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solutions onto 100 °C substrates. (c) Relative dedgree o
crystallinity (rDoC) and Hermans orientation parameter (S) of
bl end films, calcul ated fror
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Supporting Figurd-8.

T (a,b) In situ UV/vis spectroscopy of bladeated films of
pristine 8020 cast from a 100 °C solution onto either a (a) 25 °
or (b) 90 °C substrate. (c,d) resulting GIWAXS patterns from tl
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IDTBR blend. Peaks that will be tracked are highlighted in gre
first order scattering for both the polymer and IDTBRd}ln situ
workflow and data analysis: (b) 2D GIWAXS scattering patterr
the 8020:IDTBR blend with the ifplane region from0.6 A < q
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SUMMARY

Solution processed organic solar cells based on ahatécojunction morphology
have attracted attention as a promising source of enfgyuring materials that can be
integrated into devices with the potiah for scalable production at low costThis
dissertation discussethe processing of blends of conjugated polymers and discrete
molecules, which are typically electron donating and accepting materials, respectively, for
thin-film photovoltaic applications. Critical to the performance of the blend film is the
nane and mcro-scale morphology, which is dictated by inteand intramolecular
interactions among the blend components. This morphology can be controlled during the
solution processing step, which is the focus of this dissertation. Traditionalhgaating
has lkeen used to process the active layer, but due to the dynamic nature of the coating
process, this technique is not considered to be industrially scalabletfldwsyrk featured
hereinmakesuse of blade coating to deposit the actayger andexplorestechniques to
understand the dynamics of the blade coating process. Dynagaisuremertechniques
and detailed Xay scattering analys@e used tononitorthe solidificationprocess anthe

developingmorphologyof pristine materials and their blends.

Chapter lintroduces the basic concepts of organic photovoltaics: matdesign,
solution processingjevice construction, and characterizatiSpecial attention is paid to
understanding solid stat@orphology and understanding its development in reag, tim
which leads into chapter 2, on experimental methods and characterization techniques. All
aspects of device fabrication and characterization need to be addressed carefully to ensure

reproducible measurements. Special care is taken to address calilofahiecessary
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equipment as well as proper workflows for processing datasetssuch as D X-ray
scattering patterns. Chapters 3, 4, and 5 are the main project chapters of this dissertation;
each focuses on a different polymtr understand the structurand morphology
development during solution processingnd the subsequent effect on photovoltaic
performanceEach polymer is blended with P@M, a commonly used electron acceptor
phase material, to make a deviGhapter 3 discuss&T-PDPP2FTT, a polyner that is
naturally highly aggregated and minimally soluble. Multiple different solvent additives are
able to prevent polymer aggregation and develop a finely phase separated network for
improved performance in relatively thick film active layers. Bdtaaters 3 and 4 use real

time optical and Xay scattering measurements to monitor solidification and
crystallization during the coating process and identify the factors that affect the final dry

film morphology.

Chapter 4 makes use of a new polymeifBT4Tso-c0-3T20-20D, which was
designed to be more soluble but just as high performing as thetueied PffBT4T20D.
This polymer has a thermally accessible acg
state during coating strongly effects the resultant thin filmrphology. Morphology
development was monitored as a function of molecular acceptor, W@&BM and
IDTBR were compared; it was shown that the crystalline acceptor IDTBR disrupts the
crystallization of the polymer and limits the performance of deviekegive to those with
PC1BM. Chapter 5 investigateitie non-halogenated solvent processoig? (DTG TPD),
and subtle morphological changes that result from transferring solvent syBtam&T-

PDPP2TFTT and P(DTGTPD) were easily transferred from spiratiog to blade coating
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with minimal optimization, which is attributed tbe avoidance of aggregate transitions

during processing as well as low crystalline order in the solid state.

Finally, chapter 6 concludes the work with perspective on the field genar

photovoltaicswithin the contextof what was learned from the three projects described

above.

XXVili



CHAPTER 1. INTRODUCTION

1.1 General background on organic electronics

1.1.1 Organic electronics and conjugated polymers

Organic electronics is a broad term that covers a wide varietgw€es built with
"-conjugated carbehased materials that are designed to be conducting or semiconducting.
While these materials have similar propertiesidely usedinorganic semiconduors
based primarily on silicon, they possess inherent advantages that make them attractive for
research and industrial application. They have inspired a new generation of devices that
can be made lightweight, flexible, and inexpensive to produce, sucbrgasic
photovoltaics (OPVs), photodetectors, organic fefigecct transistors (OFETS), organic
electrochemical transistors (OECTSs), and electrochromic devices (ECDs). Essential to the
realization of these advantages is the dual component nature of rsqhuticessable
organic electronigpolymers or materiaJswhere the conjugatedolymer backbone or
material corecomprises the core of the molecule from which electronic and chemical
properties are derived from, and the peripheral side chains allow foioeglubcesig.

While stacking of discrete molecules and subsequent strong intermolecular interactions are
sufficient for transporting charges, extending the delocalized elesyrstemalong a
covalent network via conjugation offers additional avenuestfaking use of charge

transport within polymer systems.

1.1.2 Electronic states in conjugated materials



The electronic properties of organieconjugated polymerare derived from an
alternating single and double bond netwoilke properties of thislternating bond
structureis a result ol network ofp; orbitals that are perpendicular to the covalent, fixed
sigma bonds that define tlsgeric component of th@olecular structurelhese porbitals
overlap, forming aonjugatechetwork of” -bonds through whicklectrons can movés
the number of conjugatdzbndsin a molecu¢ are increasedhe energy gap between the
frontier molecular orbitals decreases with discrete energetic states that are added to the
mol ecul eds e n @&hrogghtight@bsdrptiorad slecteop @an be promoted to
a higher energy level, and the color of lightatbed is dependent on the mole&uiknergy
levels The lower energy bangopulated with valence electrgnis called the highest
occupied molecular orbital (HOMO) aiglalsoreferred to as the valence bamtie higher
energyband thelowest unoccupietholecular orbita(LUMO),isvacant i n t he mo
ground state andlsoreferred to as the conduction bambst of the building blocks of
simple semiconductg polymers like 3-hexylthiopher, are colorless in the visible
spectrum, absorbing high egg light However, upon polymerizati@ndextensiorof the
conjugated networkadditional energetic statetevelop and decrease the optical gap
between the occupied and unoccupied molecular orbRFalshermore, as more energy
levels are added to thestgm, they become closer together and approach an electronic
band structure without discrete energy lewvettin the occupied and unoccupied orbifals
Light absorbed by increasingly loergconjugated chains of monomer units moves toward
longer wavelengths and lower energies that eventually cover visiblewigfitbroad

absorptions

1.2 Material design principles



1.2.1 Overviewof thetypes of materials used in organic photovoltaics

A critical partof an OPV device is the photoactive layer, which consists- of
conjugatedmaterials responsible for absorbing light, generatimgygesand transporting
chargesout of the device Polymer:molecule blends are the most commonly used
combination ofactive layer materials in OPV, and they are the basis for the three main
projects featured in this dissertati@miconducting polymerhat encompass the current
stateof-the-art for OPV are comprised of two main componergslubilizing components
and an (electn) donoracceptor structurelhese two aspects of material design will be

discussed in the following sections 1.2.2 and 1.2.3, respectively.

The firstorganic solar cells were reported in the 1970s, but they primarily consisted
of a single absorber anddipower conversiogfficiencies less than 8.2 The firstdonor
acceptorbilayer devicewas reported by C. W. TantP84 and with an active layer of
copper phthalocyanine as the electron donor and a perylene tetracarboxylic derivative as
the electron acceptor, a record PCE of 0.4G6#@er AM2 illumination, 75 m\Wm?) was
achieved The donor, acceptor, and top silver electrode were sequentially deposited under
vacwm ontoindium tin oxide (ITO) on glass which acted as thbottom tansparent

conductor and substrate.

The first detailedreport ofthe nature of th@hotovoltaic process within polymer
semiconductors was in 199%@m Heeger and coworkerghere the polyme2-methoxy
5-(2-ethylhexyloxy)- 1,4-phenylenevinylenéMEH-PPV), eitherasa pristine film orin a
blend film with Buckminsterfullerene ), wasphotoexcite®® Excitation inthe pristine

film led to characteristic fluorescence at longer wavelengttmpared to the light



absorbed However, inthe blend, fluorescence was strongyppressedwhich was
attributed to photoinduced electron transfer from the polymer to the fullddereto the
efficiency at which this electron transfer occugrége authors hypothesized the existence
of heterostrutres intermixed on the nanoscédegenerate a network of phase interfaces
Following this study waghe reportof a polythiophene derivativéhat showedenhanced
electron transfer ratédn both casesthe nature of the morphology within the solid state

was not well understood, especially given the minimal solubilityeaf C

To further explore these donacceptorphaseheterostructures, Yu and Heeger
solution processed a blend of MEMPV and a cyarBPV polymer This wadn anattempt
to directly addreskw photovoltaicefficiency when considering electron transfer from a
single donorphaseto single acceptophaseversusa bulk film with a complex phase
separated microstructufeThis work establishedwo requirenents for efficientactive
layers (1) large interfaces for charge separation, and (2) pure dofoattsarge transport
and extraction This describes the e wl y  dhbalk-heterejanctiab, which is a
bicontinuous network of intermixed phases with hgghface area. This morphology is
critical for the photovoltaic process in disordered, low dielectric constant materials, and

is the basis foalmost allreportedorganic photovoltaic devices going forward.

As hinted to in the previous section, this dissertation will focus on elmcuaptor
phase material blends, where the active layer that is responsible for light absorption and
charge generation consists of a donor phase and acceptor phase that argilideadlyed
on the nanoscale into a morphology called the -bellerojunction (BHJ). The BHJ is an
interpenetrating, phasseparated network of the donor and acceptor materials which can

feature pure domains, mixed domains, and anything in between. thmdieng the nature



of this network, how it forms, and how to control it is the essential focus of this dissertation,

and this topic will be more thoroughly introduced in section 1.4.

1.2.2 Electronic vs. solubilizing components

One of the most widely studied a layer systems for organic photovoltaics is a
blend of the electrodonor poly(3hexylthiophene) (P3HT) anelectronacceptomphenyt
Ce1-butyric acid methyl ester (REBM) (Figurel-1). Compaed to early semiconducting
polymers like polyacetylené)e donor phase materRBHThasan nhexyl alkyl chain off
each repeat unit ithe backbone, which is used to impart solubility thalyacetylene
lacks Solution processability is a key trait that has massively increasexttlessibility
and potential industrial applicability of orgarpbotovoltaics ands a topic central to this
thesis The alkyl side chaiis also a structural director in the solidtstéhe effects ofvhich
will be discussed in the forthcoming sebthte morphology sectiofChapter 1.7)
Fullerenebased materials were the champion electron acceptiagematerials in the
field for about two decade®espite limited light absorptioprimarily in the ultraviolet
due to a large optical band gap, the strong electron affinity and spherical buckyball
structure afforded efficient chargeansfer after photoexcitation and isotropic charge
transport through the filimaking it an excellent aeptor phase materiahkin to the n
hexyl chain attached to the thiophene repeat unit on P3HT, the ghapsit acid methyl
ester functionality was added to the @oiety as a solubilizing component to complement

the electronic compone#it.
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poly(3-hexylthiophene)  phenyl-Cg;-butyric acid methyl ester
P3HT PCg1BM

Figure 1-171 poly(3-hexylthiophene) (P3HT) and phenyCe1-butyric acid methyl
ester (PG1BM), the most well studied organic photovoltaic blengsystem

1.2.3 Donor-acceptor polymers

A significant drawback of the P3HT:PCBM system is the limited light absorption of
both blend components, especially in comparison to the broad range of wavelengths
i ncident on the Earthos s umaripio the ultravmlet, t he s
and the onset of absorption of P3HT is around 650AImost all stateof-the-art highly
performing donor polymers have a copolymer structure with a combination of electron
rich and electropoor units in order to lower the albption onset energy, as shown in
Figurel-2. The optical band gap energies of both the dongy &&d the acceptor gk are
both larger than the gap of the alternatiogolymer (k). The first demonstration of this
electronrich and electrofpoor approach, also referred to as a dawmeptor approach,
was reported by Havinga et al. for polysquarines and polycrocorfanesto the mixing
of the energy bands, a new, lower energy absorbing state is foniett is beneficial for
light absorption and subsequent photocurrent generation in a déddgionally, the
dipole created from a covalently attached donor and acceptor group can hélpestadi
excited state generated after light absorptidowever, the maximum voltage that can be

generated from a device is limited by the difference in energy between the ionization



potential of the donophase materiabnd the electron affinity of theceeptorphase

material Whenthe field wasoncelimited by fullerene acceptors with fixed energy levels,

there was often a tradeoff between active layer systems with high current vs. high voltage.
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Figure 1-27 Energy level diagram of the frontier molecular orbitals of a donor
acceptor alternating copolymer(adapted from Havinga et al®) Repeat unit
structures of the three polymers featured in this dissertation, with the electron
donating and electroraccepting goups highlighted in blue and red, respectively.

The repeat unitstructures of the three polymers featured in this dissertation are

shown inFigurel-2, with the electrordonating and electreaccepting groups highlighted.

Chapter 3 describes DDPP2FTT, with a diketopyrrolopyrrole as the acceptor unit, and

flanking thiophenes and a thienmtphene as the donor uniChapter 4lescribes a family

of random copolymers based on the vatlldied PffBT4T20D (aka PCE11)which has

difluoro-benzahiadiazole as the acceptor unit and quaterthiophene as the donor group. The

resulting randomly altermi@g copolymers switch out some quaterthiophenesuboit

terthiophene, which is used to increase solubility and improve processability. Lastly,



Chapter Sdescribe?(DTG-TPD), with a dithienogermole electr@onating group and a
thienopyrrobdione acceptig unit. Comparingpolymers withdithienogermole (DTG) to

those withdithioenosilole (DTS) and cyclopentadithiophene (DTC), the structure of the
fused electron donating group was shown to change solid state molecular packing and

subsequerphotovoltaicperformancet®

1.2.4 Random terpolymers

To further develop the complexity of these deaoceptor copolymers, additional
monomer species can be used duringpblymerization process. This idea is the core
concept behind the PCE:bhsed random terpolymers that are the subject of Chapter 4 of
this dissertation! In the case of the PCE11 random terpolysyetthesis, shown iRigure
1-3, the donoracceptordonor monomer, wit thiophene and diflurobenzothiadiazole
(monomerl) was functionalized with bromines, while the bithiophemerfomer2) and
monothiophenenionomer3) monomersverefunctionalized with trimethyl tinT herefore,
in the resulting polymer, there is a randorsaaiment of 12 and 13 monomercouplings.
While polymer composition is being tuned by the relative ratios of the two thiophene
monomers, additional properties are imbued to the polymer by way of the random repeat
unit composition.Our group has shown thablubility and device performanagan be
improved with this random polymerization technidt®©thers have shown thaarious
systems polymerized with a random terpolymer approach can exhiader light
absorption due to a variety of chromophores being preséinth often leads to improved
device properties when properly tun'€d’ A recent review article @ summarized the
extensive efforts on developing random terpolymers for organic photovdftai¢sile

optimizing terpolyner design can simultaneously improve a variety of photovoltaic



properties, the random nature of the polymerization requires careful handling of monomers
and the polymerization to ensure minimal baite#batch variation and subsequent

reproducibility.
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Pddbag-CHCly/P(0-tol)
CB, 145 °C

Figure 1-371 Synthetic polymerization scheme of the PCE1-based copolymer,
PffBT4T m-co-3Th-20D, where the thiophenealiflurobenzothiadiazole monomer (1)
is mixed with a blend of either bithiophene (2) or monothiphene (3).PCE11lis m:n

= 1:0. Reproducedfrom Xu et al.'!

1.2.5 Polymer molecular weight consequencesolid state properties

While the repeat ungtructureand chemical puritare of critical importance to the
nature of a particular polymer sample, molecular weaglaldispersity (together known as
the molecular weight distsution) also play a role in polymer and device properfidse
effect of mdecular weight on P3HT propertiesdiseen well studied, and it has been shown
that crystallinity, film morphology, and charge transport properties are all related to
molecular weight®?°Increasing th@eumber averagaolecular weigh{M») of P3HTfrom
~ 2 kg mot! to ~ 19 kg mot is correlated witha chargemobility increase from 10cn?
V1slto 103 cn?V1stand an increase in power conversion efficiency frofnl % to 3
%.21220n the other hand, molecular wetcffects solubility a polymer withtoo higha

molecular weightnay lead tdow solubility anddifficult processg. As one would expect,



connections among molecular weight and polymer propeatiesnot limited to the all
donor P3HT but extend todonoracceptor polymeras well> The alkpolymer solar cell
community has paid particular interest to molecular weight effects, since the improved
mechanical stability inherent to gdblymer solar cells compared to polymer:molecule
solar cells is alsstrongly dependent on the molecular weights of lpattymers inthe

active layer blend* However, too high a molecular weight can lead to polymer blend
systems that are highly crystalline but atsmarselyphase separatednd as a result,

electrical characteristiasf those systemare poor®

1.2.6 Fullerenebased acceptors

As mentioned in section 1.2.2, PCBM is the most sstltlied electron acceptor for
use in organic photovoltaicsA soluble derivative of theCso fullerene (aka
buckminsterfullereneGs1BM, was first reported in 1995 by Fred Wudl and coworKers.
It should be noted here that the termgdB®™, PGs:BM, and [60]PCBMand subsequently
PC70BM, PC;1BM, [70]PCBM) are generally used interchangeably in the literature and
arise from whether one considers the newly added connecting carbon atom as a part of the
fullerene There area number of advantageous propertiedudferenes that have caecs
them to dominate the field of organic photovoltaics for roughly two dec&d&slectronic
structure calculations have shown that the LU®fullerenes are delocalized across the
entire 3D surface of the molecule, allowing for efficient isotropic charge transport. These
delocalized molecular orbitals also promote weak interactions thatcan lead to
aggregabn, which canform pure domains ideal for transporting free charges through a

blend film. These interactions arsufficient for favorable fullerene aggregation while
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accommodating a wide variety of donor polyménslependendf their crystallinityand

phase behavior

The origin of the low light absorption ok&and its derivative can be attributed to its
high degree of symairy, due to it being spherical. The lowest energy transitions are
formally dipole forbidden. However,-is an asymmetrical ellipsoid, and as a result these
low energy transitions are allowed arldus it absorbs more light thane& In effort to
improve the limited light absorption of RBM, René A. J. Janssen and coworkers
reported on the synthesis and characterization ef tullerenewith ananalogouphenyt
butyric-acid methyl ester solubilizing group 200328 When blended with MDM@PPV
into a bulkheterojunction OPV, the increased light absorption in the blend offers a 50%
increase in current density of the /2#8M devicecompared to the RGBM device This
photacurrentenhancemens offset by a slight decrea involtageand fill factor, givinga
drastic increase in power conversion efficiency when usingBMC This acceptor was
widely adopted andfor the most partreplaced P&BM as the champion fullerene
acceptor, with a record high PCE of almos®4d With PffBT4T-20D (aka PCE11) reported
by He Yan and coworkers in 20%4Further iteration on the PCE11 backbone found that
by usingslightly longer side chains and processing from almaogenated solvent system,
average power conversion efficiencies of 11.3 % were achieved, which remains the highest

reported efficiency from a single junction binary ble@®V using dullereneacceptor?®

Another well studied fullerene acceptor is ind€e bisaccudct (ICBA), with two
indene groups on the fullerene instead of a butyric acid methyl ester. This material was
first reported by Jianhui Hou, Yongfang Li and cokars, and with a higher LUMO level

relative to P3HT, higher open circuit voltagessfy were achieved* Despite a slightly
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lower current density ithe initially reportedsolar cellsthe P3HT:ICBA blendachieved a
power conversion efficiency of 5% compared td3.9 % with PG:BM and otherwise
identical processing-urther optimization brought the P3HT:ICBA system up to a PCE of
6.5 %, which is the highest reportefficiency using P3HT and a fullerenecaptor?® Our
Georgia Tech colleagués the Kippelen groummave made use of P3HT:ICBAends to
test their solution doping method of OPV active layers to create vettpaig gradients

for improved photovoltaic performanead facile device fabricatiolf' 3

The structure that provides all the beneficial propertiefulterene derivatives as
acceptors also leado their most significant drawbacks. Low levels of light absorption
have been discussed in the previous section. Some chemical functionalization has been
attemptedin order to improve the light absorption thmgh frontier energy level
modification, but only small changes in structure have been demonstrated, leading to
comparably small changes in electrochemical properties, such as with ICBA. In addition
to limited light absorption, more facile energy levelitgncould further improve the donor
phaseHOMO i acceptophasd.UMO offset, which is the origin of the 3¢ and therefore
maximum voltage achievable by the solar c€h the morphology side,ullerene
aggregatiorover timehas been shown to occur in thaid state, which eventually will
hinder charge separation and increeisargerecombination rate¥.Fullerene aggregation
can also occur durinthe film coatingand be present in freshly made filni3uring the
solution processing step, this aggregation is often mediated with the use -toHig
point solvent additives, which themselves can pose problems if they atieormighly

removed from the systefiThe use of additives is a key focus of this dissertation and will
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be discussed in more detail in thelution processing section (1.5). Successful-non

fullereneacceptors (NFAs) have avoided the drawbacks listed above.

1.2.7 Nonfullerene acceptors

The most widely studied types of réullerenemolecularacceptor generally fall
into one of two main structural mifs: perylene diimides (PDI) and acceptiznor
acceptor fused ring electron acceptors (FREA). FREAs are the current state of the art and
have shown power conversion efficiencies in single junction cells of over 17 %, and they
are used in chapter 4 of shdissertationThough hey are relatively new to the field of
organic photovoltaic&-REAshave overtakeRDI based acceptovdth respect to ongoing

research efforts and new publications.

1.2.7.1 Perylene diimide acceptors

The PDI unit features a core donor rofifused benzene rings, flanked by diimide
electron acceptor groups. The planar core has a high degree of order in the solid state,
which results in high charge carrier mobilities that can exceed?Vdrst.3” However,
this same tendency to pack often causes misoatte aggregates, which are detrimental
for photovoltaic performancé&he first notably high power conversion efficiency with the
first and most simple PDI was 3.0 % with the discrete molecular debBdrS{FBT Thy)2,
reported in 2013 from the groups of ThHQayen Nguyen and Guillermo Baz#PDI has
been iterated on over the years, most commonly by linking two PDI units together with an
aromatic linker and subsequently tuning morphology through side ciradiss with tle

well-known polymer donor PTBTh, aka PCE10, blended with a large téal molecule
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have reached 8.5 $8and a PCE11 derivative (P3TEA) blended withFIB, achieved a

PCE 0f9.5 %

The abbreviated version of PDI, naphthalene diimide (NDI), has found much use
in the field of polymer acceptgrhase material’he most common repeat unit structure
consists oNDI andbithiophengT2 or 2T), side chain engineering hasepeinvestigated
to control the high degree of crystallinity inherent to the backbtireeinitial problems
with these polymers often arise from strong phase separation and aggrégas@irong
phase separatios made more complicated blendswhen tte donor material is also a
polymer, as the mixing of two polymer components is generally less favorable than a
mixture of polymer and discrete moleculdorphology development inllgpolymer solar

cells will be discussed briefly later in this chapter.

The most commonly used NHI2 polymer has a pair of@ctyldodecyl side chains
on the NDI unitjs calledP(NDI20OD-T2) (aka N220Q)and is shown ifrigurel1-4. It was
first reported in 2009 in a transistor study where it was shown to have high stability due to
a low LUMO, and a high field effect electron mobility of ~ 0.5%av s*.4! Early reports
of blending this polymer with P3HT showed negligible powerveosion efficiencies,
below 0.5 %, most significantly due targe scale phase separation which gave a poor
morphology*?*3 Active engineering of P(NDI20D2) systems involved using different
paired donors, iterating on the side chains of both species, and manipulating the solvent
systemA record high PCE of 9.9 &as achieveih 2017with the polymer donoPTzBI-
Si, with trimethylsiloxane side chains on the acceptor unit, and with the blend being
processed from the green solvern@thyktetrahydrofurart? The electrorrich region of

the donor polymer features a benzodithiophene group with pendant thioplsepas of
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the side chains, which is a structural motétgtis nowcommonly usedh the current state

of the art FREA system$he siloxane groups on the endsha side chains were sufficient
to just solubilize the polymer while allowing crystallization during the drying and
annealing processes, ensurbwhhigh carrier mobilities and a morphology conducive to

photovoltaic operation.

CgHi7
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P(NDI20D-T2) ITIC

s R R N'\S\'N
S
& Dt \S/ L I
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IDTBR Y6

Figure 1-471 Four selected norfullerene acceptors: P(NDI20DT2), ITIC, IDTBR,
and Y6. Common variants of IDTBR have R = roctyl or 2-ethylhexyl.

