diyl]-co-[3-(2-hydroxyethyl)thiophen-2,5-diyl]} or
P[3HT-co-3(HE)T])

Ester-functionalized copolymers P2, prepared with different monomer ratios,
were dissolved in THF (1 g/100 mL) and a solution of KOH in CH30H (6% m/v, 1
g polymer/50 mL solution) was then added dropwise over a period of 1 h at rt.
The reaction mixture was heated at reflux for 3 h, cooled down to rt and poured
into CHsOH. After neutralization, the precipitated polymers were recovered by
filtration, rinsed with fresh CH;OH and dried under high vacuum. P3-85/15:
UV-Vis (film, Amax, NM): 551, 600sh; *H NMR (300 MHz, CDCl;, 8, ppm): 7.03
(s), 6.96 (s), 3.94 (t), 3.11 (t), 2.77 (t), 1.65 (t), 1.45-1.25 (m), 0.87 (t); FT-
IR (NaCl, vmax, cm™): 3055, 2954, 2926, 2856, 1509, 1455, 1377, 1046, 820;
SEC (THF): M,, = 29.3 x 10% g mol!, M, = 16.1 x 10°> g mol’!, D = 1.82; P3-
90/10: UV-Vis (film, Amax, NM): 551, 600sh; *H NMR (300 MHz, CDCls, 5, ppm):
7.03 (s), 6.96 (s), 3.93 (t), 3.09 (t), 2.78 (t), 1.67 (t), 1.45-1.25 (m), 0.89 (t);
SEC (THF): M,, = 34.2 x 10° g mol}, M, = 19.7 x 10°> g mol}, D = 1.74; P3-
95/5: UV-Vis (film, Amax, NM): 551, 600sh; 'H NMR (300 MHz, CDCls, 6, ppm):
7.03 (s), 6.96 (s), 3.94 (t), 3.09 (t), 2.78 (t), 1.70 (t), 1.45-1.25 (m), 0.89 (t);

SEC (THF): M,, = 31.7 x 10° g mol'}, M, = 18.7 x 10° g mol}, D = 1.69.
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2.2.2.4 Synthesis of copolymers P4 (poly{[3-hexylthiophene-2,5-diyl]-
co-[3-(2-(Z)-(3-phenylacryloyloxy)ethyl)thiophene-2,5-diyl]} or P[3HT-
co-3(PAOE)T])

Hydroxyl-functionalized copolymers P3 were dissolved in THF (1 g/100 mL) at
50 °C. The solutions were cooled down to rt and excess amounts of
triethylamine and trans-cinnamoyl chloride (10 equiv with regard to the
copolymer) were added. The reaction mixtures were warmed to 50 °C and
stirred overnight. The mixtures were poured into CH;OH/HCI (2M) (2/1, v/v) and
stirred for 30 min. After neutralization, the precipitated polymers were filtered
off and rinsed with water and methanol intensively. The polymers were obtained
in pure form after soxhlet extraction with acetone, followed by drying under high
vacuum. P4-85/15: UV-Vis (film, Ana, nm): 553, 599sh; 'H NMR (300 MHz,
CDCl5, 8, ppm): 7.67-7.05 (m), 6.96 (s), 6.42 (d), 4.49 (t), 3.23 (t), 2.79 (t),
1.75-1.60 (m), 1.49-1.25 (m), 0.90 (t); SEC (THF): M,, = 35.2 x 103 g mol’},
M, = 19.2 x 103 g mol!, D = 1.83; P4-90/10: UV-Vis (film, Amax, NM): 553,
599sh; 'H NMR (300 MHz, CDCl;, 6, ppm): 7.67-7.05 (m), 6.96 (s), 6.42 (d),
4.49 (t), 3.21 (t), 2.78 (t), 1.75-1.61 (m), 1.49-1.25 (m), 0.90 (t); SEC (THF):
M, = 31.7 x 103 g mol’}, M, = 18.9 x 10® g mol’}, D = 1.67; P4-95/5: UV-Vis
(film, Amax, NM): 553, 599sh; H NMR (300 MHz, CDCl;, 8, ppm): 7.67 (d), 7.47-
7.05 (m), 6.96 (s), 6.41 (d), 4.49 (t), 3.23 (t), 2.78 (t), 1.75-1.60 (m), 1.50-
1.25 (m), 0.90 (t); SEC (THF): M,, = 33.9 x 103 g mol™?, M, = 19.2 x 103 g mol

! D=1.76.

2.2.3. BHJ OPV devices
Bulk heterojunction solar cells were fabricated using the standard

glass/ITO/polymer:PCg;BM/Ca/Al architecture. Before processing the devices,
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the ITO (100 nm) coated substrates (Kintec, sheet resistivity 20 Q/sq) were
exposed to a standard cleaning procedure using soap, demineralized water,
acetone and isopropanol, followed by a UV/Os-treatment for 15 min. Afterwards,
PEDOT-PSS (poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonic acid);
Bayer) was spin-coated on top with a thickness of ~30 nm. The samples were
placed under nitrogen atmosphere in a glove box and an annealing step was
performed at 130 °C for 15 min to remove any residual water. This was followed
by the deposition of the polymer:PCs;BM (Solenne) active layer blends by spin-
coating, aiming for a layer thickness of ~80 nm. The solutions for the blends
were prepared with 10 mg mL? of polymer in a 1:1 ratio with PC¢BM, using
chlorobenzene (CB) as a solvent. Subsequently, these layers were exposed to a
post-process annealing at 130 °C for 10 min to optimize the layer morphology,
and hence the initial efficiency. The devices were finalized by evaporating the
top electrodes, Ca and Al, with layer thicknesses of ~20 and 80 nm,
respectively, at a pressure of 1x10°® mbar. In this way, complete cells with an
active area of 25 mm?2 were obtained.

After device preparation, the initial efficiencies were measured using a Newport
class A solar simulator (model 91195A), calibrated with a silicon solar cell to
give an AM 1.5 spectrum. To investigate the thermal degradation behavior, the
samples were exposed to an elevated temperature in a nitrogen atmosphere
(glove box) for a certain amount of time, while measuring the I-V characteristics
at particular time intervals, using a White 5500K LED (Lamina). Degradation
experiments were always performed on a bulk of substrates. This means for
example that the 3 most promising copolymers and the reference P3HT sample
(always 4 solar cells at a time) were degraded at the same time in the same

setup. Before performing the more detailed study, a rough screening experiment
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was performed utilizing a hotplate (280 x 200 mm, type PZ28-2ET, Harry
Gestigkeit GmbH, with a PR5 programmer controller). To analyze the layer
morphology more into detail, TEM (FEI Tecnai Spirit using an accelerating
voltage of 120 kV) samples were prepared. To this end, polymer:PC¢;BM layers
were spin-coated directly on clean glass substrates. Subsequently, the active

layers were removed from the substrates by etching in hydrofluoric acid.

2.3 RESULTS AND DISCUSSION

Up until recently, P3HT:PCs;BM has been the OPV workhorse system of choice
due to the material availability at a reasonable cost, the ease of processing and
the relatively high efficiencies that can be obtained from this blend!®!. However,
the intimately mixed donor:acceptor morphology of this heterogeneous blend is
not thermodynamically stable over prolonged periods of time, a fact that is
easily observable when it is exposed to higher temperatures. To evaluate the
BHJ active layer intrinsic (thermal) stability — one of the key factors to improve
general OPV stability — experiments monitoring the photovoltaic parameters are
generally conducted at elevated temperatures (‘accelerated aging’ tests).

In previous work we have synthesized a series of regioregular functionalized
random P3AT copolymers with different built-in ratios of the functionalized
thiophene units (Fig. 1)[?°!. From preliminary studies it is known that both the
‘alcohol” and ‘cinnamoyl’-substituted 9/1 copolymers (P3 and P4, respectively)
have a substantial effect on the thermal stability of the active layer blend
morphology!?®, For both copolymers, the short-circuit current density (Jsc)
remained above 90% of its initial value upon thermal annealing at 110 °C for

150 h. In this study, a more general screening of the stability features resulting
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from the introduction of functionalized side chains on a polythiophene backbone

is presented, varying the amount of functional entities between 5 and 15%.

2.3.1 Synthesis and characterization

As the so-called ‘Rieke zinc method’ allows the preparation of regioregular
polythiophenes with appended ester-functionalized side chains (in contrast to
the widely employed GRIM method) directly from the prefunctionalized
monomers, this procedure was adopted toward the desired side-chain

functionalized random copolymers!6:22]

. Despite the inherent advantages of this
method - excellent chemoselectivity and high functional group tolerance and
stability of the organozinc reagents?®! - it has only scarcely been used for the
synthesis of conjugated polymer materials so far, and mostly for

s ?1.* The main reasons for this limited success are the rather

(co)polythiophene
unreliable synthesis of the active zinc species and the special precautions that
have to be taken. To counter this, we have recently established an efficient and
reproducible procedure for the preparation of highly reactive Rieke zinc under
standard laboratory conditions!?!* Rieke zinc is commonly prepared by the
reduction of zinc chloride with lithium using a stoichiometric amount of
naphthalene. In our hands, it was observed that the reaction outcome was
highly dependent on the naphthalene source and purity grade. The presence of
benzothiophene seems crucial to avoid coagulation of the zinc particles and the

amount of benzothiophene has a large effect on the physical properties and the

reactivity of the resulting zinc powder. Accordingly, highly reactive Rieke zinc

* The importance of the Rieke zinc synthetic method for the OPV field cannot be
underestimated though, as a large number of studies are based on the
commercially available ‘Rieke P3HT’
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was easily prepared from zinc chloride by adding an optimum amount (3 mol%
with regard to ZnCl,) of benzothiophene into the lithium naphthalenide solution
(prepared in situ). The Rieke zinc obtained in this way was previously
successfully employed in the synthesis of regioregular P3HT2Y,

The synthetic strategies applied for the requested 2,5-dibromothiophene
monomers and ester-functionalized copolymers are shown in Scheme 1. 2,5-
Dibromo-3-hexylthiophene (M1) was prepared according to a literature
procedure via Kumada coupling of 3-bromothiophene and hexylmagnesium
bromide and subsequent dibromination with an excess of N-bromosuccinimide
(NBS) in DMFI?%), 2-(Thiophene-3-yl)acetic acid was reduced with lithium
aluminium hydride in diethyl ether to give 2-(thiophene-3-yl)ethanol, which was
then dibrominated and finally reacted with acetic anhydride in pyridine yielding
monomer M3 in high yield. A similar route was followed to prepare ethyl 6-(2,5-
dibromothiophene-3-yl)hexanoate (M2). Nevertheless, in the first step an
organozinc compound was employed instead of the standard organomagnesium
reagent. Following the optimized procedure to prepare Rieke zinc in highly
reactive form!?!!, 6-bromohexanoate was treated with an excess of Rieke zinc at
room temperature to afford (6-ethoxy-6-oxohexyl)zinc bromide (by oxidative
addition) in excellent (>99%) vyield. The coupling reaction with 3-
bromothiophene was performed in the presence of 5 mol% of Ni(dppe)Cl,
catalyst and LiBr salt to shorten the reaction time!?°!,

Ester-functionalized copolymers P1 and P2 were then synthesized by the Rieke

method (Scheme 1)20121]

. Monomer mixtures of M1, M2 and M3, in molar
compositions 95/5, 85/15 and 90/10, were treated with freshly prepared Rieke
zinc to form the corresponding organozinc solutions. Addition of 0.2 mol% of the

Ni(dppe)Cl, catalyst then afforded the respective polymers in good yields (~50-
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55%) after successive purification by precipitation in methanol, soxhlet
extractions (first with methanol to remove the catalyst, thereafter with hexanes
to get rid of the low molar mass species, and finally with acetone to narrow the

polydispersity), and reprecipitation.
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S LiBr, THF

Scheme 1: Synthetic pathways toward ester-functionalized P3AT copolymers P1

and P2.

The pendant ester moieties can easily be converted to other functionalities by
applying post-polymerization protocols (Scheme 2). Hydrolysis was performed
by refluxing the P2 copolymers in methanolic potassium hydroxidel?°"27], The

success of the reaction was confirmed by the disappearance of the acetoxy
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singlet (& = 2.06 ppm) in the *H NMR spectrum and the C=0 vibration at ~1740
cmtin the FT-IR spectrum (Fig. S3). Hydrolysis of the ester functions to alcohol
moieties reduced the copolymer solubility. Further reaction of the alcohol groups
with cinnamoyl chloride in the presence of triethylamine afforded copolymer

series P4 (Scheme 2)t20n28]

. Full conversion was proven by the appearance of
the cinnamon-related signals in the aromatic region of the *H NMR spectrum (&
= 6-7 ppm) and reappearance of an ester-like C=0 absorption (~1716 cm™) in

FT-IR (Fig. S3).

OH
6% KOH
in MeOH 7\ /A EtsN, THF
reflux, 3 h S m S n cinnamoyl chloride
P3

m/n = 95/5, 90/10, 85/15

Scheme 2: Post-polymerization hydrolysis and further functionalization of the P2

ester copolymers.

Size exclusion chromatography (SEC) was used to determine the molar masses
and polymer distributions (Table 1). All copolymers had reasonable average
molar masses (M, = 15-20 x 10® g mol™!) with polydispersity indices of 1.6-1.8.
Compared with P3HT synthesized by the same procedure (M, = 35.3 x 10% g

mol™?, D = 1.51), the molecular weights of the copolymers are slightly lower.
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Table 1: Molar masses and distributions of copolymers P1-P4, as determined by

SEC.
Polymer M, (x 10° g mol?) D
P3HT 35.3 1.51
P1 - 85/15 15.4 1.67
P1 -90/10 17.3 1.67
P1 - 95/5 17.9 1.62
P2 - 85/15 22.0 1.68
P2 -90/10 18.7 1.57
P2 - 95/5 17.3 1.53
P3 - 85/15 16.1 1.82
P3 -90/10 19.7 1.74
P3 - 95/5 18.7 1.69
P4 - 85/15 19.2 1.83
P4 - 90/10 18.9 1.67
P4 - 95/5 19.2 1.76

UV-Vis absorption spectra of the side-chain functionalized copolymers were
recorded both in solution and in thin film using chloroform as the (casting)
solvent (Fig. S1, S2). The solution UV-Vis spectra show that the four different
regioregular copolymers all have a maximum absorption wavelength (Anhax) at
approximately 450 nm. The solid-state UV-Vis spectra are red-shifted,
suggesting molecular organization in the thin films. All copolymers showed a
maximum absorption at ~550 nm with a shoulder at ~605 nm[?°}. The
absorption around 605 nm was in general slightly more intense compared to
Rieke P3HT, pointing to a larger degree of ordering (crystallinity and/or
supramolecular aggregation).

Cyclic voltammetry (CV) was employed to study the electrochemical

characteristics of the polymers and to estimate their highest occupied molecular
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orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energy levels
and bandgaps. The results obtained (for unannealed thin films of the respective
copolymers) are summarized in Table S1. Rieke P3HT showed a HOMO level of -
5.25 eV, a LUMO level of -3.37 eV, and an optical band gap of 1.88 eV. The
side-chain functionalized copolymers all showed comparable values with regard
to the reference polymer, indicating that the functionalization does not lead to a
noticeable impact on the electrochemical characteristics.

Thermogravimetric analysis (TGA) was performed on the 85/15 copolymers to
evaluate the thermal stability as a result of the different side-chain
functionalities introduced. From Fig. 2, it can clearly be seen that all materials

are stable up to a temperature of at least 300 °C.
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Figure 2: TGA (at 20 K min!) of the P1-P4-85/15 copolymers.

DSC thermograms for the different random copolymers are presented in Fig. 3,
and the values of the melting peak temperatures and enthalpies are gathered in
Table 2. All the polymers analyzed show semi-crystalline behavior. The glass
transition temperatures (7;) were hard to determine due to an unclear step in

the heat capacity giving a broad transition. This is consistent with the high

60



Enhanced Intrinsic Stability of P3AT:PCs;BM BHJ Polymer Solar Cells

melting enthalpies detected in second heating, indicative for a high degree of
crystallinity. In all Figures, a thermogram of pure Rieke P3HT is included for
comparison. For the P2 copolymers, a higher amount of functionalized repeating
units leads to higher melting points and higher crystallinity (higher AH,,). This
trend does not hold for the other copolymers studied. For the P1, P3 and P4
copolymers, a maximum in both melting point and crystallinity is reached for the
95/5 composition. Further inclusion of functionalized repeating units in these
systems probably disturbs crystal formation. These trends might be important
for the respective functionalized P3HT:PCs;BM state diagrams!'®! and
corresponding thermal annealing procedures toward an optimized

nanomorphology of the photoactive layer and device performance.
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Figure 3: DSC thermograms for the second heating (at 20 K min'!) of the P1-P4
copolymers. Rieke P3HT is included for comparison. The curves are shifted

vertically for clarity.

Table 2: Melting peak temperatures and enthalpies for all copolymers. Rieke

P3HT is included for comparison.

Polymer Tm (°C) AH., 3 g?Y)
P1 - 95/5 221 24.6
P1 - 90/10 214 19.4
P1 - 85/15 207 19.8
P2 - 95/5 226 17.0
P2 -90/10 232 21.0
P2 - 85/15 233 21.0
P3 - 95/5 228 23.0
P3 - 90/10 224 18.7
P3 - 85/15 218 14.4
P4 - 95/5 224 21.9
P4 - 90/10 215 18.0
P4 - 85/15 205 14.1
P3HT (Rieke)? 215 16.2

aM, = 35.3x10°g mol*, D =1.51.
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2.3.2 Bulk heterojunction polymer solar cells

Solar cells were produced using a glass/ITO/PEDOT-PSS/Active layer/Ca/Al
architecture, with donor polymers P3HT and P1-P4 blended in a 1:1 ratio with
PC¢:BM and using chlorobenzene as the active layer spin-coating solvent. The
incorporation of functional moieties on the side chains influences both the
solubility and the crystallinity of the copolymerst?°®!, which obviously has an
effect on the P3AT:PC¢;BM blend film morphology, hence also strongly
influencing the I-V characteristics (open circuit voltage Voc, short-circuit current
density Jsc, fill factor FF and efficiency n). However, as can be observed in Fig. 4
and Table 3, showing the optimized efficiencies of the copolymers with 5% of
appended functionalized side chains, the PCEs are only altered to a minor extent
compared to regular P3HT if small amounts of the functionalized comonomers
are introduced. In this case, dibromooctane (DBO) was used as an additive in a
concentration of 2.5 w/v% to enhance the solar cell performance, rather than
performing an annealing step as routineously done for P3HT-based blends [30].
Interestingly, the solar cell output parameters are in the same range as for
regular P3HT for the copolymers in which the functionalized side chain is rather
small (P2 and P3), whereas the copolymers with larger side chains generally
show a slightly lower performance (P1 and P4), which is most notable in the Jsc
(Table 3). In general, Voc's and fill factors are higher for all copolymer devices
at the expense of the current (density). The (short) ester-functionalized
copolymer P2 shows even higher efficiency than regular P3HT. As previously
shown, larger aberration on the side chains might result in a non-optimal
configuration of the crystalline domains, hindering the efficiency of charge
separation!?°l, The efficiencies of the 10% and 15% functionalized P3ATs were

generally (slightly) lower (Table S2), but it has to be mentioned that the
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processing parameters (solvent, concentration, additive, polymer:fullerene ratio)

are not individually optimized and these can be expected to deviate more from

the standard P3HT processing conditions for larger functionalization degrees.
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Figure 4: Optimum J-V characteristics for the copolymer:PCgq;BM systems with a

functionalized monomer built-in ratio of 5%.

Table 3: Photovoltaic parameters of optimized solar cells based on P3HT and P1-

P4’

Donor Voc Jsc FF n
materials v) (mA/cm?) (%)

P3HT? 0.52 11.86 0.56 3.48
P1 - 95/5 0.54 7.97 0.62 2.67
P2 - 95/5 0.58 10.20 0.62 3.69
P3 - 95/5 0.56 9.33 0.64 3.34
P4 - 95/5 0.56 8.72 0.63 3.07

? Glass/ITO/PEDOT-PSS/Active Layer/Ca/Al, using chlorobenzene as a

solvent with 2.5 w/v% of DBO added. ? In-house prepared.
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2.3.3 Accelerated (thermal) ageing

Table 4 shows the initial efficiencies for the solar cell devices applied for the
thermal degradation experiments. The devices were not annealed prior to the
initial lifetime screening tests. However, the first data points, as shown in the
Table, are taken after 5 hours of exposure to a temperature of 85 °C. Moreover,
the additive was not included to minimize the influence of additional components
and/or parameters. It has to be noted that the optimal annealing times are
actually different for the various copolymer systems, easily observable by a clear
color shift from orange to purple. More in detail, one can observe this shift after
5 min for P3HT, whereas this occurs at slightly longer times (15-20 min) for
materials P1-P4. For these aging experiments, it should also be mentioned that
the applied pristine P3HT material was synthesized in-house, by the same Rieke
protocol, to allow optimal comparison with the various copolymer derivatives
(enhancing the chances of the presence of similar ‘impurities’). This might
explain the slightly inferior I-V characteristics obtained for the reference system

in comparison with literature values!®’.
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Table 4: Initial solar cell performance parameters for copolymer series P1-P4

prior to the thermal degradation experiments.?

Donor materials Voc Jsc FF n

V) (mA/cm2) (%)

P3HT 0.56 7.99 0.62 2.77
P1 - 95/5 0.54 5.70 0.61 1.88
P1 -90/10 0.55 7.49 0.64 2.62
P1 - 85/15 0.54 7.5 0.63 2.55
P2 - 95/5 0.58 8.75 0.60 3.04
P2 -90/10 0.56 8.38 0.65 3.06
P2 - 85/15 0.59 7.97 0.64 2.99
P3 - 95/5 0.56 8.47 0.65 3.08
P3 -90/10 0.55 7.15 0.50 1.97
P3 - 85/15 0.60 6.79 0.58 2.33
P4 - 95/5 0.55 8.27 0.62 2.83
P4 - 90/10 0.56 7.91 0.44 1.96
P4 - 85/15 0.56 6.92 0.35 1.29

? Glass/ITO/PEDOT-PSS/Active Layer/Ca/Al, using chlorobenzene as a solvent. No

annealing was performed. Data points were taken after 5 h exposure to 85 °C.

First of all, a preliminary screening experiment was performed to identify the
most promising materials for the different copolymer series and conduct a more
in-depth lifetime study (up to 700 h) on these derivatives afterwards. Initially, a
temperature stress of 85 °C was chosen, as this has become the standard
degradation temperature for polymer:PCs;BM solar cells (related to the
maximum usage T)[3204-9] Additionally, the experiments were repeated at 100
°C. Solar cell devices of the various materials were prepared as indicated above
and placed on a hotplate in the glove box at the specified temperature. At
specifically chosen time intervals, the substrates were removed from the

hotplate and the I-V characteristics were measured. Fig. 5 gathers the data of
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the degradation study performed at 85 °C during 700 h (Fig. S4 shows the
results at 100 °C for 140 h). The long exposure times are chosen to reveal any
possible additional degradation behavior, as it has been shown to be the case for
past experiments!*®3!], The use of relative values (ratio of the values at time t
and tp) is not to hide the lower performance of the copolymers, as the initial
efficiencies are comparable to P3HT (as shown above), but to provide an
accessible means of comparison between the different material systems. As can
clearly be observed, copolymers P2, P3 and P4 lead to more stable blend
systems in comparison with the system containing regular P3HT as the donor
material. On the other hand, copolymers P1 seem to give rise to less stable
blends, for each of the three different built-in ratios. Closer inspection of Fig. 5b
and 5d, containing the degradation data on copolymers P2 and P4, reveals a
particular trend amongst the various functionalization degrees, i.e. an increased
stability upon moving from 5% to 15% of functionalized (ester) side chains. On
the other hand, for the alcohol-copolymer P3 series (Fig. 5c), the 10%
functionalized copolymer seems to provide the most thermally stable blend.
Even though the differences obtained are rather small, the results of the

degradation study at 100 °C confirm the observed phenomena (Fig. S4).
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Figure 5: Initial screening of the degradation behavior for all P3AT:PCg;BM-
based systems at 85 °C. In all cases Rieke P3HT is included for comparison.

Dashed lines serve as a guide to the eye only.

A possible explanation for the differences in stability in comparison with the
standard P3HT:PCs:BM system obviously has to focus on the presence of the
functional groups. For copolymers P4, (spontaneous) crosslinking of the vinyl
groups could possibly explain the increase in stability!*®). A simple test
consisting of dipping the substrates in the applied spin-coating solvent
(chlorobenzene) revealed, however, that the active layer dissolved in the
solvent, so no crosslinking has occurred.

Following the initial screening of the large material set for the optimal

comonomer ratios, a more thorough degradation study was performed in a more
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dedicated setup. Copolymers P2-85/15, P3-90/10 and P4-85/15 were
subdued to a constant heating at 85 °C, and the I-V characteristics were
measured in situ and compared against a reference P3HT:PCq;BM solar cell. The
results for these experiments are visualized in Fig. 6. It is clear that the in situ
method reduces the scattering as observed in the ‘rough’ screening procedure

and enhances reproducibility.
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Figure 6: Degradation behavior of BH] OPV devices with photoactive layers
based on P3HT and the best-performing P3AT (P2-P4) copolymers. The curves

are normalized to the first measurement point at 85 °C.

As can be observed, due to the constant monitoring of the efficiency, additional
features come into play (separate degradation curves for the Voc, Jsc and FF are
shown in Fig. S5). For the P3 - 90/10 and P4 - 85/15 copolymers, an initial
increase in efficiency (mainly due to Jsc, Fig. S5) can be seen, from which we
can deduce that the annealing step (130 °C for 10 min) was not sufficient to
afford an optimal nanocrystalline interpenetrating network. The most remarkable

observation is the steep decrease in efficiency for the reference P3HT:PCqBM
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solar cell in less than a couple of hours, which has been identified in literature as
the initial 'burn-int>®®1  Afterwards, the efficiency remains more stable,
although the decrease is still more pronounced for the reference system in
comparison with the three copolymers. For the functionalized P3ATs the initial
burn-in is almost absent and consequently the overall efficiency remains
noticeably higher than for the P3HT:PC4s;BM reference solar cell. As the only
different parameter compared to the reference system - assuming a similar
purity of all materials, as they are made and purified by the same protocols - is
the introduction of functional groups, we can conclude that the increase in
stability has to be attributed to the presence of these functions. Among the
different copolymers, the ester- and alcohol-functionalized derivatives look
somewhat more promising, as a gradual efficiency decrease is noticed for the
cinnamoyl derivative after ~300 hours. Obviously, one must note that the
exposure of the devices to elevated temperatures for these prolonged periods of
time will also have consequences for the electrodes and the interphases, which
might lead to (minor) artifacts in the curves.

Optical microscopy images were taken to reveal preliminary information on the
film morphology aging process. Fig. 7 shows the films of P3HT:PC¢;BM and P2-
P4-90/10:PCs;BM blends at 3 different stages upon exposure to a temperature
of 125 °C. As can be observed, the P3HT:PCgs;BM film already contains a
multitude of microcrystalline (fullerene) needles after only 15 minutes, whereas
the other systems barely show any needle formation. After intense annealing for
24 hours at 125 °C, a small amount of crystallization has occurred, giving a

preliminary indication on the increased thermal stability of these BHJ] blends in

comparison to regular P3HT:PCg;BM.
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Figure 7: Optical microscopy images of P3HT and P2-P4-90/10 films when

blended with PC¢;BM, annealed at 125 °C for 15 min, 2 h and 24 h.

To gain a more in-depth view, TEM images were taken to visualize the
morphological changes occurring within the active layer blends during the
thermal treatment at 85 °C in more detail (Fig. 8). Based on the data obtained
from the degradation study, it was opted to have the images taken directly after
the post-process annealing step at 130 °C and after 15 and 700 hours of
exposure to the thermal stress. TEM images were made at different places
within the samples and no differences in morphology were observed, which

makes the images representative for the whole sample. After the initial
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annealing, some phase-separated needles can already be seen for the reference
P3HT:PC4:BM system. Lighter colored areas are visible around these needles.
SAED patterns (also shown in Fig. 8) at different locations reveal the content of
the mixture. For the darker colored areas, the diffraction pattern shows two
concentric rings, which can be ascribed to the presence of both P3HT (outer
ring) and PCg:BM (inner ring) in the blend. When moving toward the lighter
area, the inner ring disappears, revealing that this area contains mostly P3HT.
The needle-like structures are crystalline and the diffraction patterns show that
these structures are indeed PCq;BM microcrystals. In other words, once a
PC¢:BM nucleus is formed, the PC4;BM surrounding this point will diffuse toward
this nucleus and the crystal needle will grow, leaving a depletion area of PCs;BM-
deficient P3HT around it!3?!, The TEM image of the reference P3HT:PCs;BM solar
cell exposed to 85 °C for 15 hours shows a substantially higher amount of
needles and larger depletion areas. From this, we can conclude that across this
timeframe, the surrounding PCg;BM has diffused even more toward the already
formed crystals, leading to an enhanced phase separation and therefore a
decrease in efficiency. Finally, after 700 hours of exposure to 85 °C, the phase
separation is almost complete, leading to a system consisting mainly of PCs,BM
microcrystals embedded in a P3HT-rich layer**¢*3], Moving on to the P3:PCq;BM
and P4:PC4BM blends, we can observe that along the entire time range of 700
hours no PC4:BM microcrystals are formed, which explains the increased thermal
stability for these blends. For the copolymer P2:PCgs;BM blend, the TEM images
reveal that exposure of the films to 85 °C for 15 hours does not lead to any
microcrystal formation. However, after 700 hours, the system is in a similar

state as the reference P3HT:PC¢;BM layer after 15 hours.
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10 mins

85°C
700 hours

Figure 8: TEM images after annealing (10 min at 130 °C, 15 h at 85 °C, and 700
h at 85 °C) for blends of PC¢;BM and P3HT or the most stable P3AT copolymers

P2-P4.

