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Abstract

Electrification of societies and the rapid development of artificial intelligemeg@redictedto
significantly increasglobal energy demand in the coming yestseting this demanslustainably
requires renewable energy sourc@sganic solar cell§OSCs)have emerged as a promising
candidateachievingpower conversion efficiencies exceeding 20% in laboratory settingsgh
the development of nefullerene acceptors (NFAs). Howevemited long-term stability remains
a major challenge for commerciadizon.

In this work, the photodegradation of the NFAsaf@lI T4F (outdoor photovoltaicsiz S1SO and
FTCGBr (indoor photovoltaics)andthe donor polymer PTQ10, was investigated in neat films,
bulk heterojunction(BHJ) blends and solar cell devices under standardized Am1.5G LED
illumination without UV in air. A combination of UV-Vis-NIR absorption spectroscopy,
photoluminescence (PL), transient absorption spectroscopy (TAS) and device character@ation
usedto correlate material degradation witbviceperformance.

The results shoad wavelength dependent degradation fo4F, GSISO and FTCEBr, with
higher energy photons causing more severe damalgée Y6 exhibited high photostability.
Although the absorption of PTQ10 remained stableafter light soaking, a reduced
photoluminescence quantum yield (PLQY) and shortened lifetimes indicatezshsd non
radiative recombinatianTAS revealed accelerated formation of bound polaron paitghn
soaked T4F, GSISO and FTCEBr, while no such features were observed for PTQEXpite
efficient charge transfan BHJ blendsthe devices showed a dramatic loss of performamce
external quantum efficien@fter 12 hours of light soaking. iBrloss in performance could not be
explained solely byhe photodegradation of the active layer, and indicated additional problems
within the devicestack, including increased series resistance and reduced shunt resanai
the results demonstratédat a dominantlegradation pathwaig the formation of nomadiative
recombination channels driven by phothiced degradation of thidFAS.
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1. |l ntroducti on

Approxi mately 60% of the wor |l rdliéson feskilduels,r i ci t
making the energy sector a major contributor to greenhouse gas emissions and global warming
[1]. To mitigate climate change and transition towards a sustainable and ¢ienétal energy

system, electrification of societies has emerged as a central strategy. Electrification of sectors
such as transportation and industry is expected to significentlgase the global electricity

demand in the coming decad&s. In addition, the rapid development of artificial intelligence

is putting highpressure on global energy systems. A typical data center focused on artificial
intelligence consumes as much electricity as 100 000 households and larger data centers under
construction are expected to consume twenty times as much. The energy demaatd for d
centers is predicted to more than double by 2030, reaching levels of 945 TWh per year, which

is slightly more than Japan3ds total annual e

It is thereforeof the highest importance thaighisingelectricity demand is met and supplied

by sustainable and renewable energy sources, wherepsolaris considered as one of the
mostpromising. Earth receives roughly 1@80 TW of solar radiation continuously, and just a
small fraction of this would be efoSligonr to co
based solar cells dominate the solar power market today wilieaagenodule efficiencyof

21%][5]. The efficiency of silicorsolar @lls ishigh, but the production of these are energy

intensive anafteninvolve hazardous chemicatsich agead and cadmiurf®]. In addition, he

recycling process is complegsulting inpanels enithg up in landfills, a problemexpected to

increasen the next coming yeaspanels installed in 198@nd 2008 arereaching theend

of their operational lifetimé§7].

Researclon alternativeandsustainablenaterials for solar cells is ongoing. Organic solar cells
(OSCs) have emerged as a promisirgandidate, withthe possibility of using fully
biodegradable materials, of fabricating flexible and less fragile deviceshapdtential for
low-cost production using retb-roll processing. In recent years OSCs have reached power
conversion efficienciesexceeding 20% in laboratory settings, primarily driven by the
development of nofullerene acceptors (NFA§}]. Compared taraditionalfullereneelectron
acceptorswhich are based anCeo cage NFAs are designed withoutihollow cage structure
This givesgreatflexibility to vary the molecular structutey addingendgroups making it
possible to tune the energy level$is has madé possible to design narrow bandgdpA
with extended absorption in the neafrared regiorto harvest more of the solar spectr[8h
FurthermoreOSCs usingvide bandgapNFAs have gained attention for indoor photovoltaic
applicationsto power Internet of Things deviceshere theyabsorblight from LED and
fluorescent bulband carreachpower conversioefficiencies of 30%9].

While the efficiencies of OSCs are promising, ldagnm stability remains a major challenge
and represents a significardarrier tolargescale production andcommercialization.The
operational lifetime of OSGaftenfaces three stages, beginning with a rapid initial failoss



where the PCE can drop with as much as @@in the first few hours of operatipiollowed

by a slower degradation before complete device fajlL®¢ To improvethe stability ofOSC
devices it i;mecessaryo understand the underlying photodegradation mechan@mesnethod

to investigate longerm stabilityis accelerated stability testing. This involves subjecting the
device toadditional stress factors, such as increased light intensity or exposure to air, to reveal
possible degradation pathways.is well known that UMight contribute to accelerated
degradatiorof OSCsand recenstudieshaverevealedhat somematerialsexhibit a wavelength
dependent degradation beyond the -té#gime [11], [12]. However, the understanding of
wavelength dependent degradation in the visible andrid¢fibons as well as the fundamental
understanding of degradation mechanisms of organic solaistlll limited.

1.1 Aim

The aim of this thesis is to investigate photodegradation mechanisofdsbased on non
fullerene acceptor (NFA) materialBo achieve this, | have chosen foumfullerene electron
acceptor materiak® investigate Y6 and IT4Fdesignedor outdoor photovoltaics, and @SO
and FTCCBr designedfor indoor photovoltaicsNFAs designedfor indoor and outdoor
applications were chosen #gs interesting toinvestigateif there is a difference in stability
between those with narrow bandgaps compared to the wider bandgap mathade PTQ10
as the donor polymen this projecias ithasa simple chemical structutleat is easy and cheap
to producd13], which is good for potentialommercialization. Furthermore, it is reported to
havebetterstability compared to othdrigh-performingdonor materials such as PNBY]. It is
also compatiblewith all four NFAs explored in this studgince ithas ashallowerHOMO
(Highest occupie molecular orbitalJevel than the NFAsIn this project theNFAs and the
donor polymer PTQl0vere studied individually as neat films, then as bhltero junction
(BHJ) blends, and finally as complete organic solar cells (OSCs). Thevgsab gain an
understanding of the underlying photodegradation mecharasihsorrelat changes in the
material 6s photophysical properties with the

1.2 Research questions

The research questions to be answered are:

1. Is the photodegradation ahe NFAs (Y6, IT4F, GSISO and FTCEBr) and the donor
polymer PTQ1Qvavelengthdependeri

2. How does photodegradation affect the photophysical properties of neat films, BHJ blends

and solar celperformance

3. What are the dominant degradation pathwaythesePTQ10NFA-based organic solar
cellsunderlight exposure in air?



1.3 Approach

To answer the research questions an experimental study was performed. First, neat films of
each material were fabricated, light soaked in different light conditions and characterized to
understand their intrinsic optical properties and photodegradatioonds&HJ films of donor

and acceptor materials were fabricated, light soaked and characterized to understand their
interactions and charge dynamidsst complete OSCs were fabricated, light soaked and
tested.This approach was used itovestigate degradion both in the individual materials as

well asin the donoracceptorcombination Since degradation can be complehis approach

made it possibléo understand the degradation of the individual materials first, before moving
onand applyinghis knowledge tdahe blends.

The study focused on accelerated photodegradation in air at room temperature under
standardized-BUN Air Mass 1.5 GlobalAM1.5G) LED illumination without U\V:component

for all materials, including the two NFAs intended for indoor applications. By stressing all
materials in the sam&ay, it was possible to make comparison also between the materials. A
solar simulator without UMomponent was used in this prdjéar three main reasons. Figst

UV light is well known to cause rapid degradation of O&@@dhas already beernxtensively
studied[10]. Therefore, a solar simulator without UV light made it possible to study the
degradation caused by other wavelengths of light witbeutg hidderby UV-light induced
degradation. Second, indoor ligidrmally contains no or little U\J15], making it relevant to
study the indoor materials without Wediation Third, it is possible tantegratea UV-filter on
outdoor solar cells, makinig relevantto study U\ffree degradatiorfor the narrow bandgap
NFAs as well.

1.4 Limitationsof the study

The electrical performance testere limited tol-SUN AM1.5G LED illumination. To extend

the study it would be interesting to measure the electrical performance under indoor
illumination for the indoor OPVFurthermore, the films and devices were not encapsulated
during thelight soaking meaningooth light, air and humidityvere likelyto contributeto the
degradationLight soaking was intentionally performedambient & to simulate accelerated
aging conditionsAlso in reality, it is hard to fullyavoid exposure to air and humidity, both in

the fabrcation process and the final usestage even with proper encapsulation.

10



2. Theory

This chapter introduces theorglevant toorganic €miconductors and solar cellacluding
their working mechanisms, recombination processekar cell architecturend degradation
mechanisms. This is followed by theory aboutdharacterization methodsed in thgroject
to analyzehin films andsolar celldevices

2.1 Organic semiconductors

Organic solar cells (OSC) are based on organic semiconducting matangisgfrom small
molecules to polymers, whi@xhibitelectrical conductivity properties between insulators (e.g.
glass) and conductors (e.g. aluminuiif)ese materials amposed of carbon and hydrogen
atoms, often with heteroatoms such as sulfur, oxygen, and nitrogen incorporated into their
structureto tunether optical and electronipropertiesFigure 2.1 showthe chemical structure

for afullereneas well ador the smallmolecule Y6.NFAs, suchas Y6, hae alargely planar
structure whichgives greater flexibilityto alter the chemical structure and hence ttivesr

optical and electronic propertieBhe extended sidehains inNFAs improvethe solubility in
organic solvent§l6].

Figure 2.1: The fullerene electron acceptoed}16] and theNFA Y6with a conjugated core
andside chaing17].

A key feature of organic semiconductors which underpins their interesting optical and
electronic properties is the presenceltdraating single and double bonoistween the carbon
atoms forming a conjugated backboria.such systemthe overlap of sp hybridized orbitals

give rise tall-bonds providing structural stabilitpf the moleculeThe remaininginhybridized
p-orbitals that areoriented perpendicular to the molecular plaoegrlap to form”-bonds.
Consequentlythe " -electronsare not localizedto onesingle carbon atom but instead form a
delocalized electron cloud along thelecule The " -orbitals canalsointeractwith those of
neighboring moleculet® formintermoleculaelectroniccoupling whichallows chargecarriers

to hop between moleculesa these interactions driven by-" stacking[18]. Figure 2.2
illustratest h eandU-bonds in ethenalong with a schematiaf * -orbitals

11
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Figure 2.2: lllustration ofthe (- and” -bonds in ethene, and illustration orbitals. Figure
is taken fronq16].

Unlike inorganic semiconductors which have continuous valence and conduction bands,
organic materials have discrete molecular orbiaks to thedelocalized -system Two of the

most important molecular orbitals, known as the frontier orbitals, HE&MO (Highest
Occupied Molecular Orbital), the highest energglecular orbitaffilled with electrons, and
LUMO (Lowest Unoccupied Molecular Orbital), the lowest energy empty orfigil HOMO

is typically abonding’ -orbital while LUMO is typically an ardbonding’ “-orbital. The energy

gap between HOMO and LUMO is referred to as dpécal bandgap of the matetiand
determinespproximatelthe range ophoton energiethatthe material can absofb6].

While molecular orbitals provide a singdéectron picturgeit is important to be aware of the
more accuratedescription ofelectronic processes includitige many electronic statedt is
therefore important to distinguish between orbitals, configurations and electronic states. A
configurationrefersto thespecific distribution of electrons in the available molecular orbitals.
In the ground state ¢Bthe electrons typically occupy the lowest energy orbitals and are
typically spinpaired. Upon excitatigrthe electrons are promoted to higher energy orbitals,
creating excitedonfigurationsHowever, the excited states are usually more complex than just
a single electronic configuratiofthe excited stategre a superposition of multiptdectronic
configurations. For many organic moleculles first excited singlet state is often dominated by
the HOMGLUMO excitation but also includes contributions from other transitions, such as
HOMO to LUMO+1. Higher excitedstates often involve more complex mixtures of
configurations[16]. Figure 2.3 shows diagram describing the electronic configurations
contributing to the molecular excited states.

Vacuum level

0
> . H . :
g: . 1 . .
2 i LUMO + 2
w + i + —— LUMO + 1
+ i LUMO
+ qp oco ] + + e
A 1 1 : —+ HOMO

+ + —‘H— E + —H,— HOMO -1
—4— = HOMO -2

Sp \éq ge
Figure 2.3: A diagramof the electronic configurations for the ground statg,(frst excited
state (9) and the second excited state Sgure is taken fronjil6].
12



The excited states cdrtherbe classified based on the spin configuration of the electrons. In
singlet state¢S) all electron spins are paireglving an overall spin of S=0n contrast, triplet
states (T) arise when two electrons hpagallel spingor an overall spin of S=I'he transition
from S to anexcited singlet state is spallowed and typically dominates apticalabsorption
Transitions from &to excitedtriplet states are spiforbidden andhereforeoccur withlower
probability[16]. Figure 2.4 illustates singlet ahtriplet states.

Vacuum level

Energy

Figure 2.4: Singlet(S)and triplet(T) states. Figure is taken frofh6].

Another diagram tpresenthe electronic energy levels in organic semiconductdrsastate
diagram as in Figure 2. Statediagrams present thetal energy of the marnglectron states
ratherthanfor individual orbitalsseparately16].

A
=) S
6 2
c
L
S;
0 So

Figure 25: An energystate diagramFigure is taken fronjil6].

2.1.1 H and J aggregates

As mentioned, the overlap of neighboring molecdulesrbitals leads to theformation of
delocalized excitonic states and energy level splitiigpending orthe arrangement of the
molecuesit can formdifferent aggregateg4.6].

