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ABSTRACT

Organic electronics is a scientific field that emerged as an attractive alternative to silicon-
based technology because organic materials can significantly reduce fabrication cost, energy
consumption and enable additional functionalities such as flexibility of the devices.
Moreover, their optolelectronic properties can be easily altered to meet specific end
applications. In this study emphasis is given on organic semiconductors targeting organic
photovoltaic (OPV) applications, where a key -yet poorly understood- factor in optimising
device performance is molecular conformation of the polymeric chains within the film. Thus
it is essential to establish a concrete connection between structure and properties in order to
access the full potential of OPVs as a sustainable and cost-effective renewable energy

source.

Starting from a fundamental level, this work systematically investigates the impact of
specific processing parameters on molecular conformation of the organic semiconductors,
explores in which ways we can achieve controlled manipulation of this local ordering and
discusses the potential correlation to macroscopic properties. P3HT is employed as a
reference material and is compared with two of its more polar derivatives P3HT-b-PEO and
P3BEOT to elucidate the impact of chemical substitution with side chains on backbone
planarity. Resonance Raman (RR) spectroscopy was chosen as a sensitive probe of chain
ordering and revealed that polarity difference between the semiconductor backbone and its
side chains can substantially disrupt backbone planarity. However, blending those samples
with insulating commaodity plastics such as PEO proved a reliable approach to minimise this
effect and sustain backbone order as the compatibility between certain moieties of the blend
components is polarity dependent. To complete this study, the exposure to polar
environments such as water vapour was investigated and showed to facilitate backbone

realignment towards specific chain arrangements.

To develop this fundamental study of organic semiconductors a step further towards its
application in OPVs it’s important to explore the conformation of polymers combined with
acceptor materials that constitute the active layer of such devices. By focusing on
P3HT:PCBM blends the effect of two different types of structural polymorphs of P3HT,
densely packed and non-densely packed, is investigated. Resonance Raman experimental

data reveals that the energetic disorder in the P3HT:PCBM is higher in the absence of the



densely-packed P3HT polymorph and the potential impact of this on the performance of the
OPV device is discussed considering data from transient absorption (TA) and time-delayed
collection field (TDCF) measurements. Semi-complete OPV devices are also employed, to
explore the interface between silver electrode and P3HT:PCBM blends from a structural
point of view. The buried organic/metal interface is experimentally accessible through
Surface Enhanced Resonance Raman Spectroscopy (SERRS) and reveals a clear distortion
of planarity of the polymeric chains at the interface with silver. However, this can be
prevented by the presence of specific additives in the P3BHT:PCBM blend. The two additives
chosen, HEG-DT and BDMT, due to their thiol end groups are attracted to silver forming an

interlayer between the polymer blend and the electrode.

Finally, as research in OPVs is becoming oriented towards the development of non-fullerene
acceptors, compatible materials for this new generation of OPV devices are studied in order
to sustain and exceed the efficiencies achieved with fullerenes. An interesting candidate
material is the donor-acceptor type polymer PCE11 that together with its compatibility with
non-fullerene acceptors its properties are highly sensitive to processing conditions.
Resonance Raman spectroscopy provided valuable insights on the effect of molecular weight
and processing conditions on the molecular conformation of PCE11. Among the samples
studied, high molecular weight films showed consistently increased chain planarity —verified
by DFT calculations- compared to low molecular weight ones and were investigated further.
Temperature dependent Resonance Raman Spectroscopy (RRS) was employed to develop a
basic understanding on the polymer conformation. The data obtained were combined with
temperature dependent absorption measurements through Resonance Raman Intensity
Analysis (RRIA) to provide access to a quantitative picture of the excited state geometry,
distinguish the relative contribution from each vibrational mode to these geometry changes

and extract values for the mode specific reorganisation energy.



HHEPIAHYH

Ta opyovikd NAEKTPOVIKA Eivat EVOG ETIGTNUOVIKOG KAGOOG TOL TPOEKVYE MG 0L EAKVGTIKY
EVOALOKTIKY] TPOTOGT) OTNV TEYVOAOYIQ TUPLTIOL AOY® TOVL CNUAVTIKA UELOUEVOL KOGTOVG
TaPOy®YNG KaBMS Kol KATO1wV EMTALOV SLVOATOTHTOV TOV TPOGPEPOVY Ol GUCKEVEG OVTEG
Omm¢ M evkopyio Kot To petpévo Papog. EmmAéov, ot omtonAekTpovIKES 1O10TNTEG TMV
OPYOVIK®OV MUOY®YDV -0€  ovtiBeon pHe TOVG OvVOPYOVOLG- UTOpovV  €OKOAOL V.
TpomomonBohv avAroy HE TIG OVAYKEG TNG EKACTOTE £papproyns. H mapodoa perétn Oa
E0TIOOTEL GTOVG OPYAVIKOVG MULOY®YOVG TOV TPoopilovTat Yo 0pYaviKEG POTOPOATAIKES
EQUPUOYES, OOV Topdyovtag KAEWl ot PeATioTomoinon g anddooNS TOV GUOKEVMOV —
EMAYIOTO, KOTOVONTOG MOTOGO- €lval 1 HOPLaKN OUOPPMOGCT) TOV TOAVUEPIKOV OALGIOW®V
HEGO OTOL DUEVIO. XVVETMG, €ivol amopaitntn 1 eykabidpvorn pog Eexabapng ohvoeong
doUNG Kol 1010TNT®V TPOKEWEVOL Vo 0ELOTOUGOVIE GTO UEYIGTO TN OLVOIKY TOV

0PYOVIK®OV QOTOPOATUIKAOV, OC L0 AEWPOPO KoL OTOOOTIKT) OVOVEDGILT TNYT EVEPYELNG.

HEekvovtog amd €vo Oepelmoeg eninedo, n mapohoo ePyacio JIEPELVA GLUGTNLOATIKA TO
avTiKTLTO TOPAPETP®VY TTOL oyeTilovTon pe TNV enegepyasio, GTNV LOPLOKT| SIAUOPOOCT| TV
OPYOVIKOV MUy@y®v, avalntdel TpOTovg He TOVG 0moiovg UTopovpEe v eEAEYEOVUE TN
SUOPPMOT aVT G€ TOTIKO EMimedo Kol oyoAdlel TV mOAVY] GLGYETION TOVG UE TIG
pakpookomikes Wottes. H moivbeiopivn | P3HT, ypnoiponoteiton ooy vAKd avagopdig
Kot Guykpiveton pe dvo amd ta TAéov moMkd mapdywyd g to P3HT-b-PEO kot to
P3BEOT, mpokewévov va devkpviotel mn emidpacn g yMUKNG VRTOKATAGTOONS LE
TAEVPIKEG 0ALGI0EG otV dopdpemon g KOplag arvcidac. H gacpoatockonio Raman
GLVTOVIGHOV EMAEYONKE G Evag evaicOnTog dopKOS deikTNG Kol amoKAALYE OTL 1] dlopopa
TOAMKOTNTOG LETAED KVPLOG KO TAEVPIKAOV 0AVGId®V popel vo StatapdEet oMUavTiKa Ty
emmeddTNTO TG KVUPLOG. 26THG0, N AVAUEEN TOV SEIYUATOV QVTOV UE LOVOTIKG TAAGTIKA
onwg 10 PEO amodeiyOnke po agomiom mpocéyyion oto vo ghayiotomombel avtn n
emidopaon ko va dwtnpnlet n emmedd™TA TG KOPLOG aAvcidas, Kabdg @dvnke OTL 1
GLUPBOTOTNTO GUYKEKPIUEVOV GLGTATIK®OV TOV Uelypatog e€aptdtol amd TV moAMKOTN T
TouG. OAOKANp®OVOVTAG OVTH TN HEAETN, €EETAOTNKE N €KBEOT TOV JEYUATOV GE TOMKO
ePPAAAoV, OT®MG O1 LOPUTHOL Kot AVTO QAVNKE VO OLEVKOAVVEL TNV aVAKATATOEN TNG

0AVGId0G TPOG CLYKEKPIUEVES OLOUOPPDCELC.

E&eliooovtag v Oepeldon HEAETN TV OPYOVIKOV NUIOYOYOV OCTE VO, TPOGEYYIGEL TNV
TEMKY] TOVG EQOPUOYN OTO OPYAVIKA Q®TOPOATAIKG, €lval onuaviikd vo otepevvnbel

SWUOPPMOT) TOV TOAVUEPDV —TTOV OPOVV MG OOTEC NAEKTPOVIOV- GE GUVOLAGUO LE OEKTES



@OVAEpEVIOV, TN OO ONAAST TOV GLVOAOL TOV PMTOEVEPYOD GTPOUATOS TMOV CLOKEVOV
avtov. Eotidlovtag Aowmov oe peiypato P3IHT:PCBM, efepevuvovpe v emidpacn dvo
SPOPETIKMV TOTOV SOHKMV TOAVHope®V Tov P3HT: tov mukvd kot apotd otofoayuévov.
Ta @oacpatookomikd dedopévo Oeiyvouv OTL 1 €VeEPYENKT dloTopoyn oTo UelypoTo
P3HT:PCBM ¢givon peyoAdtepn amovoio twv mukvd oTtolBaypéveov ToAOHOpe®Y Kol 1
mBovn emintoon ovtoh otV amdO0C TOV OPYAVIKOV QOTOROATOIKOV GUOKELOV
oyoMdleton  AopPdavoviag vmoyly  dedopéva  omd  pETPoES  YpovoeLapTnuévng
amoppoenons (TA) kot petpnoelg mediov cuAroyng ypovikng votépnone (TDCF). Hu-
OAMOKANPOUEVEG OPYOVIKEG (MOTOPOATOIKEG GUOKELEC YPNOIULOTOOVVTOL TEAOG, Yol TN
depevuvnon g SounG o JEmPN VOGS LETOAAIKOV NAEKTPOSIOL (apyVPOL) KOl LELYLATOV
P3HT:PCBM. H «Bappévn» dtemapn opyovikod GTPOIOTOS KOt LETAAAOD VOl TEPALOTUIC
mpocPaoun pécm g pacuatockoniog Raman empavelokng evioyvong Kot amoKoAOTTEL
pa EekdBapn dratdpaln g StapOPE®ONG TV TOAVUEPIKOV OAVGId®V GTNV OEMAPT LE
tov apyvpo. QoT1060, TO QAIVOUEVO 0VTO HUTOPEl VO OMOTPOTEL HE TNV TAPOLGIO
ovykekppévav poopeitewv oto peiypo P3HT:PCBM. Ta pukpd popia mov emdéydnkov
etvar 10 HEG-DT kot to BDMT, Adyo tov teppatik®dv opddmv 0e10Ang ot omoleg EAkovtot

amo Tov apyvpo oynuatitoviag Eva evOlaUeEso oTpdLL LETAE) TOAVIEPOVS Kot NAEKTPOOIOL.

Téhog, KaBdc N €pevva oTa OpYOVIKE EOTOPOATAIKA TpoGavaTOMEETOL TPOG TN GYedioom
GUOKEVMV HE UN-POVAEPEVIKOVS OEKTEG, LEAETMOVTOL GLUPOTE VAIKA pe T TN vEQ YEVIA
GUOKEVMV TPOKEUEVOL VO O1OTNPCOVY 1 Kot Vo EEMEPAGOVY T PEKOP ATOSOCNG OV
TPOCOEPEL 1 EMAOYN TOV QOVLAEpeviov. Mio vmOGYOHEVN EMAOYY| TPOG AVLTH TNV
katevBuvon eivar To vVAKO d6tn-6éktn PCE11 mov extdc and ™ cuopPatdtnta Tov pe pn-
(POVAEPEVIKOVG OEKTEG, Ol 1O10TNTEG TOV TOPOLGLALOLV HEYAAN gvaisOnoio oTig cVVONKEG
enefepyaoiag. H pacpatookonio Raman cuvioviopov mpocsiépepe ¥pMoipa oTotyeio oYETIKA
He TV mdpOoT TOV HOPLAKOL BAPOVE Kol TOV GLVONKOV EMEEEPYNGING GTNV LOPLOKT] TOV
Swpopemon. Metald tov derypdtov mov peketOnkay, ekelva e 10 HEYOADTEPO LOPLUKO
Bapog mapovoiacav cuoTnratiKd BeATiopévn tkpopoplakn doun —omwg emPePfaiddnke
and Oewpntikovg vroloyiopovg DFT- kot depevvinkav mepottépo He PACUATOCKOTIO
ocvvtovicpov Raman Ogeppoxpociokng eapmmong. Ta dedopéva avtg g pedodov,
cuvovdaotnkay pe Ogdopéva BepuoeEaptdpuevng amoppdenong HEC® €vOC BewpnTiKoy
gpyoreiov mov ovopdletar avdivon evidcewv Raman cvvrovicpov (RRIA). Avtd pog
£dmoe mPOGPOoT O UK TOCOTIKY] EIKOVA TNG YEMUETPIOG OTN OlEYEPUEVT KATAGTAOT KO
HOG EMETPEYE VO SLOKPIVOLLE TN GYETIKY] GUVEIGPOPA KAOE TPOTOV OOVNONG OTIC YEWUETPIKEG
aAlayég mov mapotnpnOnkav kot vo e&dyovpe pe akpifelo TéEG yioo TV evépyEln

avadlopyavmong.
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CHAPTER 1

Introduction

As global population is rising, so does the energy need for electricity and transportation.
Since the 20™ century, primary source of energy have been fossil fuels, which although are
continually being formed via natural processes, they are being depleted much faster than
new ones are being made, thus are not sustainable. Additionally, the burning process of fossil
fuels emit gases -mainly CO»- contributing to global warming and raising serious
environmental concerns. It is becoming a broad consensus among scientists and politicians
that renewable energy is the only way to effectively address this continuous expansion of
the global energy demand. To date, in some countries such as Norway and Iceland an
important energy sector, electricity generation relies nearly 100% on renewable energy* and
hopefully many countries will follow their example in the near future. Among the natural
resources such as wind, waves, geothermal heat etc., sunlight is an abundant and
inexhaustible fuel source and photovoltaic devices (PVs) are a feasible example of
sustainable energy technology which operates by directly converting sunlight to electrical

power.

The creation of current in materials upon light exposure —the so called photovoltaic effect-
was first reported by Becquerel in 1839.%2 Since then, 3 generations of solar cell (SC)
technologies have been developed: 1) SCs based on crystalline Si, 2) SCs based on thin film
technology and 3) SCs based on organic and hybrid semiconductors.® Organic photovoltaics
(OPVs) are part of the technological field of organic electronics that broadly attracts the
attention of academic and industrial research. The increasing interest is stimulated by the
potential of a more cost and energy effective alternative to inorganic materials. Organic
electronics rely on the use of semiconducting organic molecules, which can be synthesised
from cheap precursors, offering the potential to tune their optoelectronic properties through
alteration of their chemical structure, enabling large scale compatibility by solution-
processed manufacturing methods such as ink-jet and roll-to-roll printing.* Especially for
OPV applications, organic compounds enable high optical absorption coefficient in the
visible range of the spectrum such that the light-absorbing layer can be very thin, permitting

the fabrication of transparent, lightweight and flexible devices. However, the state-of-the-art
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Chapter 1 Introduction

polymer based solar cells suffer from poor long-term stability and despite the promising
current reported record power conversion efficiency (PCE) (over 17% for tandem devices)®
their commercialisation is hampered. Those problems can be addressed by careful design of
the devices and synthesis of novel organic materials that can lead to new record PCE.
Organic polymers or small molecules act as electron donating materials and together with
the electron acceptors -usually fullerene derivatives- constitute the photoactive layer of OPV
devices, where light absorption and charge extraction is taking place.

Understanding charge transport at a fundamental level is key to improving charge carrier
mobility of OPV materials which is a critical objective of molecular design to optimise
device performance. Molecular conformation strongly affects charge transport in organic
semiconductors in a complex way and unravelling the structure-property relation of these
materials remains a major challenge for scientific research. The overarching goal of this
doctoral dissertation is to establish a fundamental understanding on how molecular
conformation affects optoelectronic properties with the aim to tune them. Factors that
determine molecular conformation, such as interactions between monomers on the
polymeric chains or interactions with the surrounding environment, which can be tuned by
means of processing, are investigated to evaluate their impact on the macroscopic properties.
A deep understanding of the behaviour of organic semiconductors is not only important from
a physical chemistry point of view but also from an industrial point of view because it can

provide indications of what is actually limiting device efficiency.

The originality of this doctoral dissertation rests in the attempt to answer fundamental
questions regarding the impact of synthesis and processing on molecular conformation of
organic semiconductors with Raman spectroscopy as a main tool. For this purpose, the
combination of two approaches —chemical modification and blending- is utilised to
systematically study for the first time how polarity of side chains and the environment affect
molecular order, aiming to provide a platform for future materials selection and processing
criteria. Moreover, the effect of additives on the structure of organic/metal interfaces in OPV
devices is systematically investigated to explore ways of more efficient charge transport
between the electrodes and the organic layer. Last but not least, Resonance Raman Intensity
Analysis is used to analyse computationally the experimental optical and structural response
of a novel donor-acceptor polymer PCE11 to directly monitor its ground as well as the

excited state structural evolution.
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This doctoral dissertation consists of 8 chapters that discuss the importance of molecular
conformation on macroscopic properties of organic semiconductors and is divided in a

theoretical and an experimental part.

Chapter 2 provides a broad and comprehensive introduction to the field of organic
semiconductors. The basics of organic semiconductors are reviewed based on the current
knowledge regarding structure and properties. Then the operating principles of organic solar
cells are described to understand and highlight the tight connection between molecular

structure and device performance.

Chapter 3 focuses on the theory of Raman scattering and describes the two main
spectroscopic techniques used throughout this work: a) Resonance Raman (RR) and b)
Surface Enhanced Raman Spectroscopy (SERS). A brief description of the time-dependent
formalism of Raman spectroscopy is also included and together with Chapter 2, constitute
the theoretical background that the experimental part is based on.

Details on the studied materials and the experimental methods employed are provided in
Chapter 4. Emphasis is given on the set up employed for the RR and SERS experiments as
well as the experimental conditions and the theoretical basis for the Resonance Raman

Intensity Analysis.

The initial study of P3HT and its polar and non-polar derivatives is discussed in Chapter 5.
The scope of this chapter is to explore the effect of polarity contrast between backbone and

its environment as a possible strategy to effectively manipulate molecular order.

The P3HT:PCBM microstructure of blends and the structure at an organic/metal interface
are the subjects of Chapter 6 which is oriented towards the investigation of the structural
properties of a semi-complete OPV device with P3HT and PCBM constituting the active

layer.

Supposing that in the future OPV devices will be mostly designed with non-fullerene
acceptors, a fundamental study of PCE11 as a promising and suitable material for this kind
of technology® is presented in Chapter 7, where its molecular weight, processing and

temperature dependence are reported and discussed in detail.
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Two independent chapters are dedicated to the conclusions of this doctoral dissertation
(Chapter 8) and the future perspectives of the work performed (Chapter 9) suggesting

potential future research on issues that are still open.
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CHAPTER 2

Background: Organic semiconductors
and their role in an OPV

The scientific field of organic electronics has emerged after the discovery that
electrochemical doping can dramatically increase the electrical conductivity of conjugated
systems back in 1977. The ground-breaking work performed by Heeger, Mac Diarmid and
Shiraka was rewarded with the Nobel Prize in Chemistry in 2000.! The state of the art
research in organic electronics aims to complement rather than replace inorganic-based
devices (such as the field effect transistors (FET), light emitting diodes (LED) and
photovoltaics (PVs)) by significantly reducing fabrication cost and enabling functionalities
such as optical transparency and mechanical flexibility?. This study, by focusing on the
structure-processing and structure-property relation of organic semiconductors has a rather
general character that potentially can be of interest for the design of any technological
device. However, emphasis will be given to organic photovoltaic (OPV) applications, not
only because the studied materials show promise for this field, but also because a significant
part of the experiments were carried out to monitor photophysical processes that are directly
relevant to the operating principles of OPV devices. This chapter provides sufficient
background for the understanding of the experimental part by introducing organic
semiconductors and discussing their role in OPV devices. A broad outline of an OPV
device’s operating principles, photo-physics and selected materials is provided in order to
emphasise the critical role of the microstructure of the organic layer in the device

performance.

2.1 Organic semiconductors

Organic semiconductors are solid materials, essentially hydrocarbons, consisting sometimes
of heteroatoms such as oxygen, sulphur and nitrogen. Organic materials are generally known
as insulators, but with special treatment such as doping, their electrical conductivity can be
increased and they can absorb or emit light.> Organic semiconductors are a family of

materials classified into 3 categories:

e Amorphous molecular films: Amorphous materials that are formed by depositing small

organic molecules through evaporation or spin-coating to substrates of interest.
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e Molecular crystals: These crystals have highly ordered crystal lattices and show high
charge carrier motilities, making them ideal candidate material, for organic field effect

transistor (OFETS) applications.

e Polymer films: Polymer films are made from organic macromolecules that consist of
covalent bonded chains of repeated monomers and attract increasing technological
interest due to the wide range of potential applications and the simple and low-cost
fabrication methods.

Throughout this study we will focus on the last category, namely n-conjugated polymers, as

semiconducting character is determined from the energy levels of the prevailing n-electrons.

2.1.1 Conjugated polymers

Organic macromolecules can become semiconductors if molecules have conjugated bonds-
at least one alternating double and single bond- that results in delocalization of the electron
gas around them. The conductivity of a material can be classified according to its band gap,
which defines the energy level between the = orbital or Highest Occupied Molecular Orbital
(HOMO) and =* orbital or Lowest Unoccupied Molecular Orbital (LUMO). This energy
level structure is analogous to the conduction and valence band respectively in the inorganic
semiconductors. The higher band gap a material possesses, the less conductive it is. For
example, metals have no energy gap between HOMO and LUMO while insulators have
relatively high band gap. A semiconducting polymer can be excited either optically, or by
electrical field, or by chemical doping only when the excitation energy is equal or higher
than the energy between HOMO and LUMO.

2.1.2 Band structure

Let’s now focus on the simplest example of a conjugated polymer, polyacetylene, which
consists only of a 1D single chain of alternating single- and double- bonds (Fig. 2.1) in order

to understand its semiconducting character.

AN

Figure 2.1: Chemical structure of trans-polyacetylene
6
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Carbon atoms with sp? hybridised orbitals, form o-bonds and n-bonds, the latter of which are
derived from the overlap of the non-hybridised p-orbitals. Thus, every carbon atom in the
polyacetylene chain has a delocalized & electron perpendicular to the backbone of the
polymer chain. The electrons of the = — bonds, which are located in the HOMO, can be
transferred to a n* excited state in the LUMO, if a photon with certain energy interacts with

a polyacetylene molecule (Fig. 2.2).

a) A b) A
st O - o*
, LUMO . LUMO
5 . il — =™
H_ n HOMO —’_ ) HOMO
1+ o

Figure 2.2: A molecular orbital diagram of an alkene depicting: a) the ground state. b) the
excited state, where an electron is excited from the =z orbital to the =* orbital.

For a conjugated polymer the delocalization of double bonds varies, which means that there
will be periodic bond alternation and variation in charge density within the polymer chain,
known as the Peierls effect. Peierls theory predicts that a spontaneous perturbation of the
electron density results in symmetry distortion, meaning that the length of the alternating
bonds is no longer equivalent (single bond longer than the double).!® The practical result is
the formation of an energy gap (Eg) at the Fermi level (Er)* since the energy of the occupied
states becomes lower in order to restore the perturbation, causing a separation of the -
bonding orbitals from the (unoccupied) anti-bonding n* orbitals. The interaction of the p.
orbitals with each other along the chain leads to further splitting of the energy levels (Fig.
2.3), reducing the HOMO-LUMO distance. An electron within this system behaves as a
particle in a box,* where the larger the box size (degree of conjugation), the less energy is
required for electron movement along the chain.

From the above it’s clear that the size of the energy gap (Eg) depends on the length of the
conjugation of the polymer and it is inversely proportional to it. The necessary energy for
the alternation of the bonds in polyacetylene (Eg) is ~1.5 eV. Typically, the Eg range for

1 Fermi level is a pseudo-energy state that corresponds to the HOMO of the valence band at 0 K.
7
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conjugated molecules is between 1.5 and 3 eV which falls within the visible part of the

spectrum, making them particularly attractive for absorption/emission applications.

Ethene Butadiene Octatetraene Palyethyne
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Figure 2.3: Charge delocalization via conjugation in semi-conductive polymers showing
that the greater number of conjugated atoms leads to increasingly band-like z-z* orbitals. °

2.1.3 Doping

The presence of a high degree of conjugation in polymers does not necessarily imply
electrical conductivity, as the thermal excitation of the electrons to the empty orbital
becomes impossible for energy gap above 2 eV. Similarly to inorganic semiconductors, their
conductivity can be increased with doping i.e. inserting charge carriers. This can be achieved
in a controlled fashion by means of oxidation/reduction reactions. Doping can be either p-
type, which is referred to the creation of positive charges by electron-accepting dopants such
as halogens, or n-type, which is achieved by increasing the number of negative charges
through electron-donating species such as alkali metals. Conductivity can be increased up to
11 orders of magnitude, allowing the fast three dimensional (3D) charge transport (along

each polymer chain and between different chains).
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2.2 Excited states

2.2.1 Confined states in - conjugated systems

For a relatively low doping level, the generated carriers interact electrostatically with each
other and with the lattice (phonons?) resulting excitations summarized below: "0

Solitons: These are excitations that can be visualized as “interruptions” (lattice distortions)
in the conjugated backbone caused by the chemical reaction and they can be electrically
neutral, positively or negatively charged depending on the type of doping. They are often
called non-dispersive waves as they are able to move at a constant speed along the medium.
The conductivity increment is caused by the formation of a new state in the middle of the
energy gap that facilitates electrons to cross the gap.”*

Polarons: A pair of coupled solitons, usually a neutral (free radical) and a positive (other
types exist though they are less stable). Their role is analogous to solitons as they each
generate two new energy states within the forbidden band —positioned symmetrically with
respect to the Fermi level- again resulting in increased polymer conductivity. However, the
fact that polarons are accompanied with lattice distortion increases their kinetic energy
compared to single electrons moving at the same speed, causing the low charge carrier
mobilities observed in organic semiconductors.

Bipolarons: Two neighboring polarons can combine to form bipolarons of lower energy. The
attractive force that can overcome Coulomb repulsion is the strong lattice deformation. In
the case of trans-polyaketylene though, bipolarons are not stable resulting in positive or

negative pairs of solitons.

777777777 W 777777777
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Figure 2.4: Schematic representation of the intermediate generated energy levels to the 24
band gap generated by: hole (a) and electron bipolaron (d), and hole (b) and electron
polaron (c)*?

2 Phonon is an energy quantum referring to a collective oscillation of atoms within a crystal at a single
frequency.
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At this point, it’s worth making a distinction between trans-polyacetylene and aromatic
polymers such as polythiophene and poly(phenylene-vinylene). Trans-polyacetylene is a
degenerate polymer meaning that in its ground state two isoenergetic resonance structures
exist, while in aromatic polymers, two energetically inequivalent ground state configurations
co-exist: a low energy benzenoid segment and a high energy quinoid segment (see Figure
2.5). The quinoid configuration in the latter case, is adopted after the interaction with the
doping agents. The distinction lies in the fact that the energy gap is not defined exclusively
by the Peierls effect (as assumed for the trans-polyacetylene) but also from intermolecular
and electron-electron interactions. This results in different behavior of solitons, where in the
case of degenerate polymers charge transport is allowed only along each chain, while in non-
degenerate polymers the formation of more localized soliton pairs (polarons, bi-polarons)

enables 3D charge transport.

Non-degenerate ground states

Degenerate ground state

/’\\//\//-—-/\W

Quinoid

Figure 2.5: Two isoenergetic fragments of the ground state configuration of trans-
polyacetylene (left) and two energetically inequivalent ground state configurations of
phenylene-vinylene polymer (PPV). 18

2.2.2 Excitons

Polymer excitation, regardless if it is achieved by doping, electrically (through charge
injection) or optically (through interaction with light), causes electrons to move from HOMO
to LUMO leaving behind positively charged holes. The formation of negatively and
positively charged polarons in the lattice which consequently relaxes in a lower energy state,
results in Coulomb attraction between pairs of opposite charges that bind together into a
quasi-particle called exciton.**%® The magnitude of the Coulomb interaction V is given by
the expression:

eZ

(2.1)

4TTErEQR

Where ¢ is the electron charge, & is the dielectric contact of the medium, & is the free space

permittivity and R is the distance between the electron and the hole (exciton radius). The

10
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Coulomb potential increases the energy of the HOMO and decreases the energy of the
LUMO, reducing the bandgap at the excited state which is now referred to as optical
bandgap.!” This change is what mainly defines the exciton binding energy (Eg), which is the

energy difference between the initial (fundamental) energy gap (Eg) and the optical bandgap.