Integration of the SAED patterns of Fig. 8 provides a more accurate picture of
the amount of PCg;BM left in the matrix in between of the needles after
exposure to the thermal stress (Fig. 9). As illustrated in Fig. 9a, the peaks
around 3.6 and 4.5 A are related to P3HT and PC¢;BM, respectively. The more
intense the peak at 4.5 &, the higher the PC¢;BM content in the matrix. As can
be observed from Fig. 9a, prolonged exposure to 85 °C leads to a strong

decrease in PCg;BM content for the P3HT:PCs:BM reference system, proving that
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it is really PC¢;BM that is diffusing out of the mixture into needle-like structures.

On the other hand, the SAED patterns for copolymer P2 reveal the presence of

considerable amounts of PCs;BM remaining in the matrix, even after completion

of the stability test (Fig. 9b). The intensity of the PCqBM peak somewhat

decreased, confirming the results from the TEM images. Finally, Fig. 9c and d

show that the PC¢;BM content in the matrix of the blends based on copolymers

P3 and P4 remains practically constant, even after exposure to 85 °C for up to

700 hours.
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Figure 9: Integrated SAED patterns for P3HT:PCgs;BM and the various

copolymer:PC¢;BM systems: a) P3HT:PC¢;BM, b) P2-85/15:PC,,BM, c) P3-

90/10:PCs;BM, d) P4-85/15:PCq,BM.
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Although the glass transition temperatures of the copolymers were not clearly
identifiable by regular DSC, previous scattered results (e.g. Tg = 30 °C for P3-
90/10 and T, = 19 °C for P4-90/101°"]) indicate that these are all in close
proximity to the value found for P3HT (T4 = 12 oClt3), The beneficial effect of
the copolymers on blend stability hence does not seem to be merely a T, effect
causing reduced mobility (which is substantiated by the very similar results
obtained upon degradation at various temperatures). Noncovalent interactions
(e.g. n-n-overlap, hydrogen bonding or dipole-dipole interactions) are likely
involved[**"33], In this respect, it is noteworthy to mention that, although the
number of functionalized side chains might seem very small (5-15%), a simple
calculation of the mol fraction of functionalized side chains compared to PCBM
molecules in the blend (1/1 in wt%) reveals that the amount of these
functionalities is far from negligible, and hence noncovalent interactions might
indeed result in pronounced effects. For instance for the P2-90/10 copolymer,
a functional side chain is available per 1.85 PCgs;BM molecules in the blend,
which means that on average for every two PCq;BM molecules, one secondary
interaction (polymer side chain-PCq;BM) can be present, reducing the diffusion
rate. As there is clearly a substantial effect on the diffusion and crystallization
behavior of the two components when functionalized P3HT copolymers are
blended with PC¢:BM, advanced thermal analysis seems to be well-suited to gain
more insight in the underlying principles causing the increased morphological
stability!*3!. Studies in this direction are currently ongoing within our groups, as
is the extension of this approach to (low Tg) low bandgap copolymers providing

higher solar cell efficiencies.
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2.4 CONCLUSIONS

In this work, a set of 12 functionalized poly(3-alkylthiophene) random
copolymers was efficiently synthesized by the Rieke protocol and analyzed in
bulk heterojunction organic solar cell devices with the general aim to increase
the thermal stability of the corresponding P3AT:PCg;BM photoactive layers.
Morphology development and phase separation were visualized by TEM (and
corresponding SAED patterns) at several stages during the aging process,
corroborated by electrical J-V testing of devices at increasing annealing times.
Even though the functionalization approach might lead to a slight decrease - if
any - in initial power conversion efficiency, the overall performance in function of
time is considerably enhanced due to the increased thermal stability of (some
of) the copolymer:PCs;BM blends, therefore making this approach a viable
option to improve the lifetime of BH] polymer solar cells. Further work will be
directed toward analysis of the photooxidative sensitivity of the copolymer series
and the degradation behavior of encapsulated devices in climate chamber
conditions, and in-depth analysis of the mechanism governing the stability
improvement by dedicated thermal analysis techniques (diffusion and

crystallization kinetics/dynamics and phase behavior).
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2.7 SUPPORTING INFORMATION

2.7.1 Electrochemical analysis

Table S1: Electrochemical characterization of the copolymers.

Polymer HOMO (eV) LUMO (eV)’ E ° (eV)
Rieke P3HT -5.25 -3.37 1.88
P1 - 95/5 -5.16 -3.24 1.92
P1 - 90/10 -5.26 -3.34 1.92
P1 - 85/15 -5.12 -3.20 1.92
P2 - 95/5 -5.17 -3.26 1.91
P2 -90/10 -5.16 -3.26 1.90
P2 - 85/15 -5.19 -3.26 1.93
P3 - 95/5 -5.13 -3.25 1.88
P3 -90/10 -5.21 -3.32 1.89
P3 - 85/15 -4.84 -2.93 1.91
P4 - 95/5 -5.13 -3.21 1.92
P4 - 90/10 -5.17 -3.28 1.89
P4 - 85/15 -5.11 -3.22 1.89

@ Eumo = Enomo + EgPY

2.7.2 Photovoltaic device optimization
Table S2: Optimized solar cell efficiencies for BH] blends based on P3HT or

copolymers P1-P4.

Donor material Voc Jsc FF n

P3HT 0.52 11.86 0.56 3.48
P1 - 95/5 0.54 7.97 0.62 2.67
P1 -90/10 0.52 8.39 0.60 2.61
P1 - 85/15 0.52 5.70 0.58 1.68
P2 - 95/5 0.58 10.20 0.62 3.69
P2 -90/10 0.54 9.26 0.58 2.88
P2 - 85/15 0.58 9.18 0.57 3.04
P3 - 95/5 0.56 9.33 0.64 3.34
P3 - 90/10 0.60 6.39 0.57 2.19
P3 - 85/15 0.64 6.11 0.61 2.39
P4 - 95/5 0.56 8.72 0.63 3.07
P4 - 90/10 0.60 6.71 0.60 2.43
P4 - 85/15 0.60 6.61 0.65 2.58

2.7.3 UV-Vis spectra
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Figure S1: UV-Vis characteristics of the copolymers in chloroform solution.
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Figure S2: UV-Vis characteristics of the copolymers in thin film.
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2.7.4 FT-IR spectra
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Figure S3: FT-IR spectra of copolymers P1-P4-85/15.
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2.7.5 Photovoltaic degradation measurements
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ABSTRACT

Organic photovoltaics represent a promising thin-film solar cell technology
with appealing mechanical, aesthetical and cost features. In recent years,
a strong growth in power conversion efficiency (to over 10%) has been
realized for organic solar cells through extensive material and device
research. To be competitive in the renewable energy market, further
improvements are mandatory though, both with respect to efficiency and
lifetime. High intrinsic stability of the photoactive layer is obviously a
crucial requirement for long lifetimes, but the generally applied bulk
heterojunction blends and their components are prone to light-induced
and thermal degradation processes. In the present contribution, the high-
Ty polymer strategy is combined with specific side chain functionalization
to address the thermal stability of polymer solar cells. These two design
concepts are applied to a prototype low bandgap copolymer, PCPDTBT.
Accelerated aging tests (at 85 °C) indicate an improved thermal durability
of the PCPDTBT:PC5;BM blends and the resulting devices by the insertion
of ester or alcohol moieties on the polymer side chains. The different
stages in the efficiency decay profiles are addressed by dedicated
experiments to elucidate the (simultaneously occurring) degradation

mechanisms.
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3.1 INTRODUCTION

Over the past two decades, organic photovoltaics (OPV) have evolved into an
attractive solar energy technology.!*! Besides the general advantages of thin-film
photovoltaics - reduced weight, flexibility and (semi-)transparency - organic
solar cells show additional interesting features such as improved low-light
performance, narrow band widths, design freedom (color and uniformity), and
compatibility to large scale (roll-to-roll) printing techniques, further decreasing
production costs. At present, power conversion efficiencies (PCE’s) in the range
of 10% have been achieved for single junction solution-processed OPV devices
through simultaneous photoactive material, interlayer and device optimization.?
However, for OPV to become an economically viable technology, with projected
integration in (energy neutral) buildings, vehicles and specific fast-deployable
consumer goods, further leaps forward are required with respect to both
efficiency and stability. Improving the lifetime of organic solar cells has for a
long time been underexposed compared to the chase for enhanced efficiencies,
but the field has recently caught up with a number of encouraging results in
terms of durability.[® A first important step was taken by the concept of inverted
solar cells, procuring P3HT:PC¢;BM devices retaining 90% of their initial
performance for over 1.5 years under exposure to direct sunlight.!*! Optimization
of the charge transport layers was also performed to increase device stability.
Doping PEDOT:PSS with WO, was shown to provide more efficient and durable
devices, with only 5% reduced performance over 5000 hours in ambient
conditions.®! On the opposite side of the (standard) organic solar cell stack, Ca,
which is sensitive to oxidation,!®! was replaced by an n-type TiO, buffer layer,

affording devices which are more resistant to the intrusion of oxygen and
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moisture.”] The bulk heterojunction (BHJ) photoactive layer at the heart of an
organic solar cell is one of the most challenging components to optimize for
improved device lifetime. Even when properly encapsulated, keeping oxygen and
moisture out of the device as much as possible, intrinsic active layer degradation
can be induced by light or by the elevated temperatures imposed by continued
exposure to sunlight.’®! Photochemical (oxidative) degradation of the active layer
(polymer) materials and blends is examined extensively within the group of
Gardette and Rivaton, suggesting rearrangements of the chemical structures,
the formation of oxidation products, crosslinking and chain scissions as the main
malefactors.[®]

In this work, the main focus lies on the thermal degradation of the active layer
donor:acceptor blend in polymer:fullerene BHJ solar cells. Under the influence of
elevated temperatures, reorganization of the active layer components may
occur, depending on the glass transition temperature (7;) of the blend
(components). The peak-performing active layer nanomorphology, a finely
intermixed interpenetrating network of the electron donor and acceptor
compounds, gradually changes during device operation, whether it be through
diffusion and demixing (depending on the T;), degradation of the bulk materials
or interface-related processes. For the workhorse P3HT:PCg;BM combination,
operating at an optimal polymer:fullerene ratio of 1:0.8, it has been observed
that the fullerene material diffuses into microcrystals upon heating the blend
(well) above 60 °C (i.e. above the T, of the P3HT:PC¢;BM blend!'®), leading to a
near-to-complete phase separation and strongly reduced device efficiency.!*!]
Important insights on the thermal stabilization of OPV materials and devices
were obtained within the McGehee group at Stanford.['?] They emphasized the

importance of material purity when aiming for long-term stability of polymer
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solar cells.l*??! Additionally, through the investigation of polymer:fullerene
blends at temperatures above the Ty of the polymer, it was found that a thin
polymer layer is formed at the interface between the active layer and the top
electrode, thereby lowering the device performance over time.[*?¢] To alleviate
(or at least slow down) polymer solar cell degradation under thermal stress,
various approaches to ‘freeze in’ the top-performing BH] blend
(nano)morphology have been explored in the past years, including, amongst
others, thermocleavage of the solubilizing side chains,*3 the use of non-
crystalline fullerene additives,!'*! compatibilizers!*> or the addition of nucleating
agents!'®l, Another acknowledged pathway involves the synthesis of polymer
materials with a higher T4, resulting in more rigid polymer:fullerene blends,
hindering fullerene diffusion and crystallization and hence procuring OPV devices
with longer lifetimes.[**?Y7] Thermal stabilization of the photoactive blend has
also been achieved through the application of (photo)crosslinkable polymer
and/or fullerene derivatives.!'®!

In previous work, we have noted a remarkable improvement of the intrinsic
stability of the OPV active layer blend morphology by the incorporation of
functional moieties (ester, alcohol or cinnamoyl) on the side chains of P3HT-
based copolymers, even for fairly low built-in ratios (5-15%) and without
crosslinking to covalently anchor the polymer and/or fullerene molecules.!
Moreover, these alterations did not influence the initial PCE to a large extent. As
such, this approach can be regarded as an attractive paradigm for OPV active
layer stability. In this manuscript, this concept is extended to a proof-of-concept
low bandgap copolymer, PCPDTBT, simultaneously targeting high efficiency and
improved (thermal) stability by combining the high-T; and side chain

functionalization strategies. PCPDTBT (poly{4,4-dialkyl-4H-cyclopenta[2,1-
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b;3,4-b’]dithiophene-2,6-diyl-alt-2,1,3-benzothiadiazole-4,7-diyl}) has attracted
quite some interest from the OPV community as it was the first push-pull low
bandgap copolymer, with an extended absorption beyond 800 nm, affording a
PCE above 5% in polymer solar cells.[2021] Despite the high initial PCE, the
applicability of PCPDTBT in OPV is hampered by its rapidly decreasing
performance under thermal stress (during operation or annealing), and only
preliminary efforts were made to improve the device lifetime.?? PCPDTBT
copolymers containing crosslinkable functional groups at the end of the alkyl
side chains were synthesized and the resulting polymer solar cells displayed an
enhanced stability under ambient conditions!??? or during light-soaking aging!?2"]
experiments. Based on the reasonable efficiency of PCPDTBT-based solar cells,
the limited intrinsic stability of these devices and our previously established
synthetic procedures toward smooth CPDT side chain variation (vide infra),
PCPDTBT was regarded as an ideal test case for our hypothesis of combined high

efficiency and improved lifetime by polymer side chain modification.

3.2 RESULTS AND DISCUSSION

3.2.1 Synthesis and characterization

Functionalization of the alkyl side chains on 4,4-dialkyl-4H-cyclopenta[2,1-
b;3,4-b’]ldithiophene (CPDT) derivatives has been performed by several
research groups for specific purposes.[?2251 Bazan and co-workers introduced
ionic groups to achieve conjugated poly- and oligoelectrolytes.[?3! The
introduction of functional groups has also been prevailed as a tool to alter the
solubility of the resulting conjugated polymers, enabling processing from more

benign solvents.[?!] The Miillen group introduced double bonds in the alkyl side
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chains of PCPDTBT to tune the packing and solubility of this material.!?*! In all of
the examples mentioned above, symmetrically functionalized CPDT moieties
were obtained through application of the rather tedious classical CPDT synthesis
route.!?®! Our group previously developed two shortened, convenient synthetic
protocols, which additionally allow smooth asymmetric alkyl side chain
substitution. In 2010, a three-step synthetic strategy - (i) synthesis of 3-bromo-
2,2'-bithiophene by a Kumada coupling, (ii) lithiation and subsequent reaction
with a ketone to afford a dialkylated tertiary alcohol derivative, and (iii) Friedel-
Crafts dehydration cyclization - toward 4,4-dialkyl-CPDT building blocks was
reported.[?”? Although this procedure provides straightforward access to
asymmetrically dialkylated (functionalized) CPDT's, it suffers from relatively low
yields for more bulky side chain patterns. Therefore, an alternative synthesis
protocol was developed.!?®! In this approach, the first side chain is introduced by
a Wittig-type carbonyl olefination reaction between 4H-cyclopenta[2,1-b:3,4-
b'ldithiophen-4-one and an alkylidenetriphenylphosphorane, yielding a 4-
alkylidene-4H-cyclopenta[2,1-b:3,4-b']dithiophene (e.g. compound 1 in Scheme
1). Subsequently, the second side chain is introduced via regioselective
reductive alkylation of the exocyclic double bond. In this way, asymmetric
substitution is easily achieved and for both steps the products can be isolated in
reasonably high yields (>70%), hence favoring the Wittig route as the most
versatile procedure for asymmetric CPDT side chain functionalization.

Based on the previously employed series of side chain functionalized poly(3-
alkylthiophene)s,*°?! it was envisaged to introduce ester and alcohol groups at
the end of one of the CPDT alkyl side chains, and an asymmetrically dialkylated
CPDT derivative was synthesized as a reference compound. Both the alcohol and

ester moieties enable further side chain variation by different pre- or post-
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polymerization functional group interconversions. The synthetic strategy

affording the monomers and final polymers is depicted in Scheme 1.

7\ i
s S\{‘/

viii

vii OJ

Scheme 1: Synthesis of the different CPDT monomers and PCPDTBT polymers: i)
LiAlH,4, n-octylbromide, THF; ii) n-BuLi, MesSnCl, THF; iii) A: LiAlH,4, (6-
bromohexyloxy)triisopropylsilane, THF; B: TBAF, THF; iv) LiAlH4, THF; v) A: t-
BuOK, 6-bromohexanoic acid, KI, DMSO; B: EtOH, H,SOq,; vi) NBS, CHCls; vii)
hexamethylditin, LiCl, Pd(PPhs),, toluene; viii) 4,7-dibromo-2,1,3-

benzothiadiazole, Pd,(dba)s, P(o-tol)s, toluene/DMF 4/1, 110 °C, 15 h.
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In a first step, 4-(2’-ethylhexylidene)-4H-cyclopenta[2,1-b:3,4-b"]dithiophene
(1) was reductively alkylated to obtain the asymmetrically dialkylated CPDT’'s 2
and 3.128! For compound 3, the alcohol functional group had to be protected (as
a silyl ether) during this step. Next, both building blocks were stannylated via
lithiation and reaction with trimethyltin chloride, affording the required CPDT
monomers M1 and M2. For the ester-functionalized monomer M3, a slightly
adapted procedure had to be followed. Attempts to protect the ester functional
group as an ortho-ester or 2-alkyl-1,3-oxazoline failed. On the other hand,
milder reducing agents such as NaBH, and DIBAL were not capable of reducing
the exocyclic double bond. Therefore, the double bond was first reduced with
LiAlH, in a separate step. Alkylation was then performed with 6-bromohexanoate
instead of ethyl 6-bromohexanoate to avoid competition between the bromide
and the ester groups in the nucleophilic substitution reaction. After the alkylation
reaction, the obtained carboxylic acid functionalized CPDT was immediately
transformed to the ethyl ester analogue 5 via an acid-catalyzed esterification in
ethanol. The ester-functionalized CPDT was also synthesized via the older three-
step route,[?”?) but purification was less straightforward in this case. Ester-CPDT
5 was dibrominated and further converted to monomer M3 via stannylation with
hexamethylditin in the presence of Pd(PPh3),.

Since monomer purity is crucial to obtain high molar mass species in
polycondensation-type polymerization reactions, all three CPDT monomers were
further purified by preparative recycling size exclusion chromatography (prep-
SEC). After Stille polymerization with 4,7-dibromo-2,1,3-benzothiadiazole (BT),
the PCPDTBT copolymers were purified by soxhlet extractions with methanol,
acetone, n-hexane and chloroform, respectively. All three polymers were

collected with chloroform and the low molar mass fractions of polymers P1 and
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P3 were removed via prep-SEC. Due to its limited solubility in chloroform,
alcohol-functionalized PCPDTBT copolymer P2 could not be subjected to prep-
SEC. The number average molar masses (M,) and polydispersity indices (PDI) of
the polymers are gathered in Table 1. While the molar masses of P1 and P3

were reasonably high, a relatively low value was obtained for P2.

Table 1: Molar mass, thermal and electrochemical data for PCPDTBT copolymers

P1-P3.
M, 7;”  HOMO® LUMOQ? E,°F9
Polymer PDI?
[kDa] [°C] [eV] [eV] [eV]
P1 26 32 174 -5.09  -3.34  1.40
P2 13 25 198 -495 -3.36 1.40
P3 46 1.7 161 -4.95  -3.41  1.37

3 Determined by analytical SEC using polystyrene standards in THF at 40 °C. ® Determined
by RHC. @ Determined by CV from the onset of oxidation/reduction. ¥ Optical bandgap, as

determined by the onset of the solid-state UV-Vis spectra.

The thermal transitions of the three novel copolymers were investigated via
rapid heat-cool calorimetry (RHC),!?®! preferred above regular differential
scanning calorimetry (DSC) because of its increased sensitivity to thermal
transitions (as a result of the fast scanning rates) and the low sample amounts
required. The glass transition temperatures were determined to be 174, 198 and
161 °C for P1-P3, respectively (Figure S1), and no melting transitions could be
observed, suggesting a highly amorphous polymer nature. The (very) high Tg
values for the three copolymers, well above the ISOS-3 temperature of 85 °C
employed for standard aging tests,>®) suggest a minor influence of T4 during

OPV device stability tests. In this respect, it has to be mentioned that, despite
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its huge importance for device stability, there is a noteworthy lack of (accurate)
T4 values for (OPV) low bandgap copolymers in literature.

The HOMO and LUMO energy levels of the PCPDTBT alternating copolymers were
estimated via cyclic voltammetry (CV) from the onset of the oxidation and
reduction peaks, respectively. The frontier molecular orbital energy levels of the
functionalized copolymers P2 and P3 show comparable values to the reference
polymer P1. Normalized UV-Vis absorption spectra in solution and thin film for
the three copolymers are shown in Figure 1. In all cases, the absorption extends
to the near-IR region of the solar spectrum and the profiles are very similar,
even more so in thin film. Therefore, it can be concluded that modification of the
side chains does not influence the opto-electronic solid-state properties of the
PCPDTBT copolymers to a large extent. The functional groups do seem to
influence (i.e. to reduce) the aggregation tendency of the polymers in solution,
as the long-wavelength shoulder is affected by the presence and the nature of

the functional groups.
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Figure 1: Normalized UV-Vis absorption spectra for the three PCPDTBT

copolymers in chloroform solution (top) and thin film (bottom).

3.2.2 Polymer solar cells

To evaluate the influence of the side chain modification on photovoltaic
performance, polymer solar cells were prepared using the standard architecture
glass/ITO/PEDQOT:PSS/active layer/Ca/Al. For the photoactive layers, blend

solutions were prepared in a 1:3 ratio with PC,;BM. Whereas P1 and P3 could
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readily be dissolved in chloroform (CF), polymer P2 required a mixture of ortho-
dichlorobenzene (oDCB) and 4% of N-methylpyrrolidone (NMP) due to its higher
aggregation tendency. Nonetheless, as evidenced by the I-V parameters
summarized in Table 2 and Figure 2, the incorporation of the functional moieties
on the PCPDTBT side chains hardly affected the average PCE’s. The slightly lower
performance for P2 might be attributed to the lower M, for this material and/or
the addition of NMP to the blend solution, affecting mainly the short-circuit
current density (Jsc) and resulting in a slightly lower average PCE of 2.05% (in
comparison to 2.46% for the reference device). The solar cells based on ester-
functionalized copolymer P3 showed an enhanced fill factor (FF) (from 43—-44%
to 49%), combined with a slightly reduced open-circuit voltage (Voc) (from 0.59
to 0.56 V). In literature, optimized device efficiencies up to 5.5% were obtained
for PCPDTBT:PC,;BM through the addition of 1,8-octanedithiol (ODT) as an
additive to the active layer blend solution.!?”l Recent work indicated, however,
that even though the initial performance can be enhanced significantly by
inclusion of the additive, the lifetime of these solar cells decreased more rapidly
under light-soaking conditions.[?>! To avoid complications due to the effect of
(different optimal) additives and to isolate the influence of the side chain

moieties, the use of additives was omitted during these studies.
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Table 2: Photovoltaic parameters for the pristine solar cell devices based on

PCPDTBT copolymers P1-P3.

. Voc Jsc Best PCE Average

Material Prg(;isesr:gg FF PCE?
[Vl [mA cm™?] [%] [%]

P1 CF 0.59 9.49 0.44 2.76 2.46

o,
P2 oDCB + 4% 0.59 7.94 0.43 2.43 2.05
NMP
P3 CF 0.56 9.12 0.49 3.21 2.50

?Averages were taken across 16—20 devices, with an active area of 3 mmz2.
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Figure 2: J-V curves for the best solar cell devices produced from the

P1-P3:PC,;BM (1:3) blends.

In the external quantum efficiency (EQE) spectra, photocurrent generation over

a broad wavelength range, up to 900 nm, was observed (Figure 3). The

P2:PC,;BM device showed lower EQE values, in line with the lower Jsc observed

in the I-V measurements, in particular in the spectral range where the polymer

contribution is seen. The integrated current densities (Jeqe's) correspond rather

well with the measured Jsc’s, in line with standard measurement deviations.
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Figure 3: EQE spectra for the solar cell devices based on P1-P3 (measured
Jsc's: 10.01, 7.81 and 11.08 mA cm™2; Jgqe's: 10.49, 7.33 and 10.67 mA cm™2

for P1, P2 and P3, respectively).

3.2.3 Photovoltaic behavior under prolonged thermal stress

In a next step, the solar cells were mounted in an automated degradation
chamber and subdued to a precisely controlled temperature of 85 °C for 650
hours, with I-V measurements at predetermined intervals to investigate the
progression of the photovoltaic parameters over time. The temperature chosen
for this accelerated aging test was instigated by the ISOS-3 standards and the
desire to stay well below the T, of all materials.l**} All three PCPDTBT:PC;;BM
polymer solar cells showed a strong initial drop in efficiency (within the first 50
hours), followed by a more ‘linear’ degradation regime for the remainder of the
lifetime experiment (Figure 4; separate Jsc, Voc and FF profiles in Figure S2).
After 150 hours of exposure to 85 °C, more indicative differences in relative
PCE’s are revealed. The P1:PC,,;BM reference device still exhibits a rather steep

slope, resulting in a final PCE diminished to 26% of its initial value after 650
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hours. In contrast, the relative efficiencies of the polymer solar cells based on
side chain functionalized PCPDTBT copolymers P2 and P3 remain more stable
after the initial ‘burn-in’ phase (vide infra), with values of 53 and 40% of the

starting performance after 650 hours, respectively.

Relative Efficiency (a.u.)

0.1+ .

oL -
0 100 200 300 400 500 600 700

Time (Hours)

Figure 4: Relative efficiency decay profiles for the three PCPDTBT:PC5;BM
polymer solar cells upon exposure to a temperature of 85 °C for 650 h. The

curves are normalized to the first measurement point at 85 °C.

For P3HT:PCs;BM BH] OPV devices, a similar thermal stress results in the
appearance of a multitude of crystalline structures in the photoactive layer,
indicative of diffusion and phase separation of the polymer donor and fullerene
acceptor.l*!]  Polythiophene side chain functionalization (by ester and in
particular alcohol moieties) was shown to reduce this crystallization and
demixing tendency considerably, thereby diminishing the efficiency drop.°®<! To
analyze the BHJ] blend nanomorphology of the PCPDTBT:PC;;BM polymer solar
cells and its evolution over time, transmission electron microscopy (TEM) and

atomic force microscopy (AFM) imaging was performed (Figure 5 and 6). For the
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pristine solar cells from ester-PCPDTBT P3, a slightly different bulk morphology
and topography (increased peak to peak distance and somewhat higher
roughness, Table S1) was observed, possibly corroborating with the slightly
reduced Voc and higher FF (Table 2). After exposure of the devices to a
temperature of 85 °C for 650 hours, no crystallization or large demixing was
observed (Figure 5 and 6), which can be linked to the high Ty's of all copolymers
and, as a result, the high T4's of the polymer:fullerene active layer blends. The
T4's of the blends were also determined by RHC and they were found at 143,
158 and 148 °C for the P1—-P3:PC,;;BM (1:3) blends, respectively (Figure S1).
These values are all below the Ty's of the separate blend components (174, 198
and 161 °C for P1—-P3, respectively, and 170 °C for PC,;BM). The TEM-selected
area electron diffraction (SAED) patterns show no formation of crystalline
structures in the films, not even after 650 hours of aging (Figure 5). For
completeness, TEM was also performed on similarly prepared films exposed for 3
hours to a temperature of 220 °C on a hotplate in the dark, i.e. above the Ty of
all individual polymers and polymer:PC,,;BM blends (Figure 5 and S3). Obviously,
the PEDOT:PSS layer and the top electrode are not resistant to such elevated
temperatures, and device characterization is not representative. Nevertheless,
crystallization and extensive phase separation did occur at this temperature,
although not in equal amounts for the three different blends. The most
deteriorated active layer morphology was found for the P1:PC,;BM reference
system, followed by P3:PC,;BM and finally P2:PC,;BM, in line with the relative
efficiency decay profiles as observed at 85 °C (Figure 4). Additionally, SAED for
the P1:PC,;BM blend revealed the presence of microcrystals in the center of the
‘aggregated’ domains (as illustrated in more detail in Figure S3). Noteworthy,

the amount of phase separation varies quite strongly, even though the Ty's of
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the blends are similar, indicating that the incorporation of the functional
moieties enhances the resistivity of the blends toward diffusion and

crystallization (of PC,;BM).

Figure 5: TEM images for P1:PC,,BM (a, d, g), P2:PC,;BM (b, e, h) and
P3:PC,;BM (c, f, i) BH] blends annealed at 85 °C for 0 h (top row), 85 °C for

650 h (middle row) and 220 °C for 3 h (bottom row).
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Figure 6: AFM images for P1:PC;;BM (a, d), P2:PC;:BM (b, e,) and P3:PC,;BM
(c, ) polymer solar cells before (top row) and after (bottom row) thermal aging

for 650 h at 85 °C.

Last year, the groups of Durrant and Manca independently reported on the light-
induced dimerization of fullerenes, hindering phase separation in
polymer:fullerene systems.®! As our aging experiments require frequent
exposure to light (measurement intervals of 5 minutes for the initial phase, with
a total sweep time of approximately 4 minutes over 16 devices, followed by
intervals up to 1 hour at later stages), light and thermally-induced effects might
intermix, especially in the initial phase of the degradation experiment. To
address this concern, a new set of solar cell samples was prepared which were
continuously annealed at 85 °C in the dark (on a hotplate) prior to the I-V
measurements. After 150 hours, the non-illuminated samples still did not show

any crystallites, as confirmed by TEM (Figure S4), suggesting that the specific
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nature of the thermal stabilization effect originates from a different (i.e. non-
light-induced) mechanism.