In H-aggregatethe molecules arstackedfaceto-face Thetransitiondipoles associated with
thelowerenergy excited state are arranged antiparallele for thehigher energy excited st

13



the transition dipole momentsare aligned parallel This configuration leads tdestructive
interference(out-of-phase)for the lowest energy transitioand thetransition between the

ground stee andowest excied state becomes optically forbiddeks aresult,transitiors only

happen tdigher energy statdan S. This leads to dlue-shifted absorptiospectracompared

to the monomeH-aggregates exhibaguenched luminescenbecausgf ol | owi ng Kas hat
emissionprimarily happendrom the lowest excited statkie tointernal conversiorflC) and

vibrational relaxationwhich in this case is the dark st§ié].

In contrastJ-aggregates form when the molecules stack el in a colinear and parallel
manner Thedipole moment®f thelowest energy excited state aleggnedparallel leading to
constructive interferendgn-phase)petween the transition dipoléghe transition tdhelowest

energy exdedstatebecomes stronglpptically allowedThisresults in a reghifted absorption
andenhanced luminescenf¥s]. Figure2.6 a) illustratesthe transitions relatetd H-aggregates
and figure2.6 b) the transitions relatet J-aggregates

However,in practice conjugated polymerand small moleculegsedin organicsolar cellsare

usuallynot perfectly packed as solely J or H aggregaié®yare oftena mix of both, but are
oftenpredominantly Htypeor Jtype aggregate§l6].

Dipole Total dipole

y Dipole Total dipole y
orientation moment orientation moment
ES| — — — o 2u ES| —— —— —_— >e 0
S S «— 0 —— —_— 2u
X X
GS e — GS| JE—
M, + M, (M,M,) M, + M, (M;My)
© 5 _Dlpolg Total dipole
@ orientation moment
il a
w A
Es| — — —_— /’\ e
o /\’ 2u
G| — ——
M, + M, (M;M;)

Figure 2.6: lllustration of the transitions foa) molecules arranged fae®-face exhibitingH-
type aggregadn where thelowestenergy excitedransition isforbiddenand b) molecules
arranged heado-tail exhibitingJ-type aggregabn where the lowestnergy excited transition
is allowedc) for molecules witloblique orientationwheremoleculesare tiltedand symmetry
broken and both excited states are allowed. Figure taken f{tb6j.
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2.2 Working principle of organic solar cells

Solar cells use the photovoltaic effect to convert light into electridftyenlight shines on a

solar cell withenergyequal to or higher than the bandgdighephotoactivematerial the photon

gets absorbedrhis promotesan electronfrom the HOMO to the LUMO, leaving behind a
positively charged hole in the HOMO. The negatively charged excited electron and the
positivelycharged holareCoulombicallyattraced forming an electrofmole pairknown asan
exciton. However, in order to generate an electrical currbig éxciton needs to be fully
separatethto free charge carngandtravel to the electrodd49]. In inorganic materialsuch

as silicon, the dielectric constant is relatively high ). It results in a strong dielectric
screening that weakens tili®ulomb attraction between the excited electron and hole. This
WannierMott excitonwith low binding energie$E, 8 10-15 me\j can dissociate easiipto

o

free charge carriemvenat room temperaturgeT a 2 H20jme V)

In organic semiconductors the dielectric constant is much smglgr, ), resulting in a
strongCoulomb attractiofil 6]. Ambient temperature is not enoughtake thisstrongly bound
Frenketexciton with high bindingenergies(E» & 0.3-0.6 eV) dissociate Additional driving
force isneeded,typically provided byan energetic driving force at the interface between
electrondonor (D) materialandelectronacceptor{A) materialin the photaactive layer of the
solar cell[19]. In traditional OSCs using fullerem&ceptorswhich havepoorabsorptiorin the
visible rangeit is primarily the donomaterialabsorbinglight. The exciton splittingis then
driven by theLUMO offset at the D/A interfacahere the electron transfers from the donor
materiak LUMO to thefullereneacceptos LUMO. In OSCsusing NFAs both the electron
donor andacceptor harvest photori§ the exciton is formed in the acceptor materiakithe
HOMO offset at the D/Ainterfacethat drivesthe excitonsplitting, wherethe hole transfers
from theNFAs HOMO to thedonorpolymersHOMO [19]. It has been proposed thtae hole
transfer dominates in NFA systems, since dio@or excitons cafrdrster resonance energy
transfer FRET) to the NFA, followed by hole transfer back to the donor polyi2&}.

When the exciton is split across the D/A interface following both electron and hole transfer

charge transfer (CT) state is formdthis is acritical stage in OPV operation &I stateboth

mediates exciton désciation, charge generation and charge reccatibim More detailswill

be about recombination processedated to CTstatein the next section. However, ihe

distance between the electron and hole increases the binding energy bietiseand will

eventually be overcome by the thermal eneajyoom temperaturedk a8 25 me V) . At
point acharge separated (CS) staeformed which allows the freeelectrons and hole®

diffuse to theespectiveelectrode$19]. Figure 27 illustrates the generation bke chargem

an OSCfollowing photon absorption by an acceptor matggal.

15
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Figure 2.7: Example of excitation of an acceptor molecule. (1) Illustrates the hole transfer (CT
state) from acceptor to donor. (2) lllustrates the charge separations(@8). Figure is
takerfadaptedirom [22].

2.3 Recombination processes

Again, the diffusion of excitons to the D/A interface aheir splitting into free charge carriers
is a crucial step in the OSC operation. Any recombination of excitons or charge carriers reduces
the number of collected charges and thus lowers the generated photdd®jrent

Important factors to consider are thiaigdet excitonstypically have short lifetimes low band
gap NFA moleculeg-0.1-1 ns)[23], [24]. This correlates wittow diffusion coefficients (~10
3.102 cné/s), resulting in diffusion lengths limited t65-20 nm [25]. These numbers are
approximations and vary between materials, where NFAs typically have longer diffusion
lengths than conjugated polymers and fuller¢®gk To ensure that the D/A interface is within
the photogenerated excitons diffusiengtha bulk heterojunction (BHJ) blenéig. 2.11) of
donor and acceptor is commonly utilizad the photoactive layeAt the same timas it is
important to ensure enough interfagbdgdonor and acceptor domains malkstobebig enough
to provide enough charge peration pathways to get the electrons and hateseach the
electrodesvithoutrecombining. Therefore, the ideal Bridrphology isafine balancdetween
enoughinterfaces and large enougldomainsto ensureboth efficient exciton diffusionand
separatiorandefficient charge transpofi.6].

In organic photovoltaicthere are two main classes of recombination called geminate and non
geminate recombinatioGeminate recombination occurs when an electron and hole generated
from the same photon recombin€kis can happen if the exciton fails to reach the D/A interface

or if charge separation is unsuccessfidm the initially formed CT state. Geminate
recombination can be either radiative, resulting in photon emission, orad@tive,
transforming energy into hefl9]. Radiative recombination can occur through fluorescence
from the first excited singlet state. It can also happen through phosphorestécits when

an electron has transferred from singlet state to triplet state througbkyetem crossing (ISC)

and then returns to the ground state with both a spin flip and photon emission. Since it involves
a spin flip it is a forbidden transition and happ on longer timescales, around microsecond to
several seconds. Since most OSC materials are composed of light elements the spin orbit
coupling is weak, makingpom temperaturphosphorescence rare. However, triplet excitons

16



arestill importantas their long lifetimesncreasethe probability of interaatig with ground

state oxygerforminghighly reactive singlet oxygen which can attack vinyl bonds or sidechains
on the conjugated backbofi6]. Singletand triplet excitongreboth formed inOSC during
operation butmainly singlets contribg to the photogeneratd charge Triplets areoften
associated with unwanted recombination procef&8sIn addition,the concept of polarons is
important. A polaroms a quasiparticle formed from the distortion of the lattice around a charge
carrier(electron or hole)which mayleadto a selftrapping potential welBound polaron pairs

can beor examplentramolecula or interchain in the case of polymgr§hese bound polaron
pairsare often unwanted in OSCs as these charges typically not contribute to the generated

current[27].

Figure 28 shows a Jablonski diagram illustrating the processes of fluorescence and
phosphorescence.

Figure 28:. A Jablonski
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illustrating the processes of fluorescence and
phosphorescenceo$ S, (n=1,2, 3,...)is an optically spiallowed transition since the electron

in HOMO and LUMO have opposite spim4gl S ( n=1, 2, 3, €) i dorbelden opt i c
transition since it breaks the rule requiring spin conservation since the electron in LUMO has

a parallel spin to the electron in HOM[QE].

If the exciton successfully reaches the D/A interface and splits into free charges these move

towards the electrodes.

However,

recombination can still

occur viagemimate

recombination, where electrons and holes originating from different photons rieeoidbr
geminate recombination can be radiative or-remhative. A key nosfradiative recombination
process is traassisted recombination, known as ShociadHall (SRH) recombination,
which occurs due to structural defects that have created engpgyithin the bandgap. These
trap states capture charge carriers and increase recombiaatidirectly redue thedevice
performance. Another recombination mechanism is Langevin recombination, when free
electrons and free holes encounter each other during diffusion and recombine Goolaghb
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attraction. This process garticularly relevanin organic semiconductonsecause otheir
relatively low charge carrier mobilitiemd strong electrehole interaction$16].

2 4 Solar cell architecture

Solar cells are usually fabricated according to a conventional archite€igre2 Q) or an

inverted architectureHg. 2.10) [19]. The active layer isandwichedetweentwo transport

layers the electron transport lay€ETL) to facilitate electron transport from thedectron

acceptor material towards the cathpded ahole transport layer (HTLjhat facilitateshole

transfer from thelectrondonor material tavards theanod€19]. In a conventional architecture

the substrate, often transparent glass, is coated with a transparent conductive anode, such as
Indium Tin Oxide (ITO)[19]. PEDOT:PSS is commonly used as Has ithas a high work

function 6.0-5.2 eV) that matches well with marmipnor materials HOMQevelsand hasa

high optical transparencyHowever,PEDOT:PSSs both acidicand hydroscopiameanng it

can corrodeheorganic semiconductors in the active lagadabsorb moisturg8].
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Figure 29: Conventional architecture. Figure 2.10: Inverted architecture.

¢ HHIJC

Figure 211 An illustration of A BHJ blend where an exciton is dissociamghe D/A
interface
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2.6 Degradation mechanisms

Degradationof OSCs isoften divided into extrinsic and intrinsic degradatiormechanisms.
Intrinsic degradation ior exampledriven bymorphologicalinstability. The D:A BHJblend
formed directly after coatinig oftena metastablenorphology which over timeendsto evolve
towards the most thermodynamicallytable structure The problem isthat the most
thermodynamically stablmorphologyis often not the most favorableorphology for OSC
operation It has even been found thathe most optimal and kinetically stabilized BHJ
morphology is the mogshermodynamically unstab[@9], hence his serves as a challenge in
designing stable OSCBhase separation af@mation of larger domains ovemeredue the
D/A interfaceandis often described as tieirn-in-loss, whch often is seen as a rapid drop in
efficiencyjust in the first few houref OSC operatiofil0].

Extrinsic degradation is primarily driven by environmental factors such as water and oxygen
which can cause corrosion of the metal electrodes and diffuse in&yéns of the devicglLO].
Photooxidation can happen in the presence of lighbagden There are twanain ways that
destructive oxygen can be forme@ne way is when a triplet excitaransformsts energy to
ground statemolecularoxygen This creates a highly reactive singlet oxygen. Himgylet
oxygen carthen attack the double bonds of the moleamnie lead to altered electronic structure
[30]. Anotherphotooxidation process of the active layer is the formaif@uperoxideadical
ions.The yield ofs u p e r doging doem@&dsis strongly correlated to the LUMO level of the
electron acceptor. Higher LUMO levels in the acceptor facilitate electron transfer to molecular
oxygen which increase the formation of superoxide oxygen whichesated the degradation
[31].

2.7 Characterization of thin films

To study the optical propertiesof the active layer in OSCs different optical spectroscopic
techniques can hesed In this sectiorthetechniques used for characterization of the thin films
in the project are explained.

2.7.1 UV-Vis-NIR absorption spectroscopy

UV-Vis-NIR absorption spectroscopy measures how much light a sample absorbs as a function
of wavelengthAbsorbance=is defined as ifEquation 2.132]:

where k is theintensity of light hitting the sample, ardhetransmitted intensity after part of
the light has been absorbewt reflected by the sample[32]. A typical UV-Vis-NIR
spectrophotometer consists of a broadband light source covering the U¥Q@®on), visible
(400750 nm) and neanfrared (7562500 nm) regions, a monochromator to select specific
wavelength bands, a sample holder and a det&3ar
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Since the substrate itself can absorb and reflect some of the lightatéssaryo make a
reference measurement on a blank clean substktelern doublebeam UWVis-NIR
spectrophotometers split the light into two optical paths using a beam splitter after the
monochromatorThis allows for simultaneous measurement of thelbfarstrate and sample

and compensates foelectronic and mechanical fluctuatioas well asdifference in lamp
intensity that can arise between measureni88is

The optical bandgami =&an be estimated from the absorption onset of the spe¢figm
2.12). The absorption onset corresponds approximately to the lowest photon energy needed for
exciting an electron from HOMO to LUMO ||’-| =&an beapproximatedising Equation 2.2

wheref. . yjshe onset wavelength in nrl,i s Planckbo #is tbeospeed oéligt a n d
[34].
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Figure 2.12: Absorption spect of a thin flm The onset wavelength is defined as the x
intercept of a tangent drawn from the steepest point of the l@mesyy absorption edgé&o

be really precise in determining the bandgap thaxis should be in evistead of nm, due to
uneverenergyspacing especially in the U¥egion wherehe difference of a few nm can be on
the order of 0.5 eV or morg84]. The small artefacseenat 800 nm is due to detector
changeover.

2.7.2 Photoluminescence (PL) spectroscopy

Photoluminescence (PL) spectroscopy uses a light source to photaiecgample and
measures the emitted light that arises when an excited electron returns to the ground state
radiatively, either by fluorescence or phosphorescgBbg as illustrated in the Jablonski
diagram inFigure 28.