2.2.3 Types of excitons

Excitons are categorised according to the magnitude of Eg, which reflects how easily the

bound charges can escape from each other. The different types are briefly described below:*®
Wannier-Mott Excitons®®

This exciton type is characterised by a large exciton radius (~ 100 nm), encouraging
delocalisation over several unit cells of the crystal lattice (3D wavefunction extension). It is
a loosely-bound type of exciton common for inorganic materials with strong intermolecular
interactions such as silicon, because the large charge carrier distance together with their large
dielectric constant (silicon & = 12) results in weak Coulomb attraction and Eg around 10

meV.
Frenkel Excitons?®

Contrary to inorganic materials, organics have a smaller dielectric constant (er ~ 2-4) and
a one dimensional localised nature of the electronic wavefunctions involved (~10 nm),
resulting in tightly-bound excitons namely Frenkel excitons.?? Typical Eg values for Frenkel
excitons range between 100 meV and 1 eV,%2* which means that room temperature thermal

energy (25 meV)? is not sufficient by itself to cause ionisation.

Charge Transfer Excitons
An intermediate exciton model between Wannier-Mott and Frenkel excitons exists and

describes two charges that are localised between two separate neighbouring molecules.
All different types are depicted in Fig. 2.6.

11
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Figure 2.6: Qualitative schematic representation of Wannier-Mott excitons that exhibit the
largest radius, Charge Transfer excitons where electron is located at a neighbouring
molecular site with respect to the hole and Frenkel excitons in which the electron-hole pairs
have the smallest distance between each other.

2.3 Introduction to photophysical processes

2.3.1 Singlet and triplet states

Before diving into the details of photophysical processes and optical transitions, it is
necessary to introduce a categorisation of the energy levels according to their multiplicity g
= 2s +1, where s is the spin of the electron which has two possible directions: up (s=1/2) and
down (s= -1/2). Energy levels in which the two electrons have anti-parallel spin vectors
leading to an overall spin s=0 and multiplicity of 1, are known as singlet states. Examples of
singlet energy states are the ground state So and excited states symbolised S1, S> (see Fig.
2.7), ...Sn. Respectively, electrons with parallel spin directions (s=1) and multiplicity of 3
are called triplet states. Triplet states are all excited states (symbolised with T1, T2,..Tn),
however, they have lower energies than singlet states. The higher energy of the singlet states
is explained by quantum mechanics together with the Pauli exclusion principle which allows
a larger wave-function overlap of electrons with anti-parallel spin in two different orbitals.

Thus, singlet electrons are closer together and this increases the Coulomb repulsive energy.?

12
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2.3.2 Jablonski diagram

Light interacts with matter through scattering (which is the focus on the next chapter) and
absorption. Light is absorbed by molecules in the form of photons® and if this energy is equal
or greater than the Eg, electrons from the HOMO level are promoted to a higher electronic
energy level where various photophysical processes can follow. Those photophysical
processes involve electronic transitions through different energy levels and can be visualised
employing a Jablonski diagram (See Fig 2.7). An overview of the key components and

transitions is provided bellow. 24

3 AbsorptionT
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Figure 2.7: Simplified Jablonski diagram depicting possible optical transitions of an
organic molecule as described in the text. Singlet and triplet electronic states are shown as
parabolas and vibrational levels are depicted as straight lines. Straight arrows symbolise
radiative processes (involving photons) and wavy arrows symbolise non-radiative. (Inspired
and redrawn)?’

The first photophysical process depicted in a Jablonski diagram is the absorption of photons
and depending on their energy, electrons are excited from the lowest vibrational level (vo) of
the ground state So to a vibrational level (vn) of a singlet excited state (S1, S2,.. Sn) based on
Boltzmann distribution. The excited species through phonon interactions (lattice vibrations)

quickly relax to LUMO through vibrational relaxation or internal conversion, giving rise to

3 Energy quanta with E=hv, where h is the Plank’s constant and v is the frequency of light.
13
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the formation of excitons. Vibrational relaxation is a transition to a lower energy
vibrational level of the same electronic state while internal conversion occurs between two
different electronic states of the same spin multiplicity. They are both non-radiative
processes, releasing the excess energy in the form of heat. Relaxation to So vibrational levels
can occur through photon emission from the lowest vibrational level of the S; according to
Kasha’s rule.?® This process known as fluorescence is described by transitions to different
vibrational levels of the So, giving rise to “multiple colour” photon emission. Competitive to

fluorescence can be processes such as quenching or charge trapping.

An alternative, indirect path of the relaxing electrons is called intersystem crossing and
reflects a non-radiative transition between two isoenergetic vibrational levels belonging to
singlet and triplet electronic states. Intersystem crossing is considered a forbidden transition
but is weakly allowed provided that there is strong spin-orbit coupling. Thus it can be
observed for example in molecules with heavy atoms such as Iridium (Ir). If an electron
reaches the first triplet excited state Ty, three possible paths can be followed. The first is to
relax to the ground state So through photon emission together with spin change known as
phosphorescence. The second scenario is the photon absorption which will further excite
the electron to a higher triplet state, and the third is to return to the S; singlet excited state
through reverse intersystem crossing. In this case, the relaxation to the Soaccompanied by
the photon emission that follows this intermediate step is known as delayed fluorescence and
is not included in the above Jablonski diagram (Fig. 2.7). Its name stands for the longer
lifetimes of this process compared to fluorescence, although the emission occurs again from
the lowest vibrational level of the Si. The timescales of the described photophysical

processes are shown in Table 2.1. %
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Table 2.1: Optical transition lifetimes

Transition Lifetime (s)
Absorption 10'15
Fluorescence 102107
Phosphorescence 10° ~10
Internal conversion 0" —10”
Intersystem crossing 10" 10"
Vibrational relaxation 010"

Due to the low dielectric constant of organic molecules, these allow interactions between
electrons and their surroundings causing strong electronic and vibrational coupling. The

energy levels and the corresponding transitions in this case are referred as vibronic.

2.3.3 Selection rules

Electronic transitions are the result of interaction between an electromagnetic field and an

electric dipole. This can be expressed quantum mechanically as the transition dipole moment

Mf(—i .
Moo= (¥f|M[¥]) (2.2)

M is the dipole moment operator for a transition of an electron from the initial eigenstate
T to the final eigenstate 'PfT . T stands for the total wavefunction (electronic + vibrational
energy) of amolecular electronic state. Every electronic transition between two energy states
is characterised by a probability equal to the squared magnitude of the transition dipole

moment:

— 2

|M ;| (2.3)

Transitions with high probability of happening are known as allowed transitions while the
ones that are less likely to occur are known as forbidden. Electronic and vibrational selection

rules basically arise from the fundamental laws of energy and momentum conservation. The

two rules that govern the electronic transitions are:

a) the conservation of spin (As = 0)
15
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b) The orbital rule Al =0, 1 (Laporte)

Forbidden transitions can take place under specific circumstances such as strong spin-orbit
coupling (as the example of the intersystem crossing above), where the law of momentum

conservation is applied for the overall momentum (spin + orbit).

With regards to vibrational transitions, they are dictated by the Franck-Condon principle,
which determines the intensity of vibronic transitions.® According to this principle the
nuclei are considered "fixed" during electronic transitions because electronic transitions are
fast compared to the nuclei response, thus they can be considered vertical transitions on
electronic potential energy curves. The probability of a transition to a given vibrational
energy level is determined by the overlap integral of the vibrational wavefunctions that gives
the overlap of the vibrational wave function in the ground and excited state (nuclear

movement AqQ ~ 0).

Energy

!4—*[1[“ d

Nuclear Coordinates

Figure 2.8: Schematic representation of the Frank-Condon principle showing that upon
absorption the vertical transition (same nuclear coordinates qx) from the v0 vibrational level
of the ground state to the v2 vibrational level of the first excited state is favourable. qo1 iS
the change in the nuclear coordinates.*
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2.4 Introduction to OPV

2.4.1 OPV basic principles and architecture

After this short introduction to photophysical processes, it is useful to understand how an
OPV functions. An organic solar cell (OSC) is a type of photovoltaic cell that uses organic
conductive polymers or small organic molecules in order to absorb light and cause charge
flow that produces electricity from sunlight. In the early 90°s, Yu et al.3! and Halls et al.*?
suggested the so called ‘‘bulk heterojunction’’(BHJ) structure, which is the most popular
OPV device architecture so far. It consists of the photoactive blend layer composed of a
conjugated polymer, acting as electron donating material (donor) and an electron accepting
material (acceptor), which can be a small molecule or a polymer, sandwiched between two
electrodes. Usually the anode is a transparent material such as indium tin oxide (ITO) and
the metal cathode is commonly aluminum (Al) (See Fig 2.10). The polymer donor (D) serves
as light absorber and as the hole transporting phase, whereas the acceptor (A) is the carrier
(electrons) transporter.® The role of the electrodes is primarily to collect the generated
charges and secondly to generate an electric field from the difference in their work function,
encouraging the charges to separate and reach their respective electrode. The architecture
can become more complex, for example by inserting more interfacial layers, to provide an
alignment of the energy levels between the electrodes and the active layer and facilitate

charge collection or to enhance light absorption.

An OSC converts solar energy (photons) into electrical energy (charge flow) by the
photovoltaic effect. The figure of merit of this process is the so called power conversion

efficiency (PCE) which is given by the expression:

PCE = Pm'ax — Jsc*Voc*FF 2.4)

in Pin

Pax 15 the maximum electrical power and P, is the incident power of illumination. P, is
defined by Js¢, Voc and FF which are important characteristics, marked in the photocurrent-

voltage curve (J/V curve) depicted in Figure 2.9 .

e Jsc is the short circuit current (current measured when the electrodes are connected

without any resistor)
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e Vo isthe open circuit voltage (voltage between the two electrodes when there is no
current flow). Together with the /- represent the theoretical power of the cell.
e FF is the fill factor, defined as the ratio between the maximum power and the

theoretical power (depicted from the dotted square). (See Fig 2.9)

\J

Figure 2.9: J-V curve for a fictitious solar cell, depicting the key performance parameters

analysed above: Pmax, Voc and Jsc. The FF is given by the area ratio: ]—ma"]m‘”‘
scJoc

In order to maximise the PCE of a given OPV, attention should be given to each step of the
cells operation (discussed in 2.4.2) to obtain the highest possible values of Jsc, Voc and FF
and minimise loses. OPVs performance optimization is a widely explored research field and
2018’s reported record PCE for single junction cells is over 14%3* while for small-area
tandem OCSs is of 17.3%, which are both considered promising for future industrial

applications.®
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2.4.2 Steps towards photocurrent generation

Upon illumination of OSCs, several physical processes occur from light absorption to
photocurrent generation, outlined and discussed below (see Fig. 2.10).
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Figure 2.10: The 6 steps towards photocurrent generation in an OSC: i) light absorption
and exciton formation, ii) exciton diffusion towards the D-A interface, iii) exciton
dissociation at the D-A interface, iv) CT state — polaron pair, v) charge transport towards
the electrodes, vi) charge extraction. Left: Schematic representation of the steps through a
BHJ OSC. Right: Photophysical steps from an energy diagram point of view.*

The sequence of the photophysical processes taking place at an OSC begins with the photon
absorption in the photoactive layer that excites electrons from the HOMO to the LUMO
(provided that Epnoton > Eg). The excitation in organic semiconductors forms Frenkel
excitons (discussed in section 2.2.3) and then, exciton diffusion towards the D-A interface
is for short distance (a few nm) and occurs via hopping between molecules (the analogous
for the inorganic semiconductors is band transport). A critical yet challenging step in the
operation of OSCs is the dissociation of the strongly bound Frenkel excitons into free
charges. For organic semiconductors, room temperature thermal energy (See section 2.2.3)
is not sufficient to overcome their high binding energy. The dissociation driving force is
provided by the electronegativity of the A (ex. fullerenes) at the D-A interface. The
energetically lower LUMO level of the A favors the electron transfer from the (energetically
higher) LUMO of the D. It has been observed that electron transfer between donor and
acceptor is a very quick process, estimated to take place on the fs timescale,®”* quicker than
any other relaxation process. Although there is an active debate on the exact mechanism of
charge separation,®“? there is evidence****° that an additional step —after exciton

dissociation at the D-A interface— needs to be overcome for the generation of free charges.
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The reason is that there is still some attraction between the electron and hole (which is still
larger than the thermal energy at room temperature, approximately 0.1-0.5 eV). This
configuration which is no longer considered a usual exciton but rather a bound polaron pair
that disrupts the surrounding environment is known as charge transfer state (CT). An
existing model that explains the final dissociation of polaron pairs as well as excitons is the
Onsager-Braun model* which gives the probability of dissociation through the expression

bellow:®

__ka(E)
P(E) o kd(E)+kf (25)

where E is the electric field, k,(E) the diffusion rate of the free charges and ksis the

geminate recombination (see section below) rate.

Once charge separation is achieved, the electrons move through the A towards the cathode
and the holes through the D towards the anode where the final step of charge extraction

occurs and they leave the cell as electrical current.

2.4.3 Potential loss pathways

The above description refers to the ideal scenario that excitons will effectively diffuse at the
D-A interface and dissociate into free charges that will generate the photocurrent. In reality,
a small fraction of the excitons make it to the electrodes and the rest recombine sooner or
later during this process. The excitons formed right after absorption, have a limited lifetime
(ns timescale) that corresponds to a certain small distance over which the charge diffuses
(diffusion length) before recombination occurs. If the excitons fail to reach the interface their
energy is lost and this kind of loss mechanism is known as geminate recombination (0.3-
0.6 ns) (see Figure 2.11).%® The BHJ structure aims to address this problem by controlling
the phase separation of the D-A, which has to be approximately equal to the exciton diffusion
length (around 10 nm). Moreover, in this way the D-A interfacial area is increased,
increasing the chances of charge dissociation. Once the excitons reach the D-A interface,
they can undergo various possible transitions. They can recombine before dissociating
(geminate recombination), decay non-radiatively, or the electrons can be transferred to the
A. At this stage, they can still undergo geminate recombination by the return of the electrons

to the D. If charges dissociate further, the BHJ structure comes at a cost as any free electron

4 Onsager-Braun model is a modified version of the already existing Onsager model which allows a long
enough lifetime of the electron-hole pair, to make several attempts towards dissociation.
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moving through the A will be in close distance to the free holes that move through the D
increasing the chance of recombination. The recombination in this case is called non-
geminate or bimolecular recombination, it occurs at longer timescales (ns to ms) and it
involves free charges that do not originate from the same exciton (Fig 2.11). Another
obstacle towards charge extraction is charge trapping coming from either lattice defects or
doping molecules. Trapping sites can act as quenching sites in both D and A materials,
triggering non-radiative decay or recombination (both geminate and bimolecular).
Moreover, traps limit the already low mobility of the charge carries (due to the slower nature
of the transport via hopping), increasing the time spent within the active layer, resulting

again in high recombination probability.*’
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Figure 2.11: Schematic representation of the various possible charge lifetimes from the
creation to recombination/non-radiative decay.*®

From the above, it becomes clear that the control of morphology is a crucial factor to
minimise system losses and obtain a good compromise between recombination and charge

extraction.

2.5 Materials

Bellow the most common types of conjugated polymers used for OPVs are briefly discussed
with respect to their performance. Desired properties such as strong and broad absorption,
high charge carrier motilities and small band gap are tightly connected to the chemical

structure.

21



Chapter 2 Organic semiconductors and their role in an OPV

2.5.1 Donors

The donor, is the light-absorbing material. This material is electron rich; it is desirable to
have a low band gap. Moreover, it should absorb light strongly at a broad region of the solar
light spectrum, have high hole mobility to facilitate hole transport and have well aligned
energy levels with those of the acceptor material. In considering the electronic energy levels
of donor-acceptor materials, the HOMO and LUMO of the donor material should be 0.2—0.3
eV higher than those of the acceptor material, and also the energy gap should be large enough

to exceed the exciton binding energy.*®
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Figure 2.12: Example of the electronic energy levels between the common donor material
(P3HT) and acceptor PCsoBM. #°

Bellow several examples of frequently used donor materials are described.

2.5.1.1 Polythiophene and derivatives

Poly(3-alkylthiophene)s (P3AT) have been widely used as the active material for
photovoltaic cells. P3ATs, are polymer donors that combine many desirable properties such
as excellent thermal and chemical stability, good light-harvesting ability and high carrier
mobility. The length of the alkyl group in P3ATSs is important in determining the solubility,
crystallinity and morphology with Poly-(3-hexylthiophene) (P3HT), giving the best device
performance in the P3AT family. P3ATSs can be synthesized easily through various methods.
The repeating units of P3ATs are asymmetric, so three relative orientations are available
when two thiophene rings are coupled between the 2- (also called head) and 5- (known as
tail) positions. So, the first of these is head-to-tail (HT) coupling, the second is head-to-head
(HH) coupling, and the third is tail-to-tail (TT) coupling (see Figure 2.13).
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Head-to-tail Tail-to-tail Head-to-head

Figure 2.13: The three possible relative orientations of the connecting thiophene rings. In
grey is shown the numbering of the atoms.®

A mixture of four chemically distinct triad regioisomers can be obtained when 3-substituted
(or asymmetric) thiophene monomers are employed. The HT-HT structure of
polythiophenes is denoted as regioregular, the other three structures are denoted as
regiorandom, and the HT-HT isomer proportion in polymers is named as regioregularity.
Regioregularity is an important factor in characterization of poly(3-substituted thiophene).
Regioregular poly(3-substituted thiophene) is likely to access a low energy planar
conformation, leading to highly conjugated polymers. An increase of the torsion angles
between thiophene rings leads to higher band gaps, with consequent destruction of high
conductivity and other desirable properties.® Currently, the influence of regioregularity on
photovoltaic properties of other polymer systems has not been well studied, but this
parameter would be critical to further improve molecular structures. Although P3HT
exhibited promising photovoltaic properties, the absorption band (from 500 to 650 nm) of
this polymer is still not broad enough to harvest sunlight well. Two-dimensional conjugated
polythiophenes (2D-PTs) provided a feasible way to broaden the absorption band. A
representative absorption band of 2D-PT consists of two parts. One part located in the short
wavelength region stems from the conjugated side chain; and another located in the long
wavelength region originates from the conjugated backbone chain.*® By adjusting the
conjugated length of the side chain, the absorption peak position at higher energies can be
tuned. Another effective way to reduce the band gap of polythiophenes that has been reported
is to replace the alkyl side groups of P3ATs by alkoxy groups.>! Finally, a strategy to lower
the band gap of rr-P3HT was the synthesis of regioregular poly(3-hexylselenophene) (rr-
P3HS).%?
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Figure 2.14: Characteristic polytheophene derivatives.>?

2.5.1.2 Benzothiadiazole-based polymers

2,1,3-Benzothiadiazole (BT) has been widely used as an electron deficient building block in
conjugated polymers with donor-acceptor (D/A) structure, showing outstanding
photovoltaic performances. D/A structures achieve lower band gaps suitable for absorption
closer to the near-IR region. Thiophene is a typical electron-rich unit with weak aromatic
property and hence thiophene derivatives are broadly used as electron donors in D/A
conjugated polymers. In Fig. 2.15 are shown several copolymers, based on derivatives of
dithiophene and BT. We can observe that the dithiophene derivatives possess quite planar
structures, which are connected by bridge atoms, like N, C, or Si, or by a planar conjugated
unit. Poly[N-1-octylnonyl-2,7-carbazolealt- 5,5-(4,7-di-2-thienyl-2,1",3"-benzothiadiazole)]
(PCPDTBT) is the first low band gap polymer which was successfully used in PSCs.>*
PCPDTBT has a strong and broad absorption band extending to the near-infrared region,
corresponding to a band gap of 1.50 eV. Poly(4,4-dioctyldithieno(3,2-b:2',3'-d)silole)-2,6-
diyl-alt-(2,1,3-benzothiadiazole)-4,7-diyl) (PSBTBT), shows similar molecular structure as
PCPDTBT and also exhibited excellent photovoltaic properties with band gap and HOMO
level 1. 55 eV and - 5.1 eV respectively.>!
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PCPDTBT PDTPBT PSBTBT

Figure 2.15: Several characteristic BT-based polymers with D/A structure.>

2.5.1.3 Pyrrolo[3,4-c]pyrrole-1,4-dione (DPP) Derivatives

DPP and its derivatives, have characteristic strong absorption bands in the visible range.
Thiophene-based DPP derivatives have well-confined conjugated structures, can be easily
synthesized and exhibit good charge-carrier mobilities for both holes and electrons. A large
number of low band gap polymers have been synthesized since 2008. Some characteristic

ones are shown in Fig. 2.16.
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R1=n-butyl R1=2-ethylhexyl
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PFGeDPP PTPDDPP
PBDTDPP

Figure 2.16: Chemical structures of some DPP-based polymers.>?
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2.5.2 Acceptors

Acceptors, are the molecules or polymers that receive the electrons from the donors. They
are electron-poor materials with high electron mobilities. For both donors and acceptors an
ordered structure that enhances charge carrier mobility is highly desirable. Many organic
compounds have been investigated as electron acceptor materials, but due to the lack of
processability only a few can be employed in highly efficient OPV devices. Fullerene and

its derivatives are the most successful electron acceptor materials so far.

2.5.2.1 PCBM and derivatives

Fullerene Ceo has very symmetric structure and exhibits good electron mobility. As known,
one molecule of Ceo can receive up to four electrons, therefore, Ceo and its derivatives are
suitable as electron acceptor materials. An important disadvantage of Ceo is that it exhibits
very limited solubility in most of the commonly used organic solvents (except CB and DCB).
In order to improve its solubility and also to avoid severe phase separation of D/A blend,
[6,6]-phenyl-Cs1-butyric acid methyl ester (PCeoBM) was used in OPVs. In the past decade,
PCeoBM and its corresponding Cro derivative (PC70BM) have been widely used as acceptors
in OPVs. PC70BM attracted much interest recently because in comparison with PCeoBM, it
possesses stronger absorption in the visible range. However, C7o is much more expensive
than Ceo, S0 its applications are limited. The molecular structures of PCsoBM and PC7oBM
are shown in Fig. 2.15. PCeoBM is a crystalline dark-brown powder, that is highly soluble in

common organic solvents such as chloroform, toluene, and o-dichlorobenzene.

Figure 2.17: Molecular structure of PCsoBM and PC70BM. >3

Indene-fullerene adducts have been also used as electron acceptor materials in OPVs
showing good performances.®® This kind of compounds can be synthesized easily by a one-

pot reaction. Their molecular structure can be found below:
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PCgoBM-triadduct

PCgyBM-tetraadduct

Figure 2.18: Molecular structure of fullerene multiadduct derivatives.>

2.6 Morphology

2.6.1 The importance of molecular packing and backbone planarity

In sections 2.4.2 and 2.4.3 it became clear that charge transport, charge carrier mobility and
potential loss pathways in an OSC are strongly dependent on the molecular conformation of
the photoactive layer. Conjugated polymers however, can result in extremely complex
microstructures due to the many degrees of conformational freedom and the weak
interactions between the chains. To begin with, the basic origin of electronic properties of
these materials is the delocalization of w-electrons within and between the molecular chains.
The formation of various types of molecular order, from completely amorphous to
crystalline, can be categorised according to the potential pathways of the electrons.
Molecular order is a broad term, that includes morphological aspects such as crystallinity
and backbone planarity. In the experimental part of this thesis, planarity of the conjugated
backbone will be studied extensively and refers to the rotational degrees of freedom of the
polymer chain which is directly related to the conjugation length. The higher planarity of a
chain leads to higher conjugation length, encouraging fast intra but also inter-molecular

charge transport (see Fig.2.19) by minimising the distance in the n-x stacking direction.
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Lamellar-stacking:

\l\\SIow charge transport
Chain backbone:
fastestcharge
transport \
Planar conjugated backbone .\~\ TR
participating in aggregating regions \\ fast charge
e transport
>
/
~J

\ substrate

Figure 2.19: Schematic representation of spatial arrangements of conjugated polymers
namely lamellar-stacking and n-m stacking, highlighting (in red arrows) the three main
charge transport directions.>®
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Crystallinity describes the degree of molecular order in terms of spatial arrangement and can
be long-range such as n-n stacking (strong noncovalent bonding between the chains) and
lamellar stacking (noncovalent interactions between side chains) (see Fig. 2.19) or short-
range of a few molecular unit aggregates.®® When neighbouring molecules assemble in the
solid state, depending on the relative alignment of their transition dipole moment, they form
aggregates which affect the excited state energies and can be recognised by specific
signatures in the absorption and emission spectra.>’*® A head to tail arrangement of
neighbouring molecules results in a negative sign of the nearest-neighbour coupling term
(excitonic coupling), /o, and a spectral shift to lower energies (red-shift) characteristic of J-
type aggregation, while side-by-side oriented molecules lead to J,>0, shift of the spectrum
to higher energies (blue-shift) and this type of aggregation is known as H-type. A second
signature of the type of aggregation® is the ratio of the oscillator strengths of the first two

vibronic peaks Ao-o/Ao-1 in the absorption spectrum according to the following expression:
1-0.96
Raps = ;‘110_—0 = (Wj:/m) (2.6)
0-1 /W0

where J, and w, are the nearest-neighbour exciton coupling and frequency of nuclear
potentials equivalent to shifted harmonic wells, respectively. Then, the value for the R is
>1 for J-type aggregation and R,;s< 1 for H-type.

The complexity however, arises from the fact that polymer semiconductors are usually
polycrystalline, where ordered and amorphous phases co-exist (see Fig. 2.20). When such
heterogeneity is present, ordered phases are largely responsible for charge transport and it

has been shown®® that if the molecular weight of the polymer is sufficiently high, a minimal

amount of aggregation is enough to allow intermolecular transport.
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Figure 2.20: Schematic representation of possible microstructures in semiconducting
polymers, depicting a semi-crystalline (a), a weakly ordered (b) and an amorphous (c)
polymer film. The red lines highlight fast charge transport pathways.>

2.6.2 Blend films

When it comes to blending films of D and A materials, an additional morphological factor
is crucially important for efficient charge transport and exciton dissociation. This is the
extent of phase separation between the two materials.®® In order to fulfil the demands of a
large D/A interface (to aid exciton dissociation) and percolated networks of relatively pure
domains (to facilitate charge transport), various studies®*®* have concluded that the active
layer should consist of a three-phase morphology: a) an intermixed amorphous phase, b) a
pure electron-transporting phase and c) a pure hole-transporting phase (see Fig. 2.21).

SN
“6 g0’ 00 —— %0
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Figure 2.21: Microstructure of a polymer-fullerene film (polymer is depicted as purple line
and fullerene as green ball) comprised of the three-phase morphology: a) pure polymer
domains, b) pure fullerene domains and c) mixed polymer-fullerene domains.*
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2.6.3 Morphology degradation

Given the complex and multilayer character of polymer solar cells, many factors can
contribute to their degradation such as photo-generated radical oxidation, photo-oxidation
of fullerene moieties and morphological changes in the device. Although the morphology of
the active layer has a key role in device performance, this cannot be retained over time
because organic semiconductors are prone to degradation. The blend morphology is often
obtained by spin-coating, where a precursor solution is deposited on a substrate and the film
is formed by solvent evaporation. This approach results in a thermodynamically unstable
microstructure that is highly dependent on temperature. High temperatures cause an
evolution of film morphology towards thermodynamic stability that often has a negative
effect in device performance.% For example, it has been shown that at elevated temperatures
the PCBM molecules can diffuse and form large crystals, increasing the extent of phase
segregation.®® However, this phenomenon has been observed below the glass transition
temperature (Tg)® and it is expected that high Ty polymers or post-treatment such as
annealing above the T¢®” would benefit the stability of the active layer morphology. Together
with temperature, other parameters that have been tested for accelerating morphological
degradation are humidity, radiation, mechanical pressure and power cycling.%® Although
various strategies have been established to eliminate morphology degradation, the creation
of an active layer microstructure that is stable in time and with temperature remains a key

challenge that must be overcome before commercialisation of polymer photovoltaics.