More detailed investigation of the degradation profiles allows for a further
deconvolution of the degradation process(es) occurring in the thermally stressed
PCPDTBT:PC,;;BM photovoltaic devices. The exponential efficiency decay within
the first 100 hours of the aging experiment can be attributed to the combination
of a rapid decay in the Voc (reducing by 20%) and a more drawn-out decrease
in Jsc, resulting in an overall strong reduction of the PCE (by 30% for P2 and up
to 40% for P1 and P3). The strong initial loss in Voc is higher for P3 than for P1
and P2, explaining the stronger initial PCE decay for the device based on the
ester-functionalized copolymer (Figure 4). This initial strong efficiency drop has
been referred to as the ‘burn-in’ phase.['?) The McGehee group has recently
provided more thorough understandings of the initial Voc loss and the burn-in
stage through light-induced aging of several polymer:fullerene systems,
including both crystalline and amorphous polymers.[*?¢] The fast initial loss in
Voc was found to be characteristic for amorphous systems (such as the
PCPDTBT polymer under investigation here), whereas light-induced traps, as
revealed by transient photocurrent measurements, were observed for both
material types upon aging. Related work by Voroshazi et al. on the light soaking
of PCDTBT:PC,;BM devices revealed that the initial Voc could almost completely
be recovered through re-deposition of the top electrode after the aging
experiment, supporting the hypothesis of light-induced traps.'*?! Consequently,
as the initial phase of our aging experiment is characterized by frequent
exposure to light, additional mechanisms (i.e. light soaking) other than those
induced by pure thermal stress are likely to affect the overall degradation

process. To shed more light on this, a set of PCPDTBT:PC,;BM samples was
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exposed to 85 °C in a dark environment. This control experiment revealed that
the initial reduction in Voc was almost non-existent in comparison with the
results obtained from the automated degradation chamber (PCE drop <5% vs
20%) (Table S2), confirming the attribution of the burn-in phase to a light-
induced (Voc loss) effect. Exclusion of the light-induced effects does, however,
not clarify the continuous reduction in Jsc, with observable differences for the
P1-P3 copolymers, indicating other mechanisms must be present.

It is generally known that the quality of the interface between the active layer
and the top electrode is worsening when applying external stress factors,
thereby leading to a reduced charge extraction. Plausible causes reported in
literature include the delamination of the top electrode and the creation of voids
or electrically insulating patches at the interface.l®3 To investigate the active
layer-top electrode interface, the three different PCPDTBT:PC,;BM films were
exposed to 85 °C for 85 hours in the dark prior to electrode deposition (since
the standard solar cell architecture employed in this work did not allow for
smooth peeling off of the top electrode). Simultaneously, 12 operational devices
were processed from the same batch solutions to grant I-V results comparable
with the pristine solar cells. As summarized in Table 3, comparison of the
average Jsc’s of the blend films degraded with and without Ca/Al top electrodes
revealed a less pronounced decay for the latter. After 85 hours at 85 °C in the
dark, no reduction in Voc was observed, supporting the previous findings.
Moreover, the Jsc showed a relatively small decay, to approximately 92% of the
initial Jsc for all three copolymers (in comparison to the average Jsc of the 12
pristine devices). The resulting PCE’s remained at 90, 92 and 85% of their
starting values, demonstrating the strong influence of the thermal treatment on

the quality of the interface between the active layer and the top electrode. The
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slightly lower performance of the device based on ester-PCPDTBT P3 could be
ascribed to the (stronger) loss in FF. Combination of all gathered data suggests
that the relative difference in performance stability within the P1—-P3 copolymer
series as observed in the initial degradation experiment can possibly be ascribed
to a higher resistance of P2, and to a lesser extent P3, to diminishing active

layer-top electrode interface quality upon thermal stress.

Table 3: Comparison of the pristine photovoltaic devices based on copolymers
P1-P3 with devices containing a post-evaporated (Ca/Al) top electrode after

exposure to 85 °C for 85 h in the dark.

Polymer Treatment vec Isc FF Average
[Vl [mAcm?] PCE? [%]
P1 pristine 0.59 9.26 0.44 2.38
P1 85h at 85 °C + post-evap 0.59 8.64 0.42 2.15
P2 pristine 0.59 7.83 0.43 1.98
P2 85h at 85 °C + post-evap 0.59 7.23 0.43 1.82
P3 pristine 0.56 8.98 0.47 2.38
P3 85h at 85 °C + post-evap 0.56 8.50 0.42 2.02

?Averages were taken across 4—8 devices, with an active area of 3 mm2.

3.3 CONCLUSIONS

A small series of side chain functionalized PCPDTBT low bandgap copolymers
was efficiently prepared with the general aim to improve the intrinsic thermal
stability of the photovoltaic devices based on these donor materials, while
maintaining the power conversion efficiency for standard PCPDTBT:PC,;BM
polymer solar cells. Accelerated aging tests at a temperature of 85 °C showed
that the stability of the photovoltaic cells under prolonged thermal stress was

enhanced by the insertion of ester or alcohol moieties on the CPDT side chains,
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with the best results being obtained for the alcohol-functionalized PCPDTBT
derivative. A relative efficiency up to 55% of its starting value could be
maintained after 650 hours at 85 °C, whereas the reference device exhibited a
relative performance of only 26%. TEM and AFM imaging revealed the absence
of (extensive) phase separation and crystallization after the aging experiment at
85 °C, which can be attributed to the high Ty's of the PCPDTBT-type copolymers
and the corresponding photoactive layer blends, obviating crosslinking
approaches. Stepwise examination of some of the various possible degradation
pathways revealed that the decay in photovoltaic performance can be attributed
to a combination of light-induced and thermal processes, resulting (amongst
others) in a decrease of the active layer-top electrode interface quality. Further
efforts in our group will be directed toward the extension of the presented
functionalized side chain method to alternative high(er) performance low
bandgap copolymers. Additionally, the degradation behavior of encapsulated
devices in climate chamber conditions will be addressed, in combination with an
in-depth analysis of the mechanism(s) governing the deteriorating interface
quality upon continued thermal stress. On the other hand, the observed
differences in light-induced burn-in (stronger for the ester-functionalized

PCPDTBT) are worth a closer look as well.

The presented work emphasizes the importance of polymer (side chain)
engineering as a powerful tool to improve the lifetime of polymer solar cells.
Long-term stability will be a conditio sine qua non for OPV to survive in the
harsh battle for market share with alternative PV technologies. In this respect,
the booming field of perovskite-based hybrid solar cells can be considered a

serious competitor, albeit also struggling with durability issues.®*! Improved
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thermal stability is also mandatory if OPV is to take benefit from its positive
temperature coefficient, attractive for energy harvesting under extreme (e.g.

aerospace) conditions.

3.4 EXPERIMENTAL SECTION

Material Characterization: Preparative (recycling) size exclusion chromatography
(prep-SEC) was performed on a JAI LC-9110 NEXT system equipped with JAIGEL
1H, 2H and 3H columns (eluent CHCI;, flow rate 3.5 mL min™). NMR chemical
shifts (8, in ppm) were determined relative to the residual CHCI; (7.26 ppm)
absorption or the !3C resonance shift of CDCl; (77.16 ppm). High resolution
electrospray ionization mass spectrometry (ESI-MS) was performed using an
LTQ Orbitrap Velos Pro mass spectrometer equipped with an atmospheric
pressure ionization source operating in the nebulizer assisted electrospray mode.
The instrument was calibrated in the m/z range 220-2000 using a standard
solution containing caffeine, MRFA and Ultramark 1621. MALDI-TOF spectra
were recorded on a Bruker Daltonics Ultraflex II Tof/Tof. 1 pL of the matrix
solution (4 mg mL! DTCB (trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-
propenylidene]malononitrile) in CHCI3) was spotted onto an MTP Anchorchip
600/384 MALDI plate. The spot was allowed to dry and 1 pL of the analyte
solution (0.5 mg mL? in CHCl;) was spotted on top of the matrix. Reported
masses are the 100% intensity peaks of the isotopic distributions. UV-Vis
measurements were performed on a VARIAN Cary 500 UV-Vis-NIR
spectrophotometer at a scan rate of 600 nm/min. The films for the UV-Vis
measurements were prepared by drop casting a solution of the polymer in

chloroform on a quartz substrate. The solid-state UV-Vis spectra were used to
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estimate the optical band gaps (from the wavelength at the intersection of the
tangent line drawn at the low energy side of the absorption spectrum with the x-
axis: Eg (eV) = 1240/(wavelength in nm)). Analysis of the molar masses and
molar mass distributions of the polymers was performed on a Tosoh EcoSEC
System, comprising of an autosampler, a PSS guard column SDV (50 x 7.5 mm),
followed by three PSS SDV analytical linear XL columns (5 um, 300 x 7.5 mm),
and a UV detector using THF as the eluent at 40 °C with a flow rate of 1.0
mL/min. The SEC system was calibrated using linear narrow polystyrene
standards ranging from 474 to 7.5 x 10° g mol* (K = 14.1 x 10°dLg' and a =
0.70). Rapid heat-cool calorimetry (RHC) experiments were performed on a
prototype RHC of TA Instruments, equipped with liquid nitrogen cooling and
specifically designed for operation at high scanning rates.[?>3°1 RHC
measurements were performed at 500 K min? in aluminum crucibles, using
helium (10 mL min!) as a purge gas. Electrochemical measurements (cyclic
voltammetry) were performed with an Eco Chemie Autolab PGSTAT 30
potentiostat/galvanostat using a three-electrode microcell with a platinum
working electrode, a platinum counter electrode and a Ag/AgNO; reference
electrode (silver wire dipped in a solution of 0.01 M AgNO3 and 0.1 M NBu4PFg in
anhydrous acetonitrile). The reference electrode was calibrated against
ferrocene/ferrocenium as an external standard. Samples were prepared by dip
coating the platinum working electrode in the respective polymer solutions (also
used for the solid-state UV-Vis measurements). The CV measurements were
done on the resulting films with 0.1 M NBu4PFs in anhydrous acetonitrile as
electrolyte solution. To prevent air from entering the system, the experiments
were carried out under a curtain of argon. Cyclic voltammograms were recorded

at a scan rate of 100 mV s, For the conversion of V to eV, the onset potentials
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of the first oxidation/reduction peaks were used and referenced to
ferrocene/ferrocenium, which has an ionization potential of -4.98 eV vs.
vacuum. This correction factor is based on a value of 0.31 eV for Fc/Fc* vs.
SCE*%2] and a value of 4.68 eV for SCE vs. vacuumt%®!: Ejouo/umo (eV) = -4.98

Ag/AgNO3 Ag/AgNO3
- Eonset ox/red 9/Ag (V) + Eonset Fc/Fc+ 9/h9 (V)

Device Fabrication: Bulk heterojunction polymer solar cells were prepared using
the standard architecture substrate/ITO/PEDOT:PSS/polymer:PC,;BM/Ca/Al.
Prior to device processing, the ITO-coated substrates (100 nm, Kintec, Sheet
resistivity 20 Q/sq) were subjected to a standard cleaning procedure using soap,
demineralized water, acetone and isopropanol, followed by a UV/O; treatment
for 15 min. Subsequently, PEDOT:PSS was deposited via spin-coating with a
thickness of approximately 30 nm. Afterwards, the samples were transferred to
a glove box containing a nitrogen atmosphere and an annealing step was
performed at 130 °C for 15 min to remove any residual water. In a next step,
the PCPDTBT:PC,;BM (Solenne) layers were deposited through spin-coating. The
blend solutions were prepared in a 1:3 ratio polymer:PC,;BM, with total
concentrations of 12, 16 and 32 mg mL?! for P1, P2 and P3, respectively.
Whereas P1 and P2 could readily be dissolved in pure chloroform, P3 required a
mixture of o-dichlorobenzene and NMP (4 v/v%). Finally, the devices were
finished by evaporation of the top electrodes Ca and Al, with layer thicknesses of
~30 and 80 nm, respectively, at a pressure of 2 x 10°® mbar. In this way,
devices with an active area of 3 mm2 were obtained. Initial device performance
measurements were done using a Newport class A solar simulator (model
91195A), calibrated with a silicon solar cell to give an AM 1.5G spectrum. EQE

measurements were performed with a Newport Apex illuminator (100 W xenon
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lamp, 6257) as a light source, a Newport Cornerstone 130° monochromator, and
a Stanford SR830 lock-in amplifier for the current measurements. A silicon

FDS100-CAL photodiode was employed as a reference cell.

Degradation Measurements: To investigate the thermal degradation behavior,
the solar cells were positioned in an automated degradation chamber in nitrogen
atmosphere (glove box) with a constant temperature of 85 °C. The I-V
characteristics were measured at regular time intervals (initially every 5 min,
later on every hour) using a White 5500 K LED (Lamina). Duplo experiments on
identically processed samples were performed to confirm the findings. Dedicated
degradation experiments focusing either on the absence of light or aging without
the presence of top electrodes were performed using a hotplate (280 x 200 mm,

type PZ28-2ET, Harry Gestigkeit GmbH, with a PR5 programmer controller).

TEM and AFM Measurements: TEM measurements were performed on a FEI
Tecnai Spirit using an accelerating voltage of 120 kV. TEM samples were
prepared from devices placed in the dark utilizing a hotplate to initiate thermal
degradation or, in the case of the accelerated aging test over 650 hours, from
the devices utilized in the automated degradation chamber. By washing away
the PEDOT:PSS layer with water, freestanding films were obtained. For AFM
imaging, a Bruker Multimode 8 AFM was used in PeakForce tapping mode,
employing ScanAsyst. The images were produced with a silicon tip on a nitride

lever with a spring constant of 4 N m™.
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3.7 SUPPORTING INFORMATION

3.7.1 Monomer and polymer synthesis

Unless stated otherwise, all reagents and chemicals were obtained from
commercial sources and used without further purification. Solvents were dried
by a solvent purification system (MBraun, MB-SPS-800) equipped with alumina
columns. 4-(2'-Ethylhexylidene)-4H-cyclopenta[2,1-b:3,4-b']dithiophene (1),
4-(2'-ethylhexyl)-4-octyl-4H-cyclopenta[2,1-b:3,4-b']dithiophene (2)Y1, 4-(2'-
ethylhexyl)-4-(6'-hydroxyhexyl)-4H-cyclopenta[2,1-b:3,4-b']dithiophene (3),!
and 4,7-dibromo-2,1,3-benzothiadiazolel? were prepared according to literature

procedures.

2,6-Bis(trimethylstannyl)-4-(2’-ethylhexyl)-4-octyl-4H-cyclopenta[2,1-
b:3,4-b’]dithiophene (M1)
4-(2'-Ethylhexyl)-4-octyl-4H-cyclopenta[2,1-b:3,4-b’]dithiophene (2) (2.93 g,
7.28 mmol) was dissolved in dry THF (60 mL) and the solution was cooled down
to -78 °C before a solution of n-BuLi in n-hexane (2.5 M; 11.6 mL, 29.1 mmol)
was added dropwise. After stirring an additional hour at -78 °C, a solution of
trimethyltin chloride (1 M in THF; 32.8 mL) was added. The resulting solution
was allowed to warm gently to room temperature (overnight). Water was added
and the mixture was extracted with diethyl ether. The organic phase was
washed with brine, dried with MgSQ,, filtered and evaporated to dryness. The
crude product was purified via preparative recycling SEC to yield the pure
monomer as a pale yellow oil (3.29 g, 62%). *H NMR (400 MHz, CDCl;, &): 6.94
(s, 1H), 6.93 (s, 1H), 1.95-1.70 (m, 4H), 1.30-1.05 (m, 10H), 1.05-0.80 (m,

13H), 0.73 (t, J = 7.0 Hz, 3H), 0.65-0.55 (m, 4H), 0.36 (s, 18H).
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2,6-Bis(trimethylstannyl)-4-(2’-ethylhexyl)-4-(6"-hydroxyhexyl)-4H-
cyclopenta[2,1-b:3,4-b’]dithiophene (M2)

To a solution of 4-(2'-ethylhexyl)-4-(6'-hydroxyhexyl)-4H-cyclopenta[2,1-b:3,4-
b'ldithiophene (3) (0.404 g, 1.03 mmol) in dry THF (18 mL), n-BuLi (2.5 M in n-
hexane; 1.36 mL, 3.40 mmol) was added dropwise at -15 °C under a N,
atmosphere. The resulting mixture was stirred for 20 min at -15 °C and a
solution of trimethyltin chloride (1 M in THF; 3.71 mL) was added. The solution
was allowed to warm gently to room temperature (overnight) and water was
added. After extraction with diethyl ether, the organic phase was washed with
brine, dried with Na,SO,, filtered and evaporated to dryness. The crude product
was purified via preparative recycling SEC to yield the pure monomer as a pale
yellow oil (0.393 g, 53%). *H NMR (300 MHz, CDCl;, 8): 6.93 (s, 1H), 6.92 (s,
1H), 3.57 (td, J = 6.6, 5.4 Hz, 2H), 1.93-1.70 (m, 4H), 1.45 (q, J = 6.7 Hz,
2H), 1.32-1.08 (m, 5H), 1.07-0.79 (m, 10H), 0.78-0.68 (t, J = 6.9 Hz, 3H),

0.64-0.53 (m, 4H), 0.36 (s, 18H).

4-(2’-Ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b']dithiophene (4)

A solution of 4-(2'-ethylhexylidene)-4H-cyclopenta[2,1-b:3,4-b']dithiophene (1)
(930 mg, 3.23 mmol) in dry THF (30 mL) was added dropwise to a suspension
of LiAlH4 (264 mg, 6.96 mmol) in THF (30 mL). The resulting mixture was stirred
for 2 h at room temperature, cooled down to 0 °C and water was carefully
added. After extraction with diethyl ether, the organic layer was dried with
MgSQ,, filtered and the solvent was removed under vacuum. Purification of the
crude product by column chromatography (silica, eluent petroleum ether)
yielded the pure product as a colorless oil (730 mg, 78%). *H NMR (400 MHz,

CDCl3, 8): 7.16 (d, J = 4.9 Hz, 2H), 7.06 (d, J = 4.9 Hz, 1H), 7.05 (d, J = 4.9
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Hz, 1H), 3.70 (t, J = 7.7 Hz, 1H), 1.73-1.54 (m, 3H), 1.53-1.35 (m, 4H), 1.35-
1.20 (m, 4H), 0.93-0.83 (m, 6H); 3C NMR (75 MHz, CDCls, 8): 154.9, 154.8,
137.5, 124.4, 122.8, 42.4, 37.4, 36.1, 32.8, 28.7, 25.9, 23.2, 14.3, 10.6; MS

(MALDI-TOF) m/z: 289.8 ([M]*).

Ethyl 6-{4’-(2"-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b']dithiophen-4'-
yl}hexanoate (5)

4-(2'-Ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b']dithiophene (4) (630 mg, 2.18
mmol), 6-bromohexanoic acid (468 mg, 2.40 mmol) and KI (30 mg, 0.18 mmol)
were dissolved in DMSO (16 mL) and t-BuOK (612 mg, 5.45 mmol) was added.
After stirring at room temperature for 15 h, an aqueous HCI (1 M) solution was
added and the mixture was extracted with hexanes. After drying the organic
phase with MgSQ,, filtration and solvent removal under vacuum, the obtained
product was dissolved in EtOH (15 mL) and H,SO,4 (0.5 mL) was added. After
reaction for 1 h at room temperature, ice water was added and the mixture was
extracted with diethyl ether. The collected organic layers were washed with a
saturated NaHCOs; solution, dried with MgSQ,, filtered and the solvent was
removed under vacuum. After column chromatographic purification (silica,
eluent petroleum ether:diethyl ether, 97:3), the pure product was obtained as a
colorless oil (785 mg, 83%). *H NMR (300 MHz, CDCl5, 8): 7.13 (d, J = 4.9 Hz,
2H), 6.91 (d, J = 4.9 Hz, 1H), 6.90 (d, J = 4.9 Hz, 1H), 4.08 (q, J = 7.1 Hz,
2H), 2.15 (t, J = 7.5 Hz, 2H), 1.95-1.75 (m, 4H), 1.55-1.40 (m, 2H), 1.30-1.15
(m, 5H), 1.15-0.80 (m, 10H), 0.75 (t, J = 6.9 Hz, 3H), 0.70-0.55 (m, 4H); 13C
NMR (100 MHz, CDCIs, 8): 173.8, 157.7, 157.6, 136.7, 124.4, 121.9, 60.2,

53.2, 41.7, 39.3, 35.2, 34.3, 34.1, 29.4, 28.6, 27.2, 24.7, 23.9, 22.8, 14.3,
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14.1, 10.7; HRMS (ESI) m/z: [M+Na]* calcd. for CysHss0,S;Na, 455.2049;

found, 455.2038.

Ethyl 6-{2’,6’-dibromo-4’-(2"-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b']-
dithiophen-4’-yl}hexanoate (6)

Ethyl 6-{4'-(2"-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b']dithiophen-4'-yl}hexa-
noate (5) (785 mg, 1.81 mmol) was dissolved in CHCI5 (15 mL) and the solution
was cooled down to 0 °C. NBS (678 mg, 3.81 mmol) was added and the
resulting solution was stirred for 2 h at room temperature. Water was added and
the mixture was extracted with diethyl ether. After drying with MgSQy,, filtration,
solvent evaporation in vacuo and purification via column chromatography (silica,
eluent petroleum ether:diethyl ether, 97:3), the pure product was obtained as a
colorless oil (931 mg, 87%). *H NMR (400 MHz, CDCls, 8): 6.92 (s, 1H), 6.91 (s,
1H), 4.09 (q, J = 7.1 Hz, 2H), 2.18 (t, J = 7.5 Hz, 2H), 1.88-1.70 (m, 4H),
1.52-1.42 (m, 2H), 1.23 (t, J = 7.1 Hz, 3H), 1.19-1.09 (m, 2H), 1.07-0.81 (m,
10H), 0.78 (t, J = 7.0 Hz, 3H), 0.68-0.57 (m, 4H); 3C NMR (100 MHz, CDCls,
0): 173.8, 155.7, 155.6, 136.6, 124.9, 124.8, 111.2, 111.1, 60.3, 55.0, 41.7,
39.2, 35.4, 34.4, 34.0, 29.5, 28.6, 27.4, 24.8, 24.0, 22.9, 14.4, 14.2, 10.8;
HRMS (ESI) m/z: [M+Na]® calcd. for C,sH34Br,0,S;Na, 613.0239; found,

613.0204.

Ethyl 6-{4’-(2"’-ethylhexyl)-2’,6’-bis(trimethylstannyl)-4H-cyclopenta-
[2,1-b:3,4-b']dithio-phen-4’-yl}hexanoate (M3)

Ethyl 6-{2’,6’-dibromo-4'-(2"-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b"]dithio-
phen-4’-yl}hex-anoate (6) (931 mg, 1.58 mmol), hexamethylditin (2.00 g, 6.10
mmol), LiCl (234 mg, 5.53 mmol) and Pd(PPh3); (92 mg, 0.079 mmol) were

dissolved in dry degassed toluene (10 mL) under N, atmosphere and heated at
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105 °C for 1 h. The mixture was cooled down to room temperature and water
was added. After extraction with diethyl ether, the organic phase was washed
with water, dried over MgSO,, filtered and evaporated to dryness. The crude
product was passed through a silica plug and purification with preparative
recycling SEC yielded the pure product as a pale yellow oil (694 mg, 58%). 'H
NMR (400 MHz, CDCls, 8): 6.93 (s, 1H), 6.92 (s, 1H), 4.08 (q, J = 7.1 Hz, 2H),
2.17 (t, J = 7.6 Hz, 2H), 1.91-1.75 (m, 4H), 1.54-1.45 (m, 2H), 1.22 (t, J =
7.1 Hz, 3H), 1.20-1.11 (m, 2H), 1.03-0.80 (m, 10H), 0.73 (t, J = 7.0 Hz, 3H),

0.63-0.55 (m, 4H), 0.36 (s, 18H).

Poly{4-(2’-ethylhexyl)-4-octyl-4H-cyclopenta[2,1-b:3,4-b’]dithiophene-
2,6-diyl-alt-2,1,3-benzothiadiazole-4,7-diyl} (P1)

A solution of 2,6-bis(trimethylstannyl)-4-(2'-ethylhexyl)-4-octyl-4H-
cyclopenta[2,1-b:3,4-b]dithiophene (M1) (102 mg, 0.140 mmol) in dry toluene
(3.2 mL) was added to a mixture of 4,7-dibromo-2,1,3-benzothiadiazole (41.2
mg, 0.140 mmol), Pdy(dba)s (3.2 mg, 0.0035 mmol) and P(o-tol); (4.3 mg,
0.014 mmol) in dry DMF (0.8 mL) under a N, atmosphere. After purging with N,
for 30 min, the mixture was heated to 110 °C for 15 h. The green-black solution
was added dropwise to MeOH and the resulting precipitate was filtered in a
Soxhlet timble. The crude polymer was purified by subsequent Soxhlet
extractions with methanol, acetone, hexanes and chloroform. The chloroform
fraction was further purified by preparative SEC and finally precipitated in MeOH
to yield a greenish black solid (43.7 mg, 57%). 'H NMR (400 MHz, CDCl;, 5):
9.1-7.5 (br, 2H), 7.5-6.1 (br, 2H), 3.0-0.2 (br, 34H); SEC (THF, 40 °C, PS
standards): before prep-SEC: M, 20 kDa, PDI 2.4; after prep-SEC: M, 26 kDa,

PDI 3.2.
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Poly{4-(2’-ethylhexyl)-4-(6'-hydroxyhexyl)-4H-cyclopenta[2,1-b:3,4-
b’]dithiophene-2,6-diyl-alt-2,1,3-benzothiadiazole-4,7-diyl} (P2)

P2 was prepared similar to P1. CPDT monomer M2 (0.393 g, 0.548 mmol), 4,7-
dibromo-2,1,3-benzothiadiazole (0.161 g, 0.548 mmol), Pd,(dba); (12.5 mg,
13.7 pmol) and P(o-tol); (16.7 mg, 54.8 pmol) were dissolved in 9.0 mL of dry
toluene and 2.3 mL of dry DMF. Soxhlet extractions were subsequently
performed with hexanes, acetone and CHCIs. Due to the rather limited solubility
of the polymer in CHCIs, purification by preparative SEC was not performed on
this material. The final polymer was obtained as a greenish black solid (223 mg,
77%). *H NMR (400 MHz, CDCl;, 3): 8.6-7.6 (br, 2H), 7.6-6.8 (br, 2H), 4.0-3.3
(br, 2H), 3.0-0.2 (br, 28H); SEC (THF, 40 °C, PS standards): M, 13 kDa, PDI

2.5.

Poly{4-(2’-ethylhexyl)-4-(6"-ethoxy-6"-oxohexyl)-4H-cyclopenta[2,1-
b:3,4-b']dithiophene-2,6-diyl-alt-2,1,3-benzothiadiazole-4,7-diyl} (P3)
P3 was prepared similar to P1. CPDT monomer M3 (0.162 g, 0.214 mmol), 4,7-
dibromo-2,1,3-benzothiadiazole (0.063 g, 0.214 mmol), Pd,(dba)s (4.9 mg, 5.3
pmol) and P(o-tol); (6.5 mg, 21.4 pmol) were dissolved in 5.0 mL of dry toluene
and 1.2 mL of dry DMF. The final polymer was obtained as a greenish black solid
(66 mg, 55%). 'H NMR (400 MHz, CDCls, 3): 8.3-7.6 (br, 2H), 7.6-6.7 (br, 2H),
4.4-3.8 (br, 2H), 3.0-0.3 (br, 30H); SEC (THF, 40 °C, PS standards): before

prep-SEC: M, 39 kDa, PDI 3.0; after prep-SEC: M, 46 kDa, PDI 1.7.
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3.7.2 Thermal analysis
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Figure S1: RHC profiles for a) the three PCPDTBT copolymers, and b) the

P1-P3:PC,;BM(1:3) blends (curves shifted vertically for clarity).
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3.7.3 Additional solar cell degradation data and TEM figures
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Figure S2: Degradation curves (Voc, Jsc and FF) for the polymer solar cells
based on P1-P3 (650 h at 85 °C). The curves are normalized to the first

measurement point at 85 °C.
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Figure S3: (a) TEM bright field image of a P1:PC,;BM blend film annealed at 220
°C for 3 h, showing the formation of microcrystals and phase separation. (b)
SAED image procured from aggregated domains in the bright field image,
illustrating the formation of crystalline regions, most likely to be ascribed to
PC,;BM. (c) Circular dark field image made by electrons scattered into the sharp
diffraction ring. (d) Circular dark field image made by electrons scattered into
the diffuse diffraction ring, indicating the more amorphous matrix in the

polymer:PC;;BM blend.
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Figure S4: TEM images of P1-P3:PC,;BM (left to right) BH] blends exposed to

85 °C for 150 h in the dark.

Table S1: Roughness and peak to peak (P2P) distance data procured from AFM

measurements and polymer solar cell devices.

Polymer Treatment R, Rq P2P
P1 0 h at 85 °C 0.61 1.11 37.62
P1 650 h at 85 °C 0.56 0.98 43.94
P2 0 h at 85 °C 0.43 0.55 9.02
P2 650 hat85°C 0.36 0.46 5.55
P3 0 hat85°C 1.09 1.38 19.56
P3 650 hat85°C 1.09 1.37 13.96
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Table S2: I-V characteristics of the polymer solar cells based on P1-P3 after

aging in the dark at 85 °C for 0, 6 and 25 h.