1.2.7.2 Fused ring electron acceptdFE<REAS)

Fused ring electron acceptifGREA) discrete mtecules, generally found with an
acceptordonoracceptor structure, are the current stdtéhe-art materiad for organic
solar cells. Devices with these molecules as the acceptor phase material regularly surpass

the 11 % limit found with binary PCBM desgs, with the current state of the art binary
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devicesreachingl7 % using Y6 as the acceptor moleceg(rel-4). Use of a fused ring
aromatic core with flanking acceptor units means that the structures of these FREAs are
modular and syntheticallyunable so that frontier molecular orbitals and absionpt
spectra can be easily tundthrly reports othis type of material emerged in 2014, where
blendsof carbazolehodanine and fluoreadiodanine acceptor molecules were blended
with P3HT and achieved high voltages compared to PCBM due to the readigble
energy levels, but efficiencies of only up+8 %* These types of materials were iterated
on, with a maximum PCE from a thiophefused fluorene core FREA to o t010.0 %

with the dnor polymer PBDBT, shown inFigure 1-5.%6 The rest of this section will
discusghree moleules: (1)ITIC, the acceptor thakvitalized the OPV community with

an efficiency surpassing PCBM, (2) IDTBR, a slightly less high performing material that
has worked well with derivatives of PffBT440D, and (3) Y6, one of the currently highest

performng materials to date.

It is important to note that these nfullerene acceptors essentially shifted the
paradigm of materials design for organic photovoltalseviously, high performing
electron accepting materials were limited to fullerenes, which laage optical band gaps
and absorb primarily in the UV. Therefore, donor polymers were designed to be as narrow
banded as possible to absorb as long of wavelengths as possible and spread absorption of
device across the region of maximum solar irradianbé;h is essentially from 400 nta
the neaiinfrared (NIR) These new classes of acceptors can be widely tuned, and with a
strong puskpull molecular design, can have substantially long wavelength absorptions.

With this developmenthe light absorption noperties ofdonorphasepolymers began to
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be tuned back toward the visible, with NFA absorption being pushed further out into the

near IR.

C4Ho

PBDB-T (PCE12)

Figure 1-57 Repeat unit structure of PBDBT (PCE12).

In 2016, Jianhui Hou and ae@orkers blended PBDB (akaPCE12)with a new
nonfullerene acceptor, ITIC, to achieve a recorakimumpolymer solar cell PCE of 11.2
%, surpassing the performance mabst reported EBM solar cels.*” This record high
performance was attributed to a few factors: high voltage due to minimized energy losses
between the donor and acceptor materials and high current due to improved light absorption
compared to the PBDB:PC;:BM blend. Optimized devices usethermal annealing to
slightly enhance the performance, a technique used for a variety of polymer:NFA blends.
The PBDBT:ITIC blend also proved to be more stable than the PCBM blend counterpart,
another trend that holds for many different NFA systeAmsoptimized variant to ITIC,
ITIC-4F (aka I'F4F) features two fluorine atoms on each of the two dicyanovinylindanone
end groups. This fluorination servedltover the energy levels and increase the planarity
of the moleculeand with a complementary fluoriteal version of PBDBI, a new record

PCE of 13.1 % was achievéd*®
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Compared toTIC, IDTBR features amaller donor core and extended electron
accepting peripheral groups, witloth benzothiadiazole and rhadae units.With either
n-octyl or 2ethylhexyl solubilizing chainattached tdhe electron rich core, the molecule
is stronglyplanar and crystallizes in the solid state. This acceptor achieved one of the
highest power conversion efficiencies in a P3HT solar cell, 6.4 %, due to complementary
light absorption andhn ideal nanoscale morpholodyUsing a PffBT4T20D analogue
with longer side chains, devicesth up to 11.1 % PCE were built froactive layers cast

from the norhalogenated solvent mesityletie.

In 2019, using the fluorinated version of PBOBPBDB-T-F (aka PMb), a new
acceptor unit wasinveiled with a record PCE of 15.7 %This acceptor, Y@aka BTR
4F), is a relatively massive molecule with amciiedibly long and broad wavelength
absorption with athin film absorption onset of 931 nror referencelTIC and IT-4F
onsets are around 800 nm and 820 nm, respectivegldADTBR and OIDTBR have
onsets around50 nmand 780 nm, respectivelyrhe dructure of the molecule is an
acceptordonoracceptordonoracceptor moiety, highlighting the development of
increasingly complex moleculesat arepushing thefield of NFA solar cells forwardrl his
blend system has been further iterated on through @engineering methodsadding
10% of PG1BM to the PM6:Y6 blendo make a ternary ceihcreased PCE to a record
16.7%,>® and adding instead a small amount of chlorinated graphdiyne as a solid additive
has increased the maximum PCE to a new record of 1743#lecular optimization and
device engineering continue to push the field well beyond the fullerene solar cell limit of
11 % but scaling up these increasingly complex molecules for -srgle industrial

production will be a greathallenge
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1.3 Organic photovoltaic principles

At this point,the nature of the components thatmposehe light absorbing layer of
theorganicsolar cellhave been introducedhis section discussthe phenomena of light
absorption and the processes that foll@hating to the otbr component a complete

device as well as the techniques used to characterize the device.

1.3.1 Device operating principles

The photovoltaic effect is the generation of electrical power (current and voltage)
upon a mat er i alldagystalimepnorganic sesmicormductorsttica order
and rigidity ensure much larger charge carrier mobilities (typically df? V= s? or
greater) than can be found in organic semiconductors. Related to this are the much lower
dielectric constants of orgarsemconductorgelative to inorganic semiconductors; where
organicssuch as P3Hhave value®f 31 4, the dielectric constant of silicon 4s11>°
Upon exposure of a semiconductor to light, an excited state is formed in that material,
whereby an electron is promoted to a higher energy state and leaveséeaaahcy that
acts as an effective positive charge, called a hole. These opposing charges are
electrostatically bound. The dielectric constant influernthesability for these charges to
be screened by an external electric field. In inorgaemiconducts, such as silicon or
lead halide perovskite, high dielectric conssd@ad to low exciton binding energies on the
order of 10 15 meV. When an exciton is generated in that material, it can be immediately
split into free charge carriers by thermal enetgT, which is the Boltzmann constant
(8.6 1 7 &V K'Ptimes temperature in Kelvin and is ~ 25 meV at room temperature.

Conversely, exciton binding energies in organics are on the order of 100meaviing
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that within the bulk of a singiphaseorganic material,a photogenerateexciton is likely
to recombine and thus will not contribute photovoltaic power to a déMicgis why both
an electron donating and electron accepphgsematerial are required to generate free
charge carriers in organicand why tuning their intermixed morphology is critical for
controlling device performanceUnderstanding the fundamentals of tuning and

characterizing this morphology is a major focus of this dissertation.

The fundamental electronic states involved in photoexcitdtioa donoracceptor
binary phase systerare shown in the Jablonski diagram Rigure 1-6 (a), which is
reproduced from a review of organic photovoltaic fundamentals by Kippelen and Btédas.
The ground state of aconjugated system ihe singlet (3) state and absorption of an
incident photonnto either chromophoneith energy greater than equal to the difference
in energy between the first excited singlet stai¢ 48d S will promote an electron to the
S: excited stateOn the graphical diagram Figure1-6 (b), this excitation occurs on the
red donor polymer and forms an excitdhe exciton must then diffuse to a domaaceptor
interface if it is to ultimately generate photocurrent, and this occurs through a hopping

mechanism.
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Figure 1-671 (a) Electronic state diagram of photoexcitation leading to charge

separation in a chromophore. Reproduced from Kippelen and Bréda®.(b)

Diagram of the photoexcitation and charge separatioprocess at a polymer
fullerene interface. Reproduced from Pelzer and Darling/

The lifetime of a singlet exciton is on the order of nanords, which corresponds
to the timescale of fluoresceneghich isan S to So decay processif the exciton
encounters the donacceptor interfackefore decayingit can enter the intermolecular
charge transfer state (CT), where the hoilk remain onthe donor and the electron will
transfer to thecceptor phas®nce the charges have been separated at the interfaee into
charge separated state, the free charges (i.e. polarons) will move through their respective
phase materiaht a rate governed bhte mat eri al 6s charge mobi | i
charge collectionThere are a variety of theories and models that have been used to describe
the dynamics of charge generation and separation, and their summary and analysis is
beyond the scope dhis dissertatioi’! Chapter 2 will describe spachargelimited

current mobility commonly used for measuring charge mobilime®PV mderials

Performance of an electronic semiconductor device depends on the efficiency with
which charge carriers move. From an OPV perspective, charge mobility refers to the rate

at which free charges move within a material in response to an appliettdieldtr These
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charges are generated when a photogenerated exciton is able to diffuse teacdepimr
interface. Ideally, once a charge is separated, it will move through the material to its

corresponding electrode at a rate described by the chargétyno

1.3.2 Interlayer and electrode architectures

The sectios above describe the processes occurring within the active layer of the
solar cell, and the structure of that active layer is the focus of this dissertation. However,
there is more to a photovoltadevice than just théight absorber, and the interfaces
between the active layer and the external connections to the device are crucial for operation.
Typical researcitevel organic photovoltaic devicesncluding those built for this
dissertation, are coprised of the following layers: (1) Indium tin oxid¢TO), a
transparent conductor, coated on a glass slide, (2) a etamger selectiventerayer, (3)
the active layer, (4) the opposite chaogerier selectiventerlayer, and (5) a reflective,
opaqie top electrodeEntire dissertations have been written on understanding the
importance and optimizing each individual layer, and as every active layer system is

different, sais the ideal architecture that pawith it.

However, as device fabricatios $omewhat of an art rather than a science, it is all
too easy to lose the forest for all tliees andyet stuck changing too many variabses
that reproducible sciendecomesmpossible For that reason, the three projects featured
in this dissertatiormare comprised aofievices allhavingsame composition aside from the
active layerPrepatterned ITO was used, onto whichire oxide(ZnO) precursor solution
was spun coat and baked in aemt air, to form a transparent electron transporting layer.

Onto this layer, the active layer was deposited, either via spin coating or blade coating.
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Finally, this stack was brought into the thermal evaporator within an argon filled glove
box, wheremolybdenum oxide (Mo asthe hole transporting layer and silver as the
reflective back electrode were sequentially depositeter vaaum. This is anfinverted

device architecturand specific details on its construction will be discussed in chapter 2.

Early organic solar cells were built using poly(&thylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PS&) the solution processed layer spun coat onto ITO,
and low work functioncathodematerials deposited as the top, evaporated layigh,
common confurations beingcalcium/aluminum or lithium fluoride/aluminum, with
aluminumas the reflective back electrod@EDOT:PSS is a transparent hole conductor,
and calcium and lithium fluoridéLiF) act as the electron transport layer. This early
architecturenow known as a fAconventional o archite
drawbacks that have made it essentially obsolete in the organic phaics/cbmmunity.
PEDOT:PSS is acidic and hygroscopic, and over time in ambient air it can degrade both
the underlying ITO layer and the active layer deposited on @gicium metal readily
oxidizes in ambient air, LiF is actually insulating and needs to be deposited in a very thin
layer to form a dipole at the active layer interface without introducing resestaand
aluminum oxidizes in air to form a thin layer of aluminum oxide at the ragtahterface,

which could limitthe quality ofexternalelectricalconnections to the device.

The most widely known cathode interlayer material for inverted device
architectures is ZnO, which &pin coated in air and annealed at moderate conditions. The
ZnO precursor solution can either take the form of a colloidal suspension of hanopatrticles,
or a sotgel solution made from Zacetate, the latter of which is typically annealed with

slightly harsher conditions compared to the prepared nanoparticle séfuflompared to
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their counterparts in the conventional architecture, these interlayers and eleat®d
more stable in ambient condition. However, bdathO and MoQ have been shown to
degrade in ambient condition und®lar illumination Thisis primarily a result of UV
exposure, and use of a 400 nm long pass filter before the devishowas to beffective

in delaying the degradatiof’

1.3.3 Active layer structuré the bulk heterojunction

Identified in the 1990s and discussed in section 1.2.1, the bulk heterojunction
describes an active layer morphology that is e#iistically attainableand suitable for
efficient photovoltaic operation in organic materia#s.heterojunction is the inteate
between two dissimilar semiconductors with different propenieshichdifferent energy
levelsis the mostrelevantpropertyfor photovoltaics Three general forms of a phase
separated doneacceptor active layer blend are shown kigure 1-7. The bulk
heterojunction describes a bicontinuous network of donor and acceptor phase materials that
are intermixed on nanoscale dimensjarslized in active layers processfrom a blend
solution Before blend solution processingas possible bilayer devices were made
through sequential evaporation of one material followed by anofBecause the
photogenerated exciton, with a limited diffusion lengfharounds5-10 nm,*%%! needs to
diffuse to the doneaccepbr interfacen order to separate into free chardeght absorbed
far from that interface tersdhot to contribute to photocurretwith a very thin film, most
excitons could diffuse to the donacceptor interface, but such a filwould have to be
around20 nm andas a resultvould be semitransparewith low photocurrent and overall
low power conversion efficiencyThis idea implies that morphology becomes more

important with increasing film thickness.
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An idealzed donoracceptometwork, with features that to some extent the bulk
heterojunction approximates, is shown in the middIEigtire1-7. Between the hole and
electron extracting interl&ys and electrodes is an array of alternating high aspect ratio
donor(green)and acceptofgrey) domains, with a pure polymer layer in contact with the
anode for hole extraction, and a pure donor layer in contact with the cathode for electron
extraction.This active layer morphology, witphases alternating withreorizontal period
of about20 nm corresponding to the exciton diffusion length, ensures that at any point
within the film, a photogenerated exciton is able to readily diffuse to a -@mueptor
interface for separatioand free charges are able to transport through a single continuous

phase to its correspondicarge transporting layer

hole transport / anode hole transport / anode hole transport / anode

dehefphase

aceceptor phase

electron transport / cathode electron transport / cathode electron transport / cathode

bilayer ideal network bulk heterojunction

Figure 1-771 Three active layerarchitectures: (1) bilayer, (2) an idealized
interpenetrating donor-acceptor network, and (3) the bulkheterojunction.
Structural elements are not drawn to scale.

The active layer morphology of the blend films fabricated for this dissertation is
developedduring the complex and dynamic process of solution processing and solvent
evaporation, with phase separation being driven by many types efanteintramolecular
interactions. As a result, a bulk heterojunction is formed that is structurally inhomageneo
and subsequently challenging to characteaizé describeThe work in this dissertation

attempts to understand the morphology development for a select few blends of polymer
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donors and molecular acceptors, but it is accepted in the field that virwally system
Is different.Furthermore, no tool is available to definitively characterize the complex three
dimensional morphology from the molecular sized angstrom/nanoscale to the domain sized

nana/microscale all length scales of whichffect electrorg propertiesn a device

All that being said, a simplified approximation of a single slice of the bulk
heterojunction is shown on the right side ligure 1-7. A randanly assembled,
interpenetrating, bicontinuous network is showith both phase materials in contact with
both charge transporting interlayers. If we compare the length scales to the ideal network,
we find some features that are smaller than the excittusidin radius, and some that are
larger. It is important to note that the domains sttewn asa single layer of a three
dimensional network, so where there appears to be an isolated acceptor domain in a sea of
donor, this domain could connectdoother through the plane of the pagéth that in
mind, one could imagine that a photogenerated exaitomost of the regions of this slice
could reach a doneacceptor interface, and that free charges formed at that phase interface
could make their wayo the corresponding electraddowever, this schematic, which
functions on the tens of nanometer length scale of phases, also captures some features of
the bulk heterojunction that can be detrimental to photovoltaic efficiency. Unlike in our
idealized nework, here we have domains that are in contact with the wrong charge
transport layer. This causes charge leakage that will limit the maximum amount of voltage
that can be extractebut its presence is inevitable when casting a blend sokftibinere
also may be isolatedomains not a part of the bicontinuous network, where free charges

will likely thermalize and not contribute to photocurrent.
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This simple schematic shows two materials with a sharp interface, but in the reality
of a bulk heterojunction, there is likely be all kinds of mixed doneacceptor phases in
addition to the pure phasess suggested by the doracceptor interface schematic in
Figure 1-6, a mostly pure phase atceptor can have a few polymer chains in it, oe vi
versa.Depending on the materials used, the drying process, and any post processing on the
dried film, there can be any degree of mixed phases, with varying content of each material.
The usefulness ofheé mixed phase in organic photovoltaics is system dependent
(photovoltaic properties being system dependert common theme ahe field. For
P3HT:PCBMthe amount of mixing among the two domaiss function of processing
method and molecular weightnd it subsequentlyaffects the charge separation
efficiency®® The presence of a mixed phase has been experimentally verified in several
polymer:PCBM systemsaside from P3HT, such &8TB7* and PBDTTPD®® For the
discrete molecular donor X2 blended with PCBM, it was shown that both molecules
aggregate independently and efficient solar cells wergckted with no mixed phasg.

For these studies,-Kay diffraction techniques were used to measure PCBM aggregation,
which is representative puire PCBM domains rather than the existence of a mixed phase.
If PCBM loading increases but the characteristic PCBM scattering signal does not, that is
evidence of a polymer:fullerene mixed phaa#th respect to noffullerene acceptor blend
systems, theidld is sufficiently new and expanding rapidly that there are few detailed
studies that have drawn many significant conclusions from morphological résulthat

reason, the role of the mixed phas¢hiese systems not well understood.

1.3.4 Efficiency chaacterization
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Once a device is built, two main metrics are used to benchmark its efficiency, the
most important of which is iteutput powemnder simulated solar illumination. We also
use quantum efficiency measurementsneasure photocurrent responseadanction of

wavelength.

1.3.4.1 lllumination underthe AM1.5G referencesolar spectrum

Many variables affect the incident power from solar radiation, such as location on
the earth, time of day, and atmosphere composifiget of conditions have been chosen
and defined as a reference spectra for photovoltaic analysis, called AM1.5GA M1 . 50
corresponds tthe fact that due to the tilt of the earth relative to the sun, the light travels
through~1 . 5 A at mo s p hag massvbich pwrovidés la reasbnable average for
the contiguous 48 states of the United States of America over a period of oneiglear
atmospheric materials absorbing various wavelengths of ighte A GO0 st ands f
and takes into account theffdse scattered light from a blue sky and the surrounding
ground.The total irradiance is 100 mW ¢iriThe AM1.5G spectra is shown Figure1-8,
with maximum spectratiadiance in the visibleegion (400 nni 700 nm)moving out into
the infrared. It is in this region of maximum power thagolar cellshouldabsorbfor
maximum efficiencySolar simulators used in a laboratory environment approximate this
AML1.5G spectrunwith varying degrees of conformityhese will be discussed in Chapter

2, Experimental Methods and Characterization Techniques.
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Figure 1-81 Air Mass 1.5 Global solar spectrum (AM1.5G) Data taken from the
National Renewable Energy Laboratory
(http:// rredc.nrel.gov/solar//spectra/am1.5).

To characterize the solar cell under illumination, a source meter unit sweeps a
voltage and measures the current respbose the devicewith representative data show
in Figure 1-9. In the dark, the solar cell operates as a diode with current flow in only one
direction. Upon illumination, charge carriers are created, electrongdltdve cathode and
holes flow to the anode, and a reverse bias current is gend?atadieters taken from the
current density voltage curve that are used to characterize the solar cell are: short circuit
current density gt), open circuit voltage (¥c), fill factor (FF), and power conversion
efficiency (PCE).Jsc is the current density measured at short circuit, when V =0isV
the voltage at open circuit, when J 2PCE is the ratio of output power to input power, the
former of which is equivalent to the product of V and J at the maximum power point (i.e.
max power = VhaxA may), and the latter being 100 mW @mat AM1.5G. The ratio of Max
A madto Voc A scds cdled the fill factor As has been previously discussed, voltage

parameters are mainly derived from the electronic levels of the donor and acceptor phase
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materials, but are also less significantly affected by the nafureinterfacial layers and

can bereduced if too much of one of the phase materials is in contact with the wrong
interfacial layerCurrent density is largely controlled by lightisorptionbutit can also be
affected bythe morphology of the active laye®©f all the device metrics discsed here,

fill factor is the most direct reflection of morpholgggnd can be visualized by how
rectangular the-¥ curve is in the fourth quadrant the graphSince the projects in this
dissertation are exclusively about controlling and understandamgntirphology of the
active layer, the manipulation of power conversion efficiency will mainly be reflected in
changes inst and FF rather than voltage. However, changing acceptor phase materials,
such as comparinBC;:BM to nonfullerene acceptors in Chegos 5 and 6, will modyf

the Voc of a device

- =-=-Dark
—— Light

o
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'
s
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Figure 1-971 Current density T voltage curve of a solar cell in the dark and under
illumination. Included are the origins of the various parameters used to quantify the
efficiency of a solar cell. Adapted from Kippelen and Bredas®

1.3.4.2 QuantumEfficiency
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I n general, quantum efficiency i s a mea

to light andis the ratio of charge carriers to incident photons. The idea can be divided into
internal and external quantum efficiencies. External quanturgiexitiy (EQE), also
known as incident photon to charge carrier efficiency / incident photon to current efficiency
(IPCE, which appears to based interchangeabin the field, is a measurement of the
percentage ofncident photons thatare converted into reasurable curreniVhile this
metricis a function of photovoltaic efficiency in a device, it is also a function of the fraction
of light that is absorbed by the device rather than transmitteslis the most well reported
measurement of quantum efficmn as it allows for direct comparison of photocurrent
between systems, and when integrated across the AM1.5G solar spéctarbe used to
calculate dc. Internal quantum efficiency (IQE) measures the ratiophotocurrent
generated from light that wadksorbed anis therefore always the same or higher than the
EQE at any one wavelengtin essence, IQE as a function of wavelength is the EQE
divided by the lightnot reflected at that wavelength (transmission/absorption cannot be

used here due to the back reflective electrode).

1.4 Solution processing

One of the main benefits of organic electronic materials is their abiligydizsolved
in a solvent and solution pragsed This section will focus on the nature of these solutions
and the fundamental processevolved in coating and drying of the active layer. Tieat

section will discuss specific methodfthin film deposition.

1.4.1 Solubilitythermodynamics
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Solubility is the property of a material to dissolve in a solvent, which for our
purposes in this work describes a solid material being separated from the bulk and
completely surrounded by liquid solveMaterial dissolutions a specific case of mixing,
andis drivenby both entropic and enthalpic terms, with an entropic benefit gained from
moving a solid into a more dynamic state in solution. Thus, while heat may be required to
dissolve a material and bring it into solution, that does not necessarily mean it will
spmtaneouslyprecipitate The general equations used to describe the mixing of two
components arises from classical theory and has been well studied by Joel Hildebrand, a
physical chemist who pioneered tiiadamental understanding of ttheermodynamics of

solubility and was at one point shot and wounded by a disgruntled coll®ague.

The free energy change f or mpsgwdanypysthec al pt

following equations:

Yo YO VY (1)

Y'Y Y €1 %o (2)

w h e r e is taélenthalpic change of mixing, a function of the molecular interactions

bet ween components, T nisthe enteopipckange thmixieg, R n Ke
is the gas constan; is the number of moles of eacbhmponent of the system, andis

the volume fraction of each componeht. an ideal system, with no intermolecular

i nt er acn=i 00n san>destetBe free energy change is negative, and mixing is

spontaneous. Phase separation is a result ofmotecular interactions, which we will
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descri be wi-Hubging interactiorepar&metatony and Huggins introduced
this parameteto further refine Hildebrand theory in order to trgatiymersolvent and
polymerpolymer interactions, to understhncomponent mixing from a polymer
perspectivé®®® Molecular connectivity complicates the thermodynamic processes

involved in mixing.For two components, A and B, the enthalpy of mixing is defined as:

YO ... %% QY (3)

whereks is the Boltzmann constant. Therefore, the magnitude of the interaction parameter
determines the spontaneity of mixing. In the simplest case, epolan molecule#\ and
B interacting exclusively through dispersion forces, the interaction parametes:

oy @

whepies ga r ef er e paredarette Hildebrared saubilily parameters for
A and B, respectively. The Hildebrand solubility parameter provides a numerical estimate

for the degree of intermolecular interacts between materials.

YO Y'Y
8

(5)

aHy is the heat of vaporization andnwMs the molar volume of the molecule in the
condensed phas&he Hildebrand solubility parameter the square root of the cohesive
energy density, which represents the energy required to remove one molecule from the bulk

of the same molecule.
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With respect to the development of an ideal bulk heterojunction morphology, it is
important to balance thetermolecular interactions so that thergust the rightmountof
material mixing This can be controlledia materials designsolution formulationand
processing conditionthe lattertwo of which are the main topics herein A large
dissimilarity in chemical composition will yield a low degree of interactions, and will
preferentially have a molecule interacting with itself, thus forming large phase separated
domains. A close similarity in composition will yield a high degree of ioteyas, which
can be tr emDease wdhyperfeciyeveerHixing. This will prevent continuous
percolated pathways from forming, which are essential for charge transperabove
equations and thelory-Huggins treatment of mixing have a fevadbacks that limit their
ability to completely describe the system. These equations descriipolaornteractions,
whereby adding polar units to the equation will additionally complicate things. These
equations are also limited to amorphous materialsereas many semiconducting
polymers including the ones featured in this dissertation aresgstalline, which require

additional energy to solvate.

To extend the Hildebrand solubility parameter and Flduggins theory into more
complicated systems, @Hes Hansen in 1967 developed a set of solubility parameters to
help predict if one material would dissolve in anotffdrike the Hildebrand parameter,
the fundamental principle behind Hansen solubility parameters (HSPSs) is the idea that like
dissolves like, so if two molecules have similar structures they are likely to be miscible. In
addition to the dispersivierm] from the Hildebrand parameters, HSPs incorporate terms
for polar and hydrogen bonding interactions. An individual molecule is assigned three

parameters: 4, the energy from dispersion forces,; the energy from polar forces; ang
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the energy fronfnydrogen bonds between molecules. These three values give a coordinate
to the molecule ira threedimensionalsolubility space. The closer two materials are in
solubility space, the more likely they are to be miscible. This can be calculated from
equation6 below, where Ra is the distance in solubility space between two components,

indicated in the subscripts by 1 and 2.