2.6.4 Towards morphology control

Despite the complex nature of the active layer microstructure, various strategies have been
established over the years of research from the stage of synthesis to post-deposition treatment
to control the resulting morphology.®® For example, molecular weight is an important
parameter which can directly affect charge transport as well as chain packing. Long polymer
chains are easily organized in ordered domains and they can provide interconnections
between amorphous regions.®® However, this section refers mostly to the importance of film
processing which, despite being a broad term that includes various parameters, is a
straightforward way to control device characteristics. The first crucial step when it comes to
processing, is the solvent selection. The aggregation process can be controlled from the type,
the polarity and the ratio of the solvent in a polymeric matrix.’®-"2 Polymer concentration in

> Ty is a reversible transition that the amorhous regions of semi-crystalline materials undergo from a
relatively brittle “glassy” state into a rubbery state with increasing temperature
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a solvent is also important as molecular interactions favour certain conformations of the
polymer in the solution and its highly likely that those characteristics will be present also in
the solid phase.®® The use of additives is another common approach to control blend
morphology.’®" There is no general rule however on their effect. This can be increasing the
crystallinity of the donor material, giving rise to a decrease in domain size, diminishing
large-scale phase separation, etc., depending on the additive chosen. D:A ratio is another
factor that can directly impact device performance as it affects molecular conformation and
phase separation of thin films.” The desired morphology consists of bicontinuous
percolation pathways with maximum possible interfacial area and there is no standard
optimum D:A ratio, but it depends strongly on the choice of materials and can range from
7:3t0 1:4.7%7778 Another important step, especially when it comes to phase separation, is the
film deposition. Film deposition can be performed with various deposition techniques such
as spin coating, wire-bar coating, doctor-blading etc., at various speed rates and deposition
temperatures. A general observation regarding the speed, is that slower deposition rates
allow the D-A materials more time to separate and form purer domains with better phase
separation. Finally, a final post-deposition step that has been observed to have a positive
impact on the final device characteristics is the application of heat known as thermal
annealing. /7981 Thermal annealing refers to the heating of the film above a certain
temperature which is the Tq of the selected materials. This allows a re-arrangement of the
polymeric chains towards an equilibrium conformation, more ordered and with higher phase
separation. It was reported that thermal annealing enhances the crystallization in the case of
P3HT and allows PCBM molecules embedded in the disordered P3HT region to diffuse and
form larger aggregates.®”’® The influence of processing on backbone planarity of specific
conjugated systems will be extensively studied throughout the experimental part of this

doctoral dissertation, contributing to the state of the art research in this field.
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Chapter 3

Introduction to Raman spectroscopy

Raman spectroscopy is a powerful tool towards our understanding of the structure and
properties of a wide variety of materials. It is based on the Raman Effect, named after the
Indian scientist C.V. Raman who first observed it, together with K.S. Krishnan in 1928.1
Photons interact with matter through scattering in three possible ways. Most of them, are
elastically scattered and this dominant process is known as Rayleigh scattering. However, a
small amount of them (approximately one in 10" photons)? loses or gains energy. If the
scattered photons have lower energy (and frequency) than that of the photons absorbed by a
sample, this inelastic scattering is known as Stokes scattering. The opposite case, in which
the emitted photons have higher energy than the ones absorbed, is called Anti-Stokes
scattering. This energy shift is a result of the interaction between the photons and the
vibrational energy levels of the molecules that caused the scattering. Each material scatters
light in a unique way and by monitoring this process we can access molecular motion and
bond structure. In Raman Spectroscopy, the scattered light is detected and analysed to
provide insights on vibrational, rotational, and other low-frequency transitions of the
examined system. The main advantages of this technique is that it is non-destructive, requires
little or no sample preparation and is suitable for solid, liquid and gas samples. Raman
spectroscopy will be the main characterisation technique employed in the experimental part
of this study therefore, this chapter sets out the basic principles of Raman scattering and

provides the essential background for the understanding of the experimental results.

3.1 Theory of Raman Scattering

3.1.1 Classical approach

In physical terms, the Raman effect can be described as a result of the polarisation induced

in a sample by the electrical field of a monochromatic light source (laser). If we consider
the laser beam as an oscillating electromagnetic wave with electrical vector E, upon

interaction with a sample an electric dipole moment P is induced:
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P=akE (3.1)
a is the polarisability (per molecule/ per Vol etc), reflecting the ease with which the induced

dipole forms, and E= Eysin(w;t) is the electrical field of the incident (i) radiation.

In case of elastic scattering (Rayleigh) the emitted radiation from the sample has the same
frequency w; as the incident radiation. However, since the molecules of a sample can vibrate
with a different frequency w,, , this affects the polarizability @ of the material through
changes in bond lengths and atomic positions (expressed in terms of a vibrational coordinate,
Qo). Then a (that will depend on the Qo) can be expressed as:

aa

a= day + (%)onQosin(mmt) + ... =dy+ fsin(wot) + ... (3.2)

where @, is the polarizability of the system at the equilibrium state and £ is the amplitude

change of the polarizability due to its normal mode.

If we replace equation (3.2) in (3.1) the electric dipole moment will be:
P = d,+ Bsin(wot) Eysin(w;t) = dy Eysin(w;t) +Bsin(wg;t) Eysin(w;t)

After mathematical transformations we obtain the equation below:
P = @, E, sin(w;t) + gEOCOS((Di — mo1)t — cos(wi + wo1)t (3.3)

From this, we conclude that the emitted radiation has three distinct frequency components:

Firstly, P(wi) with frequency wi (same as the frequency of the incident wave), associated with
Rayleigh scattering and secondly, P(wi £ wo1) with two frequencies wi  wo1 that result from
the frequency shifting by an amount associated with the frequency of a molecular vibration.
These last two terms correspond to Anti-Stokes and Stokes inelastic scattering. Figure 3.1
presents qualitatively a Raman scattering spectrum. This approach, although it explains well
the appearance of side bands, is not sufficient to explain the lower intensity observed for the
anti-Stokes vibrational modes (see Fig. 3.1), thus a quantum-mechanical approach should

also be considered.?
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Figure 3.1: Qualitative schematic representation of a scattering spectrum including the
elastic scattering band (Rayleigh) and the Stokes and Anti-Stokes inelastic scattering bands.

3.1.2 Quantum approach

Through this approach, we consider the laser beam as a sum of photons with energy E =
hw;, momentum p, = hE and w;= ck;, where c is the speed of light and E is the

dispersion wave vector with value k; = 27T/ .- Each phonon of the irradiated material has
L

energy E,, = hw,, and momentum p,;, = hq,, with the suitable dispersion relation wpn =
oph (gpn) of the system. If we think of light as particles (photons) that impinging on a
molecule, the system exchanges energy and momentum according to the conservation of

energy.

There are two possible paths of this inelastic collision between the photons and phonons. In

the first case (Stokes), a photon with wave vector k results in a k' photon (from the
interaction with the phonon gas) with less energy than the initial and a phonon g with energy
equal to the energy difference between the two photons. In the second case (Anti-Stokes),
the incident photon interacts with a phonon and the resulting photon has energy equal to the
sum of the energy of the two particles before their interaction. The resulting conservation
of energy relation is:®
hw, =h wp £ ho, ,

where (+) is for the Stokes scattering and (-) for the Anti-Stokes. The above processes can
be visualised through a Jablonski diagram (see Fig.3.2). Photon absorption excites the

molecule from an Eo ground state to a virtual energy state, which lies within the band-gap.
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The virtual state relaxes back to Eo by emitting a scattered photon, which has either equal
energy to the incident photon (Rayleigh scattering), or different by a factor equal to the
energy of the vibration, hw,. If the energy of the scattered photon is increased by hw,p,
the molecule relaxes to a lower vibrational state (anti-Stokes) and accordingly if it is
decreased by this factor, the molecule relaxes to a higher vibrational level. The population
of the various states of the molecule is what defines the relative intensities of the two
processes. Selection rules exist, and the basic idea is that Raman scattering occurs from

vibrations which cause a change in polarizability of the electron cloud around the molecule.

Excited electronic states

Virtual state
—— e e it R e (pseudo-state)
hw; — hw,y hoo; how; + hwyy
haw; .
' he; ha; Excited vibrational states
k EO +h(ﬂph

Eo

Stokes Rayleigh Anti-Stokes

(inelastic) (elastic) (inelastic)

Figure 3.2: Jablonski Diagram Representing Quantum Energy Transitions for Rayleigh and
Raman Scattering (re-sketched from reference).*

Raman spectroscopy is useful in a broad range of scientific fields such as chemistry, biology,
physics, archaeology and the medical sector. The evolution of technology improved Raman
techniques over the years, and today, the term “Raman spectroscopy” is used to describe a
whole family of experimental methods such as Coherent anti-Stokes Raman, Resonance
Raman (RR), Surface enhanced-Raman (SERS), Raman Imaging and time-resolved Raman.?
From these, RR and SERS are the techniques of choice in the experimental part and will be

briefly explained in the following sections.
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3.2 Resonance Raman Spectroscopy

The resonance condition is achieved when the energy of the incident light matches that of
an electronic transition. (see Fig. 3.3). The strength of the coupling is determined by the
Franck-Condon overlap between the initial and the final vibrational states. The resonance
effect can be achieved experimentally when the excitation wavelength is chosen with respect
to the absorption band of the scattering molecule. This causes the vibrations of the absorbing
species to be selectively enhanced>® by factors up to 10° which facilitates the study
of compounds present at low concentrations as well as selective probing of specific
morphological phases. Resonance Raman (RR) frequencies provide detailed information
about electronic structure and geometry of the ground state while RR intensities provide
insights on the geometry and dynamics of the resonant electronic state along the particular

normal mode as it will be described in detail in section 3.4.7

Excited
State

Ground
State

Potential Energy

\
£\ v _/
T AQ |

»

Vibrational Coordinate, Q, -

Figure 3.3: Diagram depicting resonance Raman transition from an initial state i in the
ground state to an excited electronic state and return to a final state f in the ground state.®
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3.3 Surface Enhanced Raman Spectroscopy

The effect of surface enhancement of Raman scattering (SERS) was first observed in 1974
with the enhanced Raman scattering of pyridine on a silver electrode.® This spectroscopic
technique, provides Raman signal enhancement which can be up to 10! as previously
reported,'® allowing substance detection at very low concentrations, even single molecule
detection.!! Moreover, since Raman spectroscopy probes mostly the bulk of materials, SERS
provides access to the surface enabling surface selectivity. In Chapter 6 we will employ
SERS for the selective study of organic-metal (silver) interface in a semi-complete OPV
device. Meanwhile, some basic theoretical aspects concerning the origin of SERS are
outlined below.

3.3.1 Metallic Nanoparticles

Metallic nanoparticles show interesting properties distinct from those of metals, because
quantum effects appear at the nano-scale. Their properties depend on the size, the nature and
the structure (5-100 nm is a typical size range).'> The nanoparticles can be fabricated
through various methods such as plasma evaporation, laser ablation, colloidal-type solutions
etc. Common nanoparticles employed for SERS studies include silver, platinum, gold and

aluminium due to their strong interaction with electro-magnetic radiation.

3.3.2 Plasmons

In nano-scale metallic systems, the percentage of the surface atoms with respect to those in
the bulk increases as their size decreases, thus the role of surface atoms becomes important.
Such systems can be visualised as positive ions surrounded by an electron cloud (plasma)
with overall neutrality at equilibrium. If electromagnetic radiation excites the ion and
electron plasma, their interaction stimulates a collective oscillation of the conduction
electrons, a state which is known as a plasmon. Specifically, for metallic nanoparticles which
can be smaller than the wavelength of the incident light, the surface component of the plasma
is so important that the oscillation can be considered as a time varying dipolar mode -instead
of multipolar that is observed in a planar surface- known as surface plasmon (See Fig. 3.4).1?
Specific wavelengths can be in resonance with the oscillating surface plasmons causing
strong absorption and scattering of the incident photons, generating a strong localised
electromagnetic field. The resonant frequency of the surface plasmons depends on the shape

and size of the nanoparticles.™
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E-field Mel’al
Sp 1crc T

'

Figure 3.4: Schematic representation of oscillating metallic spheres illustrating the
displacement of the electron cloud relative to the nuclei caused by electromagnetic
radiation.*3

e cloud

3.3.3 Origin of surface enhancement

Surface enhancement is caused by two separate contributing factors resulting from the

enhancement of either the polarizability @ or/and the enhancement of the electric field E due

to the incident radiation (considering that the intensity of Raman scattering is proportional

to the square of the induced dipole moment, P= dﬁ). The enhancement associated with the
polarizability, is a weak effect known as chemical enhancement and concerns the charge
transfer between the electronic states of the molecule and the Fermi level of the metallic
surface. We will not elaborate further on this mechanism, as it can only achieve enhancement
of one or two orders of magnitude.'* The enhancement associated with E is known as
electromagnetic enhancement (EM). It is caused by the plasmon resonance and is the
dominant enhancement mechanism of the order of 108- 10*.2° The strength of the Raman
scattering of a molecule depends on the local electric field (ELoc), thus only those that are in
close proximity to the metal surface exhibit enhanced scattering, while the rest experience
un-enhanced far-field Eo. In the simplest description, the enhancement factor EF is given by

the |E |*aproximation:

EF = Isers |ELoc(wo)l* (3.4)
Irs |Eol*
where Isgrs IS the intensity of the Raman scattering by a molecule in the presence of a metal
and I is the normal Raman scattering intensity in the absence of it.2 From the above
relation, the sensitivity of the enhancement to the local electric field (fourth power
dependence) is quite clear, as even a small increase can result in large EF. The electric field
on the other hand, strongly depends on the local geometry. Certain positions such as at the

corners of triangle structures or in the gap between two nanoparticles can become radiation
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nano-antennas, known also as hot spots. In the latter case, a molecule located between two
metallic nanoparticles (see Fig.3.5) senses two sets of charges arising from polarization of
the individual nanoparticles. The combined field of the incident light and the field that results
from the vibrating neighbouring nanoparticles induce a dipole that leads to an amplification

of the polarization.

Hot spot
Figure 3.5: Schematic representation of a hot spot between two nanoparticles where

molecules are trapped.

The spatial localisation of the SERS effect will be exploited in the experimental study of
organic semiconductors to selectively probe molecules at a metal-organic interface.
Moreover, SERS can be combined with resonance Raman to achieve additional
enhancement of up to x102, an approach known as Surface-Enhanced Resonance Raman
Spectroscopy (SERRS).°

3.4 Theoretical description of resonance Raman intensities

As mentioned in section 3.2, Resonance Raman is a spectroscopic technique that enables
selective enhancement in the Raman scattering of an absorber, providing detailed
information about the ground state structure of the examined chromophores®. Access to the
structure, symmetry and dynamics of the resonant excited electronic state can also be
obtained, by having a closer look at the intensities of the Raman lines. The intensity of each
resonance Raman band, reflects the projection of the short-lived (femto-second time-scale)
excited state geometry change with respect to a specific ground-state normal coordinate.
Theoretical tools are able to predict geometry changes accompanying electronic excitations.
The relation between RR intensities and excited-state geometry was first reported at 1970
by the early work of Tang and Albrecht.!®* A commonly applied approach to provide
resonance Raman intensity analysis (RRIA) was developed by Lee and Heller in 1979 and

is based on the time-dependent wavepacket picture of resonance Raman scattering.!” This

& Polymers usually consist of chain segments with different conjugation lengths, each having a characteristic
exciton energy (or colour). The term “chromophore” refers to the characteristic energy of each segment.
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approach will be employed in the experimental part where both RR and absorption cross
sections are modelled simultaneously for the study of the short-lived excited state profile of
a donor-acceptor polymer. The essential theoretical background of the calculation is briefly

discussed in the section below.

3.4.1 Time dependent formalism

The intensity of a Raman transition from an initial vibrational state | i) to a final vibrational
state | f) atincident energy E. is determined by the Raman cross section o;_, ¢ (in area units)

through the relation:
Pi—)f = IO_i—)f(EL) (35)

where P;_ is the total power of the scattered photon and I is the incident photon flux

(photons area™ s1). The Raman cross section can be derived from second-order perturbation
theory:

8me*EE]

2
o5 (EL) = “onbct |ai—>f(EL)| (3.6)

From the above expression the central quantity is the Raman polarizability tensor a;_,¢(E),

E,and E; are the incident and scattered photon energies respectively (in cm™) and c is the
speed of light.
In the time-dependent perspective, the Raman polarizability a;_,r(E,) can be written as a

half Fourier transform of the (time-dependent) overlap between the final state | f) and the

initial state | i) propagated under the influence of the excited-state Hamiltonian, | i(t)):

4 (BL) = 510 Ty @)exp [F22] Tt @)

where M (in A) is the magnitude of the transition dipole moment evaluated at the equilibrium
nuclear geometry, ¢; is the energy of the initial vibrational state and T is the homogeneous
linewidth. Then the expression for the RR cross section (assuming a single dipole-allowed

transition) becomes:

smwe*E3ELM* i(Ep+ &)t

oot ] 0 EooH (Eoo) | [(f | §;(0)exp(—=)D(0)de |2
(3.8)

Oif (Ep) =
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In the above equation E, is the energy difference between the v = 0 vibrational state in the

ground and excited electronic state and H(Eoo) is the contribution of inhomogeneous

r2t2
broadening. The Gaussian function D(f) = e 1% is the expression from which

homogeneous broadening I' is extracted.

The integrated area under each vibrational peak in an experimental RR spectrum is
proportional to the Raman cross section for the corresponding transition between the initial
( | i)) and final ( | f)) state. The plot of the cross sections of the possible Raman transitions

as a function of excitation frequency is called Raman excitation profile (REP).

— efin /ﬁ|]->

Energy

Normal Coordinate

Figure 3.6: Schematic representation of one-dimentional, time-dependent picture of RR
scattering for a bound excited state surface. 4 is the displacement of the excited state
potential well from the equilibrium geometry.

Respectively, a similar time-dependent expression can be obtained for the optical absorption

Cross section:

2 o ) 1 .
L [ dBooH (Eao) X [ M2(i| ®)exp 2D ae] (39)
cn

oa(EL) =

where (i|ij(t)) is the time-dependent overlap of the initial ground vibrational state with the
same state propagating on the excited state j potential energy surface and “n” is the solvent

index of refraction.!®

The above expressions for the RR and absorption cross sections share the same excited-state

parameters. This enables the simultaneous modelling of the experimental absorption
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spectrum and Raman excitation profiles of multiple modes to obtain a complete and accurate

picture of the potential energy surfaces of the studied material.

3.4.2 Application of RRIA in donor-acceptor systems

The photo-induced charge transfer in conjugated polymer donor/acceptor (D/A) systems
occurs on similar timescales as vibrational dynamics (<100fs), indicating the potential of
RRIA approaches to unravel excited state geometry changes. In addition, the rate constant
of electron-transfer reactions (in the non-adiabatic limit), «,., can be described in the form

of a Fermi Golden Rule expression:
Ko = (2m/D)|V|*FC (3.10)

where V is the electronic coupling matrix element and FC is the vibrational term which is
the thermally weighted sum of Franck-Condon factors, containing the dependence on the
density of states and total nuclear reorganization energy A.1%2° Reorganisation energy is the
energy cost due to the geometry disruption of the nuclei from the equilibrium position during
the charge transfer state, which can be further divided into contributions from individual
vibrations, usually referred to as “mode-specific” reorganisation energy ;.2 This important
parameter is an indirect indication of the relative time before the wavepacket amplitude is
completely damped and it depends directly on the excited state vibrational displacements,

Aj, through the relation:

w2\ 4%
Aj= (Zg)?] (3.11)

where we and g are the frequencies of the excited and ground state, respectively. As RR
spectroscopy provides detailed information on the intra-molecular modes that contribute to
the charge transfer it becomes an attractive technique for the study of such processes and has
been employed for the study of charge transfer (CT) transitions of organic noncovalent,*®
and covalent®® donor-acceptor complexes to elucidate the relation between structure and

excited state vibrational displacements.

Adam Wise with John Grey have performed RRIA in conjugated polymers, specifically in
poly(2-methoxy-5-(3"-7" -dimethyloctyloxy)-1,4-phenylenevinylene) (MDMO-PPV) and
small molecule acceptors (dinitrofluorenone (DNF) and dichloro-dicyano-benzoquinone
(DDQ)) blend, to study interfacial excited state structural distortions, and determine
vibrational mode-specific displacements of CT transitions.?? Another recent example, is the

study of the prototypical P3HT/PCBM blend to extract vibrational displacements and
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dynamics.?® This study, considered separately P3HT aggregated and amorphous chains,

which have their own characteristic optical transitions; and showed that Raman excitation

profiles of aggregated forms demonstrates different (larger) RR scattering cross section

compared to amorphous forms, implying longer coherence times, consistent with the higher

order of these regions.
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CHAPTER 4

Experimental and computational
methods

This chapter is an introduction to the experimental part of this doctoral dissertation providing
details on the experimental and computational methods employed, namely the Raman
spectroscopy experiments and resonance Raman intensity analysis (RRIA). Examined
materials were received from collaborators within the INFORM network and will be briefly

outlined here as well 13

4.1 Materials

4.1.1 P3HT and derivatives

Regio-regular poly(3-hexylthiophene) (P3HT) was obtained from Dr. James Bannock and
Prof. John de Mello at Imperial College London. It was synthesized using a flow-synthesis
method* that reduces inter-batch variation, and has a weight-averaged molecular weight
(M) of 100 kg mol™, dispersity of 1.5, and 99%+ regioregularity. Regioregular poly(3-(2’-
ethyl)-hexylthiophene) (P3EHT) was also obtained from Dr. James Bannock and Prof. John
de Mello.! Poly(ethylene oxide) (Mw = 900 kg mol™?), poly(tetrahydrofuran) (PTHF) (Mw =
3 kg mol™?) and isotactic poly(propylene) (PP) (Mw = 14 kg mol™) were obtained from
Sigma-Aldrich and used as received. Proprietary Low Density Polyethylene (LDPE) with
trade name ‘Affinity’ was obtained from Dow Chemical. P3HT-b-PEO was synthesized by
Dr. Harikrishna Erothu and Prof. Paul D. Topham at Aston University. P3BEOT was
synthesized by Dr. Olivier Dautel at the Charles Gerhart Institute of Montpellier. It has a My
of 23 kg mol™, polydispersity index of 1.4, and 85%-+ regioregularity.

Samples were prepared by Dr. Matthew J. Dyson by dissolving polymers (total polymer
content 10 mg ml?) in CHCIs. Solutions were magnetically stirred at 50 °C for 3 hours to
ensure complete dissolution and homogeneity, before wire-bar coating 15uL of solution onto
a 12 mm x 12 mm fused silica substrate. Neat films were processed at room temperature
(~23°C), with solvent allowed to evaporate freely. Blends with PEO were cast at 10°C

(covered with a petri dish to reduce evaporation rate), 15 °C, 20 °C and 30°C.
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Humidity treatment comprised leaving the sample under a petri dish overnight with a paper

tissue soaked in water, resulting in a saturated atmosphere.

4.1.2 P3HT:PCBM[60]

All materials in this study were commercially available and used as purchased without any
further purifications. Batches (employed for the polymorph distribution study) of high-Mn
P3HT (Mn = 29.6 kDa, RR = 95.7%) batch EE101702) and low-Mn P3HT (Mn = 18.3 kDa,
RR =95.2%) batch EE97802) were purchased from Merck, while PCBM [60] was purchased
from Solenne BV.

Samples with different P3HT polymorph distribution were prepared by the group of Prof.
P.E. Keivanidis at Cyprus University of Technology.? Two types of photoactive layers were
prepared based on P3HT:PCBM[60] composites (1:1) with different molecular weight of
P3HT. The films were developed by spin-coating of the corresponding P3HT:PCBM]60]
solutions, as prepared in chlorobenzene solvent with a concentration of 13 mg/mL with
respect to P3HT mass. Thin films of high and low My-based P3HT:PCBM[60] were
deposited onto solvent cleaned Quartz (Spectrosil 2000, UQG Ltd) or
glass/ITO/PEDOT:PSS substrates. Thermal annealing of the films was at 140°C for 15°.

4.1.3 P3HT:PCBM

All materials were commercially available and used as purchased without any further
purifications. P3HT employed for the organic-metal interface study (4002-EE,
regioregularity 91-94%) was purchased from Rieke Metals; PCBM from Nano-C,
Hexa(ethyleneglycol)-dithiol (HEG-DT) My = 314.5 g mol ™ and 1,4-benzenedimethanethiol
(BDMT) My = 170.3 g mol™ were purchased from Sigma Aldrich.

Blend samples with additives as well as P3HT:PCBM reference blends, were prepared by
Dr. Basel Shamieh at Technion-Israel Institute of Technology.® Defined amounts of either
HEG-DT or BDMT were dissolved in 1,2-dichlorobenzene (DCB) and added to a
P3HT:PCBM (40 : 40 mg ml™) solution in DCB to obtain a series of P3HT:PCBM (20:20
mg ml?) solutions with 0 and 2 mg ml? of each additive. Samples specially prepared for
SERRS experiments consist of a 3 nm thick silver patch thermally deposited on a glass
substrate and topped with active layers of P3HT (20 mg mlI'), P3HT:PCBM (20 : 20 mg ml-
1, P3HT:PCBM: additive (20 : 20 : 5 mg ml™%), or a bilayer of concentrated additive topped
with P3HT:PCBM (20 : 20 mg ml™). All active layers were spun at 1500 rpm for 20 seconds.
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4.1.4 PCE1l

High (83 kg mol?, PDI 2.1) and low (55 kg mol?, PDI 2.14) molecular weight (M)
PffBT4T-20D {poly[(5,6-difluoro-2,1,3-benzothiadiazol-4,7-diyl)-alt-(3,3"""-di(2-
octyldodecyl) 2,2°;5°,2°";5"", 2"""-quaterthiophen- 5,5 -diyl)]} (PCE11) was purchased
from Ossila. Samples were prepared by Dr. Giovanni M. Matrone at Imperial College
London. PCE11 solutions were prepared by dissolving each polymer in 0-DCB to a
concentration of 20 mg'ml? and were magnetically stirred for 30’ to ensure complete
dissolution and homogeneity. Thin films were fabricated employing the wire-bar coating
technique. The deposition temperature was 100°C and the thickness was controlled by the
deposition speed from 2 x 2 cm/s (s2) to 8 x 2 cm/s (s8) resulting in 50 nm and 200 nm thick

films respectively.

4.2 Raman spectroscopy

4.2.1 Resonance Raman

Resonance Raman spectroscopy, which greatly enhances the scattering cross-section from
resonant chromophores,® enables selective enhancement of specific electronic transitions or
chromophores by tuning the excitation wavelength to the corresponding absorption. Three
different excitation wavelengths were employed throughout this work to achieve these
resonance conditions: 473 nm, 532 nm and 633 nm. CW lasers were employed for excitation
at 473 nm (Ultralasers, 50 mW OEM DPSS Laser) and at 632.8 nm (HeNe laser, Thorlabs,
12 mW, HRR120).

The 532 nm excitation wavelength was generated from the second harmonic of a Q-switched
Nd:YAG laser (PRO-230, 30Hz, Spectra Physics). The experimental setup is depicted in
Figures 4.1 and 4.2. The Q-switched Nd:YAG laser is equipped with crystals to generate all
harmonic frequencies (532, 355 and 266 nm). The laser beam is guided to a 1m stainless
steel tube filled with H> under pressure of 1.5 bar (Raman shifter) and excites the Ha. The
Stokes line vo-vm that corresponds to the only vibrational mode of the H> molecule (v =
4155 cm™) is strong enough to act as a secondary radiation source exciting the second Stokes
line vo-2vm and this the third etc. generating stokes and anti-Stokes frequencies. This
stimulated Raman scattering allows the flexibility to choose from a wide range of

wavelengths between 200 and 740 nm depending on the specific needs.
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Figure 4.1: Experimental setup for the 532 nm excitation.