Voc Jsc Best PCE Average PCE &
Polymer Treatment FF

[v] [mA cm?] [%] [%]
P1 pristine 0.59 9.57 0.44 2.57 2.49
P1 dark + 6 h at 85 °C 0.59 7.04 0.43 1.90 1.78
P1 dark + 25 h at 85 °C 0.59 6.58 0.43 1.71 1.67
P2 pristine 0.59 7.54 0.44 1.99 1.94
P2 dark + 6 h at 85 °C 0.59 6.58 0.45 1.80 1.76
P2 dark + 25 h at 85 °C 0.59 6.17 0.45 1.67 1.64
P3 pristine 0.56 9.58 0.51 3.21 2.72
P3 dark + 6 h at 85 °C 0.54 7.45 0.47 2.18 1.78
P3 dark + 25 h at 85 °C 0.55 6.58 0.46 1.70 1.64

3Averages were taken across 4—8 devices, with an active area of 3 mm2.
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Chapter 4

Enhanced Open-Circuit Voltage in
Polymer Solar Cells by Dithieno[3,2-
b:2’,3’-d]pyrrole N-Acylation
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ABSTRACT

A series of low bandgap copolymers composed of N-acyl-substituted dithieno[3,2-
b:2’,3’-d]pyrroles (DTP’s) as the electron rich donor constituents (with various
alkyl side chain patterns) combined with different electron deficient acceptor
building blocks are developed for polymer solar cell applications. Due to the
introduction of the N-acyl substituents, the HOMO energy levels of the push-pull
copolymers decrease as compared to the N-alkyl-DTP analogues, resulting in an
increased open-circuit voltage (Voc) and hence solar cell performance. For an N-
acyl-DTP-alt-thieno[3,4-c]pyrrole-4,6-dione  (PDTP-TPD) copolymer a bulk
heterojunction device with a Voc up to 0.80 V and a power conversion efficiency
of 4.0% is obtained, the highest value for DTP-based polymer materials to date.
Moreover, by implementation of a conjugated polyelectrolyte cathode interlayer
the short-circuit current noticeably increases, enhancing the solar cell efficiency to

5.8%.
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4.1 INTRODUCTION

Polymer solar cells (PSC’s) are studied extensively since they offer the potential
of low-cost solution processing and manufacturing of large areas via (roll-to-roll)
printing technologies.! Furthermore, they can be produced with tuneable colour
and transparency on flexible substrates and they are light-weight, attractive
features that allow to target photovoltaic (PV) applications and products beyond
traditional Si-based PV. Through careful molecular and device engineering the
power conversion efficiencies (PCE’s) of bulk heterojunction (BHJ]) PSC’s have
steadily increased to over 9%.'2 The photoactive layer of high performance BHJ
PSC devices consists of an intimate blend of a low bandgap electron donor
polymer and a fullerene acceptor (most often [6,6]-phenyl-C;-butyric acid
methyl ester or PC,;BM). The state of the art low bandgap copolymers are
composed of alternating electron rich (donor) and electron poor (acceptor)
heterocyclic moieties, affording intramolecular charge transfer and thereby
broadening the absorption window. Conjugated polymer engineering mostly
focuses on the design and variation of the donor and acceptor subunits. As such,
the performance of PSC’s based upon a wide variety of different push-pull
copolymers has been reported and the fundamental understanding of molecular
structure-device efficiency relations has strongly increased.! Prerequisites for
high performance solar cells in terms of the electron donor copolymers are a
high extinction coefficient throughout the whole solar emission range and a low-
lying HOMO (highest occupied molecular orbital) level. While photon absorption
is a determining parameter for the short-circuit current density (Jsc), the
difference between the HOMO of the electron donor polymer and the LUMO

(lowest unoccupied molecular orbital) of the electron acceptor component has
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been shown to be proportional to the open-circuit voltage (Voc). A sufficiently
large LUMO offset is required to provide enough driving force for electron
transfer.! On the other hand, an increase in the bandgap of the donor copolymer
reduces the absorption width. In this respect, there is always a trade-off
between Voc and Jsc, and fine-tuning of the HOMO/LUMO levels of the push-pull
copolymers is imperative to achieve optimal solar cell efficiencies. An attractive
approach to optimize the energy levels involves the introduction of electron
withdrawing substituents on the conjugated polymer backbone. Fluorination has
become a quite general and effective strategy, either on the donor or acceptor
building block,?? resulting in a lowering of both the HOMO and LUMO levels.
Combinations of several electron withdrawing groups have also been

investigated.*

Copolymers composed of alternating N-alkyl-substituted dithieno[3,2-b:2,3'-
d]pyrroles (DTP’s) and various electron poor building blocks have been applied

in PSC’s with limited success, *®

mainly due to the high HOMO levels, majorly
determined by the electron rich DTP units. These high HOMO levels give rise to
rather low Voc’s and consequently, although Jsc’s as high as 14.9 mA cm™ have
been observed for DTP-alt-DPP copolymers,®® the highest PCE to be reported
was only 2.8%.%%" On the other hand, the DTP fused heterocyclic system also
has a few important strengths. It is readily accessible and copolymers with
thiophene have shown high charge carrier mobilities in field-effect transistors
(FET's), despite being amorphous.” Dye-sensitized solar cells based on DTP
materials have shown excellent performances as well,® and recently small

molecule organic solar cells based on N-alkyl-DTP have afforded up to 4.8%

efficiency.”®
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In 2010, Rasmussen and co-workers reported the synthesis of N-acyl-
substituted DTP’s,'° offering a novel pathway to lower the HOMO levels. In the
presented work we have employed this strategy towards the synthesis of
alternating low bandgap copolymers, combining N-acyl-DTP’s with variable side
chain patterns with a number of different acceptor derivatives. For the solar cells
based on these copolymers (in combination with PC,,BM) the Voc was effectively
enhanced (up to 0.80 V), enabling to obtain a record solar cell efficiency of 4.0%
for DTP-based copolymers. By spin-coating an additional very thin conjugated
polyelectrolyte (CPE) layer on top of the active layer,'! the short-circuit current

density was further increased, leading to a maximum PCE of 5.8%.

4.2 RESULTS AND DISCUSSION

4.2.1 Synthesis and characterization

For the construction of the low bandgap copolymers, the Stille polycondensation
reaction was chosen, combining distannylated N-acyl-substituted DTP’s and
several dibrominated acceptor derivatives. The required bis(trimethylstannyl)-N-
acyl-DTP’s 4a—c were synthesized by Stille cross-coupling of hexamethylditin
and dibrominated DTP precursors 3a—c (Scheme 1), prepared by a literature
procedure.'%!2 This protocol consists of a copper catalyzed tandem reaction'® of
an alkyl amide and 3,3’-dibromo-2,2’-bithiophene (1)** to obtain DTP's 2a—c,
followed by dibromination with N-bromosuccinimide (NBS). Three different alkyl
side chain patterns were introduced to optimize polymer solubility, taking into
account the side chain decoration of the acceptor building blocks, and final
active layer blend morphology. Synthesis of 2-ethylhexanamide!® and 2-

propylpentanamide!® was done according to literature and 2-hexyldecanamide

147



Chapter 4

was synthesized via a similar approach. As the purity of the bisstannyl-DTP
monomers is of crucial importance for the correct stoichiometric balance in the
polycondensation reactions to enable the formation of high molar mass
materials, and the monomers (oily substances) cannot be crystallized, recycling
(preparative) size exclusion chromatography (SEC) was applied for monomer
purification. In this way, residual amounts of monostannylated DTP and DTP
oligomers were readily removed. Due to side reactions and the aim for high
purity, the yields for the final stannylation step were moderate (39-55 %).

Dibrominated acceptors 4,7-dibromo-2,1,3-benzothiadiazole (BT 5),}” 2,5-bis-
[5’-bromo-3'-(2"-ethylhexyl)thiophen-2'-yl]thiazolo[5,4-d]thiazole (DTTzTz 6),8
and 4,7-bis[5’-bromo-4'-(2"-ethylhexyl)thiophen-2'-yl]-5,6-difluoro-2,1,3-
benzothiadiazole (DTBT 7)° were synthesized according to literature
procedures, whereas 1,3-dibromo-5-(2’-ethylhexyl)-4H-thieno[3,4-c]pyrrole-
4,6(5H)-dione (TPD 8) was purchased from Sigma-Aldrich and purified by
preparative SEC prior to use. The Stille polycondensation reactions were
performed under standard conditions (2.5 mol% Pd,dbas, 10 mol% P(o-tolyl)s,
toluene/DMF, 105 °C, 1 h; Scheme 2) and the crude polymer materials were
isolated upon precipitation in ice-cold methanol. No end-capping procedures
were applied. The low molar mass fractions were removed by sequential Soxhlet
extractions. The copolymers PDTP-DTTzTz-c and PDTP-TPD-c were readily
soluble in chloroform. For PDTP-BT-c a fraction soluble in (hot) chlorobenzene
was isolated by Soxhlet extraction. However, a large insoluble fraction remained
in the Soxhlet timble. PDTP-DTBT-b dissolved in (hot) o-dichlorobenzene only
and for PDTP-DTTzTz-a no suitable solvent was found. In general, the
solubility of the synthesized copolymers is lower as compared to the N-alkyl-DTP

analogues (for example, the copolymer N-1-pentylhexyl-DTP-alt-BT was
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reported to be readily soluble in common organic solvents,®® whereas PDTP-BT-
c has a very low solubility).

The apparent molar masses of the polymers were determined by SEC relative to
polystyrene standards (Table 1). As expected, the M, of the soluble fraction of
PDTP-BT-c was rather low (7.6 kg mol?), but for the PDTP-DTTzTz-c and
PDTP-TPD-c materials bearing long branched alkyl side chains reasonably high
molar masses were obtained (28 and 29 kg mol™, respectively). Since polymer
chain length and purity are important factors determining solar cell
performance,’?° the low and high molar mass fractions of PDTP-TPD-c were
separated by preparative SEC to yield a PDTP-TPD-c-H fraction with an M, of
69 kg mol? (see Fig. S1 for chromatograms prior and after preparative SEC).
Fractionation of PDTP-DTTzTz-c was hindered by its strong aggregation in

chloroform and o-dichlorobenzene.

O R O R
toluene m
cho3 CHCl4 /Qs_z—)\
a-c
y Cul
N \/\N/
H Me3zSn—SnMe; | Pd(PPhj),

toluene/DMF LiCl
C,Hg CgHi7

C4He CoHhs OYR

b—r= —{ I\

SnMe;

Scheme 1: Synthesis of distannylated N-acyl-DTP monomers 4a—c.
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Scheme 2: Polymerization of N-acyl-DTP monomers 4a—c with various acceptors

by Stille cross-coupling (similar reaction conditions for all polymerizations: 2.5

mol% Pd,dbas, 10 mol% P(o-tolyl)s, toluene/DMF, 105 °C, 1 h; a,b and c denote

the alkyl side chain patterns).

4.2.2 Photophysical and electrochemical properties

UV-Vis absorption spectra in solution and thin film were recorded for all

copolymers (Fig. 1). All polymers have a broad absorption in the visible region

and PDTP-BT-c and PDTP-DTBT-b also absorb in the UV range. Upon transition
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from solution to film, a broad shoulder around 760 nm appears in the spectrum
of PDTP-BT-c, and the absorption maximum shifts from 632 to 651 nm. The
PDTP-DTTZTz-c material shows a larger optical bandgap, in accordance with the
electrochemical data (vide infra, Table 1). The wavelength at maximum
absorption for PDTP-DTTzTz-c shows only a slight red shift from 572 nm to 580
nm upon transition to film, probably because the polymer is already strongly
aggregated in chloroform solution. A similar behaviour was previously observed
for a 4H-cyclopenta[2,1-b:3,4-b']dithiophene-alt-dithienylthiazolo[5,4-d]thiazole
(PCPDT-DTTzTz) copolymer.?®® This is consistent with the observation that
filtration over a 0.45 pm filter renders a colourless filtrate. PDTP-DTBT-b
behaves similar since no substantial red shift is observed between the spectra in
solution and film. Finally, PDTP-TPD-c does show a significant red shift of the
absorption maxima in thin film (from 610 and 666 nm to 644 and 685 nm,
respectively). The relative intensity of the absorption band at higher wavelength

slightly increases as well.

The electrochemical properties of the polymers were investigated by cyclic
voltammetry (CV) and HOMO and LUMO energy levels were determined from the
onset of the first oxidation and reduction peaks, respectively (see Table 1). The
HOMO levels of all polymers are comparable, except for PDTP-TPD-c, which has
a substantially deeper HOMO. If one compares these values to the previously
reported HOMO energies for analogous N-alkyl-substituted DTP copolymers
‘alkyl-PDTP-BT"®® and ‘alkyl-PDTP-TPD’®¢® (Table 1 and Fig. S2), it is clear that
the HOMOQO'’s of PDTP-BT-c and PDTP-TPD-c are lowered substantially (by 0.46

and 0.30 eV, respectively) due to the introduction of the N-acyl groups.
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Figure 1: UV-Vis absorption spectra for all soluble DTP-based copolymers in

solution (top) and thin film (bottom; same colour code)

4.2.3 DFT calculations

To analyze the interactions between the donor and acceptor moieties of the
polymers and their impact on the positions of the HOMO and LUMO levels,
density functional theory (DFT) calculations were performed using the M052!
exchange-correlation functional and the 6-311G(d) basis set. The effects of the
solvent (THF) were taken into account within the integral equation formalism of
the polarizable continuum model (IEF-PCM).?? All calculations were carried out
using Gaussian09.%® First, the ground state geometries were fully optimized for

the individual donor and acceptor moieties as well as for the donor-acceptor
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combinations (DA). Several conformations differing by the torsion angle between
the donor and acceptor units have been considered and the most stable ones
were selected to perform calculations on the dimers of donor-acceptor units
(DADA). In the calculations, the large alkyl chains were substituted by methyl
groups, which accelerates the calculations without impacting the results. Using
the optimized geometries, the energies and the topologies of HOMO and LUMO
were determined (Table 1). The experimental trends are confirmed by the
calculations, i.e. i) PDTP-TPD has the lowest-energy HOMO, whereas the other
N-acyl-DTP-based materials exhibit similar HOMO energies (most clear for the
DADA systems), ii) PDTP-DTTzTz has the highest LUMO, and iii) replacing the
alkyl by an acyl substituent stabilizes the HOMO by about 0.3 eV. The lowest
HOMO of PDTP-TPD can be explained by referring to two effects: i) the larger
the difference between the HOMOQO's of the donor and acceptor moieties, the
smaller the splitting of the HOMO levels and therefore the lower the HOMO of
the DA and DADA oligomers, and ii) in case of similar energy levels, larger
torsion angles - between the donor and acceptor pairs or, for PDTP-DTTzTz and
PDTP-DTBT, inside the acceptor - lead to smaller splitting and lower HOMO. So,
the HOMO of the TPD acceptor (-7.67 eV) of PDTP-TPD is much lower than the
HOMO of the N-acyl-DTP moiety (-6.01 eV), which gives a HOMO for the DA unit
of -5.93 eV (i.e. close to the DTP donor unit). On the contrary, the splitting of
the HOMO levels in PDTP-DTTzTz is larger since the HOMO of the DTTzTz
acceptor is located at -5.87 eV (closer to the HOMO of the N-acyl-DTP moiety).
Consequently, the HOMO of the DA unit goes up to -5.58 eV. Moreover, when
going from the N-alkyl to the N-acyl derivatives, the stabilization of the HOMO of
the oligomers results from a stabilization of the HOMO of the donor by 0.30 eV.

Finally, as shown in Fig. 2, the delocalization of the HOMO over the whole
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system, and therefore the size of the units and the amplitude of the torsion
angles, plays also a role on the evolution of the frontier orbital levels as a

function of system size, going from DA to DADA.
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Figure 2: Sketch of the HOMO (left) and LUMO (right) of PDTP-DTTzTz (top)
and PDTP-TPD (bottom) for the most stable conformer (isosurfaces of 0.02

a.u.; DADA oligomers).

4.2.4 Photovoltaic properties

To evaluate their photovoltaic properties, the N-acyl-DTP-based copolymers
were blended with PC,;BM and applied as photoactive layers in BH] organic solar
cells with a standard configuration (glass:ITO:PEDOT-PSS:active layer:Ca:Al,
Table 2 and Fig. 3). The low solubility of PDTP-BT-c and PDTP-DTBT-b
impeded smooth processing and lead to poor active layer film quality and very
low PCE’s. For the devices with PDTP-DTTzTz-c:PC,;BM (1:3 optimized ratio)
active layer blends spin-coated from chlorobenzene (CB), a Voc of 0.64 V was
obtained (PCE 2.47%), which is rather high when compared to most N-alkyl-DTP
based copolymers.>® This is consistent with both the experimentally and

theoretically derived deepened HOMO levels due to the introduction of the N-
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acyl groups. By using 1-chloronapthalene (CN) as a processing additive, the Jsc
and fill factor (FF) were increased by approximately 10% and a PCE of 3.29%

was obtained (Fig. 3, Table 2).
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Figure 3: J-V curves of PSC’s with PDTP-DTTzTz-c:PC,;BM (top) or PDTP-TPD-

c-H:PC;;BM (bottom) photoactive layers processed from different solvents

The combination of TPD with various donor units has already been reported to
lead to excellent solar cell performances and improved Voc’s.5¢®2* As the PDTP-
TPD copolymer showed the lowest HOMO value amongst the series, this
material was thought to have the most promising characteristics to afford high

solar cell efficiencies. TPD was combined with N-acyl-DTP 4c decorated with the
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longest branched alkyl side chain to ensure good solubility. Furthermore, the
obtained crude polymer (after Soxhlet extractions) was further purified and
fractionated by preparative SEC, which was previously shown to be an effective
means to enhance solar cell performance (by improving material purity and
increasing M,).?° Processing PDTP-TPD-c-H:PC,;BM (1:3 optimized ratio)
blends from o-dichlorobenzene (0-DCB) resulted in devices with an open-circuit
voltage of 0.70 V and blends in chloroform afforded an even higher Voc of 0.80
V, the highest value reported for DTP-based copolymers to date. Addition of a
processing additive (1,8-diiodooctane or DIO) again resulted in an increase in
Jsc, which was most pronounced for chloroform as a solvent. In this case, the
Jsc increased quite drastically (by a factor 3.5 up to 9.88 mA cm™), without
affecting the FF and Voc, giving rise to a PCE of 4.04% (Fig. 3, Table 2). The
external quantum efficiency (EQE) was determined for the best performing
devices (Fig. 4), showing the PC,;BM contribution at shorter wavelengths and a
polymer contribution up to ~650 or 750 nm for PDTP-DTTzTz-c and PDTP-

TPD-c-H, respectively, in accordance with the UV-Vis absorption spectra.
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Figure 4: EQE spectra for the best performing PSC devices.
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The influence of the processing additives can be related to an optimized BHJ
blend morphology, as clearly evidenced by AFM imaging.}®® The thin film
topography of the active layers as investigated by PeakForce AFM showed
(similar) large scale phase segregation if no processing additive was employed
(Fig. 5). From these images, characteristic spherical structures can be observed,
for which the calculated surface coverage was found to be ~70—75%.
Additionally, the obtained layers were subjected to conductive AFM (C-AFM)
under positive and negative sample bias (Fig. S3). When applying a positive
bias, the spherical shapes showed conductivity, which was absent under
negative bias. The opposite holds true for the space around the spherical
shapes.?® This confirms the idea that these spherical structures consist mainly of
PC,;BM, and that the polymer rather forms the surrounding matrix. A similar
topography has been described for other DTP-based materials.®™® The observed
large phase segregation is unfavourable for solar cell performance since it leads
to a reduced interfacial area between PC,;BM and copolymer, necessary for
efficient charge separation. It is well known that processing additives can greatly
suppress the size of these phase-segregated domains.!f Through the addition of
a small amount of CN (for PDTP-DTTzTz-c) or DIO (for PDTP-TPD-c-H), a
strong improvement in blend (nano)morphology could be obtained (Fig. 5). This
phenomenon was confirmed by C-AFM images under positive and negative bias

showing a uniform conductance (Fig. S3).
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PDTP-DTTzTz-c
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Figure 5: Topographic PeakForce tapping mode AFM images of spin-coated films

of PDTP-X and PC;;BM (measurements on solar cell devices).

Finally, to enhance the PCE of the PDTP-TPD-c-H:PC,;BM PSC’s even further,

an additional CPE interlayer?%:2’

was spin-coated between the active layer and
the Al top electrode (replacing the oxidatively labile Ca layer). In previous work,
we have introduced imidazolium-substituted ionic polythiophenes as effective
cathode interlayer materials pushing up the efficiencies of polymer solar cells,
mainly by increasing the short-circuit current.'?® The addition of a thin cathode
interlayer is generally believed to induce an aligned interphase dipole, reducing
resistance and affording more efficient charge extraction from the active layer to
the top electrode. Two different CPE’s, differing by their composition (homo- vs
copolymer), side chain patterns and counter ions (Br and TFSI,?® see Fig. S4),

were applied on top of PDTP-TPD-c:PC,;BM active layers to investigate their

influence on the I-V characteristics. As shown in Table 2 and Fig. 3 (EQE’s in Fig.
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S5), this resulted in a substantial increase of the Jscfor both cases (with smaller
effects on Voc and FF). The effect was most pronounced for the CPE-TFSI
interlayer, with a noticeable increase in Jsc of ~35% (up to 13.3 mA cm™),

leading to a final PCE of 5.82%.

Table 2: Photovoltaic performances of N-acyl-DTP-based BHJ polymer solar cell

devices.
Voc Jsc Best PCE Average PCE®
Material® Processing solvent FF
(V) (mAcm?) (%) (%)
PDTP-DTTzTz-c:PC;;BM CB 0.64 7.61 0.51 2.47 2.31
PDTP-DTTzTz-c:PC7;BM CB + 3% (v/v) CN 0.66 8.89 0.56 3.29 3.09
PDTP-TPD-c-H:PC;;BM o-DCB 0.70 5.30 0.39 1.46 1.17
PDTP-TPD-c-H:PC;,;BM 0-DCB + 3% (v/v) DIO 0.72 6.99 0.35 1.74 1.65
PDTP-TPD-c-H:PC;;BM CHCl3 0.80 2.85 0.52 1.20 1.15
PDTP-TPD-c-H:PC;;BM CHCl3+ 3% (v/v) DIO 0.80 9.88 0.51 4.04 3.74
PDTP-TPD-c-H:PC;;BM
CHCIs+ 3% (v/v) DIO  0.82 12.35 0.50 5.40 5.01
/CPE-Br/Al
PDTP-TPD-c-H:PC;;BM
CHCls+ 3% (v/v) DIO  0.82 13.30 0.53 5.82 5.42

/CPE-TFSI/AI

2 1:3 polymer:fullerene ratio. ® Averages over 4-8 devices

4.3 CONCLUSIONS

In summary, N-acyl-DTP’s have been identified as attractive building blocks for
light-harvesting low bandgap copolymers for organic photovoltaics. The open-
circuit voltage of polymer solar cells derived from N-acyl-substituted DTP-alt-
acceptor copolymers is notably higher than previously observed for the N-alkyl-
DTP analogues, with PDTP-TPD showing the highest Voc (0.80 V) among the

series. Consequently, the solar cell efficiencies are significantly higher than for
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the best performing N-alkyl-substituted DTP-based polymer donor material
reported so far (PCE of 2.8%).%5" N-acyl-substitution of DTP is hence an
effective approach to an increased Voc for polymer solar cells. Moreover, the
solar cell efficiencies were further enhanced by the addition of a conjugated
polyelectrolyte cathode interlayer, mainly by an increase in short-circuit current,
up to a PCE of 5.82%. Further improvements are currently pursued by continued
energy level tailoring, variation of the (N-acyl-DTP) side chain pattern and

device optimization.?®

4.4 EXPERIMENTAL SECTION

4.4.1 Materials and instruments

Unless stated otherwise, all reagents and chemicals were obtained from
commercial sources and used without further purification. 1,3-Dibromo-5-(2'-
ethylhexyl)-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione (TPD 8) (Sigma-Aldrich, 97
%) was purified by preparative SEC prior to use. Preparative (recycling) SEC
was performed on JAIGEL 1H and 2H columns attached to an LC system
equipped with a UV detector (path 0.5 mm) and a switch for recycling and
collecting the eluent (CHCl5: flow rate 3.5 mL min?, injection volume 3.0 mL).
Solvents were dried by a solvent purification system (MBraun, MB-SPS-800)
equipped with alumina columns. NMR chemical shifts (6, in ppm) were
determined relative to the residual CHCl; (7.26 ppm) or CDHCl, (5.32 ppm)
signals or the !3C resonance shift of CDCl; (77.16 ppm). For the N-acyl-
substituted DTP’s quantitative 3C NMR measurements were obtained with
chromium(III) acetylacetonate as a relaxation agent. High resolution

electrospray ionization-mass spectrometry (ESI-MS) was performed using an
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LTQ Orbitrap Velos Pro mass spectrometer equipped with an atmospheric
pressure ionization source operating in the nebulizer assisted electrospray mode.
The instrument was calibrated in the m/z range 220-2000 using a standard
solution containing caffeine, MRFA and Ultramark 1621. UV-Vis measurements
were performed on a VARIAN Cary 5000 UV-Vis-NIR spectrophotometer with a
scan rate of 600 nm min?'. The films for the UV-Vis measurements were
prepared by drop-casting the polymer solutions (PDTP-BT-c in chlorobenzene,
PDTP-DTBT-b in (warm) o-dichlorobenzene, and PDTP-DTTzTz-c and PDTP-
TPD-c in chloroform) on a quartz substrate. The solid-state UV-Vis spectra were
used to estimate the optical band gaps (from the wavelength at the intersection
of the tangent drawn at the low energy side of the absorption spectrum with the
x-axis; Eq (eV) = 1240/(wavelength in nm). FT-IR spectra of 2-hexyldecanamide
and dibrominated DTP’s 3a-c were recorded as thin films on a NaCl disk with a
Bruker Tensor 27 from 1000 to 4000 cm™. Analysis of the molar masses and
molar mass distributions of the polymers was performed on a Tosoh EcoSEC
System comprising of an autosampler, a PSS guard column SDV (50 x 7.5 mm),
followed by three PSS SDV analytical linear XL columns (5 um, 300 x 7.5 mm), a
differential refractive index detector (Tosoh EcoSEC RI) and a UV-detector (254
nm) using THF as the eluent at 40 °C with a flow rate of 1.0 mL min™l. In
particular cases (due to solubility issues) a Spectra Series P100 (Spectra
Physics) pump equipped with two mixed-B columns (10 ym, 2 x 30 cm, Polymer
Laboratories) and an Agilent 1100 DAD UV detector (600 nm) was applied with
chlorobenzene as an eluent at 60 °C and a flow rate of 1.0 mL min™l. Both
systems were calibrated using linear narrow polystyrene standards.
Electrochemical measurements (cyclic voltammetry) were performed with an Eco

Chemie Autolab PGSTAT 30 potentiostat/galvanostat using a three-electrode
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microcell with a Pt working electrode, a Pt counter electrode and a Ag/AgNO;
reference electrode (Ag wire dipped in a solution of 0.01 M AgNOs and 0.1 M
NBu4PFs in anhydrous acetonitrile). The reference electrode was calibrated
against ferrocene/ferrocenium as an external standard. Samples were prepared
by dip-coating the Pt working electrode in the respective polymer solutions (also
used for the film preparation for solid-state UV-Vis). The CV measurements were
done on the resulting films with 0.1 M NBu4PFg in anhydrous acetonitrile as the
electrolyte solution. To prevent air from entering the system, the experiments
were conducted under a curtain of Ar. Cyclic voltammograms were recorded at a
scan rate of 100 mV s'. The HOMO-LUMO frontier energy levels were
determined using the onset potentials for oxidation and reduction, referenced to
ferrocene/ferrocenium, which is estimated to have an oxidation potential of -

4,98 eV vs. vacuum.

4.4.2 Monomer synthesis

2-Hexyldecanamide

A mixture of 2-hexyldecanoic acid (8.28 g, 32.3 mmol) and SOCI, (2.93 mL,
40.4 mmol) was refluxed for 30 min and subsequently added drop wise to an
ice-cold ammonia solution (32% in H,O; 25.8 mL). The resulting precipitate was
filtered off, washed with H,O and recrystallized from MeOH, yielding a white
solid (6.13 g, 74 %). &y (400 MHz, CDCl5): 5.82 (br, 1H), 5.70 (br, 1H), 2.16-
2.06 (m, 1H), 1.64-1.51 (m, 2H), 1.48-1.37 (m, 2H), 1.36-1.18 (m, 20H),
0.90-0.84 (m, 6H), dc (100 MHz, CDCl3): 179.2 (CO), 47.4, 33.2, 32.0, 31.8,
29.8, 29.6, 29.5, 29.4, 27.7, 22.7, 14.3, HRMS: Calcd. for C;gH34NO [M+H]*:
256.2562, found: 256.2651, FT-IR: vj.,/cm™ 3370, 3181, 2952, 2920, 2851,

1655, 1465, 1423, 1319, 1284, 1147, 1134,
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N-acyl-substituted DTP’s 3a-c were prepared according to literature

procedures.9:12

N-(2-Ethylhexanoyl)dithieno[3,2-b:2’,3’-d]pyrrole (2a)

Green solid (1.642 g, 44%), 6y (400 MHz, CD,Cl,): 8.10-7.00 (br, 2H), 7.28 (d,
J = 5.3 Hz, 2H), 3.40-3.28 (m, 1H), 1.98-1.84 (m, 2H), 1.80-1.62 (m, 2H),
1.42-1.25 (m, 4H), 0.97 (t, J = 7.4 Hz, 3H), 0.87 (t, J = 7.1 Hz, 3H), d¢ (100
MHz, CDCl3): 173.0 (1C), 143.3 (1C), 140.5 (1C), 124.3 (2C), 121.4 (2C), 118.0
(1C), 115.5 (1C), 46.0 (1C), 31.1 (1C), 29.4 (1C), 24.9 (1C), 22.9 (1C), 14.0
(1C), 11.6 (1C), HRMS: Calcd. for CisHoNOS, [M+H]*: 306.0908, found:

306.0991.