A PL emission spectruns obtained # photoexciting the sample at a fixadivelength and
measuing the emission as a function of wavelengthphotoluminescence excitation (PLE)
spectrum isa complementary techniquebtained by recording the PL intensity at a fixed
emission wavelength, usually the wavelength of the maximum PL emission, while varying the
excitation wavelength. While U¥is-NIR spectroscopy measures totgitical absorption of
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the samplethe PLE spectrum provides information abthé absorptionthatled to radiative
recombinationDue toK a s hridedhe PLE ad absorption spectra obtained from BAS-NIR
absorption spectroscopy usually resemble each {85gr

The PL emission spectrumusually appearst longer wavelengthsompared to the PLE
spectrum.This energy difference is known as Stokes shift and appears due-tadiative
vibrational relaxation within the excited state befa®irningto the ground statéd.he Stokes
shift is calculateds inEquation 2.336]:

(v

Wherey$+'andfﬁ+'are the wavelength@m) at the maximunabsorptionand emission
peaks andYo thedifference in wavenumber, usually expressechiit. To be more precisie
determining Stokes shithe spectra should be converted to wavenumbers before calculating
the differenceThisto avoid errors arising fromonverting fromwvavelength to wavenumbef

the peak$36].

Furthermore, itcan be of interest to measure the deiageterminegthe PL lifetime _ BL

lifetime represents the time the electron is in the excited state before returning to the ground
stateradiatively, defined as ifcquation 24 [37],

w

where_, is the radiative rate a

,the nonradiative rate.

Another quantity of interest is théngtoluminescence quantum yieldLQY) that quantifies

the efficiency of photoluminescence and is defined as the ratio of the number of emitted photons
to the number of photons absorbed by the sample. An integrating sphere is used to capture all
the emitted and scattered light to ensure accuraasunementPLQY is related to theadiative

rate , and the sum of the nenadiativerates . ,as inEquation 25 [38].

2.7.3 Transient absorption spectroscopy (TAS)

TAS is a pumpprobe timeresolved spectroscopic technique used to study-thed excited
state dynamics such as charge generation, charge separation and charge carrier lifetimes.
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contrast to steadgtate PL spectroscoplgat mainlymeasures fluoregnce fromspin-allowed

SoA Sitransitons TAS makes it possible to observe the triplet exciton dynabmcsiuse the

T1A Tntransition is spin allowedA short(~200 fs)pump pulse excitea sample followed by

a spectrally broadbangrobe pulsewhich takes asnapshobf the absorptionof the excited
sampleVarying thetime-delaybetween the pump and probe pslakows totrack how excited

states argeneratedand decayin time ranges opicosecondso milliseconds.The measured

TA signal is the change i rinEquatibriZﬁ,WHerebI"nobi ty (
L . are the probe light intensities before and after photoexcitfgfin

. . E
o0 1wl 8
&0D is proportional t o t handalloeaferiatgyantimtive t h e

measurement of their generation and decay kinetics. It is important to measure TA at a low
excitation fluence since if the laser is too strong it creates a high density of excitons. These
excitons can collide andeactivatesach other, known ascitorrexcitonannihilation EEA),
resulting in an artificial low lifetimeSSAEEA is negligible under real solar cell operating
conditions which is whyusing low excitationgluences to avoid ismportant for obtaining
representative datfor solar cell applicationsHigher excitation densities can also cause
increased noigeminate charge recombination whiehdsto artificially shortened lifetimes, as

the charges disappear before their separation is even comgletanr-geminataecombination

is fluence dependeiind increase with increasing fluengeminate recombination is fluence
independentUsing a fluence series can therefore separate firesesses as well as allow
investigate which fluence to use to avoid EEBA].

Figure 213 shows a TA spectrurand Figure 2.14 illustrates the transitioneelated tothe

features that calpe seen in TASUpon photoexcitation the numberrablecules occupying the

ground states reducel. This means that more photons are transmitted through the sample in
the presence of the pump pulse and its absorption subsequently decreases. We refer to this as
the grounestate bleach (GSBJndit appears as a negative signfithe specuimis expressed

in optical density (OD) GSB appearsit the same wavelengths as where steadystate
absorption is observeid UV-Vis absorption spectroscopy or PLE addition tothe GSB,
stimulated emission (SE) can contribute to negative signals in the TA spectruotus&Evehen
photonsn the probe pulsateract with an excited state that has an optically allowed transition

to the ground state. If the photon in the probe pulse has the same energy as the optical transition,
it can cause radiative decay to occur dmslémitted photoradds to th@robe intensity, making

L . higher thank gcadingtoar e g a t i .AwtheB©xDdited state is typically responsible

for SEit is observed in the same wavelength region as the sgtatyphotoluminescen{29].

The final type of signal in TAS is a pheitaduced absgtion (P1A). PIAsappear wheexcited
statespeciesabsorb photons from the prolight and subsequently get excited to a higher
energy stateg(g. S1A S, or T:A Tn (n=2,34,& ). Thisreduces the transmission of photons

through the sampleardont r i butes to a positive &0D sign
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whenmeasurind):A blends is thaboththe polymer and NFA exhibit strongxciton andree
chargesignals whichcanalsooverlap. It is therefore common teeasure the TA spectrum of
neat films of donor and acceptegparatelyo determinghe relevant spectral features of each
and thesinglet exciton lifetimebefore moving on to the BHJ blefi@d]. It can bedifficult to
directly assign a feature in TA spexto be triplets. One wato circumvent this issue is to
perform oxygen quenching measuremghtsmeasuring in both inert ambiance as well as in
air. The triplet lifetime is reduced ipresence obxygen[39].
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Figure 2.13: TA spectra of a neat film measured at different time delays.
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Figure 2.14: A schematic of the transitiotisat can be observed in TAS. S, T and D stands
for singlet &citon, triplet exciton and charged state, respectivEhe figure is taken from

[16].
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2.8 Characterization of solar cells

An important part in OSC researchtas evaluate the electric performance of the solar cells
which in addition can reveal information about their stability and degradd&ieiow follows
adescription of theneasuremertechniquegperformed on theddar cells in tis project.

2.8.1 Current densityoltage (JV) measurement

The most standard measurement i3-\A measurementvhich provides information about
electricalperformanceThe solar cell is illuminated while a series of voltages are applied. The
resulting current density at each voltage step is recorded and result¥ iouav@® as shown in
Figure 215. Several solar cell parameters can be extracted froguthie, including the open
circuit voltage {r. &, the shorcircuit current density L(,;F the voltage at maximum power
(¢ ), the current density at maximum powé ) as well as the maximum output power

(Jre =2 [40].
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Figure 2.15: The current densityoltage characteristics of a solar cell under dark and
illuminated conditions.

The shorcircuit current density”-v%represents the maximum current generated when no
external voltage is applied to the cell. In this case the internal electric field within the solar cell
solely drives the charge carriers to the electrodes upon photon absorption. In an ideellsolar
every absorbed photomould result in a collected charge carrier. However, recombination
losses in the active layer and at interfaces reduc@,tjp@,pepends on thactive layers optical
absorption properties as well as the efficiencies of charge generation, charge transport and
charge extractiofdl]. Optimizing the band gap and thickness of the active layer is key to
maximize ”—,%A smaller band gap allows for increased absorption of l@mergy photons,
which enhances thEHpUt typically reducesr. & Theq. sis limited by the bandgap sinee
narrowbandgapgowersthe maximal voltagéhat ispossible to generatdargeswith andleads

to increased thermalizatioof the excess energyince the energyeededfor the charge
generation andeparatiordecreaseslherefore,it can bea bit of atradeoff betweerij-v4Lrand

T- 4 Often a thickerctive layeris said toincrease light absorptionhile at the same timie
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increases the distance charge carriers must travel, which can increase recombinati@2]osses
Therefore, a simultaneous control of the thickness of the active layer aoHattgee carrier
mobility can lead to optimized device efficien@ga].

The opercircuit voltage. wrepresents the voltage at which metcurrent flows through the
external circuit, corresponding to when the applied voltage bias cancels the internal electric
field of the solar cellln OSCs ther. uis influenced by the energy level alignment between the
donor and acceptor materials in the active layer. A {aw.can be a sign of trap states,
impurities or norphotoactive regions in the active lay@ominant norradiative recombination

in the active layerhigh series resistances or low shunt resistararea mismatch in energy

level alignmen{42].

Shunt resistance represents alternative current pathways within the solar cell which often are
due to defects or leakage paths in the active layer or interfaces. A low shunt resistance results
in increased recombination losses and leakage currents thtioegih alternative pathways

which reduce the fill factor and in extreme cases can causecstooiit of the solar cell. The

series resistance represents resistive losses in the OSC layers, at the interfaces between
materials and at the electrodes. A highes resistance limits the current flow and reduces the

fill factor [42].

The fill factor FF is d¥scurbed bhet mer 8s §aqg
JV curve, the higher the fill factor and the higher the efficiency of the solar cell. To maximize

the FF the shunt resistance should be as high as possiblbeaséries resistance as low as
possiblg44]. The FF can be calculated usiguation 27, where the maximum possible power

output of a cell is divided by its actual power outjzi4].

b e | g

33
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A singlejunction solar cells ability to convert incident light into usable electrical power, the
power conversion efficiendPCE), is calculated usingquation 28, wherell. o ig the output
power and|}- .is the input power (standard AM1.5G, 100V/cn?) [40].

ko« N4 a 7 g
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An important term in solar cell technology is the ShocKleeisser limit.The Shockley
Queisser limit defines the theoretical maximum efficiency of a sijgletion solar cell under
standard AM1.5G illumination. Each solar cell has its own theoretical maximum efficiency
depending on its bandgap. The theoretical limit is ab88t7% for a singlgunction solar cell

with the optimum bandgap of ~1.34 eV. The Shocl@meisser limit, meaning the radiative
efficiency limit, is calculated by only consideringdiative mechanisms. Other factors such as
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nonradiative recombination, reflection and contact losses and incomplete absorption are
factors thain the balance principleheoretically could be overcome, but in practice are very
difficult to removecompletely[45].

In addition to a light - curve a dark JV curve ca be obtainedand is ofterpresented in a
semtlog plot It measures the current density as a function of applied voltage in the absence of
light and evaluates how close the device behaves to an ideal lIdeadk@ge currents observed

in the reverse biaand close to 0 V in the forward kiaan be linked to low shunt resistance

The series resistance can be estimbtethe slope of the-Y curve at higher forward bia$f

the curve deviates from a linestiape at high forward bias when plotteda semilogarithmic

scale it can tell about increased series resistdie

2.8.2 External quantum efficiency (EQE)

Externalquantum efficiency (EQEdescribes how efficientla solar cell converts incoming
photons into electricaturrent.EQE is defined as the ratio between the number of collected
electrons to incident photons at a given waveleregtbressed as a percentfjél. The lLHF:an

be estimatedby integrating the EQE over the solar spectmnitiplied with the elementary
charge. EQE measurements are considered to have lower uncertaintyvtina@adurements
becauset eliminates spectral mismatch. Therefottee calculatedlL,%from EQE is used to
verify the lL,4rlobtained from IV characterization. Measurements are considered precise if the
difference betweedj-v%from EQE and <V is within 5% [48]. Figure 2.16 shows an EQE
spectrum along with the integratéld%
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Figure 2.16: Example of an EQE measurement with integré@
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3. Previous research

Before 2015, the OSC field widely used fullerdvased materials as electron acceptors.
However, due to their intrinsic limitations, such as weak light absorption and the requirement
of a large LUMOLUMO offset with the electron donating polymer for eféiot charge
generation, PCEs were limited to around 1192015 a new successful NFA molecule named
ITIC was pioneeredoy Lin. et al [49]. ITIC belonged to a new class of NFA called FREA,
fusedring electron acceptors, with molecular planarity and stfeig st ac ki ng. FREA
an AD-A structure, with an electredonating fuseding core (Dunit) with electron
withdrawing enegroups (Aunit) [49], [50]. I n 2019 -fulletemed~BBA®enchmarkn

Y6 was synthesized for the first tirbg Yuan et. a[51]. Y6 is an electrofdeficientcorebased
FREA, with the molecular structure-B. 6 A/, having a low optical bandgap of 1.33 eV
allowing extended absorption in the NiBgion NFAs like Y6 are designed to reduce the
HOMO offset while stillallowing enough driving force for charge separation, givirrghigher

T 4!51].

In 2023 Wang et al[14] investigated the intrinsic photostability of three donor polymers
(PTQ10, PM6 and D18) along with the benchmark NFA W&e study demonstrated that Y6
exhibits excellent photostability, while the donor polymers D18 and PM6 showed rapid
degradation processes upon light soaking. The degradation seen for D18 and PM6 were linked
to a lightinduced dihedral twistingn thebenzo[1,2b:4,5b Nj] d i t (BDD pakkbames In
comparison, PTQ10 showed good intrinsic photostability, whichexpkined by its lack of

the problematic structural motif on the backbone that PM6 and D18 §héePTQ10 was
synthesized for the first time in 20183], and is seen as a promising polymer daramdidate

for commerciakation as the synthes requires onlya two-step reaction from cheap raw
materials (3,6-dibromo4,5-difluorobenzenel,2-diamine, glyoxylic acid, Jdromo2-
hexyldecane, and 2fais(trimethylstannyl)thiophengds well as ihas a wide bandgap suitable
together with narrow bandgap accepidfeady in 2018t demonstrated PCE of 12.7% in
combination with théusedring electronNFA ITIC [13].

ITAF is a fluorinated derivative of ITIC, where the Fluoringhich is a strong electren
withdrawing substituenthelps to lower the HOMO/LUMO energy levels to increase the V
[52]. Fused NFAs with the A-A molecular structure, such as IT4F, have exocyclic vinyl
double bonds linking the donor core with the -@ndups. Thevinyl groups are sensitivi®
photoisomerization, twisting of the vinyl bonds, under illumination in air. The vinyl groups can
then react with surrounding oxygém form singlet oxygemwhich attadks the vinyl bondgo

form epoxides, breakinthe conjugated backbone. This hinders intramolecular charge transfer
andcauwsesperformance loss for the OSievice[52].

Another fused NFA is FTC®r with a medium band gap designed for indoor photovoltaics
[9]. PB2:FTCCBr based OPV cells under simulated AM1.5G illumination reached a PCE of
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14.8%. The same cell, illuminated under a 3000K LED lamp with an intensity of 200 lux
reached a PCE of 16.1% and 30.2% at 1000 lux [9]

Since a majority of FREAs have complicated structures and are complicated to synthesize, non
fused ring electron acceptors (NFREAS) that are easier to synthesize have emerged as a cheaper
alternative. Instead of fusing the rings together, the cores &egdlioy single bonds (C),

where the planarity of the molecular structure is maintained bycawealent intramolecular
interactions. Single bonds can twist, which in an OSC would cause poor charge transport. To
mitigate this, heteromado@eOsaclke ancdeée&eplor atée
conformation througimoncovalent conformational loc$3].