Figure 4.2: Parts of the actual setup depicting the laser beam exiting the Raman shifter tube,
passing through the prism (left) and guided to the sample through mirrors and lenses. (Top
right) Sample is kept inside the vacuum chamber (placed on a copper cold finger, bottom
right) and the backscattered light is directed towards the spectrograph.
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Then, the light is guided through a prism that separates the generated wavelengths and then,
the beam is guided through lenses and mirrors to the sample. The scattered light is collected
in a backscattering geometry and delivered to a 0.75 m focal-length Czerny-Turner
spectrograph (SpectraPro, SP2760i, Princeton Instruments), equipped with a 1200 grooves
mm* UV-enhanced holographic grating.

All measurements were acquired under vacuum in a cryostat (CCS-150, Janis), employing
low excitation powers (0.4 mW for 473 nm, 0.1 mW for 532 nm and 0.8 mW for 632 nm) to
minimise sample degradation and avoid photo-oxidation. The cryostat was placed on a
translation stage for a periodic translation of the sample so that a fresh part of the sample
was exposed to the light. The scattered light was collected in the spectrograph described
above. The slit width was set to 100 pm providing ~5 cm™ spectral resolution at 473 and 532
nm, and 2 cm* spectral resolution at 632 nm. Scattered light was detected by a LN2-cooled
2048 x 512 pixel, back-illuminated UV-enhanced CCD detector (Spec10:2KBUV/LN,
Princeton Instruments). For 633 nm excitation, the scattered light was collected by a LN»-
cooled 1340x100 pixel, back-illuminated deep-depletion CCD detector (Pylon:100BR
Excelon, Princeton Instruments) with enhanced sensitivity in the NIR and reduced etaloning
effects. Each spectrum presented here is the accumulation of at least 7 x 10 min spectra.
Cyclohexane was employed for frequency calibration of the spectra. Resonance Raman
spectra where analysed using Matlab and ORIGIN, while IgorPRO 8 Multipeakfit, was
employed for fitting part of the data.

4.2.2 Surface enhanced resonance Raman spectroscopy (SERRS)

The samples were excited at 473 nm with a CW diode laser (Ultralasers, 50 mW OEM DPSS
Laser) and measured under vacuum, employing low excitation powers (0.8 mW). The films
were placed such that the excitation beam light passes first through the substrate, facilitating
access to the silver/polymer interface. Resonance Raman spectra were also obtained for
comparison by exciting the sample again through the substrate but accessing areas without
silver. Raman and SERS measurements were performed under the exact same experimental
conditions. The Raman scattered light was collected in a 135° backscattering geometry and
delivered to the spectrograph (described above). Cyclohexane was employed for frequency
calibration of the spectra.
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4.2.3 Temperature-Dependent Resonance Raman Spectroscopy

The samples were excited at two different wavelengths employing the CW laser (described
above) for 632.8 nm and the second harmonic of the Nd:YAG laser at 532 nm. All
measurements were performed under vacuum, employing low excitation powers (0.4 mW
for 473 nm, 0.1 mW for 532 nm and 0.8 mW for 632 nm). Sample cooling (down to 20K)
was achieved by a sample-in-vacuum closed-cycle cryostat (CCS-150, JANIS), where the
sample was placed on a copper cold finger (see figure 4.2). Each spectrum is the
accumulation of at least 3 10-min spectra and all temperature steps where performed on the
same day. Cyclohexane was employed as a standard solvent for frequency calibration of the

spectra and data analysis was performed in Matlab and ORIGIN.

4.3 Resonance Raman Intensity Analysis

Resonance Raman cross sections (or) were determined for the five most intense bands from
the RR spectra (at 532 nm excitation) of PCE11 located at 425, 851, 1328, 1441 and 1532
cm? and for temperatures between 20 and 298 K. In the calculation of the or the 801 cm™
mode of cyclohexane was used as an external standard. The intensities of the Raman bands

were corrected for self-absorption according to the equation:®

Isampiecorrected __ Is cr(Est&gp)

IReferencecorrected  IrCs(Er+£o) (1)
where c is the concentration of the reference (cr) or sample (cs) and ¢ is the extinction
coefficient of the sample at the reference (er), sample peak (es) and laser line wavelength
(€0). As measurements in this study were performed on films, the definition of the polymer
concentration is not possible, thus the calculation will be based on scaled absorption and
relative RR cross sections to the 1441 cm™ band of the thiophene. The intensity of the bands
was determined from the area under the curve after fitting the bands to Gaussian peaks using
Origin.

RR cross sections as a function of excitation wavelength were then determined using the

following expression:

1+2p)
Iviccxn(—l_,_p —

1+2p ORcxn (4-2)
chncpcell(m)

OR(vy) =

cxn
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where oy is the Raman scattering cross section of mode vi, p is the depolarization ratio, C is
the concentration, which again for the PCE11 sample was not defined so determination of
relative RR cross sections was possible employing a common scaling factor. 1.i and lexn are
the experimentally determined areas for the mode of interest and the external standard,
respectively. The absolute Raman cross section and depolarization ratio for the 801 cm™
mode of cyclohexane were previously measured or obtained from an A-term fit to the
experimental cross sections (or(532 nm) = 6.68x10% cm?, and p = 0.09).”® The
depolarization ratios for the modes of PCE11 were taken as 1/3.

Simultaneous modelling of absorption and relative RR cross sections was performed
according to Resonance Raman Intensity Analysis (RRIA), a theoretical tool based on the

time-dependent formalism for absorption and RR scattering. °

The expression (derived from second order perturbation theory) employed for the calculation

of the RR cross section is the following assuming a single dipole-allowed transition:

8me*E3ELM* l(EL+ gt

9h6 c4 f 0 EOOH(EO()) |fooo<f|lj (t))eX
(4.3)

o (EL) = )D(t)dt

In the above equation E; andE; are the energies of scattered and incident photon,
respectively, M is the magnitude of the transition dipole moment for the electronic transition.
Ey, is the energy difference between the v = 0 vibrational states in the ground and excited

electronic state and H(Eqo) is the contribution of inhomogeneous broadening. The Gaussian

r2e?
function D(t) = e »% isthe expression from which homogeneous broadening I' is extracted.

The expression (f1i;(t)) represents the time-dependent overlap of the final state in the
scattering process with the initial state propagating under the influence of the excited state

Hamiltonian in state j.
Respectively, the expression for the absorption cross section is:

l(EL+ gt

04 (Ey) = 2L [ dEogH (Ego) X [, M2(i] §;(8))expl LD () dt]

(4.4)
where (i|ij(t)) is the time-dependent overlap of the initial ground vibrational state with the
same state propagating on the excited state j potential energy surface. “n” is the solvent index

of refraction (incorporated in the scaling factor, as this number cannot be extracted for films).

911 The initial values for the displacements A; of the i normal coordinates were obtained by
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the integrated area A under the corresponding RR band relative to that of the thiophene’s

. 2
C=C stretch at 1441 cm™ (through the relation IL = f—‘ ) and then were iteratively

1441 1441

optimized during fitting procedure. The modelling was performed employing Matlab.
4.4 DFT Calculations

Electronic structure and molecular conformations of polymer chains ranging in size from the
monomer to the hexamer have been modelled at the density functional theory (DFT) level
using the B3LYP/6-31(d, p) functional/basis set. To support experimental Raman spectra,
Raman frequency calculation have been modelled at the same level of theory. Raman
calculation depending on the torsion angles were performed at DFT level, in which all
torsion angles were increased simultaneously from 0° to 25° by step 5° and they are frozen

during the calculations.
4.5 Absorption

Absorption spectra were acquired at room temperature using a Shimadzu UV-2600
spectrometer, equipped with an integrating sphere. Transmission T and reflection R spectra
include scattering from the rough, inhomogeneous, phase-separated blend films. Presented
absorption spectra are 100-T-R, giving absorption as a percentage; this distinguishes the

intrinsic absorption from losses due to reflection and scattering.

4.6 Photoluminescence (PL)

Photoluminescence (PL) spectra were acquired using a helium filled gas cooled closed-cycle
cryostat, with emitted light collected perpendicular to excitation (with a monochromated
Fianium supercontinuum laser) and focused into a 100 pm diameter optical fibre after
passing through a long-pass filter to attenuate incident beam reflections. An Andor SR-163
spectrometer was then used to disperse emitted light onto a CCD (Andor i-Dus). Spectra had
a constant background subtracted, before correcting with a calibration file derived from a
known light source (Ocean Optics Halogen Light Source HL-2000) to account for detector
response. Site-selective PL spectra (Figure S3) were acquired at 10 K in 10 nm increments
of Aex, with low pass filters at 550, 600 and 650 nm used to block scattered excitation light.
Total luminescence maps were acquired using the same configuration, with relative intensity
corrected for excitation intensity variation measured using a beam splitter and power meter
(Thorlabs PM2000).
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4.7 Time delayed collection field characterisation

Custom-built TDCF setup uses the second harmonic (532 nm) of an actively Q-switched
sub-ns Nd:YVO4 laser (INNOLAS picolo AOT) operating at 5 kHz as excitation. To
minimize the RC response time, a small device area of 1 mm? is used. The samples were
measured under dynamic vacuum conditions to avoid any degradation. A Keysight S1160A
functional generator was used to provide the pre-bias and extraction bias, while a Keysight

four channel digital oscilloscope was used to measure the current response of the device.

4.8 Transient absorption

The TA spectra were acquired using a home-built setup comprised of a Coherent Legend
Duo regenerative amplifier delivering 100 fs pulses of 4.2 mJ at 3 kHz repetition rate at a
central wavelength of 800 nm. The fundamental output from the oscillator was decomposed
into two beams and applied to a couple of TOPAS prime, an optical parametric amplifier, in
order to generate the broad spectral tunability. TOPAS 1 served as the excitation pulse beam
and was routed through a retroreflector mounted on a mechanical delay stage, passing twice
to obtain a delay line of approximately 10 ns and was focused onto the sample. In parallel to
this, a white light continuum was generated by pumping a sapphire crystal with 1300 nm
from the second TOPAS. The delayed white light acted as probe beam and was focused on
the sample so a spatial overlap between the pump and probe beam was obtained. The
transmitted light through the sample was collected, collimated and focused onto a detector,
and consequently further processed on a computer to record the acquired transient spectra
and the associated charge carrier dynamics. Long delay measurements, in the ps time range
were also performed, by employing the electronic delay provided by a delay generator
(Stanford Research Systems DG535) to cover a range of 300 ps and by using a Q-switched
Nd:YVO4 Innolas picolo AOT sub nano second amplifier, frequency doubled, with an output
of 532 nm. The actual excitation was executed at 532 nm for both the long and short delay.
Furthermore, the pump fluence was varied from 1.3, 3, 6, 9 and 19 pJ/cm? for the short delay
measurements. For the latter the laser fluence varied between 0.8 — 12 pJ/cm? in order to
discriminate geminate and non-geminate charge recombination processes. All measurements
were performed at room temperature and the samples were kept under dynamic vacuum with

pressure lower than 10 mbar.
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CHAPTER S

Controlling local ordering via polarity
contrast

The impact of processing parameters on molecular conformation of organic semiconductors
IS a major subject of this doctoral dissertation and will be discussed extensively throughout
the experimental part as an easy and cost effective strategy to achieve control of the local-
ordering and potentially having a substantial effect on macroscopic properties. This chapter
focuses on P3HT as a model system for understanding microscopic characteristics such as
molecular ordering. P3HT is employed as a reference to explore some of its polar and non-
polar derivatives. At the beginning we build on previous knowledge! investigating and
quantifying the effect of commonly employed approaches on controlling local features, such
as blending with additives and we will show that the molecular weight of both active material
and additive as well as the casting conditions are key factors that should be judiciously
considered. Later, in order to explore the effect of polarity contrast between the backbone
and its environment, the synthesis of polar P3HT derivatives, (namely the diblock copolymer
poly(3-hexylthiophene)-block-poly(ethylene oxide) (P3HT-b-PEO)? and the graft polymer
poly[3-but(ethylene oxide)thiophene] (P3BEQOT)), and non-polar (namely poly[3-(2’-ethyl)-
hexylthiophene] (P3EHT)) was required (P3HT-b-PEO was synthesized by Dr.Harikrishna
Erothu and Prof. Paul D. Topham at Aston University and P3BEOT was synthesized by Dr.
Olivier Dautel at the Charles Gerhart Institute of Montpellier). The polarity-dependent
compatibility between specific moieties is explored by combining these two previously
distinct approaches —blending and chemical modification- to control the active material’s
chain conformation, packing and thus functionality. The question we strive to answer -
utilizing the sensitivity of structural and optical properties of polythiophenes and their
derivatives to backbone configuration®*- is whether desirable macromolecular arrangements
of polymeric semiconductors can be targeted by careful consideration of specific polarity-
driven interactions between the semiconductor and the polymer ‘additive’. Work presented
on this chapter was a result of collaboration with the group of Prof. Natalie Stingelin from

the Department of Materials, Imperial College London.®
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Chapter 5 Controlling local ordering via polarity contrast

5.1 Background

Nowadays a frequently used strategy to manipulate the local macromolecular arrangement
and packing in organic semiconductors, is chemical substitution with side chains.®® This
can have a strong effect on contingent optoelectronic properties, such as charge-carrier
transport!® or absorption/emission features.**2 Originally, alkyl side chains were introduced
to assist solubility and, processability in general,*® while more recently polar side chains,
have attracted interest due to their ability to render the base material more compatible with
“green”* solvents such as water and simple alcohols.’>!® The potential applications of
polymer semiconductors substituted with polar side chains are not limited to OPVs and can
be of interest for bioelectronics, where high biocompatibility is needed, for instance in the
case of bio-integrated electronics and wearable devices,!’~'° or where mixed electron/ion
conduction is required (e.g., in electrochemical transistors used for biomimetic signal
transduction, ion pumps, bioactive sensing elements). However, the steric bulk of non-
conjugated side chains can inhibit backbone packing and aggregation, introducing
undesirable torsional backbone disorder. Hence, alternative approaches to control structural
features of polymer semiconductors have been investigated, including blending with a
second component, such as a commodity plastic.2?%?! This has been shown to provide an
elegant pathway to expand the functionality of the semiconductor, perhaps best exemplified
by blends of prototypical poly(3-hexyl thiophene) (P3HT) with bulk insulating plastics such
as poly(ethylene oxide) (PEO) that can be manipulated to display drastically different
absorption behavior compared to the neat semiconductor. This difference was tentatively
attributed to a change in the torsional backbone order of P3HT,* but the cause of this change
was not further investigated. In contrast, blending P3HT with the insulating commodity
polymer high-density polyethylene (HDPE) was found to affect notably neither the
semiconductor’s optical characteristics nor its charge transport features.?° It led however to
desirable improvements in the mechanical properties of organic devices, producing in
certain scenarios stable architectures.?? Other benefits of blending with electrically inert
components are the reduction in the proportion of expensive active material while retaining
functionality as well as providing a degree of self-encapsulation.’’# The discrepancy
however, between the PEO vs. HDPE blends with P3HT, has so far remained elusive and
this issue —together with the potential manipulation of the various interactions between them

and other relevant systems- is going to be addressed within this chapter.
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5.2 P3HT Absorption and Raman Spectral Interpretation

The absorption spectrum of a neat P3HT film is shown in Fig.5.1 providing a first indication
regarding the ordering of the molecule. The absorption band is broad, extending between
~400 nm and ~640 nm and it depicts the =« to «* transition of the P3HT backbone. The
absorption maximum is located around ~510 nm, exhibiting two weak shoulders around
~560 nm and ~610 nm associated with the 0-1 and 0-0 transitions, respectively. The relative
intensity of these absorption shoulders can be described by the Spano model for
aggregation,*?324 suggesting a weakly-interacting H-like aggregate where the 0-0 optical
transition is suppressed by the inter-chain coupling between =-r stacked chains. The 0-0/0-
1 ratio is often employed as a measure of long-range organisation in P3HT? as it can vary
from H to J-like aggregation depending on the magnitude of intra versus inter-chain
excitonic coupling.

3 Energy (e\/)
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Figure 5.1: Absorption spectrum of neat P3HT. A P3HT solution spectrum (beige shading),
approximately corresponding to non-aggregated chains, is rescaled to fit the high energy
side of the absorption. Subtracting this non-aggregated contribution leads to the aggregated
contribution (grey shaded).

The absorption spectrum constitutes our guide to decide Resonance Raman (RR) excitation
wavelengths, because it provides information about the presence of particular chromophores
within the absorption band that can selectively be excited. It is obvious from Fig.5.1 and it
has been shown previously?® that shorter excitation wavelengths with higher energy, excite
more strongly populations with larger optical band-gaps such as non-aggregated
chromophores of shorter effective conjugation lengths. Respectively, longer excitation
wavelengths are more strongly in resonance with chromophores of longer effective
conjugation lengths which tend to form aggregates. This is depicted in Fig.5.1 from the
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deconvolution of the absorption band in the contribution of the solution spectrum,
approximately corresponding to non-aggregated chains and the aggregated contribution
resulting from subtraction of the solution phase.

Two excitation wavelengths were employed in this chapter for the study of P3HT and its
derivatives: 473 nm, which is in resonance with the non-aggregated populations and 532 nm
for effective probing of aggregated chromophores. The characteristic Raman spectrum of
P3HT is shown in Fig.5.2, in the region between ~700 and ~1700 cm™ under 473 nm
excitation. Each peak corresponds to a vibrational mode of the atomic bonds of the
molecule. The strongest modes, at 1445 cm™ and 1381 cm, have been assigned to the C=C
and C-C symmetric in-plane stretching modes, respectively. These are the most sensitive to
electron delocalisation and will be monitored and analysed in the next sections. Other less
intense peaks present at 727, 1180 and 1208 cm™, are assigned to C-S-C deformation, C-C
stretch and C-C, C-H bending modes, respectively. Those assignments as well as vibrational
modes beyond this frequency range, based on existing literature,? are summarised in Table
5.1.

C-s-C \
[ deformation .

r's

Normalised Intensity

800 1000 1200 1400 1600
Raman Shift (cm'1)

Figure 5.2: Raman spectrum of neat P3HT film excited at 473 nm. Each peak corresponds
to a different vibrational mode of the molecule, described by different colors. Arrows on the
chemical structure (inset) depict the movement of the chemical bonds.
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Table 5.1: Band assignment of P3HT vibrational modes

-1 G
Frequency (cm ) Mode description

727 C-S-C deformation

1095 C-C inter-ring stretch

1208 C-H bending and C-C inter-ring

stretch

1380 C —C intra-ring stretch

1450 C = C symmetric stretch

1515 Co = CP antisymmetric stretch
~2900-3000 C-H stretch

Focusing back on the dominant symmetric C=C stretching and the C-C intra-ring stretching
modes, the degree of molecular order of the conjugated backbone can be quantified by
monitoring variations in C=C peak location and the C-C/C=C peak area ratio as sensitive
probes of aggregation and backbone planarity.?®?" Lower conformational order increases n-
electron density on the C=C bonds and this is reflected in Raman scattering by shifts of the
C=C vibration to higher frequency. The C=C stretch band in P3HT varies significantly from
an ideal Lorentzian line shape due to the broad FWHM, suggesting contributions from more
than one species. It has been demonstrated?’ that it can be fitted considering contributions
from aggregated chains centered ~1450 cm™*and non-aggregated chains with center ~1470
cmtas depicted in Fig.5.3. The ratio lc=c?%9/ lc=c"""%%9 indicates their relative concentrations
within a film, extending qualitatively the picture afforded from absorption spectroscopy. The
two “extremes” of torsional order in P3HT (illustrated by the aggregated and non-aggregated
components) are represented by regioregular (RR) and regiorandom (RRa) P3HT (chemical
structures as shown in Fig.5.3).2% Regioregularity refers to the percentage of head-to-tail
coupling and has a remarkable influence on the polymer’s structure and properties. The
difference between RR and RRa-P3HT arise from the alkyl side-chains orientation, where
head-to-tail coupling in the case of RR encourages n-n packing of the polymer chains, while
tail-to-tail coupling (RRa) induces steric hindrance between the opposite-oriented side
chains. However, despite RR and RRa-P3HT being often used as a reference to describe
ordered and disordered conformations, it’s worth noting that their chains are neither perfectly
planar nor completely twisted in the solid state and different proportions of both

conformations do exist.
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Figure 5.3: The C=C symmetric stretch mode fitted with two Lorentzian functions showing
the relative contributions of aggregated (red) and non-aggregated (blue) components (Left).
Chemical structures of RR-P3HT and RRa-P3HT(Right).

In conclusion, the tight connection between absorption and Resonance Raman can associate
short to long-range order (crystallinity) and their combination will be employed throughout

this chapter.

5.3 Results and discussion
5.3.1 Investigating Molecular weight dependence of P3HT:PEO

Since neat P3HT has been a widely researched prototypical conjugated polymer, multiple
ways to change its aggregation such as solvent, molecular weight, annealing and coating
methods are already well-established. In this chapter we will focus on another popular
strategy employed to improve processability and mechanical properties, which is blending
organic semiconductors with an insulating polymer such as poly(ethylene oxide) (PEO).
Thus, we begin our discussion based on the previous knowledge showing that the addition
of a polar media to P3HT, specifically PEO, can change optical absorption and emission line
shapes, affecting microstructure and aggregation.® Moreover, knowing that the molecular
weight (Mw) of P3HT in the films strongly affects opto-electronic properties, based on the
systematic study of Paquin et al.,?® we combined these two approaches to elucidate the
impact of My of PEO in the optical properties of the blend. My values of P3HT were
judiciously selected considering that there is a certain threshold (M) required for
entanglement during deposition (lying between 25 and 35 Kgmol™? for P3HT based on
literature)® and based on the previous knowledge that Mw of 134 kg'mol™ exhibits the most
pronounced effect when blended with PEO.! P3HT is blended with PEO at a weight ratio of
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1:1 and films were casted at two different temperatures, 20 and 10 °C (covered with petri
dish to reduce evaporation rate). Details about specific combinations of My, are reported on
Table.5.2.

Table 5.2: Combinations of My for P3HT:PEO blends

P3HT
Mw 20 kg 100 kg
mol? mol*
3 kg mol? L-L H-L
PEO
900 kg L-H H-H
mol-?
Low M,, P3HT High M,, P3HT
’é‘ | T T T T T | T T T
e Cast Temp
c
2 “E 10 °C
=9 o
1
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< L l L l L
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o
z
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c
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)
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o
<C
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Figure 5.4: Absorption spectra of the four My combinations of P3HT:PEO based on table
5.2. Abs(1) = 100 — R(1) — T(1), peak normalized.

Figure 5.4 depicts the variation in absorption among the different combinations of My, of
the blends for the two casting temperatures. All samples exhibit similar absorption
characteristics with a low energy shoulder at ~600 nm (the 0-0 transition), reaching an
absorption maximum at ~580 nm. The most significant observation from this study as shown
in Fig.5.4 is that the My, of PEO rather than P3HT is the key factor to the changes induced,
contradicting previous results from Hellman et al.* The above spectra reveal that significant
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changes are induced in the case of high molecular weight PEO where increased 0-0 oscillator
strength is observed and only for the low casting temperature (10°C), highlighting the role
of the environment and indicating possible correlation of solvent evaporation rate to the
observed changes. Further elucidation of the effect of casting temperature and evaporation
rate will be provided in section 5.2.3.

RR spectroscopy was not as sensitive to additive Mw variations, with the various spectra
exhibiting identical features. Only neat P3HT films of high and low Mw showed that despite
the predominantly planar conformation of both high and low Mw films (the C=C stretch
position is centred at ~1450 cm™), the relative intensity from the high-frequency component
of the C=C stretch at ~1470 cm™, varied (Fig. 5.5). This variation is reflected in the increased
FWHM from 30 cm™ (for the low Mw film) to 33 cm for the high Mw, suggesting that the
high Mw film has a slightly reduced degree of order.
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Figure 5.5: RR spectra of high and low Mw neat P3HT films at 473 nm excitation.

The relative (to a pristine regio-regular (RR)-P3HT film) degree of molecular order has been

quantified in this case employing the relation provided by Tsoi et. al.:

C, = lagg (5.1)

I Inon-agg
499 " oRRa/9RR

The reference for maximum order is considered the RR-P3HT film and for disordered the
regio-random (RRa)-P3HT, Cr is the calculated relative degree of molecular order, lagg and
Inon-agg are the intensities of the aggregated and non-aggregated components respectively

(quantified by area), and orr,/0rr 1S the reported equal to ~1.69 Raman scattering cross-
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section of RRa-P3HT relative to that of RR-P3HT (calculated for 488 nm excitation).?® The
estimated degree of molecular order is 0.91 for the high Mw film compared to 0.93 for the
low Mw sample. The slightly decreased molecular order observed at high Mw is not a
surprise considering that 100 kg'mol™ is way above Me (=30 Kg'mol™) and thus is possibly
less dependent on My. However, despite the slightly lower overall degree of order of high
Mw films, they are still preferable to low Mw ones concerning device applications, because
they can provide transport pathways for long-range interconnectivity.3!

To sum up, from this study emerged valuable indications that the Mw of PEO is what
determines the optical response (i.e. 0-0/0-1 ratio) and from now on, high Mw PEO samples
are employed for the experiments presented in this chapter. The second significant
observation, was the effect of casting temperature, thus, it will be separately studied in the

next section.

5.3.2 Manipulating aggregation with Casting Temperature in P3HT:Insulator Blends

Following the previous discussion, we examine the effect of casting temperature on the
optical and structural characteristics of P3HT:PEO. Previous studies have highlighted the
importance of temperature when blade coating P3HT films3232 as well as the impact of spin
coating speed for other donor-acceptor polymers®* as they both directly affect evaporation
rate. However, no studies investigate low deposition temperatures i.e. below room
temperature. The phase separation process during solvent evaporation of P3HT:PEO blends
has already been reported, showing that P3HT-PEQ interactions are unfavorable, forming
pure, separate phases. However, this phase behavior is likely dependent on temperature and
we examine this effect employing different casting temperatures. To this end, P3HT:PEO
blends were deposited onto substrates of different temperatures between 10 and 30°C.
Figure 5.6 shows the change in absorption (left) and RR spectra (right) of blend films with
respect to the casting temperature. More pronounced changes are observed in absorption
spectra, as with decreasing temperature there is a significant increase in the 0-0 intensity,
accompanied by a red shift of this transition from ~610 nm at 30°C to ~630 nm at 10°C. The
increasing intensity of the 0-0 relative to 0-1 indicates a transition from H-like to J-like
character of the aggregates with decreasing temperature, where intra-chain coupling is
becoming dominant and the red shift is associated with longer conjugation lengths, likely
accompanying this aggregate type.®® Moreover, the pronounced threshold in absorption
characteristics observed around 15°C, possibly suggests different phase separation behavior.
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Figure 5.6: Left: Absorption (100- R -T) spectra of neat P3HT (grey), P3HT:PEO blend
films cast at 30°C (red), 20°C (orange), 15°C (light blue) and 10°C (dark blue), measured at
room temperature. and normalised at 310 nm. Right: RR spectra of neat P3HT (grey),
P3HT:PEO blend films cast at 20°C (orange), 15°C (light blue) and 10°C (dark blue),
excited at 473 nm and normalised at C=C stretch.

The changes in RR spectra with temperature, although marginal, agree with the absorption,
complementing our understanding with regards to conformational changes by exhibiting an
increasing relative degree of order with lower casting temperature. This increase is obvious
both from the increased intensity of the in-plane C-C stretching mode at ~1380 cm™ with
respect to the C=C symmetric stretch (reflected in the C-C/C=C intensity ratio) and the
reduced scattering from the non-aggregated component. The increase in the C-C/C=C
intensity ratio is linear and is illustrated in Fig 5.7 while the change in relative degree of
order (calculated from expression (5.1)) is marginal from 0.91 at 20°C to 0.92 at 15 and
10°C. Those results, although they probe variations in backbone planarity, are not sensitive
enough to probe the H-like versus J-like character of aggregation compared to absorption. A
possible explanation is that both aggregation types have relatively high molecular order and
similar backbone conformation. Nevertheless, the combination of absorption and RR results

confirms the general idea that J-aggregates are associated with greater backbone planarity.
4,36
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Figure 5.7: Left: Estimated relative degree of molecular order with respect to casting
temperature for P3HT:PEO blend films. Right: C-C/C=C intensity ratio with respect to
casting temperature for the same samples.