YO 1] | 1 1 1 1 (6)

It is important to note the coefficient of 4 in front of the dispersalculation. There is
some theoretical basis for its inclusion as a greater contributor for the solubility prediction,
and ultimately it improves the empirical success of the equétidawever, three numbers

are not sufficient to dist all the inter and intramolecular interactions that determine
solubility. These parameters also do not take into account the connectivity of a polymer
chain andare designed for discrete molecular interactions dtyvever, there have been
cases of ngorted empirical success with the use of Hansen solubility parameters in polymer
systems for example, Reichmanis and coworkers have used a poor saldeitt/e to
induce P3HT aggregatiaturing processingnd enhance the field effect mbyi in the

solid state’? Ultimately, Hansen solubility parametesBould be used to predict solvent
systems and inform choices for designing experiments in conjunction with empirical data.
Hansen Solubilityparameters Practice is a toptesigned by Steven Abbatat can use

experimental data combined with literature data to determine the HSPs ofatevials

Truemolecular solubility is not a requirement for solution processabiibywever,
having an incomplely dissolved solutiooan limita complete understanding of the nature

of theink, which can complicate efforts to address reproducibligyrly solution processed
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solar cells with Go, discussed isectionl.2.], likely featured aggregates oédCather than
completely solvated molecules. Some of the polymers used in this dissertation also
aggregate, despite long solubilizing side chains, due to the planarity batkbone and
tendency to -° stack.The indirect evidence used to clarify the tendency ofHDIPP2F

TT (chapter 3) and PffBT4R2OD (chapter 4) to aggregate will be discussedheir
respective chapter¥he true nature of these aggregates is not welkrgtood, nor are the

best methods to characterize theks.with the P3HT system in the previous paragraph,
but depending on the systesome aggregaformation in solution can improve solid state

properties.

1.4.2 Phase separation

For a typical polymeblend solution use for organic electronics, sckdab/ent
interactions dominate the system, rather than sehitge interactions due to the much
higher volume percentage of solvent vs. sol#ts. solvent evaporation occurs, the
likelihood of solutesolue interactions increases, which will drive the system to solidify
into various phases, whether they be pure or miXéere are two fundamental kinetic
mechanisms of phase separation: nucleation and growth and spinodal decomposition. A
nucleation and groth mechanisnoccurs when the blend system is in a metastable region
and there is an energy barrier to solidification. Only once nucleation sites in the form of
seeds form do domains begin to form as the film solidifies. This is in contrast to a spinodal
decomposition mechanism, where the energy barrier toward phase separation is negligible
and relatively small concentration fluctuations in a drying film are sufficient to initiate

solidification.
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Spinodal liquidliquid demixing has been experimentally veatl in an additive
free blend of polymer and fullerene, by Janssen and cowdrkérn great detail, they
studied the film formation pross of a DPP based polymer, PDPP5T, which is similar to
DT-PDPP2TTT, which is another DPP based polymer that is the subject of chajter 3.
their work, they introduce the various aspects of solvent evaporation and phase separation

during the solution prassing of a binary mixturfeom a single solvenas shown ifrigure
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Figure 1-107 Schematic overview of the phase separation processes that may occur
during the drying of a two-component solution. Reproduced from Kouijzer et a3

After coating but bfore the solvent has fully evaporated, either ligigdid (L-L)
or liquid-solid (L-S) phase separation may occur. Otherwise, a finely intermixed film will
likely form. Additional L-S demixing may occur from adL separated systemvhich will
likely allow the solid phase to order more than if both components solidified
simultaneouslyOnce the film is dried, it is possible twder one or both components in
the mixture through a disorderder (DO) transition, which is typically achieved via

thermal annealing (TA) or solvent vapor annealing (SM@ptimum performance for
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P3HT:PCBM is often achieved with thermal annealing, duéedlendbeing too finely
mixed after processing:’® Other polymers generally use high boiling point solvent
additives, which are generally thoughtitarease fullerene solubility in order tohibit
aggregatiorof that componentintil polymer crystallization has gan’’ but most studies
do not provide a mechanism for solvent additive morpholagyustment during

processing.

1.4.3 Sidechain design

As the field of solution processable organic electronics ramped up, so did the
realization that solubilizing functionalities were required for facile solution processing.
Those early solution processable miais all featured side chains mainly consisting of
aliphatic groups: MEHPPV and its derivatives, P3HT, and PCBM, which gramash
little more complexityon its solubilizing groupAs the field progressed, it became clear
that there needed to be a lala between a side chain thasigficiently long to enable
solubility, but not so long that solid state propertiles microstructureare compromised.
Relating back to earlier in this section, the enthalpy of mixing should be balaetveen
very strorg and very weak mixind®3HT features a simple hexyl side chain on each repeat
unit, whichimparts solubility for the polymer to be solution processed, butdii®es and
helps the polymer to order in the solid st&achael Segalman and coworkers hanm\s
with differential scanning calorimetry (DSC) that decreasing temperature is required to
melt poly3-alkythiopheneswhen comparindghe linear hexyl alkyl chain on P3HT to a
longer linear docecythain, and lastly to a brancheekthyl hexyl chain’® The reduced
ordering due to the branch point is attributed to both the additional steric bulk close to the

backbone as well as the introduction oft@e®center at that branching position, which
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furtherincreases ordettisrupting randomnesSide chain engineering via increasing the
length or adding branch points is critical when developing danoeptor polymers with
stronger intermolecular interagtis than an allonor P3HTInstead of a small side chain

on each ring on the backbone, as with P3HT, many dacaeptor polymers hawerepeat

unit structure with longer side chains on only some of the rings in the repeat unit. This can
be seen in DIPDFP2T-TT and PffBT4TF20D, the polymers studied in chapters 3 and 4,
where the rings with long side chains attached are flanketebgectivelybithiophene

thienothiophene or bithiopheméthout side chains

In addition to exploring different lengtl@d configurationsf alkyl side chains
other functional groups are commonly used to further enhance molecular interactions
polymers alkoxy groups, ester groups, pendant conjugated rings like thiopheneenbgn
siloxanes, oligoethers, fluoroalkyl chains, ionic groups, and even reactive units like vinyls
or azides which can participate irosslinking reactionand further direct morphology
In addition to controlling the steric behavior of the malecif these functional groups are
adjacent to the backbone their atomic orbitals can interact with the molecular orbitals along
t he ©pol ymer backbone afrodtier moletuidr arbitalsFar he p o |
example, Jianhui Hou and coworkesgnthesizd a polythiophene derivative called
PDCBT, with a repeat unit of 4 thiophene units: two with no side chaimd two with 2
butyloctyl carboxylate groups as the side ch&inghe carboxylate/ester groups are
electron withdrawing to the extent that this polyras donciacceptor character, and with
drastically reduceftontier molecular orbital energiethe open circuit voltage of a device
when blended with P@BM is enhanced to 0.91 V in the optimized condition compared to

0.60 Vfor a P3HT device
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1.4.4 Solvent additives

As the major component of the blend solution, the composition of the solvent
system used to deposit the active layer drastically effects the resultant active layer
morphology.Commonly used solvents to dissolve deacteptor blends are halogenated
organicswhich includechloroform, chlorobenzene, and d&hlorobenzenélhile these
solvents are generally sufficient to dissolve the mixture, casting from a single solvent
usually results in a neieal morphology with éher insufficient or excess phase
separation between the bulk heterojunction blend components, aasiagk of order
within the domainsall of which can contribute to poor device performasen among
these noroptimized cases, solvent choice isl $tilportant. For example, initial reports of
an MDMO-PPV:PCBM blend show enhanced photovoltaic performance when the blend is

deposited from a chlorobenzene solution rather than toluene sdtution.

The use of small amounts of high boiling point solvent additives is ubiquitous in
the OPV literature as a technique to improve the solid state morphology in a blend film.
Initial reports ofsolvent additive based morphology manipulataira polymer:molecule
donor:acceptor blend for improved electrical properties were of P3HT:PCBM films
processed witm-octylthiol 8 This work and subsequent studies on kwkerojunction
solar cells waged by Guillermo Bazan and aeorkers.The initial test, published in 2006,
was a photoconductivity measurement tested via a thin film transistor (TRdij.follow
up study was on the lelwandgap polymer poly(cyclopentadithiophdrenzothiadiazole)
(PCPDTBT)® whose blend with PCBM does not respond well to anneading
P3HT:PCBM doeé* Compared to processing from a single solvent of chlorobenzene,

addinga small amount (24 mg mf) of 1,8octanedithiol (ODT)o the coating solution
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resulted in drastic increases in photocurrent and fdtoiain the device, ultimately
iIncreasing power conversion efficiencies from 2.8 % to 5.516. stugy exploredvarying
thealkyl chain length of the thiol additive, and tifen film UV/vis measurements showed
that a lower energy polymer peak emergetheODT additive processed filrelative to

the shorter alkanedithiglsndicating that the polymer backbone was more planar with a
greater extent of conjugatiorConcurrently with this work was the discovery that
processing poly(9;9i-n-octylfluorene) (FFO) with 1,8diiodooctane (DIO) increased the
presence of a specific polymorph in the polymer, fbghaseé®® The b-phase of PFO
corresponds to an alternating side chain configuration where the palynmeits most

planar form with the correspondingly lowest energy optical absorbance.

Following the intial studesand successes with ODT and DIO, a follow up study
compared directly a series of id&ubstituted octane additives, with end substitutimins
eitherthiol (for ODT), chlorine, bromine, iodin@or DIO), cyano, or acetaf8.This study
attempted to clarify the mechanism for solvent additive activity on PCPDTBT:PCBM
blends, where it was shown that a few additives improved current and fill faghor
increased intensity of the low energy polymer absorption peak and improved domain
connectivity as seen with AFM and TEMRIO processing was shown yeld films with
the bet performance due to the highest degree of morphology enhancement with respect
to the above criterialThe authors proposa mechanism fothe morphology improving
additives:once the solution is coated and the host solvent chlorobenzene evaporates, the
remaining additive willselectively dissolve fullerene over the polymer due to differences
in solubility. This prevents large fullerene aggregétes forming, which was identified

to be a problem early in the introduction of fullerenes, even those fualiziet with
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solubilizing groupsWith these results, the authors propose two criteria for processing
additives that will improve BHJ morphology and photovoltaic performance: (1) selective
solubility for PCBM over the polymer and (2higher boiling pointhan the host solvent
ensuring that it is the last to evaporatéimately, as new, more complex donor polymers
were constructed, polymer aggregation also plays a role in morphology development with
respect to the use of solvent additivés. this day, DO remains the champion solvent

additivein most casesspecially for fullerendasedOPV.

1.4.5 Dryingtechniques

Once the film is coated from solution, via the coating methods that will be discussed in
section 15, solvent evaporatesnd leaves behind @y film. The methodoy which this
film drying is accomplished has a large effect on the morphology and stability of the
resultant blend film and devicEor systemsast from a single solverthis is likely not to
be a concernsince relatively low baihg point solvents are used chloroform film
typically evaporates in seconds under all conditievith a boiling point of 61 °C and a
vapor pressure of 21.1 kPAt a room temperature solution and stage coating of DT
PDPP2FTT:PC:BM from chloroform, denonstrated in Chapter 3, the solution dries in a
few secondsA chlorobenzene film generally evaporates within a few minutes, but this
does depend on the temperature of the solution and the subsafthta higher boiling
point of 12 °C and a lower vapgsressure of 1.6 kP&ora 50 °C solutiorof PffBT4Tso-
c0-3T20-20D blade coated on a 50 °C substrate, a wet film cast from chlorobenzene will
dry in approximately 10 secon@i®20 seconds, as will be shown in ChapteAnd when
using o-dichlorobenzene as a cosolvent, at 7.5 #%e DT-PDPP2FTT:PC1BM film

coatedwith aroom temperature solution and stage is dry in approximately one minute.
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Taking care to dry the films properly is more of a concern when high boiling point
additives araised.For example, the boiling point and vapor pressur® are 258 °C
and 2.67% 10° kPa, respectivelylf a film with just 3 % of DIO is coatedat room
temperature, it will take several hours to dry in ambient conditldere it is important to
mention common practice in laboratory device fabrication, which is to bring a freshly
coated active layer into the vacuum chamber of a thermal evaporator, in order to deposit
the back electrodes to complete the deWw¢e.as device fabricators generally @ambring
the films into this vacuum chamber as soon as possible. Therefore, within minutes of
coating, the DI@Gwet film is forcibly dried under vacuum. Failure to do this has been shown
to have negative consequences on morpholbbgve observed that deeés built from
DIO additive films that have been allowed to dry in ambient conditions are more poorly
performing than their actively dried counterpafiemolet de Villers et al. have examined
in detail the effect of residual DIO on morphology of blentiB©B7 and PTB+Th with
PC1BM.2¢ This work was inspired in part by the work of others who have shown that
washing films with a polamon-solvent can improve performancedelay degradation, the
latter which has been observed with DIO additive soluffé#&The PTBZTh pristine and
blend films were shown to be unstable to photooxidation, and DIO accelerates this
degradation by acting as a radical initiator and likebtr@zting a hydrogen atom from the
2-ethylhexyl side chain on the polymérhis DIO is removed during a high vacuum
processlike that used for thermal evaporation of electrodes, but this need complicates
transition to high throughput relb-roll processig techniques, where vacuum processing
steps are not commonly usdthermal annealingyhile effectivefor removing DIO, can

disrupt the morphology anméduce device performanéz®®
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For the active layer films and devices built in this dissertadodespeially those
cast withthe highboiling point solvent additives DIO and diphenyl ether (DPE), films
were immediately brought into the vacuum chamber of a thermal evapaftatocoating,

in order to remove the additivgiickly and reproducibly

1.4.6 Solid additives

In attempt to evade the downsides of solvent additives for processing OPV, solid
additives have been explored as a means to controlling morphology during prodessing.
example McDowell et al. showed that thesel of 2.5 wt% polystyren@S)in a blend of
the molecular donor-PTS(FBTTh)2 and PGi:BM wasshown to improve the morphology
and photovoltaic performané®.This additive, similar to DIO, improved polymer
crystallinity via extended CB drying timsince PS was able to retain solvent during the
spin coating process. However, the DIO devices were higher performing due to the further

extended drying time afforddaly DIO compared to the C®ith PS.

Recently, volatilizable sold additives have been explored with pol{AREA
blends, which are designed to be removed via post processing treatments like thermal
annealing. Yu et al. have demonstrated a family of molecdiesigned to improve the
" stacking of ITIG4F in a blend film, that have similar structures to the electron deficient
end groups on ITI&F ! The proposed mechanism of the solid additives is as follows: the
additive mixes with ITIGAF during the coating process and may enhance the
intermolecular ordering; upon therrmainealing, the additive sublimates and the resulting
void in the film allows the already ordered additive domains to order even further. The

resultant devices have higher fill factors and currents than their counterparts processed
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without solid additivedjkely due toimproved charge mobilitieShis techniquéasshown
to work with avariety ofdifferent polymers and FREAS, suggesting universal applicability
of the volatilizable solid additive technique toward improving device performance of

FREA based manic solar cell§?

1.4.7 Postprocessing treatments

Aside from solvent choice and/or the use of a sohansolid additive, which
affecsthe film morphology as the film is coated and drying, the morphology of a film can
also be modified once the film dries. The two main methods through which dlciseved

are thermal annealing and solvent vapor annealing.

1.4.7.1 Thermal annealing

As alluded to in the previous section, thermal annealing is akwelWn technique
in the OPV community though for polymer:fullerene blends it often worsens the
morphology rather thammproves it.The practice was popularized with the watlidied
P3HT:PCBM blend, wherannealing at a moderate temperature has been shown to
drastically increase the voltage, fill factor, and current def$With initial results ofPCE
enhancement of up to 3.5 % at an annealing temperature of 70 °C, further optimization of
the annealing temperatuted to reported PCEs approaching 5 % with an annealing temp
of 150 °C* In general, annealing is thought to require temperatures above the glass
transition terperature of the polymer, in order to enable segmental chain motion and
organization into more crystalline structures. There is a drop in PCE when increasing the
temperature of P3HT:PCBM annealing to 170 °C or higher, indicating arcoaesening

of the sygtem and an increase in domain size past the ridgathe.
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While most high performing polymer:fullereri@ends rely on solvent additives
rather than thermal annealing to improve the morphology, the widespread use -oifirfgsed
electron acceptors has led to the return of thermal annealing as a method to improve device
performanceThermal annealing generalfipes not lead tasdrastic changes as seen with
P3HT:PCBM described above, but there is still typically some improvement. For example,
in the initial report of PBDBT:ITIC, annealing the ideal 0.5 % DIO ceastel 60 °C (for an
undisclosed durationincreased the average PCE from 9.8 % to 11.0 %, exclusively
through the increase in fill factéf.This is likely a result of improved ordering of ITIC,
and increasing annealing temperatures to 200 °C drops the performance back down to

below 10 %, suggesting an ovararsening of the system.

1.4.7.2 Solvent vapor annealing

Other reported nofullerene acceptmystemdave also seen success using solvent
vapor annealing (SVAr SA) as a posprocessing treatment. For typical SVA procedures,
a dry active layer film is exposed to solvent vapomlimenclosed container, ensuring
penetration of solvent into therfiland likely morphological reorganizatiohhe blend of
PTQ10:IDIC, is one example, where PTQ10 is a simple regiorandom thiephene
difluorogquinoxaline polymer and IDIC has a similar structure to IBUEwith a shorter
donor core and a lack of pendant bereeyroups connecting the side chains to the
backbon€?® The & cast PCE of this system is 10.4 %, thermal annealing brings efficiency
up to 11.7 %, and finally thermal annealfiojowed bysolvent annealingith chloroform
furtherincreases the efficiency to 12.7 %. Wghkt drop in \bc with these post processing

treatments is more than offset by a small increase-iantl a drastic increase in fill factor,
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from 65 % to 74 %.This performance enhancement was ascribedhtrgecarrier

mobilities that became higher anara balanced.

Solvent vapor annealindias been shown to improve the morphology of
P3HT:PCBM solar cells, withthe use of DCB that increaspslymer crystallinityand
thereforeémprovesthe hole mobility?® Multi-step SVA processshave been used to more
carefully tune domain sizey firstusing THF to form PCBM aggregatésliowed byCS
to simultaneouslyeduce the size of those aggregates to an appropriate size of ~a?@d nm
increase P3HT gstallinity, as measred via TEM AFM, and GIWAXS?’ SVA has also

been used with donacceptor polymer:fullerene blends adtipolymer solar cell&
1.4.8 Non halogenated solveptocessing

As alluded to in the initial discussion of host solsdot P3HT:PCBM processing,
using toluene compared to chlorobenzene generated a more drastically phase separated
morphology, likely due to poorer solubility of the blematerials However, there is great
fundamental and practical interest in moving away from halogenated solvent systems,
despite their efficacy and widespread use in OPV solution processihgentswhich
include chloroform and chlorobenzene present margitheand environmental risks and
hinder the transition of organic electronics from research lab to industrial printing
operations. Masof the successful reports of nbalogenated solvent systems have
involved solvents that are still aromatic and therefmmewhat toxic. Ideally, processing
would occur from environmentally benign solvents that arearomatic such as ketones,
esters, alcohols,-tethykTHF, and even watéf.But rigid backbones thare beneficial

for charge transport in the solid state limit solubility in those types of solv&dting
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polar functionalities to side chains, like glycols and esters, improves processability at the

expense of solid state morphologiien compared toaditional alkyl sidechain®?
1.5 Thin film deposition techniques

One of the main benefits of organic electronics compared to their inorganic
counterparts is their ability to be solution processed from liquid inks. This enables the use
of low-cost printing techniques already used in Btdyy such as screen printing, blade
coating, sloidie coating, ikjet printing, rotogravure printing, and spray coating.
Importantly, these techniques are amenable tetgalbll (R2R) processing techniques,
which reduces the cost of production compatiedatch processingrhis section will
discuss the fundamentals of commonly used solution processing techniques used to deposit

the active layer of an organic solar ¢ethown below irFigure1-11.

spin coating blade coating slot-die coating wire-bar coating

Figure 1-117 Schematic illustration of four solution processing methods: spin
coating, blade coating, slotie coating, and wirebar coating. Adapted from Richter
et all®*and Khim et al 102

1.5.1 Spin coating

Spincoating is the most widely used solution processing technique used in the field

of organic electronics, due to its ease of #ssubstrate is attached to a vacuum chuck, a
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solution is dispensed onto the surface, and the substrate is rotated at ratdly ganging

from 400 rpm to 5000 rpnAs the substrate spins, the solution is drawn from the center to
the edge of the substrate and flung off the eldg®jng behind a film that is generally quite
uniform, but potentially possessing a radial thickngssdient. This means that a large
portion of solution is typically lost, and that facombined with the dynamic movement

of the substratemeans thaspin coatings not amenable to continuous R2R processing
methods.The final film thickness is a functmoof acceleration, spin speed, spin duration,
and solution propertiesyith concentration being the easiest to modult®ue to the
dynamic nature of the spin coating process, the film often dries more rapidly than in
stationary techniques and the final film morphology is generally in a kinetically trapped

statel%

1.5.2 Blade coating

Blade coatingalso known as doctor bladeéd sometimes solution shearing the
active layer deposition techniquentral to the work presented in this dissertatidn.
general, doctor blade refers to removing the excess solution from a gravure cylinder for
coating apattern on a R2R web, while blade coating refers to thedonensional
patterning technique for depositing a uniform thin fithA blade is fixed a certain
distance abova substrate, a reservoir of solution is deposited at the-bldndrate gap,
and one movefaterally relative to the other, leaving behind a film on the substrate. In
continuous R2R processing methods, the blade is generally fixed while the substrate web
is moved below it. For lab scale devices with rigid glass substrates, as used in the work
featured in this dissertation, the substrate is affixed to a stage, and the blade is attached to

an electric motor that imovedacross the length of the substrate.
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Comparedo spin coating a comparably thick film on a substrate, a higher solution
concentration is required along with drastically lower solution voldrhes leads tdlade
coating requiring less solid material to coat, in large part due to negligibéziahataste
compared to the solution ejected from the substrate with spin coBti@giade gapwhich
Is the distance between the blade and the substrate, affects the film thickness, with a larger
gap giving a thicker film. Similar to spin coating, firfdin thickness is also function of
solution concentration and blade spaddwever, there is not a simple linear relationship
between blade speed and film thickndss most systems there are two coating regimes
depending on the drying dynamids. relatively slow speedsncreased film thickness is
achieved through slowing down the coating, in what is called the evaporative regime, while
at faster speeds, increased film thickness is achieved through speeding up the coating,
called the Landadievich regime'®® A direct example of this phenomenon is shown by
Zhenan Bao and coworkers, with the polymer PDPP3T (similar t®! DPFP2FTT, the

subject of Chapter 3shown inFigure1-12.1%7
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Figure 1-127 Film thickness (blue points)and dichroic ratio (black points) as a
function of coating speed forblade coated films of PDPP3T. The red curve
represents a fit to the evaporative drying regime, and the purple curve represents a
fit to the Landau-Levich drying regime. The dotted angled line represents the shear
rate as a function of coating speed, and thvertical dotted line representshe
transition from the evaporative to Landau-Levich drying regime. Reproduced from
Shaw et al*?’

The evaporative regime is marked by a red fitting line to the film thickness at low
shearing speeds, and the Landlevich regime is marked by a purple fitting line at high
shear speed$n the evaporative regime, the time scales of solvent evaporation and solid
film deposition are similar, so that the film is essentially dry after being coated. Thus, films
are diredly influenced by theateralforces exertethy the coating technique, and polymer
features can assemble and align with respect to the coating direction, as observed for
PDPP3T At faster speedsn the LandatlLevich coating regime, there is a noticealatasgt
between when the wet film is formed and when solvent evaporates. In this regime, the
drying process relates more to drogsting methods, and polymer solidification is directed

by the evaporation of a uniform thin layer of evaporating solvent froatisol Therefore,
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despite a higlshear ratggrey dotted lines) that aligns the polymer during coatihg
polymer hasample time to relaxo a more isotropic latal orientationbefore the film is
dry. As a result, at an optimum balance of shear ratdilamthickness in the evaporative
coating regime, around D.mm s!, the dried polymer is in a strongly anisotropic
morphology as seen with polarized UV/vis spectrosqbpgck pointsjandvariable angle

GIWAXS.

For the practical blade coating of actleger blends for organic solar cells, we are
generally operating in the Landaevich regimes, at speeds of 20 mrh & greater.
Therefore, the drying process is dominated by solvent (and solvent additive) evaporation
rather than the coating apparatus.aAsesult, anisotropy in polymer alignment is neither
expectednor observedIn general, efficiency for organic solar cells with active layers
deposited via blade coating is on par or lower than those efficiencies observed for spin
coated solar cells. This can be attributed to a few factors: (1) a greater volume of research
efforts and greater understanding of the spin coating process make it a more appealing
option for trialing new systems, (2) blade coating requires increased concentration of the
active layer solution, which could push the system toward instabilities due to poor
solubility of the blend components, and (@&ange in drying dynamics to a more

thermodynamically stable morphology rather than a kinetically trapped one.