GSISO is an example of aonfused ring wide bandgapFA with A-D-A molecular structure.

It is a relatively new materiaintroducedor thefirst time in 2022 byBi et al.[54]. Since then

it has been reported to achieve quite promising efficiencies, reaching PCE of 11.35% under
Am1.5G LED solar illuminatiorin a BHJ blend with PM6 in a conventional architec{®?®.
Together with PTQ1Q also in conventional architectyur¢lTO/PEDOT:PSS/PTQ10:GS
ISO/PENBTr/AI), it reached PCE of 8.68% and,\of 1.28 V wnder AM1.5G illumination.

When tested under 2700K LED at 1000 lux it reached a PCE of 24% araf ©.989 V,
showing great promise for indoor photovoltdi6§].
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4 . Met hod

This chapter describése method for the experimentperformed in the projecBtarting with
the materials in section 4.ihstruments used in section 4f@Jowed bythefabricationprocess

of films and solar cells in section 4.8nding with the method for the experiments and
characterizations in section 4.4.

4.1 Materials

Figure 4.1 shows the chemical structurghs four NFAsSY6, IT4F, GSISO and FTCEBr.
Y6, ITAF and FTCEBr are fuseeting electroncore NFAs, whilst GSISO is a norfused
electron coreNFA [9], [51], [52], [55], [57]. Figure4.2 shows the&hemical structure of the
donor polymer PTQ10.

Figure 4.1: Chemical structure of the NFAs: d8aptedrom[17], IT4AFadapted fronj59],
GSISOadapted fronj60] and FTCGBr adapted fronj58].
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Figure 4.2: Chemicalstructure of the donor polym&TQ10[61].

Figure 4.3 shows the chemical structof®DINN that wasused as electron transport layer and
PEDOT:PSShat wasused as hole transport layer.
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Figure 4.3: Chemicalstructure of PDINN62] and PEDOT:PS$3].

4.2 Instruments

The following instruments were used for characterizatiahe project

1 Cary 5000 UWVis-NIR spectrophotometer (Agilent Technologies) for absorption
spectroscopy

1 FLS1000 spectrometer (Edinburgh instruments) for PL spectroscopy .

1 QE-R (EnliTech for EQE measurements.

1 MiniSol model LSH7320 (Newport Corporation) for light soaking ardl dneasurements.

4.3 Fabrication

The fabrication methadfor neat and BHJhin films are described in section 4.3.1 and then
fabrication of solar cells in section 4.3.2.
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4.3.1 Fabrication of Neat and BHJ films

Neat and bulk heterojunction (BHJ) thin films were fabricated using a standardized laboratory
procedure. Glass substrates were dub (x 1.5 cmpf and cleaned. The cleaning procedure
consisted of sonication in acetone followed by sonication in isopropanol for 15 minutes each.
The substrates were sprayed dry with compressed nitrogen air and then UV ozone treated for
25 minutes to improve the wettlty of the surface. The cleaned glass substrates were
transferred into the nitrogen filled glove box.

Stock solutions for the neat films (PTQ10, Y6, ITAF-I8®, FTCCGBr) were prepared inside
the nitrogerfilled glove box in chloroform (CF) to a concentration of 15 mg/ifhe solutions
were stirred and heated at 3040°C for PTQ10)and 250 rpm to ensutkey werecompletdy
dissolved

For the BHJ films, stock solutions (IT4F, &SO, FTCGBr) were prepared in CF with 0.5%

v/v 1-chloronaphthalene {CN), to a concentration of 15 mgimand then stirred and heated

at 250 rpm at 40°C.-CN was added as a processing additive to enhance crystallinity and hole
mobility, which is known to contribute to an improved solar cell performfgdeSince CF is

a halogenated solventith low-boiling point and high volatility that evaporates rapidly in
ambient temperaturg65], all vials were sealed ten heated and stirred inside the glove box
overnight.

After overnight stirring and heatinBHJ blendsolutionswere prepared from theF and 1CN

stock solutions. The PTQ10 stock solution was added to each NFA solution to obt&n a
ratio of 1:1.2. The DA blends were stirred and heated (250 rpm, 40°C) for additional two hours
to ensure complete mixing.

Thin films of both neat materials and BHJ blemdse fabricated by dynamically spin coating

2 0L of solution at 3000 rpm for 40 seconds onto the cleaned glass substrates. The films were
then annealed on a hot plate at . @or 15 minutes to dry the filmand remove residual
solvents and to help improve film uniformity. The samples were stored in the glove box in
plastic boxes wrapped in aluminium foil until further characterizatibgure 4.4 shows a

picture of fabricated thin films.

‘.
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Figure 4.4. Photog}aph ofabricatedthin films.
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4.3.2 Fabrication of solar cells

Six lar cell devicesof each BHdblend were fabricated according to the conventional
architecture: ITGglass / PEDOT:PSS / Active layer / PDINN / Ag.

ITO-coated glass substrates (1.5 x 1.5 cm2) were cleaned by sonication in soapy deionized
water, acetone, and isopropanol for 20 minutes each. The substrates weldetthesing
compressed nitrogen and then d¥one treated for 25 minutes. The hole transport layer,
PEDOT:PSS, diluted 1:1 with deionized water, was statically spin coated at 3000 rpm for 40
seconds onto the ITQlass substrates and then annealed at 150°C Somihutes. The
substrates were thdransferrednto the nitrogerfilled glovebox 20 pL of the active layer

(same BHJ recipe used as for the thin films with Ov94-CN) wasdynamically spin coated

at 3000 rpm for 40 ento thePEDOT:PSS layefThe substrates were then annealed at 110°C

for 10 minutes. The electron transport layer PDINN diluted in methanohg/inL) was
statically spin coated over the active layer at 2000 rpm for 40 seconds. The active layer on the
edges was scratched off to ensure contact isol&gicthe coming measuremerdad then put

in theevaporatiormask. Silver (Ag) electrodes were thermally evaporated under high vacuum
(~10 mbar) to form the cathode. The pixels
4.5 shows a picturefacompletesolar celldevices

Figure 4.5: Photographof fabricatedsolar celldevices

4.4 Experiments and characterization

The methodfor the experiments arzharacterizatiopare described in the following sections.
Starting with light soaking conditions in section 4.4.1, followed by experimants
characterization afeat films in section 4.4.2, BHJ films in sect##d.3, ending with solar cells
in sectiord.4.4.

4.4.1 Lightsoaking conditions

Photostability wasnvestigatedusing light soaking experiments under an AM1.5G LED solar
simulator, seéquivalento 1 SUNintensity(1000 W/n%). To investigate wavelength dependent
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degradation of the neat filnaslong pass (LP) filtef> 610 nn) [66] and a band pagBP) filter
(335610 nn) [67] was usedrigure 46 shows the irradiance spectrum for theseillumination
conditions andrigure4.7 showsthe emission spectra of indobght sources and theM 1.5G
solar spectrum. Figure8lshows the setup used for all light soaking experiments.

AM1.5G LED Solar Simulator Spectrum: Unfiltered vs BP vs LP
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Figure 46: Irradiance spectrum for the AM1.5G LED solar simulator for the three
illumination conditions: Unfiltered, with BP filter (33610) and with LP filter (>610 nm).
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Figure 4.7: Emission spectra of indoor light sources, white light, Compact Fluorescent
Lamp and Incandescent bulb, along with the AM1.5G solar speckigure taken from
[15].
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Figure 4.8 Picture of the AM1.5G LED solar simulator setup used for the light soaking
experiments. All samples were placed on the same glass container for all experiments.
BP/LP filter was mounted in the ligpath, 3 cm above the glass containers surface. All
light soaking experiments were performed in air at room temperature.

4.42 Neat films

Neat films of each material were studied individually to investigate their intrioptical
properties and photchemical stability.

Dark stored versuslight soakedneat films

Neat films were comparei beingdark stored in air versus beitight soakedin air. One
sample of each materialasstored in a plastic box wrapped in aluminum foil in a cabinet to
prevent exposure from surrounding light in the rodmother sample of each materiabhs
illuminatedunder the solar simulatddV-Vis-NIR absorption spectroscopgcanning between
300900 nm was performed on all samples fresh and after being dark stored/light soaked for 2,
4, 6, 20 and 24 hours (fresh and after 12 hoursT@GC-Br).

Wavelength dependent degradatiormf neat films

Freshneat filmsof each materialvere light soakedor 12 hoursunder the hree different
illumination conditions: without optical filter, witthe LP filter to study degradation caused by
low-energy photons, and with the BP filter to study the degradation induced bereghy
photons.

UV-Vis-NIR absorption spectroscopydPL spectroscopincluding emission anexcitations
scanswere performed orthe films before and after light soakinghe ttingsusedfor the
emissiorexcitation wavelengthand bandwidths are written undére figuresin the result
section 51.3. A Xenon lamp and Sietector were used for the PL and PLE spectrosdeipy.
decay wasneasured using tirmeorrelated singlgphoton counting (TCSP), a 635 nm laser

and Sidetector. PLQY were measured using an integrating sphere, a 635 nm laser and Si
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detectorThe PLQYwas measured dhfresh samples of each material &k 3light soaked
samples of each material and light soaking condition

4.43 BHJ films

BHJ films (PTQ10:NFA)wereinvestigatedo evaluatethe degradation and charge dynamics
between the donor and acceptor materials

Light soaked BHJ films

BHJ films were light soaked in unfiltered light for 12 hourtn addition, thin films of
Glass/PEDOT:PSS/BHJ were prepasettl light soakedo assess the influence of the HTL
PEDOT:PSS on the steadgtate absorption characteristic&JV-Vis-NIR absorption
spectroscopyas performed on all sampléxfore and after light soaking.

4.44 Transient absorption spectroscopy

TAS was performed on fresh abh@ hours light soaked (unfiltered) neat films and BHJ blends.
All samples were encapsulated with glps®r to themeasuremenwith small plastic pieces

in the corners to prevetttin film interference in the measurements, and glued edges to prevent
oxygen from getting inside. Thight-soakedsamples were encapsulated after being light
soaked.

A pump pulse of 680 nm was used for the neat films of NFAs and BHJ films to selectively
excitethe NFA.A pump pulse 0630 nm was used for the PTQ10 neat filffise probewas

set to thevisible range §00-950 nm) An excitation fluence of 0.3 pJ/chandpump power of

50 yWwere used for all measurements.

4.45 Solar cells

Experimenton solar cells were performed to correlate matéeia| degradation observed in
the neat and BHJ films with devidevel performance losses.

Light -soaked solar cell devices

Threeout of thesix solar cellsof eachBHJ-blendwere light soaked in unfiltered light for 12
hours.To ensurethe photainduced degradation was limited to the active layer, as far as
possible, the films were light soaked prior to the deposition ofEfhe and the thermal
evaporation of thég-electrods.

J-V and EQE measurements

JV characteristics were measured under AM1.5G LED solar illumination and in the dark (using
a dark blanket covering the setup) on fresh and -bghkeddevices Measurements were
performedon the four pixels separatelyneasuring from0.5 V to 1.0 V with a 0.02 V step
size.
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EQE was measuraxh thechampiondeviceof each materiabn the pixel achieving the highest
PCEin the 3V measuremenA calibration measurement was performed usiSg@detector A
Xenon lampwas used together with a monochromatsdanbetweer800-1100 nm
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5. Results and discussi on

The results and analysis of the experiments, from neat films and BHJ blends, to final solar cells,
are presented in this chapter.

5.1 Neat films

The results from thexperiments performed on the neat films are presented and discussed in
the fdlowing sections.

5.1.1Dark stored ersudight soakecheatfilms

Figure 5.1 shows the absorption speétrathe neat NFA films before and after being dark
stored in airversus being light soaked in aih summary ofthe absorbance and relative

absorbance losat the naximumabsorption peakor each material can be found in Appendix
A, Table Al
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Figure 5.1: UV-Vis-NIR absorption spectrum for dark stored dight-soakedhin films of Y6
(A-B), IT4F (C-D), GSISO(E-F) and FTCCBr (G-H).

As can be seein Figure 5.1 all NFA materialsexperienced only minimal or negligible
decreas€0.0240.41%) in absorbanceafter beingdark storedin air. In contrast, uporight
soaking a significantlecreasen absorbancevas observed for all materials except for, Y6
which onlyhada relativedecreasén absorbancef 6.8%at the main absorption peakter 24
hours of light soaking

In Figure 5.1 Dhe absorbance for IT4F at the rimmum absorption peak (721 nm) decreased
by approximately 83%and63% in totalover the whole spectrunafter 24 hours of light
soaking.The freshiT4F film had a clear main-0 vibrational transition peak at 722 nm, but
after 20 hours oflight soaking the absorption bardhd becomdlatter and the peakad
collapsed.The collapse of the-0 vibronic peak suggests loss of molecular ordeand a
disruption of the -" interactions.As IT4F has exocyclic vinyl groups that akaown to be
sensitive tgohotoisomerization when illuminated in §?2], it suggest thatthis is one point
on the moleculewhere the conjugation has brokdine absorbance instead increased in the
regionbetween 40690nm, indicating the formation of higheanergy absorbing species. This
was likely due to modification of the conjugated backbomaused by photooxidation,
suggestingpossible formation of oxidized or fragmented degradation products.
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For GSISO in Figure 5.1 Rhe absorbanceat the naximum absorption peak (637 nm)
decreased by approximately 46% after 24 hours of light soakivgfrésh film exhibited two
distinct vibronic peaks/here the @ transition at 637 nm was slightly more intense thanthe 0
1 transition at 588 nnsuggestingredominantlyd-aggregationAfter 20 hours of light soaking
the 01 peakbe@medominantinsteadThis change could suggest an increase-aggregaon,
likely due toaslightchange in molecular packingn increase irabsorbance in the region 400
490 nmwas aso observedfor GSISO after light soakingpointing toformation of higher
energy absorbing species.

In Figure 5.1 HFTCGC-Br exhibiteda 27% decreasén absorptiorat the main absorption peak
after 12 hours of light soakindHowever, no significanthange in the spectral shape was
observedindicatingthat he electronic structure and vibronic characterist€she remaining
moleculeswere largely maintainedlt could indicate that theundegradedmoleculesstill
absorbinglight maintainedsimilar aggregatiorpropertiesand intermolecular interactic)
indicating a relatively unchanged morphology.