2,6-Dibromo-N-(2-ethylhexanoyl)dithieno[3,2-b:2’,3'-d]pyrrole (3a)

White solid (1.708 g, 71%), 3y (400 MHz, CD,Cl,): 7.60 (br, 2H), 3.20-3.11 (m,
1H), 1.95-1.81 (m, 2H), 1.78-1.60 (m, 2H), 1.38-1.23 (m, 4H), 0.95 (t, J =
7.4 Hz, 3H), 0.90-0.84 (m, 3H), 8¢ (100 MHz, CDCl;): 172.6 (1C), 139.7 (1C),
137.5 (1C), 121.0 (3C), 118.7 (1C), 111.6 (2C), 46.0 (1C), 30.9 (1C), 29.3
(1C), 24.9 (1C), 22.9 (1C), 13.9 (1C), 11.4 (1C), HRMS: Calcd for
Ci6H17BroNOS, [M]*: 462.9098, found: 462.9114, FT-IR: vy.,/cm™ 3126, 2959,

2930, 2871, 1709, 1491, 1458, 1383, 1267, 1233, 1169, 1092, 1033.

2,6-Bis(trimethylstannyl)-N-(2-ethylhexanoyl)dithieno[3,2-b:2',3’-
d]pyrrole (4a)

A solution of dibromo-DTP 3a (0.450 g, 0.971 mmol) in dry toluene (2 mL) was
added to a mixture of hexamethylditin (1.34 g, 4.08 mmol), LiCl (0.247 g, 5.83
mmol) and Pd(PPhs), (56 mg, 0.049 mmol) in dry toluene (4 mL). The resulting

mixture was purged with N, for 10 min and subsequently heated to 105 °C.

164



Enhanced Voc through DTP N-Acylation

After 1 h the mixture was allowed to cool down to room temperature and diethyl
ether and water were added. The organic layer was washed with water and dried
over Na,S0y. Purification of the crude product by preparative SEC yielded a pale
yellow oil (0.338 g, 55%). dy (300 MHz, CD,Cly): 7.76 (br, 1H), 7.28 (br, 1H),
3.31 (quint, J = 6.0 Hz, 1H), 1.95-1.80 (m, 2H), 1.78-1.57 (m, 2H), 1.40-1.21

(m, 4H), 0.95 (t, J = 7.4 Hz, 3H), 0.86 (t, J = 7.1 Hz, 3H), 0.40 (s, 18H).

N-(2-Propylpentanoyl)dithieno[3,2-b:2’,3"'-d]pyrrole (2b)

Viscous colorless oil (0.958 g, 27%), &y (400 MHz, CD,Cl,): 7.90-7.10 (br, 2H),
7,26 (d, J = 5.3 Hz, 2H), 3.43-3.34 (m, 1H), 1.92-1.77 (m, 2H), 1.70-1.57 (m,
2H), 1.42-1.30 (m, 4H), 0.88 (t, J = 7.3 Hz, 6H), &c (100 MHz, CDCl3): 173.1
(1C), 143.4 (1C), 140.4 (1C), 124.3 (2C), 121.5 (2C), 117.9 (1C), 115.4 (1C),
44.3 (1C), 34.1 (2C), 20.4 (2C), 14.2 (2C), HRMS: Calcd. for Ci¢H1oNOS,Na

[M+Na]*: 328.0800, found: 328.0812.

2,6-Dibromo-N-(2-propylpentanoyl)dithieno[3,2-b:2',3’-d]pyrrole (3b)

White solid (0.993 g, 91%), &4 (300 MHz, CD,Cl,): 7.56 (br, 2H), 3.28-3.17 (m,
1H), 1.92-1.75 (m, 2H), 1.71-1.52 (m, 2H), 1.45-1.22 (m, 4H), 0.88 (t, J =
7.3 Hz, 6H), dc (100 MHz, CDCl3): 172.8 (1C), 140.0 (1C), 137.2 (1C), 121.0
(3C), 118.4 (1C), 111.6 (2C), 44.4 (1C), 34.0 (2C), 20.3 (2C), 14.2 (20),
HRMS: Calcd. for CigH;7BroNOS, [M]*: 462.9098, found: 462.9116, FT-IR:
Vmax/cm™ 3126, 2958, 2930, 2871, 1709, 1491, 1463, 1384, 1357, 1257, 1219,

1169, 1092, 1035.
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2,6-Bis(trimethylstannyl)-N-(2-propylpentanoyl)dithieno[3,2-b:2',3'-
d]pyrrole (4b)

According to the procedure as outlined for 4a: pale yellow oil (0.263 g 39%), 04
(400 MHz, CD,Cl,): 7.81 (br, 1H), 7.27 (br, 1H), 3.46-3.38 (m, 1H), 1.92-1.80
(m, 2H), 1.67-1.58 (m, 2H), 1.46-1.33 (m, 4H), 0.91 (t, J = 7.3 Hz, 6H), 0.42

(s, 18H).

N-(2-Hexyldecanoyl)dithieno[3,2-b:2’,3'-d]pyrrole (2c)

Beige solid (3.62 g, 58%), dy (400 MHz, CD,Cl»): 7.95-7.15 (br, 2H), 7.28 (d, J
= 5.3 Hz, 2H), 3.40-3.31 (m, 1H), 1.93-1.81 (m, 2H), 1.72-1.60 (m, 2H),
1.41-1.15 (m, 20H), 0.87-0.81 (m, 6H), dc (100 MHz, CDCl3): 173.1 (1C),
143.6 (1C), 140.3 (1C), 124.3 (2C), 121.8 (1C), 121.1 (1C), 118.0 (1C), 115.4
(1C), 44.7 (1C), 31.9 (2C), 31.8 (1C), 31.6 (1C), 29.8 (1C), 29.5 (1C), 29.4
(1C), 29.2 (1C), 27.2 (2C), 22.64 (1C), 22.59 (1C), 14.12 (1C), 14.05 (10),

HRMS: Calcd. for Cy4H35NOS,Na [M+Na]™: 440.2052, found: 440.2078.

2,6-Dibromo-N-(2-hexyldecanoyl)dithieno[3,2-b:2’,3'-d]pyrrole (3c)

White solid (4.11 g, 92%), 04 (400 MHz, CD,Cl,): 7.79 (br, 1H), 7.37 (br, 1H),
3.25-3.16 (m, 1H), 1.90-1.79 (m, 2H), 1.70-1.59 (m, 2H), 1.37-1.17 (m,
20H), 0.88-0.82 (m, 6H), 8¢ (100 MHz, CDCl5): 172.8 (1C), 140.1 (1C), 137.1
(1C), 121.0 (3C), 118.3 (1C), 111.6 (2C), 44.8 (1C), 31.8 (3C), 31.6 (1C), 29.7
(1C), 29.4 (1C), 29.3 (1C), 29.2 (1C), 27.1 (2C), 22.63 (1C), 22.56 (1C), 14.1
(1C), 14.0 (1C), HRMS: calcd. for CysH33Br,NOS,Na [M+Na]*: 589.0242, found:
589.0257, FT-IR: Vpa,,/cm™ 3127, 2953, 2925, 2854, 1710, 1491, 1464, 1382,

1359, 1240, 1093, 1030.
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2,6-Bis(trimethylstannyl)-N-(2-hexyldecanoyl)dithieno[3,2-b:2',3'-
d]pyrrole (4c)

According to the procedure as outlined for 4a: pale yellow oil (0.896 g, 46%),
'H NMR (400 MHz, CD,Cl,): 7.82 (br, 1H), 7.24 (br, 1H), 3.43-3.32 (m, 1H),
1.93-1.78 (m, 2H), 1.72-1.58 (m, 2H), 1.42-1.17 (m, 20H), 0.88-0.82 (m,

6H), 0.42 (s, 18H).

4.4.3 Polymer synthesis

PDTP-BT-c

A solution of DTP monomer 4c¢ (255.1 mg, 0.343 mmol) in dry toluene (10 mL)
was added drop wise via a syringe to a mixture of 4,7-dibromo-2,1,3-
benzothiadiazole (100.9 mg, 342 pmol), Pd,dbas (7.9 mg, 8.6 pmol) and P(o-
tolyl); (10.5 mg, 34.3 pmol) in dry DMF (2.5 mL) under inert atmosphere. After
purging with N, for 15 min, the mixture was heated to 105 °C for 1 h. The
resulting blue-green solution was added drop wise to ice cold MeOH. The
precipitate was filtered off and purified by subsequent Soxhlet extractions with
acetone, hexanes, chloroform and chlorobenzene. The chlorobenzene fraction
was precipitated in ice-cold MeOH to yield a black solid (28%). *H NMR could not
be recorded due to the low product solubility. GPC (chlorobenzene, 60 °C, PS

standards): M, = 7.6 kg mol'}, D = 1.1.

PDTP-DTTzTz-a
Similar to the procedure as outlined for PDTP-BT-c, but with a solvent mixture
DMF:toluene 1:5. After precipitation in MeOH, the polymer could not be

redissolved again.
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PDTP-DTTzTz-c

Similar to the procedure as outlined for PDTP-BT-c. Soxhlet extractions were
done with acetone, hexanes and chloroform. The chloroform fraction was
precipitated in ice-cold MeOH, yielding a black solid (89%). &4 (400 MHz, CDClIs)
8.0-5.6 (br, 4H), 3.28 (br, 1H), 2.2-1.0 (br. 46H), 1.0-0.5 (br, 18H), GPC

(THF, 40 °C, PS standards): M, = 28 kg mol?, D = 2.4.

PDTP-DTBT-b

Similar to the procedure as outlined for PDTP-BT-c. Soxhlet extractions were
done with acetone, hexanes, chloroform and chlorobenzene. The fraction
remaining in the Soxhlet timble was dissolved in o-dichlorobenzene under reflux.
The resulting solution was concentrated in vacuo and added drop wise to ice-
cold MeOH, yielding a black solid (62%). Due to the low product solubility, no

NMR or GPC could be obtained.

PDTP-TPD-c

Similar to the procedure as outlined for PDTP-BT-c. Soxhlet extractions were
done with acetone, hexanes and chloroform. The chloroform fraction was
precipitated in ice-cold MeOH, yielding a black solid (84%). &4 (400 MHz,
CD,Cly): 9.50-8.10 (br, 1H), 8.10-6.30 (br, 1H), 4.10-2.80 (br, 3H), 2.50-0.40

(br, 44H), GPC (THF, 40 °C, PS standards): M, = 29 kg mol?, D = 2.1.

4.4.4 PSC processing and characterization

BHJ organic solar cells were produced using the standard glass:ITO:PEDOT-
PSS:active layer:Ca:Al architecture. ITO (Kintec, 100 nm, 20 Ohm/sq) covered
glass substrates were cleaned thoroughly with soap, demineralized water,

acetone and isopropanol prior to a UV/Os treatment for 15 min. Afterwards,
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PEDOT-PSS [poly(3,4-ethylenedioxythiophene)-poly(styrene-sulfonic acid) was
spin-coated at a thickness of approximately 30 nm. The rest of the processing
was performed in an inert atmosphere (glove box), starting with an annealing
step of 15 min at 130 °C. Consequently, the active layer, consisting of PDTP-
DTTzTz-c:PC,,BM (40 mg mL! total conc.) or PDTP-TPD-c-H:PC,;BM (20 mg
mL™ total conc.), was spin-coated on top at varying thicknesses. As a final step,
Ca and Al were deposited under vacuum as top electrodes with thicknesses of 30
and 80 nm, respectively. In this way, an active device area of 3 mm?2 was
obtained. For the devices containing the CPE materials (see structures in Fig.
S4), the cathode interlayers were spin-coated on top of the active layer (from a
0.025 w/v% solution in MeOH) before deposition of the Al top electrode.?”? 1-V
characteristics were measured using a Newport class A solar simulator (model
91195A) calibrated with a silicon solar cell to give an AM 1.5g solar spectrum.
For AFM imaging, a Bruker Multimode 8 AFM was used. C-AFM images were
made using Pt/Ir coated probes with a force constant of ~0.4 N m™ at bias
voltages of +5 or -5 V with a maximum deflection setpoint of 0.6 V. EQE
measurements were performed with a Newport Apex illuminator (100 W Xenon
lamp, 6257) as the light source, a Newport Cornerstone 130° monochromator,
and a Stanford SR830 lock-in amplifier for the current measurements. A silicon

FDS100-CAL photodiode was employed as a reference cell.
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4.7 SUPPORTING INFORMATION

4.7.1 Analytical size exclusion chromatograms

e PDTP-TPD-C
e PDTP-TPD-c-L

PDTP-TPD-c-H
0.05 - ¢

UV absorbance (A.U.)

0.00 - ‘JJ .

15 20 25
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Figure S1: Analytical size exclusion chromatograms (THF, 40 °C, UV detection at
254 nm) of the crude PDTP-TPD-c polymer (after Soxhlet extractions) and the
low (PDTP-TPD-c-L) and high (PDTP-TPD-c-H) molar mass fractions obtained

after fractionation by preparative SEC.
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4.7.2 Visualization of the HOMO-LUMO energy levels for different DTP-

based polymers
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Figure S2: Visualization of the HOMO (blue) and LUMO (red) energy levels for
the N-acyl-DTP copolymers (as determined by CV) and previously reported N-

alkyl-substituted PDTP-acceptor analogues.!?

! Alkyl-PDTP-BT: W. Yue, Y. Zhao, S. Shao, H. Tian, Z. Xie, Y. Geng and F. Wang, J.
Mater. Chem., 2009, 19, 2199.

2 Alkyl-PDTP-TPD: a) M. Shi, L. Fu, X. Hu, L. Zuo, D. Deng, J. Chen and H. Chen, Polym.
Bull., 2011, 68, 1867; (b) E. Zhou, J. Cong, L. Tajima, C. Yang and K. Hashimoto,
Macromol. Chem. Phys., 2011, 212, 305; (c) X. Hu, M. Shi, L. Zuo, Y. Nan, Y. Liu, L. Fu
and H. Chen, Polymer, 2011, 52, 2559.

179



Chapter 4

4.7.3 PeakForce AFM images
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Figure S3: Topographic and corresponding conductive AFM (under negative or
positive sample bias of 5 V) images of spin-coated films of PDTP-X and PC,;BM

(measurements done on solar cell devices).
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4.7.4 CPE interlayer materials
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Figure S4: Structures of the CPE’s applied as interlayer materials: imidazolium-
functionalized (co)polythiophenes with a bromine or bis(trifluoromethylsulfonyl)-

imide (TFSI) counter ion.3

3 (a) T. Ghoos, J. Brassinne, C.-A. Fustin, J.-F. Gohy, M. Defour, N. Van den Brande, B.
Van Mele, L. Lutsen, D. J. Vanderzande and W. Maes, Polymer, 2013, 54, 6293; (b) T.
Ghoos, O. Malinkiewicz, B. Conings, J. Manca, L. Lutsen, D. Vanderzande, H. J. Bolink and
W. Maes, RSC Adv., 2013, 3, 25197; (c) T. Ghoos, N. Van den Brande, M. Defour, J.
Brassinne, C.-A. Fustin, J.-F. Gohy, S. Hoeppener, U. S. Schubert, W. Vanormelingen, L.
Lutsen, D. ]J. Vanderzande, B. Van Mele and W. Maes, Eur. Polym. J., 2014, 53, 206.
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4.7.5 EQE spectra for PDTP-TPD-c-H with and without cathode

interlayers
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Figure S5: EQE spectra for PDTP-TPD-c-H with and without CPE interlayers.
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Chapter 5

N-Acyl-Dithieno[3,2-d:2’,3’-d]pyrrole-
Based Low Bandgap Copolymers
Affording Improved Open-Circuit Voltages

and Efficiencies in Polymer Solar Cells

— 1
<10 08 06 04 02 0.0 02 04 06 08

T T T T T T T T T

J. Kesters, P. Verstappen, W. Vanormelingen, J. Drijkoningen, T. Vangerven, D.
Devisscher, L. Marin, B. Champagne, J. Manca, L. Lutsen, D. Vanderzande, W.

Maes, Sol. Energy Mater. Sol. Cells, 2015, DOI: 10.1016/j.solmat.2014.12.037.
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ABSTRACT

Three distinct low bandgap copolymers are synthesized by the combination of N-
(2'-propylpentanoyl)dithieno[3,2-b:2',3'-d]pyrrole (DTP) and (fluorinated) 2,3-
bis[5’-(2"-ethylhexyl)thiophen-2'-yl]quinoxaline (Qx) and these PDTPQx
derivatives are investigated as electron donor materials in bulk heterojunction
polymer solar cells. Due to the DTP N-acylation and the introduction of the Qx
units, both the open-circuit voltage (Voc) and the short-circuit current density
(Jsc) increase compared to previous devices based on DTP-type donor polymers.
Organic solar cells with an average Voc of 0.67 V, a Jsc of 12.57 mA/cm2 and a
fill factor of 0.54 are obtained, affording a power conversion efficiency of 4.53%
(4.81% for the top-performing device), a record value for (N-acyl-)DTP-based
polymer solar cells devoid of special interlayer materials. Despite further
enhancement of the Voc, the solar cell efficiency declines for the fluorinated
PDTPQx copolymers because of the inability to achieve a finely intermixed bulk

heterojunction blend nanomorphology.
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5.1 INTRODUCTION

Organic photovoltaics (OPV) have emerged as a promising alternative thin-film
PV technology!*®). In contrast to traditional Si-based devices, organic solar cells
are light-weight and can be produced on flexible substrates, in different colors
and with various degrees of transparency, and they also show improved diffuse-
light performance. Moreover, the possibility to process the organic active layer
materials in thin films from solution opens a way to facile and low-cost large-
area production by techniques such as roll-to-roll printing!*®!. In recent years,
extensive efforts on material synthesis and device engineering have resulted in
strong improvements in the power conversion efficiencies (PCE’s) of organic
solar cells, currently approaching 10% for both small molecule and polymer
single junction devices!!'2!], State of the art bulk heterojunction (BHJ) polymer
solar cells contain an active layer consisting of a nanoscale bicontinuous
interpenetrating network of a ‘push-pull’-type low bandgap electron donor
polymer and a (methano)fullerene electron acceptor (usually [6,6]-phenyl-C;-
butyric acid methyl ester or PC,;BM)[®l, A large variety of heterocyclic building
blocks has already been combined in the light-harvesting donor-acceptor low
bandgap copolymers, with the general goal of improving the overall PCE of the
resulting polymer solar cells. As the number of material combinations is not
unlimited, a lot of effort is recently also devoted to the fine-tuning of the
properties of existing materials by tedious side chain optimization and the

introduction of specific functional groups!?*2¢l,

A popular approach is the
incorporation of electron withdrawing substituents on the conjugated polymer
backbone. As such, fluorination of the acceptor building block was shown to

lower both the highest occupied molecular orbital (HOMO) and lowest
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unoccupied molecular orbital (LUMO) levels of the final materials. As the open-
circuit voltage (Voc) of an organic solar cell is proportional to the energy gap
between the HOMO level of the electron donor and the LUMO of the electron
accepting material, this can lead to enhanced photovoltaic performance,
warranted the other photovoltaic parameters — short-circuit current density (Jsc)

and fill factor (FF) - remain (at least) the samel?’31],

Dithieno[3,2-b:2’,3'-d]pyrrole (DTP) is an attractive heterocyclic building block

because of its planar electron rich fused structurel®?-3%]

. Copolymers combining
DTP and thiophene derivatives have shown excellent charge carrier mobilities
(0.21 cm2/Vs) in organic field-effect transistors>¢-3°l, In past efforts, when
combined with electron poor moieties, no excelling OPV results were obtained
though, mainly because of the intrinsically high HOMO levels imposed by the
electron rich DTP unit, affording low Voc's!*°>2!, Only very recently, a more
competitive OPV performance was achieved in the Janssen group, with a PCE up
to 4.8% (5.3% through application of a retro-reflective foil)!*3!. Similarly,
efficiencies up to 4.8% were obtained for (solution-processed) DTP-based small

molecule organic solar cellst40:54-571,

It has recently been shown that the HOMO levels of DTP derivatives can
effectively be decreased by changing the solubilizing N-alkyl substituent to an N-
acyl analoguel®® (a strategy also beneficially applied to thieno[3,4-c]pyrrole-
4,6-diones or TPDs!*!). This concept has successfully been translated to organic
semiconducting materials, affording N-acyl-DTP-based low bandgap copolymers
affording enhanced Voc’s and efficiencies in BHJ OPV devices!®®®!l, In previous
work, we have combined various N-acyl-DTP precursors (decorated with

different alkyl side chains) with diverse acceptor-type monomers. The best
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materials in terms of solar cell efficiency were obtained using thiazolo[5,4-
dlthiazole (TzTz) or TPD electron deficient units, affording PCE’s up to 4.0% in
standard BHJ polymer solar cells!®'). The gain in efficiency could mainly be
attributed to an increased Voc by N-acylation of the DTP component. In the
search for related materials with even better performance, we now report on the
combination of N-acylated DTP with (fluorinated) quinoxalines (Qx).
Quinoxalines have emerged as a promising class of electron poor moieties for
low bandgap copolymers because of their high electron affinity, resulting in deep
HOMO energy levels and strong intramolecular charge transfer, broadening the
absorption window. Donor-acceptor copolymers combining Qx and thiophene
building blocks afforded polymer solar cells with Voc’s up to 0.9 V6264
Moreover, quinoxalines allow for the introduction of two alkyl side chains per
monomer unit, providing well-soluble polymer materials. Additionally, the
monomer permits the incorporation of up to 2 fluorine atoms. Chou et al.
achieved impressive PCE’s up to 8.0% upon combining a fluorinated Qx and
benzo[1,2-b:4,5-b']dithiophene (BDT)!?®). In the Andersson group, polymer solar
cells with Voc’s up to 1.01 V were obtained upon Qx difluorination[®>l. On the
other hand, it has recently been shown that the absorption spectrum of Qx-
based materials can be extended when exchanging the 2,3-phenyl substituents

6266671 ' 1n this work, we have combined several of the

by alkylated thiophene
above-mentioned design strategies — DTP N-acylation and Qx fluorination (to
enhance the Voc), and thienyl substitution of the Qx building block (to enhance

the Jsc) - toward improved efficiencies in PDTPQx-based polymer solar cells.
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5.2 EXPERIMENTAL SECTION

5.2.1 Materials and methods

Unless stated otherwise, all reagents and chemicals were obtained from
commercial sources and used without further purification. Solvents were dried
by a solvent purification system (MBraun, MB-SPS-800) equipped with alumina
columns. Precursors 1,2-bis[5'-(2”-ethylhexyl)thiophen-2'-yl]ethane-1,2-dione
(9)6%671 3 6-dibromo-1,2-phenylenediamine (8a)!®%%”], 3,6-dibromo-4-fluoro-
1,2-phenylenediamine (8b)!%®!, 3,6-dibromo-4,5-difluoro-1,2-phenylenediamine
(8¢c)!®®1, and  2,6-bis(trimethylstannyl)-N-(2’-propylpentanoyl)dithieno[3,2-
b:2',3'-d]pyrrole (5)1°8%1 were prepared according to literature procedures.

Other synthetic procedures can be found in the supplementary materials.

Preparative (recycling) size exclusion chromatography (SEC) was performed on
a JAI LC-9110 NEXT system equipped with JAIGEL 1H, 2H and 3H columns
(eluent CHCI5, flow rate 3.5 mL/min). NMR chemical shifts (8, in ppm) were
determined relative to the residual CHCI5 (7.26 ppm) signal or the *3C resonance
shift of CDCl; (77.16 ppm). High resolution electrospray ionization-mass
spectrometry (ESI-MS) was performed using an LTQ Orbitrap Velos Pro mass
spectrometer equipped with an atmospheric pressure ionization source operating
in the nebulizer assisted electrospray mode. The instrument was calibrated in
the m/z range 220-2000 using a standard solution containing caffeine, MRFA
and Ultramark 1621. Reported masses are the 100% intensity isotope peaks.
UV-Vis measurements were performed on a VARIAN Cary 5000 UV-Vis-NIR
spectrophotometer with a scan rate of 600 nm/min. The films for the UV-Vis

measurements were prepared by drop casting the polymer solutions (in
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chloroform) on a glass substrate. The solid-state UV-Vis spectra were used to
estimate the optical band gaps (from the wavelength at the intersection of the
tangent drawn at the low energy side of the absorption spectrum with the x-
axis; Eq (eV) = 1240/(wavelength in nm). Analysis of the molar masses and
molar mass distributions of the polymers was performed on a Tosoh EcoSEC
System, comprising of an autosampler, a PSS guard column SDV (50 x 7.5 mm),
followed by three PSS SDV analytical linear XL columns (5 pm, 300 x 7.5 mm)
and a UV detector (254 nm) using THF as the eluent at 40 °C with a flow rate of
1.0 mL minl. The SEC system was calibrated using linear narrow polystyrene
standards ranging from 474 to 7.5 x 10° g/mol (K= 14.1 x 10 dL/g and a =
0.70). Rapid heat-cool calorimetry (RHC) experiments were performed on a
prototype RHC of TA Instruments, equipped with liquid nitrogen cooling and
specifically designed for operation at high scanning rates!®®7%, RHC
measurements were performed at 250 or 500 K min™! in aluminum crucibles,
using helium (6 mL min™!) as a purge gas. Electrochemical measurements (cyclic
voltammetry) were performed with an Eco Chemie Autolab PGSTAT 30
potentiostat/galvanostat using a three-electrode microcell with a platinum
working electrode, a platinum counter electrode and a Ag/AgNO; reference
electrode (silver wire dipped in a solution of 0.01 M AgNO3z and 0.1 M NBu4PFg in
anhydrous acetonitrile). The reference electrode was calibrated against
ferrocene/ferrocenium as an external standard. Samples were prepared by dip
coating the platinum working electrode in the respective polymer solutions (also
used for the solid-state UV-Vis measurements). The CV measurements were
done on the resulting films with 0.1 M NBu4PFs in anhydrous acetonitrile as
electrolyte solution. To prevent air from entering the system, the experiments

were carried out under a curtain of argon. Cyclic voltammograms were recorded
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at a scan rate of 100 mV s™. For the conversion of V to eV, the onset potentials
of the first oxidation/reduction peaks were used and referenced to
ferrocene/ferrocenium, which has an ionization potential of -4.98 eV vs.
vacuum. This correction factor is based on a value of 0.31 eV for Fc¢/Fc* vs.
SCE"Y! and a value of 4.68 eV for SCE vs. vacuum!”?}: Eyomoumo (€V) = -4.98 -

Ag/AgNO3 Ag/AgNO3
Eonset ox/red 9/Ag (V) + Eonset Fc/Fc+ 9/Ag (V)

5.2.2 OPV device fabrication and characterization

Bulk heterojunction polymer solar cells were constructed using the traditional
device architecture glass/ITO/PEDOT-PSS/active layer/Ca/Al. Prior to processing,
the indium tin oxide (ITO, Kintec, 100 nm, 20 Ohm/sq) coated substrates were
thoroughly cleaned using soap, demineralized water, acetone, isopropanol and a
UV/0; treatment. PEDOT:PSS [poly(3,4-ethylenedioxythio-
phene):poly(styrenesulfonic acid), Heraeus Clevios] was deposited by
spincoating to obtain a layer of ~30 nm. Afterwards, processing was continued
under nitrogen atmosphere in a glove box, starting off with an annealing step at
130 °C for 15 min to remove any residual water. Subsequently, all active layer
polymer:PC;;BM (1:3) (Solenne) solutions were spincoated with optimal
thicknesses of ~80-95 nm, as confirmed by profilometry (DEKTAK).
Polymer:fullerene processing concentrations were varied depending on the
solvent system: chloroform-based blends were prepared with a polymer
concentration of 5 mg/mL, whereas for chlorobenzene-based blends a polymer
concentration of 8 mg/mL was applied and for ortho-dichlorobenzene-based
blends a polymer concentration of 12 mg/mL was used. The devices were
finished off with Ca and Al as top electrodes with thicknesses of ~20 and 80 nm,

respectively, resulting in an active device area of 3 mmz2. The J-V characteristics
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were measured using a Newport class A solar simulator (model 91195A),
calibrated with a silicon solar cell to give an AM 1.5G spectrum. EQE
measurements were performed with a Newport Apex illuminator (100 W Xenon
lamp, 6257) as light source, a Newport Cornerstone 130° monochromator and a
Stanford SR830 lock-in amplifier for the current measurements. A silicon
FDS100-CAL photodiode was employed as a reference cell. For atomic force
microscopy (AFM) imaging, a Bruker Multimode 8 AFM was used in PeakForce
tapping mode, employing ScanAsyst. The images were produced with a silicon
tip on a nitride lever with a spring constant of 4 N/m. Photo-induced charge
extraction by linearly increasing voltage (Photo-CELIV) signals were registered
on complete photovoltaic devices utilizing a pulsed laser (Continuum minilite II,
532nm), a Tektronix TDS 620B oscilloscope and a Tektronix AFG3101 function
generator. The samples were placed in a sample holder filled with nitrogen to

avoid exposure to ambient air.
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5.3 RESULTS AND DISCUSSION

5.3.1 Synthesis and characterization

The N-acyl-DTP-alt-Qx copolymers were prepared by Stille polycondensation,
combining a distannylated DTP moiety with a dibrominated Qx. The required N-
acyl-DTP monomer, 2,6-bis(trimethylstannyl)-N-(2'-propylpentanoyl)-
dithieno[3,2-b:2',3’-d]pyrrole (5), was prepared by a synthetic sequence
involving a copper catalyzed tandem reaction of 3,3’-dibromo-2,2’-bithiophene
(1) and 2-propylpentanamide (2), dibromination with N-bromosuccinimide
(NBS) and subsequent Stille cross-coupling with hexamethylditin (Scheme
1)[5861 As it was opted to include two solubilizing 2-ethylhexyl substituents on
the Qx monomers (vide infra), relatively short alkyl side chains were introduced
on the N-acyl-DTP part. The non-fluorinated Qx monomer, 5,8-dibromo-2,3-
bis[5’-(2"-ethylhexyl)thiophen-2'-yl]quinoxaline (10a), was prepared according
to a literature procedurel®®®’], A similar approach was applied for the synthesis
of the new monofluorinated (10b) and difluorinated (10c) quinoxaline
monomers. This protocol consists of an acid catalyzed condensation reaction
between o-phenylenediamines 8a—c and diketone 9. The precursors 8a—c were
synthesized from the corresponding benzothiadiazoles 6a-c (prepared
according to literature procedures!®®) by subsequent bromination and reduction
with NaBH4;. Diketone 9 was synthesized from thiophene by a lithiation/
alkylation step followed by a Friedel-crafts acylation reaction with oxalyl

chloridel®®-681,
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Scheme 1: Synthesis of the DTP and Qx monomers.