Wire-bar coating is analogous to blade coating exdaptead of a blade with a
sharpand uniforminterface, like the edge of a glass slide, a waind bar is used.
Similarly to blade coating, wirbar coating allows for comparable control of coating and
drying regimes as well as compatibility with rtdkroll processing method§® An

additional variable being the geometry of the wire is added: both the gauge of the wound
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wire as well as the pitch of the wrapping can be varied (whether there is a gap or not),
further expanding the tunability of the techniqurel varables that need to be considered
when optimizing processing conditiohske blade coating, reports of witgar coating for
organic electronic systems show that it is a reliable technique for generating highly
performing films, such as in OFEf*?However reports of OPV layers deposited via wire

bar coating are few and far betweéh.

1.5.3 Other solution processing methods

While spin coating and blade coating were the only two coating methods used in the
body of the work featured in this dissertation, | will take a moment to adtmess
additional well known solution processy techniques used in the field of organic

electronicsslot-die coating and spray coating.

Slot-die coating is similar dynamically to blade coating, but instead of manually
depositing the solution into the meniscus, the die, or physical cegipayatus (analogous
to the blade) has solution continuously fed through a slot witdft Therefore, it is
amenable to continuous processing with even higher materiafffisency compared to
blade coatingWhile at one point our research group batbt-die coater, it was natidely
usedfor OPV due to the prohibitively large volume of solution required to fill the lines of
the instrumentwhich is challenging when déad) with batches of polymer synthesized at
the 100s of mg scal®ecent research efforts hasieown the promising potential of the
slot-die coating method, with a record high power conversion efficiency of 10.0 % with
PBDB-T:ITIC on a glass/ITO substratend 7.1 % on PET/ITO infeexible substrateroll-

to-roll configuration!*°
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Spray oating is another rolio-roll compatible technique used in the field of organic
electronics, whereby a carrier gas carries droplets of a solution through air to the substrate.
Ideally, these droplets will hit the surface and form a wet film that maydityeio generate
a smooth uniform solid film. In practice, solvent evaporates concurrently with the possible
generation of this smooth film, so the resulting surface texture resembles that of discrete
droplets that have dried togethdn. order to modulatedroplet size, ultrasonic spray
deposition is often employed, which generates smaller and more uniform droplets
compared to an analogue handheld airbrush, as is often used for less morphologically
sensitive organic electronic applications such as electotbs. Some recent workn
OPV has showrnpromising results from ultrasonically spay cast active layers that are
comparable, yet still lagn PCEcompared to those processed via spin coating and blade
coating with average PCEs of abodt Zhang et al. have reported an ultrasonically
sprayed blend of PTBTh:PG1:BM with an average PCE of 7.5 ¥.For comparison, the
best reported PCE with this blend processed via spin coatmger 10 % It is likely
that due to the drastic differences in coating dynamics between spray coating and other
mentioned processing techniques, materials design may need tovdleated and

modulated in addition to simple solution formulatajustment.

1.6 Film properties

Once films are formed, characterizing their morphology is critical in understanding
relationships among the variety of tunable variables that contrtied formation.
Molecular interactions and domain morphology all contribute to photovoltaic performance,
and a wide span of techniques are used to characterize these features that span a wide range

of length scales, from angstrorfi€® m) to millimeters(102 m). The techniques used to
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acquire this data will be discussed in Chapter 2, but their importance will be introduced

here

1.6.1 Optical properties

As discussed in the organic photovoltaic principles section, 1.4, active layer blends
should be designed to absorbrauch light as possible in the region of maximum spectral
irradiance, which lieapproximatelyin the visible region going into the NIRRhe degree
of optical absorption is itself dependent on the polymer structure, where high optical
absorption has beaonnected to the persistence length of the polymer, and that quantity

itself is affected by molecular weight:

If relatively largephaseseparated domains with length scales on the order of those
wavelengthexist (400 nni 1000 nm), light is likely to be scattered rather than absorbed.
Domains on that length scale are also detrimental to performande tioted charge
mobilities and exiton diffusion lengths as previously mention&im thickness should be
modulatedso the film is thick enough to absorb as much light as possible, but notdoo thi
as to decrease the likelihood that free charges will make their way to the eleditosgtes.
reported active layer thicknesses are in the 100 200 nm range, but sormew NFA
systems have been showmtaintain PCEs around 10%4th active layer thicknessesp

to 600 nm, which would benefthetransition to rolto-roll processing°16

Aggregation is another polymer property tlafects the optical absorption, and
notable vays to monitor this in solution are with UV/vis absorptspectroscopyand
visible light scattering. Both techniques have their downsides: UV/vis spectroscopy

provides indirect evidence for aggregation via the planarization of the backbone related to
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the solutionto film transition discussed in the nextaragraphThis concept is explored
thoroughly in Chapted with PffBT4T-20D, where increasing the temperature of the
solution from 25 °C to 95 °C causes a drastic blueshift of the absorption spectra and a
reduction in distinct features evident of aggregate orfdéNe interpret this phenomenon
literally as the polymer backbone transitioning from a planar geometry to a coiled
configuration, which serves as indirect evidence that aggregates are breakitigisiple

light scatteing to monitor aggregates has been explored by Rene Janssenvanikexs,

but interpretation is compleX. This will be discussedn section 1.8 on in situ
measurements. Commercially available solutions for monitoring light scatterapgaque

coating solutionsor OPV applications are currently nexistent.

Optical properties of conjugated molecules and polymers generally chdrege
transitioningfrom the solution state tdhe solid state A well-known example is P3HT,
which has a drastic color change when going from solution to thin film, whereby the optical
absorption onset moves to a lower energy and its UV/vis spectrumstsfted. This is
indicative of planarization of the backbone, afforded by polymer-iated intramolecular
interactions that dominate once solvent evapsté addition to the P3HT absorbance
spectra red shifting upon drying, there is often the emeegefigharper peaks or shoulders
indicative of vibronic transitions due to increased homogeneity as this aggregation forms.
This phenomenon can be modelled in terms of different types of aggregate order, but
adapting those models to more complex deamrepor polymers has yet to be achieved,

in large part to less dramatic optical transitions going from solution to*86lit?.

1.6.2 Topology
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Surface measurements such as atomic forceostcopy (AFM) can often provide
some insight into properties that affect device performance, but care must be taken to
understand the limitations of connecting device properties that depend on the bulk to
measurements that are limitedtkee small fraction of the film that is the surfac®&/hen
domain sizes are prohibitively large, on the order of hundreds of nanometers, this will
almost always be visible on the surface and be a strong indicator of poor device
performance On the other hand, AFM can also be used to identify large aspect ratio

structures like nanofibers, which can be helpful for charge tran$fort.

1.6.3 Texture: crystallinity and orientation

Most of the semiconducting polymers anohadl molecules used for organic
photovoltaicscan formsemicrystallingphaseswith some degree of order that develops in
the solid state. This order is derived primarily from interactions between backbones,
and lamellar interactions between side chaand involve length scales around2 and
2 nm, respectivelyThis ordering is typically measured via grazing incidence wide angle
scattering (GIWAXS), but crystallinity in general can also be measured via thermal
methodssuch adlifferential scanningalorimetry (DSC)While charge transport through
polymer semiconductors primarily occurs along the polymer backbone, charges can
certainly hop between chains given sufficient geometric overlap of the backbones, which
relates back to charge delocalizatiordanobilities. Lamellar ordering can further help
facilitate backbone ordering and charge transpibespite its origingrom the aliphatic
insulating side chain¥! The GIWAXS measurementvnlves the use of an area detector,
where the orientation of these various crystallites can be probatieindistribution can

be quantifiedFor example, improved isotropic crystal texture could help enhance charge
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transport through a film with-8imensonal variation in compositionVhile electrodes are
stacked in a vertical configuration sandwiching the film, domains are likely not aligned

with those electrodes.

1.6.4 Phase behavior: domain size and purity

As shown in the bulk heterojuncti@ehematic, donor and acceptor phase materials
separate and form a nanostructured network with length scales ranging from single
nanometers to hundreds of nanometers. Ideally, dorasgmhase separaten the order
of 10 nmi 20 nm, but depending on matdrproperties and drying conditions, materials
could phase separate into a finer or coarser morphology, or not phase separai@at all.
interface between phases is also important, whether the phase is sharp and well defined or

diffuse and mixed can aifethe efficacy of charge separation at a deawmreptor interface.

Two techniques are used for probipdase behavioin blend films: grazing
incidence small angle scattering (GISAXS) and resonant s@&y scattering (RSoXS)
These techniques are abdemieasure characteristic length scales derived from phases with
different material composition. Like GIWAXS, GISAXS uses haimys with energies in
the 10 keV rangé&? while RSoXS uses soft-pays with energies in the hundreds of eV
range(i.e. 0.2 keVi 0.3 keV)!? For hard xrays, the contrast between two phases is
determined by differences in electron density, while softys are sensitive wifferences
in chemical bonding environmettt As a result, GISAXS works very well for
polymer:fullerene blends, since the electronic densities of thesentterials are very
different. On the other hand, GISAXS is generally unsuccessful for looking at

polymer:NFA blends, since these materials typically have similar thiogbesesl cores
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with comparable electron densitidherefore, RSoXS is generally useddharacterize

domain informatiorfor those systems.

1.7 In situ methods

Sofar, we have discussed the nature of the solution and of the resulting thin film
morphology That final film morphology is established during the dynamic coating process
as a function of solution propertiegherefore, to better understand faetors that control
the final film morphology, real time characterization methods are used as the film dries to
get a complete picture of the coating process. UV/vis absorpanite light interference,
and xray scattering methods are the most commonly used and were implemented in the
work featured in this dissertation, but visible light scattering measurements have also been
employedby others The goal here is to develop formtita-propertystructurefunction
relationships that may be related back to all parts of the pro&klsugh virtually all
initial reports of OPV systems have been done via spin coating the active layer, the nature
of the stationary substrate made bladmtmg the technique of choice for in situ

measurement$?!

Early reports of these experiments were with P3HT:PCiiBdin single solvent
systems.In 2009, groups at Karlsruhe Institute of Technology measured optical
interferometry to moitor wet film thickness as a function of tifk&.In 2010, groups at
University of Sheffield used ellipsometry for wet film thickness along with GIWAXS
monitor the developent of polymer crystallinity?® Together these results begtm

establish relationships between solvent choice and drying dynamics, as well as how crystals
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developed duringolvent evaporation and as both P3HT and PCBM approached their

solubility limits.

In situ GISAXS measurements were first reporteyl Richter & al, where
P3HT:PCBM morphology development was studied as a function of solvent adglitive.
Combined with the use of GIWAXS and UV/vis, the authors show that without additive,
P3HT crystallization is inhibited by the high glass transition temperatgy®f{The blend.
Depending on the nature of the additive, further morphological development adter
the host solvent chlorobenzene evaporates. Whatthotonaphthalene (CN) is used as the
additive, P3HT continues to crystallize in the CN wet film due to a loweyadd domains
continue to form. When ODT is used, two liquid phases are formeldcrgstallization is
paused while domains form and solvent continues to evaporate, due to poor solubility of
P3HT in ODT. The ODT additive mechanism supports previous work indicating that the
solvent additive should be a selective solvent for fullerengjewthe CN additive
mechanism suggests that it has reasonable solubility for both compasiantately, this
report was one of the first that was able to establish a relatively complete picture of phase
behavior during coating and solidification and Hights the advantages of using
comprehensive in situ techniqu@smore complete discussion of in situ characterization

of solvent additive processed films for ABBHT systems is presented in Chapter 3.

1.8 Overview of dissertation

This thesis attempts to plain the morphological behavior of three polymers by
way of thoroughly characterizing the polymer solution, the film processing method, and

the morphology of the dried fil m. I wi | |
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aggregate, which affectselease with which they are solutiprocesseds well as their
resulting microstructural properties. This chapter has focused on the fundamentals of
materias design, device construction, solution phase behavior, solid state morphology, and
the transitiorbetween the latter twitmpics in the form of in situ characterization. Many
experimental techniques were introduced and placed in historical context. Chapter 2 will
discussthe details of these experimental techniques from a fundamental physical
understanishg to practical application and use. Chapters 3, 4, and 5 are the three main
projects that | have worked on in my graduate cammsd they will eacliliscussa select

few of these characterization techniques in more detail and in coBteagpter 3 is othe
polymer DT-PDPR2T-TT, a low solubility, highly aggregated polymer that was processed
with a variety of cosolvents arte effects of these cosolvents on the drying process and
morphology. Chapter discusses th®€CE11 derivative PffBT4gb-c0-3T20-20D, which

was engineered to have improved processability but improved solid state properties relative
to PCE11Both moving from spin coating to blade coatiagd moving from PCBM ta
nonfullerene acceptoreduce the overall power conversion efficienayd this chapter
addresses the fundamental morphological reasons for those ch@hgpter Sdiscusses
P(DTGTPD), whichhas no accessible aggregation transitiand can be processed via
spin coating or blade coating, from halogenated orhalagenatedavent systems, to

give virtually identical morphologies and device performarites property is attributed

to its high solubility and limited reliance on microstructural order foattbptimally
performing caseChapter 6 will provide a brief outlook and perspective on the field of OPV
relating to the work presented in this dissertation, focusing on aggregation and facile

solution processing.
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CHAPTER 2. EXPERIMENTAL METHODS AND

CHARACTERIZATION TECHNIQUES

This chapter willdiscuss the experimental tools used in this dissertation as well as
the theory behind them. The techniques used herein begin with polymer and solution
characterization, end with thin film fabrication and device measurement, and include real
time solutionprocessing characterization along the wRglymer synthess and synthetic
characterization were done By. Bing Xu andDr. Austin L. Jones for Chapter 4, aimi.

RylanM. W. Wolfe for Chapter 5.

2.1 Polymer characterization

2.1.1 Basic synthetic characterization

Along the course of polymer synthesis, monomer units need to be thoroughly
characterized with their purity confirmedommonly via nuclear magnetic resonance
spectroscopy (NMRand elemental analysi& number of techniques are commonly used
in conjugatedoolymer synthesis which affects the end groups attached to the monomer
units. Two commonly used polymerization techniques are Migfitee-Kosuge (aka
Stille) and direct heteroarylation polymerization (DHARJhile Stille coupling relies on
toxic organain coupling groups, it is a more versatile and facile polymerization technique
compared tdHAP. The reader is directed to the dissertations of Brian Schmatz, Chi Kin
Lo, and Caroline Grand for discussion on polymerization techniques used to prepare

polyme's for organic photovoltaics.
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After initial polymer purification steps, the polymer is fractionated into various
distributions of molecular weight via Soxhlet extractidufficiently high polymer
molecular weight is important for solar cglerformance rad understanding material
properties is important for reproducibilitk. common Soklet extraction solvent schedule
is as follows: methangremoval of salt and catalystaterial$, acetone, hexanes (the first
solvent likely to dissolve polymer material, low molecular weight oligomers),
dichloromethanéDCM) and chloroforn{CHClz). Polymers with ideal molecular weights
for organic photovoltaics generally emerge from the last tweesb extractions. More
powerful solvents like chlorobenzene can be used after DCM and:bi€the resulting
polymer fractions are likely too high weight and of too low solubility to be much use for

the processing methods tleaecommonly usd

2.1.2 Gel pemeation chromatography

I n order to characterize a polymeroés mol
chromatography (GPC) is commonly used. Also known as size exclusion chromatography
(SEC),GPC is a technique where a polymer sample is characteiiz&d tiydrodynamic
radius compared to a standard, generally polystyfgme main parameters reported from
a GPC experiment describing the molar mass distribution are number average molecular
weight (M), weight average molecular weight (M and their rdo, dispersity
(n =Mw/M;). The weight averagenolecular weight is a higher value than the number
average molecular weight due to an increased weighting factor in its calculation. Thus,
dispersity will always be 1 or greater. A dispersity dafidicates that all polymer chains in
the sample are the same length, with increasing values iindiealbroader distribution of

chain lengthsFor the polymers featured in this dissertat@®C wadypically performed
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in 1,2,4 trichlorobenzene at tempienes between 140 °C and 1606@a Tosoh ECoSEC

HT GPC instrument with a refractive index detector.

2.2 Polymer solution characterization

Since solution processing is a central technique to this thesis, characterization of

materials in solution is critical for complete understandingaahsystem.

2.2.1 UV/visible absorption spectroscopy

UV/vis absorption spectroscopy was performed both on saolsitand films using
either a Varian Cary 5000 Scan W\s-NIR doublebeam spectrophotometer, or an Ocean
Optics Flame VINIR diode spectrometefhe Cary 5000 has an incredibly broad spectral
range and high sensitivitygplong witha thermoelectric heatdor variable temperature
solution measurements. This high sensitivity is achieved through a long optical path length
requiring the use of a mechanically controlled diffraction grating and slits, which means
that spectra are built up one wavelength anha #dditionally, this instrument has a double
beam configuration, where a blank (pure solvent) is measured simultaneously as the sample
to correct for subtle changes in light intensitiierent to the instrumentonversely, the
Ocean Optics Flame has cpatt charge coupled device (CCD) array, whereby the entire
spectrunis measured at oncehis allows for rapid spectra acquisition required for the real
time UV/vis absorption and reflection spectroscopy techniques presented in this work.
Whereas a typicapectral acquisition on the Cary 5000 takes about 1 minute, the Ocean

Optics Flame can operate with a scan eatastasapproximately 30 ms.
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Solution UV/viswas exclusively conducted on the Cary 508@ypical concentration
of 0.02 mg mit was used in order tachieve an absorbance of approximatelywvtith a
1.0 cm path lengthuartzcuvette It should be noted that the absorbance unit is a logarithm
of a ratio of light intensity out vdight intensiy in andis therefore dimensionles&iven
the challenges of measuring tens of micrograms for the few mLs required for this
experiment, a stock solution of ca. 0.2 mgwas generally made and then diluted 10x
to a concentration suitable for UV/viSampe holders on the Cary 5000 may be swapped

out to accommodate thin film UV/vis on glass slides.

2.2.2 Thermochromism and temperature dependent aggregation

In order to control solution temperature during the UV/vis experiment, a thermoelectric
system coupled witla water batlwasused to regulate the temperature from ~10 °C to
~100 °C.If the temperature is dropped below ambient, care should be taken to ensure that
moisture does not condense on the cuvette. This can be achieved with an inert gas blanket,
like argan or nitrogen, but this was not used for any of the work presentedWierare
instead interested in exploring the effect of increasing temperature on polymer UV/vis
absorption spectra, which can coil the polymer backbone which relatesatiybgation
of polymer and cause the spectra to blueshkift. the work in this dissertatiothe heater
is generallyscamedfrom 25 °C to 95 °C in 10 °C incremerits each scarwaiting for 5
minutes after the target temperature has been reached in order to allow the solution to
equilibrate.Teflon capped cuvettes are used to prevent solvent evaporation, wduth

otherwiseconcentrate the solution and increase the absoriptiensity.

2.2.3 Solubility characterization
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Solution UV/vis spectroscopy can be used to quantify solubility. A calibration curve is
created from a few known solutions, generally beginning with a solution with absorbance
around 1.0 and diluting serially to sparrange from 1.0 down to approximately OAL.
saturated polymer solution is then centrifuged to separate the undissolved material from
the solution. This supernatant is then diluted to an absorbance value within a range of the
initial calibration, at whichpoint the resulting absorbance can be compared to the

calibration curve and related back to the dilution used.

2.3 Thin film characterization

2.3.1 UV/vis absorption spectroscopy

As mentioned in the previous section, high resolution UV/vis absorption measurements
were collected with the Cary 5000 with a slide holdglms were processeda spin
coating or blade coatingnto cleaned glass slides, since there are minimal to no changes
in absorption spectra when coating on ZnO/ITO/glass slides as used for a device
configuration. The solidstate absorption spectreere used to estimate the optical band
gap. As will be discussed in section 2msitu absorption spectroscopy was collected with

an ocean optics CCD spectrometer to allow for rapid data acquisition.

2.3.2 Profilometry

Film thickness was measured via profilometry using a Bruker DektakXT stylus
profiler. This profilometer is equipped with a diametifgbed stylus with a radius of 12.5
um, and3 mgof contactforce stypically used orthesample. In general, th@ofilometer

was used to measure active layer films on glass/ITO/ZnO substrates. The active layer film
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was scratched in a zgpg manner with a razor blade in order to generate parallel scratches
on the order of 300 prh 600 um apartCare was taken to em® that all the active layer

was removed while not disturbing the layers below, which was achieved due to the higher
integrity of the ZnO nanoparticle surfacewuch higher force with the razor blade is
required to remove the ZnO film relative to the azlayer film.For the measurement, the
stylus is draggetinearly across the filnover adistance that spans at least two scratches at

a speed ofipproximatelyl0 mm &'. The line profile was zeroed to the two scratches and
the thickness was computed asethverage difference in height between one of the
scratches and thadjacent film in between the two scratchiesgeneral, three separate
measurements for a film were taken and averaged; the location of these three measurements
were dependent on the caggitechnique. For spin coated films, there is generally a radial
thickness gradient, with increasing film thickness from the edges of the film to the center.
For blade coated films, there is generally a linear thickness gradient in the coating direction,
with decreasing film thickness as the coating progressies.thicknesses were measured

on almost all devices after fabrication and electrical testing.

2.3.3 Atomicforce microscopy

Atomic force microscopy (AFM) is a surface mapping technique that uses a similar
technique to profilometry to measure topologysharp styluss moved across the surface
in order to map both height and mechanical propesasea function of positiorf-or the
measurment a laser islignedonto the back of the stylus atite subsequent reflection is
directedinto asplit photaletector(i.e. a pixel array)Changes in the surface properties will
move the tip and therefore adjust the position that the laser reflection hitstélctode

Earlyforms of AFM used a contact mode, similar to profilometry, where the stylus is kept
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in constant contact with the surfa8ecause the tip is being physically dragged across the
suiface, strong lateral forcesan cause rapid sample and tip degradation,extehded
contact with the surface can cause electrostatic charging which can affect accurate surface

measurement.

To date, tapping mode is the most widely used AFM method for organic film
measurement. Instead of having the stylus in constant contactthatisurface, a
piezoelectric crystal vibrates the tip at frequencies in the range of 50 [@82kbiz. This
minimizes the forces incident on the samgtel improves both the life of the tip and the
sample. In addition to the change in amplitude of thiectsd laser oscillation that is the
basis for the height measurement, the phase change between theplexzowscillation
frequencyand the measured laser oscillatibequencyis recorded. This forms a phase
image in addition to a height image andresents contrast of different material properties
within the surface such as elasticity, adhesion, and fricliba.effect of sample approach
on the signal amplitude amdcillatingfrequency is shown iRigure2-1. In tapping mode,
height and phase images are collected simultaneoAs$lil images featured in this
dissertation were conducted on a Bruker Dimension Icon, using probes with resonance

frequendes in the range of 100 kHz to 160 kHz, with a spring constant of N m
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Figure 2-117 Schematic of AFM methods: tapping mode and PeakForce tapping
The tapping mode diagram shows the change in resonance frequency and oscillator
amplitude from the driving signal as the probe contacts the surface. The PeakForce
tapping mode shows the force curve as a function of time and@osition for a single

probe approach. Reproduced from bruker.com.

There is a constant feedback loop during the tapping process that reflects the
fundamental interactiorduring the tapping procesAs the tip approaches the surfacan
der Waals forces attract the tip to the surf@oe decrease the force incident on the tip. As
the tip becomes closer, Coulomb foredsch act more strong)yout at a shorter distance,
act to increase the force on the. ths the top comes back up, van der Waals forces take
over again and provide amar attractive force. The probe backs up even further at which
point the tip does not sense the presence of the surface, and then the cycle repeats.
PeakForce Tapping is a Brukaroprietarytechnology that performs dynamic analysis of
this force curve in order to drastically improve imaging resolyteEspecially on soft
samplesThis force curve is shown Figure2-1, both as a function of time andpbsition,
A probe with aspring constant of 0.4 N fhis usedwhich is over one order of magnitude

lower than the spring constaot tapping mode probes dedwrd aboveThree different
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sample types are showindicating the flexibility that thimeasurement has among samples
with different hardnessSoft samples like those shown in the bottom most curve would not
be able to be imaged with tapping moBeakForce tapping offers increased sensitivity

which wascrucial in imaging the polymer nanofibers showrCimapter 3.

2.3.4 Optical microscopy

Optical microscopys used to gain insight into structural featumeshin films on
the micron scale, generally from tens of microns to millimet@ggical microscopy was
performed with an Olympus BX51 upright microscope, though its use was limited to other
projects in my graduate career that will not be presented in this disserfakisn
microscope has a set of polarizers that can be used to measure structural order in
birefringent materials, which are materials whose refractive index is dependent on the
polarization and propagation direction of lighhis microscope can also beuggped with
a stage that can be heated or cooled to observe optical changes associated with thermal

transitions.