5.1.2 Absorbance profile for the NFAs and the donor polymer

To make it easier to compare the absorbance psafilthe materials they are plotted together

on a wavelength scale in Figure 5.2 and in an energy scale in Figure 5.3. The materials optical
bandgaps are listed in Table 5.1. | have chosen to present the measurement of one film of each
materialin these two graphsasthe freshfilms of the same materials fabricated during the
project exhibited the same or only minimal differences in spectral shape, even though the
absolute absorbanoeay haveiffered.

Normalized absorbance spectra (Wavelength scale)
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Figure 5.2: Normalized absorbance spectra in wavelength scale for all four NFAs and the
donor polymeiPTQ10.
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Normalized absorbance spectra (Energy scale)
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Figure 5.3:Normalized absorbance spectra in energy scale for all four NFAs and the donor
polymerPTQ10.

Table 5.1: The optical bandgap for the NFAs and the donor polymer PTQ10, dersvegl
a tangential fitin theabsorbance spectraxpressed in photon enerdyhe optical bandgap
for Y6 istaken from literaturg51], as the absorption scg800-900 nm)did not cover its
full absorption profile.
Material Y6 ITAF FTCGBr GSISO PTQ10
BandgapeV) 1.33 1.53 1.65 1.76 1.94

5.13 Wavelength dependent degradatadmeat films

As expected, the degradation of NF&ascausedrimarily bylight in presence of oxygeand
watervapor, rather than caused by exposure to oxyaehwateraporonly. Nextto investigate
wasif the degradation adhe NFAs and the donor polymer PTQlMaswavelength dependent.
The wavelength dependent experiments began with light soaking neat films of Y6, IT4F and
GSISO using BFfilter and LRfilter and measuring thabsorption spectra dime points
between €24 hourgAppendixA, Figure Al). Like in the previous light soaking experimgnt
Y6 was observed to be significantly more photostable compared to the othey aligAsg
well with previougphotodegradation studies on Y6 using-Ws-NIR absorption spectroscopy
[14]. Due to limited time in the projeca decision to dised Y6 from further investigation was
taken. To evaluatphotodegradation of6 properly, longefight soaking times than 24 hours
would be neededOccupying the commobhED solar simulatoffor such a longime-period
would not bepossible as it was required by other us&rerefore from now on the focus will
be solely on the other three NFAs, IT4F,-(8® and FTCEBr, as well as the donor polymer
PTQ10.

Since it was observed that 24 hoafdight soaking degraded especially the neat film of IT4F
to an extent at whiclthe absorption profile changeaeémarkably, | chose to continue the
wavelength degradation studty only comparing the films fresh and after 12 hours of light
soaking indifferentlight soaking conditions.
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Light soaking conditions

To evaluate wavelength dependent degradation the light soaking conditions must be elaborated
on.Figure 54 shows the irradiance spectrum of the AM1.5G L&lhar simulatofor the three
illumination conditions, same as in Figuré,sut here expressed as a function of photon energy
(eV). In Figure4.5the450 nmpeakis higher than the NIR peak around 950,rbut in Figure

5.4 it is the oppositelhis is due to the conversion between wavelength and photon energy,

L
following the relationship %‘,rwhere Fis the energy in eV]is P | a n cohstrg{-the

velocity of light and the wavelength in nimil'o converthe irradiance expressed in WA/nm
into irradiance expressed in iW/eV, Equation 5.1 was used.

b=70 T EF70 7= 02

- (5.1)

Figure 5.4showsthatthe irradiance for loer energy photonss significantly higher than for
higher-energy photonsSince thdight soakingexperimerg wereperformed for 12 hours for all
threeillumination conditionghe total photon dosdiffered between thdilters. This must be
consideredo make a correct analysis if tdegradation of the films was wavelength dependent
or not.

AM1.5G LED Solar Simulator Spectrum: Unfiltered vs BP vs LP
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Figure 54: Irradiance spectrum expressed as a function of photon energy for the AM1.5G LED
solar simulator for the three illumination conditions: Unfiltered, with BP filter (839 nm)
and with LP filter (>610 nm).

To compare the illumination conditiomgiantitativelythe photon flux was calculatédr each
illumination condition The spectral photon flux [ at a specific photon energy was
calculated usingquation 52 [68]:
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N el <cveOv g 8

where [ is the spectral irradiance in WiaV! and [ is the photon energy in eV. The total
photon flux reaching the samplander each illumination condition was calculated using a
trapezoidal numerical integration asdquation 53.

T <= «Fm

The calculated valuesf total irradiance, energy after 12 hours, photon flux as well as the
number of photons durintge 12 hoursarelisted in Table 5.2. Thmainobservatiorfrom these
calculationswasthat te LP-filter transmited almost2.3 timesmore photons pesecondand
squaremetercomparedo the BFfilter (1& ¥ p 1 0 io® F p ).

Table 5.2: Total irradiance, total energy delivered after 12 hours, the photon flux as well as
the total number of photons per square meter tiaathit the samples after 12 hours, for each
illumination condition.

lllumination Total Energy after  Photonflux Total nr. of
condition Irradiance 12h NG 0E& ii photonsduring
w T& 0y (o} 12h
NG o efa i
Unfiltered 670.0 28944000 C& ®p Tt AP T
BP filter 243.0 10497600 0 FpT Caoprm
LP filter 364.0 15724800 pg8 ¥ p m og gp T

To estimate the total absorbed photon flux for each sagntipdespectral photon flux was
multiplied with the absorption fractionobtained from the UW:is-NIR absorption
measurementd he total absorbed photon flux was calculated &gjiration 54:

ERdls FFRE

T +ffm- <Fn P 8

where$ [ is theabsorptancef the material at photon energy.
Below follows theresults obtained from illuminating the neat films in the different illumination
conditions.The materials are presented one by one, starting with the donor polymer PTQ10.
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PTQ10

The steadystatespectraabsorption spectroscopy and PL emission and excitation frareat

films of PTQ10are presented in Figure 5.5
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Figure 5.5: Absorption, emission and excitation spectra for PTQ10 in all three light conditions.

A) UV-Vis absorption spectra

B) Normalized UWis-NIR absorption spectra

C) Normalized emission spectra
C vomgohyv T1E4QU
p & afor LP filtered light).

D) Normalized excitation spectra

C  XCEGOO T & OO

p ¢ afor unfiltered and BP filtered light),_(

vomhdL UVE G QL

p & afor unfiltered, BP and LP filtered light).

The absorption speet(Fig.5.5 A)for the light soaked PTQ10 samples showed only minimal
change compared to the fresh sambesall differenceswvherethe light-soakedsamplesven
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hadslightly higher absorptiom the main peakcompared to the fresbhanbetreated as being
inside the normamneasurement inaccuracy of the instrument

In the normalized absorption specin Figure 5.5B, normalized to each u r \owndnsax
value,the spectral shapemained stablafter light soakingwvith two vibronic peaksaround
550 nm and 600 nnioth thenormalized emission speciffaig. 5.5 C)as well as the excitation
spectra(Fig. 5.5 D)remained stable with nsignificant dfference after light soakingrhe
emission peak af22 nm remainedinchangecs well aghe Stokes shifof 1282cm™.

In these steadgtate measuremengnd conditions PTQ10looked to be as photostableas
previouslyreported[14]. Table 53 shows the integrated area under the curves from the raw
absorption data in Figure 5.5A&he differences between the light soaking conditionsra|

and it is not possible to make any conclusion about wavelength dependent degratation.
significant photochemical degradation was observed®i@@10and its ability to absorb light
remainedstable after light soaking.

Table 5.3: The calculated areas under the YAS-NIR absorption curvefor neat PTQ10
before and after light soaking and the relative change.

PTQ10 Fresh 12 h LS Relative change (%)
Unfiltered 1096587 110.6587 +0.44
BP filter 102.9063 101.6235 -1.25
LP filter 98.1485 102.0326 +3.96
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IT4F

Figure 56 showsthe absorption spectra for IT4Rkeat films, with corresponding absorbed
photon fluxes before and after light soakdegailed inTable 54.
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Figure 5.6: UV-Vis asorptionspectra for IT4F neat films.
A) Raw dsorption spectra for Replicate 1.
B) Raw alsorption spectra for Replicate 2.
C) Normalized &sorption spectra for Replicate 1.
D) Normalized aborption spectra for Replicate 2.
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Table 5.4 The total incident photon flux and thésmrbed photon flufor the neat films of
ITAF, before and aftdight soaking in the three illumination conditions.

ITAF Filter Tot. incident Absorbed photor;  Absorbed photor
Replicate photon flux flux, Fresh flux, 12h LS
nr. NG o0& ii NG oe& ii NG oe@ ii
1 Unfiltered C® Bp T XX P T egtTEp T
1 BP ¢ FpT P Bp T PX F P T
1 LP P ¥ p T VE Ep TT TS @GP T
2 Unfiltered C® Bp T XX Fp Tl e3tap
2 BP wEpm PR Fpm PHCEpT
2 LP pg8 ¥ p m UV TEp TT T PEPT

In both replicates it was observed thafilbered light soaking causdalggestdecreasef the

main absorption peakVhen comparing the BP and LP filtered samplasasobserved that

the LP filtered sample decreased more in absorbance than the BP filtered sample. However, the
absorbed photon flux was approximately 3.7 times bigger before, and 2.6 times bigger after
light soaking, for the LP filtered compared to the BP filtered samples. Since the observed
photobleaching did not scale proportionally with this differencehoton flux, it can be
concluded that the blue light was more detrimental to IT4F per photon compared to the red
light.

This trendwas observedcrosamultiple trials. Figure 5. shows the steadstate spectra from
an earlier trihwherevariations in spin coating resulted in thinner filarsd hence differences
in initial absorbanceThe LP filtered sample showed a decreaseld.10 % in relative
absorbance, while the Bfittered sample decreased by 11.44 Adthough the LP sample
showed a higher absolute degradation, its initial absorbed photon fluX tivass higher tin
for the BP sample. The fact that 300 % higher phatase (LP) only resulted approximately
2.6 percentage pointaore degradation than the lower dose (BP) confirms that thechigityy
photons were much more efficient at driving the photodegradation of & .consistency
across different samples with different film thicknessaggestghat this sensitivity is an
intrinsic photochemical property of IT4F molecules.

To complement thé&JV-Vis absorption dataf IT4F the PL and PLE spectfaom the earlier
trial arepresented in Figure B.The normalzed PLE spectra (Fig. 3.D) correspondd well
with the absorption profildt also showed relative increaseinfensity in the region 46600
nm, further suggesting formation dégradatiorproductsabsorbing higher photon energies.
Furthermore, themissionpeak remained stable at 810 (fag.5.7 C) indicating that while the
concentation of ITAF decreased the remaining molecules absorbing maintainedeular
structureof dominantlyJ-type aggregatian
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Figure 5.7: Absorption, emission and excitation spectra for IT4F in the three illumination
conditions.

A) UV-Vis absorption spectra

B) Normalized UWis-NIR absorption spectra

C) Normalized emission spectra
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SISO

Figure 58 shows the absorption spectra for-G&® neat films, with corresponding absorbed
photon fluxes before and after light soaking detailed in Table 5.
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Figure 5.8: UV-Vis absorptionspectrafor GSISOneat films.

A) Rawabsorptionspectra for Replicate 1.

B) Rawabsorptionspectra for Replicatg.

C) Normalizedabsorptionspectra for Replicate 1.
D) Normalizedabsorptionspectra for Replicate 2.
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Table 5.5: The total incident photon flux and the absorbed photon flux for the neat films of GS
ISO, before and after light soaking in the three illumination conditions.

GSISO Filter Tot. incident Absorbed photor;  Absorbed photor
Replicate nr. photon flux flux, Fresh flux, 12h LS
NG oe& ii NG oe& ii NG oe@ ii
1 Unfiltered C® Bp T P PP T LvBIFP T
1 BP wEpT X ®dp T CXgpm
1 LP P& U p T o8 FpT CBTP T
2 Unfiltered C® Bp T Pd CpT v aFpm
2 BP wEpm C@uypm X ®Bpm
2 LP pg8 ¥ p m o8t p T CUpPT

For bothGSISO replicates it was observed that the BP filtered sardplreasg morein
absorbance after light soakingmpared to the LP filtered sampl&nce the absorbed photon
fluxes were comparableetween BP and LP samples, and even slightly higher for the LP
samples, it can be concluded that blue liglsts more detrimental to GSO molecules.
Interestinglythe unfiltered sampleist decreased slightly more than the Biered light soaked
sample, especially in replicate 2even thoughthe initial absorbed photon flux was
approximately2.3 times higher for the unfiltered sample compared to the BP safipte.
further supports thgihotodegradation in GBSO is primarily driven byhigh-energy photons

in the blue region rather than by the tgtabton doseThe additional loweenergy photons
appeared to only contribute little tioe overall degradatio

This trend waslso seen in an earfyrst test which despite difference in initi@bsorbance,
also showed that blue lightusednore photobleaching thaed light(Fig. 59 B). A relative
increase in PL intensity around 450 nm was observed for thesligikted samples (Fig.9D),
which suggestedragmented molecules absorbing high energy photons more efficiently.
Although, no new emissive species weeen to bereated upon light soaking (Fig9%C).
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Figure 59: Absorption, emission and excitation spectra for-ISO in all three light

conditions.

A) UV-Vis absorption spectra

B) Normalized absorption spectra. Normalized to the fi@stx, for each light soaking

C) Normalized emission spectra

VE GO0
P GO
WE GO0

p ¢ afor unfiltered light),
wé afor BP filtered light),
o ¢ afor LP filtered light).

D) Normalized excitation spectra

condition.
C vu&mgao
C vuEhdOL
C vuaEhdOL
C Xxp&gdo
C X W 0
C xxhodo

50

LVEGQV
TEGOO
TEGOO

p & afor unfiltered light),
¢ ¢ afor BP filtered light),
p ¢ afor LP filtered light).