The Stille polymerization reactions were performed under standard conditions
(2.5 mol% Pd,(dba)s, 10 mol% P(o-tol);, toluene/DMF: 4/1, 105 °C, 1h;
Scheme 2). The resulting crude polymer materials were precipitated in
methanol. No end-capping procedure was applied and after precipitation the low
molar mass fractions were removed by soxhlet extractions. All copolymers were
readily soluble in common organic solvents such as chloroform, THF or
chlorobenzene. Their apparent molar masses were measured by analytical size
exclusion chromatography (SEC) (Table 1). As molar mass and purity have a
large influence on final photovoltaic performance, all polymers were additionally
purified by preparative (recycling) SEC (prep-SEC), removing the low molar
mass fractions (see Fig. S1). For PDTPQx(1F), two batches with slightly

different molar mass were prepared (denoted as a and b, vide infra).
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N\ /N N N TS
5 7\ ]\ N PDTPQx
Br Br ——
z ; s s
10a

n

PDTPQx(1F)-a
PDTPQx(1F)-b

PDTPQx(2F)

Scheme 2: Polymerization of N-acyl-substituted DTP monomer 5 with Qx
monomers 10a-c via Stille polycondensation (2.5 mol% Pd,(dba)s, 10 mol%

P(o-tol)s, toluene/DMF: 4/1, 105 °C, 1h).
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Upon analysis by rapid heat-cool calorimetry (RHC), particularly useful because
of its increased sensitivity as a result of the fast scanning rates and the low
sample amounts required, no visible thermal transitions (glass transition or
melting) could be detected for the novel copolymer materials (Fig. S2)6°70.73],
UV-Vis measurements revealed that all polymers show a broad absorption in the
visible range of the solar spectrum (Fig. 1, Table 1). For PDTPQXx, the lowest
optical bandgap was observed, with a wavelength of maximum absorption (Anax)
at 684 nm in solution, shifting to 703 nm in thin film. Upon monofluorination
(PDTPQx(1F)), a clear blue-shift was observed!”¥. A similar trend, however
less pronounced, was seen for the difluorinated copolymer (PDTPQx(2F)). The
electrochemical properties of the three copolymers were investigated by cyclic
voltammetry (CV) and their HOMO and LUMO energy levels were determined by
the onset of the first oxidation and reduction peaks, respectively (Table 1).
When compared with the values of a previously reported analogous N-alkyl-
PDTP-Qx copolymer (HOMO = -4.64 eV, LUMO = -2.61 eV)*!], it is clear that the
HOMO level is lowered substantially by N-acyl substitution of the DTP
component, in line with our previously reported results!®. Through the
introduction of one or two fluorine atoms, the electron withdrawing power of the
Qx acceptor increases, leading to a further deepening of the HOMO level. The
LUMO levels are affected to a lesser extent, leading to an increased bandgap, as

also seen in the UV-Vis spectra (Fig. 1).
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Figure 1: UV-Vis absorption spectra of all DTP-alt-Qx copolymers (before

fractionation) in chloroform solution (top) and thin film (bottom).

5.3.2 DFT calculations

The impact of the fluorine atoms on the HOMO and LUMO energy levels of the
polymers was investigated by density function theory (DFT) calculations using
the M05!”>! exchange-correlation functional and the 6-311G(d) basis set. The

effects of the solvent (THF) were taken into account by using the polarizable
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continuum modell’®!, and all calculations were performed using Gaussian09t7”),
Initially, an optimization of the ground state geometries was carried out for the
individual donor and acceptor moieties, the donor-acceptor combinations (DA),
as well as for dimers of the donor-acceptor units (DADA). The large alkyl chains
were replaced by methyl groups to accelerate the calculations without impacting
the results. Multiple conformations differing by the torsion angles between the
donor and acceptor units have been considered. Table 1 summarizes the
energies and the topologies of the HOMO’s and LUMOQ's, as determined from the
optimized geometries. Since the energies of the syn and anti conformers differ
little, the reported HOMO and LUMO energies were obtained after performing a
Boltzmann averaging (T = 298.15 K). The MO05 results indicate that upon
addition of fluorine atoms onto the Qx moiety, both the HOMO and LUMO levels
are stabilized, but due to a stronger impact on the former the HOMO-LUMO gap
slightly opens up with increasing number of fluorine atoms. The observed

theoretical trends correlate nicely to the experimental results.

5.3.3 Photovoltaic properties

To investigate the photovoltaic features of the novel PDTPQx copolymers, blends
were prepared in combination with PC,;BM and these were applied as
photoactive layers in BH] polymer solar cells with a standard configuration
(glass/ITO/PEDOT:PSS/active layer/Ca/Al). As represented in Fig. 2 and Table 2,
the optimized devices (after careful screening of solvent, blend ratio and active
layer thickness) based on PDTPQx:PC;;BM (1:3 ratio in chlorobenzene (CB))
yielded a Voc of 0.67 V, and combined with a Jsc of 12.57 mA/cm2 and a FF of
0.54, an average power conversion efficiency (PCE) of 4.53% (best device

4.81%) could be obtained (Table 2, Fig. 2). Further optimization by the addition
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of processing additives such as 1-chloronaphtalene (CN) or 1,8-diiodooctane
(DIO) did not result in further improvements (Table S1). Despite the still modest
Voc, a record device efficiency was obtained for N-acyl-DTP-based polymer
donor materials, matching the top efficiencies obtained for N-alkyl-DTP-based

polymer and small molecule solution-processed BH] OPV devices!®3>4],

Table 2: Photovoltaic performances of (optimized) PDTPQx:PC,;BM(1:3) BHJ

polymer solar cells and charge carrier mobilities obtained for these devices?®

Charge
) Best )
Polyrmer Processing Voc Jsc F Average carrier
Y solvent® [v1 [mA/cm?] n [%]° [()r/]] mobility
° [cm2/Vs]¢
PDTPQXx CB 0.67 12.57 0.54 4.53 4.81 6.2 E-4
PDTPQx(1F)-a CB 0.76 6.66 0.47 2.39 2.78 2.1E-4
PDTPQx(2F) CB 0.75 4.25 0.49 1.56 1.74 9.9 E-2
PDTPQx(2F) CB + 3% DIO 0.64 7.19 0.51 2.34 2.50 /

@ Device structure glass/ITO/PEDOT:PSS/active layer/Ca/Al. The active layer thicknesses
for the optimized devices were ~80—95 nm. ° Total concentration of 32 mg/mL in CB. CB
= chlorobenzene, DIO = 1,8-diiodooctane. ¢ Average over 4—8 devices. ¢ Determined by

Photo-CELIV on complete photovoltaic devices.
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Figure 2: J-V curves under illumination for the best solar cell devices based on

the DTP-alt-Qx copolymers.

A noticeable increase in Voc (to 0.76 V) was observed when combining the
monofluorinated PDTPQx(1F) copolymer with PC,BM (Table 2, Fig. 2).
However, a simultaneous drop in Jsc to an average of 6.66 mA/cm2 was
observed as well, even after tedious optimization (Table S2). Eventually, the
best performing device for the PDTPQx(1F):PC;;BM combination showed an
efficiency of 2.78%. This decrease in Jsc cannot be attributed to reduced charge
carrier mobility, as photo-induced charge extraction by linearly increasing
voltage (photo-CELIV) measurements indicated that the mobilities (in the
appropriate direction of the solar cell mode) are in the same (suitable) range for
the three copolymer:PC,;BM blends and even increase upon Qx fluorination
(Table 2, Fig. S3). To investigate if the reduced Jsc could be linked to the active
layer nanomorphology, AFM imaging was applied, which revealed the formation
of large aggregates in the films, even for the best devices (Fig. 3). Similar
previous observations for fluorinated copolymers have been attributed to the

fluorophobicity of PC,;BM!U7478], Therefore, the aggregates can most likely be
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ascribed as PC,;BM-rich clusters, which is confirmed by the surface ratio
(68—75%) matching closely to the polymer:PC,;BM 1:3 feed ratio. Aggregation
at this large scale (~200 nm) strongly diminishes the donor-acceptor interface
available for charge separation. In an attempt to overcome this, a number of
processing additives were applied. However, no noticeable improvement in blend
nanomorphology (and hence efficiency) could be obtained. It has recently been
stated that fluorination of low bandgap copolymers will only lead to
enhancements in photovoltaic performance when the polymer molar mass is
reasonably high!?”). As the M, of PDTPQx(1F)-a was rather low (18 kDa after
purification by prep-SEC, Table 1) in comparison to the other two copolymers, a
new polymer batch (PDTPQx(1F)-b) was prepared with a higher M, (63 kDa
after purification by prep-SEC, Table 1) to analyze the influence of molar mass.
However, no real differences were observed when comparing both materials

(Table S2).
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Figure 3: AFM (topography) images (4.0 x 4.0 ym?) for the optimized BHJ OPV
devices based on a) PDTPQXx, b) PDTPQx(1F)-a, c) PDTPQx(2F) (in CB), and

d) PDTPQx(2F) (in CB + 3% DIO).

In a final stage, the difluorinated quinoxaline copolymer PDTPQx(2F) was
analyzed as well. A further downward trend in Jsc was observed (despite the
increased mobility), leading to an average value of 4.25 mA/cm2 when
processing the active layer from chlorobenzene (Table 2, Fig. 2). Moreover, no
further enhancement in Voc, as expected from the deepened HOMO level (Table
1), was seen. As illustrated by the AFM images (Fig. 3), even larger aggregates
were formed during film formation for the PDTPQx(2F):PC,;BM blend, which
suggests that the overall lower photovoltaic performance can be attributed to
the far-from-optimal BHJ blend nanomorphology. The addition of 3% DIO to the

polymer:fullerene processing solution did provide an enhancement of the blend
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nanomorphology, as illustrated in Fig. 3d. Consequently, an improved Jsc of
7.19 mA/cm?2 was achieved for the optimal device, resulting in a PCE of 2.50%
(Table 2, Fig. 2). However, the nanomorphology still remained unfavorable as
compared to the active layer based on the non-fluorinated copolymer. Although
there are no large aggregates any more, a quite rough morphology with spike-
shaped structures at the surface is formed. Moreover, the enhancement in Voc
due to Qx fluorination was completely lost in this case. For chloroform-based
solvent systems, we did observe an enhanced Voc up to 0.82 V. Nonetheless,
combined with a lowering of the Jsc, poor device properties were still obtained
(Table S3). Furthermore, for both the PDTPQx(1F)-a:PC;,;BM and
PDTPQx(2F):PC;;BM active layer blends, the FF of the optimized devices was

never as high as for PDTPQx:PC,;BM.

From the external quantum efficiency (EQE) spectra the clear difference in
performance for the copolymer:fullerene blends can be seen as well (Fig. 4). A
maximum EQE of 66% at 500 nm was observed for the PDTPQx:PC,;BM
polymer solar cell. The current densities extracted from the EQE measurements
(Jeqe = 11.24, 6.50, 3.88 and 7.12 mA/cm?2 for PDTPQx, PDTPQx(1F)-a,
PDTPQx(2F) in CB and PDTPQx(2F) in CB+DIO, respectively) correspond
rather well to the measured Jsc values, in accordance with standard

measurement deviations.
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Figure 4: EQE spectra for the optimized solar cell devices based on the DTP-alt-

Qx copolymers.

5.4 CONCLUSIONS

A novel PDTPQx push-pull copolymer based on an N-acyl-DTP donor and a Qx
acceptor unit was synthesized and applied in BH] polymer:fullerene solar cells.
The resulting devices showed a rather high Jsc, an enhanced Voc and the
highest PCE up to date (4.81%) for polymer solar cells (without special cathode
interlayers or alternative performance enhancing methods) based on (N-acyl-
)DTP copolymers. Nonetheless, comparing with various high-performing donor
materials, the Voc remained a limiting factor, and hence fluorination of the Qx
building block was applied as an additional tool to improve the Voc. This strategy
in the end did not pay off, however, due to the inability to achieve a favorable
interpenetrating donor-acceptor network in the photoactive layer, as observed
by AFM imaging. The main challenge in our continued studies based on related

material systems will hence be to alleviate these morphology issues, possibly
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through strategic polymer side chain optimization or implementation of more

miscible fullerenes.
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5.7 SUPPORTING INFORMATION

5.7.1 Synthesis and characterization

5,8-Dibromo-2,3-bis[5"-(2"’-ethylhexyl)thiophen-2’-yl]Jquinoxaline (10a)
General Qx monomer synthesis procedure: 3,6-Dibromo-1,2-
phenylenediamine (0.690 g, 2.60 mmol) and 1,2-bis[5"-(2"-ethylhexyl)thiophen-
2’-yllethane-1,2-dione (1.160 g, 2.60 mmol) were dissolved in MeOH (50 mL)
and p-toluenesulfonic acid monohydrate (0.050 mg, 0.26 mmol) was added.
After heating under reflux for 15 h, the reaction mixture was allowed to cool
down and the yellow precipitate was filtered off, washed with MeOH and purified
with flash column chromatography (silica, eluent dichloromethane (20%) in
petroleum ether). After recrystallization from EtOH, the pure product was
obtained as yellow needles (1.370 g, 78%). *H NMR (400 MHz, CDCl5): é 7.78
(s, 2H), 7.40 (d, J = 3.7 Hz, 2H), 6.70 (d, J = 3.7 Hz, 2H), 2.80 (d, J = 6.9 Hz,
4H), 1.70-1.60 (m, 2H), 1.45-1.20 (m, 16H), 0.95-0.85 (m, 12H); 3C NMR
(100 MHz, CDCl5): & 150.9 (2C), 147.4 (2C), 138.6 (4C), 132.7 (2C), 130.5
(2C), 126.1 (2C), 123.0 (2C), 41.6 (2C), 34.6 (2C), 32.5 (2C), 29.0 (2C), 25.7
(2C), 23.2 (2C), 14.3 (2C), 11.0 (2C); HRMS (ESI): calcd. for CsyH41BrN,S;

[M+H]*: 677.1052, found: 677.1046.

5,8-Dibromo-6-fluoro-2,3-bis[5’-(2"-ethylhexyl)thiophen-2’-
yl]quinoxaline (10b)

Synthesis according to the general Qx monomer synthesis procedure. Yellow
solid (902 mg, 75%). 'H NMR (400 MHz, CDCl5): & 7.79 (d, J = 8.1 Hz, 1H),
7.41 (d, J = 3.7 Hz, 1H), 7.39 (d, J = 3.7 Hz, 1H), 6.70-6.65 (m, 2H), 2.81 (d,

J = 6.9 Hz, 4H), 1.70-1.60 (m, 2H), 1.45-1.20 (m, 16H), 0.95-0.85 (m, 12H);
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13C NMR (100 MHz, CDCl5): & 159.7 (d, YJcr = 252.7 Hz, 1C), 151.9 (1C), 151.2
(1C), 148.4 (1C), 147.1 (d, Jcr = 3.0 Hz, 1C), 139.4 (d, Jcr = 5.7 Hz, 1C),
139.0 (1C), 138.8 (1C), 136.1 (1C), 131.3 (1C), 130.8 (1C), 126.8 (1C), 126.6
(1C), 124.0 (d, Jer = 11.1 Hz, 1C), 123.1 (d, Jcr = 29.2 Hz, 1C), 108.0 (d, Jcr
= 21.1 Hz, 1C), 42.1 (2C), 35.2 (1C), 35.1 (1C), 33.1 (2C), 29.5 (2C), 26.3
(2C), 23.7 (2C), 14.8 (2C), 11.5 (2C); HRMS (ESI): calcd. for C3,HaoBroFN,S,

[M+H]": 695.0958, found: 695.0953.

5,8-Dibromo-6,7-difluoro-2,3-bis[5’-(2"’-ethylhexyl)thiophen-2’-
yl]quinoxaline (10c)

Synthesis according to the general Qx monomer synthesis procedure. Yellow
solid (589 mg, 56%). *H NMR (400 MHz, CDCl5): & 7.40 (d, J = 3.7 Hz, 2H),
6.71 (d, J = 3.7 Hz, 2H), 2.81 (d, J = 6.8 Hz, 4H), 1.70-1.60 (m, 2H), 1.45-
1.20 (m, 16H), 0.95-0.85 (m, 12H); *3C NMR (100 MHz, CDCl5): é 151.2 (2C),
150.3 (dd, YJe.r = 257.8, %Jcr = 19.8 Hz, 2C), 147.4 (2C), 138.2 (2C), 135.2
(2C), 130.5 (2C), 126.2 (2C), 109.0 (dd, Jor = 11.5, 8.8 Hz, 2C), 41.6 (2C),
34.6 (2C), 32.5 (2C), 29.0 (2C), 25.8 (2C), 23.2 (2C), 14.3 (2C), 11.0 (2C);

HRMS (ESI): calcd. for C3;H39Br,F,N,S, [M+H]Y: 713.0864, found: 713.0862.

PDTPQx
General polymerization method: A solution of N-acyl-DTP monomer 5 (213.5
mg, 0.338 mmol) in dry toluene (8 mL) was added dropwise via a syringe to a
mixture of Qx monomer 10a (228.9 mg, 0.338 mmol), Pd,(dba); (7.7 mg,
0.0084 mmol, 2.5 mol%), and P(o-tol); (10.3 mg, 0.0338 mmol, 10 mol%) in
dry DMF (2 mL). After purging with argon for 10 min, the mixture was heated to
105 °C for 1 h. The resulting crude polymer material was precipitated in

methanol and purified by repetitive soxhlet extractions with methanol, acetone,
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n-hexane and chloroform. The chloroform fraction was again precipitated in
methanol and filtered, yielding a black solid (250 mg, 87%). H NMR (CDCl;,
400 MHz): § = 8.80-8.10 (br, 2H), 8.00-7.55 (br, 2H), 7.50-7.10 (br, 2H),
6.90-6.50 (br, 2H), 3.70-3.40 (br, 1H), 3.05-2.55 (br, 4H), 2.10-1.85 (br, 2H),
1.80-1.60 (br, 4H), 1.55-1.15 (20H), 1.10-0.75 (br, 18H); SEC (THF, 40 °C, PS
standards): M, = 12 kg/mol, D = 2.8; After prep-SEC (PDTPQx-H): M, = 33

kg/mol, D = 1.5.

PDTPQx(1F)

Similar to the procedure as outlined for PDTPQx: Batch a: DTP monomer 5
(0.257 g, 0.407 mmol), Qx monomer 10b (0.283 g, 0.407 mmol), Pd,(dba)s
(9.3 mg, 10 pymol) and P(o-tol); (10.4 mg, 40.8 pmol) were dissolved in 12.5
mL of dry toluene and 2.5 mL of dry DMF. The polymer was obtained as a black
solid (200 mg, 57 %). Batch b: DTP monomer 5 (0.121 g, 0.193 mmol), Qx
monomer 10b (0.134 g, 0.0.193 mmol), Pd,(dba)s; (4.4 mg, 4.8 pmol) and P(o-
tol)s (5.9 mg, 19 pymol) were dissolved in 6.0 mL of dry toluene and 1.2 mL of
dry DMF. The polymer was obtained as a black solid (90 mg, 54%). H NMR
(CDCl5, 400 MHz): & = 9.25-8.10 (br, 1H), 8.05-7.15 (br, 3H), 7.10-6.10 (br,
3H), 3.70-3.35 (br, 1H), 3.20-2.55 (br, 3H), 2.20-1.90 (br, 3H), 1.90-1.65 (br,
4H), 1.50-0.25 (br, 38H); SEC (THF, 40 °C, PS standards): M, = 9.9 kg/mol, D
= 2.0 (for a) and M, = 20 kg/mol, D = 3.1 (for b); After prep-SEC
(PDTPQX(1F)-H): M, = 18 kg/mol, D = 1.4 (for a) and M, = 63 kg/mol, D =

1.9 (for b).

PDTPQx(2F)
Similar to the procedure as outlined for PDTPQx: DTP monomer 5 (0.118 g,

0.187 mmol), Qx monomer 10c (0.134 g, 0.187 mmol), Pdy(dba)s; (4.3 mg, 4.7
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pmol) and P(o-tol)s (5.7 mg, 19 umol) were dissolved in 4.8 mL of dry toluene
and 1.2 mL of dry DMF. The polymer was obtained as a black solid (156 mg,
94%). 'H NMR (CDCls;, 400 MHz): & = 9.50-6.10 (br, 6H), 3.68-3.34 (br, 1H),
3.15-2.70 (br, 2H), 2.50-1.90 (br, 4H), 1.90-1.60 (br, 4H), 1.50-0.20 (br,
38H); SEC (THF, 40 °C, PS standards): M, = 22 kg/mol, D = 2.8; After prep-

SEC (PDTPQx(2F)-H): M, = 56 kg/mol, D = 1.8.
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5.7.2 Analytical size exclusion chromatograms
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Figure S1: Analytical size exclusion chromatograms (THF, 40 °C, UV detection at
254 nm) of the crude PDTPQx copolymers (after soxhlet extractions) and their
low (denoted with -L) and high (denoted with -H) molar mass fractions, as
obtained after fractionation by prep-SEC (PDTPQx: M, = 12 kg/mol, D = 2.8;
PDTPQx-H: M, = 33 kg/mol, D = 1.5; PDTPQx(1F)-a: M, = 9.9 kg/mol, D =
2.0; PDTPQx(1F)-a-H: M, = 18 kg/mol, D = 1.4; PDTPQx(1F)-b: M, = 20
kg/mol, D = 3.1; PDTPQx(1F)-b-H: M, = 63 kg/mol, D = 1.9; PDTPQx(2F):

M, = 22 kg/mol, D = 2.8; PDTPQx(2F)-H: M, = 56 kg/mol, D = 1.8).
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5.7.3 Thermal analysis
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Figure S2: Rapid heat-cool calorimetry heating profiles for the PDTPQx
copolymer series, revealing no visible phase transitions (curves shifted vertically

for clarity).
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5.7.4 Additional solar cell and mobility data
Table S1: Optimization of the polymer solar cell devices based on

PDTPQx:PC,,BM(1:3) blends?®

Material Processing Voc Jsc FF Average n Best n
solvent® V] [mA/cm?] [%]° [%]
PDTPQXx CB 0.67 12.57 0.54 4.53 4.81
PDTPQXx CB + 3% CN 0.68 10.10 0.50 3.39 3.87
PDTPQXx CB + 3% DIO 0.54 2.97 0.70 1.12 1.22
PDTPQXx CF 0.62 5.42 0.39 1.30 1.40

@ Tests with a 1:1 ratio were performed as well, but best results were obtained from the
1:3 ratio. ®CB = chlorobenzene, CN = 1-chloronaphthalene, DIO = 1,8-diiodooctane, CF =
chloroform. ©Average values over at least 4 devices.
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Table S2: Optimization of the polymer solar cell devices based on

PDTPQx(1F):PC,;BM(1:3) blends®

Material Processing Vsc Jsc FE Average Best
solvent® [v] [mA/cm?] n[%1° n[%]

PDTPQx(1F)-a CB 0.76 6.66 0.47 2.39 2.78
PDTPQx(1F)-a CB + 3% CN 0.71 8.88 0.37 2.31 2.45
PDTPQx(1F)-a CB + 3% DIO 0.62 4.12 0.54 1.37 1.45
PDTPQx(1F)-a CF + 3% CN 0.71 5.55 0.35 1.37 1.61
PDTPQx(1F)-a CF + 10% oDCB 0.69 8.46 0.35 2.05 2.24
PDTPQx(1F)-a oDCB 0.67 8.83 0.42 2.50 2.74
PDTPQx(1F)-a oDCB + 3% CN 0.66 6.43 0.32 1.39 1.62
PDTPQx(1F)-a CB:CF (2:1) 0.77 6.88 0.48 2.57 2.58
PDTPQx(1F)-b CB 0.72 6.78 0.47 2.30 2.56
PDTPQx(1F)-b CB + 3% DIO 0.58 7.06 0.47 1.92 2.08

@ Tests with a 1:1 ratio were performed as well, but best results were obtained from the

1:3 ratio. ®CB = chlorobenzene, CN = 1-chloronaphthalene, DIO = 1,8-diiodooctane, CF =

chloroform, oDCB = ortho-dichlorobenzene. © Average values over at least 4 devices.
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Table S3: Optimization of the polymer solar cell devices based on

PDTPQx(2F):PC,;BM(1:3) blends®

Material Processing Voc Jsc FE Average n Best n
solvent® [Vl [mA/cm?] [%]° [%]
PDTPQx(2F) CB 0.75 4.25 0.49 1.56 1.74
PDTPQx(2F) CB + 3% CN 0.69 4.61 0.37 1.18 1.26
PDTPQx(2F) CB + 3% DIO 0.64 7.19 0.51 2.34 2.50
PDTPQx(2F) CF 0.82 2.85 0.54 1.26 1.38
PDTPQx(2F) CF + 10% oDCB 0.79 3.90 0.50 1.55 1.58
PDTPQx(2F) CF + 3% CN 0.80 2.70 0.49 1.05 1.06
PDTPQx(2F) oDCB¢ / / / / /

@ Tests with a 1:1 ratio were performed as well, but best results were obtained from the
1:3 ratio. °CB = chlorobenzene, CN = 1-chloronaphthalene, DIO = 1,8-diiodooctane, CF =
chloroform, oDCB = ortho-dichlorobenzene. ¢ Average values over at least 4 devices. ¢ No

proper film attachment on the substrate.
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Figure S3: Photo-CELIV measurements (performed on solar cell devices) for the

DTP-alt-quinoxaline copolymer series.
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Imidazolium-Substituted Polythiophenes
as Efficient Electron Transport Materials

Improving Photovoltaic Performance
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Verreet, T. Aernouts, L. Lutsen, D. Vanderzande, J. Manca, W. Maes, Adv.
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ABSTRACT

In the field of polymer solar cells, improving photovoltaic performance has been
the main driver over the past decade. To achieve high power conversion
efficiencies, a plethora of new photoactive donor polymers and fullerene
derivatives have been developed and blended together in bulk heterojunction
active layers. Simultaneously, further optimization of the device architecture is
also of major importance. In this respect, we report on the use of specific types
of electron transport layers to boost the inherent I-V properties of polymer solar
cell devices, resulting in a considerable gain in overall photovoltaic output.
Imidazolium-substituted polythiophenes are introduced as appealing electron
transport materials, outperforming the currently available analogous conjugated
polyelectrolytes, mainly by an increase in short-circuit current. The molecular
weight of the ionic polythiophenes has been identified as a crucial parameter

influencing performance.

228



Imidazolium-substituted polythiophenes as cathode interlayer materials

6.1 INTRODUCTION

The field of organic photovoltaics (OPV) has experienced a tremendous growth
over the past few years. This is a direct consequence of the potential commercial
value of this type of technology, exhibiting specific desirable properties such as
simple preparation, novel aesthetical possibilities, reduced weight and
mechanical flexibility, semi-transparency, and better performance in diffuse
light, which makes OPV particularly attractive for portable or wearable
electronics and building-integrated photovoltaics. Moreover, in contrast to
traditional Si-based solar cells, solution-processability allows low cost large-area
thin film fabrication by e.g. roll-to-roll (R2R) printing. Currently, single junction
OPV power conversion efficiencies (PCEs) of up to 9.2% have been reported,!!
and further improvements are constantly on the horizon.?) Up till now, the
active layer materials comprising the bulk heterojunction (BHJ) have been the
main focus point, with a special emphasis on low bandgap conjugated polymers
and small donor molecules.!®! However, as overall performance is determined by
the entire device built-up, a closer inspection and optimization of the other cell
components can also lead to noticeable improvements, e.g. better interfaces
between the various layers in the solar cell stack lead to a reduction of loss-

mechanisms due to an improvement of the charge extraction pathways. %!

At present, a number of different device architectures have been reported for
BHJ polymer solar cells. Besides the standard ‘sandwich’ structure, inverted
solar cells,[**! generally leading to enhanced lifetimes, and tandem devices,™ in
which two separate cells are stacked one upon another and connected in series

or parallel (affording record efficiencies up to 10.7%), are the most effective and

229



Chapter 6

widely applied architectures to date. Insertion of additional charge transporting
layers has been proposed as an effective mean to further optimize device
performance by diminishing detrimental factors such as leakage current, bad
interface tuning, charge recombination, etc. To facilitate electron transport and
collection (and block hole transport), various electron transport layers (ETLs)
have been introduced at the metal/active layer (standard cell) or transparent
metal oxide/active layer (inverted cell) interfaces, e.g. LiF, Cs,COs, fullerene
derivatives and notably conjugated polyelectrolytes (CPEs), affording remarkable
improvements in device parameters (Voc, Jsc, FF) and final PCEs.[®7! The
additional layer creates a more hydrophilic surface and dipole alignment at the
interface, resulting in a higher built-in potential (and hence Voc), while electron
transport and collection are facilitated (mainly causing an increase in FF) by
affecting the effective work function of the cathode, providing better energy
alignment and minimizing contact resistance.!®’ Hydrophilic polymers are
particularly attractive as they allow low-temperature solution processing and
generally afford air-stable films. Mainly inspired by parallel efforts in the field of
polymer light-emitting diodes (PLEDs), the number of CPE structures explored in
OPV to date is rather limited and CPE synthesis has only been exploited for a
limited number of conjugated polymers. Most of the ultrathin CPE interlayers
that have been reported are thiophene- or fluorene-based (co)polymers with
appended polar amines or ionic ammonium moieties.!®”! Moreover, the influence
of the chemical nature of the CPE and the underlying BHJ blend is still poorly
understood, leaving lots of opportunities for improvements by interdisciplinary

work of synthetic material chemists and device physicists.