When performing optical microscopy, users are often tempted to place their sample
on the microscope, focus the image, and quickly collect aograph. However, care
should be taken to ensure optimal illuminationorder to achieve the highest quality
imaging. This generally involvethe establishment of Kohler illumination, which is an
illumination technique established in the nineteenth cemtyAugust Kohlet?’ The need
for this technique arises in part because the origin of the light is some sort of filament in a
lightbulb, and this filament should not be directly focused on the saAxgieving Kdhler

illuminationinvolves perfectly defocusing the microscope light source at the focal level of
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the sample, so that the sample is uniformly illuminated and any dust or imperfections on

the condensdensare not visible in the image.

In order to neasure quantitative optical information from an optical microscope,
the image output can be sent into a monochromator or spectrophotometer to get an
absorbance or fluorescence spectrum from a point or a line. To build up a complete image
at a size commorotan optical micrograph, e.g. 100 um by 100 pm up to 1 mm by 1 mm,
the entire field of view needs to be scanned point by point or line by line, collecting one

spectrum at a time.

2.3.5 Hyperspectral microscopy

Hyperspectral microscopy is a technique that canucaspatiallyand spectrally
resolved opticatlatavia the use of volume Bragg gratings (VBGpr this dissertation,
hyperspectral microscgpwas conductedon an IMAVIS from Photon etcWith this
instrument, the entire field of view is directed into the VBG amégesthat are
approximately monochromatare isolated and sent into a cam&hown inFigure2-2 is
a labeledphotograph of the Georgia Tech hyperspectral fluorescence microscope. This
microope has two different excitation sourcas3watt 532 nm continuous wave laser
anda broadband mercury lamphe fluorescence excitatiagourceis reflected into the
sample via dong-passdichroic mirror in one of the filter cube turrets on the microscope.
The light is focused into the microscope objectiveexcite the sample, and subsequent
emission is collected by the same objective taaaismitted though the longpass dichroic
mirror. The light is then sent into theyperspectral VBGs, of which there are two; one is

designed for wavelengths from 400 ni®50 nm, and the other is designed for wavelengths
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from 550 nmi 1000 nm.Spectra can be stitchédgether across these two VBGs but
intensity needs to bgroperlynormalized Data from this instrument is used exclusively in
Chapter 3, where films were excited with the 532 laseg and emission was collected

from 550 nmi' 1000 nm with a single VBG.

traditional hyperspectral
fluorescence fluorescence
microscopy microscopy

volumetric Bragg
gratings for single-
wavelength imaging

one spectrum one image
per point per wavelength

mechanical stage with
wings to mount coater

Figure 2-21 Hyperspectral microscope photograph, with vital components labeled

(left). Fundamental differences in spectral acquisition from traditional fluorescence

microscopy and hyperspectral fluorescencenicroscopy (right). Image reproduced
from photonetc.confima/.

Due to slight divergence in the optical path, the entire light incident on the VBG
does not all come in at the same angle in the horizontal direction. As a result, the output
from broad spectim emission incident on the VBR is a gradient of wavelengths, where
the center of the image is tuned to the desired wavelength and the edges of the image are
+50 nm on one side arB0 nm on the other side. As the VBR is mechanically scanned to
build a seies of images, each instance of a single wavelength is progressively collected
across the field of view. These images are stitched togethetheitincludedoroprietary

software (PhySpec) in order to generate true monochromatic images. A comparison of the
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process in which traditional and hyperspectral fluorescence microscopy images are

generated is shown on the right sidd-mjure2-2.

Images are collected with naelectronmultiplying chargecoupleddevice
(EMCCD) camerawhich is a special camera designed to eliminate the intrinsic noise
generated during the readout process of a CCD camera. This EMCCD was chosen for this
microscope due to its high signal to noissio, which is beneficial for low light
applications and rapid image acquisiti@oupled with a blade coater or wdbar coater
onto the stage of the microscope, this camera can be used to capture the dynamics of the
film formation as a solution is coateand the film driedJsing a fixed wavelength, images
can be collected in intervals as fast as 30Thss is a effective techniquéor rapid film

monitoring onmicronlength scales.

The previous chapter discussed the importance of real time monitdiimigy film
development via Xay scattering and absorption measurements, which can characterize
molecular conformations and nanoscale morphology. Real time characterization with this
instrument is used to develop understanding tamger lengttscale, acompassing 10s of
pum to 100s of umHowever, real time data collection has limitations. Most notably is the
effect of the excitation source on the drying process; the high energy from a focused laser
with sufficient flux to get a reasonable signal progidaoughenergy toheat ando boil

the solvent and drastically alter typical drying characteristics.

2.3.6 Grazingincidencewide angle Xray scattering (GIWVAXS)

Grazing incidencewide angle X-ray scattering (GIWAXS) is a technique used to

determine structurarder and orientatioaf thin filmson length scales from approximately
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0.2 nm to 2.0 nmGIWAXS uses hard »ays, which for this work consisted ofréys
with energies oéither12.7keV or 13.5 keV.Scatteringof hard Xraysis observed due to
periodic regularitiesn electron density within a filnDue to low scattering length density
of the organic materials used in this dissertation arising from tbeir degree of
crystallinity, a highflux synchrotron light source is uséti0'? photons 3 or greate). The
relative differences in intensity between the incidenta)X light and the scattered-ray
light require that the reflected beam be physically blocked from the detector; otherwise,
detector damage would occur fromrXy exposure.The X-ray beam is directed a
shallowanglethat is large enougio penetrate the film depth, but remt large that thiigh
dielectric costantsubstrate is measurethis defines the grazing incidence geomefry
2D area detector is placedpmpximately 150 mni 300 mm from the sample, which is
used to measure the position and relative intensity of scatteredAigbhematic of this

setup is shown ifigure2-3.

@) R Provides information about
. structures perpendicular to
f

4 N8, the substrate

(b)
, Provides information about
structures in the plane of

the substrate

Incident x-rays

Figure 2-31 Schematic of the GIWAXS experiment and resulting 2D scattering
pattern for PBTTT -C14 (R = n-tetradecyl). Schematic diagrams of polymer lamellar
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stacking in the outof-plane direction (Qz, green planeskhnd “-" stacking in the in-
plane direction (Q.y, orange planesre shown. Reproduced from Cho et ai?8

The patterns recorded on the 2D area detector are a function of the constructive
interference of scattered light, which is observed due to periodic structures found within
the film, i.e. crystbs. A representative scattering pattern of bieexially aligned and highly
ordered polymer poly(2,5-bis(3-alkylthiophene2-yl)thieno[3,2b]thiophene) (PBTTT)
with n-tetradecyl side chainafter annealings shown inFigure2-3. Scattering techniques
are a reciprocal space technique, so patterns that are further from the origin correspond to
smaller distances in real spadésible on the scattering pattern are four peaks in the
vertical Q; direction, which corrgsond to four orders of lamellar stacki@t@O)in the out
of-plane directionThe first peak at the smalles{at approximately 0@3;j ) corresponds
to a lamellar spacing distance of nominally j21This length scaldor first order (100)
lamellar staking corresponds to two backbones that are aligmed somewhat
interdigitated. Increasing orders of reflectithrat are visiblecorrespond to constructive
interference between the backbones, indicating that not only are the backbones aligned, but
there is a high amount order among the side clgtvgeen themn the Qy direction, two
distinct peaks are seen at a higher q vatrapared tany of theout-of-planesidechain
reflections. The sharp reflection at thedge of the imagés at q = 1.71; %, which
corresponds to &-" stacking distance of 3.6i7, and the slightly broader reflection at
smaller g is from irplane order bthe backbones, due to their strong interdigitation and
ordering.This final feature is not typically seen for seenystalline polymers and is not
observed for the polymers studied in this dissertafdiiogether, these observations show
that PBTTT inthis film is in a strong edgen orientation with lamellar stacking in the

vertical direction and-" stacking in the horizontal direction.
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(010) pole figure

corrected pattern

raw detector image

in z corrected scattering intensity

calibration
wedge removal

P g

45
2()

in-plane line cut

A

Scattering Intensity

Figure 2-41 Typical GIWAXS data processing workflow for a blendfilm of
PffBT4T go-c0-3T20-20D:PC71:BM. The raw detector image is calibrated with a
known standard, and the missing wedge is removed. Two common data reduction
methods are shown{1, red)taking a specific peak and measuring the angle
dependence to generate a pole figure, ¢2, black) monitoring the scattering
intensity in a single direction as a function of g to generate a line cut.

Once scattering reflection patterns are collectedriassef data workup steps are
typically done in order to process the data and ease interprefatiepresentation of this
process is shown iRigure2-4, for a blend ifm used in chapter 4, of PffBT4dco-3T2o-
20D:PG1BM. Theposition of scattering peaks on the detector is dependent on the sample
to detector distancand the beam energwhich are both adjustable. Therefovace these
two variables are fixed for a ganular run, GIWAXS scattering experiments begin with
the measurement of a known calibrant, typically lanthanum hexaboride)(baBilver
behenateBoth materials are highly crystalline with known diffraction peaksd the
resulting scattering patteramused tanap detector pixels to q valudsis process, which
is called calibration, also typically removes a wedge in the region areund.qyy @ O
i *1) and slightly adjusts peak positions as a functiors ¢he polar angleThis latter

correction takes into account the curvature of the Ewald sphere, which is a geometric
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correction that links together the wavevector of the incident and diffracted hegys, t
diffraction angle for a given reflection (q) and the reciprocal lattice of the crystal (peaks
measured on the detectdty.Essentially, te constructive interference from a particular
elastic scattering feature occurs around the surface of a sphere, and since we are mapping
the constructive interference with a planar detector, a correction needs to b&andde.

organic films we are workingvith the X-ray scattering pattern is generally symmetric
across the gaxis due to a lack of #plane alignmentFor this reason, processed data
generally only features approximately one quadrant, as shown in the corrected pattern and
the data selected feeduction.The intensity is scaled to film thickness to make general
comparisons across data sets, but quantitative data comparisons are done with reduced data

sets.

The two most common ways to reduce GIWAXS patterns inttniensional
graphs are shownnathe right side ofigure 2-4, with a pole figurgtop) and a line cut
(bottom) For a line cut, a linear sector is generally taken in either théame or oubf-
plane direction. The data used to create gplane line cut is shown in the black box. It is
important to note the nexero width of the box in the vertical directiohig box should be
large enough to average out dmgckgrounchoise, but not so high that the peak begins to
curve away from the initial peak position at0; %, and not so low that the extra intensity
from the Yoneda peak is included in the averddpe. same box dimensions should be used
for all data that is to be directly comparethta should be normalized to film thickness,
and the data is generally plotted on a logarithmic scale to ease comparison of the strongly
scattering (100) lamellar stackimgmpared to other weaker scattering features. For the in

plane line cut shown herthe (100), (200), and (010) scattering features are clearly seen
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for the pol ymer, al o n gj ! which borresporuls tsarapic p e a k ¢

PCBM aggregation.

In order toquantitatively understand the crystalline film textuaepole figure is
generated. A pole figure describes the orientation distribution of the diffracted intensity of
a chosen diffraction peak as a function of angle. This is shown in thexéufigure2-4,
where a gange is chosen to capture a specific diffraction peak, and the intensity within
thatgr ange i s recor ded as eaudtadstortionofthe Bwald ¢ , t
sphere, crystals oriented perfectly nor mal
experiment (i.e. the missing wedge), and due to the scattering enhancement from the
Yoneda peak, crystals oriented perfectlypih a n e - 906) are alsé hot recordéef.
Therebre, pole figures are presented as a subset of the full quadrant, here shown from ~
7° to ~ 88° An additional correction to compensate for ith&rumentation geometiyg the
i nclusion of the sin 6 term, where the pol
s i n ¢ This data can be used to understand the relative orientation of the crystallites

as well as the relative degree of crystallinity for the film.

The relative degree of crylinity (rDoC) describes the degree of crystallinity of
one film compared to another film of the same mateGab. mpar i ng di fferent
crystallinity with this technique is netnivial and would involve reference samples of
completely amorphous amdmpletely crystalline material, and it is essentially impossible
to achieve the latter with seroiystalline semiconducting polymemBifferent processing
conditions can greatlgffectthe film crystallinity of the same materiato being able to
guantigtively classifythe rDoC iscrucial in understanding solid state performarke.

with line-cuts, data should be normalized to the volume of material illuminated by the
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incident Xray, which is proportional to film thickness for samples tiatethe samen-

plane areaThe degree of crystallinity is calculated via the followimgar integral

7
0¢ @ OET)? A (2-1)
As we have plotted the pole figuabovea s | v A tlseieiativedegree of crystallinity

is simply thenormalizedarea under the curve

The average orientation of a lattice plane is represented by a molecular orientation
parameterfy, which is the orientation of the lattice plane relative to the substrate normal.
The Herman orientation parameter, S, isc@nvenient formalism for representing
orientation with a single numbes.is a number from0.5 to 1.0, where0.5 represents the
case of all lattice planes being oriented perpendicular to the substrate normal and 1.0
represents the case of all latticer@a being oriented parallel to the substrate. For (010)
lamellar stacking, which we are measuring here,-8.5is completely edgen and S =

1.0 is completely facen with respect to the substrafé.

TAT 6 0BT )2 A2

o 1 O OF%)
OET )7 A&

(2-2)

3

g cQ p (2-3)

Static GIWAXS measurements featured in thissertation were conducted at
Stanford Synchrotron Radiation Laboratory (SSBhYl Brookhaven National Laboratory

(BNL). GIWAXS at SSRL was measured at beamline81a a heliumfilled chamber with
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an X-ray wavelength of 0.976 A and sample to detectdad@e of 250 mm at an incident
angle of 0.13°. Spectra were recorded on a Rayonix MARCCD area de@®MxXS at
BNL was collected at NSL-8, 11-BM Complex Materials Scatting beamline, in a sample
chamber under vacuum, with scattering from a 13.5 ke\inbeallected on an area
detector In both cases, data wepgocessed using the Nika software package for

Wavemetrics Igor, in combination with WAXStodfs!33

2.3.7 Grazingincidencesmall angle Xray scattering(GISAXS)

While GIWAXS is used to measure molecular packing on length scalefonmi
2.0 nm, grazing incidencesmall angle X-ray scattering (GISAXS) is used to measure
domain and phase behavior on length scales from nominally 10 bd® nm.With a
similar X-ray energy used compared to GIWAXS, the detector is moved further away from
the sample and thus smaller scattering angles ecerded.Because scattering is a
reciprocal space technique, moving to smaller angles in real space correlates to
measurement dérgerfeatures in reciprocal spada.contrast to GIWAXS, this technique
does not require materials to be crystalline; signdeerived from differences in electron
density between phases of two different materidisrefore, it is very useful for measuring
polymer:fullerene blends, but niytpically used for pristine polymer filmg he GISAXS
intensity as a function of g cainbs information about the size, distance, and nature of the

interfaces of two phases in a BHJ blend film.

Compared to GIWAXS, which uses a samgaletector distance of around 250 mm

to measure a-tpnge between 0.2 and 3.0A"l, GISAXS measurementsof this
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dissertation were generally done at a sarpigetector distance of around 3.0 m, which
provides a gange between 0.00%* and 0.2A%. Those gvalues correspond to real space
distances of 157 nm and 3.1 nm respectivé@lyerefore, due to typad experimental
limitations, domain sizes of larger that 157 nm cannot be accurately measured.
Additionally, the SAXS signal typically drops off before the higbugtoff, thus giving a

minimum measurable domain size of around 10 nm.

For this work, GISAXSlJata is again collected with a 2D detector, with a representative
sample shown below irFigure 2-5. This data is reproduced from chapter 3, and
demonstrates the effect of cosolvent addition on the resultant domain size of a
polymer:fullerene blend film. Again, as with GIWAXS, we operate above the critical angle
of the blend materials in order to protbe entire depth of the filnThe Yoneda peak is
the enhanced signal at § 0 A, and we assume that it is a good proxy fgr'éf As a
result, the GISAXS experiment for our purposes exclusively measwm@ane phase
behavior, since the thin film and overall weak SLD of organics gives very weak scattering

sigral in the vertical direction.

DT-PDPP-2T-TT : PC,,BM

100004 ~
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=

Figure 2-517 GISAXS data reduction of a blend of DFPDPP2T-TT:PC71BM, taken
from chapter 3. Integration along the Yoneda peakwhite box) gives an intensity vs.
g plot. Use ofDCB as a cosolvent drastically increases small lengttale
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populations compared to the CHCE only cast film, indicating a reduction in domain
size for the blend film.

Due to the complex nature of the BHJ and the variety of domain sizes, length scales,
and interfaces that are present in the blend film, interpretation and analysis of GISAXS
data is nontrivialBecause the single curve is representative of an average of all the features
in the film, the complexities of the BHJ are lost. However, relative comparisons among
materials can often be made. For example, the GISAXS plot on the right Sidgi@?2-5
shows a comparison of scattering profiles between at blend ¢t1MAP2FTT:PC;1BM
cast from a single solvent or a cosolvent systene notabldeature to look out for ithe
Akneeo that defines the <characteristic |
representative of the cosolvent cast film, this occurs around q A0 pdorresponding to
a length scale of around 60 n@n the other hand, for the black curverh the single
solvent system, only the beginningtbéslight onset of this knee is apparent at the lowest
g and we have actually missed much of the scattering from the domains due to the beam
stop at very low q. Therefore, the characteristic lengtregsdarger than the limit of this
experiment, which is at g = 0.084* equivalent to theeal space length scale of 157 nm.
This increase in domain sitea lengthwell past the exciton diffusion length explains the

drastic drop in photovoltaic poweomversion efficiency when cosolvent is not used.

2.4 In situ thin film monitoring techniques

As mentionedn thelntroduction, the final morphology of the active layer is strongly
dependent on the drying process. Therefore, following the film solidificatioceps in
real time is crucial in understanding what processing variables contribute to morphology

changes, and the mechanism by which the morphology changes ®heureal time
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measurements used in this dissertation are UV/visible absorption spectregeogyight
interferometry, GIWAXS, and GISAXS.hese techniques are made available by way of a
custombuilt blade coateinitially designed by Stafford et &° at the National Institute of
Standards and Technolog¥he blade caar is modular, features a heated stage, can
accommodate spectroscopic analysis, and can be moved to a beamline for mnagitu X
scattering measurements.simplified schematic of this blade coater is showrFigure

2-6, where reatime reflectometryand GIWAXS data are simultaneously being collected

on a drying film that was just coated.

Figure 2-61 Schematic of the bade coating process with in situ measurement of
optical reflectometry (yellow beam) for film thickness and GIWAXS (blue beam) for
crystallinity. Reproduced from Richter et all®*

2.4.1 UV/vis absorption spectroscopy

For real time UV/vis absorption spectroscopy during blade coating, an Ocean Optics

fiber spectrometer using an HI000 series tungsten halogen light source was Usesl.
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technique is used to monitor drastic polymer conformational changes during the drying
process that result in significant changes in the UV/vis absorption spectra of the wet film.
This light source was directed to the blade coater substrate with a fiber optic cable and a
collimating lens, and the light transmitted through the film passedgh a hole machined
through the center of the blade coating stage. This transmitted light was then collected by
another fiber optic cable and collimating lens and was then directed into the spectrometer.
Spectra were generally collected at the fastest sate available, which was ~ 30 nike

optics through the film were aligned at a nominally 45° angle relative to the substrate

normal in order to reduce any reflection.

2.4.2 White light interference

In order to measure film thickness as a function of tirmndwcoating, white light
interference, aka optical reflectometry, was uskaoaxial fiber optic reflection probe
(Ocean Optics R200-UV-VIS) was used to simultaneously illuminate the sample with
the same light source as above and collect the resuttiitection spectra.ln general,
reflected light from a thinning solution will constructively and destructively intedeee
single wavelengtlwhen the wet film thickness a multiple of that wavelengtfherefore,
with a known final film thickness mea®d via profilometry, the resultant film thickness

over time can be back calculated and estimated via a peak counting method.

However, in reality, the reflected light spectrum is a convolution of the absorption of
the film and the broadband interferencéween the incident and reflected beams as a
function of layer thickness and the refractive index of the materials. Therefore,

ellipsometry of the dry films must be performed and the subsequent time dependent
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reflection data modeled. For the work presemtetthis dissertation, the real time data was
processed with custom code written by Sebastian Engmann and further analyzed with

commercial ellipsometry codé10!

2.4.3 X-ray scattering techniques

Both in situ GIWAXS and GISAXS were collected in order to understand how
crystallization and domain formation occurs during the coating process. The custom NIST
designed blade coater was brought to either ALS or BNL for the measurement. Since the
X-ray hutch needs to be void of people during the measurement for safety, the entire
coating process must be automated. A glass syringe is loaded with solution anddmounte
above the blade coater, with a thermocouple jacket that can be used to heat the solution.
The syringe plunger is attached to a motor that is controlled rem@tblgn the Xray
hutch is cleared and ready, data collection for reflectometry arad Xcattring were
started simultaneouslyi.he solution is dispensed in the gap to form a meniscus, and the

blade is translated across the stdie to coat the film.

Multiple 2D X-ray patterns were taken during the coating process and worked up
into forms that are more easily interpretable. Code written by Sebastian Engmann was used
to take a series of 2D patterns and reduce them into a variety of feom&IWAXS: A
2D plot of a pole figure over time, which can be reduced into a 1D plot of the oi2exC
time; or a 2D plot of a particular line cut over time, which can be reduced into a single peak
positionds evol ut i ForiGISAXS the iatensity of theobedae r  t i m
peak over the measuredange can be integrated to calculate a relative domain pwety

time.
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2.5 Device fabrication and measurement

Complete device fabrication and measurement is a 4steli process; each step must
be performed consistently wetl order to isolate the effect of whatever variable is to be
modified in a seriesThis chapter describes in detail the typical series of steps for
photovoltaic device fabrication, and briefly discusses the construction and measurement of

single carrier dvices toestimate charge mobilities.

2.5.1 Inverted devicéabrication

As mentioned in the introduction, the conventional device architecture typically
featuring PEDOT:PSS as the bottom himensporting layer and calcium metal or LiF as
the top electroftransprting layer has a few drawbacks. As a result, this architecture was
not used in the work featured in this dissertgteomd instead, inverted devices were built
exclusively.Patterned indium tin oxide (#doped indium oxide, ITO) on 25 mm square
glass sbes were purchased from Latech Scientific Supply. Before use, the edges of the
ITO/glass substrates were sanded with fine grit sandpaper to stheotlThe ITO/glass
substrates were scrubbed withaution of sodium dodecy! sulfaite distilled water using
a Kimwipe. The ITO/glass substrates were placed in a custom Teflon slide holder and
sonicated (Branson 2510 Ultrasonic Cleaner) in the same solution for 10 minutes. The
solution was dumped out a@rhe slides were rinsed with several washes of fresh distilled

water. The slides were then sonicated in distilled water for 10 minutes, the water was
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dumped out, and the beaker was filled with isopropy! alcohol (IPA) for 10 minutes. At this
point, slidexould be held overnight in IPA, but were typically used immediately. The ITO
slides were blown dry with argon gas and placed into soldhe cleaner (Novascan PSD

Pro Serie®igital UV-ozone cleaner) for 10 minutes.

Zinc oxide (ZnO) films were spun coattonthe cleaned substrates from a-pre
prepared precursor solutioihe ZnO solution was made with 0.11 miof Zn acetate
dihydrate and 0.11 mdl? ethanolamine combined inrBethoxyethanol (all materials
purchased from Sigma Aldrich). This solution was'atl overnight at room temperature,
then filtered with a 0.45 um PTFE syringe filter before use. The ZnO solution was
deposited on the cleaned ITO substrates by-espating(Laurell WS650MZ-23NPP)for
30 seconds at 4000 rpm in ambient atmosphere ta @gter thickness of ~30 nm. After
spincoati ng, the ZnO | ayer forvl@dmin fallowee laylslend 1 n &
cooling to room temperatufer another 10 minutes.

The active layer was deposited within 1 hour of ZnO substrate fabrication, either
via spin coatindin an argon glovebox, MBRAUN)r blade coatingambient aif custom
design. For spin coating, the spin acceleration and speed can be varied to tune film
properties like thickness. For blade coating, the blade speed-slbdi&ate gap,nal
substrate temperature can be vari€de coatedactive layers werdrought into the
evaporator chamber side of the MBRAUN argon glovelifathe films were made with a
high-boiling point solvent additive, the films were brought into the vacuum chamber of a
thermal evaporator and left undisturbed (i.e. the films were not placed on top of an
evaporation shadow mask). The chamber was evact@ted45 minutes and reached a

vacuum level of ~ I®@mbar. This served to remove the high boiling point solvent without
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disturbing thestill-wet film. After refilling the chamber, the substrates were then placed
upside down in a slide holder on top afteadow maskand the vacuum chamber was again
evacuatedThe top electrodes Ma(and Ag were deposited by vacuum deposition with
layer thicknesses df5 nmand 160 nm, respectively, to obtain complete solar cell devices
with an electrode overlap area ddD.cmz2. Fast drying Ag paint (Ted Pella, 16€30) was

applied to the ITO electrodes to improve contact with the devitiehbox

2.5.2 Photovoltaic characterization via solar simulator

An aperture with area 0.049 émvas aligned with the electrode overlapaate
ensure accurate measurement of the active areaJ-Vhiurrent density vs. voltage)
characteristics of all photovoltaic devices were evaluated tetatedAM 1.5G solar
illumination (100 mW cr?) using a Keithley SMU 2410 with a Newp®rtiel 94021A
solar simulator calibrated with a reference silicon solar(bigvport 91150V)The output
light spectrum was evaluated with an Ocean Optics fiber spectrophotometer in order to

confirm an appropriate spectral match.