The above results indicate that we can achieve controlled manipulation of H vs J-like
properties in P3HT:PEO blends by means of processing as both microstructural and optical
characteristics vary significantly with casting temperature. It would be interesting to relate
those results to temperature dependent phase separation and a previous study by Hellmann
et al.3” can provide insights on this by means of in-situ optical microscopy. Their study on
the same material blends concluded that high 0-0 absorption and thus J aggregation type is
connected to strong phase separation. From this it is assumed that by lowering temperature,
the interactions between P3HT and PEO are discouraged, resulting in phase-pure domains.
Although further work is necessary to investigate also the importance of the evaporation rate
to the resulting properties, it would be interesting to test this simple processing strategy in
more organic semiconductor:insulator systems and explore reproducibility and potential

generalisation.

5.3.3 Thiophene derivatives: The effect of chemical modification

After establishing the importance of judicious consideration of the Mw and more
specifically, Mw of the additive and elucidating the effect of casting temperatures on the
properties of the blend, hence optimizing sample preparation procedures, we performed a
systematic study on the local microstructural order and optoelectronic properties by utilising
the polarity contrast between backbone, side chains and insulating additives. To this end,
we started by a fundamental “mapping” of structural and optical properties of chemically

modified thiophene derivatives. The model systems consist of the same conjugated
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backbone based on polythiophene chains — the P3HT homopolymer, the diblock copolymer
poly(3-heyxIthiophene)-block-poly(ethylene oxide) (P3HT-b-PEO),2 and the graft polymer
poly[3-but(ethylene oxide)thiophene] (P3BEOT) with the corresponding chemical

structures shown in Fig. 5.8.
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Figure 5.8: a) Normalised RR spectra of neat P3HT, P3HT-b-PEO and P3BEOT cast from
solution at 20 ‘C, excited at 473 nm b) Normalized absorption and photoluminescence (PL)
spectra of same samples. Absorption was determined at room temperature (solid line), PL at
RT (dashed) and 10 K (filled) On the right are the corresponding chemical structures.

The RR excitation wavelength chosen was 473 nm, in resonance with the non-aggregated
chromophore absorption of the three neat polymers (wire-bar-coated films from CHCI3
solution) (Figure 5.8a). Immediately apparent is that the PEO-block in P3HT-b-PEO has a
marginal effect on backbone order of the P3HT moiety. Thiophene’s C=C stretch is located
around 1453 cm™ for both systems, with a slightly reduced contribution of the non-
aggregated component to the FWHM in the case of P3HT-H-PEO, while C-C/C=C intensity
ratio is around ~0.1 for both, revealing increased planarity between monomer units,?” as
expected for regioregular P3HT.?® P3BEOT, however, exhibits entirely opposite Raman
features with a broad C=C symmetric stretch centered at ~1465 cm!, shifted by ~12 cm™,
with respect to the P3HT homopolymer and weak in plane C-C stretch, hardly reproduced

by a Gaussian function, suggesting a substantially more torsionally disordered backbone

conformation, which will be further explored and analyzed in the next section.
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Linear absorption and photoluminescence (PL) spectra complement the information
obtained by Raman with P3HT-b-PEO having similar optical features with those of the
homopolymer (see Fig. 5.8b). The 0-0/0-1 vibronic peak ratios both in absorption and
emission, sensitive indicators of the balance between intra- and inter-chain coupling,?*36-38
are essentially identical for P3HT and P3HT-b-PEO with the latter having a slightly more
pronounced vibronic structure and red-shifted absorption maxima located at ~550 nm.
Those findings, considering also the Raman spectra, are attributed to the tendency of P3HT
segments in the block copolymer to microphase separate from the PEO segments,*!
drastically limiting interactions of the PEO blocks with semiconducting chain segments,
leaving the former virtually unaffected by the latter and, thus, maintaining the typical
characteristics of P3HT. In stark contrast, the P3BEOT graft copolymer displays significant
spectral differences, with a broad absorption band, blue-shifted relative to the homopolymer
and with only weak vibronic peaks observed in absorption at ~560 and ~610 nm. The
absorption maximum is found at 450 nm, implying that P3BEOT is comprised of a larger
fraction of non-aggregated chain segments, in perfect agreement with the RR evidence of a
torsionally disordered backbone conformation, similar to regiorandom P3HT.?® Support for
this view is provided by the PL spectra of the graft copolymers, recorded at room temperature
and 10 K, where a clear blue shift in spectral maxima is also observed, from 745 nm for the
P3HT homopolymer to 595 nm for P3BEOT, accompanied by a clear loss of vibronic
structure. Finally, noteworthy is the substantial overlap between absorption and emission
spectra in P3BEOT. This, further reinforces the picture that there is a significantly smaller
fraction of torsionally ordered aggregates (with a smaller band gap) to which excitons can
migrate prior to emission.*?

Overall, although microphase separation as found in block copolymers, has been shown to
have little effect on local molecular ordering, considerable structural changes are induced in
graft polymers. A reasonable explanation of the observed changes would be the contrasting
polarity between the semiconductor backbone and its side chains, causing the former to twist.

This assertion, will be investigated further in the next sections below as well as the possibility

to manipulate this backbone order, employing insulating polymer additives.

5.3.4 Thiophene derivatives: The effect of blending with the polar insulating additive
PEO

After obtaining a clear picture on the effect of chemical modification on the thiophene’s
conformation and optical properties, we blend the three polymers with the polar additive
PEO (high molecular weight), following procedures described in Chapter 4,* in an endeavor
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to understand the importance of polarity to the resultant interactions with insulating polymer
matrices. This time we focus only on the graft polymer P3BEOT which, based on the
aforementioned findings, is studied in greater detail and is compared to P3HT and blends of
both with PEO. Local ordering and backbone planarity is investigated adopting an additional
tool, that of selective probing non-aggregated and aggregated fractions. Selectivity in RR
spectroscopy is achieved by exciting either non-aggregated or ordered populations at 473

and 532 nm, respectively.
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Figure 5.9: Normalized resonance Raman spectra (a) with Aex = 473 (top) and 532 nm
(bottom) of P3HT, P3HT:PEO, P3BEOT and P3BEOT:PEOQ, offset vertically for clarity.
Original spectra are overlaid with fits (see Figure S1, S2). Extracted parameters (b) are the
symmetric C=C stretching mode location (top) (an area weighted average of underlying
peaks, higher values indicate increased torsional disorder) and C-C to C=C peak area ratio
(bottom) (higher values indicate greater planarity).

Figure 5.9 shows experimental resonance Raman spectra overlaid with peak fits
corresponding to the C-C (~1380 cm), symmetric C=C (~1450 to 1470 cm™) and
asymmetric C=C (~1525 cm™!) stretching modes. Again, the frequency of the symmetric
C=C band and the C-C/C=C intensity ratio was followed to assess the torsional order of the
polythiophene backbones in those systems, expecting C=C stretching vibrations for
torsionally disordered chains to be around 1470 cm™! and those for planar chains around 1450
cm! ?® Starting with the neat materials (i.e. PBEOT and P3HT), when exciting their non-
aggregated regions (Aex = 473 nm), the symmetric C=C stretching mode (including
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contributions from aggregated and amorphous components) appears at ~1465 cm™! and
~1454 cm™! for PABEOT and P3HT, respectively (see Figure 5.9b). While in resonance with
more aggregated domains (Aex = 532 nm), the symmetric C=C stretching mode was observed
at ~1456 cm’! for P3BEOT, while in P3HT this mode remains almost unchanged at ~1453
cm’!. Taken together, these observations indicate that the neat graft polymer is substantially
more torsionally disordered than P3HT, particularly in the non-aggregated regions, with the
aggregated regions comprising a certain fraction of segments of a similar backbone planarity
to that found in P3HT. These regions are likely to be responsible for the weak vibronic
structure shown in the UV-vis absorption spectrum of P3BEOT (see Fig.5.8b in previous
section).

Turning the attention to the PEO blends, no significant effect on the symmetric C=C
stretching peak location is found when adding PEO to P3HT regardless of the excitation
wavelength, i.e. independent of whether aggregated or non-aggregated regions are probed.
However, the C-C/C=C peak area ratio (see Figure 5.9b, bottom panel) increases slightly
for the blend compared to neat P3HT, consistent with the addition of PEO slightly increasing
P3HT backbone planarity. Interestingly, blending has a striking effect on the P3BEOT:PEO
binary blend. Introduction of PEO, leads to a notable decrease in the symmetric C=C
stretching mode frequency of ~5 cm™' when probing aggregated regions (Fig. 5.9b, top
panel), resulting in a peak at ~1451 cm™. This frequency is slightly (~2 cm™) lower than
what is found for neat P3HT and its blends with PEO, indicating that the addition of PEO to
the graft polymer substantially increases the fraction of chain segments with increased
backbone planarity, especially in aggregated regions, often beyond that achievable in neat or
blended P3HT. This conclusion is supported by the C-C/C=C peak area ratio on probing
aggregated regions (Aex = 532 nm); for P3BEOT:PEO, which is higher than for both P3HT
and P3HT:PEO (Fig. 5.9b, bottom panel). On the contrary, blending has a far less
pronounced effect on the non-aggregated fraction (Aex = 473 nm), with a comparatively
negligible reduction in symmetric C=C location of ~1 c¢cm™, and a smaller increase in C-
C/C=C peak ratio than when exciting the aggregated fraction. Extracted parameters from
Fig. 5.9 show that for both P3BEOT and P3HT addition of PEO leads to a lower C=C peak
frequency in addition to a higher C-C/C=C peak area ratio, suggesting slightly enhanced
backbone planarity These differences are more pronounced in P3BEOT, suggesting that
replacing hexyl with BEO side chains possibly increases PEO’s influence on the thiophene
backbone.

Absorption and PL further reinforce our interpretation of the RR spectra (see Fig. 5.10), as
adding PEO to the P3HT homopolymer leads to a substantially enhanced 0-0/0-1 peak ratio
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in both absorption and emission, consistent with earlier observations' and characteristic of a

transition from inter- to intra-molecular coupling.*2°-3

PEO Blend (10 °C, solvent atm)
! 1 T 1 T

Absorption (Norm)
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Figure 5.10: Normalized absorption and photoluminescence (PL) spectra of P3HT and
P3BEOT blends with PEO 1:1 (weight%) cast at 10 ‘C and dried within a solvent rich
atmosphere. Absorption was determined at room temperature (solid line), and PL at RT

(dashed) and 10 K (filled).

A similar scenario is observed for the P3BEOT:PEO blend exhibiting the most significant
change in optical behavior upon blending — especially in PL. Unlike the spectrum of the
neat graft copolymer, the blend exhibits clear vibronic structure at 10 K, although the
emission spectrum characteristic of non-aggregated polythiophene segments is still
dominant. This implies that the high compatibility between the P3BEOT side chains and
PEO leads to the inert component influencing the semiconducting backbone via increased
interactions due to their mutual polarity, affecting the latter’s local assembly and hence its
optoelectronic landscape.

From the above, there is strong evidence that the strong affinity between the polar
semiconductor side chains and the insulating polymer ‘additive’ can re-introduce the
backbone order in systems with contrasting polarity between backbone and side chains. The
increase in the molecular order of P3BEOT:PEO blend can be attributed to favourable
interactions between the polar side chains and PEO, reducing steric hindrance between
individual chain segments by ‘drawing’ the side chains away from the semiconducting
backbone.

Further support on the view that this process is polarity driven, is provided by the RR and
absorption spectra of poly(3-(2’-ethyl)hexylthiophene) (P3EHT), comprising a
poly(thiophene) backbone with branched alkyl side chains and blends of this with ultra-low-
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density polyethylene (ULDPE), a highly branched version of polyethylene. The idea again,
is to match the polarity of the side chains with the additive and in this case both are non-
polar. As would be expected from the absence of polarity contrast, thiophene with branched
alkyl side chains differ slightly to P3HT, exhibiting a 2 cm™' shift of the C=C stretching to
higher frequencies (see Fig. 511). The side chain branching of P3EHT is known to increase
steric hinderance, reduce aggregation and lower the melting temperature relative to neat
P3HT.* Although the observed changes are not pronounced, they reveal a slightly icreased
backbone disorder thus, are in agreement with this reported description. Selective excitation
of aggregated and non-aggregated fractions revealed no sugnificant spectral changes
between the two excitation wavelenghts and C=C stretching exhibits a marginal shift of 1
cm’! when excited at 532 nm as shown in Fig. 5.11d. The blends with ULDPE have identical
Raman and absorption spectra to P3EHT, further supporting that strong affinity between the
side chain is not sufficient to affect local order of the semiconductor and that polarity contrast

between the backbone and side chains is necessary.
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Figure 5.11: Raman (Aex = 473 nm) (a) and absorption (b) spectra of poly(3-(2 -
ethyl)hexylthiophene) (P3EHT) (inset) and low density poly-ethylene (ULDPE, Dow
Affinity) (proprietary structure shown schematically)
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To conclude this section, increased backbone planarity does not necessarily imply increased
aggregation and cannot directly be related to long range order, however, it plays an important
role in determining the balance between inter- and intra-chain coupling within aggregates.
Crystalline ordering and orientation in polymer systems is probed through grazing-incidence
wide-angle X-ray scattering (GIWAXS)* and suggests the lack of long range order in the
case of P3BEOT while blends of P3BEOT and P3HT with PEO show intense lamellar
scattering peaks for P3BEOT:PEO. Those data can be found in the published version of the
present study,’ extending our shorter-range ordering interpretation. Overall, blending with
insulating polymers can be an efficient tool to manipulate the local, and to a certain extent
long-range, arrangement of polymeric semiconductors. Considerable structural changes can
be induced in blends with graft polymers as the active component. For this to occur, it
appears that two criteria must be satisfied: 1) there must be a strong contrast in polarity
between the semiconductor backbone and its side chains, and ii) there must be a strong

affinity between the semiconductor side chains and the insulating polymer ‘additive’. Such

a scenario creates an enthalpic driving force that ‘draws’ the polar side chains away from the
active material’s backbone towards the second blend component, reducing the side chain
disorder and, possibly, the steric hindrance that normally would lead to torsional disorder

and reduced aggregation, especially in materials with relatively bulky side chains.

5.3.5 Extending polarity contrast study to additives of different polarity

To further substantiate the interpretation regarding the dominant contribution of polarity
contrast to the interactions between side chains and insulating ‘additives’, we select
structurally similar additives to PEO, but with different Hansen Solubility Parameters (9)
(see Fig.5.12a).4¢ The solubility of a polymer in a particular solvent depends on the similarity
in inter-molecular interactions or simplistically described as ‘like attracts like’. To quantify
this, Hansen divided these interactions into three types: polar (i.e. permanent dipole) Jp,
dispersion 4 and hydrogen-bond &h. Each solvent and polymer is thus assigned a coordinate
in 3D “Hansen Space”, with the overall cohesive energy density & of solvents/polymers

comprising dipole (polar), dispersion and hydrogen-bonding components via
5% = 5,)2 +5dz +§h2 - the closer the co-ordinates, the more similar the interactions, and the

greater the solubility. Along with solubility, these parameters indicate the ‘compatibility’ of
polymers or their substituents, as in the case of the polar oligo(ethylene oxide) side chains

and insulating additives used in this study.
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Figure 5.12: Insulating polymers (a) with different polar & and hydrogen-bonding o
Hansen Solubility Parameters, were blended with P3BEOT. 10 K (b) PL of P3BEOT:PEO,
P3BEOT:PTHF and P3BEOT:PP (Aex = 580 nm).

By employing this solubility parameter approach, we can control the polarity contrast
between the side chains and the additives and evaluate the origin and magnitude of the
interactions.**® We keep the P3BEOT as a model system from the previous section due to
the strong polarity contrast between the backbone and the side chains and explore the effect
of blending this with two additional insulators to PEO, namely poly(tetrahydrofuran)
(PTHF) and isotactic poly(propylene) (PP) (Chemical structures in Fig 5.12a inset). In
Figure 5.12b we observe the effect of the increasing polymer additive’s polarity in the low
temperature (10K) PL spectra of the blends with P3BEOT. As PEO, PTHF and PP have
different proportions of Oxygen atoms per CH: unit, they have a range of Hansen Solubility
Parameters (Fig 5.12a). Reassuringly, increasing the polarity of the ‘additive polymer’ leads
to more pronounced vibronic structures in the PL (lex = 580 nm) of the blends associated
with increased interchain interactions.?®> Moving to RR spectra (Aex = 532 nm) of the blends
(see Fig 5.13a), we observe that increasing the polarity of the additive causes a reduction in
the symmetric C=C stretching frequency and correspondingly an increase in the C-C/C=C
intensity ratio (quantified by area) visualized for each sample independently (Fig. 5.13b)
and as a function of the insulator’s polarity (Fig. 5.13c¢). Both these trends indicate reduced
torsional disorder with increasing insulator’s polarity reinforcing our interpretation that
interactions between polar side chains and a similarly polar insulating ‘additive’ promote
planarization of the semiconducting backbone by drawing away side chains and, thus,

reducing steric hindrance.
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Figure 5.13: a) Raman spectra at dex = 532 nm (a) for P3BEOT:PEO (light blue),
P3BEOT:PTHF (orange) and P3BEOT:PP (dark blue) (offset vertically for clarity, fits
overlay experimental data). b) Fitting extracted parameters of symmetric C=C position and
C-C/C=C area ratio of the same blend samples and c) visualisation of the trends as a fuction
of the insulator’s PP, PTHF and PEO polarity.

Polarity contrast is clearly critical and additive polarity rather than just functionality is the
key requirement for controlling local microstucture. The addition of insulating polymers
with similar structure but different Hansen Solubility Parameters showed that backbone
order can be manipulated in a rather straightforward way and the extent of change in local
order can be tuned by both selection of the polymer ‘additive’, and the backbone/side chain

polarity difference of the semiconductor.
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5.3.6 Evaluating stability: The effect of humidity

One of the main issues conjugated polymers suffer from, is long-term stability. In the present
study we address this concern by exploring the effect of controlled exposure to humidity as
well as monitoring the aging of samples under environmental conditions (see section 5.2.8).
The local polar environment would be expected to be sensitive to the presence of humidity
and this can be exemplified by experiments involving the controlled exposure of neat
P3BEOT and its blend with PEO to water vapor. Details on the humidity treatment can be
found in chapter 3 where sample preparation is described. Below we follow the evolution of
structural and optical behavior of neat and blend samples after the exposure to high humidity.
Figure 5.14 shows the RR spectra of P3BEOT and P3BEOT:PEO before and after the
humidity exposure. Following the FWHM and the position of the symmetric C=C stretching
mode as most sensitive indicators of backbone changes we observed that the FWHM of neat
and blend films follows an opposite trend under the humidity exposure. FWHM of neat films
increases suggesting greater inhomogeneity, while FWHM of blend films decreases and
accordingly inhomogeneity in this case decreases (Fig.5. 14c). However, those changes are
not significant, considering also the C=C stretching position (see Fig. 5.14d) which remains
unchanged for the blends, while shifts by 1 cm™! towards higher frequencies for the neat
samples. Greater sensitivity to the effect of humidity compared to RR is observed in the
optical behavior of those samples by comparing their absorption in Fig. 5.15. Interestingly,
P3BEOT:PEO blends exhibit increased vibronic structure with enhanced Ao.o/Ao-1 ratio after
this treatment revealing increased electronic coupling and possibly relates to an increase in
backbone planarity,?® while this is less prominent for the neat films. A similar increase in Ao-
o/Ao-1 (consistent with increased intrachain excitonic coupling) has been reported previously
by Hellmann et al. within P3HT:PEO blends following water treatment, highlighting the

effect of the electronically inert component.!
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Figure 5.14: Raman spectra at Aex = 532 nm of a) Neat P3BEOT flims before (blue) and
after (green) humidity treatment and b)Blend P3BEOT:PEO films before (blue) and after
(green) humidity treatment. Fitting extracted parameters of ¢) FWHM of the symmetric C=C
stretching and d) symmetric C=C stretching position.

Two PL excitation wavelengths were employed for probing chain segments of different

absorption energies (corresponding to chromophores with different local order). Excitation

of primarily non-aggregated species (Aex = 480 nm) leads to a featureless PL spectrum

centred at ~580 nm (Figure 5.15) in P3BEOT both before and after humidity treatment and

at ~600 nm for P3BEOT:PEO. When exciting at Aex 530 nm (thereby more aggregated

species), all spectra red-shift as expected and vibronic features appear, more profoundly in

P3BEOT:PEO blends but we can hardly correlate these shifts with the moisture treatment.
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Figure 5.15: Absorption and PL of P3BEOT and P3BEOT:PEO films just after casting and
after humidity treatment. PL spectra were recorded after excitation at 480 nm (filled) and
530 nm, with longer excitation wavelength probing aggregated domains.

Conclusively, incorporating water into P3BEOT and P3BEOT:PEO blends via exposure to
water vapor, leads to both systems displaying a more pronounced vibronic structure both in
absorption and PL, from which we infer that this treatment leads to higher torsional backbone
order, with the effect being notably stronger for the blends. The moisture dependence of
P3BEOT and its blends with PEO emphasises the strong correlation between local
environment and backbone ordering showing that the hydrophilicity of both PEO and
but(ethylene oxide) side chains causes water to be incorporated into the film, attracting and
retaining moisture. The polarity contrast between backbone and side chains/PEQ is probably
enhanced due to the presence of water which acts as a plasticizer.**° This argument is
supported by differential scanning calorimetry measurements (DSC) which revealed a lower
glass transition temperature (7) of both P3BEOT and P3BEOT:PEO.° The aging
experiments presented in the next section will complement those results contributing to the

evaluation of the environmental stability of those systems in general.

5.3.7 Evaluating stability: Aging under ambient conditions

Following the exploration of the environmental stability of the samples via humidity
treatment, we monitor the structural evolution of P3BEOT and its blends with PEO after

aging over a period of four months in ambient conditions. The initial resonance Raman

spectroscopy measurements were performed directly after casting and drying- a process
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where humidity is trapped in the resulting thin films — and we repeated after storing in air
for four months. As shown in Figure 5.16, the neat graft copolymer, when exciting
aggregated regions (Aex = 532 nm), intriguingly, has initially very low (~1447 cm™)
frequency of the symmetric C=C stretching mode, comparable to that of P3BEOT:PEO
which is centered at ~1444 cm™ (Fig. 5.16a). This implies that, initially, the neat graft
copolymer contains a high fraction of planar chain segments. However, this dominant mode
shifts over time to higher frequencies until ‘saturating’ after four months at ~1456 cm™,
accompanied by a noticeable reduction in C-C/C=C peak area ratio (lower values suggest
reduced planarity). In stark contrast, the polymer blend is markedly more stable over time
with respect to structure. A change in peak frequency in the blend is observed over time, but
is drastically smaller than that observed for the neat graft polymer, with aged samples
featuring a symmetric C=C stretching mode at ~1450 cm™' accompanied by a slight decrease
in C-C/C=C peak ratio (see Fig. 5.16b). We attribute the different behavior of P3BEOT and
P3BEOT:PEO, with the latter retaining its aggregated character whilst the former does not,
leading to the relatively rapid release of water from the P3BEOT system. In contrast, water
molecules retained in the PZBEOT:PEO binary blends due to the hydrophilic PEO°!°? stay

trapped, contributing to the polarity contrast and assisting in planarity of the backbone.
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Figure 5.16: Effect of aging on resonance Raman spectra. Normalized spectra with Aex =

532 nm for P3BEOT and P3BEOT:PEQO, acquired within one week of deposition (orange)
and after aging for four months.
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These findings can potentially have wide applicability via selection of side chain polarity,
polarity of blend component as well as small-molecular additives, such as water, that further
affect the polarity contrast between backbone and environment, opening a simple alternative
pathway to structural control without the need to realize all functionality exclusively via

(often complex) chemical design.
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Chapter 6

Photoactive layer morphology and
organic metal interface

Thus far, we have examined inherent properties of P3HT and its derivatives and discussed
the conformation of thin films which potentially can be of interest for various technological
applications apart from OPVs such as electrochemical transistors and biocompatible sensing
elements. To orient this fundamental study towards OPV applications, it is essential to
consider the conformation of the photoactive layer which consists of both P3HT (or any
other electron donating material) and an electron accepting material, which here is PCBM.
To this end, this chapter focuses on the archetypal P3HT:PCBM system and is divided in
two separate topics. The first one is the evaluation, by means of resonance Raman (RR)
spectroscopy, of the impact of P3HT polymorph distribution (“densely” and “non-densely”
packed structural motifs) on the energetic disorder of the blend. For the second topic, semi-
complete OPV devices are employed, to explore the interface between a silver electrode and
the photoactive layer. The buried organic/metal interface is experimentally accessible
through Surface Enhanced Resonance Raman spectroscopy (SERRS) which reveals the
polymer structure in close proximity to the metal. We investigate in this case P3HT:PCBM
blends as well as neat P3HT films and explore how the structure is affected by the presence
of specific additives in the blend, employed to spontaneously generate an interlayer at the
organic-metal interface. For both cases, the correlation of structure with organic solar cell
(OSC) characteristics is discussed considering experiments performed at collaborating
institutions. Investigation of P3HT structural polymorphs is part of collaboration with Prof.
Keivanidis,® while research on organic-metal interfacial properties was conducted in

collaboration with the group of Prof. Gitti Frey from Technion.?
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6.1 Background

The bulk heterojunction OPV architecture was introduced back in the 90’s,># aiming to
provide an efficient heterojunction for charge separation, facilitating as well charge carrier
transport towards the respective electrode.’ The preparation of OPV photoactive layers
where microstructure is critical to the final PCE of the device is a complex task that relies
on well-established protocols as well as empirical procedures. Frequently applied
approaches towards controlling microstructure and device characteristics include thermal
annealing,® careful selection of P3HT’s molecular weight,” controlled plasticization and the
use of additives.® A less explored factor that can be controlled by means of processing is
material polymorphism i.e the presence of multiple structural motifs (crystalline and/or
amorphous) in the solid-state phase. Regarding polymorphism in P3HT, experimental and
computational fundamental studies exist, attempting to correlate molecular order to charge
transport,®1° while Panzer et.al. reported evidence for the presence of two distinct P3HT
polymorphs in single-component P3HT films by means of temperature dependent
fluorescence.!* However, the presence of P3HT polymorphs in binary blends such as the
archetypal P3HT:PCMB OPV system is less explored,'? let alone the correlation of their
presence with OPV’s photophysical processes and device characteristics. The two types of
polymorphs, which is the focus of the first part of this chapter, can be described in terms of
lamellar packing distance (side chain interdigitation) as a) densely-packed and b) non-
densely packed for short and larger stacking distance respectively.** The distribution of
polymorphs can be controlled by varying the number-averaged molecular weight (M) of the
P3HT polymer matrix. We examine here a bimodal distribution (coexistence of “densely”
and “non-densely” packed polymorphs) obtained by low-M,-P3HT-based blend and a
uniform distribution of “non-densely” packed, resulting from high-M, P3HT-based
P3HT:PCMB blend.*®

A different approach to the study of P3HT:PCBM binary blends is adopted in the second
part of this chapter, where we primarily investigate the structure of the polymer/electrode
interface, considering also the properties of the bulk and exploring possible composition
gradients due to vertical organisation within the blend. The study of OPV’s interfacial
structure is based on the utilisation of SERRS. SERRS is a relatively novel approach for this
purpose and has been mostly considered as a means for increasing the photocurrent of OPVs
by the exploitation of surface plasmon resonance (SPR),'**® rather than studying interfacial
properties, with very few examples in existing literature.**?° Here SERRS will be employed
for the study of the interface between silver (Ag) and the photoactive layer of semi-complete
OPV devices. Silver, is a highly stable metal, however, it is rarely chosen as a cathode
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material due to its high work function (® = 4.3eV?') imposing a significant barrier for
electron extraction.?? This problem is often addressed by the use of interlayers which either
enhance charge collection,? or modify the work function of the electrode.?® An efficient and
cost-effective way to create interlayers demonstrated by Deckman et al. is their spontaneous
generation through additive migration —initially blended into P3HT:PCBM solution-
towards the metal interface during deposition. Additives are carefully selected to encourage
interactions between their end groups and the deposited metal clusters.?*? In this study two
thiol-terminated  additives;  hexa(ethyleneglycol)-dithiol ~(HEG-DT) and 1,4-
benzenedimethanethiol (BDMT), which are known to form interlayers in combination with
silver, are employed separately (blended into P3HT:PCBM solution) to study the effect of
interlayer formation on the bulk of the photoactive layer and the near-interface molecular
conformation. The near-interface structure is compared to that of the typical P3HT:PCBM

blend, as well as to the structure in the bulk of the active layer.