FTCC-Br

Figure 510shows the absorption spectra for FT-BCneat films, with corresponding absorbed
photon fluxes before and after light soaking detailed in Tabl&dmé.sample of unfiltered light
soaking was performed and is displayed in both absorption spectra for comparison.
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=== LS Unfiltered 0.7 === LS Unfiltered
0.77 —— Fresh BP : —— Fresh BP
—_ --- LSBP — --- LSBP
- 0.6 > 0.6 4
3 Fresh LP 3 —— Fresh LP
L5 LSLP Cos LSLP
() (0]
2 2
S 0.4 504
o] o]
— —
8 0.3 A 91 0.3
Ne] Ke]
< 0.2 <o.2
0.11 0.1
0.0 : ; . : 0.0 1 : : : :
400 500 600 700 800 900 400 500 600 700 800 900
Wavelength (nm) Wavelength (nm)
FTCC-Br - Replicate 1 (Normalized) FTCC-Br - Replicate 2 (Normalized)
1.0 4 —— Fresh Unfiltered 1.01 — Fresh Unfiltered
—=-= LS Unfiltered ——=- LS Unfiltered
<] —— Fresh BP [ —— Fresh BP
(S} (9]
% 0.8 ——- LSBP % 0.8 --- LS BP
° —— Fresh LP 2 —— Fresh LP
o
9 0.6 Lstp 206 LSLP
Ne] Ne]
< <
el el
Noa Loa
© ©
£ £
o 0.2
3 § 0.2
0.0 A1 0.0
400 500 600 700 800 900 400 500 600 700 800

Wavelength (nm)

900
Wavelength (nm)

Figure 5.10: UV-Vis absorptionspectra for FTCEBr neat films.
A) Raw asborption spectra for Replicate 1.
B) Raw asborption spectra for Replicate 2.
C) Normalized asborptiospectra for Replicate 1.
D) Normalized asborption spectra for Replicate 2.
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Table 5.6: The total incident photon flux and the absorbed photon flux for the neat films of
FTCGBr, before and after light soaking in the three illumination conditions.

FTCGCBr Filter Tot. incident Absorbed photor;  Absorbed photor
Replicate photon flux flux, Fresh flux, 12h LS
nr. NG oe& ii NG oeE& ii NG oe@ ii
1 Unfiltered C® Bp T XX ZpT X& Bp T
1 BP Py FpT C® @pTm A Xpm
1 LP P ¥ p T T®CpT TS FPT
2 BP @ EFpT ChTEP T G xpm
2 LP pg ¥ p m ®BPT T FPT

The initial absorbance between thresh samples were almost identical, where ithgal
absorbed photon flux for the samples prior to BP filtering weseound
CRTIEPT and after 12 hours
¢® » p 1t for both samples.Theinitial absorbed photon flux for the LP filtered samples
were approximately 1.77 times higher than for the BP filtered samplesand after light
soaking approximately1.65 times higher.The absorbance decreasetb almost identical
levels after both LP and BP filtered light soakingindicating that high photon energies in
blue light were as destructive as a much higher photon dose of red lighthis indicated
that blue light was specifically detrimental also for FTCEBr as it causel more
photobleaching per photon.

Photoluminescence quantum yield

The results from the PLQY measurenssm the neat films&represented in Figure 511 The
PLQY was measured on six fresh filmEeach material. Three of these films were from the
same batch and spin coated at the same time &gnbeised for thdirst absorptiortestsand

PL emission and excitatistans.

I Fresh
1 Unfiltered
20 4 0 BP
I LP

PLQY (%)
o

-
o

| Mo .. L.

IT4F GS-ISO FTCC-Br PTQ10
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Figure 5.11: Bar chart of PLQYfor neat films before and after 12 hours of light soakifxact
values of mean PLQWith standard deviations, and relative percentual decreaseprangded
in AppendixA, TableA.2.

The fresh film of GSSO hadthe highesPLQY of 23.45%significantly highethanthe other
materials Low bandgap materialthat are sitable for NIR emission suffer from significantly
lowerluminescence compared to visible emitters with broader bafj@§hphis is explained
by that those with narrower bandgagsually have more planar structurés extend the
conjugated systero reduce the energy gdf9]. The energy bandgap law states tihas a
higher probability of nowradiative deayof the excited states foarrower bandgagd$9]. This
can then explain why GEO, which has the broadest bandgagtheftudiedNFAs, exhibited
the highest luminescencélowever, GISO also showed thiargest relative loss, decreasing
by 87% after unfiltered light soakingresh samples &fTCG-Br and PTQ10 hadomparable
PLQY of around 5%with a relative losef 66-74% and around 80%espectively. IT4F had
the lowestnitial PLQY of the fourfreshmaterials with a relativelecreasef approximately
50% after unfiltered and LP filtered light soaking and 38% loss after BP filigtedsoaking
Remember that the photaose vaies hence a direct comparison cannot be maileout
respectgiven to this However, he PLQY decreasedor all materials in all light soaking
conditions This indicate an increase in neradiative recombination likely due tophoto
induced defectandenergetic disordesreatingthesesubbandgap statdsetween HOMO and
LUMO.

PL lifetime

In addition to the steadstate measurements, timesolved PL spectroscopy was performad
the neafilms to determinghePL lifetimes (). Thelimit of the system, the IRF decagnstant

( ik#), wasfoundto be approximately 0520.35 ns usinga moneexponential fi{ EW g .

The PL lifetimeg() werealsoextracted using moneexponential fitas can be seen Figure
5.12 A-B. Figure 5.8 A shows the normalized decay tbe GS1SO samplena linear scale
When ploted on a semilogarithmic scalas in Figure 5.13B, the decay exhibited
approximately alinear behaviorindicating that a monexponential modebives a good
description of theystem The lifetimes for alsamples are summarized in Tablé andare in
the rangéetweer0.2851.703ns The shortest lifetimewereclose to the IRFndicating that
thesewerelimited by the systemAll IRF and decayneasurements can be foundAppendix
A, FigureA.2.

The PL lifetimes for the fresh films of the same materials varied. Especially #8G®here
the lifetime for the fresh unfilterddm was approximately 460% shorter than tHdetime for
the fresh films prior to BP and LP filtered lightaking Since it was necessary to measine
films directly after light soakingo minimize further degradation, the measurements were not
possible to perfornall at the same timeSmall variations irmeasurement setugan beone
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contributor to theleviations seertHlowever,a consistent trendlasobserved for all materials
where light soaking kttoa decreased PL lifetim&hedecreasef both PL lifetime and PLQY
furtherindicatesanincreasen nonradiativerelaxationupon light soaking

Table 57: Extracted PL lifetimeasing moneexponentiafitting, for all NFAneat films before
and after light soakig. PL lifetime datarom all measurementsre provided in AppendiR,

Figure A4.
Material Filter PL Lifetime (ns) PL Lifetime (ns)
Fresh 12 h light soakec

ITAF Unfiltered 0.402 (£0.008)  0.310 (x0.008)
BP 0.420 (+0.009)  0.285 (x0.005)
LP 0.473 (x0.016)  0.300 (x0.007)

GSISO Unfiltered 0.682 (+0.017)  0.312 (x0.007)
BP 0.900 (£0.012)  0.454(x0.006)
LP 1.068 (£0.074)  0.503 (x0.022)

FTCGBr Unfiltered 0.590 (+0.09) 0.405 (+0.29)
BP - -
LP 0.420 (+0.004)  0.393 (x0.010)

PTQ10 Unfiltered 1.703(x0.0M) 0.540(0.00)
BP 1.477(x0.00) 0.607(x0.012)
LP 1.408(x0.0M®) 0.648(x0.007)

A) B)

Normalized PL / IRF

IT4F Fresh

— Decay
— RF
---- Monoexp fit: T = 0.402 + 0.008 ns

IT4F Light soaked 12h

Normalized PL / IRF
"
5

—— Decay
— RF

--- Monoexp fit: T = 0.310 * 0.008 ns

it

|

f

I

0 5 10 15 20 25
Time (ns)

Time (ns)

Figure 5.12: Normalizedtimeresolved photoluminescentm A) fresh andB) light soaked
IT4F. The red lines represent theoneexponential fito calculatethe PL lifetimesThelRF is
the green curveThe humpbetween 145 ns appeared inlmost allmeasurements. Since it
appearedvhen measuring both tHBF and the decay of tH#éms, it is clear to be arartefad
from the instrument.
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Figure 5.13: Normalizedime-resolved photoluminescence ArGSISO, onlinear scaleand

B) GSISOon asemilogrithmic scale.

5.3 BHJ films

Next, the BHJ blends of each NFA with the dopolymer PTQ1Qvere investigatedrigure
5.14 A-C showsthe UV-Vis-NIR absorption spectraf the BHJ blend spin coated on glas
as wellason PEDOTPSScoatedglass Normalized spectrabtained from the neéitms are

included in Figure 5.14 D.

PTQ10:1T4F PTQ10:FTCC-Br
—— BH]J Fresh
0.54
0.6 === BHJ 12 hours
—— BH) + PEDOT:PSS Fresh
~ 0.4 95
3 3
2 L04/
8031 g
c o
3 303
5] o
202 z
< —— BH] Fresh <02
--- BHJ 12 hours
0.11 —— BH) + PEDOTPSS Fresh 0.1
-== BHJ + PEDOTPSS 12 hours ===
400 500 600 700 800 900 400 500 600 700 800 200
Wavelength (nm) Wavelength (nm)
PTQ10:GS-ISO
] —— BH]J Fresh
0.6 —-- BH) 12 hours
—— BHJ + PEDOT:PSS Fresh 3
05 --- BHJ + PEDOT:PSS 12 hours s
.
£ 0.4 1 8
g 2
303 ;;
2 =
S02 g
o
=2
0.1
400 500 600 700 800 900
0.0 T T T T T T Wavelength (nm)
400 500 600 700 800 900
Wavelength (nm)

55



Figure 5.14: UV-Vis-NIR absorption spectra comparing BHJ and BHJ with PEDOT:PSS,
before and after light soaking, for
A) PTQ10:IT4F
B) PTQ10:FTCCBr
C) PTQ10:GSISQ,
Andthe normalized absorption spectra for neat films of:
D) PTQ10, GSSO, IT4F and FTCEBr.

Control films containing PEDOT:PSS were prepared to examine whether the presence of the
HTL PEDOT:PSS influenced the absorption profiles of the BHJ blends and to assess whether
any differences in degradation could be observed compared to the samples without
PEDOT:PSS. Since no significant differences were observed between the tg/ot casebe
concluded that PEDOT:PSSddnot have avisible impact on the activé a y albsdrpdion

profile in these conditions

The PTQ10:IT4F blend gave the broadest absorption daridey have the biggest difference
betweeen their optical bandggpsy. 5.4 A). The absorptiopeakcorresponding to IT4E722
nm) decreased more in absorbance than the absorption dominated by. Ph@$@mevas
observed fothe FTCG-Br BHJ (Fig. 5.4 B), wherethe relative decrease was higher for the
acceptor than the donor. In the PTQ10:S® blend it is hard to distinguissince their
absorption bands overlppd creating the most narrow absorption band of them three.
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5.4 Transient absorption spectroscopy

Below follows the result from the TAS measuremeitee results are presented separately for
each neat materi@nd BHJ blend.Normalizedkinetics are presented for the identified GSB
and PIA regiondor each material and blen@he kinetics were obtained laveraging the
optical densityin the regions at each time delay. The normalization was done using the
maximum for PIA) or minimum for GSB) signal intensityT he lifetimes werealculated using
monoexponential fiting. A monoexponential function isoften a simplification of the
dynamics in these materiabs it usualljhasbothshorter and longetlived speciesTo ensure

that the calculated lifetimesepresent the excited state dedhg fits startedl5 ps after
photoexcitationto avoidthe IRF, signatise as well as the ultrafast processes often dominating
at the very early times of the TA sign@ihe TA data was also fitted usingtbuilt functions in

the analysis program CarpetViemd can be found in Appends Figure B11-1.6.

5.4.1NeatPTQ10

In the TA spectran Figure 5.5 A-B for the fresh antight soaked filmsa GSBbetween 550
650 nm was identifiechs well as aveak SE ban@more pronounced for the fresiound 750
nm anda broad and weaRIA startingaround 850 nm.

Figure 5.5 C-D showsthe namalizedkineticsfitted with a moneexponential decay for both
the GSB and PlAegion For the fresh film the extracted lifetimasboth the G8 and PIA
regions were approximately 900 p#fter light soaking the lifetimesdecreasedto
approximately 230 ps (GSB) and 300 ps (RIAdlicating significantly faster recombination of
the transient specieghis is consistenwith the deceaseobserved in the PLQY, pointin
increasedonradiative decayprocessesponlight soaking.

The similar kinetics observed fdhe GSB and PIA in the fresh filnas well asthe low
contributionof longer lived specie§>3000 pskuggestshat thePIA signalcan be assigned as
singlet excitonsThis interpretation is supportebly previousstudies reporting uniform PL
lifetimes across the emissigpectrm of PTQ10[14]. Furthermore, nalearsigns offormation

of singlets into interchain polarguairs,alsoin agreement with previoustudieg14]. The PL
lifetime for PTQ10(~1.5-1.7 ns)is longer than theinglet exciton lifetime obtaineom the

TA measurement©nepossibleexplanation fothis is excitonexcitonamihillation (EEA) at

the higher excitation fluences typically used in TA compared to transient PL measurements,
which mayhavelead to underestimations of the intrinsic lifetime.
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Figure 5.15: TA of fresh and 12 hours light soaked neat PTQ10 films.

A) The TA spectra of the fresh neat PTQ210 film.

B) The TA spectra of the 12 hours light soaked neat PTQ210 film
C) The normalized kinetics of the PTQ10 GSB regi680-620 nm), with a mone

exponential fit to comparnhe decay ofresh and light soaked neat PTQ10 films.
D) The normalized kinetics of the PTQHRIA region ©00-950 nm), with a mone
exponential fit to compare the decayfrefsh and light soaked neat PTQ10 films.
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5.4.2NeatlT4F

Figure 516 A-B shows the TA spectra foratIT4F films. Both thefreshand lightsoaked
sampledhad a strong and bro&ISB between 600 and 850 nand a PIA signadtartingfrom
875 The signal magnitudevas overall weaker for the ligisbaked sample due tihe
photobleachingf the main absorption peakhich wasobservedn the steadystate absorption
spectra in Figur&.6 A/B.