230



Imidazolium-substituted polythiophenes as cathode interlayer materials

In this work, we report on the implementation of a specific type of electron
transport material, i.e. a CPE based on an amphiphilic polythiophene with
appended ionic liquid-like polar groups, to boost the internal cell parameters of
devices based on PCDTBT:PC;;BM and PCPDT-DTTzTz:PC,;BM photoactive layers
(Figure 1).18! The addition of this CPE layer between the active layer and the
electron collecting Al cathode (replacing the air-sensitive Ca layer) has a positive
influence on the internal voltage as well as on the leakage current, and an
efficiency increase of 20% (up to an average PCE of 6.2% for PCDTBT:PC;;BM
devices) was achieved with one of the ETL materials. Upon comparison with an
analogous polythiophene-based CPE recently reported by Bazan et al.[®®! or the
widely used PFN,[®! the novel interlayer material is more effective. Additionally,
the molecular weight of the hydrophilic polymer was identified as an important

factor determining the overall performance.
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Figure 1: Trimethylamine-functionalized polythiophene P1, imidazole-
functionalized polythiophenes P2 and P3, the PCDTBT and PCPDT-DTTzTz donor

polymers, and PC,,BM.
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6.2 RESULTS AND DISCUSSION

To render conjugated polymers soluble in more environmentally benign solvents
(rather than chlorobenzene etc.), which are highly desirable toward high-
throughput OPV solution processing, several synthetic strategies can be
adopted. Introduction of ionic moieties as side chains on the polymer backbone
affords CPEs, applicable either as active light-harvesting materials or as
interlayer materials in the solar cell stack. Ongoing synthetic efforts have been
directed toward the preparation of a wide range of cationic polythiophene
(co)polymers with appended ‘ionic liquid-like’ N-methylimidazole moieties
through substitution on the bromohexyl-substituted precursor polymers and
considerably facilitated by employing microwave heating.!*%*!] The versatility of
the GRIM polymerization route!*?) allows straightforward tuning of the molecular
weight, the built-in monomer ratio, the side chain pattern and the polymer
architecture (random vs block copolymers), combined with narrow
polydispersities and high regioregularities, while the counter ion can be readily

exchanged on the final polymer stage.[**]

For this interlayer work, one particular ionic imidazolium-functionalized
polythiophene homopolymer (with Br~ counter ion) was initially selected. Two
batches with varying molecular weight (P2 and P3, with M, = 11.2 kDa and
32.6 kDa, respectively, for the non-ionic precursor polymers) and narrow
polydispersity (D = 1.6) were prepared (see Supporting Information). These
materials were first evaluated as interlayer materials on top of an active layer
comprising of PCDTBT, one of the current state-of-the-art low bandgap donor

polymers,[*3! and PC,;BM (Figure 1). The PCDTBT:PC;;BM combination combines
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high efficiency and long operating lifetimes. To enable comparison with the ETL

material introduced by Bazan et al. [

trimethylamine-functionalized
polythiophene P1['*! was prepared as well (M, = 32.6 kDa) as a reference
material (Figure 1). Additionally, PFN was also included as an additional ETL
material in the device set. For ionic polythiophenes P1-P3, complete
functionalization and material purity were confirmed by 'H NMR (Figure S1).1t%
The optical absorption spectra show typical polythiophene features, with a small
red shift (in film) for P2 and P3 (Anax = 504 nm) compared to P1 (Anax = 482
nm) (Table S1). ‘P3HT-like’ electrochemical behavior was observed for all three
materials by cyclic voltammetry (Table S1), the main difference being located at
the reduction onset. The presence of the ionic groups in these hydrophilic
polymers makes them soluble in alcohols, hence enabling processing from more
benign non-chlorinated solvents. Moreover, as orthogonal solvents are applied

for the photoactive layer and CPE film, integrity problems due to redissolution of

the underlying BHJ layer are readily avoided.

For the evaluation of the ETL features of the novel ionic polythiophenes, the
standard solar cell stack glass/ITO/PEDOT-PSS/polymer:PC,;BM/CPE/Al was
employed.[®®) In a first experiment, the optimal concentration of the CPE
materials (in methanol) was investigated for PCDTBT:PC,;BM active layers (data
not shown). The optimum was found around 0.02 w/v% and hence all further
experiments were performed using this concentration.[®®! Next, the devices with
interfacial charged polymer layers were compared to cells with traditional Ca/Al
electrodes (Table 1). Ca is commonly applied as a low work function metal to
optimize electrical contact but suffers from high air-sensitivity and is therefore

increasingly replaced by solution-processed metal oxides (ZnO, TiOy). The
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overall increase in PCE due to the ETL materials could mainly be attributed to an
increase in short-circuit current density (Jsc), with only minor contributions from
open-circuit voltage (Voc) and fill factor (FF) (Figure 2, Table 1). Comparing the
three interlayer materials, the novel high-M, ionic polythiophene P3 afforded the
best results, with a top PCE of 6.7% (average 6.2%). Compared to the reference
ETL material P1, derived from the same precursor polymer batch, there is an
increase in PCE of ~0.2% (both for the best and average PCE). In comparison
with the device utilizing Ca, Jsc increased from 10.7 mA cm™2 to 12.1 mA cm2,
which is an increase of roughly 20%. The increase in Jsc was confirmed by
extracting the currents from external quantum efficiency (EQE) measurements
(Figure S2, Table S2). The enhanced current can partly be explained by
increased reflection upon removing the Ca layer (which shows some ‘parasitic’
absorption; Figure S$3).[*>1 The addition of the CPE layers seems to provide an

optimal balance between improved ohmic contact and mirror effects.

Table 1: Photovoltaic performance of PCDTBT-based BHJ solar cell devices with

and without the addition of CPE layers.®

Layer Sequence Voc Jsc FF Average n Best n
[V] [mA cm2]® [%] [%]
.../PCDTBT:PC;1BM/AI 0.73 11.36 0.41 3.39 £ 0.36 3.82
.../PCDTBT:PC;:BM/Ca/Al 0.87 10.66 0.57 5.23 £ 0.33 5.71
.../PCDTBT:PC;1BM/P1/Al 0.88 11.82 0.58 6.03 £ 0.46 6.48
.../PCDTBT:PC;1:BM/P2/Al 0.84 11.67 0.55 5.32 £ 0.24 5.57
.../PCDTBT:PC;1:BM/P3/Al 0.87 12.05 0.59 6.22 £ 0.43 6.69
.../PCDTBT:PC;1BM/PFN/AI 0.88 11.84 0.58 5.96 + 0.42 6.33
.../PCDTBT:PC;;BM/MeOH/AI  0.88 11.68 0.57 5.81 £ 0.17 5.99

¥ Stack: glass/ITO/PEDOT-PSS/PCDTBT:PC;;BM/X/Al with X = Ca or CPE.

®) Uncorrected data.
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Figure 2: J-V curves under illumination of PCDTBT-based BHJ photovoltaic

devices with and without additional CPE layers.

Utilizing the same ionic polythiophene material with a lower M, (P2) resulted in
a clearly lower performance, indicating that the efficiency of the interlayer is
dependent on the molecular weight of the interfacial polymer. Ionic
polythiophene P3 also showed a noticeable improvement when compared with
the widely used PFN interlayer material (on average 5.96% vs. 6.22%). Finally,
a reference device for which pure methanol was spin-coated on top of the active
layer was produced (Table 1, indicated as .../MeOH/AI, Figure S4) to investigate
whether the beneficial factor leading to improved device performance could not
be reproduced by the solvent only. From the data in Table 1 we can observe a
noticeable improvement with respect to the reference device utilizing the
traditional Ca/Al electrode. This observation has been made before, leading to
the statement that the methanol treatment results in the formation of an

interface dipole between the active layer and the metal layer.l®!® The
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incorporation of the CPE layers did, however, result in further improvements in
Jsc, resulting in higher overall PCEs. This suggests that, on top of the formation
of an interface dipole, the presence of the CPE layer leads to additional beneficial

factors improving charge extraction.

In a follow-up experiment, the highest performing ETL material P3 was also
tested on top of an active layer comprising of a different low bandgap polymer,
i.e. PCPDT-DTTZzTz.['% As can clearly be seen from the data in Table 2 (and the
J-V curves in Figure S5), the results confirmed the beneficial effect of the novel
CPE layer, with an increase in Jsc and FF leading to a similar overall PCE
improvement. It has to be noted here that the efficiency obtained for the
reference device (4.78% best, 4.50% average) is the highest PCE reported for

this donor polymer (4.03% before).

Table 2: Photovoltaic performance of PCPDT-DTTzTz-based BHJ solar cell devices

with and without the addition of CPE layers.®

Layer Sequence Voc Jsc FF Average n Best n
[V] [mAcm?2]? [%] [%]

.../PCPDT-DTTzTz:PC;,BM/Ca/Al 0.68 12.2 0.54 4.50 £ 0.20 4.78

.../PCPDT-DTTZzTz:PC;:BM/P3/Al 0.68 12.9 0.55 4.86 = 0.40 5.43

¥ Stack: glass/ITO/PEDOT-PSS/PCPDT-DTTzTz:PC;,BM/X/Al with X = Ca or CPE. ®

Uncorrected data.

To get a more clear view on the potential loss mechanisms in the devices, dark
J-V curves were measured, revealing information on the series and shunt
resistances (Rs and Rg). Figure 3 shows the dark curves for the best performing
CPE material P3 and for the reference devices with solely Al and Ca/Al as top
electrodes. Utilizing P3 as a CPE resulted in a strong increase of Ry, in

comparison to the two reference devices. As for R;, there was a slight
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improvement when comparing the CPE-containing device with the Ca/Al
reference. However, compared with the Al reference, R was much lower.
Moreover, in the negative half of the x-axis, the photovoltaic device with a P3
ETL layer showed much less leakage current, confirming the positive influence of

the interlayer on the performance of the solar cell device.

1000 T T T
100
10 4
1

—m— Al
—e— CalAl
1E-6{ —Vv—P3

Current Density (mA/cm?)

Voltage (V)
Figure 3: J-V curves of PCDTBT-based BHJ photovoltaic devices under dark

conditions with and without additional CPE layers.

Atomic force microscopy (AFM) measurements were performed to investigate
the interlayers when deposited on top of the PCDTBT:PC,;BM active layer
(Figure 4). The roughness in all cases increased compared to non-covered
PCDTBT:PC,;BM films. The ETL materials P1-P3 did not completely cover the
active layer surface. The calculated surface coverage seemed to be similar for all
ETLs (~55%), but the observed morphology was noticeably different. Figure 4a-
c shows the topography, whereas Figure 4d-f reveals the adhesion images,
reflecting the ‘sticking’ of the AFM tip to the surface (additional images can be

found in Figure S6 and S7). The topography images (a-c) show the presence of
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rather large ‘holes’ (average diameter 110 nm) for P1, whereas for P3 a much
finer and more random network is formed. From the adhesion images (d-f) it
can be seen that the regions with low adhesion (dark spots) correspond with the
higher topography features, and the regions with high adhesion (bright spots)
correspond with the lower features on the height image. From these
observations, it looks like the active layer is not completely covered and is
directly exposed by the presence of holes in the ETL material. The density of
these holes can possibly be correlated to the final device performance.

190m

3.9nm

-2.1nm -3.7 nm

0.0 Height 500.0 nm 0.0 Height 500.0 nm

404.1 mV 3572mV |

3234 mv 65.3 mV

s 0

0.0 Adhesion 500.0 nm

500.0 nm

0.0 Adhesion

0.0 Adhesion 500.0 nm
Figure 4: AFM (top row: topography; bottom row: adhesion) images (500x500
nm32) of layer stacks with and without additional CPE materials: a,d)

PCDTBT:PC;,BM, b,e) PCDTBT:PC;;BM/P1, c,f) PCDTBT:PC;;BM/P3.

The presented study confirms that high-efficiency polymer solar cells can be
prepared by insertion of appropriate ionic polymer films at the electrode/active
layer interface. Interface engineering provides a simple pathway to BH] OPV

efficiency improvement, but its full potential has yet to be explored. The
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imidazole-substituted ionic polythiophene introduced here combines a number of
features that favor this ETL material above most competitive polymer and/or
fullerene materials. It is a simple polythiophene derivative, prepared via the
straightforward GRIM polymerization method - providing structural versatility
and scalability - and its stability and alcohol solubility enable easy processing
from environmentally acceptable solvents. The material also seems to be
applicable to different polymer:fullerene active layers. Moreover, by tuning the
chemical structure of the ionic polythiophene, further improvement is
conceivable, e.g. by varying the density and organization of ionic groups at the

surface.
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6.3 EXPERIMENTAL SECTION

Synthesis of conjugated polyelectrolytes: Trimethylamine-functionalized
polythiophene P1 (P3(TMA)HT-Br) (Figure 1), used as a reference interlayer
material, was prepared by a literature procedure as reported by Bazan et al.l'¥!
Imidazolium-substituted polythiophenes P2 and P3 were prepared according to
a recently reported method.l'®! Details on the synthetic procedures and

characterization data are provided in the Supporting Information.

Device fabrication: The reference BHJ] solar cells were constructed using the
traditional glass/ITO/PEDOT-PSS/active layer/Ca/Al architecture. To investigate
the impact of the CPE layers, the Ca layer was replaced by a CPE. A control
device without CPE or Ca layer was included as an additional reference. Before
device processing, the indium tin oxide (ITO, Kintec, 100 nm, 20 Ohm/sq)
containing substrates were cleaned using soap, demineralized water, acetone,
isopropanol and a UV/Os treatment. Subsequently, the ITO substrates were
covered by a ~30 nm thick layer of PEDOT-PSS [poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonic acid), Heraeus Clevios] by spin-
coating. Further processing was performed under nitrogen atmosphere in a
glove box, starting off with an annealing step at 130 °C for 15 min to remove
any residual water. The PCDTBT (poly[[9-(1-octylnonyl)-9H-carbazole-2,7-diyl]-
2,5-thiophenediyl-2,1,3-benzothiadiazole-4,7-diyl-2,5-thiophene-diyl]) donor
polymer was obtained from SolarisChem (M, = 79 kDa, D = 2.4), and used as
received. PCPDT-DTTzTz (poly([4-(2’-ethylhexyl)-4-octyl-4H-cyclopenta[2,1-
b:3,4-b’]dithiophene-2,6-diyl]-alt-[2,5-di(3’-hexylthiophen-2’-yl)thiazolo[5,4-

dlthiazole-5’,5”-diyl]) was synthesized according to a previously reported
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method.!*%! The active layer consisting of PCDTBT:PC,;BM ([6,6]-phenyl Cy;
butyric acid methyl ester, Solenne) was spin-coated with a thickness of ~65 nm
(as confirmed by DEKTAK). Blend solutions were prepared in a 1:4 ratio, with
PCDTBT concentrations of 5 mg/mL, using chlorobenzene:1,2-dichlorobenzene
(1:3) as a solvent mixture.!®®! For the devices containing PCPDT-DTTzTz:PC;,BM
as the active layer, a thickness of ~70 nm was obtained through spin-coating.
Blend solutions were prepared in a 1:3 ratio, with PCPDT-DTTzTz concentrations
of 5 mg/mL, using chlorobenzene as a solvent.['®) The active layer deposition
step was followed by spin-coating of the CPE interlayers, aiming for thicknesses
of ~5-10 nm. The CPE solutions were prepared in concentrations of 0.01, 0.02
and 0.04 w/v% in methanol. Finally, the devices were finished off with Al as the
top electrode, with a thickness of ~80 nm. Thicknesses of the top electrodes of
the reference device containing Ca/Al were ~20 and 80 nm, respectively. In the
standard cell configuration, an active area of 25 mm2 was obtained. To provide
a better assessment of the value of the in-house prepared CPE’s, the more
commonly used interlayer material PFN (poly[(9,9-bis(3 "-(N,N-

dimethylamino)propyl)-2,7-fluorene)]) was used as well.

Device characterization: The PCEs of the BHJ solar cells were measured using a
Newport class A solar simulator (model 91195A) calibrated with a silicon solar
cell to give an AM 1.5g spectrum. For AFM imaging, a Bruker Multimode 8 AFM
was used in PeakForce tapping mode, employing ScanAsyst. The images were

produced with a silicon tip on a nitride lever with a spring constant of 4 N m™?.

EQE and reflection measurements: A commercial set-up (Bentham) was used to
measure the EQE. Light from a Xe arc lamp (300-670 nm) and a quartz halogen

lamp (670-900 nm) is chopped, coupled into a monochromator and aimed at
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the device. The resulting current is sent through a Bentham477 current pre-
amplifier, then arriving in the Bentham485 lock-in amplifier. Calibration is done
with a certificated Si cell. The integration of these EQEs over the solar
spectrum is listed in Table S2 as Jeqe. The same optics and measurement setup

is used with a DTR6 integrating sphere to determine the reflection.

6.4 CONCLUSIONS

In conclusion, we have shown that the device performance of polymer solar cells
can be remarkably improved by incorporation of a thin electron transport layer
based on an imidazolium-substituted ionic polythiophene (20% increase in PCE
up to an average value of 6.2% for PCDTBT:PC,;BM). The beneficial effect is
notably higher than for previously reported materials such as an analogous
trimethylamine-functionalized ionic polythiophene or PFN. Best results were
obtained for the highest molecular weight ETL material, pointing to an important
influence of polymer chain length on ETL performance. Remaining questions on
the exact influence of polymer molecular weight (and its relation to active layer

coverage) and the polythiophene backbone need to be addressed in future work.
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6.7 SUPPORTING INFORMATION

6.7.1 CPE synthesis and characterization data

General experimental procedures

Unless stated otherwise, all reagents and chemicals were obtained from
commercial sources and used without further purification. Tetrahydrofuran (THF)
was dried using an MBraun MB-SPS 800 solvent purification system. NMR
chemical shifts (3, in ppm) were determined relative to the residual H
absorption of CHCI5 (7.26 ppm) or the *3C resonance shift of CDCl; (77.16 ppm).
Analysis of the molecular weights and molecular weight distributions of the
polymer samples was performed on a Tosoh EcCoSEC System, comprising of an
autosampler, a PSS guard column SDV (50 x 7.5 mm), followed by three PSS
SDV analytical linear XL columns (5 pm, 300 x 7.5 mm), and a differential
refractive index (Tosoh EcoSEC RI) and UV detector using THF as the eluent at
40 °C with a flow rate of 1.0 mL min™l. The SEC system was calibrated using
linear narrow polystyrene standards ranging from 474 to 7.5 x 10% g mol™* (K =
14.1 x 10 dL g and a = 0.70). Microwave synthesis was performed using a
CEM Discover SP synthesis platform. Optical absorption measurements were
performed on a Cary500 UV-Vis-NIR instrument from Agilent. The optical
bandgap was calculated from the intersection between the X-axis and the
tangent line to the (film) absorption spectrum at the low energy side.
Electrochemical measurements were performed with an Eco Chemie Autolab
PGSTAT 30 potentiostat/galvanostat using a three-electrode microcell
[Ag/AgNO; reference electrode (silver wire/0.01 M AgNO3/0.1 M
NBu4PFs/MeCN); Pt counter electrode; Pt working electrode]. Freshly distilled

anhydrous MeCN containing 0.1 M NBu4PF¢ was used as the electrolyte. To
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prevent air from entering the system, solutions were degassed with argon prior
to each measurement and experiments were carried out under a curtain of
argon. Films of the polymers on the working electrode were prepared by dipping
the electrode in the polymer solution (solvent details can be found in Table S1)
and waiting until the solvent had evaporated. All films were prepared in air.
Cyclic voltammograms were recorded at a scan rate of 100 to 300 mV s’t. The
HOMO and LUMO energy levels were calculated from the onset oxidation and the
onset reduction potential, respectively, and by assuming that the energy level of
ferrocene/ferrocenium (Fc/Fc+) has a value of —4.98 eV below the vacuum

level.

Br ¢ J
®N
i- PngCI LiCl N- methyhmudazole
dppp )Cl, CH3CN
THF
/\ P2/P3
S” /x
P3BHT P3(MIM)HT-Br
Br
®NMejz
MesN
EtOH
I N e
S” /x

P3(TMA)HT-Br

Scheme S1: Synthesis of ionic polythiophenes P1-P3.
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Poly[3-(6-bromohexyl)thiophene] (P3BHT) precursor polymers!!

The monomer, 2,5-dibromo-3-(6-bromohexyl)thiophenel*?! (0.500 g, 1.2
mmol), was added to a flame-dried three-neck flask and dissolved in dry THF
(15 mL). The reaction mixture was put under inert atmosphere and cooled to 0
°C. An j-PrMgCl.LiClI solution (1.3 M in THF, 0.923 mL, 1.2 mmol, 1 equiv) was
added and the mixture was stirred for 30 min at 0 °C. To start the
polymerization, 0.8 mol% of Ni(dppp)Cl, (5 mg, 0.01 mmol) was added and the
mixture was stirred for 2 h at 40 °C and 12 h at room temperature. The polymer
was precipitated into an ice-cold HCI/MeOH (5%) mixture filtered off on a PTFE
membrane (47 mm/0.45 pm). The polymer was purified using Soxhlet extraction
for 24 h with methanol, n-hexane and chloroform, respectively. After
evaporation of the solvent, the residue was redissolved in chloroform and
precipitated again from methanol, filtered, washed with methanol and dried,
affording high-M, polythiophene precursor P3BHT-HMn as a black powder
(0.141 g, 48%). *H NMR (300 MHz, CDCls, 8): 6.96 (s, 1H), 3.41 (t, J = 6.7 Hz,
2H), 2.81 (t, J = 7.3 Hz, 2H), 1.88 (q, J = 6.8 Hz, 2H), 1.71 (br, 2H), 1.56-1.41
(m, 4H); UV-vis (CHCIl3): Anax = 447 nm; SEC (THF, PS standards): M, = 3.2 x
10* g mol*, M, = 5.1 x 10 g mol}, D = 1.6.

When 1.6 mol% of Ni(dppp)Cl, catalyst (10 mg, 0.02 mmol) was added in the
same polymerization procedure, a lower molecular weight precursor polymer
P3BHT-LMn was obtained (0.102 g, 34%). *H NMR (300 MHz, CDCls, 8): 6.96
(s, 1H), 3.41 (t, J = 6.9 Hz, 2H), 2.80 (t, J = 8.2 Hz, 2H), 1.88 (br, 2H), 1.71
(br, 2H), 1.58-1.38 (m, 4H); UV-vis (CHCIl3): Aqnax = 447 nm; SEC (THF, PS

standards): M, = 1.1 x 10* g mol?, M,, = 1.8 x 10 g mol}, D = 1.6.
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Polymer functionalization with trimethylamine: poly[3-(6-
trimethylammoniumhexyl)-thiophene] P3(TMA)HT-Br (P1)

P3BHT-HMn (0.040 g) was suspended in a solution of trimethylamine in EtOH
(4.2 M, 2 mL) and added to a 10 mL microwave vial, which was then filled with
Ar and closed. The reaction mixture was heated in the microwave at 100 °C for
3 h (with maximum power of 200 W and maximum pressure of 250 psi). After
cooling down, the dark purple and viscous reaction mixture was added dropwise
to Et,0 and a dark precipitate was obtained. The precipitated polymer was
filtered off using a PTFE membrane (47 mm/0.45 pm) and dried carefully,
affording P3(TMA)HT-HMn or P1 as a purple-black powder (0.049 g, 99%). 'H
NMR (300 MHz, DMSO-dg, 8): 7.25 (s, 1H), 3.09 (s, 9H), 2.81 (br, 2H), 1.70 (br,
4H), 1.55-1.21 (m, 4H) (2 protons are hidden under the H,O signal); UV-vis

(MeOH): Apax = 443 nm.

Polymer functionalization with N-methylimidazole: P3(MIM)HT-Br
(P2/P3)

P3BHT-HMn (0.086 g) was suspended in acetonitrile (1 mL) in a 10 mL
microwave vial and N-methylimidazole (1 mL) was added. The vial was filled
with argon and closed. The reaction mixture was heated in the microwave at 100
°C for 3 h (maximum power 200 W, maximum pressure 250 psi). After cooling
down, the reaction mixture was added dropwise to Et,O and a dark precipitate
was obtained. The precipitated polymer was filtered off using a PTFE membrane
(47 mm/0.45 ym) and (freeze-)dried carefully, affording P3(MIM)HT-Br-HMn
or P3 as a purple-black powder (0.109 g, 95%). *H NMR (300 MHz, DMSO-d,

3): 9.30 (s, 1H), 7.83 (s, 1H), 7.72 (s, 1H), 7.18 (s, 1H), 4.18 (br, 2H), 3.84 (s,
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3H), 2.76 (br, 2H), 1.79 (br, 2H), 1.68-1.55 (m, 2H), 1.44-1.22 (m, 4H); UV-
vis (MeOH): Aqax = 443 nm.

P3BHT-LMn (0.090 g) was reacted in the same way, affording P3(MIM)HT-Br-
LMn or P2 as a purple-black powder (0.108 g, 94%). *H NMR (300 MHz, DMSO-
de, 0): 9.39 (s, 1H), 7.85 (s, 1H), 7.75 (s, 1H), 7.21 (s, 1H), 4.21 (br, 2H), 3.87
(s, 3H), 2.78 (br, 2H), 1.81 (br, 2H), 1.64 (br, 2H), 1.46-1.24 (m, 4H); UV-vis

(MeOH): Apax = 442 nm.
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6.7.2 Optical and electrochemical characterization data
Table S1: Cyclic voltammetry and UV-vis data (both in film) of the P1-P3 ionic

polythiophenes (and P3HT/PCDTBT under the same conditions).

Amax  ESie  Ebde  HOMO LUMO” EEC ES
Polymer
[hm]¥  [V] [vl [eV] [eVv] [eV] [ev]?
P1 482 0.34 -1.98 -5.20 -2.88(-3.19)9 2.32 2.01
P2 504 0.33 -1.91  -5.19  -2.95(-3.25)9 2.24 1.94
P3 504 0.10 -1.93 -4.96 -2.93 (-3.00)? 2.03 1.96
P3HT? 519 0.27 -2.24 -5.13 -2.62 (-3.23)? 2.51 1.90
PCDTBT 579 0.47 -1.63 -5.43 -3.33 (-3.57)? 2.10 1.86

3 In film (P1-P3 from tetrafluoropropanol, P3HT from chlorobenzene, PCDTBT from
chlorobenzene/dichlorobenzene 70/30); ® Based on the onset of reduction; © Values
between brackets are based on: LUMO = HOMO + E,°%; ¥ M, = 2.5 x 10* g/mol, D = 2.1.
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6.7.3 EQE and reflection measurements
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Figure S2: EQE spectra for devices containing the P1 and P3 CPEs (compared to

a reference Ca/Ag device).!?!

Table S2: Photovoltaic performance of PCDTBT-based BHJ solar cell devices with
and without the addition of CPE layers, as applied for the EQE

measurements.4 @

Layer Sequence Voc Jsc FF Best n Jeqe
[V] [mA cm21® [%]
.../PCDTBT:PC,;BM/Ca/Ag 0.81 9.26 0.62 4.66 9.05
.../PCDTBT:PC,;BM/P1/Ag  0.87 10.2 0.65 5.79 10.6
.../PCDTBT:PC,;BM/P3/Ag  0.85 10.4 0.67 5.90 10.7

3 Stack: glass/ITO/PEDOT-PSS/PCDTBT:PC;:BM/X/Ag with X = Ca or CPE.
®) Uncorrected data.

[3] Due to the different facilities that were used to produce these devices and
the slightly different solar cell stack (Ag instead of Al), non-optimized results
were obtained.

[4] Global tilt ASTM G173-03 reference spectrum:
http://rredc.nrel.gov/solar/spectra/am1.5/
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Figure S3: Reflectivity spectra for devices containing the P1 and P3 CPEs

(compared to a reference Ca/Ag device).[®!
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6.7.4 J-V curves
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Figure S4: J-V curves under illumination of PCDTBT:PC,;BM BHJ photovoltaic

devices with and without additional CPE layers.
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Figure S5: J-V curves under illumination of PCPDT-DTTzTz:PC5;BM BHJ

photovoltaic devices with and without additional CPE layers.
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6.7.5 Atomic force microscopy images
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0.0 Adhesion  500.0 nm 0.0 Adhesion  500.0 nm

Figure S6: AFM (a,b: topography; c,d: adhesion) images (500x500 nm?2) of layer
stacks with and without additional CPE layer: a,c) PCDTBT:PC;;BM/P2, b,d)

PCDTBT:PC;,BM/MeOH.
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Figure S7: AFM (a-e: topography; f-j: adhesion) images (4x4 um?2) of layer

stacks with and without additional CPE layers: a,f) PCDTBT:PC,,BM; b,qg)

PCDTBT:PC;;BM/P1; c,h) PCDTBT:PC;,BM/P2; d,i) PCDTBT:PC;;BM/P3; €,j)

PDCTBT:PC;,BM/MeOH
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Chapter 7
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7.1 INTRODUCTION

Organic photovoltaics (OPV) have demonstrated strong potential as renewable
energy sources, adding appealing features to the classical solar cell technology,
such as flexibility, light-weight, semi-transparency, and the potential for low-
cost production.l'] Polymer solar cells comprised of intimate blends of
conjugated polymers and (methano)fullerenes have recently demonstrated
power conversion efficiencies (PCE’s) exceeding 10%, mainly through extensive
structural optimization of the polymer donor material.l?) Simultaneously,
interface optimization through the use of dedicated interfacial layers has
afforded significant enhancements of one or more of the I-V parameters.
Conjugated polyelectrolytes (CPE’s), conjugated polymers with substituents
bearing ionic moieties, are frequently employed as cathodic or anodic
interlayers, as the nature of the ionic side chains allows for processing from
orthogonal solvents (often alcohols).!3! One particular CPE material that stands
out is PFN ({[9,9-bis(3'-N,N-dimethylamino)propyl]2,7-fluorene}-alt-2,7-(9,9-
dioctylfluorene)), which is widely used as a powerful interfacial layer with a
reported top efficiency of 9.2% when applied in an inverted solar cell in
combination with PTB7:PC,;BM.!?3] Apart from polymer-based interfaces, also
alternative materials are considered, such as the non-conjugated PEIE
(polyethylenimine ethoxylated) and small molecule porphyrin and Cegg

derivatives.[*®!