2.5.3 Incidentphoton tochargecarrier efficiency (IPCE)

In order to measure photocurrent as a function of wavelength, incident photon to charge
carrier efficiency (IPCE), also known as external quantum efficiency (EQE), washsed.
EQE is the ratio of the number of charge carriefiected by the solar cell to the number
of incident photons. This can be broken down further into internal quantum efficiency
(IQE), which is the ratio of the number of charge carriers collected by the solar cell to the
number of incident photonthat are absorbedby the solar cell. Therefore, IQE is a

measurement of both electrical efficiency as welligist that is absorbed rather than
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reflected or scatteredn general, EQE is more often reportedthe literatureand is a
greater measure of overall femmance since it can be used to directly calculase ah

important device metridAs a result, IQE will not be discussed further here.

Optical alignment and calibration are essential for the generation of accurate and
reproducible data. A schematic b&tNewport QEPV-SI, used for the EQE measurements
presented in this dissertation, is shown belowigure2-7. In brief, a broadband xenon
arc lamp is directed in a monochromathe output power is measured with a calibrated
referencgphotodiodeas the monochromator is scannauald this resulis then compared to
the solar cell to be testedutputting EQEas a function of wavelengtBecause this system
is modular andunabile it is important to know the alignment and calibration procedure.
To align, first, the monochromator cover should be remoaed, the condenser lens
defocused, to create an image of the lamp on the second mirror in the monochromator. The
arc lamp housing has two sets of screws: one set to adjust the position of tlighlawip
in the diagram)and another set to adjust tlaenp reflector (not shown in the diagram).
Since the bulb emits relatively isotropically, the reflector is used to drastically increase the
signal in a single direction for the measurem&hese screws are used to center the image
of the arc and its reflectioon that second monochromator mirr@nce the images are
aligned, the condenser lens is adjusted until a unitoeerm spotencompassing most of
the mirror is formed.Before the light enters the monochromator, it passes through a filter
wheel which is usd to block ouseconeéharmonic generatl light a chopper connected to
the lockin-amplifier to reduce measurement noise, and an input slit whiclsed to
decrease the bandwidtAnd improve resolutionBroadband white light enters the

monochromator, anthonochromatic light exits through a slit that should be set to the same
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width as the input sliigenerally 50 um, but this can be increased if additional signal is

needed, at the expense of reduced optical resolution).
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Optical design of the Cornerstone™ 260 Monochromator.

Figure 2-71 Exploded schematic of external quantum efficiencgetup (Newport
QE-PV-SI) along with an internal diagram of the monochromator Taken from

newport.com.

This output light is first measured withcalibrated reference silicon photodetector of

known responsivity, connected to the same Joemplifier. This process corrects for

variance in alignment and changes in lamp output intensity and should be done before

every series of measurements (i.e hetime the equipment is turned on). Ideally, the spot

coming out of the monochromator will underfill the device as well as the reference detector,

but in our case one dimension of the spot is a bit longer than the device. Therefore, for both

the referencemeasurement and the device measurement, the same aperture for solar

simulated performance is usdde device is measured in short circuit condition, where V

= 0 and maximum current is measureally, the EQE of another known solar cell should

be testedin our case, we use the same model of silicon solar cell as used for solar simulator

calibration (Newport 91150V), with a known, calibrated EQE dataset from the company.
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This can help isolate changes in various system components over time. For exanple, t
recommended recalibration service for the reference detector is expensive and often;
internal calibration using tools available within the lab can extend the window in which
reliable data can be collectddnally, the resultant EQE spectra should iegnated across

the AM1.5G solar spectrum to give the short circuit current density, which should be no

more than 10% different than the-dneasured from the solar simulator experintéht.

2.5.4 Spacechargelimited current (SCLC) device fabrication and measurement

In order to understand how individual charge mobilities are affected by various
processing conditions, spackargelimited current (SCLC) devices were fabricated and
measuredChanges in material properties as well as morphology will often change the
efficiency at which free charges may be transported through the bulk of a film. Charge
mobilities can be isolated forspecific charge carrier (electron vs. hole) via selection of
appropriate work functions. In comparison to an organic solar cell, which features an active
layer stacked between an electron transport layer and a hole transporting layer, an SCLC
device will feature the same layers on top and bottom of the stack. Feofhgleevices,
feature in this dissertation, the active layer was sandwiched with molybdenum oxide layers
on either sideTo prove the interaction of the polymer with the acceptor, SCLC device

were typically made with blend films.

Hole-only devices were built with ITO substrates cleaned as described above in the
inverted device fabrication section. After UV/ozone treatment, the ITO slides were brought
into the thermal evaporator, where 15 ahiMoOyx was deposited without a shadow mask.

Active layer films were deposited via spin coating or blade coating, and once dried were
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brought into the evaporator again for sequential deposition of 15 nm BwD160 nm

silver with a shadow mask. Fast digiAg paint (Ted Pella, 160480) was applied to the

ITO electrodes to improve contact with the device switchbox. Devices were broken in via
sequential scans of 0.01 V to 3.00 V, 0.01 V to 5.00 V, and finally 0.01 V to 7v@i¢hV

a Keithley 2410 SMU This procedure helped to prevent device breakdown at higher
voltages.The use of thicker films, those greater than 200 nm, also support higher currents.
TheresultingdV curves were modeled with a modifie

fitting function inOriginPro from OriginLab.

At low voltages, the number of charge carriers in the device does not change in the
i nternal electric field, and current l 1 nes
does charge carrier concentration, which forms a sgla@eye region that limits the taut
current with the applied voltagand current scales with the voltage squaféd® The
current density, J, in the spacleargel i mi t ed current regi me can

law:

(2-4)

l n t hi s ietlewdialéctricoconstantbf theaterial and assumed to b&*AG s the
vacuum per mit¥FmY), {igthectBrgecarder ndobilityQV is the effective
voltage, and L is the active layer film thickneBgcause transport in disordered organic
materials is generally limited bgnergetic traps that are field dependent, the measured

mobility needs to take into account the applied electric field via the following equation:
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‘ Qe u (2-5)

Where pisthe zeré i el d mobi l i ty, 2 is the field d

electric field.

These equations are combined and fit to the experimentally measMrediryes
generallyin the range 02V 1 7V. The SCLC regime will generally be seenhistregion,
where J is proportional to3/as per equation-2. The electric field is assumed to be the
applied voltage. The field dependence par a
and is around 1Hfor blends with a strong field dependera®l closes to 0 for systems

with minimal trapshat are field independe(#® = 1, so p = ).
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CHAPTER 3. CO-SOLVENT EFFECTS WHEN BLADE

COATING A LOW -SOLUBILITY CONJUGATED POLYMER

Crokas DT-PDPP2T-TT

N
. ¢ ) / /s\ O 1. High molecular mass
W s 2. Strong aggregation

3. Low solubility

cosolvent

processing

The work presented in this chapter was a combined efftrtgreat help frormy
coauthors: Dr. Jeff L. Hernandez, Dr. Sebastian Engmann, Dr. Andrew A. Herzing, and
Dr. Lee J. Richter. Jeff began this project by traveling to the National Institute ob8tand
and TechnologyNIST) to collaborate with Sebastian, Andrew, and .L&brough this
collaboration, Jeff brought the technology of the NIST custom built blade coater to the
Reynolds Group, as well as the use of real time characterization methodsifarfiim
monitoring. This blade coater was used for this project and the two others in this
dissertation, and the NIST networking connection allowed for my participation in similar
in situ film monitoring studies presented in ChapterSébastiannrote am provided
assisancewith the computer codesedto process the real time data, Andrew collected the

STEM images (shown above), and Lee waspttmary investigatoon the NIST side of
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the projectMy contribution to this project was to expand the scdpghedevice and solid

state morphology sectignas well as generate the manuscript.

This project explores the characterization and application of a low solubility
polymer,DT-PDPP2TFTT, which was chosen for study due to its ability to work well in
thick film solar cells.When processing a blend of this polymer and:BM, device
performance was strongly dependent on the introduction of emdéchlorobenzene
(DCB), 1,8diiodooctane (DIO), or diphenyl ether (DPE)®alvent into the chloroform
(CHCI3) solution, which were all shown to drastically improve the morphology. To
understand the origin of these morphological changes as a result of the addition ef the co
solvent, insitu studies with grazing incidence-ry scattering and optical reflection
interferometry were performed. Use of any of thesobtvents decreases domain size
relative to the single solvent system and moved the drying mechanism away from what is
likely liquid-liquid phase separatidoward a nucleation and growth proceSsmparing
the CHClz + DCB cast films to the CH@Dbnly cast films, we observed both the formation
of small domains and an increase in crystallinity during the evaporation of DCB, due to a
high nucleation rate from supsaturation. This resulted in percolated bl#eojunction
networks that performed similarly well with a wide range of film thicknesses from 180 nm

to 440 nm, making this system amenable to continuouscaodlll processing methods.

This chapter has been ad a-golventdifectiswioem a ma
blade coating a lowgolubility conjugated polymer for bullketerojunction organic
photovoltaicsodé, which was submitted to ACS

2020.

95



3.1 Background and motivation

3.1.1 Thick film solar cells and diketopyrrolopyie

There is great fundamental and practical research interest in generating thick film
solar cells for compatibily with roll-to-roll processing techniques. While optimized active

layer thicknesses for fullerefmsed OPV devices are often around 100 nm to 150 nm,

there are several advantages to developing devices that function with thicker active layers.

Thick film solar cells benefit from enhanced light absorption, likely increasing short circuit
current densities, and ease of processing viatgalbll coating methods, due to the
minimization of pinhole defects that arise from thickness inhomogentiticEhe
diketopyrrolopyrrolethiophene based polymer EADPP2FTT (2-decyltetradecyl
diketopyrrolopyrrole2,5-di-2-thienylthieno[3,2b]thiophene, see Fig. 1a) has been shown

to perform well as the donor phase material in solar cells with active layers deposited via
spin coating to thicknesses over 2% nm,
when paired with [6,6phenytC7 -butyric acid methyl ester, RBM. The ability to
maintain a high fill factor in thick films reflects the interplay of bimolecuéombination

and carrier extraction that arise from the phase separation morphology and carrier
mobility.}*®> The DPP acceptor moiety is the basis for many polymers with high hole
mobilities1**DT-PDPP2TFTT in particular, along with many similar DRRiophene based
polymers, has been shown to form an interconnected fibrillar network when cast into a thin
film. That property, coupled with its high charge carrier mobility, leads to reduced
bimolecular recombination allowing for higierforming thickfilm solar cells*’ This is

also a result of the strong electron withdrawing nature of the DPP moiety and its high

polarity, which enhances the tendency of this polymer to aggregate and cry&tallize.
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There exists already a body of work that describes thsols@nt dependent
behavior of DFTPDPP2TFTT and similar DPRhiophene based polymef&:144 Multiple
solvents (chloroform, CH@| and chlorobenzene, CB) and additives (dichlorobenzene,
DCB, diphenylether, DPE, l@iodooctane, DIO, etc.) have been studied. In all cases,
when additives are used, current fitdactors increase drastically due to improved active
layer morphology The use of ceolvents or solvent additives to modulate blend
morphology is ubiquitous in the field of OP¥21°° Using a cesolvent mixture for
morphology enhancement was reported by Zhang et al., where coarse phase separation of
MDMO-PPV:PG:BM was refined when a small amount of CB wadded to the
chloroform host solvernt! The use of CB to improve morphology originafesim single
solvent processing of the same blend of MDIR®V:PG:BM blend, where performance
was enhanced when switching the casting solvent from toluene 1 TBe development
of the final morphology in solution processed OPV arises from the specific nature of the
phase separation: liguidyuid vs. liquidsolid, the kinetics of that phase separation:
nucleation and growth vs. spinoacomposition, and the external time scales determined

by solvent evaporation rate and possible vitrification of the film.

3.1.2 Blade coating and scalable processing

The previously reported cases of IPDPP2FTT based solar cells were deposited
via spin coatig andwere built into a conventional device architecttfie**While highly
reproducible, spin coating is a poor model for scalable, large area deposition schemes such
as sprayor slotdie coatingWe seek to explore scalable processes, where the dynamics
associated with coating a small laboratecgle film and a large industrial scdiken do

not significantly chang&?2 For this study, we employ blade coating, an established model
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for slot-die coating'°® Additionally, with blade coating, thick films may easily be generated

with negligible material waste and, unlike spin coating, the stationary nature of the
substrate facilitates the in situ spectroscopic analysis carried out in this work and allows

for better control of heat and airflow during the coating process. To fueipand this
studydés applicability toward scalable proc
the active layer deposited in ambient conditions. Inverted devices are typically more stable

due to the omission of two problematic materials generailind in conventional devices:
PEDOT:PSS as a hole transport layer, which is acidic and can degrade thetinebuide

transparent conductor, and low work function electron transport layers, such as calcium
metal, which are unstable to ambient’afrHere we report average poweonversion
efficiencies oP 6.5 % with three different solvent additives, which is comparable to results

from previously reported conventional devices built via spin coaffrdgmonstrating this
systembés flexibility among a variety of de
dynamics of these OPV systems is of great interest due to the extent that the final film
morphology is established during the coating processsaditdécted by the properties of

the coating solutioh?>1%5156|n this study, we address the dynamics of the solidification

and drying process for this blend system for a processing method with tightly controlled

experimental parameters that is comparable to other continuous coating methods.
3.2 Results and discussion
3.2.1 Phobvoltaic performance
In order to confirm the efficacy of this polymer:fullerene blend system for

photovoltaic applications, inverted solar cells were fabricated and characterized. Films

98



were blade coated in ambient air onto room temperature substrategr@ichmediately
moved into a thermal evaporator vacuum chamber in an argon filled gloveT hisx.
ensured that all esolvent cast films were dried at a high rate, set by evaporation kinetics.
Solutions were stirred for 12 hours at 50 °C and then alld@vedol to room temperature.
Device parameters are shownTiable3-1 along with active layer filnthicknessesand
boiling point and vapor pressures of the solvenéslus this study. Overall, a significant
enhancement of power conversion efficiency from%.& over 6.0/ was seen with the
use of all three egolvents, namely from the increase in short circuit current densgy (J
and fill factor (FF). Champion clwentdensityvoltage (3V) curves and external quantum
efficiency (EQE) data are shownSupporting Figur@-1. The increase insdis associated
with a dramatic change in the EQE response in the region of polymer absoption. These
results suggest a drastic change in active layer morphology, to orecim @xcitons are
more likely to reach a donacceptor phase interface and contribute to device
photocurrent, rather than recombine in a large polymer doinajeneral, the performance
of the bladecoated, inverted devices is similar to that reported $puncoated,
conventional devicé$*'*suggesting that DPDPP2TFTT devices should scale welh
order to determine the origin of the-solvent induced improvements in performance, we
have performed detailed morphological characterization of the active layer atichesal
studies of its development during depiasit Due to the comparable perfwance of this
system with three different additives, we focus only edichlorobenzene for more
detailed processing and morphologiceharacterization.Due to the comparable
performance and similar final film morphologies of tlEgstem with three diffemt

additives as shown with grazing incidence waahgjle Xray scattering (GIWAXS), atomic
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force microscopy (AFM) and hyperspectral microscopy (vide infra), we focus ordy on

dichlorobenzene for mometailed processing and morphological characterization

Table 3-17 Photovoltaic results from inverted devices with active layers cast from
the various solvent systemsValues were averaged over 8 devices and error bars
indicate one standard deviation of the mean. Active layer thicknesses are reported.
Device architectue: Glass/ITO/ZnO/active layer/MoOy/Ag. Active area = 0.049 crh
defined with an aperture.Solvent properties are included for reference, for CHG
and each cesolvent (data taken from Sigma Aldrich).

Film Boiling Vapor
Solvent Jsc Voc FF PCE thickness point of pressure of
system | (MA cm?) V) (%) (%)? (nm) solvent solvent

(cC) (kPa)®

CHCls | 43+04 | 069+0.01| 55+3| 1.6+0.1| 150+5 61 21.2
+DCB | 134+1.3| 0.67+0.01| 70+1| 6.4+0.6| 2104 180 0.181
+DIO | 13.8+1.0| 0.67+0.01| 67+3 | 6.1+0.4 | 202%8 258 2.673 10°
+DPE | 16.0+£0.5| 0.66+0.01| 64+4| 6.7+0.2| 180+4 168 3.073 10°

3.2.2 Thick film photovoltaic performance

To further explore the efficacy of this blend system for potential application, thick
film active layers were used device construction. Due to the dige nature of the blend
solution attributed to the polymerds | ow s
material simply by coating the same solution formulation at a higher blade spesdwe
are operatig in the LandadLevich drying regimeas discussed in Chapter!® By
increasing the blade coating speed from 20sdno 40 mms?, the active layer thickness
of the +DPE film, which was the highest performing in our initial testiwgs varied from
180 nm to 440 nm. Even at this remarkably high film thickness, overall power conversion

efficiencies were maintained, as showisupporting Figur&-2 andSupporting Tabl&-1.
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As film thickness increases, the averageidcreases from 16.0 mém?2to 17.7mA cnv

2 at the expense of the fill factor, which decreasesffig % to 53 %. This increase in
current and decrease in fill factor as a result of increasing film thickness is ubiquitous in
the OPV field. Even with the 440 nm thick film, there is still some transparency in the
visible region between 550 nm and 700 awing to the large disparity in optical band
gaps between the polymer and7HM, as seen ibupporting Figur&-2b. This provides
some motivation for application of this system for tkikkan OPV devices that are semi

transparent.

3.2.3 Polymer properties

The repeat unit structure of BHDPP2FTT is shown inFigure3-1, along with its
temperatureand solventlependent ultravioletisible (UV/vis) spectroscopic properties.
The polymer was shown to be analytically pure (semeteal analysis iSupporting Table
3-2), and was characterized with gel permeation chromatography irtd¢hlkbrobenzene
at 160°C (Supporting Figure-3 and Supporting Table-3), yielding a distinct bimodal
molar mass distribution with number average molar masses of 49 kg/mol and 348 kg/mol,
with dispersities for each component of 1.6 to 1.7, suggesting possibkgatign. The
high molar mass distribution measured here is comparable to the previously reported molar
mass distribution of the same polymer, especially considering the higher mass reported in
that study (447 kg/mol) was measuredidichlorobenzene (DCBjt only 80 °Ct* The
bimodality and high mass is not necessarily a problem as there is precedent for high molar
mass polymers to yield high visgity solutions, which are amenable to thfdin
fabrication via blade coating, coupled with improved morphological stability and device

performance?®’ With this in mind, studying the properties of higtass, lowsolublility
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conjugated polymers is relevant to thidkn, roll-to-roll compatible active layer

processing.
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Figure 3-171 (a) Chemical repeat unit structure of DT-PDPP2T-TT. (b)
Temperature dependent UV/vis spectra of 0.02 mg mtDT-PDPP2T-TT in DCB
solution, along with the spectrum of a film cast from CHC{.

Temperature dependent UV/vis spectroscopy from 25 °C to 95 °C was performed
in DCB and is shown irigure3-1b, with results that show a decrease irensity of the
lowest energy peak and blueshift of the pesimumwith increasing temperature as well
as a slight decrease in intensity of the higher energy shoulder. These small changes seen
over a wide range of temperatures demonstrate the strongyrigfithhe polymer backbone,
which can indicate aggregatioff. This contrasts to the properties of other highly
aggregated, lovgolubility polymers, sut as PffBT4F20D (aka PCE11), where in dilute
solution UV/vis spectroscopy temperatures of around 60 °C are sufficient to molecularly
dissolve the polymer and remove all evidence of aggregated spectashis polymer and
its aggregatiorwill be discussed in greater detail in ChaptefThe solverddependent
UV/vis spectra inSupporting Figure8-4 show the room temperature absorbance of the

polymer:fullerene blend in CHghlone and in a 92.%:7.5% CHCk:DCB (by volume)
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mixture. Aside from minor differences in absorbance across the entire spectrum attributed
to slightly different solution concémrations, there are no additional features observed in the
co-solvent solution spectra, such as a low energy shoulder, which has been seen in
aggregated P3HT:11718159These identical spectraiggest that any effect imparted by

the casolvent will be during the film drying and solidification process, rather than in the
processing solution itself. With this in mind, studying the dynamics of the solidification
process immediately after coatingcisicial to understanding the effect of the additive on
film morphology and photovoltaic performan@d.astly, our photovoltaic deves were

made with a notably low total solution concentration of 13 mg'miith a 1:3 ratio of
polymer to fullerene. This high ratio of fullerene is required for reasonable current from
shorter wavelengths where this low band gap polymer does not aligerimportant to

note that a solution concentration of 13 mg is quite low relative to typical
concentrations used for blade coating or even spin co&t#iyrag mL*and®20 mg mL

1 respectively). Even at a polymer concentration of 3.25 mg, rile solution achieves a

high viscosity that is amenable to blade coatfigomparable wet film thicknesses are
reported with P3HT:P&BM (°6 pum vs. our’8 um, vide infra), where the total solids
content is 40 mgnL™?, with a P3HT concentration six times higher than the concentration

of DT-PDPP2TTT used here, indicating a higher viscosity for the l&fté?®

3.2.4 Blend film morphologicatharacterization

Atomic force microscopy (AFM) tapping mode height images of the blend films
(Supporting Figur&-5) showa change in surface texture with the addition efalvent.

The CHC} only film features two distinct morphologies: a routgxtured domain roughly
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3 ¢em |l ong and 1.5 em wide, seen in the ceni

around by a smoother textured surface with 100 nm scale domains. This morphology is
representative of the CH{tast film, which appears toe relatively uniform with these
rough embedded structures breaking through the matted surface across the whole film
when measured in multiple spots. For all three addaast films, the texture is more
uniform, with roughness values generally smallemtithe CHG cast film. There are a
variety of smaller scale defects in the additive cast films, especially with the +DIO film

that features numerous, small, uniforradigtributed indentations.

Using lowforce AFM, we can occasionally observe a nanofiaritexture on the
surface of these blend films cast withsmvent. An example of this phenomenon is shown
in Figure3-2. While the CHJ only film looks similar to tht shown ifSupporting Figure
3-5, all three of the csolvent cast films have visible nanofibers on the surface of the film.
Methods of controllinghanofibril morphology of DPased polymers through solvent

selection and repeat unit structure have been well studied by tthiid®?
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Figure 3-21 Low-force atomic force microscopy height images of blend films, with a
scan area of 5 um square.

Scanning transmission electron nascopy (STEM) results for the CHCAnd
CHCIls + DCB cast films, shown irfrigure 3-3, supports the idea that the-solvent
encourages the formation of a dispersed ngkvad percolating higkmobility polymer
domains which are able to effectively transport charge through relatively thick films. While
high aspect ratio polymer features are present in both the chloroform only as well as the
chloroformp-dichlorobenzene cafitm, narrowemanofiber structure is much apparent in
the latter. This is consistent with tB€)E results that show that the dichlorobenzene co
solventcast film ismore efficient at dissociating polymer excitavisen built into a device,
since the smaller domain size will have more polyfu#terene interfacial surface area that

improves charge separation and ultimately gives high fill factors even in thick films.
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Figure 3-317 STEM images of blend films cast from (a) chloroform and (b) CHG +
DCB. The intensity in the lowangle annular dark-field images scales with density.
In this case, brighter regions indicate PCBMrich domains while polymerrich
regions appeardark.

To extract quantitative information on the domain structure, we compared the
domain size results from STEM image processing to graaigence smallngle Xray
scattering (GISAXS) profiles. GISAXS profiles of the BHJ films are showBupporting
Figure3-6a. Complete domain information of the film cast from Ckl&bne could not be
acquired in full due to the lareggeale phase separation pradarthe film and the detector
limit of 0.004 A* (157 nm).Supporting Figure-6b showsthe Kratky plot (Id vs. q) of
the STEM Fourier transform along with the GISAXS of BHJ films processed usingsCHCI
and CHC$ + DCB. Mean domain sizes for the two blend systems as measured via STEM
are 111 nm and 27 nm, respectively, confirming a drastic decrease in doreaiitisithe

use of DCB as a esolvent. The integrated scattering intensity (ISI) represents a relative

average domain purity and is determined usi@gkKO Q@) , where | is the

GISAXS scattered intensity (STEM power spectrum), aisdlie momentum transfer. The

ISI was normalized to 1.0 for the BHJ processed from GH®TB and is 0.79 for the
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CHClz-processed BHJ. An increase in average domain purity, typically duesmiveant

or additive, has been shown to be an important morplalbdactor seen in high
performance OPVs as it is thought to reduce bimolecular recombifatfiri® The

results from AFM, STEM, and GISAXS confirm that the addition of DCB significantly
reduces domain size, increases phase purity, and increases the polymer:fullerene surface

area relative tginglesolventprocessingconsistent with the improvedskand FF.