6.2 P3HT:PCBM spectroscopic identification

Before presenting the main topics of this chapter, it’s necessary to introduce the impact of
blending P3HT with PCBM to its spectroscopic signature. Figure 6.1 shows the normalised
resonance Raman (RR) spectrum of neat P3HT film versus that of the blend with PCBM
(1:1 weight %). Excitation wavelength is 473 nm and will be employed throughout this
chapter due to its sensitivity to probe disordered populations of P3HT. Rather than directly
monitoring PCBM’s Raman spectrum, we focus on its effect on P3HT’s chain conformation
and consistently with the previous chapter, we detect vibrational modes of chemical bonds
along the conjugated backbone i.e. the C-C and C=C symmetric in-plane stretching modes
at 1381 and 1450 cm™?, respectively. Following the interpretation demonstrated by Tsoi et
al.,?® the C=C stretching frequency of neat P3HT at 1451 cm™ reflects a planar polymer
chain conformation and the 1 cm™ up-shift of the blend sample, doesn’t suggest significant

conformational distortion due to the presence of PCBM (see Fig. 6.1).
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Figure 6.1: RR spectra of neat P3HT and P3HT:PCBM blend films (chemical structures are
shown on the left) excited at 473 nm.

PCBM

However, a closer inspection of the C=C stretching shows a shoulder at 1475 cm™, which
results in a significantly increased FWHM of 52.5 versus 34.7 cm™ for the neat film and
thus, increased fraction of non-aggregated P3HT chains. Those results are in accordance
with existing literature?”?® providing evidence that PCBM hinders the organisation of P3HT.
Although Falke et al. propose that the shoulder at 1475 cm™ is possibly related to the
pentagonal-pinch mode Ag of Ceo,2” we choose to attribute it to the non-aggregated species
of P3HT, since 473 nm is not a resonance excitation wavelength for PCBM and thus, the
signal of P3HT is expected to dominate the spectrum. Moreover, an existing PCBM
concentration- dependent study showed that increasing PCBM concentration above 30% (by
weight) has a deleterious effect on molecular order of P3HT in blend films, further
supporting the view that PCBM inhibits the planarity of P3HT chains.?® Those results
concern as-spun films and can be related to the spectra in Fig. 6.1 which are as-spun as well.
Of course, some “standard” post-treatments such as thermal annealing can modify the effect
of PCBM, stabilising P3HT properties towards a thermodynamic equilibrium morphology
regardless of PCBM content.
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6.3 Results and discussion

6.3.1 The impact of polymorph distribution to the energetic disorder

We will primarily focus on the bulk properties of a P3HT:PCBM photoactive layer and
examine its structure with respect to the bimodal versus uniform distribution of P3HT
polymorphs. Bimodal distribution refers to the presence of two different types of P3HT
polymorphs; i.e. densely and non-densely packed in the P3HT matrix, while uniform
distribution refers to solely non-densely packed structural motif. As mentioned in section
6.1, the distribution of polymorphs results from two different P3HT matrices: a) low-Ms-
P3HT-based P3HT:PCMB[60] blend, exhibiting bimodal distribution in spin-coated thin
films and b) high-M, P3HT-based blend resulting in a uniform distribution of non-densely
packed polymorphs. RR study performed on as-spun versus annealed films, confirms that
thermal treatment greatly enhances the planarity of P3HT backbone minimising energetic
disorder.> Considering this observation, our study is focused solely on annealed films,
deposited on two different substrates: a) glass/ITO/PEDOT:PSS (semi-complete OPV
devices) and b) plain quartz. RR spectra of Low-M, annealed P3HT:PCBM[60] blends are
compared to those of high-M, ones, recorded at room and low temperature (50 K) (see Fig.
6.2). At a first glance, it’s hard to distinguish spectral changes between the two samples as
both samples have probably reached their optimum morphology due to the thermal
processing applied. Thus, we performed additionally low temperature measurements (50 K)
to detect possible changes in the spectral signature of the two polymorph types bellow the

transition temperature (265 K).?°
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Figure 6.2: RR spectra of semi-complete P3HT:PCBM[60] devices with thermally annealed
P3HT:PCBM[60] photoactive layers developed by low- and high-M, P3HT and acquired at
a) room temperature and b) at 50 K. Resonance Raman spectra of thermally annealed
P3HT:PCBM[60] films deposited on plain quartz substrates developed by low- and high-M,
P3HT and acquired at ¢) room temperature and d) at 50 K. Excitation wavelength is 473
nm.

Data analysis summarised at Table. 6.1 (and visualised at Figure 6.3) reveals that
interestingly, some energetic disorder persists in the absence of densely packed polymorphs
(High-M,-P3HT based blends). This conclusion is drawn due to the larger FWHM of the
C=C stretching mode —suggesting the presence of more than one competitive conformations-
which is consistently observed at high-M, blends, regardless of the film substrate and the
temperature that the measurement was performed. The location of the C=C stretching mode
on the other hand, was not a sensitive indicator of molecular conformation this time,

exhibiting minute variations that is hard to safely evaluate.
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Table 6.1: RR spectra’s extracted parameters of room and low (50K) temperature
obtained for the annealed P3HT:PCBM[60] films

Room temperature 50 K
System
(Annealed C=Ccentre = C=CFWHM C=Ccentre = C=C FWHM
samples) -1 -1 -1 -1
(£0.7cm ) (x1lcm ) (£0.7cm ) (£1lcm )
high-M, 1449.5 35 1453.0 36
PEDOT:PSS
low-M, 1451.7 33 1454.5 34
PEDOT:PSS
high-M,, quartz 1451.4 34 1451.5 37
low-Mn, quartz 1451.0 33 1452.4 36

Another interesting feature is that an overall increase in FWHM is observed at low
temperature, having a negative impact on backbone planarity, which could possibly be
related to a different arrangement of the side chains upon cooling. Similar behaviour was
observed by Martin et. al. in a study of P3HT nanofiber structures with pressure and
temperature dependent photoluminescence (PL) measurements.®® Upon decreasing
nanofiber volume (while cooling or increasing the pressure) a change in the arrangement of
the alkyl side groups occurs, lowering intra-chain order. Although variations attributed to
the two different types of substrates would be expected, because they are known to affect
the degree of vertical phase separation of P3HT and PCBM component,®*? this dependence
was not observed at room temperature measurements. Of course all samples exhibit highly
ordered molecular conformation due to the thermal annealing, and changes observed
between the two different types of P3HT matrices although are clear, they are not considered

significant.
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Figure 6.3: Comparative results for the width (FWHM) of the Raman C=C stretching mode
of the thiophene ring in P3HT:PCBM blend films spectra as obtained at room temperature
(red) and low temperature (50 K) (blue).

Conclusively, RR can effectively probe the content of energetic disorder in the studied
P3HT:PCBM|60] layers which is correlated to the absence of densely packed P3HT
polymorphs in the layers. Adopting a spectroscopic approach for this purpose is
straightforward, however direct quantification of the energetic disorder would require
electrical device characterization techniques e.g. by monitoring the temperature dependence

of charge carrier mobility.

6.3.2 Correlating energetic disorder with power conversion efficiency (PCE)

OPV devices, based on identically processed photoactive layers to those used for the RR
experiments can provide a direct link to the device performance of these systems. Table 6.2
presents a comparison of the figures-of-merit of the two types of OPV devices when the two
different M, P3HT derivatives are used (extracted under simulated solar illumination from
current density-voltage (J-V) curves). Each figure-of-merit presented, (namely the short-
circuit current density (Jsc), the open-circuit voltage (Voc), the fill factor (FF) and the power
conversion efficiency (PCE)) is a mean value of 4-5 devices from each system, accompanied
by the corresponding standard deviation. The maximum PCE of 2.3% is obtained from the
low-My-P3HT matrix, being an acceptable performance for conventional P3HT:PCBM

devices.
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Table 6.2: Figures-of-merit for the two different P3HT:PCBM photoactive layers

Device type Jse Voc FF PCE
(MA cm?) (mV) (%0) (%0)
Annealed high- 516 +0.17 564 +4 30.7+11 0.89+0.04
My-P3HT

Annealed low- 7.00+0.10 545 + 2 60+ 0.8 2.3+0.06
Mn-P3HT

Together with the increased PCE of these samples, another interesting feature is the averaged
FF parameter that reaches 60%. Those results potentially can be associated to the lower
energetic disorder found in low-Mn-P3HT, however they are not sufficient to describe the
impact of polymorphism on device performance and explain the high FF parameter. To be
able to correlate energetic disorder to power conversion efficiency (PCE) it is essential to
additionally consider and evaluate the impact of competing processes such as nongeminate
recombination and charge extraction. Insights on photo-physical processes such as charge
recombination can be obtained by transient absorption (TA) spectroscopy. Experiments were
performed at ultrafast (ps-ns) timescales and data are shown in Figure 6.4 a and b for the
films prepared with the low-Mn and high-Mn P3HT, respectively. The evolution of TA
spectra is similar for both systems exhibiting the characteristic ground-state bleach (GSB)
of P3HT at 2.0 eV, photo-induced absorption (PA) between 1.2 and 1.4 eV and stimulated
emission (SE) of singlet excitons between 1.5 and 1.8 eV. The dynamics of the
photogenerated charges can be monitored in the spectral region around 1.2-1.3 eV of the PA
band. The SE band can be tracked up to 4 ps, while later on it is masked by the emergence
of charge-induced absorption, which coexists with the exciton-induced absorption up to 30
ps after photoexcitation. If we consider previously reported exciton diffusion coefficient of
crystalline P3HT to be between 1.8-7.9 x 10 cm?s?,3* from the lifetime of the SE signal
we deduce that P3HT excitons can probe a distance of 2.3-4.8 nm of P3HT domains in the
P3HT:PCBM][60] blends. At later times, the remaining PA band is exclusively charges. The
extracted TA kinetics of the photogenerated charge carriers, shown in Figure 6.4 ¢ and d
reveal differences in the charge carrier dynamics. The decay dynamics accelerate at high
photoexcitation fluences for both systems, indicating that at early delay times, higher-order
processes such as exciton-charge or exciton-exciton annihilation occur. By using a range of
photo-excitation intensities it’s clear that TA kinetics are considerably faster when the low-

Mpn P3HT derivative is used.
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Figure 6.4: ps—ns transient absorption spectra for annealed P3HT:PCBM[60] blend films
developed by (a) a low-Mn P3HT derivative and (b) high-Mn P3HT derivative. Fluence-
dependent kinetics extracted at the region of photoinduced absorption in the spectral range
of 1.2—1.3 eV for annealed P3HT:PCBM][60] blend films developed by (c) a low-Mn P3HT
derivative and (d) high-Mn P3HT derivative. The TA spectra shown in (a) and (b) were
registered with a fluence of 19 piJ cm™2.!

Having qualitative evidence from TA regarding non-geminate recombination rate (which is
faster in the case of the low-Mn P3HT-based blend), we can explore whether the antagonistic
process of charge carrier extraction is efficient enough, to compensate for the fast non-
geminate recombination. Charge carrier collection can be monitored by time-delayed
collection field (TDCF) experiments,® a powerful tool to study the efficiency of free charge
generation and the dynamics of non-geminate recombination. In the TDCF experiment the
device is illuminated by a short laser pulse, while being kept at constant pre-bias voltage
(Vpre). After a variable time delay (t4), a rectangular bias voltage (vcon) with 1us pulse length
is applied to extract (collect) all remaining free carriers from the device. The measured
photocurrent response exhibits two peaks, one following photoexcitation and a second after
application of the Vo extraction pulse. Integration of the area below the two curves yields
the quantity of charges generated by photoexcitation (Qpre) and extracted before (with an
applied Vpre bias) and during (Qcor) the application of the collection field, respectively (with
an applied Vcon bias). The sum of Qpre and Qcor equals the total number of generated charges

Qut. Figure 6.5 shows the dependence of photocurrent generation on the laser fluence for
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the low and high-M, P3HT-based devices when photoexcited at 532 nm with a sub-ns pulse.
For a constant tqg of 10 ns and a constant prebias voltage (Vpre= 0), the laser fluence was
varied between 0.1 and 4.4 pJcm?. The data were fitted linearly based on the power-law
function Q o« IZ,. where Q corresponds to the generated charge and lexc to the laser fluence.
Prior to the application of the rectangular bias voltage, V¢, the high-Mn-P3HT based device
generated more Qpre across the whole range of laser fluences applied while the low-My
P3HT-based device collects a smaller amount. Evidently from the deviation of the power-
law exponent “a” from linearity, this can be attributed to geminate charge recombination
losses at short-circuit conditions. The values of the o exponent were found to be very close
to unity for both types of photoactive layer; with a=0.93 and 0=0.99 for the devices with
low-Mn P3HT-based and high-M, P3HT-based layers, respectively. Interestingly, after
applying the rectangular bias voltage (Vcon= —4 V) the situation is reversed and the largest
amount of total collected charge, Qto, is delivered by the low-M, P3HTbased OPV device.
The improved charge extraction efficiency of the low-M;, P3HT-based device with respect
to the high-M, P3HT-based device can be understood because of a photogeneration
mechanism that is operative in the presence of the static external field created by the bias
pulse Vcon. The electric field has a typical value of 40x10° Vm, which, considering the
thickness of the photo-active layer, is sufficient for fully dissociating the residual geminate
charge pairs in the low-M, P3HT-based system. However, those results suggest also
increased charge recombination losses, obvious from the decreased value of the power-law

exponent a= 0.72.
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Figure 6.5: Collected charge as a function of fluence measured with ty =10 ns and Vpre= 0
V (short-circuit conditions) (a) of low-M, P3HTPCBM device and (b) of high-Mh
P3HT:PCBM[60] device. Both device types were based on annealed P3HT:PCBM[60]
layers. The solid lines are linear fits to the data (based on the functional form Q o¢ lexc*) !
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This is also supported by modifying this experiment by a gradual increase of the applied pre-
bias (Vpre between -1 and 0.6 V) while keeping laser fluence constant at 1uJ cm™ and tq at
10 ns. Figure 6.6 a and b show that the total number of generated charges is independent of
the field created by Vpre. Hence, in both systems the fill factor is predominantly determined

by non-geminate recombination losses.
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Figure 6.6: Total amount of charge (Quot) extracted from the device as a function of applied
pre-bias and the corresponding J—V curves of devices prepared with annealed photoactive
layers of (a) low-M, P3HT:PCBM[60] and (b) high-Mn P3HT:PCBM[60].1

Considering the results obtained by TDCF, TA and RR we can safely describe the effect of
the presence of the densely packed P3HTpolymorph on the device performance. TDCF
results suggest that the low-M,-P3HT-based devices -containing the densely packed P3HT
polymorph- have the capacity to facilitate charge carrier collection in the presence of an
external electric field and that the charge collection efficiency in this system dominates over
the antagonistic process of non-geminate charge recombination which is fast according to
the TA data. The charge collection efficiency enables the high FF determined for the low-
Mn-based devices and reasonably explains the high PCE compared to the high-My-based
devices. Finally, the lower energetic disorder in the presence of densely packed P3HT
polymorphs —evident from the RR results- supports high charge extraction rates,*® and is a

possible explanation regarding the mechanism that leads to the efficient charge collection.
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6.3.3 Exploring molecular conformation at the metal-organic interface

Considering the bulk properties of an OPV’s active-layer is usually the primal focus while
studying device performance. However, the presence of a top and bottom electrode can
drastically affect the organic-metal interfacial properties and inhibit charge transport and
collection. For example, a crucial parameter for the efficiency of charge injection and
collection in OPVs is the energy level alignment at organic semiconductor/metal interfaces.
An effective platform to adjust the energy level alignment is introducing interlayers of
organic or inorganic compounds between the organic semiconductor and the metal®’ in order
to modify the work function of the metal, resulting in a different alignment of the interfacial
energy levels.?>*8 The approach employed in this study to control energy level alignment is
based on self-generated interlayers formed by the migration of additives from the bulk of the
active layer to the organic/metal interface.?>?*? The two additives chosen are
hexa(ethyleneglycol)dithiol (HEG-DT) and 1,4-benzenedimethanethiol (BDMT) (Fig. 6.7
inset) due to their thiol end groups which interact with the silver (Ag) electrode facilitating
the formation of the interlayer. The effect of interlayer formation on the molecular
conformation near the interface is studied via surface-enhanced resonance Raman
spectroscopy (SERRS). SERR scattering, is a mechanism (described in detail in section 3.3)
that offers selective enhancement of the signal from the metal-polymer interface, enabling
the study of the polymer’s micro-structure. This can be achieved through the enhancement
of the electric field “felt” by the polymer due to the metal plasmon resonance that is
generated from the excitation laser light, which in turn enhances the Raman signal of any
molecule within 10 nm from the metal surface.?° The excitation wavelength at 473 nm was
chosen to both probe effectively the amorphous component of the examined P3HT blend
films and encourage plasmon resonance with the Ag electrode. Before exploring the
conformation at the interface, it is worth focusing on the bulk first, to see how the presence
of the additives affect the blend structure. Molecular conformation at the bulk of the organic
layer (as well as at the organic/metal interface) is studied by monitoring the effect of HEG-
DT and BDMT on the Raman spectrum of P3HT. Direct fingerprint of HEG-DT or BDMT
in the Raman spectra was not possible to be obtained due to the dominance of P3HT
scattering (resonant conditions). Features of interest as previously are the ring C-C (1381
cm™) and C=C (1450 cm™*) symmetric stretches of P3HT. The presence of additives induces
conformational changes to P3HT which can be monitored with respect to neat films and
P3HT:PCBM blends. The samples studied consist of a glass substrate, a polymer layer
(P3HT Neat, or blends: P3HT:PCBM, P3HT:PCBM:HEG-DT, P3HT:PCBM:BDMT), or
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HEG-DT and BDMT were deposited as a separate layer (P3HT:PCBM|HEG-DT,
P3HT:PCBM|BDMT)) and a thin Ag layer sandwiched between them (see Fig 6.7). No
further post-treatment (ex. annealing) was applied. Properties of the bulk can be studied by
targeting samples away from silver as shown in Fig. 6.7 (right). The presence of additives
induces conformational changes to the Raman spectra with respect to neat P3HT and
P3HT:PCBM blends at the bulk of the active layer, quantified at the Table 6.3.

Table 6.3: Extracted parameters from RR spectra for the various systems referring to the
bulk properties.

Bulk Film
System
C=C centre Cc=C C-C/C=C
(£0.7 cm_l) FWHMl (+0.05)
(£1lcm)
P3HT 1450.6 35 0.19
P3HT:PCBM 1450.9 43 0.20
P3HT:PCBM:HEG-DT 1450.5 33 0.21
P3HT:PCBM:BDMT 1451.2 37 0.22
P3HT:PCBM|HEG-DT 1452.1 42 0.20
P3HT:PCBM|BDMT 1453.1 44 0.21

In more detail, HEG-DT when blended with P3HT and PCBM (P3HT:PCBM:HEG-DT)
causes a significant narrowing of the C=C stretching mode by 10 cm™ compared to
P3HT:PCBM and by 2 cm™ compared to neat P3HT, minimising the contribution of
torsionally disordered chains (high frequency shoulder at 1470 cm™ almost disappears).?®
The effect of BDMT on the structure of the blend is similar but less significant than HEG-
DT, causing a 6 cm™ narrowing of the C=C stretch compared to P3HT:PCBM, being broader
however by 2 cm™ compared to P3HT neat. The effect of the additives in the conformation
of the active layer is different when they are not blended in the organic film but deposited as
a separate layer, exhibiting comparable FWHM to the P3HT:PCBM blend and up-shifting
the thiophene’s C=C stretching position by 2 cm™ and 3 cm™ for HEG-DT and BDMT
respectively. Those results indicate that incorporating additives in the P3HT:PCBM
photoactive layer, has a positive effect on the microscopic ordering of the chains but only

when those additives are blended in the organic layer.
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Figure 6.7: SERR (targeting the silver patch) and RR (probing the organic layer) spectra of
P3HT neat and blend thin films with PCBM, PCBM:HEG-DT, PCBM:BDMT. Samples were
irradiated from the back as depicted in the scheme, excitation wavelength was 473 nm.
Chemical structures of HEG-DT and BDMT are also included.

An entirely different structural signature is observed for most samples when probed at the
organic/metal interface as shown in Fig. 6.7 (left). Neat P3HT samples, exhibit a 7 cm™ shift
of the C=C stretching position to higher frequencies compared to the spectra recorded in the
bulk, accompanied by a 7 cm™ broadening of the same mode and a slight reduction of the C-
C/C=C stretching modes intensity ratio, clearly suggesting a distortion of P3HT chain
planarity at the interface with Ag. This effect is even more pronounced in P3HT:PCBM
blends where the thiophene’s C=C stretch is up-shifted by 20 cm™, a characteristic location
centre for the regiorandom P3HT, suggesting the dominant presence of the torsionally
disordered chains.?® The distortion of chain planarity in the absence of additives at the
interface with a metal electrode has been previously reported and attributed to the proximity
with a rough metal surface which is likely to disrupt the order of P3HT chains.?%%

Interestingly, when HEG-DT is incorporated in the P3HT:PCBM blend, this effect is
prevented, with the conformation minimally disturbed by the presence of Ag, causing a 6
cm* broadening of the C=C stretch, but not affecting its position and the C-C/C=C intensity
ratio. The effect of BDMT on the conformation of the blend at the interface is similar to that

of HEG-DT with the only change observed compared to the bulk properties is again a
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broadening of the C=C stretch, resulting in a FWHM of 41 cm™, slightly larger compared to
that of P3BHT:PCBM:HEG-DT (at the interface). It’s worth noticing also that when additives
were deposited as a separate layer, the presence of Ag disrupted again the interfacial

conformation, but to a lesser extent compared to P3HT:PCBM.

Table 6.4: RR spectra’s extracted parameters for the various systems referring to the
organic-metal interfacial properties.

Metal-organic interface

System
C=C centre Cc=C C-C/C=C
E07cm’) | FWHM NG 0.05)
(£lcm)

P3HT 1457.7 42 0.15
P3HT:PCBM 1470.7 39 0.08
P3HT:PCBM:HEG-DT 1451.1 39 0.22
P3HT:PCBM:BDMT 1450.9 41 0.21
P3HT:PCBM|HEG-DT 1456.9 46.8 0.19
P3HT:PCBM|BDMT 1456.5 46 0.20

An additional parameter we should consider while studying thin film active layers, is that
blends of two or more materials during deposition can exhibit different vertical organisation
leading to composition gradients with potential implications for charge extraction.®® Thus,
to evaluate the magnitude of this gradient, spectra were recorded at the bulk of the active
layer from the front and back side of the samples. In Figure 6.8 spectra of P3HT:PCBM
blends with the additives are shown. Organic-air interface, effectively probed when
irradiating from the front side of samples, exhibits a narrower C=C symmetric stretch at both
P3HT:PCBM:HEG-DT (33 cm™) and P3HT:PCBM:BDMT (33 cm™) blends compared to
the organic-substrate interface, effectively probed from the back side ( 37 and 41 cm™
respectively). Those results possibly suggest a P3HT-rich organic-air interface (similar
conformation to neat P3HT) and a corresponding PCBM-rich organic-substrate interface
(features similar to those of P3HT:PCBM films). Safe conclusions regarding the additive’s
preferential vertical segregation cannot be extracted, since there is no direct fingerprint of it
at the Raman spectra of the blends, we can only hypothesize that the additives are attracted
by the blend-Ag interface during deposition as reported previously for a similar additive.*
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This interpretation, considering the low surface energy of P3HT (~27 mJ m2) preferably
attracted to the organic-air interface and respectively the high surface energy of PCBM (~38
mJ m2)% attracted to the substrate interface provides valuable indications regarding the
direction of vertical phase separation potentially facilitating electron extraction at the

cathode.324

L P3HT:PCBM:HEG-DT —Front| | P3HT:PCBM:BDMT ——Front
——Back
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Figure 6.8: RR spectra of P3HT:PCBM:HEG-DT (left) and P3HT:PCBM:BDMT (right)
blend films recorder from the front and back side of samples. Excitation wavelength was 473
nm.

Conclusively, incorporating HEG-DT and BDMT as additives in P3HT:PCBM blends
improve the planarity of P3HT chains regardless of the presence of Ag. Their effect,
however, at the organic-metal interface is significant, minimising the distortion of polymer
chains caused by the metal. The self-generation of the interlayer (caused by the chemical
interaction of thiol end groups with the metal during deposition) rather than its independent
deposition is capable to minimise the negative effect of the metal interface, resulting in
ordered microscopic arrangement of the chains which can potentially facilitate charge
transport in the vicinity of Ag through inter-chain interactions. In the next section we will
discuss further whether the significant modification of interfacial morphology caused by the
additive migration to the organic/metal interface is sufficient to determine device

characteristics.
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6.3.4 Correlating interfacial conformation with organic solar cell characteristics

We begin our discussion by considering the average figures-of-merit of OSC devices
incorporating HEG-DT and BDMT additives (additive content 2 mg/ml) (self-generating
interlayers between the organic layer and the electrode) compared to the absence of
interlayer at typical P3HT:PCBM blends presented at Table 6.5 (extracted from current
density-voltage (J-V) curves). At least 16 devices of each type were measured and the
reported values are the average values accompanied by the corresponding standard
deviation.