Figure5.16 C-D shows the normalized TA spectFar the fresh film a positive signbétween
750900 nmappearedb00 ps after photoexcitatiom the light-soakedsamplethis feature
emergée more quicklyand was visiblalreadyat50 ps This signal isattributed to the formation
of singlet excitons into longer lived specielikely intramolecular polaron par This
assignment is supportég thePTQ10:1T4F blendwhich will bediscussed in the next section,
wher a similar PIAfeature appeared in # same region following charge transfdihe
assignment of this sign& polaron pairgather thartripletsis supported byhe factthat the
lifetimes of tripletan ITIC-derivative materialexhibit much longer lifetimes (12060 ps)ard
absorb further into the NIR, aroud@10 nm for IT4H70]. This signal around 800 nm instead
aligns withITIC-anions électronpolaron) absorbing in this raags previously reportdd0].
The disappearance of the sigeakn for the fresh filmt 10® psandreappearance 3000 ps is
due tospectral overlap with the GSBhe reappearance of the siglilely corresponds to lorg
lived polarons trapped in defect states.

Figure 5.5 F/H shows theaw andnormalizedkinetics for the singlet exciton PIA (9650
nm). After light soakindghe singlet exciton lifetime decreasdébm 64 ps to 37 psonsistent
with the decrease in PLQY and PL lifetimie.contrast, th&sSB kineticsin Figure 5.5 E/G
did not show as much difference between the deddys.differencebetween PIA and GSB
kineticscan be explained by fastformation ofintramolecular polaron pairs thelight-soaked
sample These states contribute to a fastecay in the PIA signalhile partiallymaintaining
the GSB signal as polarons have longer lifetimes than singlet exdtsmailar trendhas been
reportedfor the donor polymer PM@yhere tightly boungbolaron pairs form fast and undergo
rapid nonradiative recombinatigrparticularly in presence of defeetier light soaking14].
Overall, this indicates that the light soaking enhanceadin@ersionof singlet excitons into
bound polaron pairghich correlatewith the observed faster PIA decay.

59



0.75F

IT4F Neat Fresh

0.3 ps

5 ps

50 ps

100 ps

—— 500 ps

—— 1000 ps
3000 ps

0.6 J—

0.4

0.2

0.0

ITAF Neat 12 h LS

0.3 ps

5 ps

50 ps
100 ps
500 ps
1000 ps
3000 ps

1000

P |
10
Time Delay (ps)

o
fury

il
100

Time Delay (ps)

A 0.00 P s e T I a
o (@]
1S S
g -0.25 <-0.2
-0.50 —0.4
-0.75 -0.6
-1.00 —0.8
1.25HHI‘H‘|HH|HH|HH|HH|HH|HH e e o ey ey by by by by
550 600 650 700 750 800 850 900 950 550 600 650 700 750 800 850 900 950
Wavelength (nm) Wavelength (nm)
C D
1.00 1.00}IT4F Neat 12 h LS
— 20ps
—— 50 ps
0.75 075 — 100 ps
—— 500 ps
0.50 0.50F —— 1000ps
a a 3000 ps
g 025 2 o025
< <
el e
& 0.00 Py & 0.00
g g
£-0.25 5 —0.25
=z z
IT4F Neat Fresh
-0.50 — 20ps -0.50
— 50 ps
— - —— 100 ps _
0.75 — 500ps 0.75
——— 1000 ps
-1.00f 1 1 1 1 1 1 3?00 P -1.00 1 1 1 1 1 1 1
550 600 650 700 750 800 850 900 950 550 600 650 700 750 800 850 900 950
Wavelength (nm) Wavelength (nm)
IT4F Neat GSB Raw (700-750 nm) ITAF Neat PIA Raw (900-950 nm)
061 : ;rze;th osr “ s o
. Jo s 12hLS
e L]
&
%00y,
e
0.5f 0.4} .;‘.3 .'“,
¢, ., -"'-a
b Yo txes %
0.4F L ° [ .‘
N 0.3F o e ;)
o . LXK %,
8 ¢ =) ° .\ o
€ 0.3F ° % ¢ s' ..
< o ° °
T 1 < 0.2 o ...... '."
0.2F ° ° y «®
i d o
L] L] L[] o
0.1F g o
° °© % <@
o1 . ° o
® ® °
° 2 o0 ° g .”? 'xl'! oo o ©
° ] ..:i."‘l. ) 0 0P °° %% o o? @
o.ord R T O ..'5."".'."_‘:":
L 1 1 P | e | P | .
10 100 1000

60




L IT4F Neat GSB (700-750 nm) 12 ITAF Neat PIA (900-950 nm)
' — Fresh T =103 ps —— FreshT=64ps
= 12h LSt =280ps —— 12hLSt=37ps
101 - 1.0f 2
° % 2 o}:"o‘“
09 § Y °
Ry N
o 0.8F pe 5 0.8F %,
o Q vo
£ £ 43
g < ',a‘a%
kel - ® %
T 0.6 g 06 . %%,
N T 0 N
o £
E =
5 0.4} 2041
p=4
0.2f 0.2
. o ge ®
.w.J ) s L
O_OEDMI | | | o 0.0 L RO % £ < |
T 0 1 10 100 1000
0 1 10 100 1000 -
Time Del
Time Delay (ps) ime Delay (ps)

Figure 5.16: TA of fresh and 12 hours light soaked neat IT4F films.

A) TheTA spectra of the fresh neat IT4F film.

B) TheTA spectra of the 12 hours light soaked neat IT4F. film

C) The rormalized TA spectra of the fresh neat IT4F film.

D) The rormalized TA spectra of the 12 hours light soaked neat IT4F film.

E) Theraw kinetics of the IT4F GSB regionQ@-800 nm), comparing the fresh and light
soaked neat IT4F films

F) Theraw kinetics of the PIA (960950 nm), comparing the fresh and light soaked neat
ITAF films.

G) The normalized kinetics of thB4F GSB region 700-800 nm),with a moneexponential
fit to compare the decay besh and light soaked neft4F films.

H) The normalized kinetics of thie4F PIA region ©00-950nm),with a moneexponential
fit to compare the decay besh and light soaked neft4F films.

5.4.3PTQ10:IT4F

Figure 5.7 presentghe TA spectraand decay kinetics for the PTQ10:IT4F BHJ filrBath
the fresh and light soaked films htw characteristic GSB of PTQ&found550-650 nmand
IT4F around 706800 nm In thelT4F GSBregionbetween 70800 nm, a positive signal was
emerging over timeas was seen in theeat IT4F spectra in Figui16. This PIA signalis
attributed tothe PIA of electron polarons on IT4Furthermore, the broad and weak PIA
extending beyond 900 noan be assigned as tARgQ10holePIA, as previously reportddr a
similar donoracceptor systeraf PTQ10PCBM [14]. The spectral features in the blend films
live beyond th&.5ns time window of the experiment; muomgerthanboththesinglet exciton
lifetime of IT4AF andPTQ10Q This provides strong evidence for the formatiotooiyerlived
excited statesuch agreecharges.

A wavelengthof 680 nm was chosen to primarily excite IT4Fhe GSB kinetics in Figure 51
C show how the IT4F GSB decreased rapidly, while the PTQ10 GSB rose during the first 100
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ps. This is a sign of hole transfer from the photoexcited IT4F taltreorpolymer PTQ10.
The intrinsicholetransfer ratavas onlyslightly slower in thdight-soakedilm. However, the
kinetics of the PTQ10 holPIA signalshoweda significantlyfasterdecay for thdight-soaked
sampleThis points tofasterrecombination, possibly dominated ggminate recombination of
bound polaron pairfor the lightsoaked film A fluence series to evaluatéhethergeminate or
norrgeminaterecombination waslominatingwas not used in thiproject butwould be a

potential avenue to investigate further
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Figure 5.17: TA of fresh and 12 hours light soaked PTQ10:1T4F films.
A) TheTA spectra of the fresh PTQ10:IT4F film.
B) TheTA spectra of the 12 hours light soaked PTQ10:IT4F film.
C) The rormalized kinetics of the PTQ10 GSB region (620 nm) and IT4F GSB region

(700-800 nm), comparing the fresh and light soaked films.

D) The rormalized kinetics of the PIA (950 nm), comparing the fresh and light soaked

films.
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5.4.4NeatGSISO

Figure 5.B shows the TAspectraand kineticdor fresh and light soakeeatGS1SO films.
The datapoints between 6820 nm has been removededa pump scatter from the las@he
TA spectra for the fresh and light soaked samples tpote similar, with a GSBcentered
around 700 nm and a singlet exciton Rirwund 900 nm.

The normalizedl'A spectra in Figure 58LC-D shows a new PIA forming around 750 r@amn
longer time delayswhich is more prominenh the light soaked sampldust like previously
discussed for IT4F, this suggests the formation of intramolecular polaronmp&@SISO as
well. This spectral feature can also be seen in the TA spectra for the PTQ@S®@G&ENd in
Figure5.19.

The normalized kinetics of th@SB in Figure 5.& D and PIA in5.18 E shows quite similar
decay for bottthe fresh and light soaked filmmalthough a slightly faster decay for the light
soakedIn general, the TA for thigesh and light soaked looks nearly the saieould be that
the degraded moleculefter light soakingvere na able toabsorkthe pump wavelength at 680
nmso the TA signal is just representing teenainingundegraded moleculeghe decrease in
PLQY isthenconsistent with the TA results &ght soaking likely introduced neradiative
recombination pathways such as trap statgsotaron pair formation. Since TA prath¢he
remaining photoactive molecules the overall spectral shape and kinetics aenaagely
unchangedvhile the emission efficiencyasreduced.
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Figure 5.18: TA of fresh and 12 hours light soaked né&ISOfilms.
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A) The TA spectra of the fresh n&&ISOfilm.

B) The TA spectra of the 12 hours light soaked G&&ISOfilm.

C) The normalized A spectra of fresh neat G@SO.

D) The normalized A spectra of 12 hours light soaked neatiS6.
E) The normalized kinetics of tli&S1SOGSB region §50-750 nm)
F) The normalized kinetics of ti&SISOPIA region ©00-950nm).



5.4.5PTQ10:GSISO

Figure 519 shows the TAspectraand kinetics for the PTQ10:GSO BHJ films. The TA
spectra for the fresh atight soaked filmdook quite similarln these spectra theageno clear
PTQ10 GSBand very few long lived excited stage Compared to the TA results for the
PTQ10:IT4F BHJ itappears thavery little charge transfer happened héFhis result was
unexpected sindde blend of PTQ10 and GSO hassuccessfully been used as active layer in
OSCs beforg56]. This likely indicatesan issuewith either the measurement or tinaking of
theblend which should be corrected and remeasured in potential future work
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Figure 5.19: TA of fresh and 12 hours light soaked PTQ10iS6 films.
A) TheTA spectra of the fresh PTQ10:G5S0 film.

B) TheTA spectra of the 12 hours light soaked PTQ16t&S film.
C) The rormalized kinetics of ththeoreticalPTQ10GSB region(550-600 nm) and the
GSISO GSB regior(650-700nm), comparing the fresh and light soaked films.
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D) The rormalized kinetics of the PIA (9®50 nm), comparing the fresh and light soaked
films.

5.4.6FTCGBr

Figure5.20 presents the results for the neat films of FFBICBoth the fresh and light soaked
films exhibited a GSB around 725 rand a PIA from around 850 nm. Jlike observed for

the neat films of both IT4F and @S0, an enhancednd fasteformation of intramolecular
polaron pairswere observedilsoin the FTCGBr light-soakedsamplein the 750-800 nm
region As can be seen in the raw kinetics in Figur20E-F the intensity was higher for the
light-soakedsamplecompared to the fresfihis was not expected as theat film of FTCCBr

was visibly photobleached after 12 hours of light soaking in the/igvNIR absorption spectra

in Figure5.9 A-B. This can be due to small differences in spin coating between the samples
leading to differences in thicknebstween the filmsThe normalized kinetics ifrigure 520

G-H showed a similar lifetime of arour®¥ ps inthe GSB and 80 ps ithe singlet excitoIA
(900-:950 nm). After light soakinghe lifetime in the GSB decreased to 63 ps and to 51 ps in
the PIA.This is also in line with the decrease in PLQY and decrease in PL lifetihmese the
kinetics for the GSB and Pl®erevery similarin the fresh film it indicates that they trattie
same excited statpopulation, in this case dominated by singlet exciton dethg.GSB
lifetime wasjust slightly longer than thsinglet exciton lifetime in PlAecause othe small
formation of intramolecular polaron pairs in the same region as tBe i@8chcan be seen in
the normalized spectra Figure 520 C-D.
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Figure 5.20: TA of fresh and 12 hours light soaked neat FT&Gilms.

A) TheTA spectra of the fresh neat FTAC film.

B) TheTA spectra of the 12 hours light soaked neat FABZ@Im.

C) The rormalized kinetics of the GSB regid@bQ-750nm), comparing the fresh and light
soaked neat FTC@®r films.

D) The rormalized kinetics of the singlet exciton PIA (9ED nm), comparing the fresh
and light soaked neat FTGBr films.

E) Theraw kinetics of th&=TCG-Br GSB region §50-750 nm), comparing the fresh and
light soaked neadtTCCBr films.

F) Theraw kinetics of the PIA (96050 nm), comparing the fresh and light soaked neat
FTCGBr films.

G) The normalized kinetics of tHeTCCGBr GSB region §50-750 nm), with a mone
exponential fit to compare the decayfreish and light soaked neBT CG-Br films.

H) The normalized kinetics of tidA region ©00-950nm),with a moneexponential fit to
compare the decay @esh and light soaked neBT CC-Br films.

5.4.7PTQ10:FTCGCBr

Finally, Hgure 5.2 shows the TA spectra and kinetics for BIEQ10:FTCEBr BHJ films. The

TA spectrashoweda clear FTCEr GSB around’00 nm and a PTQ10 GSBound 556625
nm. The signal intensity was slightlyigher for the fresh film compared to the light soaked,
aligning well with the photobleachingeviouslyseenin the absorption spectma Figure5.14

B. In the FTCCBr GSBregionthereis a spectral overlap witl positive PIA from FTCEBr
electronpolaron enhanced dater time scalesTheweak butpositive PIA starting around 850
nm extending into NIRs assigned to be from the absorption of PTQ10 hole paaron

Figure 5.4 C shows the normalized GSB kinetiég.the same time as tHeT CG-Br ground
statewas rapidly depleted rise in signalvasseen during the first 100 ps for the PTQ10 GSB
This confirmshole transfer from acceptor to donor.