To further characterize the inhomogeneities and defects seen in all the blend films,
hyperspectral fluorescence microscopy was employed to characterizemtseale
morphology. While thg@rimary length scales relevant to bulk heterojunction morphology
are generally on the order of 200 nm or less, given that largecale features were seen
on the AFM images, we sought to characterize them in an attempt to elucidate their
composition. Withthis optical microscopy techniqueg¢ontinuous wave 532 nm laser with
an incident power of 4.5 mW was focused onto the blend film with a 100x objective, and
emission was collected from 550 nm to 1000hThis is a global imaging technique
whereby the entire field of view of the microscope image is excited by the laser and the
emission of the same field of view is collected one wavelength at a time via a volume Bragg
grating that can diffract a single wavelength of an entire image uniformly. Hyperspectral
microscopy has been used for characterization of inhomogeneities of per@irskitén
order to understand the properties of film defects and subsequent decreases in device

performance®”169

The hyperspectrdlluorescence microscopy characterization is showigare3-4,

with Figure3-4a andFigure3-4b showing monochromatic images at 770 nm of the GHCI



and +DCB blend films, respectively. The CH{inly film is heterogneous, as first seen

in the AFM image inFigure 3-2, with similarly sizedem-scale inhomogeneitieslo

identify the composition of them-sized defects in the film, the fluorescence spectrum of

a single region on the dark spots highlighted in each of the red bokegune 3-4a was
measured. The spectra shown are representative of the spectra on any part of the aggregate.
The large aggregate in the bottom right has a peak fluorescence at 860 nm, which is the
characteristic fluorescence of the polyn@n the other hand, the aggregate on the bottom
left of the image has a strong peak fluorescence at 710 nm, which is characteristic of
PC/1BM (reference film shown irSupporting Figure3-7). For all casolvent cast films,

such as DCB as shown irrigure3-4b, due to the smaller domain size characteristics of
high performing bulk heterojunction films cast with-salvent, there are nem-scale
aggregates visibleWith this smaller domain size and increased mixing of the two
materials, fluorescence is more eiiiatly quenched, especially from the polymer, so the
overall emission from the film is lower (note the difference in intensity gray level). Since
there is 3 times as much PCBM relative to the amount of polymer in these films, it is
reasonable that esseltifyaall polymer fluorescence is quenched while some PCBM signal

remains.
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Figure 3-41 Monochromatic fluorescence microscopy images of blend films cast
from (a) CHCIz only and (b) CHCI: + DCB measured at 770vm. (c) Fluorescence
spectra of blend films cast from CHC} only or CHCI 3z + DCB. Polymer and PG1BM
aggregate spectra from the CHG only film are taken from a single region ¢ 1 pnv)
on the aggregates shown in the red boxes in (a). (d) Fluorescence speateraged
across the microscope field of view of all four blend films as well as the pristine
polymer film. Characteristic polymer fluorescence at 860 nm is seen for the pristine
film as well as the chloroform only film. Characteristic PG1BM fluorescence at 710
nm is seen in the cesolvent cast blend films.

For a global picture, the fluorescence intensity of a featureless 10 um by 10 pm
scan area was averaged for all four blend films, as well as a film of only the polymer in
Figure3-4d, with the microscopy images showrSnpporting Figur8&-8. This experiment
is analogous to traditionahin film fluorescence spectroscopy. As alluded to in the
previous section, the polymer only film is strongly fluorescent with a peak emission
wavelength of 860 nm. Once RBM is added, polymer fluorescence is strongly quenched,
and only for the CHGlcast film is there still a significant polymer signal. This reflects the

presence of polymer domains in the film larger than exciton diffusion lengths which are on



the order of 10 nm to 20 nfAThis largescale phase separation is consistent with kgw J
values suppressed polymer EQ&nd poor OPV performance seen with the device data
for the CHC} cast film. The +DPE film, with the higke photocurrent, has the greatest
amount of P@BM fluorescence quenching as well as the highest EQE in the short

wavelength region where PBM absorbs $upporting Figur&-1b).

Grazingincidence wideangle Xray scattering (GIWAXS) was used to probe the
molecular packing of the blend films, as showirigure3-5. In generglthe bladecoated
films are similar to previously reported spin coated filitd*3In the film cast from
chloroform alone, a slight preference for fawmeolentation is observed, as seerFigure
35a Thisi s evident fHfomtblkbé&i hgt pesad& -ofspreen onl vy
direction, at g° 1.7 A, and the break in orientations of the (100) lamellar stacking peak
in both the irplane and oudbf-plane directions. Conversely, with any of the films cast with
cosolvent, the oubf-p | ane st acking peak decreases in
stacking becomes more isotropic, and secdedree lamellar ordering becomes more
pronounced. Here, iRigure3-5b, the CHC} + DCB cast film is shown as a representative
sample, but the BIO and +DPE cast films have a similar appearartgepporting Figure

3-9).
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Figure 3-57 GIWAXS images of blend films cast from (a) CHC} and (b) CHCIz +

DCB, with the significant differences between the two films labeled. (c) Thickness

nor mal i z e dorrectedipols figure oéthe (100) lamellar stackingeak for
the blend films. (d) Hermans orientation parameter, S, and relative degree of
crystallinity, rDoC, for the blend films as calculated from the pole figure in (c).

To characterize the degree of crystallinity and orientation in the blend films, a
thh ckness normalized and sin 6 corrected po
was generated from the scattering patterns and is sholigure3-5c.12! This figure is a
representation of the angular distribution of (100) lamellar crystallites in the film. As we
move from theCHCls only blend film, to #DCB and +DIO, and finally +DPE, there is
an increase in the crystalline populations
on polymer orientation. In addition, as the intensity of ealgepolymer scattering
increases, there is little change in the fam® polymer scattering intensity, indicating that

the overall crystallinity of the film is increasing. In order to quantify these observations,
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the Hermans orientation parameter and the relative degree of crystalleme calculated

and are shown irrigure 3-5d. The Hermans orientation parameter, S, represents the
average orientation of the lattice plane, and sumber from-0.5 to 1.0, where0.5
represents the case of all lattice planes being oriented perpendicular to the substrate normal
and 1.0 represents the case of all lattice planes being oriented parallel to the substrate. For
(100) lamellar stacking, whitwe are measuring here, SG=5 is completely facen and

S = 1.0 is completely edgmn with respect to the substrate. The increase in S from 0.03 to
0.15 as we move from CH&b + DPE is indicative of a small yet measurable move toward

a more edgen aientation. The relative degree of crystallinity (rDoC) is used to compare
two films of the same materi al and is cal
figure from ~0A < 6 < 80A. The rDoC for
crydalline orientation, in that the BPE cast film has the highest crystallinity, followed

by +DIO and +DCB which are similar, and finally CHgEbnly which has the lowest
crystallinity. The increase in crystallinity for all three-salvent solutions relate to

CHCls is consistent with expectation of improved mobility and the consistent increase in
FF, which explains why decent fill factors are observed even in thick film devicésin

order to test the reproducibility of this experiment, this pole figure analysis was repeated
on a different set of films, cast from sepaha prepared solutionsS(pporting Figure

3-10). Despite slight differences in the absolute values of S and,ribe®verall trend of
increasing edgen orientation and crystallinity when addingsalvent is consistent with

the data presented Figure3-5.

To summarize the results so far, we have shown from static morphology

characterization that the drastic enhancement of fill factor and current for-Hudveat
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cast films is a direct result of domain size reduction. The Gl@tem is coarsely
separated anig drastically more refined with esolvent as seen with the STEM domain
sizes and fluorescence quenching. In addition, theobeent films appear to have more
ordered polymerich regions as seen from the rDoC calculations. This reduction in domain
sizeand slight increase in crystallinity with the use ofsoivent has been seen for other
similarly low-crystalline polymers such as PBDTACFT.Y’2 This is in contrast to more
highly crystalline systems like P3HT:P8M that is too finely mixed when cast without
addtives and requires either-solvent or annealing to increase crystallinity and the degree

of phase separatidfl’

3.2.5 In situ coating and drying measurements

To attempt to assess the mechanism by which thsoleents produce such
dramatic changes in morphology, we penied insitu GIWAXS and GISAXS
measurements, concurrent with reflection optical interferometry. The £HOCB co
solvent system was chosen to compare to the €l system, since DCB has the
highest vapor pressueenong all cesolvents used in thigudy and, thus, does not require
postprocessing vacuum removals a result, the solidtate morphology obtained at the
completion of the real time experiments is directly representative of the active layer
fabrication processed used in the DCB devicesueanents abov@.hesetime-resolved
techniques probe various length scales relevant to the device operation: GIWAXS
measures crystallinity on the 1 A to 1 nm scale, GISAXS measures domain size on the 10
nm to 100 nm scale, and optical reflection measwedsfilm thickness on the 100 nm to
10 um scale. By combining these three methods, we can obtain a complete picture of the

film formation process in real time. Representative raw data for the in situ GIWAXS,
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GISAXS, and optical reflection can be found Ire tsupporting informationSupporting
Figure3-11, Supporting Figur&-12, andSupporting Figur&-13). Due to the rapid drying

of the CHC} only cast film, we wee unable to obtain reliable real time scattering
measurements. However, because the film dries within 2 seconds after coating, we can
assume that all features seen in the dried film are established in the same window of time.
Figure 3-6 shows the film thickness from reflectivity measurements, volume normalized
integrated (100) lamellar stacking scattering intensity from GIWAXS, and integrated
scattering invariant (ISfyom GISAXS, as a function of time, during solidification of the
BHJ cast from CHGl+ DCB. While the integrated (100) scattering intensity is generated
from the pole figure, representative line cuts in thplane and oubf-plane direction can

be foundin the supporting informatiorSupporting Figur&-9).
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Figure 3-61 In situ film thickness, integrated scattering intensity (I1SI), and (100)
peak scattering intensity as a function of time after coating, measured via optical
reflection interferometry, GISAXS, and GIWAXS respectively for the CHCls +

114



DCB cast blend film. Note the simultaneous evolution of doain formation and
crystallization during the final stages of drying that begins around 40 sec, at stage
1.

There were four stages identified during solidification of the BHJ film when cast
from cosolvent. In stage |, CHglapidly evaporates, leading #osignificant thinning of
the wet film thickness, and a sharp increase in concentration from the initial 13 thg mL
solution to 74 mg mttin an assumed nominally single DCB solvent il s after blade
passage. Stage Il is dominated by initial evapamadf the DCB, where solvent evaporates
without any corresponding morphological developments. Stage Ill signifies the
evaporation of the last of the DCB, wherein a large crystallization event occurs toward
final DCB removal at a concentration of approxieta 246 mg mt?, which corresponds
to a solvent volume fraction of 81 %. Stage IV signifies the final dry thin film morphology,
where crystalline and domain evolution has stopped. Here, we find there isséepwo
solidification occurring where CHegkevaprates first, followed by delayed evaporation of
DCB leading to a significant crystallization evehie ISI as determined from the GISAXS
data shows a similarly sharp increase, also starting around 40 s after coating in stage lll,
indicating that througla single transition, crystallization and domain evolution occur
simultaneously Furthermore, the GISAXS line profile does not evolve in shape over the
course of drying indicating that the measut@d nm domain sizes develop in this single
transition Supporting Figure&-13). This demonstrates that the evolution of both distinct
phases as well as their purity occurs during the final removal of DCB. The GIWAXS and
GISAXS data fit a twephase model systerSipporting Figur&-14), in which one phase
is composed of crystalline polymer, and the other is a mixed amorphous plpasgmodr

and fullerene, similar to behavior described in previous repoté.The nominally
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simultaneous evolution of the scattering and polyorgstallinity is consistent with the
film morphology being driven by a single, selidquid phase transition associated with the
crystallization of the polymer, as is the case in processing P3HT from chlorobenzene with

1-chloronaphthalene as the-solvent.>8

Given the large length scale and rapid solvent evaporation shown by the single
solvent system, the fast quench generates largeidsthat behave like a similar polymer,
PDPP5T, which was reported by van Franeker et al. toigolth liquid-liquid phase
separatiorf? Similarly, for PBDTTT-C-T reported by Bokel et al., casting from a single
solvent (chlorobenzene) yields coarse grained films, with modeled phase behavior
supported by real time GISAXS indicating liqeliquid phase separatidi? For both our
DT-PDPP2FTT and the reported PDPP5T, the EQE response freeoleent cast films
are slightly redshifted, indicating increased polymer backbone planarization. Since the
PDPP5T cesolvent cast system was shown to proceed via-fqlitt phase separation to
a more finéy phase separated morphology, it is likely that the mechanism & MHAP2F
TT is similar. Since the chloroform is a better solvent for the polymer than a\ants,
its removal induces additional aggregation leadingplification’ For our system, the
addition of cesolvent likely pusheshis system from a liquitiquid dominated phase
separation to soliiquid phase separation, driven by polymer aggrega#anwith the
case of PDPP5T, at around 80 % volume fraction total solids content, crystallization and
phase separation occurs iswpersaturated solution, leading to a dried film and the final
morphology. Under these poor solvent conditions, we observe a densification of the

fibrillar network that agrees with previous reports.

3.3 Conclusion
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The high molcular mass and strongly aggregptharacteristics of DBPDPP2FTT
limit the solvent selection for production of thick films. However, when processed from
good solvents such as CHClapparent liquidiquid phase separation occurs with
resultantly coarse film morphology and poor deviegfgrmanceAll high boiling point
co-solvents used to process this PDPP2TTT:PC;:BM blend induce the system into
behavior that tends toward scliquid phase separation, which initializes crystallization
and domain formation befofguid-liquid phase separation can proceed. With any of the
co-solvents used in this study, domain size decreases wiioleent and nanofibers
emerge both on the surface (AFM) and within the bulk (STEM) of the film. This is
consistent with a decreasesiolvent quality for the polymer as the host solvent chloroform
evaporates, leading to eventual polymer aggregation and crystallizatlaBMPt&nds to
aggregate during this drying phenomenon for many polymefBRCblends, but because
this particular polyner also tends to aggregate due to low solubility, a variety of additives
are capable of achieving optimal morphologies and improved photovoltaic performance
over the CHQ only cast film. When the polymer:fullerene blend is processed from a
mixture of CHQz and DCB, polymer crystallization and phase separation is delayed until
the end of the drying process. As the lastlichlorobenzene evaporates, polymer
crystallization, domain formation, and domain purity evolve simultaneously. The resulting
improved mophology has increased interfacial area between polymer and fullerene while
maintaining an interconnected high mobility network for charges to be extracted. As a
result, average PCEs of 6.5 % are maintained with a remarkable range of active layer film

thicknesses from 180 nm to 440 nm.

3.4 Supporting information



3.4.1 Materials

Solvents for all studies and reagents for ZnO synthesis were purchased from Sigma
Aldrich. DT-PDPP2TFTT (OS0300) was purchased fronMhaterial and used as received.

Origins of other materials used in this study are described below.
3.4.2 Polymer characterization

Number average molecular mass,(Mnd dispersityr() were determined by Gel
Permeation @romatography (GPC) using a Tosoh ECOSEC HT GPC instrument with a RI
detector. Experiments were run with TCB as eluent at 160 °C at a flow rate of 1 mL/min
on two sequentially connected 30 mm by 7.8 mm GMH(®8) HT2 columns (Tosoh
Bioscience). The instruemt was calibrated vs. polystyrene standards (1,390 to 1,214,000
g/mol), and data were analyzed using ECOSEC High Temperature GPC Workstation
Software. To prepare polymer samples for GPC measurerttepslymer was dissolved
in HPLC grade TCB at a condeation of 1.0 mg/mL and then stirred for at least 3 h at 120

°C prior to filtering through a 0.45 mm PTFE filter.

UV/vis spectroscopy was measured with a Cary 5000 ddadden UV/VIS/NIR

spectrophotometer.

3.4.3 Device fabrication and measurements

An inverted lilk heterojunction solar cell architecture comprising of
glass/ITO/ZnO/polymer:PZBM/MoO3/Ag was used to fabricate the solar cell devices in
this work. Before the device processing, the patternedddaded glass substrates (Latech

Scientific Supply PtelL t d . , sheet resi stance 10 Y/ sq)
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sequentially with sodium dodecyl sulfate in Millipore water, pure Millipore water, and
finally isopropanol for 10 minutes each. The cleaned substrates were blown dry with Argon
and placed in a UV/©chamber for 10 minutes. For the electron transport layer, a ZnO
solution was made with 0.11 mol/L Zn acetate dihydrate and 0.11 mol/L ethanolamine
combined in 2nethoxyethanol. This solution was stirred overnight at room temperature,
then filtered with @.45 um PTFE syringe filter before use.

The ZnO solution was deposited on the cleaned ITO substrates byosgiimg for
30 seconds at 419 rad/s (4000 rpm) in ambient atmosphere to get a layer thickness of ~30
nm. After spircoating, the ZnO layer wasmre al ed i n for 10mind&ollowed5 0 e C
by slow cooling to room temperature. The photoactive layer solution was prepared by
dissolving polymer and P&BM (ADS71BFA, American Dye Source) in either
chloroform only or a solvent mixture of chloroform:cosait (92.5:7.5 v/v ratio). The ratio
of polymer:fullerene used was 1:3 (wt/wt) with a polymer concentration of 3.25 mg/mL.
The soluti on waer4&2 heursitorensard coraplete Sigsolugidd. The active
| ayer sol uti on wa sCbaférd coatirey and tvas blade cohted orotopa 2 5
of the ZnO layer in ambient air with a custom blade coater, with a blade gap of 400 um
and blade speed of 20 mm/s. To remove the additive from the photoactive layer without
disturbing the wet film, the samplesre placed in a vacuum chamber with a pressure of
1x10° Pa (1x1@ mbar) for 45 min. The top electrodes Mo&hd Ag were deposited by
vacuum deposition with layer thicknesses of 20 and 160 nm, respectively, to obtain
complete solar cell devices with an electrode overlap area of 0.07 cmz2. Fast drying Ag paint
(Ted Pella, 160430) was applied to the ITO electrad® improve contact with the device

switch-box. An aperture with area 0.049 Twas aligned with the electrode overlap area



for solar and external quantum efficiency (EQE) measurementsl-Vioharacteristics of
all photovoltaic devices were evaluatedlanAM 1.5G solar illumination (100 mW ci
using a Keithley SMU 2410 with a Newport Thermal Oriel 940Xolar simulator
calibrated with a reference silicon solar cell.

External quantum efficiency was measured with a NewportPQEI Oriel
Quantum Effciency Measurement Kit, calibrated with a reference silicon solar cell as with

the above solar measurements.

3.4.4 Thin film characterization

Grazingincidence wideangle Xray scattering (GIWAXS) samples of
polymer:PGiBM blends were prepared on silicon wageibstrates using the optimized
conditions for device preparation. GIWAXS was measured at the Stanford Synchrotron
Radiation Lightsource (SSRL) beamline-31n a heliurdfilled chamber with an Xay
wavelength of 0.976 A and sample to detector distanc&®f#m at an incident angle of
0.13°. Spectra were recorded on a Rayonix MARCCD area detector and processed using
the Nika software package for Wavemetrics Igor, in combination with WAXSib61%.

Atomic Force Microscopy of the blend films used for devices was measured with a
Bruker Dimension Icon Atomic Force Microscope. For traditional tapping mode, the
instrument wa®perated in tapping mode with a tapping frequency around 150 kHz. For
low-force atomic force microscopy, low spring constant Bruker SCANASX8I probes
were used.

Hyperspectral microscopy was performed with an IMA PL VIS from Photon, etc.
A 3 W continuog wave 532 nm laser was focused onto the blend film with a 100x objective

and tuned to an incident power of 4.5 mW, and emission was collected from 560 nm
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1000 nm. This is a global imaging technique, whereby the entire field of view of the
microscope imge is excited by the laser, and the emission of the same field of view is
collected one wavelength at a time via a volume Bragg grating that can diffract a single

wavelength of an entire image uniformly.

Scanning transmission electron microscopy (STEM) eaasied out using a FEI
Titan 83300 STEM (FEI Company, Hillsboro, Oregon) equipped with a deb&l@pole
spherical aberration corrector (CEOS GmbH, Heidelberg, Germany)ahgle annular
darkfield (LAADF) images of each specimen were collected usingostspecimen
detector (Model 3000, E. A. Fischione Instruments, Export, Pennsylvania). A small (3
mrad) probgorming aperture was used and the gpcimen optics were configured such
that the ADF detector inner and outer angles were 17 mrad and @85mspectively. A
low spot number was used to produce an electron probe containing a current of

approximately 45 pA when using this small prdbeming aperture.

3.4.5 In situ GIWAXS and optical reflection

In-situ hard Xray scattering measurements were peréarat the Advanced Light
Source beam line -3-3, with a beam energy of 10 k€¥'?2 For the GIWAXS
measurements a 2D image detector (De&tiisl at us 2M) was | ocated
mm from the sample center. Slits were adjusted to produce a nominally 0.3 mm high beam
which overfilled the nominally 2 cm wide substrate. In situ graaieglence smalangle
X-ray scattering, GISAXS, was ifermed at the same beam line with the 2D image
detectorto-sample distance 3850 mm. An evacuated flight tube was used to minimize air

scatter. The Xay beam was attenuated to eliminate sample damage. The detector was
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calibrated with a silver behenatersiard. Both GIWAXS and GISAXS data were reduced

with the Nika software packad& Simultaneous with both GIWAXS and GISAXS
measurements, normal incidence spectral reflectometry was performed with-anadene

fiber spectrometer based system. Care was taken to overlap the reflectometry probe beam
(40.3 mm di ameter) wi tays. Théreflectometry vpas analyizddu mi n
using a commercial ellipsometry code (JA Woollam WVASE32)yraX data wee

recorded with a variable integration time and period. The initial 120 s were recorded at
a0.1 s integration and period, while the n
1.5 s period. The refl ect omettoryandyparodforec or d
films cast from chloroform. For films cast from CHCGt DCB the initial 120 s were
recorded at a0.1 s integration and period
integration and 1 s period. Ex situ (static) scattering measurenveng performed with 9

S integration.

For quantitation of GISAXS, we make the approximation that the enhanced signal
at exit angles near the critical angle (the Yoneda peak) is a good proxyafodl gssume
a 3D isotropic scattering pattern such thatdhattering invariant becomesQ rory. We
note that the a4 m flight path of the GI SA
significant amount of low q scattering is missed in the in situ experiment. This can lead to

a bias in relative phase ptyriwhen interpreting the evolution of the ISI.
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Supporting Figure 3-17 Current density-Voltage, JV, curves and external quantum
efficiency, EQE, ofchampion solar cells.
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Supporting Figure 3-27 (a) J-V curves and(b) transmittance of thin and thick film

+ DPE devices (180 nm and 440 nm active layers, respectively). Average
photovoltaic parameters are shown irSupporting Table 3-1 below. JV curves in (a)
both represent individual champion pixels, each with 7.0 % PCE.
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Supporting Table 3-17 Photovoltaic results from thin and thick active layer
inverted devices made with the + DPE solution. 180 nm data is taken froable 3-1
in the main text. Values were averaged over 8 pixels and error bars indicate one

standard deviation from the mean.

Active layer 2 o o
thickness | Jsc(mA cm™) Voc (V) FF (%) PCE (%)
180 nm 16.0+0.5 0.66 £0.01 64+4 6.7+0.2
440 nm 17.7+0.3 0.65+0.01 53+5 6.1+0.6

Supporting Table 3-27 Elemental analysis confirms the polymer purity, with
measured values less than 0.4% different compared to the theoretically calculated

composition.
Element Theory Found
C 73.59 73.30
H 9.45 9.45
N 2.52 2.55
S 11.55 11.60
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Signal Intensity

logM

Supporting Figure 3-37 GPC chromatogram of DT-PDPP-2T-TT, using 1,2,4
trichlorobenzene at 160 °C, withpolystyrene as a standard. The bimodal trace
(black) was deconvoluted into two gaussian distributions (blue). The sum of those
two fits (dashed red) is combined to compare to the raw data and confirm the
validity of the fit.

Supporting Table 3-37 Number average molecular mass and dispersity for the raw
GPC trace in Supporting Figure 3-3 above, as well as the two deconvoluted peaks.

Peak M (kg/mol) n
Raw data 98.9 3.86
Peak 1 48.6 1.68
Peak 2 348 1.64
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Supporting Figure 3-41 Solution UV/vis spectra of the polymer:fullerene blend (1:3

weight ratio) in either CHCl3 or 92.5:7.5 CHCE : DCB solution at a concentration of

0.02 mg mL?, at 25 °C. Subtle differences in overall absorption intensity are due to
small differences in concentration between the two solutions.

Height Sensor 5.0 um 0.0 Height Sensor 5.0 pm

Supporting Figure 3-57 Atomic Force Microscopy (AFM) images of blend films.
Scan area is 5 um squareand all height scale bars are 20 nm. Root mean square
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roughness values are as follows: CHeFE 2.8 nm, + DCB = 1.8 nm, + DIO = 2.3 nm,
+ DPE = 3.2 nm.
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Supporting Figure 3-67 (a) GISAXS image of a BHJ processed from CHGH DCB.
(b) GISAXS curve (I vs. q) of BHJ films processed using C8Iz or CHCIs+DCB.
The gy data was extracted from a horizontal cut through the Yoneda scattering

enhanced intensity. The characteristic length scale from the CHgtast film is out of
range, due to the detector limit of q = 0.004 A (b) Kratky plot (Iq 2 vs. q) of the
STEM and GISAXS of BHJ films processed using CHGlor CHCI3+DCB. Mean

domain sizes for the two blend systems are 111 nm and 27 nm, respectively, as



calculated from the TEM fits (green curve). Film thicknesses for the CHGland
CHCI3+DCB films are 64 nm and 151 nm, respectively.
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Supporting Figure 3-771 (a) Monochromatic fluorescence microscopy image of a
pristine PC7:BM film at 770 nm. (b) Local fluorescence spectra of a point on the
smooth film (blue) and an aggregate (green), showing characteristic PBM
fluorescence with a peak at ~710 nm.