Table 6.5: Average performance values (figures-of-merit) of OSC devices

Active layer system Jsc (MA cm??) Vo (V) FF PCE (%)

P3HT:PCBM 6.17 £ 0.36 0.42+0.01 0.42 +0.02 1.09+0.12
P3HT:PCBM:HEG-DT 8.27 £1.05 0.58 +0.01 0.54+0.01 2.57+0.28

P3HT:PCBM:BDMT 6.87 £ 0.68 0.20+0.01 0.32+0.01 0.44 +0.07

From Table 6.5 we observe that the maximum PCE of 2.57 % is obtained from the
P3HT:PCBM:HEG-DT system while the lowest PCE of 0.44 % is recorded for the
P3HT:PCBM:BDMT. Those results provide a first indication that although both additives
have a similar (positive) effect on the interfacial morphology, this is not depicted at device
characteristics, implying that charge injection and collection is not determined by the
structure. Turning attention to the selected additives, we observe that despite the similar
methane-thiol end groups, their cores are significantly different (see Fig. 6.7), with an
aliphatic backbone in the case of HEG-DT and a benzene ring for BDMT. Therefore, their
corresponding interlayers should impose distinctly different chemical environments at the
buried organic/metal interface which is likely to determine the interfacial energy level
alignment. Access to interfacial energy level alignment can be provided by measuring the
sample work function and valence electronic structure prior to the deposition of the active
organic layer by means of photoemission spectroscopy.*?* However, since it is extremely
challenging to investigate the changes occurring at the organic/metal interfaces upon
additive migration towards the metal during and after top metal deposition using a surface
sensitive method, its more appropriate to refer to the analogue at a buried interface as an
“effective work function” (EWF) because work function is only meaningful for surfaces.**

The way to assess how HEG-DT and BDMT as interlayers impact the EWF at interfaces
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between an Ag electrode and the organic active layer is not straightforward and the approach
chosen here should yield the best possible approximation to the energetics inside a device.
Interfaces between the additives and Ag are formed by step-depositing Ag onto a thin
additive layer on a rather inert conductive substrate (indium-tin-oxide (ITO)), and compared
to additive layers formed directly on Ag thin films by means of X-ray photoemission (XPS)
and ultra-violet photoelectron spectroscopy (UPS). In this way each additive/Ag interface is
constructed in two opposing ways, which allows assessing plausible EWF values, provided
that the Ag overlayers are not too thick and continuous, which would yield only the work
function of a bare Ag surface. XPS and UPS spectra of Ag deposited on a spin-coated layer
of HEG-DT (supported by ITO) are shown in Figure 6.9. The HEG-DT layer was
approximately a monolayer as inferred from the evaluation of all core level spectra. Figure
6.9 demonstrates in detail the findings for HEG-DT/Ag interface and analogous experiments
were carried out to access the BDMT/Ag and P3HT:PCBM/Ag interfaces (most important
findings presented at Figure 6.10).
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Figure 6.9: Incremental Ag deposition onto HEG-DT/ITO followed by XPS and UPS
spectra of (a) S2p core levels, (b) Ag3d core levels and difference spectrum obtained by
subtracting the 4 nm from the 2 nm Ag coverage spectrum (bottom spectrum), (c) sample
work function from SECO spectra, and (d) valence region close to the Fermi level (EF).?
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Fig. 6.9 a shows that the incremental deposition of Ag from one to four nm leads to an
emergence of a low binding energy component at ca. 162.2 eV in the S2p spectra, indicative
of additive/silver interactions (formation of Ag-S-R bonds). In Fig. 6.9 b the spectra of Ag3d
levels indicate that metallic Ag dominates with the spin-orbit split 5/2 and 3/2 doublet peaks
at 368.3 eV and 374.3 eV binding energy (eV). At low coverage, we observe a low intensity
higher BE emission contribution, corresponding to a doublet centred at ca. 370 eV and 376
eV, as clearly visible in the different spectrum obtained by subtracting the 4 nm from the 2
nm Ag coverage spectrum (bottom in Fig. 6.9 b). This higher BE component is from Ag that
formed bonds with S, but its comparably small intensity and vanishing at higher coverage
shows that metallic island/cluster growth dominates. Notably, the work function of the
sample gets reduced upon Ag deposition (Fig. 6.9 c¢) from 4.05 eV (bare HEG-DT/ITO) to
3.7 eV (1nm Ag), saturating quickly at 3.6 eV for higher Ag thickness. This goes in parallel
with the formation of metallic Ag signatures in the valence region (Fig. 6.9 d), inferred by
the emergence of the Fermi edge at 0 eV BE. At this stage we can safely observe the EWF
of the Ag/HEG-DT interlayer, as the work function does not vary notably with Ag deposition
and the value is far from that of a thick Ag film (4.15 eV and higher).
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Figure 6.10: SECO spectra and corresponding work function values of samples before and
after the deposition of nominally 3nm Ag: (a) BDMT on ITO, (c) HEG-DT on ITO, (e) P3HT,
and (f) P3HT:PCBM. Before and after the deposition of (b) BDMT and (d) HEG-DT on an
Ag surface.?
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The sample work function is derived from the secondary electron cut-off (SECO) spectra in
Figure 6.10 which summarise the representative trends upon the deposition of nominal 3
nm Ag on the additives and the opposite (depositing the additives on an Ag surface). A ca.
monolayer film of BDMT spin-cast on ITO exhibits a work function of 4.35 eV (Fig. 6.10
a) which decreases to 4.05 eV upon the deposition of nominal 3 nm Ag. Similarly, the
deposition of BDMT from a solution onto a pristine Ag film decreases the work function
from 4.35 eV to 4.0 eV (Fig. 6.10 b). In contrast, the same experimental procedures done
with HEG-DT instead of BDMT lead to substantially lower work function values, typically
in the range between 3.5 eV and 3.7 eV (Fig. 6.10 ¢ and d). For comparison, the work
function of interfacial Ag/P3HT-only and Ag/P3HT:PCBM was included with estimated
values between 3.6 eV and 4.0 eV (Fig. 6.10 e and f). As all work function values are not
representative of a pristine Ag surface, they can be regarded as the EWF values relevant at
the buried interfaces in OSCs when BDMT and HEG-DT, respectively, form an interlayer
between Ag and the P3HT:PCBM layer. The average EWF values (obtained by the average

of both ways of constructing the additive/Ag interface ) are summarised at Table 6.6.

Table 6.6: Values for average EWF for the various organic/Ag interfaces

Interface type Average EWF (eV)
Ag/P3HT:PCBM 3.85+0.25
AgQ/P3HT:PCBM:HEG-DT 3.65 £0.20
Ag/P3HT:PCBM:BDMT 41+0.11

The reason for the difference in the work function obtained for HEG-DT and BDMT in
combination with Ag is most likely attributed to a preferential orientation of the polar O-C
bonds of HEG-DT at the interface, which lowers the work function.*® Such polar bonds
are not present in BDMT, and the bond-dipole formed between thiol and Ag is the same for
both molecules.

Considering the above, the highest EWF values where obtained when interfacial BDMT is
present, followed by Ag/P3HT:PCBM (or P3HT-only) interfaces and the lowest EWF values
were recorded for HEG-DT. This trend is in perfect agreement with the device characteristics
presented in Table 6.5 suggesting that EWF approach provides an accurate estimation of the
interfacial energy alignment for electron transfer from PCBM to the electrode. To this end

we assume that interfaces with HEG-DT have the optimum energy-level alignment, followed
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by interfaces without additives while BDMT/Ag interfaces exhibit the highest energetic
misalignment. Finally, considering the RR results which probed the interfacial
morphologies, we conclude that the electrochemical potential at the interface rather than

morphology is what determines device characteristics in this study.
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CHAPTER 7

Spectroscopic and computational study
of the donor-acceptor polymer PCE11

This chapter focuses on the fundamental study of the new generation donor-acceptor
polymer PFfBT4T-20D or PCE11, a name that stands for the record PCE of ~11.0% reported
in 2014.1 PCE11 is a low band-gap (1.65 eV) semiconducting polymer, highly crystalline,
having a broad absorption spectrum reaching the near IR region, characteristics that make it
a particularly attractive material for OPV applications.? Additionally, recent studies reveal
its compatibility with non-fullerene acceptors.® Although in the last two decades fullerene
derivatives have been the dominant choice as electron accepting material due to their
superior charge transporting properties, they suffer from several drawbacks such as the
limited absorption in the visible region and the high production and purification cost.
Considering the rapid growth of non-fullerene systems within the last three years,* research
on compatible materials for this new generation of OPV devices is necessary, in order to
sustain and exceed the efficiencies achieved with fullerenes. This study has a rather
fundamental character as we examine neat films before mixing with any acceptor to elucidate
the effect of molecular weight and processing conditions on molecular conformation. Then,
we perform a temperature dependent study to extract information about ground and excited
state structure. For this work we collaborated with Prof. Anna Kéohler’s group from the
University of Bayreuth, who performed the temperature dependent absorption measurements
and the group of Prof. David Beljonne from the University of Mons, who performed DFT

calculations.

7.1 Background

The morphology of conjugated polymers is determined by several factors as described in
section 2.6.4, the most fundamental however are the inherent properties resulting from
synthesis such as chemical nature and molecular weight (My). PCE11 exhibits processing-

controlled aggregation and strong crystallisation, attributed to the branching position and
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size of the branched alkyl side chains (2-octyldodecyl (20D) chains on quaterthiophene).
Moreover, several studies® have highlighted the significant impact of M, of various donor-
acceptor systems on photovoltaic properties and PCE11 is not an exception as M, affects the
aggregation process and morphological characteristics.* With this knowledge, we can further
explore the effect of various parameters on its molecular conformation, and particularly
evaluate the sensitivity of PCE11 structure to My and processing. Another fundamental step
towards understanding the structure-property relation of PCE1l is to monitor its
temperature-dependent  behaviour and elucidate temperature effects such as
thermochromism, thermal motions and phase transitions on polymer photophysics. An
extensive part of this chapter is dedicated to this because such knowledge is valuable to
shape industrial standards for OSC devices, both in terms of film processing conditions as
well as excluding possible interference with operating temperatures, as they can have crucial
impact on the efficiency and potentially limit their lifetime. The temperature dependence of
the optical response in organic semiconductors is a subject that has been addressed in the
past by several studies by means of temperature-dependent absorption and
photoluminescence spectroscopy. Among the studied materials are poly(3-
alkylthiophenes), 8% quasi-isolated (extremely diluted) oligothiophenes,** (poly-(2-
methoxy-5-(2¢-ethylhexyl)oxy 1,4-phenylene vinylene)) (MEH-PPV)!21® and donor-
acceptor polymers.* It has been consistently documented that conjugated polymers and
oligomers exhibit a red shift in their optical spectra upon cooling which is often associated
with an increase in the effective conjugation length (ECL) upon backbone planarization.
Panzer et al. performed an extensive study on various different compounds in solution to
establish a mechanism that describes their aggregation behaviour.® The 3-step order-
disorder transition for decreasing temperature according to this study involves firstly
planarization of the disordered phase, secondly aggregate formation and lastly planarization
of the aggregate phase. On the other hand, the optical spectra of conjugated polymers encode
the contribution of various structural elements such as the presence of different conjugation
lengths and their excitonic coupling -more generally described as inhomogeneity- that can
be difficult to determine their origin. The combination of optical spectroscopy with
structurally sensitive techniques such as Raman spectroscopy can provide valuable insights
on the link between optical properties and molecular conformation. However, Raman
spectroscopy is not so commonly employed for temperature-dependent studies, with only a
few examples focusing on conjugated polymers.t®"18 PCE11 exhibits a pronounced and
well-characterised temperature dependent aggregation in solution as reported by Liu et. al.
which enables the development of processing protocols towards morphology control in the
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solid state i.e. film drying process.! In the present study we focused on films rather than
solutions as a step closer towards applications and we combined temperature-dependent
absorption and Resonant Raman (RR) spectroscopy as an optical and structural probe,
respectively, to explore their sensitive interconnection. Moreover, as absorption and RR
cross sections share important physical parameters, this enables simultaneous modelling of
RR and absorption spectra by a theoretical tool known as resonance Raman intensity analysis
(RRIA).1-21 This method exploits the vibrational coherence that expose the time-dependent
wavepacket overlaps on sub-picosecond timescales and enables us to distinguish between
the relative contribution from each vibrational mode to the excited state geometry changes,
extract values for the mode specific reorganisation energy, and accurately estimate the

relative contributions of homogeneous and inhomogeneous broadening.

7.2 Results and discussion

7.2.1 Absorption Spectroscopy

Decision on the excitation wavelengths for the RR experiments is based on the PCE11
absorption spectrum (chemical structure in Figure 7.1 inset). The electronic absorption
spectrum of the PCE11 film shown in Figure 7.1 exhibits two absorption bands: a high
energy band with a maximum at ~440 nm and a lower energy band with clear vibronic
structure and well resolved features at ~620 and ~680 nm, corresponding to the 0-0 and 0-1
transitions, respectively. Through density functional theory calculations (DFT) we are able
to elucidate the nature of each electronic transition. Figure 7.1 shows the hole and electron
density distribution diagrams associated with the two most prominent electronic transitions
of PCE11.
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Figure 7.1: a) Absorption spectrum of PCE11l(chemical structure inset). The arrows
indicate the selected RR excitation wavelengths employed. b) Electron-hole density
distribution diagrams for the lower (1.78 eV) and higher (2.64 eV) energy transitions at a
dihedral of 25°.

We observe that for the lowest energy transition (excitation energy ~1.8 eV) the electron
cloud becomes localised on the acceptor unit of the molecule (BT) upon excitation,
suggesting that the low energy absorption band corresponds to a charge transfer (CT)
transition. At higher excitation energies (~2.6 eV) we observe that the electron cloud is
spread along the chain adopting a quinoidal conformation; thus, we can safely attribute the
high energy absorption band to the z-n* electronic transition. The presence of the two
absorption bands and the vibronic characteristics, such as the 0-0/0-1 peak ratio of the
absorption spectrum, are in agreement with previous studies of PCE11 in solution, and the
similar PFfBT4T-2DT polymer with the same backbone but longer alkyl side chains.?? The
increased intensity of the 0-0 with respect to the 0-1 —indicator of the intramolecular order
and intrachain coupling- suggest the presence of J aggregates that promote electron

delocalisation along the polymer backbone.??
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7.2.2 Resonance Raman Spectroscopy - Excitation wavelength dependence

The vibrational frequencies of the RR modes are sensitive probes of conformational
characteristics such as the degree of torsional order of the chains, while the intensities reflect
the structural distortion in the excited state with respect to the ground state. Selective access
to the spectral characteristics of each electronic transition is provided by judicious choice of
the excitation energy. Raman excitation wavelengths were chosen according to the
absorption spectrum of PCE11 (marked with arrows in Fig.7.1) to achieve resonance

conditions for each electronic transition.

Figure 7.2 shows the RR spectra of PCE11 at the three excitation wavelengths. DFT
computations reveal that the bands observed correspond to modes associated either with the
thiophene ring (the donor unit of the molecule) or the BT unit (the acceptor). The band at
~1441 cm™ corresponds to the C=C symmetric stretching mode of thiophene, while the
bands at 1328 and 1530 cm™ are due to C=C stretching of the acceptor unit. In the lower
frequency region (not displayed here), weaker bands appear at 850 cm™ originating from the
N-S-N stretching of the BT and 429 cm™ ascribed to a BT bending mode. Upon excitation
at 473 nm, we observe that the 1441 cm™ thiophene mode dominates the spectrum. The
strong intensity of this mode is expected while on resonance with a w to 7* transition as it
encodes the excited-state geometry change which -based on the hole and electron density
distribution plots in Figure 7.1 - is changing from a benzenoid to a quinoid-like
conformation in the excited state. Similar spectra have been obtained in other donor-acceptor
polymers involving these two functional groups when on resonance with the m-n*

transition.?*
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Figure 7.2: a) The 3 dominant vibrations of the molecule are marked with coloured arrows
on the chemical structure of PCE11 (red for the thiophene’s C=C stretch, yellow and green
for the C=C stretching modes of the BT unit). b) Raman spectra excited at 473nm (blue),
532 nm (green) and 632 nm (red). The coloured arrows link the vibrational modes to the
Raman peaks.

The fact that we observe larger intensity in the acceptor modes (C=C stretching at 1328 and
1530 cm™*) with respect to the thiophene mode, in the RR spectra obtained with 532 and 632
nm excitation, is an indication of the CT nature of this transition (Fig.7.2 b)). Analogous
spectroscopic signature has been reported before for the similar donor-acceptor system
poly[2,6-(4,4bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b0]  dithiophene)-alt-4,7(2,1,3-
benzothiadiazole)] (PCPDTBT).?® This can also be explained by the hole and electron
density distribution plots for this transition, where the electron density at the excited state is
localised on the acceptor unit of the molecule. Considering the above, we can safely confirm
that excitation at 473 nm is on resonance with the w-z* transition, while at 532 and 633 nm

we access the CT transition. Although at both 532 and 633 nm we are on resonance with a
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CT transition, we can still observe differences between these two spectra, such as the 3 cm”
! lower frequency of the C=C thiophene stretch at 633 nm and the significantly reduced
intensities of the BT modes with respect to the thiophene. Insights on the nature of the
changes observed are provided by DFT calculations that reveal the impact of changing all

dihedral angles simultaneously from 0° to 25° by step 5°.

___16x10°fF —0°
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Figure 7.3: DFT calculation of the thiophene-thiophene unit dihedral angle dependence of
the Raman spectra.

In Figure 7.3 we can see that larger dihedral angles cause a significant shift of the position
of the thiophene mode to higher wavenumbers, as well as a sharp reduction in the intensity
of this mode with respect to the C=C stretching modes of the BT. Based on this fact, we can
interpret the lower BT/Thiophene intensity ratio accompanied by the low frequency of the
thiophene mode observed at 633 nm as a sign of a more planar conformation. Considering
that 633 nm is a lower energy excitation compared to 532 nm it is likely that ordered
populations of the molecule are effectively probed at this wavelength. The mode
assignments of the bands as well as their position (depending on the different dihedral

angles) depicted in the Raman spectra are summarised in Table 7.1.

122



Chapter 7 Spectroscopic and computational study of the donor-acceptor polymer PCE11

Table 7.1: Band assignment of PCE11 vibrational modes

Exp. Calc. Calc. Cale. Cale. Calc. Calc. Description
1 1 1 1 1 1 v
(ecm?) (em?) (em?) (em?)  (em?)  (em?)  (em™)
0° 5° 10° 15° 20° 25°
429 424 423 424 424 425 425 BT bending mode
850 856 852 850 854 852 855 BT N-S-N vibration

1328 1337 1336 1336 1335 1334 1334 BT C=C stretch y
direction

1441 1409 1410 1412 1436 1436 1439 Thiophene’s C=C stretch

1530 1517 1516 1517 1518 1518 1519 BT C=C stretch x
direction

7.2.3 Impact of molecular weight on backbone planarity

Having identified vibrational modes of PCE11 and after developing a basic understanding
on how spectral changes relate to molecular conformation, we can employ RR spectroscopy
to further explore the effect of specific parameters on molecular ordering and specifically
how they affect backbone planarity. The impact of molecular weight will be firstly discussed,
as its connection to solid state microstructure of polymers is well-established.>"2627
Molecular weight is directly proportional to the (average) length of the individual chains
thus determines a polymer’s mechanical, structural and thermal properties.?®? Concerning
OPV applications, high molecular weight is desirable in general and is expected to benefit
device performance by providing good interconnections within the active layer and longer
conjugation length.?” However, if molecular weight exceed a certain threshold (Me), it may
cause increased entanglement during deposition with negative impact on long-range
molecular order.®® Here, the importance of molecular weight on the polymer conformation
will be evaluated by considering two extreme cases of low (55 kg'mol™) and high (83 kg'mol-
1y M, films. Two sets of samples were studied, thin films (50 nm) and thick ones (200 nm).
RR excitation was performed in three different wavelengths accessing the n-n* and CT

transitions at 473 and 532, 633 nm respectively.
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Figure 7.4: RR spectra of low (light blue) and high (dark blue) M, PCE11 200 nm thick
films for excitation wavelengths at 473, 532 and 633 nm.

In figure 7.4 the results for the thick films (200 nm) are presented. Structural information
can be extracted by monitoring frequency shifts as well as variations in the relative
intensities of the acceptor modes with respect to the thiophene. Although, extended spectra
were obtained for all samples, we focus on a rather narrow high frequency region due to the
higher sensitivity of the C=C stretching modes to electron delocalisation. Apparently, at
532nm, the thiophene C=C stretch of high M, samples is located at 1440 cm, shifted by
4cm™? towards lower frequencies compared to low molecular weight ones. This is
accompanied by a narrower FWHM of 25.6 cm™ and reduced intensity ratio of the BT with
respect to the thiophene compared to the FWHM of 35.1 cm™ for the low M. Spectral
characteristics of high M, samples suggest a greater degree of chain planarity compared to
low Mn and are consistent with the high My, films of different thickness (thin, 50 nm) shown
in Fig. 7.5 which again exhibit a narrower FWHM (30.2 cm™ vs 34.8 cm™) and reduced
intensity ratio of the BT with respect to the thiophene compared to low My (thin) samples.
At 473 and 633 nm excitation wavelengths the spectra of high and low M, samples are
identical (see Fig.7.4) suggesting that those wavelengths are insensitive to conformational
changes.

The above results provide evidence that high M, PCE11 (83 kgmol™) sustains a planar
conformation in films, further supporting and generalising the results reported in existing

literature for other donor-acceptor polymers regarding the impact of molecular weight.>’
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Figure 7.5: RR spectra of low (light cyan) and high (dark cyan) M, PCE11 50 nm thick films
for 532 nm excitation wavelength.

7.2.4 The impact of processing
7.2.4.1 The effect of thickness

As discussed in the second chapter (section 2.6.4) processing is a broad term that may
involve various parameters such as the choice of solvent, the evaporation rate, thermal
treatment etc, which can be easily controlled, with however a significant impact on device
characteristics. In previous studies,®? the effect of active layer thickness on the device
performance has been addressed and has been shown to affect short circuit current,
efficiency and charge recombination losses. Here, at a more fundamental level we examine
the effect of film thickness on molecular ordering of neat films. Typical values of film
thicknesses are between 80 and 100 nm,32 however, here we focus again on extreme values,
of 50 (thin) and 200 nm (thick) films. As in the previous section the effect of thickness is
evaluated considering two sets of samples: high and low My ones. Excitation at 532 nm,
again proved the most sensitive to probe conformational changes, thus the results presented
here focus on this excitation wavelength. In Figure 7.6 the RR spectra of thin films exhibit
consistently (for both high and low My sets) characteristics of more torsionaly disordered
conformation compared to the thicker ones, considering the higher intensity of the BT s C=C
stretching mode, the increased FWHM and the position of the thiophene’s C=C stretch

located in higher wavenumbers.
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Figure 7.6: Left: RR spectra of thin (yellow) and thick (orange) high M, PCE11 films Right:
Raman spectra of thin (light green) and thick (green) low M, PCE11 films. Excitation
wavelength is 532 nm.

Those changes are quantified in table 7.2 showing that FWHM is significantly narrower at
the thick films and this difference is up to ~10 cm™. Moreover, the frequency of the
thiophene C=C stretch is up to 3 cm™ lower and the BTc=c/Tc=c intensity ratio (weighted by

area) is up to 9% reduced compared to the thin samples.

Table 7.2: Quantitative RR mode characteristics for each studied sample.

Thiophene C=C Stretch Ratio
Sample Position (cm™) FWHM BTCzC/TCzC

Low My 1444 32.1 0.59
Thin

High M, 1444 26.7 0.54

Low M, 1443 24 0.5
Thick

High M, 1441 22.4 0.52

In conclusion we can say that although few publications to date 2*3! consider film thickness
as a way to control device characteristics, and thickness is often chosen based on
convenience, the above results indicate that it has a significant impact on backbone
conformation and potentially (after combining with appropriate acceptors), can be linked to

device performance.
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7.2.4.2 The effect of blending with HDPE

The addition of an insulating component in an OPV, although it would be expected to
negatively impact electronic properties as discussed also in the 5" chapter, is a widely
employed strategy in the attempt to enhance device performance, reduce cost, and enable
additional functionalities. Insulating commodity polymers such as  high-density
polyethylene (HDPE) have been employed in the past as blending additives with the
prototype system P3HT:PCBM?? and poly(3hexyltellurophene) (P3HTe)3**® to address the
issue of mechanical and photochemical stability providing local encapsulation.®® Moreover,
the optimum active layer thickness of 100 nm, remains a technological challenge for various
printing technologies, which require several hundreds of nm of wet-layer thicknesses to
achieve structural stability. The inert component can lead to active layers of increased

thickness without significant device performance loses.*®

Here, preliminary RR experiments reveal the impact of blending PCE11 with HDPE on the
polymers backbone planarity. PCE11 neat and PCE11:HDPE blends (both low M, samples
of 55 kg'mol™* and of comparable thickness), were compared with 532 nm excitation, again

focusing in the spectral region of the C=C stretching modes of the molecule.

PCE11
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Figure 7.7: RR spectra of low Mn PCEL11 films. Comparison between neat (pink) and blend
films with HDPE (red). Excitation wavelength is 532 nm.

In figure 7.7 we observe that the position of the thiophene C=C in the blend film is located
at 1441 cm™, upshifted by 2 cm™ compared to the neat film, indication of higher chain
planarity. This, is supported by the slightly increased FWHM of the same vibrational mode,

31 cm™ against 30 cm™ in the case of the neat and the increased BTc=c/T c=c intensity ratio
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in the blend film. Consistent results were obtained for a second pair of samples where neat
films exhibited spectral characteristics of higher degree of order. To expand a bit further

this study on the blend films, we address the issue of film thickness as well.

Table 7.3: Quantitative RR mode characteristics for each studied sample.

Thiophene C=C Stretch Ratio

Sample Position (cm™) FWHM BT /Tec
Thin PCE11 1441 30 0.52
Thin PCE11:HDPE 1443 31 0.6
Thick PCE11:HDPE 1443 29 0.57

As shown in figure 7.8, the RR spectra of the thin (100 nm) and thick (320 nm) films are
similar, when considering the characteristics of the thiophene C=C stretch, with only minor
variations in the BTc=c/Tc=c intensity ratio (which is slightly higher in the thin film) in
accordance with the trend observed in neat films in the previous section. These results are

summarised in Table 7.3.

——100 nm PCE11:HDPE

Normalised Intensity

1300 1400 1500 1600
Raman Shift (cm 1)

Figure 7.8: RR spectra of low Mn PCE11:HDPE blend films. Comparison between thin
(light red) and thick (red) films. Excitation wavelength is 532nm.

To conclude, changes observed between neat and blend films as well as between thin and
thick PCE11:HDPE blend films provide indications regarding the planarity of the polymer’s
backbone; however, the effect of those parameters on short-range order is not sufficient to
question the impact on longer-scale characteristics. Of course, a systematic study on a large
number of samples and considering additional characterisation techniques would provide

solid information and a more detailed view of the overall properties.
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7.2.5 Temperature dependence

A fundamental step towards understanding in depth the structure-property relation of donor-
acceptor polymer systems is to monitor their temperature-dependent behaviour. To this end,
we focused on low temperatures and monitored the effects that arise during this process.
Following the same gradual cooling procedure down to 20 K for all films measured, RR
spectra where recorded with excitation at 532 nm. Figure 7.9 shows a qualitative example
of the spectra obtained for a high Mn thin neat PCE11 film measured at six different
temperatures. Shifts of the thiophene C=C stretch as well as changes in FWHM of the same
mode as a function of temperature have been quantified and illustrated in Figure 7.10 for

six different samples.

RT 532 nm

Normalised Intensity

1260 1320 1380 1440 1500 1560
Raman Shift (cm‘1)

Figure 7.9: Temperature dependent Raman spectra of high My (83 kg'mol?, 50 nm film
thickness) PCE11 in the spectral region 1260 — 1580 cm™.

Beginning with the position of the thiophene C=C stretch, although this differs from sample
to sample, it exhibits the same trend as a function of temperature. A transition-like shift to
higher frequencies is observed in all cases around 200 K. This shift is accompanied by an
increase in the intensity of the BT C=C stretch around 1328 cm™ (see Fig. 7.9) suggesting
reduced torsional order of the chain backbone. FWHM values on the other hand, do not have
a consistent behaviour upon cooling, except in one case that shows a gradual increase. In
general, the width (FWHM) of the thiophene’s C=C stretch (around 36 cm™ for the majority
of measurements) is broad enough to suggest inhomogeneity in the sample, i.e. competition

between ordered and amorphous phases.
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Figure 7.10: Fitting extracted parameters for: a) the thiophene C=C stretch frequency for
the various samples measured as a function of temperature, b) the FWHM of the same mode.
Excitation wavelength was 532 nm. L stands for low My (55 kg'mol™), H for high Mn (83
kg'mol™?), s2 for 50 nm film thickness, s8 for 200 nm film thickness (blend is PCE11:HDPE).
In an endeavour to explain physically those results, in the next sections we focus on one
specific sample (high M, (83 kg'mol™?, 50 nm film thickness) to further elaborate on these
findings, considering also the evolution of the absorption spectrum as a function of

temperature.

7.2.6 Temperature dependent absorption

We will now focus on the temperature-dependent evolution of the absorption spectrum of
PCE11 and explore the nature of the changes observed. In figure 7.11 we can see that by
lowering the temperature from 298 K (RT) to 5 K the spectra of the low energy CT band
red-shift gradually and the intensities of the 0-0 and 0-1 transitions are increased. The Ao.

o/Ao-1 vibronic peak ratio, which is a sensitive probe of the strength of inter- versus intra-
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chain coupling, does not however change significantly upon cooling and varies between 1.19
at 298K and 1.12 at 5K (fig. 7.11). According to the model developed by Spano for the
weakly interacting J aggregate states,"® the Ao-o/Ao-1 peak ratio can be used to estimate the

magnitude of the intrachain coupling through the relation:

2
0.24W
Ao-o0 __ [1+ /EP]

~ 2
Ao-1 [1_0.073W/E ]
P

(7.1)

where W is the free exciton bandwith of the aggregates and E,, is the energy of the main
intramolecular vibration, assumed equal to 0.18 eV in our system as obtained from the
average energy of the dominant vibrational modes that couple to the electronic transition
(C=C stretches of thiophene and BT). According to this model, the estimated W for all the
temperatures is between 16% and 27% of the wvib (frequency of the main intramolecular
vibration), falling within the weak coupling regime (< A%wvib, Where 22 is the Huang—Rhys

factor =1).3°

Enhanced absorption accompanied by a redshift of the spectrum with decreasing temperature
is systematically observed in conjugated polymers.!**>! Those characteristics are often
associated with better conjugation and planarization of the backbone; however, this
statement usually is not further supported by structural-sensitive characterisation techniques

such as Resonance Raman.

Nomalised Absorbtion
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Figure 7.11: PCE11 film absorption spectra for different temperatures (left) and Ao-o/Ao-1
intensity ratio as a function of temperature. The solution spectrum at RT was subtracted
from all spectra.