The detailed working mechanism of these interlayers, in particular with respect
to the structural properties of the employed materials, is not fully understood at

this stage. The generally accepted understanding involves the formation of an
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interfacial dipole, as analyzed through Kelvin probe force microscopy (KPFM) or
ultraviolet photoelectron spectroscopy (UPS).>°! By deposition of a charged
species on top of a non-polar (active layer) or metallic (electrode) substrate,
preferred orientation of the ionic moieties will result in a shift in the vacuum
level.[”? Other hypotheses comment the energy-level allignment at the
organic/metal interface!® or active layer doping!®. Extensive investigation on the
influence of different interlayer materials (on top of various substrates) was
recently performed in the group of Janssen.!!®? The proposed mechanism
involves the formation of an image charge, causing alterations in the work
functions (as determined by KPFM). From these findings, a model was
postulated involving the formation of dipoles depending on the ability of the
charged constituents to move. Additionally, it was shown that the size of the
counterion determined the extent to which the work function could be
manipulated. No definite translations toward photovoltaic performances were

made though.

In 2011, Bazan et al. reported on polythiophene-based interfacial materials with
pendant trimethylammonium groups (P3TMAHT). In standard architecture solar
cells based on PCDTBT:PC,;BM, a PCE of 6.3% was obtained (compared to 5.3%
without interlayer).3 In  previous work, we have replaced the
trimethylammonium end groups by imidazolium functionalities. Application of
this material as cathodic interlayer in standard architecture PCDTBT:PC;;BM
solar cells resulted in a PCE of 6.69%, a clear enhancement in comparison to the
reference device (5.71%) and devices with P3TMAHT as interfacial layer
(6.48%).1*] In the present work, we have examined a broad array of potential

cathode interlayer materials based on a common polythiophene backbone
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decorated with different pendant side chains bearing various ionic end groups,
as a possible means to analyze the effect of structural modifications. To this
extent, we have investigated homopolymers containing imidazolium, pyridinium
and phosphonium ionic species as well as a specific random (50/50)
copolythiophene with triethylene glycol and imidazolium-substituted hexyl side
chains (Figure 1).*?! The corresponding counterions were limited to bromine and
bis(trifluoromethylsulfonyl)imide (TFSI). As a donor polymer, PBDTTPD
(poly[bis(2'-ethylhexyloxy)benzo[1,2-b:4,5-b]dithiophene-alt-octylthieno[3,4-

c]pyrrole-4,6-dione]) (Figure S1) was chosen, which, in combination with

PC,,BM, has been reported to deliver PCE’s up to 8.3%.[2¢13!

©
BI/TFSI
N
© o \
Br/TFSI Br/TFSI “:N>
@ © \
(/N @ BITFSI | 0
N ON7 - g
@ cé
o 0
7\ I\ I\ 7NN
s” 7h s 7 s 7, s 117
P1 P2 P3 P4

Figure 1: Chemical structures of the employed conjugated polythiophene-based

polyelectrolytes P1—P4.

7.2 RESULTS AND DISCUSSION

Ionic (co)polythiophenes P1—P4 were prepared according to previously

[12]

reported procedures. Grignard metathesis (GMIM) polymerization was

employed to prepare bromoalkyl-functionalized polythiophene precursors and
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post-polymerization functionalization afforded the ionic derivatives. Finally, the
bromine counter ions were exchanged for more hydrophobic TFSI ions to expand
the structural diversity and avoid the hygroscopic features imposed by the Br
ions (vide infra). Experimental data on the interlayer materials are gathered in

the experimental section.

Prior to evaluation of the interlayer materials in organic solar devices, rapid
heat-cool calorimetry (RHC) was performed on these materials, mainly aiming at
the determination of the glass transition temperatures (74's) (Figure 2, Figure S2
and Table S1). Exchanging the bromine ion for TFSI resulted in considerably
lower T4's and a strong plasticizing effect was observed. As illustrated in Figure
2, the polythiophene-based polyelectrolytes containing bromine counter ions
showed a strong hygroscopic behavior, indicated by the broad temperature
range to remove residual water during the first heating in the RHC
measurements. Considering the hypothesis on the vacuum level shift due to the
formation of dipoles at the interface, the (unavoidable) presence of water risks
to obscure underlying mechanisms, hindering comparison of the different
interfacial materials. Therefore, it was decided to focus mainly on the CPE’s
containing TFSI counter ions, for which no hygroscopic behavior was observed

(Figure 2).
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Figure 2: RHC measurements for P4 with a) bromine and b) TFSI counter ions.
The red line corresponds to the 1% heating (demonstrating the hygroscopic
behavior of the bromine containing CPE). The black line corresponds to the 2™

heating.

The PBDTTPD copolymer (M,: 43 kDa, D: 2.3) was prepared by Stille
polycondensation, as previously reported by Beaujuge and co-workers.[??! To
evaluate the different polythiophene-based interlayers, organic solar cells based
on a standard architecture glass/ITO/PEDOT:PSS/PBDTTPD:PC,;BM/interlayer/Al
were prepared. For the photoactive layer (PAL), a total concentration of 10
mg/mL was utilized (1:1.5 polymer:PC,;BM ratio) and the reference device

employed calcium instead of a CPE affording an average PCE of 7.32% (with a
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top efficiency of 7.91%). Table 1 and Figure 3 show the improvements in

photovoltaic performance of the polymer solar cells upon incorporation of the

various cathode interlayers. The higher PCE’s can mostly be ascribed to

enhanced short-circuit currents (Jsc). Utilization of P4 resulted in an additional

small gain in fill factor (FF), consequently resulting in a top PCE of 9.08%

(average 8.18%). The best performing material, P4, was also deposited on top

of PCDTBT:PC,;BM (1:4 polymer:PC,;BM ratio), showing a similar rise in

efficiency, but this time affecting all I-V parameters (Table 1). The lower PCE of

these PCDTBT:PC,;BM devices in comparison to the values obtained in Chapter 6

are due to the use of a new (inferior) batch of PCDTBT.

Table 1: Photovoltaic performances of PBDTTPD:PC,;BM and PCDTBT:PC;;BM

polymer solar cells with or without the incorporation of cathode interfacial

layers.

PAL donor Interfacial Voc Jsc FF Average n Best n
material material [V] [mA/cm?] [%]® [%]
PBDTTPD Ca 0.92 11.28 0.71 7.32 7.91
PBDTTPD P1 0.92 11.57 0.70 7.44 8.08
PBDTTPD P2 0.93 12.12 0.70 7.90 8.53
PBDTTPD P3 0.92 11.73 0.71 7.72 8.30
PBDTTPD P4 0.92 12.26 0.72 8.18 9.08
PCDTBT Ca 0.85 10.15 0.53 4.54 5.11
PCDTBT P4 0.89 11.55 0.59 6.01 6.42

3Average efficiencies gathered over 16-20 devices.
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Figure 3: J-V curves for the best PBDTTPD:PC,,BM solar cell devices produced with

and without interlayers P1-P4.

To investigate if the varying PCE enhancements are originating from differences
in active layer coverage of the interfacial layers, atomic force microscopy (AFM)
measurements were performed on the devices containing the CPE’s spincoated
on top of PBDTTPD:PC;;BM from solutions with the same concentration (0.25
mg/mL) in methanol (Figure 4). These images clearly indicate an incomplete
coverage with the formation of stain-like structures on top of the PAL (adhesion
images in Figure S3). P4 shows a higher compatibility with the underlying active
layer, as indicated by a slightly higher coverage and more homogeneously
distributed domains, possibly related to the slight enhancement in FF and the
top efficiency. Comparison with the AFM image of the device containing P4 on
top of PCDTBT:PC;;BM demonstrates a lower wettability of this interlayer
material on top of PBDTTPD:PC,;BM, illustrating the strong dependence of the

underlying active layer on the deposition of the interlayer material (Figure S4).
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0.80

128

Figure 4: AFM topography images of the polymer solar cells (PBDTTPD:PC,,BM)

based on a) P1 b) P2 c) P3 d) P4.

Inspection of the dark curves for the devices based on P4 on top of either
PBDTTPD:PC,;BM or PCDTBT:PC,;BM reveals some indicative results toward the
observed differences in the enhancement of the I-V parameters (Figure 5).
Devices constructed with PBDTTPD:PC,;BM show little deviation in Rs and Rgj
upon application of P4. In contrast, the PCDTBT:PC,;BM devices with P4 exhibit
a turn-on voltage of 1.2-1.3 V, while it is only 0.9-1.0 V for the reference
device, implying that V,; is enlarged upon insertion of P4. These differences are
possibly linked with the obtained changes in Voc and support the fact that a

certain CPE interlayer will behave differently on various PAL's.
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Figure 5: Dark curves of PCDTBT:PC,;BM and PBDTTPD:PC,;BM based polymer

solar cells with and without P4 as an interfacial layer.

7.3 CONCLUSIONS

In conclusion, we have demonstrated a considerable improvement in device
performance upon insertion of various CPE interlayers. For PBDTTPD:PC,;BM
devices, application of P4 resulted in a significant gain in Jsc, affording a record
efficiency of 9.08% for this photoactive material (in comparison to a top PCE of
7.91% for the reference device). A similar approach on PCDTBT:PC,,;BM devices
showed improvements in all I-V parameters, possibly linked to a difference in
compatibility of the CPE material with the underlying photoactive layer, as
indicated also by AFM imaging. Additionally, dark curve measurements revealed
a difference in Rs when comparing the different polymer solar cells. Further

investigation of alternative active layer material systems is required to establish
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more insights into the working mechanism of specific interlayers on top of the

different polymer:fullerene systems.

7.4 EXPERIMENTAL SECTION

Synthesis: The conjugated polyelectrolytes P1—P3 (M,: 40 kDa, D: 1.4) and P4
(M,: 29 kDa, D: 1.15) were prepared as previously reported.[*?! The active layer
material PBDTTPD (M,: 43 kDa, D: 2.3) was prepared by Stille
polycondensation, according to a previously reported synthesis by Beaujuge and
co-workers.[??] PCDTBT was purchased from SolarisChem (M,: 79 kDa, D: 2.4)

and used as recieved.

Device Fabrication: Bulk heterojunction polymer solar cells were constructed
using the traditional glass/ITO/PEDOT:PSS/photoactive layer/Ca/Al architecture.
To investigate the influence of the various CPE interlayers, Ca was replaced by a
CPE. Prior to device processing, the indium tin oxide (ITO, Kintec, 100 nm, 20
Ohm/sq) covered glass substrates were cleaned using soap, demineralized
water, aceton, isopropanol and a UV/O; treatment. In a following step,
PEDOT:PSS [poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonic acid),
Heraeus Clevios] was deposited at a thickness of ~30 nm. Further processing
was performed under nitrogen atmosphere in a glovebox, initialized with an
annealing step at 130 °C for 15 min to remove any residual water.
Consequently, blend solutions (PBDTTPD:PC,;BM or PCDTBT:PC;;BM) were
spincoated on top of PEDOT:PSS. For PBDTTPD:PC,;BM, a ratio of 1:1.5 was
utilized with a total concentration of 10 mg/mL, using a combination of
chlorobenzene and 5 v/v% chloronaphtalene as a solvent. For PCDTBT:PC,;BM,

an optimized blend ratio of 1:4 was prepared with a total concentration of 20
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mg/mL, using 1,2-dichlorobenzene as a solvent. In a next step, the CPE
materials, with a concentration of 0.25 mg/mL in methanol, were deposited on
top of the active layer. Finally, the devices were finished off with Al (~80 nm) as
a top electrode. In the case of the reference device, the top electrode consisted
of Ca/Al, with thicknesses of 30 and 80 nm, respectively. This way, an active

area of 3 mm?2 was obtained.

Device characterization: The PCE’s of the polymer solar cells (employing CPE
interlayers) were measured using a Newport class A solar simulator (model
91195A) calibrated with a silicon solar cell to give an AM 1.5g spectrum. AFM
imaging was performed with a Bruker Multimode 8 AFM in PeakForce tapping
mode, employingScanAsyst. The images were produced with a silicon tip on a

nitride lever with a spring constant of 4 N m™.
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7.6 SUPPORTING INFORMATION

7.6.1 Chemical structure of donor polymer

CoHs-_CqHg
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Figure S1: Chemical structure of the donor polymer material PBDTTPD.
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7.6.2 Thermal analysis
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Figure S2: Rapid heat-cool calorimetry heating profiles for P1—P3, revealing a

lowering of the Ty upon exchange of the bromine for a TFSI counter ion.
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Table S1: Glass transition temperatures for the ionic (co)polythiophenes P1—P4

with either a bromine or a TFSI counter ion.

Conjugated Counter ion Ty
polythiophene (°C)
P1 Br 63
P1 TFSI -14
P2 Br 87
P2 TFSI 6
P3 Br 154
P3 TFSI 39
P4 Br -11
P4 TFSI -29
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7.6.3 Additional atomic force microscopy images
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Figure S3: AFM adhesion images of P1—P4 showing the difference in coverage

of the various ionic copolythiophene interlayers after deposition on

PBDTTPD:PC;:BM
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Figure S4: AFM topography images of P4 on top of a) PBDTTPD:PC,;BM and b)

PCDTBT:PC,,BM.
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8.1 SUMMARY

Organic photovoltaics (OPV) have seen a strong growth over the past
decennium, attracting researchers worldwide by their appealing features such as
flexibility, transparency, light-weight, and the ability to fine-tune the color. This
aesthetically attractive nature inspires for instance building, automotive and
textile integration. However, device efficiency, stability and production cost are
key parameters that need to be addressed further to enable a successful
commercialization of this thin film PV technology. In this thesis we have worked
on the optimization of two of these parameters, i.e. efficiency and stability,
through the design and development of specific conjugated polymers and their

evaluation in bulk heterojunction polymer solar cells.

In first instance, we have focused on the stability aspect and demonstrated the
enhanced thermal durability of P3AT:PCgBM solar cell devices through the
implementation of side chain functionalization (ester, alcohol, cinnamoyl). Even
though polythiophenes have been outperformed by low bandgap push-pull
conjugated polymers, they provided an ideal test-case to investigate the side
chain strategy. Upon exposure of the devices to a continuous stress of 85 °C for
700 hours, it was shown that the solar cells based on the functionalized P3AT
materials exerted only a small reduction in PCE, whereas the reference
P3HT:PCs:BM device only maintained 35% of its initial performance. This large
difference could be attributed to changes in the (nano)morphology of the blends.
Transmission electron microscopy (TEM) revealed the formation of

microcrystalline structures for the reference device, assigned to PCgBM-rich
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domains. Through the presence of the functional side chains, enlarged resistivity

against this phase separation phenomenon resulted in more durable devices.

In a next step, this strategy was extended to a particular low bandgap
copolymer, PCPDTBT. Thermal analysis of the functionalized (alcohol, ester)
PCPDTBT materials revealed inherently higher Ty's, strongly reducing the phase
separation tendency. Possible degradation upon thermal stress hence had to
originate from different processes. Once again, more stable photovoltaic devices
were procured for the functionalized copolymers, with PCE’s up to 55% of the
starting value after exposure to a temperature of 85 °C for 650 hours, whereas
the performance of the reference device lowered to 26%. The degradation
profile was characterized by a strong initial (burn-in) decay, followed by a more
linear regime. Through deconvolution of the various degradation pathways, it
was found that upon insertion of an alcohol or ester function, a higher resistivity

toward reduced interface (active layer-top electrode) quality could be obtained.

In a second part of the thesis, we have focused on the improvement of the
photovoltaic performance by dedicated material design. More specifically, work
was done on particular low bandgap donor copolymers. As the electron-rich
component, dithieno[3,2-b;2’,3'-d]pyrrole (DTP) has been moderately
successful, with a recently reported OPV performance up to 4.8%. However, the
maximum obtainable Voc is limited when using standard N-alkylated DTP
derivatives. To overcome this issue, we have employed DTP N-acylation.
Through linkage with the strongly electron accepting TPD wunit, a
PDTPTPD:PC,;BM polymer solar cell with a record Voc of 0.8 V was obtained,
with a corresponding PCE of 4.0%. Upon insertion of a specific conjugated

polyelectrolyte interlayer, the performance could be enhanced further to 5.8%.
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The same N-acylated DTP was then also combined with quinoxaline acceptor
units. This building block was chosen for its ability to allow the incorporation of
additional fluorine atoms. In this way, a PCE of 4.81% was obtained (with a Voc
of 0.67 V) for a BH] PDTPQx:PC,;BM polymer solar cell. Unfortunately, the
fluorination strategy was not really successful. By atomic force microscopy
(AFM) imaging it was shown that fluorination of the polymer promotes the
formation of (PC,;;BM-rich) domains in the photoactive layers during film

formation.

In the final part of this work, a different approach was investigated toward
organic solar cell optimization through the implementation of conjugated
polyelectrolyte (CPE) (cathodic) interlayers between the photoactive layer and
the top electrode. Ionic polythiophene based materials were used to replace
calcium, which is sensitive to oxidation, and they simultaneously enhanced the
photovoltaic performance. When applied between PCDTBT:PC,;BM and Al, the
device performance increased from 5.71% (for a reference device employing
Ca/Al) to 6.69%. This enhancement was found to be due to a lowering of the
series resistance, facilitating electron injection. Similarly, when applied on top of

PCPDT-DTTzTz:PC,;BM, an increase from 4.78 to 5.43% was observed.

In a similar approach, a set of different CPE (cathodic) interlayers was applied in
PBDTTPD:PC;;BM devices and their influence on the photovoltaic performance
was investigated. One specific CPE material performed really well, affording
devices with a PCE of 9.08% (7.91% reference device), a record efficiency for
this photoactive material. Application of the same CPE on top of
PCDTBT:PC,;BM, however, revealed different results in respect to the I-V

parameters. For PBDTTPD:PC,,BM devices, the increased performance originated
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mainly from a gain in Jsc, whereas for the PCDTBT:PC,;BM system, all
parameters (Voc, Jsc, FF) showed improvement upon insertion of the CPE
interlayer. By AFM imaging, a difference in compatibility of the ionic
(co)polythiophene and the different underlying polymer:fullerene active layers

was observed.

8.2 OUTLOOK

In this work we have focused on three major aspects of high relevance in the
OPV field, i.e. (i) the (thermal) stability of bulk heterojunction organic solar
cells, (ii) active layer material development and (iii) interface engineering for
improved photovoltaic performance. In this section, some recommendations for

further research are postulated.

8.2.1 Stability

In Chapters 2 and 3, we have demonstrated the positive influence of the
incorporation of functional moieties on the thermal durability of both P3HT- and
PCPDTBT-based polymer solar cells. However, the approach remained limited to
rather low performance polymer materials and a logical recommendation for
future work would involve the translation to higher efficiency materials. It was
shown that this side chain strategy has a minor influence on the power
conversion efficiency, whenever the built-in ratio is sufficiently low, therefore
proving to be a powerful and versatile tool for more (thermally) stable (yet

efficient) OPV devices.

For P3HT (which exhibits a rather low Tg), we observed hindered diffusion of

PC¢;:BM to form microcrystals upon incorporation of functional side chain
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moieties. On the other hand, the major impact for PCPDTBT (due to the higher
T,y) was found at the active layer-top electrode interface. It would be interesting
to study a material set with a larger distinction in T's, allowing the simultaneous
investigation of both phase separation and interface degradation. To this extent,
recent work on difluorinated PCPDTQx low bandgap copolymers with different
amounts of alkyl side chains revealed a large increase in T4 upon removal of the
side chains. Polymers containing 100, 50 or 0% of side chains on the Qx building
block exhibited T,'s of 65 (and 170), 135 and 175 °C, respectively, and initial
thermal degradation studies at 85 °C revealed a lowered tendency for phase
separation for the higher-T, materials. In combination with the incorporation of
functional side chains on the CPDT component, this material set could provide
further valuable information on the routes to follow toward improved thermal

stability of polymer solar cells.

With recent observations pointing to the formation of light-induced charge traps
at the interface (with a lowering of the Voc as a consequence), further
exploration of the photostability of either the interfaces or the photoactive layer
(materials) of organic solar cell devices is certainly also worthwhile and
complementary to the thermal stability studies done so far. In this respect,

collaborations with expert groups on photostability should be established.

As mentioned before, the introduction of CPE interlayers is a viable tool to boost
the performance of photovoltaic cells. However, the longterm stability of the
solar cells constructed with CPE interlayers is a topic yet to be investigated.
Such efforts can possibly also provide additional insights into the working
principle of these interlayers as well as on the specific degradation mechanisms

occurring at the active layer-top electrode interface.
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8.2.2. Material development

Apart from synthesizing new high-performance materials for organic
photovoltaic applications, the fine-tuning of existing semiconducting materials is
an alternative versatile strategy toward high-efficiency solar cell devices. Two
examples were demonstrated in this PhD dissertation. DTP N-acylation was
applied to improve the Voc of DTP-based polymer solar cells and this approach
was extended by fluorination of the second (Qx) building block, a common
practice to enhance the Voc of organic solar cells. However, upon fluorination of
the low bandgap copolymers, the active layer films exhibited aggregated
domains (possibly induced by the fluorophobicity of the fullerene component),
decreasing the donor-acceptor interfacial area and consequently limiting the
obtainable Jsc and PCE. A possible approach to solve this issue involves fine-
tuning of the side chains of the polymer materials. Reducing the density of side
chains on the quinoxaline monomer of a difluorinated PCPDTQx copolymer has
already been shown to provide much more homogeneous donor-acceptor
distributions, as observed by AFM and TEM. Despite a significant improvement in
active layer morphology, the impact on the PCE was rather limited though. It
would be worthwhile to investigate alternative side chain patterns, enhancing
the stacking properties of the polymer materials and granting better performing
solar cells. Upon altering the side chains, it would be preferable to bear in mind

the consequences for the (thermal and photo) stability of the devices as well.

8.3.3 Interface engineering
Optimization of the active layer-electrode interfaces has become an important
topic during the past years. Through incorporation of suitable interlayer

materials, often conjugated polyelectrolytes, enhanced electron injection (hole
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blocking) can be induced and improvements in the photovoltaic response can be
achieved. However, as most research groups focus on one particular type of
interlayer material, the basic knowledge on their working mechanism and the
structural influence on solar cell performance remains limited. To gain a more
thorough understanding, a more diverse pallet of interlayer materials (e.g. low
bandgap copolymer based CPE’s with a variety of counter ions) would be
beneficial. Moreover, considering the quickly rising popularity of perovskite
based solar cells, one can easily envision the possibilities when translating the
interlayer approach — optimizing both electron and hole extraction — to these

types of hybrid photovoltaics.
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8.3 NEDERLANDSE SAMENVATTING

De technologie van de organische zonnecellen heeft de afgelopen jaren een
sterke vooruitgang geboekt, gedreven door een aantal aantrekkelijke
karakteristieken zoals flexibiliteit, transparantie, de mogelijkheid tot afstemming
van de kleur en een gering gewicht. Daarnaast kunnen ze door middel van
allerhande depositietechnieken in verschillende maten en vormen geproduceerd
worden, waardoor ze een (esthetische) meerwaarde kunnen bieden bij integratie
in bv. energie-neutrale gebouwen, auto’s en textiel. Desalniettemin zijn er drie
belangrijke voorwaarden waaraan de technologie moet voldoen om commercieel
succesvol te kunnen zijn, nl. hoge efficiéntie, lange levensduur en geringe
productiekost. Met het oog op deze doelstellingen hebben we ons in deze thesis
gericht op twee van deze aspecten, efficiéntie en stabiliteit, door middel van de
ontwikkeling van specifieke geconjugeerde polymeren en hun toepassing in bulk

heterojunctie polymere zonnecellen.

In een eerste fase hebben we ons toegelegd op de (thermische) stabiliteit van
organische zonnecellen door middel van de invoer van specifieke functionele
groepen (ester, alcohol, cinnamoyl) op de zijketens van poly(3-alkylthiofenen).
Op deze manier hebben we kunnen vaststellen dat, na blootstelling aan een
temperatuur van 85 °C gedurende 700 uur, de zonnecellen op basis van
gefunctionaliseerde polythiofenen slechts een kleine daling vertoonden in
efficiéntie, terwijl de referentiestalen aanzienlijk sneller degradeerden. Met
behulp van transmission electron microscopy (TEM) kon aangetoond worden dat
de grootste veranderingen plaatsvonden in de (nhano)morfologie van de

fotoactieve laag. Het referentiedevice vertoonde microkristallijne structuren, die
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toegeschreven konden worden aan (lokale hogere concentraties van) PCgBM.
Door het invoeren van de functionele groepen verkregen de zonnecellen een
grotere weerstand tegen deze (nefaste) fasescheiding, hetgeen bijgevolg

resulteerde in stabielere devices.

Een volgende (logische) stap was dan de vertaling van deze strategie naar /ow
bandgap polymeren, meer specifiek PCPDTBT. Na synthese van de alcohol- en
estergefunctionaliseerde copolymeren bleek dat deze materialen een verhoogde
T4 vertoonden. Daardoor zal fasescheiding veel moeilijker (d.w.z. bij veel hogere
temperatuur) plaatsvinden en de degradatie onder invioed van de temperatuur
dient dus toegeschreven te worden aan andere degradatieprocessen. Net zoals
voor het P3HT:PCq;BM systeem konden stabielere fotovoltaische cellen bekomen
worden voor de gefunctionaliseerde PCPDTBT's, met efficiénties tot 55% van de
startwaarden na blootstelling aan een temperatuur van 85 °C voor 650 uur.
Tijdens dezelfde periode verminderde de efficiéntie van de referentiecel (op
basis van ongesubstitueerd PCPDTBT) tot slechts 26% van de initiéle waarde.
Het degradatieprofiel vertoonde een sterk initieel verval gedurende de eerst
40—50 uren, gevolgd door een meer lineair regime voor de rest van het
experiment. Een meer gedetailleerd beeld kon verkregen worden door het
ontleden van de verschillende zonnecelparameters. Hieruit bleek dat de
weerstand ten opzicht van degradatie van de interfase tussen de actieve laag en
de top-elektrode verhoogd werd door het gebruik van de gefunctionaliseerde

polymeren.

Het tweede deel van deze thesis handelde over de verbetering van de
zonnecelkarakteristieken door middel van specifiek ontworpen donorpolymeren.

Uit literatuuronderzoek bleek dat polymere zonnecellen op basis van N-
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gealkyleerde dithiéno[3,2-b;2',3'-d]pyrrolen (DTP’s) (als elektronenrijke
bouwstenen voor low bandgap copolymeren) zonnecelefficiénties gaven tot
2.8%. Het voornaamste probleem bij het gebruik van N-gealkyleerd DTP is de
gelimiteerde openklemspanning (Voc waarden rond 0.5 V) van de resulterende
polymere zonnecellen. Om dit te verbeteren werd overgeschakeld op N-
geacyleerde DTP varianten, hetgeen resulteerde in een Voc van 0.8 V wanneer
deze component gecombineerd werd met TPD (thiéno[3,4-c]pyrrool-4,6-dion)
als elektronenarme bouwsteen. In een standaard polymeer:fullereen-zonnecel
gaf dit vervolgens een efficiéntie van 4.0%, en door toevoeging van een
geconjugeerde polyelektroliet-interlaag kon de efficiéntie opgevoerd worden tot
5.8%. In tweede instantie werd N-geacyleerd DTP ook gecombineerd met
quinoxaline, waarop ook één of twee fluoratomen geintroduceerd konden
worden. Op deze manier kon een zonnecelefficiéntie van 4.8% bekomen worden
(met een Voc van 0.67 V) op basis van het niet-gefluoreerde PDTPQx-polymeer.
Jammer genoeg kon de efficiéntie niet verder verhoogd worden voor de
gefluoreerde derivaten. Met behulp van atomic force microscopy (AFM) kon
worden aangetoond dat de fluorering leidde tot de vorming van aparte domeinen
in de fotoactieve laag, een fenomeen dat niet kon worden verholpen, ondanks

de intensieve optimalisatiepogingen.

In het laatste deel van de thesis hebben we een alternatieve strategie
onderzocht om de efficiéntie van organische zonnecellen te verbeteren, nl. via
de implementatie van specifieke kathode-interlagen gebaseerd op polythiofeen.
Deze geconjugeerde polyelektrolieten werden afgezet uit methanol bovenop de
actieve laag, ter vervanging van het snel oxiderende calcium, en zorgden voor

een aanzienlijke verhoging van de efficiéntie. Wanneer ze toegepast werden
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tussen PCDTBT:PC,;BM en aluminium kon de zonnecelefficiéntie verhoogd
worden tot 6.69% (in vergelijking met 5.71% voor Ca/Al). Deze verbetering
werd gerealiseerd door een verlaging van de serieweerstand, wat op zijn beurt
aanleiding gaf tot een gemakkelijkere injectie van elektronen. Op dezelfde
manier werd deze interlaag ook toegepast op een fotoactieve laag bestaande uit
PCPDT-DTTzTz en PC;;BM, hetgeen aanleiding gaf tot een vergelijkbare

efficiéntieverhoging van 4.78 naar 5.43%.

In een volgende stap hebben we een reeks verschillende kathode-interlagen
onderzocht in zonnecellen gebaseerd op PBDTTPD:PC,;BM. De invloed van de
verschillende interlagen was voornamelijk zichtbaar in de Jsc en voor één van
deze materialen werd een efficiéntieverhoging van 7.91 naar 9.08% bekomen,
hetgeen een recordwaarde is voor dit materiaal. Toepassing van deze interlaag
op het PCDTBT:PC,;BM systeem gaf aanleiding tot een verschillend gedrag in,
met name een verbetering van alle I-V parameters. Met behulp van AFM kon
ook een verschil in compatibiliteit worden aangetoond tussen de interlaag en de

verschillende polymeer:fullereen actieve lagen.
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