Figure 5.2 D shows the PIA kineticsAt the same time as the FTERE singlet excitonsvere
decaying, the PTQ10 hole polaron Riasforming. The apparent longer lifetime in this region
in the fresh film after 20 pwasthereforedue to the presence of the PTQ10 hole polaron PIA
as these two spectral features are overlapgdihng PTQ10 GSB intensity after charge transfer
was much higher relative to the FTEE GSB at 0.3 ps in the fresh filmompared to the light
soaked This could indicate a much higheole transfer yield in the fresh film compared to the
12 hours light soaked film.
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Figure 5.21: TA of fresh and 12 hours light soake@Q10FTCGCBr films
A) TheTA spectra of the fresh PTQ10: FTEC film.
B) TheTA spectra of the 12 hours light soak€tQ10FTCGC-Br film.
C) The rormalized kinetics of theTQ10GSB region%50-600 nm) and the FTG8r GSB
region (675750 nm), comparing the fresh and light soake@Q10FTCGCBr films.
D) The rormalized kinetics of the PIA (9%®50 nm), comparing the fresh and light soaked

PTQ10FTCGBr films.

70




5.5 Solar cells

After investigatingthe phobdegradation of the materialsrst as neat films and then as BHJ
films, it was timeto correlate these results to fresh and aggddr cell device

Figure 522 showsthe light and darkJV curves and EQE spectra for theal solar cells
comprised of each of the three BHJ blends as active |dyefire and after light soakingable

5.8 summarizes thé-V parametersor the best performing pixehlong withmean values$or

each parametaand standard deviatioRixels that did nbfunction properlywere discarded

For all solar cells it was consistently one out of four pixels behaving as a resistor, always the
first or fourth pixel. The problem was detected to not be due teWhadasurement equipment.

The evaporation of the silver electrodes went well, suggestatighe problem was introduced
earlier on in the device makinghe ”—,%from the EQE measurements andl dneasurements
differed more than 5%, for all measurements except the fresh BF@€vice. This can be due

to calibration errors of the instruments.
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Figure 5.22: Light and dark 3V curves and EQE curves for fresh and light soaked OSCs.
The best performing pixel from the champion cell of each BHJ idgmdsented

A) Light and darkJ-V curve for PTQ10:1T4F

B) Dark JV curve for PTQ10:IT4F
C) EQE and integratedsdfor PTQ10:IT4F

D) Light and dark 3V curve for PTQ10:FTC@®r

E) Dark JV curve for PTQ10:FTC@r

F) EQE and integratedsdfor PTQ10:FTCCBr
G) Light and dark 3V curve for PTQ10:G$S0O

H) Dark JV curve for PTQ10:G$50
I) EQE and integratedsdfor PTQ10:GSIS

Table 58: J-V parameters for the champion devices (pixel with the highest fresh PCE) of
each BHJ blend, before and after 12 hours of light soaking. The integratedcsicait

current densities from the EQE measurements are included in the table. Average calculated
for: ITAF (Fresh: 3 devices/4 pixels, 12 h LS: 2 devices/ 4 pixels), FBICEresh: 2
devices/ 5 pixels, 12 h LSdevices/ 8 pixels), G5O (Fresh: 2 devices/ 5 pixels, 12 h LS:

3 devices/ 7 pixels).

Active layer | Condition | PCE (%) Voc (V) Jsc(MA/cn) Jal(MA/cn?) | FF (%)
PTQ10: Fresh 13.30 0.925 20.72 16.852 69.42
IT4F (12.262 0.94) | (1.11% 0.33) (20.18 0.36) (66.40% 3.47)
12 hLS 0.446 0.766 1.442 1.3009 40.90
(0.43+0.05) | (0.75% 0.02) (1.51+ 0.14) (37.57+ 2.97)
PTQ10: Fresh 11.10 1.068 14.61 12.710 71.13
FTCGBr (10.88% 0.26) | (1.07 0.002) (14.836% 0.172) (68.71+ 1.74)
12 h LS| 0.5441 0.911 1.639 1.5186 36.43
(0.49+0.04) | (0.90% 0.02) (1.487+0.118) (37.19% 1.52)
PTQ10: Fresh 3.788 1.224 4.209 4.6242 51.92
GSISO (3.76+ 0.018) | (1.201 0.019) (5.976+ 0.0162) (52.44+ 0.49)
12 hLS 0.1082 0.926 0.3962 0.32243 29.49
(0.10+0.006) | (0.955+0.021) | (0.3733+0.015) (29.63 + 0.42)

ThefreshPTQ10:IT4Fdeviceexhibitedthe highestinitial performance with a PCE abo%8%
along with a high shottircuit current densityandafill factor close to 70%. After 12dursof
light soaking allparametersiropped remarkablylhe shorcircuit density and the fill factor
decreasedy 93% and 40%, respectively,and the PCE dropped to below 0.5¥%he EQE
spectum further confirms the severe degradatiavhere theinitial broad spectrum(350-750
nm) and high EQEof over 70%totally colapse down to below 10% across the whole
spectrumThis meanghat both the PTQ10 dominated absorption region-g7nm) and the
ITAF dominated absorption region (6800 nm)werestrongly affectedHowever, the TA still
showed evidence of charge transfer even after light soakimgyefore,it was unexpected to
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see such a dramatic decrease in electric performance, close to complete devicelFadure.
suggests that thaevicefailure was not due tphotadegradation of thactive layeronly, rather
there were somiailuresin the device staglperhaps anterfaces with the transport layei$e
dark 3V curve in Figuré.22 B showed an increase in series resistance after light sodkiisy

is seen whigher forward biagabove 1.0 Y wherethelight-soakedcurvefell belowthe fresh
curve This suggestdncreased series resistance, possiblyidsg efficientcontactwith the
electrodes for thiéght-soakedlevice

A similar trend was observed for tRdQ10:FTCCBr device with an initial PCE of 11% that
dropped td).5%after light soakingThe ECE spectrum Boweda loss over the fulvavelength,
falling to below 10% The TA revealed a less efficient charge generation after light soaking,
butagain,not so much that ialonecan explain the extrendrop in performance of the device.

In the dark v curvesin Figure 522 E thelight-soakecturveshowed increased leakagarent
sincethe current density was higher for thght-soakeddevicecompared to the fresh sample
overthe whole reverse bias aforward biasclose to 0 VV Hence, barge carriersverebeing
trapped by defects more frequently after light sogiihich was also confirmed by the collapse
of EQE in Figures.22 F.

For the PTQ10:G$SO the initial PCE was lowgnly around3.8%. After light soaing, the
devicewas barelyworking, with a shoricircuit currentclose t00. The EQE spectrum drped
to nearlyO across the whole spectrufig. 5.22 I). The deviceclearly stopped workingral
behave more like a resistoihe dark v curve in Figure.22 H showed significant decrease
in shunt resistanc&he forwardbias regionbetween0.5-1.0 V changed after light soaking
where the increase in curremmdicates anincrease of nomadiative recombinationalso
confirmed by the collapse of the EQE spectra. Bhiggestshat thefew charge carrierthat
weregenerated were lost to defects before being collected at the elecBoaesno clear CT
state waseen to béormed in theTA datait pointsto thatmy BHJ blend of PTQ10 and GS
ISO was not optimalespecially since a device of PTQ10:8®) previouslyreached PCE of
almost 9% in one stud6].

5Met hodol ogi aatd duggaessedni mp.]

Now when all results have been presented and analysed it is time to reflegpmtéss. Apart

from bigger sample sizeepeatingneasurementgerformingmeasurements both in air and in
nitrogen tracking the light intensity of the solar simulator and tracking the heating up of the
samplessome other reflections can be made about the methodology used and about possible
waysto improve and extend this study.

The study began with light soaking neat films amelsuringhe absorbancat different time
points between fresh and 24 houtsvould be worthwhile to implementsamilar approactio
thesolar cell devices, as they all endedalipost not workingafter 12 hour®f light soaking.
Measuringthe performance at more timepoimsbetweenvould give more insights into how
the devices degrade over timia addition, neutral density filters could be used to correct for
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the different photon dosekirectly when light soakindt would also beof interestto optimize
the active layer preparation conditiprespecially for the G8O device as it had very low
initial performance which made it difficult to evaluate its degradation out of its full capacity.

It wasa good strategy tmvestigae the materials individually and then move on to the BHJ
blend.Since it was observed that blue light was more detrimental foeatNFAs, a next step
could be tause filters to narrow the bandpass region furthepotentially investigate if there
are more specific photon energies of blue light that are extra damagimg materials. Since

it is possible tamplement filters on solar cells it would be benefid¢@lonly correct for the
very specific wavelengths, if that is the ca$&is since as much as light can be causing
degradationas much is it still needed to operate a solar cell.

Therewas not time enough to embrace the full potential of TAS in this prdjdature study
could involve aluence series to study the ratio of geminate andgemninate recombination

as well as making it possible to confirm the exciton lifetimes to not be shortened by EEA.
Scanning further out in NIRand do the oxygen quenching test for triplets, is another standard
method which there was no room for in this project.

The UV-Vis-NIR absorption spectroscopy gave indications of changes in momgh@acking

and formation of degradation products. To extend the project it would be useful to investigate
this by complementary techniqyessich as GIWAXS5ISAXS (grazing incidence widemall

angle XRay scatteringjo probe molecular packingrystallinity and orientation/ the nano
phaseseparatiorf71]. Since the degradation of the D:A morphology is a known issue, it would
be of interest to investigate this furthirthe intrinsic instability is the reason for the dramatic
burrrin-loss in the devicesand the most kinetically favourable morphology is the most
thermodynamicallynstableit is a hard but importaméskto solve.Thereforeadditional work
shouldbe done to understand tliigther, with the ultimate aim to stabilise the morphology of

the active layer
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6Concl usi on

Thiswork investigated the photodegradatmfrthe NFAs Y6, IT4F, G8SO and FTCEBr, as
well as the donor polymer PTQ1®om neat films, BHJ blends and as solar cell devices.

The results showed that photodegradation is strongly wavelength dependent for 17186 GS

and FTCCBr, with higher energy photons causing more severe degradation. In contrast, Y6
exhibited high photostability under the investigated conditidbhe.absorption spectrum of the
donor polymer PTQ10 remained very stable after 12 hours of light soaking in all conditions so
no clear wavelength dependent degradation could be observed. PTQ10 showed good
photostability in the absorption spectra and congp#rehe NS, no clear signs of formation

of interchain polaron pairs. However, clearly some degradation was occurring as the PLQY
decreased and both the PL lifetime and TAS singlet exciton lifetime decreased after light
soaking. Due to the absence of any clearatigms in the TAS that could be used to identify

the nature of the degradation states mediatingradmative decay, it is difficult to say with
certainty what this might be. Given the possible photophysical processes that can occur in
organic polymers thpotential candidates are the formation of triplet excitons or generation of
some kind of delocalized exciton or polaronic state. However, due to the fas@fsotecond)
timescales of the excited state decay in degraded PTQZ10 films it is unlikelyifidieskcitons

as intersystem crossing typically takes place on timescales of nanoseconds to tens of
nanosecondfl6]. Therefore, the most likely explanation is the formation of a delocalized or
polaronic state that acts as a rapid recombination chdfuteke studies to identify the nature

of this state could involve TAS in the NIR region to look for the presence of new PIA signatures.

Light soaking significantly altered the photophysical properties of the materials. Decreased
PLQY and shortened PL lifetimes in the neat films as well as accelerated formation of bound
polaron pairs in degraded NFAs pointed to an increase inrathative recorhination
pathways. Efficient charge transfer was seen for the blends with IT4F andBiT@fSo after

light soaking. The dramatic drop in performance and EQE for the devices could therefore not
solely be explained by thehotalegradation of the actvlayer. Increase of series resistance
and decrease in shunt resistance suggested leakage currents and aratierfaces antly

the electrodes.

While multiple degradation mechanisms contribute under illumination in air, the results
consistently indicated that the dominant pathway is the formation ofratiative
recombination pathways. This was evidenced by the systematic decrease in PLQ¥iedhorte
PL lifetimes as well as faster decay dynamics in the TA measurements after light soaking. All
this pointed to accelerated recombination via trap states and bound polaron pairs formed during
degradation. The chemical degradation observed in the/id\NIR spectra of the NFAs,
including decrease in absorbance and disruption of the conjugated backbones probably limited
the charge transport and lead to increased recombination. Morphological degradation is also
expected to play a role. Although not diredtlyestigated in this project, it is suggested that
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light induced phase separation or formation of larger domains in the active layer could reduce
the D/A interfacial area and thereby limit charge separation and enhancing recomipitzdtion

Overall, ths study showedhat photodegradation in PTQ10:NFA OSCs is not governed by a
single mechanism but by a combination of photoinduced chemical changes and increased non
radiative recombination pathwayAddressing these&legradation pathways, especially the
formation of norradiative recombination channels and the intrinsic instability of NFAs under
high-energy illumination, will becrucial for achieving longerm stability in organic
photovoltaics.
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Appendi X

A. Neat films

Table A.1: Peak wavelength, absorbance for fresh and 24 h light soaked/dark stored neat

films, and the relative loss in absorption after 24 h (12 h for FBZ)Ccompared to the

fresh.
Material Peak Absorbance  Absorbance after 24 h  Relative
wavelength Fresh (12 h for FTCGBr) loss (%)
(nm)
Y6 - dark stored 829.0 0.803 0.798 0.62
Y6 - light soaked 832.0 0.736 0.686 6.79
ITAF - dark stored 722.0 0.729 0.726 0.41
IT4F - light soaked 721.0 0.852 0.146 82.86
GSISO - dark stored 636.0 0.5244 0.5240 0.076
GSISO- light soaked 637.0 0.466 0.251 46.14
FTCGCBr - dark stored 675.0 0.4097 0.4096 0.024
FTCGDBr - light soaked 675.0 0.411 0.302 26.52
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UV-Vis-NIR Absorbance Spectrum for IT4F light soaked with BP filter
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Figure A.1: UV-Vis-NIR absorption spectra for neat films of:
A) Y6- Light soaked with BP filter
B) Y6- Light soaked with LP filter
C) GSISO- Light soaked with BP filter
D) GSISO- Light soaked with LP filter
E) IT4F - Light soaked with BP filter
F) IT4F - Light soaked with LP filter
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