A combination of photoluminescence, absorption and Raman scattering techniques has been
employed previously to systematically study poly(2,5-bis(2’-ethyl-hexyl)-1,4-
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phenylenevinylene) (BEH-PPV) films and concluded that effective conjugation length
increases at low temperatures.*® However, results on blends of another PPV-type polymer,
poly[2-methoxy-5-(2’-ethylhexyloxy)-p-phenylenevinylene] (MEH-PPV) with  2,4,7-
trinitrofluorenone (TNF) forming a charge-transfer complex (CTC) do not show a direct
connection to increased molecular order at low temperatures.!” Differences observed in
PCE11, would suggest a higher degree of order upon cooling, those changes however are
marginal to draw safe conclusions, and thus will be accompanied by temperature-dependent

Resonance Raman measurements.

The last feature of interest in the temperature evolution of the absorption spectrum is the
substantial change in vibronic spacing, A1, from 1021 cm™ at 298K to 1466 cm™ at 5K, far
beyond theoretical predictions described by the Spano model for J aggregates.® (see fig.
7.12).
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Figure 7.12: Theoretical (red) and experimental (blue) values of vibronic spacing as a
function of temperature.

This irregular change is additionally reflected by the slope in the graph, which between 298
and 200 K is steep, while below 200 K it is much shallower. The theoretically expected value

(based on the J aggregate model) for this energy difference is 1466 cm™, as calculated from

the relation:
2
40 = 1 +0.03322 +0.1332 (7.2)
[OR) [On) (1)0

Here, wo is assumed the average frequency of the dominant vibrational modes that couple to

the electronic transition, J, is the excitonic contribution to the energy of the optically
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allowed degenerate excitons with wave vectors, k =z¢/180, with ¢ expressed in degrees, and
is extracted from the Aoc.o/Ao-1 ratio since J, = W/4. The theoretical value of Aio is
indicative of coupling of strong vibrational bands in the high frequency region, such as the
thiophene and the BT C=C stretches, to the electronic transition. Since the experimental
value of Ao reduces to 1021 cm™ at low temperatures, a logical assumption would be that
vibrational bands of lower frequency couple to the electronic transition or that the phonons
responsible for the vibrational modes vary with temperature. This statement will be
investigated through temperature dependent RR measurements, recorded at an extensive
frequency region in the next section. One thing that is certain though is that there is a huge
discrepancy between the theoretical and the experimental spacing value with temperature.

7.2.7 Temperature Dependent RR

Focusing on the CT transition due to its potential impact on photovoltaic processes, we
further explore with RR the structural evolution of PCE11 as a function of temperature.
Having as a guideline the evolution of the absorption spectrum in the CT transition with
temperature, we obtained RR spectra in the same temperature range from 298 K down to 20
K and employed two excitation wavelengths this time: 532 and 633 nm. In figure 7.13 we
observe the effect of temperature on the RR spectra of PCE11 excited at 532 nm. This
excitation wavelength is located at the high energy edge of the absorption band of the CT
transition (see fig. 7.1), thus it can effectively probe the presence of disordered populations
within the polymer. Focusing on the extended frequency region this time -to explore the
potential contribution of low frequency modes to the coupling with the electronic transition-
we observe that the intensity of the 428 cm™ BT mode is diminished at low temperatures,
the intensity of the N-S-N vibration of the BT at 852 cm™ is unchanged, while no other mode
appears around 1021 cm™. This shows an apparent contradiction to our effort to relate the
change in vibronic spacing to a different contribution of vibrational modes at low
temperatures. Moving to the high frequency region, by decreasing the temperature to 200 K
we observe a 5 cm™ shift of the thiophene C=C stretching mode to higher frequencies and
increased FWHM which persists in all spectra down to 20 K. The broadening of the
thiophene mode is indicative of the coexistence of different conjugation lengths,*® while the
shift resembles a transition-like behavior that could possibly be occurring upon cooling
between 298K and 200K. A temperature-activated transition that could describe this kind of
“freezing” of the polymer backbone to a locked-in configuration is the glass transition (Tg).
Due to its thermomechanical character, T4 can be determined using various experimental
techniques, the most popular of which are broadband dielectric spectroscopy (BDS),
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dynamic mechanical analysis (DMA) and differential scanning calorimetry (DSC).*
However, these well-developed techniques can only measure the bulk T4 of polymeric
materials and it’s challenging to be applied on thin films due to their limited mass that results
in poor thermal signal.*>*® Moreover, ordered phases of polymeric materials do not display
Ty, making this study even harder in crystalline polymers. Other techniques such as variable-
temperature ellipsometry (VTE)* and small angle X-ray scattering* have also been
employed for measuring Tg in crystalline polymer thin films. Raman spectroscopy can be an
indirect yet sensitive indicator of phase transitions as it follows structural changes that
usually accompany such transitions and has been employed for this purpose by previous

studies in the past. 43464748
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Figure 7.13: Temperature dependent Raman spectra, acquired at an extended frequency
region 390 — 1600 cm™. Excitation wavelength is 532 nm.

More specifically, Liem et al. % have introduced Raman spectroscopy as a complementary
technique to study Tg in thin polymer films causing Raman shifts, FWHM and relative
intensity variations as a function of temperature. To further explore the possibility of a phase
transition occurring between 298 K and 200 K we return to the weakly interacting J
aggregate model by Spano®° and having calculated the free exciton bandwidth (W) through
relation 7.1, we employ the inverse free exciton bandwidth (1/W) as a proportional indicator
of the conjugation length and intra-chain order of the interacting chromophores.>®! By
plotting the 1/W as a function of temperature (Fig. 7.14) we notice a change in the slope
around 200 K, near the temperature where the thiophene C=C stretch shift is observed,

suggesting a potential correlation between them. A similar transition was reported by Root
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et.al.*? who first related this change to the Ty and Yazawa et al.,>> who correlated the glass
transition of poly(3-butylthiophene) (P3BT) with the thermal activation of the dihedral twist
between two thiophene rings. Despite, however, the considerable evidence that a
conformational transition occurs around 200 K, the assignment of this change to the Tgwould
require the confirmation by additional characterisation techniques and should not be

straightforward.
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Figure 7.14: Temperature dependent a) inverse exciton badwidth calculated by weakly
interacting J aggregate analysis b) Temperature-dependent shifts of the thiophene C=C
stretch (red) and relative intensity (with respect to the thiophene) of the BT C-C stretch
(blue) extracted from the RR spectra excited at 532 nm.

Together with the thiophene shift, there is a gradual enhancement of the BT C-C stretch with
respect to the thiophene C=C stretch. DFT calculations confirm that those characteristics are
signs of larger torsional angle between donor-acceptor units, corresponding to a less planar
geometry. Reduced planarity at low temperatures has been reported in the past for the case
of para-hexaphenyl, PHP.>3>* Conclusively, at low temperatures, reduced motions such as
torsional rotations of the thiophene rings are expected, but this is reflected in the Raman
spectra by an increase in the dihedral angle between the donor and acceptor unit, suggesting
a conformational transition (possibly relevant to the glass transition) occurring around 200
K.
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Figure 7.15: Temperature dependent Raman spectra in the region 1280 — 1580 cm™* with

excitation at 632 nm (left). Fitting extracted parameters for the position and FWHM of the
thiophene’s C=C stretching mode (right).

Excitation at 632 nm, despite being at the absorption maximum of the CT transition, showed
significantly reduced temperature dependence in the RR spectra (see Figure 7.15) compared
to 532 nm probably due to low sensitivity of this wavelength to disordered conformations.
Although the position of the thiophene C=C stretch shifts to higher frequencies (by 2 cm™)
with reducing temperature (Figure 7.15 right), this shift is by 3 cm™ more pronounced at
532 nm. Another interesting feature is the significantly lower FWHM of the thiophene’s
C=C stretch for all temperatures measured compared to the 532 nm excitation (the trend on
the FWHM of the C=C stretch at 532 nm is shown in Figure 7.10). This feature suggests
greater homogeneity and reinforces the argument that changes observed at 532 nm can be

related to the Tg, as only disordered fractions of polymers undergo glass transition.>

7.2.8 Resonance Raman Intensity Analysis

Having obtained a good account of the ground state behavior, by combining the experimental
data obtained by absorption and Raman, we can proceed further and access information
about the early (~tens of femtoseconds after photoexcitation) excited state structure.®® CT
processes are taking place within these timescales and are often hardly detectable through
conventional pump-probe spectroscopic techniques. Exploring this structural evolution in
the Frank-Condon region is possible by a theoretical tool, RRIA, that allows us to directly
quantify the distortion of the excited state geometry with respect to that of the ground state
through the RR intensities.>” The displacements of the potential wells from the equilibrium
position (A) determine the shape of the absorption spectrum, providing additional insights

on the resonant electronic transition. The excited state potential energy surface parameters
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for PCE11 can be extracted by simultaneous modelling of the absorption spectrum and the
RR relative intensities. While RR spectra are sensitive only to intra-chain structural
characteristics and can be modelled as measured, to be able to reproduce the absorption
experimental spectra we had to subtract the solution spectrum. The contribution from the
random coil phase remains unchanged with temperature thus can be subtracted without
affecting the temperature-specific characteristics. Returning to the increasing vibronic
spacing observed at low temperatures (Fig 7.12), although it has been reported to indicate
the presence of J-aggregates, knowing that the exciton coupling in our case falls within the
weak regime (W < Awmvin), where limited intra-chain interactions contribute to the absorption
spectrum lineshape, we are able to consider simple models of isolated chains to reproduce
theoretically the experimental spectra.

We modeled the absorption spectrum together with the RR intensities in the calculated
excitation profiles (REPs) of five vibrational modes (428, 853, 1323, 1443 and 1532 cm™)
for eight different temperatures: 298K, 260K, 240K, 200K, 160K, 100K, 60K and 20K. The
calculated spectra of the absorption were in good agreement with the experimental ones for
each temperature studied and the calculated REP curves reproduced the experimental
relative RR intensities for each mode. An indicative example is shown in figure 7.16
depicting the room temperature results while modelling results for each temperature can be
found in the Appendix. The calculation extracted parameters are reported in Table 7.4.

It is worth mentioning that to be able to theoretically reproduce the large vibronic spacing at
20 K, it was necessary to increase the excited state frequency we of three vibrational modes
of the acceptor unit. Specifically, the 429 cm™ bending mode of the BT and the two C=C
stretching modes of the BT were increased to 600, 1600 and 1800 cm™ respectively. This
change is reasonable considering that acceptor modes play a dominant role in the CT
transition where the & electron density in the excited state is localised on specific bonds
involved in these modes (see fig. 7.1), causing them to adopt a double-bond character. These
increased excited state frequencies were maintained for all the temperatures modelled here,
with the reduced vibronic spacing at higher temperatures reproduced through increase in the

spectral broadening (inhomogeneous broadening).
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Figure 7.16: Results of the simultaneous modelling of the room temperature absorption
spectrum and the RR intensities (or: Raman cross sections).
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Table 7.4: Parameters used to computationally model absorption and RR spectra.

og' o AP Ayet®  Asge® AP AP Agged  AgP  Ayb

Vi€ 429 600 0.26 0.24 0.25 0.22 022 0.22 0.25 0.25

V2 ¢ 851 851 0.31 0.34 0.28 0.31 033 032 0.32 0.3

V3 ° 1326 1600 052 054 047 047 05 046 048 0.5
\Zh 1443 1443 1.0 0.97 1.0 1.0 099 098 0946 0.925

Vs € 1532 1800 0.47 0.5 0.53 0.51 049 0.54 0.58 0.61

r (cm_l) 250 280 320 325 295 275 255 250

® (cm'l) 545 500 440 400 415 430 450 450
EOO(cm_l) 14000 13950 13950 13950 13850 13850 13800 13770
M (A) 1.17 1.175 1.18 .18 1.18 1.195 1.205 1.21

2Ground (mwg) and excited state frequencies (we)
b Displacements along each normal coordinate at each temperature studied
“Vibrational modes included in the calculation
I': Homogeneous broadening

®: Inhomogeneous broadening
Eoo: The difference between the v = 0 in the ground and excited electronic states
M(A): The electronic transition dipole moment

In Figure 7.17 we observe the temperature dependent evolution of the values extracted for

the dimensionless displacements (A) for all vibrational normal modes that reflect structural

changes between the ground and excited state. Thiophene modes exemplify the largest A

values, showing a gradual decrease as we lower the temperature. The fact that A is reduced

in the case of thiophene suggests that this distortion between the ground and excited state is

less at low temperatures, i.e. the excited state conformation is closer to the ground state

structure, possibly due to limited flexibility of the chains to move.
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Figure 7.17: a) Computationally extracted values for the displacements of the coordinate-
dependent excited state potential well equilibrium position as a function of temperature. b)
Calculated values for the reorganisation energy as a function of temperature. ¢) Calculated
values for the homogeneous (6) and inhomogeneous (/) broadening as a function of
temperature. d) Calculated Eo-o values as a function of temperature.

The A values of the acceptor modes are in general constant with decreasing temperature
except of the C=C stretch at 1532 cm™ which shows a linear increase with decreasing
temperature, in good agreement with the increased intensity of that mode upon cooling

observed in the experiment. From the values for the displacement we can determine the mode
- . . 2 A?
specific reorganization energy though the expression: Aj= (“;—e) 7’ where we and wgare the
g

frequencies of the excited and ground state, respectively. As expected, the temperature-
dependent evolution follows the same trend as the A and it is clear that the largest
contribution to the excited state reorganization stems from the thiophene C=C stretch. We
attribute this significant contribution to the low torsional potential barrier between
substituted and unsubstituted thiophenes in the backbone as revealed by DFT calculations
(Graphs are included in the Appendix). Figure 7.17c shows that homogeneous as well as
inhomogeneous broadening have a weak temperature dependence. However, one could
reason that using relative rather than absolute resonance Raman cross sections in the RRIA

limits the constraint and distinction of the contribution of the two types of broadening to the
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absorption and Raman spectra. However, both the temperature dependence and the value of
these two types of broadening have been measured through 2D PL excitation in collaboration
with the group of Prof. Carlos Silva at the Georgia Institute of Technology, and those
experiments confirm both the weak dependence of each on temperature, but also the
magnitude of the values. The 2D results are shown in the appendix. Finally, Figure 7.17d
Eo-0 shows a marginal shift to lower energies upon cooling, with a sharp step at 200 K, as
was also observed above in the experimental spectra.

To conclude, RR spectroscopy can provide insights on morphology-dependent excited state
features such as vibrational displacements as well as an accurate estimation of broadening
characteristics. The apparently contradicting experimental results obtained from RR
(suggesting higher torsional disorder upon cooling) and absorption (examined features
suggested improved overall ordering of the chains at low temperatures) could be effectively
combined to extract early excited state conformational characteristics. The most significant
finding of this study was that the thiophene mode has a dominant contribution to the excited
state structural distortions, especially at room temperature. This work revealed also an
overall weak dependence of the mode-specific displacements (A) and reorganization
energies with temperature, apart from a variation in the relative contribution of the thiophene
mode (1441 cm™) and the BT mode at 1532 cm™. As a final note, we can say that RRIA is a
very powerful theoretical tool to access information encoded in conventional spectroscopic
techniques such as excited state structure and dynamics. It would be interesting to explore

further its potential and applicability to other donor-acceptor systems.
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Chapter 8

Conclusions

The overall aim of this work was to establish a fundamental understanding on how film
processing affects molecular conformation in organic semiconductors. Moreover, the
connection between structure and optical properties was discussed. Two different conjugated
systems were studied within this doctoral dissertation. P3HT, a polymer that although it is
not a promising candidate for high performance devices, it has long served as a reference
system, thus its contribution to understanding the behaviour of conjugated polymers in
general is valuable. PCE11 on the other hand, is a polymer that holds enough promise for its
integration in OPV applications, yet it is still not sufficiently understood. The common
ground between these two systems is that molecular ordering can be easily manipulated by
means of processing. Each chapter of this work, provided through different perspectives
solid evidence on the sensitivity of molecular conformation to various parameters such as
molecular weight, casting conditions and blending with additives. A summary of the most
important findings as well as their contribution to the state of the art fundamental

understanding of the structure-processing relation is presented in this chapter.

8.1 Controlling local ordering via polarity contrast

In this chapter, the effect of commonly employed approaches on controlling local features

was investigated and quantified. Moreover, a common approach which is blending the active

material with insulating commodity plastics was extended through considering polarity

differences between the semiconductor backbone, its side chains and the additive. The key

findings are outlined below:

= Byemploying the P3HT:PEOQ blend, we explored the effect of different molecular weight
combinations on the optical properties of the blend, a study that highlighted the
importance of molecular weight of the additive. Molecular weight of the active material
is undoubtedly crucial to the overall properties of conjugated systems, however, in order
to fully exploit the potential of blend systems, molecular weight of the additive is a key
factor that should be judiciously considered.

= The casting conditions and specifically casting temperature has a substantial effect on
the optical and structural properties of blend films (P3HT:PEO). By employing different

casting temperatures while wire-bar coating the film, we observed a pronounced
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threshold in absorption characteristics around 15°C, where the character of aggregation
changed from H-like to J-like, possibly suggesting different phase separation behavior
that could be exploited during device fabrication.

By blending polar P3HT derivatives with insulating commodity plastics, we showed that
polarity-driven interactions between the semiconductor and the polymer additive can
lead to controlled manipulation of the semiconductor backbone planarity. Polar side
chains, often responsible for torsional disorder, can actually promote aggregation and
reduce disorder while matched with a polar additive. The enthalpically favourable
interactions between additive and side chains ‘expel’ side chains away from the
backbone, reducing steric hinderance and facilitating the re-emergence of backbone
order. As it is often hard to achieve all functionality exclusively via chemical design,
these findings open a simple alternative pathway to structural control providing a

platform for future material selection and processing criteria.

8.2 Photo-active layer morphology and organic metal interface

In this chapter, the conformation of the OPV’s photoactive layer (consisting of the archetypal

P3HT:PCBM mix) was considered from both the bulk’s perspective as well as the interface’s

with a metal electrode. The correlation of structure with organic solar cell (OSC)

characteristics was additionally discussed. The most important findings and conclusions are

summarised below:

P3HT polymorph distribution (“densely” and “non-densely” packed structural motifs)
has impact on the energetic disorder of the blend. The distribution of polymorphs was
controlled by varying the number-averaged molecular weight (My) of the P3HT polymer
matrix with low-M,-P3HT-based blends exhibiting a bimodal distribution (coexistence
of “densely” and non-densely” packed polymorphs) and high-M, P3HT-based
P3HT:PCMB blends a uniform distribution of “non-densely” packed polymorphs. RR
spectroscopy was sensitive enough to probe some energetic disorder which persists
despite the annealing treatment in the absence of densely packed polymorphs. This
finding contributes to the overall understanding of those two systems and can be related
to the device performance, as the presence of densely packed polymorphs lead to
increased PCE. The knowledge gained by these results regarding the impact of
polymorphism distribution on charge carrier motilities can potentially be useful in the
optimisation of different types of optoelectronic devices such as fullerene-free OPVs and
organic light emitting diode (OLED) devices.

148



Chapter 8 Conclusions

The presence of a metal electrode inhibits short-range ordering of P3HT:PCBM systems
as the proximity with a rough metal surface is likely to disrupt the order of P3HT chains.
Incorporating specific additives, HEG-DT and BDMT, in the P3HT:PCBM photoactive
layer, has a positive effect on the microscopic ordering of the chains both at the bulk of
the films and the organic-metal interface. Possibly the formation of the interlayer (caused
by the favourable interactions of the additive’s thiol end groups and silver) prevents the
disruption observed for P3HT:PCBM but only when the additives are blended in the
organic layer and not if deposited separately. The interfacial morphology probed by
SERRS could not be correlated in this case with device performance as the interfacial
energy level alignment was possibly determined by the different chemical environments
imposed by the different additives at the organic/metal interface. This contradicts with
the current understanding on the direct correlation between morphology and device

performance and highlights that this conclusion should not be straightforward.

8.3 Spectroscopic and computational study of the donor-acceptor
polymer PCE11

In this chapter, a fundamental study on PCE11, a new generation donor-acceptor polymer

was performed, showing a processing dependence of its molecular conformation. Moreover,

ground as well as excited state structure was monitored through a spectroscopic and

computational temperature dependent study. A summary of the drawn conclusions is

presented below:

RR experiments provide evidence that high M, PCE11 films (83 kg'mol™?) can relate to
improved backbone planarity compared to low M, ones (55 kg'mol™?), following our
understanding for other donor-acceptor polymers regarding the impact of molecular
weight. Film thickness has a significant impact on backbone conformation (thick films
of 200 nm showed a substantially improved chain planarity compared to thinner ones
(50 nm)). These findings suggest that My and thickness can be potentially exploited as a
way to control morphological characteristics, thus their impact on photoactive layer
morphology should be further explored considering blends with fullerenes or other small
molecule acceptors.

Evidence on increased torsional disorder of the PCE11’s chains at low temperatures
stimulated a systematic study of the properties of this systems at cryogenic temperatures.
Absorption measurements showed a weak dependence of the 0-0/0-1 intensity ratio —
sensitive indicator of the strength of inter-versus intra-chain coupling- with temperature

while RR data provide clear evidence of a transition-like twisting of the chains around
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200K. This structural change at low temperatures contradicts with the state of the general
assumption of chain planarization upon cooling, established through temperature
dependent absorption experiments, which was not usually supported by structurally
sensitive techniques. This is especially an issue in the case when the optical changes are
small as other contributions could be at work.

= A simultaneous modelling of absorption and RR excitation profiles (REPS) was
performed to access the excited state structure and it was shown than that largest
contribution to the excited state reorganization stems from the thiophene C=C stretch,
due to the low torsional potential barrier between substituted and unsubstituted
thiophenes in the backbone. These findings shape a fundamental understanding
regarding the excited state behaviour of PCE11l and can potentially describe the

structural behaviour of similar donor-acceptor systems.
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Future perspectives

Exploring the structure-processing relation in organic semiconductors is a process with
unlimited sources for research, from the choice of the appropriate solvents and additives to
post deposition treatment techniques. The present work provided unambiguous evidence
regarding the sensitivity of structure to various processing parameters (deposition
temperature, blend additives, film thickness etc.). which could serve as a useful scientific
basis for further research. Considering the conclusions drawn, some suggestions for the

orientation of the future research are provided below:

P3HT-based systems are in general well-characterised and a satisfactory level of
understanding has been built over the past decades of research. However, a major hurdle
towards commercial reality is the long-term stability of devices and future research should
definitely address this issue. Stability is tightly connected to morphological degradation and
various parameters such as temperature, power cycling or radiation can contribute to this.
The present study addressed the effect of exposure to humidity at P3BEOT and
P3BEOT:PEO blends. Humidity was shown to alter their structural and optical properties.
Moreover, while left to ambient conditions for 4 months, structural degradation was
observed in the case of P3BEOT.Those findings suggest that Raman spectroscopy can be a
sensitive probe of morphological changes observed over time or under exposure to high/low
temperatures, humidity, illumination or mechanical stress, thus, such experiments would be
a reasonable continuation of this work. The stability issue can be also addressed by means
of processing such as testing specific additives (ex. HDPE) that can provide local
encapsulation.! In general, the most significant operational stabilities reported so far are up
to only a few years.2® A specific intrinsically stable system however, was recently tested

under high intensity illumination, showing promise for the future.*

Another meaningful direction of future research discussed in the 6" chapter of this work,
would be the exploitation of SERRS in the study of interfacial properties. Interfacial
phenomena between organic materials and metals, although are crucial for improving device

performances, are not easily accessible by other experimental techniques. SERRS is a
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powerful tool to quantify and understand these phenomena with high sensitivity and
selectivity, and can serve as a way to unravel the impact of morphology to device
characteristics. Moreover, it can be applied to various different systems, not limited to
OSCs, but also field effect transistors, sensors etc., while a different perspective would be

the study of plasmonic phenomena that lead to increased absorption within the active layer.

Regarding PCE11, the potential research paths are numerous, as several issues are still open.
First of all, although the present work provides some preliminary results regarding the effect
of specific parameters, the structure-processing relation should be established based on a
large number of samples, prepared by different deposition techniques additionally to wire-
bar coating (as the results presented here) and moreover, tested over time to ensure
reliability. This fundamental research is required, before mixing with any acceptor and
explore their potential correlation with device performance. Temperature-dependent
measurements performed within this study offer valuable insides on the evolution of
structural and optical properties upon cooling, however, they do not answer the fundamental
question regarding the abnormal increase of vibronic spacing observed in absorption spectra
upon cooling. Finally, to relate our fundamental understanding regarding excited state
properties with the end applications in OSCs, a direct experimental observation of lifetimes
and dynamics through transient spectroscopic techniques such as transient absorption (TA)
and time-resolved Resonance Raman (TRRR) would we valuable. PCE11 combined with
PCBM or other acceptors can be monitored to extract lifetimes for photophysical processes
such as exciton generation and recombination, polaron formation etc. Some preliminary
studies on PCE11:PCBM blends as well as a blend with non-fullerene acceptor do exist,
revealing exciton lifetimes and exciton diffusion lengths through TA experiments.® Polaron
lifetimes of PCE11:PCBM blends can additionally be inferred by those data, estimated to
occur at nanosecond time scales. Those long-lived polarons should be detectable by TRRR
through ours group setup by employing near-IR excitation wavelengths. An initial effort to
set up this experiment has already been attempted, the challenge however rests on the
alignment of the invisible 953 nm laser beam. If this is overcome, we’ll be able to obtain a
dinstict signature of the polaron formation in the vibrational modes of the polymer and
access molecular conformation dynamics of this fundamental photophysical process.
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Supplementary figures

Figure S1: Results of the simultaneous modelling of the PCE11 absorption spectrum
together with the RR intensities that coincide with the REPs of each mode. The data where
acquired at 260 K.

Figure S2: Results of the simultaneous modelling of the PCE11 absorption spectrum
together with the RR intensities that coincide with the REPs of each mode. The data where
acquired at 240 K.

Figure S3: Results of the simultaneous modelling of the PCE11 absorption spectrum
together with the RR intensities that coincide with the REPs of each mode. The data where
acquired at 200 K.

Figure S4: Results of the simultaneous modelling of the PCE11 absorption spectrum
together with the RR intensities that coincide with the REPs of each mode. The data where
acquired at 160 K.

Figure S5: Results of the simultaneous modelling of the PCE11 absorption spectrum
together with the RR intensities that coincide with the REPs of each mode. The data where
acquired at 100 K.

Figure S6: Results of the simultaneous modelling of the PCE11 absorption spectrum
together with the RR intensities that coincide with the REPs of each mode. The data where
acquired at 60 K.

Figure S7: Results of the simultaneous modelling of the PCE11 absorption spectrum
together with the RR intensities that coincide with the REPs of each mode. The data where
acquired at 20 K.

Figure S8: PCE11 dimer’s calculated surface potential as a function of torsion angle.

Figure S9: Experimentally extracted linewindths (by 2D PL measurements). (Fluence 157
nJ/cm?)
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Figure S1: Results of the simultaneous modelling of the PCE11 absorption spectrum

together with the RR intensities that coincide with the REPs of each mode. The data where
acquired at 260 K.
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Figure S2: Results of the simultaneous modelling of the PCE11 absorption spectrum
together with the RR intensities that coincide with the REPs of each mode. The data where
acquired at 240 K.
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Figure S3: Results of the simultaneous modelling of the PCE11 absorption spectrum
together with the RR intensities that coincide with the REPs of each mode. The data where
acquired at 200 K.
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Figure S4: Results of the simultaneous modelling of the PCE11 absorption spectrum
together with the RR intensities that coincide with the REPs of each mode. The data where
acquired at 160 K.
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Figure S5: Results of the simultaneous modelling of the PCE11 absorption spectrum
together with the RR intensities that coincide with the REPs of each mode. The data where
acquired at 100 K.
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Figure S6: Results of the simultaneous modelling of the PCE11 absorption spectrum
together with the RR intensities that coincide with the REPs of each mode. The data where
acquired at 60 K.
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Figure S8: PCE11 dimer’s calculated surface potential as a function of torsion angle for
the polymer under vacuum.
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Figure S9: Experimentally extracted linewidths (through 2D PL measurements). (Fluence
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