Supporting Figure 3-8 Monochromatic fluorescence microscopy images of blend
films cast from (a) CHCLk only, (b) CHCIz + DCB, (c) CHCls + DIO, and (d) CHCl3
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+ DPE, measured at 770 nm. (a) and (b) are reproduced from Figure&8 Note the
significantly lower gray level for all three cosolvent cast films, indicating much
lower fluorescence due to finer phase separation.
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Supporting Figure 3-97 (a) GIWAXS 2D scattering patterns for blend films. CHCk
and +DCB are reproduced from the main text. (b) In plane (black) anaut of plane
(red) line cuts for all four blend films.
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Supporting Figure 3-107 ( a )
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of the (100) lamellar stacking peak for the blend films. (b) Hermas orientation

parameter, S, and relative degree of crystallinity, rDoC, for the blend films as
calculated from the pole figure in (a). This data was performed on separate films,
cast from different solutions compared to the pole figure and subsequent wank
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shown in Figure 5 in the main text, in order to confirm the reproducibility of the
measurement.
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Supporting Figure 3-117 In situ UV/vis absorption and reflection spectroscopy for
blend films cast from either CHCIsz only or CHCI 3z + DCB. Note the linear time scale
for CHCI 3 and the log scale for CHG4 + DCB.
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Supporting Figure 3-12171 In situ GIWAXS line cuts in the vertical and horizontal
direction (i.e. out of plane andin plane, respectively), for blend films cast from
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either CHCIz only or CHCI3 + DCB. This data is related to the in situ (100) peak

scattering intensity shown in Figire 6 in the main text. The (100) lamellar stacking

peak for the CHCIz only cast film is obfuscated by reflectivity and low signal, thus
this in situ data could not be used for further analysis.

Time [ s]
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Supporting Figure 3-13171 In situ GISAXS line profile measured for the blend film

cast from CHCIz; + DCB. This data is used to calculate in situ GISAX$tegrated

scattering intensity (ISI) data shown in Figure3-6 in the main text andSupporting
Figure 3-14 below.
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Supporting Figure 3-1471 Fit of the GISAXS Integrated Scattering Intensity (ISI)
(blue) for the blend film cast from CHCIs + DCB to a two-phase model (red) as
described in Ref 4. The ISland film thickness are reproduced here fromFigure 3-6.
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CHAPTER 4. PROBING CRYSTALLIZATION EFFECTS WHEN
PROCESSING BULK -HETEROJUNCTION ACTIVE LAYERS:
COMPARING FULLERENE AND NON-FULLERENE

ACCEPTORS

The work presented in this chapter would not exist without the synthetic expertise of
Dr. Bing Xu and Dr. Austin L. JoneBing designed and synthesized the initial family of
random terpolymers, and Austin synthesize@d batches of the new composition that is
the focus of the work presented in this chapter. The in situ GIWAXS and WLI data
collection and interpretation eve done with thementorshipof Dr. Lee J. Richter, who

worked up the WLI data to generate the thidees. time curves.

As a follow up to our initial PffBT4720D based random copolymer study, where we
synthesized random terpolymers of the structure PffR¥eF3T,-20D to improve
processability while maintaining solid state properties and device perfoemaith
PC1BM, we sought to explore nefallerene acceptors (NFAs) and processing via blade
coating. We have determined that a new copolymer composition, PfiBtd-BTg:-20D
(80-20), is on par with our best previously reported copolymers and is thednektiate
for processing IDTBR blend films without heating the substrate prior to coating, achieving
power conversion efficiencies (PCEs) approaching 9%. However, there is still a decrease
in PCE going fronPC;1BM to IDTBR due to the fill factor, whichwet t r i but e t o | [
tendency to disrupt polymer crystallization during processing. Both acceptors affect the
kinetics and degree of polymer crystallization, but while the presei®& @M increases

the polymer crystallinity,IDTBR slows polymer soliditation, leading to lower
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crystallinity in the blend. Ultimately this work sheds light upon the current state of the non
fullerene acceptor photovoltaic materials field and helps explain why successful

polymer:NFA blends typically do not start with higldydered polymers.

4.1 Introduction

4.1.1 Polymer aggregation and crystallinity with ndullerene acceptors

Compared to fullerene acceptors, NFAs have vast potential for synthetic tunability
which allows for the facile modification of light absorptiemergetics, solubility, and
solid-state microstructure. However, as high performance NFA OPVs have only been
developed over the last few years with a focus on new materials design, there is a lack of
work done on irdepth morphology characterization angblexing the transition from spin
coating to blade coating. Especially for these new NFA systems, and even for the much
more extensively studied fullerene systems, the exact nature of the drying process is not
well understood due to a variety of changeseajg on multiple different length scales.
Optimized processing conditions are system dependent, and minimal changes such as
adding a small amount of solvent additive or slightly altering the solution temperature can
drastically change morphology and dmvperformancé®* Solvent additives, for example,
have beenshown via reatime morphology measurements to affect aggregation in
solution'’® as well as the mechanism of drying with respect tgregation vs. phase

separation phenomenia.

Aside from aggregation in solution, polymer crystallinity in the solid state is often
a significant contributor to device performance. Looking back at pdig&ylthiophene)

(P3HT), it was seen that regioregular P3HT is significantly more ordered than regiorandom
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P3HT on multiple length scalé&. This increase in ordimg when comparing regiorandom

to regioregular P3HT drastically increases the device efficiency and thermal stébility.
Moving beyond P3HT, there have been hggrforming PCBMbased systems of both
relatively amorphous polymers suchRBDTTT-EFT (PTB7-Th)!’® and more crystalline
polymeis such as PffBT4ROD 2° However, in the rapidly expaing field of NFAbased
OPVs, many of the well studied donor polymers used to blend with these new molecular
acceptors have relatively few degrees of order. A few examples of minimally ordered
polymer donors blended with NFAs to achieve PCEs over 12%decPBDRBT, its
halogenated derivatives PBBB2F and PBDBT-2Cl (PM6 and PM7, respectively)1t®

the regiorandom PTQ1%,and P2FEHp 18 Thus, there seems to be some correlation with
polymer ordering in the solid state and comphtyowith NFAs, the latter of which are
typically more ordered than RBM. Therefore, we sought to explore the interaction

between a highly ordered donor polymer and an ordered NFA.

4.1.2 Random terpolymers for improved processability

PffBT4T-20D (aka PCE11s well known to have low solubility, as evident by its
strong temperature dependent aggregation (TDA) and high crystallinity, and as a result
requires both the coating solution and device substrate to be kept at elevated temperatures
of ~100 °C during preessing3* The low solubility is a result of a combinatioffluorine
atoms on the benzothiadiazole and the quarterthiophene (4T) unit, which both serve to
increase polymer ordering and crystallinity in the solid state that ensures reasonably high
charge mobilities that contributes to its high perform&ftte previously reported on the
random incorporation of imeasing amounts of a shorter terthiophene (3T) unit into the

backbone in order to improve processabilityVith this method, we were able to reduce
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the extent of TDA and process blend solutions onto room temperature substrates while
maintaining solid state texture and device performance usingBRICas the acceptor
molecule. The general structuretbése random copolymers is showrFigure4-1, the
random terpolymers have a naming scheme of PffBIebF3T,-20D, and PffBT4T20D

has m =1 and n = 0. Incorporatitf§%, 30%, and 50% of 3T into the backbone (where
m-n is 9610, 7630, and 5660 respectively) gave devices with average PCEs of 9.5%
compared to the 8.7% that was achieved with PffB2@D coated on a hot substrate (data
reproduced inSupporting Table4-1). When coating on a room temperature substrate,
PffBT4T-20D immediately gels up, giving a 5 um thick film with negligible photocurrent,
while the abovenentioned randoncopolymers (9€1L0, 7630, and 5660) achieved the

same high efficiencies as the hot substrate devices. We attributed the enhanced
processability to the increased entropy afforded by the randomly structured backbone as

well as an increase in sidain desity on the 3T unit compared to 4T.

A L
CioHa™ "CaHyy CgHy;™ "CioHay

PfBTAT,,-co-3T,-20D

R = 2-ethylhexyl

EH-IDTBR

Figure 4-171 Structures of the materials used in this study: PffBT4T-co-3Tx-20D
and EH-IDTBR.

Inspired by success of the random copolymer approach toward improving polymer

processability while maintaining performance, we explored NFAs to blend with this family
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of polymers. PffBT4T20D and its derivatives, when blended with IDTBRupporting
Table4-1), have achieved high performing solar cells with greater open circuit voltages
(Vo) and lower current densities relative to their PCBM counterpal®$ A higher
voltage is derived from more favorable energy levels, with IDTBR having a higher electron
affinity (EA) than PCBM, thus increasing the difference between the acceptor EA and
donor ionization potential (IP), which determines the maximum possidle. V
Furthermore, by extending the sideain length of PffBT4720D from 2octyldodecyl
(20D) to 2decyltetradecyl (2DT), an even greater enhancement in photovoltaic
performance was demonstrated from a wide variety of single solvent solutions deposited
via spin coating! Notably, while this study from Wadsworth et al. used heated solutions
(Tsor=100°C) and substrate$s(nr= 100 °C)for chlorobenzene coating, ndralogenated
solutions were processed from room temperature solutions onto room temperature
substratesSide chain extension effectively breaks the polymer aggregation relative to
PffBT4T-20D, as evident by a reduced temperature required to blue shift the UV/vis
absorption spectra (45 °C vs. 75 °C). Similar random terpolymer techniques coupled with
increasing the sidechain density on the overall repeat unit have been shown to improve
polymer compatibility with NFA$® Furthermore, the enhanced solubility and
processability will be more important fiMade coating studies, whetiee active layer
solution concentration is increased twofold when moving from spin coating to blade
coating, so using polymers that are already close to their solubility limit can introduce
challenges in film depositiol® Given that our random terpolymers are similarly easier to
de-aggregate relative to PffBT420D, we hypothesized that they would behave similarly

well with IDTBR and for blade coating studies.
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Our groupbs recent wor k explositioneide. t he
aggregation, on device performance and morphology of IDTBR blends processed via spin
coating!® Using a heated solution &= 100 °C) and a heated substrate.{& 100 °C),
the blends were analyzed with morphological and electrical characterization techniques. In
contrast to the fullerene active layers, which were cast from a 1:1 chlorobenzene:o
dichlorobenzene solvent mixe with 3% 1,&diiodooctane solvent additive, the IDTBR
active layers were cast from pure chlorobenzésdike the fullerene devices, which
featured comparably high performance among the three random terpolymés (8®
30, and 56b60), the IDTBR devies showed higher sensitivity to polymer structure
(Supporting Table4-1). Notably, 96010 was the champion polymer with solutions
processed onto hot substrates, witlaaerage PCE of 8.7%. Moving to-80, the average
PCE drops to 6.8% due to slightly lower current and fill factor, anB8Gperformance
drops even further to 2.2%. This study highlights the importance of strong TDA in solution
on the resultant solid stabéend microstructure when using IDTBR. From resonant soft X
ray scattering (RSoXS) data, large scale domains of ~100 nm were present in all blend
films. However, compared to blends with-30 and 5660, the blend with 9Q0 has a
broad distribution of sniier domains, suggesting a multiscale morphology with

intermixed domain interfaces, which should be good for exciton dissociation.

To that end, we trialed a series of IDTBR devices processed via spin coating with
two thermal conditions just as our prewsastudies on fullerene and IDTBR blend devices:
with a heated substrates(§a 100 °C) and with a room temperature substrate, both with
heated solutions €6 = 110 °C). Power conversion efficiencies are provided in the

supporting information. Unlike th&® CBM devices, which featured comparably high



performance among the three polymers-190 7630, and 5660) and two thermal
conditions, the IDTBR devices showed higher sensitivity to both polymer structure and
thermal condition. Notably, 900 was the chapion polymer with solutions processed
onto hot substrates, with an average PCE of 8.7%. Moving 80,/the average PCE drops

to 6.8% due to slightly lower current and fill factor, and3&0performance drops even
further to 2.2%. Using room temperatutdstrates, 940 performance drops to 5.4% due

to low current and fill factor and 780 and 5660 performance remains low, which we
attribute to coarser phase separation. These results suggest that polymer aggregation is
helpful in improving the morphologyf IDTBR blend devices, but a fast quench associated
with dropping a hot solution at the threshold for aggregation on a cool substrate can disrupt
solid state microstructure, as evident with the 25 °C solution UV/vis spectral6f®dich

is identical tothat of PCE11, shown ifigure 2a Others have shown that increased
crystallinity of PCE11, which is often related to aggregation, leads to increased device

performance due to reduced recombination lo¥¥es.

In attempt to elucidate the optimal levels of aggregation as a function of solution
and substrate temperatures, we expanded our original random terpolymer family with the
synthesis of PffBT4do-co-3T20-20D (8G20). In this study, we have examined in depth
the spin and blade coating of-20 with both P@BM and EHIDTBR to understand the
effect of processing temperature on solution and solid state properties. We sought to
highlight the relationship Ieeen solution state polymer aggregation, solid state
microstructure, and device performance. We highlight the changes when comparing an
amorphous acceptor like P8M to an acceptor like IDTBR which is shown to order more

strongly. Through spin coating @énblade coating device characterization, and a
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combination of solid state and reahe processing characterization, we attempt to clarify

the relationship between &0, PG:BM, and IDTBR.

4.2 Results and discussion

4.2.1 Polymer properties

Polymer synthetic details and standard characterizatitt-nuclear magnetic
resonance spectroscopy, elemental analysis, differential pulsed voltammetry, and gel
permeation chromatography) can be found in the supponmtifogmation Supporting
Figure4-1, Supporting Figurd-2, Supporting Figurd-3, andSupporting Figurd-4). The
25 °C solution UV/vis spectra of two different batches e8Gare shown ifigure4-2(a),
alongwith the original family of random copolymers reproduced from our previous ¥ork.
The UV/vis absorption profiles of both polymers lie between the origindl09&nd 7630
polymers, with he higher weight M = 62 kDa showing a distinct long wavelength
shoulder, indicating slight deaggregation at 25 °C. The slightly lower weight batch, at M
=51 kDa, only has a small hint of the long wavelength shoulder with an absorption profile
that lookslike 70-30. As a result, with the composition, we have hit the very edge
of room temperature aggregation, which may have an effect on room temperature
processing relative to the adjacent compositions €f®and 7680. Complete temperature
dependenUV/vis solution spectroscopy for both polymers is showSupportingFigure
4-5, and for both polymers, 45 °C is enough to remove all aggregate character. The thermal
properties of the two polymers are also quite similar, with the second heating and cooling
scans as measured by differential scanning calorimetry (DSC) shéwgure4-2(b). The

curves have the same general shape, with peak melt transition temperatpoe25l7 °C



and 259 °C for the 51 kDa and 62 kDa polymers, respectively, and peak crystallization
temperatures of 239 °C and 240 °C. The average of the melt andllzgson
temperatures are shown as a function of 3T compositidfigure4-2(c), again indicating

that this new batch of polymer has expected properties lying be®geE0 and 7630. 2D
grazing incidence wide angleray scattering (GIWAXS) patterns also show that the two

molecular weight batches of &0 have similar microstructureSypporting Figurd-6).
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Figure 4-2171 (a) Solution UV/vis spectra of the original family of PCE11 random
terpolymers as well as two different samples of 820 composition designed for this
study. Solutions are made at 0.02 mgLtin 0-DCB and are at 25 °C(b) Second
differential scanning calorimetry (DSC) scans of two different batches of pristine
80-20 polymer. (c)DSC melt and crystallization temperatures from the peak of the
transition for the 2" scan. Note that both molecular weight samples have the same
transition temperatures within 2 °C. Data for the original family is taken from our
previous work !

4.2.2 Spin coating morphology and performance

In order to demonstrate the ability to process this new polymer over a range of
temperatures and understand morphological changes as a functiempsrature, we
began with spin coated devices at the two previously mentioned thermal conditions,
followed by a third where we attempted to further lower the thermal budget required for

processing. Again using a room temperature substratg&Z2 °C), we allowed the
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solution to cool ta 50 °C before coating. The GIWAXS pattern for theZ80PG1BM

blend film cast from a 110 °C solution onto a 100 °C substrate is shown belogune

4-3(a), while the other two thermal conditions are showSupporting Figurel-7. There

are no significant changes in the scattering features across the three different films as the
total heat used for processingdH Tsuy) is reducedThe polymer is in an overall fa@a

orientation, with strongowtf-p | a+i e st aabgkdil.# A (d4& 3.7A) and up to three

orders of lamellar stacking, predominantly in theolane direction. The isotropic halo at
qa1.4A*(d&4.5A) correspondso PG:BM aggregation. The GIWXS pattern for the
80-20:IDTBR film coated from the same 110 °C solution / 100 °C substrate condition is
shown inFigure 4-3(b). IDTBR lamellar stacking is visible ekwsively in the inplane

direction, atgxy & 0.4 A (d & 15.7 A), indicating that this molecule is predominantly

ordered in a facen orientation, with expectedly shorter lamellar stacking distances than

80-20 due to its shorter side chains. The sub#iple outof-p | a+ie st acki ng peak
corresponds to the polymer as it resides at the same q afue) as for the PGBM

film. For the other two thermal conditions shown in the supporting inform&&igpgorting

Figure47) , {f{hestacking peak for IDTBR is vVvisibl
value of& 1.6 A1, which corresponds to a slightly larger stacking distanc& I A)
relative to téeaphilymerWsat i s most stri ki
is the apparent suppression of polymer ordering compared to ti@\NPBlend films. The

(300) lamellar stacking peak visible aj § 0.8 A1 in the PCBM film is novisible for the

IDTBR blend film, and the (200) peak atdg0.5 A" is weaker, localized to the oaf-

plane direction, and is broader, the latter of which indicates a reduction in order within the
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lamellar stack. These observations could explain theabv@rop in performance when

moving from PCBM to IDTBR solar cells for this family of polymers.

In order to quantify this suppression of order, we conducted pole figure analysis of
the polymerds (100) | amel |l ar <edoaceyktallinity pe ak
(rDoC) and the Hermans orientation parameter (S) of the blend films. The pole figure,
shown inSupporting Figurel-8, is a representation of the amgudistribution and total
scattering volume of (100) lamellar crystallites in the film. The area under the curve
represents the relative volume of scattering entities, which is a function of the crystallinity.
There is a drastic increase in intensityaagé angles for the RBM BHJ, resulting in a
film that has over twice as much (100) lamellar polymer crystallinity compared to the
IDTBR BHJ (rDoC of 1.00 vs. 0.43). The higher intensity of lamellar stacking is at large
polar angles, indicating that tHamellar stacks are primarily oriented in thepiane
direction, and the polymer is subsequently in a -fateorientation. The Hermans
orientation parameter, $epresents the average orientation of the lattice plane, and is a
number from0.5 to 1.0, whee -0.5 represents the case of all lattice planes being oriented
perpendicular to the substrate normal and 1.0 represents the case of all lattice planes being
oriented parallel to the substrate. For (100) lamellar stackimigh we are measuring here,

S = -0.5 iscompletelyfaceon and S = 1.0 isompletelyedgeon with respect to the
substrateComparing the polymer properties in the;iE8M BHJ to the IDTBR BHJ, the
polymer is in a more face on orientation with PCBM, while it is relatively isotropic when

blended with IDTBR.
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Figure 4-317 GIWAXS patterns of blend films of 80-20 and (a) PG:BM or (b) EH -
IDTBR. Films were processed via spin coating 110 °C solutions onto 100 °C
substrates. (c) Relative degreefarystallinity (rDoC) and Hermans orientation
parameter (S) of the blend films, calcul at
the (100) lamellar stacking peak. The pole figure is shown Bupporting Figure 4-8.

The corresponding statistics for devices made from these conditions above are
shown inTable 1 While keeping the fullerene blend solution hot yields comparable device
results, there is a statistically sificant drop in performance when cooling the solution
down to 50 °C just before coating. These fullerene device results are identical to the
previously reported results from 9@ and 7630, showing high performance across all
thermal conditions. The ressiwith this polymer and IDTBR indicated that we effectively
bridged the gap between-20 and 7630, with comparable performance on hot substrates
(8.5% PCE) and a much smaller drop in efficiency when coating onto room temperature
substrates (6.9% PCE)hé&refore, with 820 as our champion polymer across all spin
coating thermal conditions, we scaled it up for in depth morphological characterization and
blade coating studies. To the best of our knowledge, there are limited in depth
morphological studiesrothermal and temporal effects when comparing the processing of

fullerene vs. notiullerene acceptors, as with spin coating vs. blade coating.
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Table 4-17 Spin coated device statistics for both acceptors each processgdhree
different thermal conditions. Values were averaged over 8 pixels and error bars
indicate one standard deviation from the mean. Device architecture:
Glass/ITO/ZnO/active layer/MoOy/Ag. Active area =4.9mm? asdefined with an

aperture.

Acceptor So'u“(‘jg)temp é‘;qb;tzfg J(MAcm?)  Voc(V)  FF(%)  PCE (%)
110 100 181+05  072+001 73t1  95:04

PC, BM 110 25 17.6+0.4 0744001 72+1 94+03
50 25 17.6+06 0724001 71+2 9.0+04

110 100 144+0.7 1014003 58+2 84+07

IDTBR 110 25 15015  1.00£003 50t4  6.9+07

50 25 155410  10l+0.Q2 45t4  61+05

4.2.3 Blade coating morphology and performance

In order to understand how thermal changes inptiogessing conditions would
translate to blade coating, we explored polymer behavior as it is coated from a pristine
solution. With our custom blade coater, we are able to independently heat the stage and
solution, as well as monitor the UV/vis absorptgpectra of the deposited wet film as it
dries. As mentioned before with the temperature dependent UV/vis spgappofting
Figure 4-5), this polymer is slightly aggogated at 25 °C, but is in a more molecularly
dissolved state at just 45 °C. To establish behavior at the thermal extremes with respect to
the stage temperature, the polymer was coated from a 100 °C solution in chlorobenzene
onto either a 25 °C or a 90 °@age. The UV/visible absorption spectra were acquired in
real time during the coating and drying process, and selected spectra during the drying
transition are shown iRigure4-4 (a) and (b)for the 25 °C and 90 °C stage respectively.

The high temperature of the coating solution ensures that as the solution is deposited, the

polymer is in the blueshifted, deaggregated state with peak absorption around 580 nm.
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However,once the solution hits a cool substrate, the polymer is immediately aggregated
with its peak absorption redshifted to around 625 nm. As the film dries over the course of
~ 150 seconds, the spectrum evolves with a distinct long wavelength shoulder. Ggnverse
with the stage heated up to 90 °C, the polymer is coated in its dissolved state, and we can
observe the aggregation transition concurrently with solvent evaporation that starts just 3.1

seconds after coating.

These drastically different aggregationndynics result in different solid state
morphologies measured via GIWAXS, as showRigure4-4 (c) and (d) The 25 °C stage
cast film shows the polymer in an edge aientation, with high order lamellar stacking
up to (400) in the out-- odt pdlkinreg dp eplmie t (| IO )
direction. Conversely, the 90 °C stage cast film has a slightoiagereference, with
relatively isotropic lamella st ac ki-'ngs taancdk ian g~ p e alof-plafteat f av
direction. Thus, we can conclude that aggregate morphology in the solution state directs
the nanoscale polymer microstructure. This slight fatereference is correlated with
improved deviceerformance when blade coating #8BM blend films, as seen with the
spincoated P&BM devices Figure 4-3 and Supporting Figured-6). However, these
results differ from the spin coating results, where drastically changing the substrate
temperature while maintaining a heated solution did not affiéidtstate morphology. This
is likely due to two factors: an almost twofold increase in polymer concentration, and large

heat sink of the metal blade coater stage compared to the spin coater chuck.
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Figure 4-471 (a,b) In situ UV/vis spectroscopy of bladecoated films of pristine 8020

cast from a 100 °C solution onto either a (a) 25 °C or (b) 90 °C substrate. (c,d)

resulting GIWAXS patterns from the films cast at the two substrate temperatures
above.

Since increasing the total solution concentration, relative to spin coating, is
required for blade coating in order to generate films of the same thickness, we sought to
combat the issue of a having a large heatsink for the substrate by moderately heating the
stage to only 50 °C. This keeps the polymer in sadgregated state as evident by the
temperature dependent UV/vis solution spectroscopy described &hgweoftingFigure
4-5). As seen inSupporting Figured-9 and Supporting Figured-10, both for prisine
polymer and polymer:P@BM blend films, increasing the substrate temperature from 25
°C to 50 °C is enough to completely alter the polymer crystallite orientation toward more
isotropic, which should be good for transporting charges through the relatively thick active
layers emplged in devices here (200 rimd00 nm). Less drastic changes were seen from

increasing the stage temperature further, to 90 °C, at all three solution temperatures studied.
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In general, pristine polymers cast at room temperature adopt aledgentationwhile
polymer:PCBM blends adopt a more fame orientation; therefore it is likely that
solidification is directed by not only the solutiair and solutiorsubstrate, but also the
presence of acceptor. This provides further evidence that IDTBR is thee swysolymer
crystallization suppression as seen for the blade coated bfumpisarting Figurd-11) as

well as the spin coated blends as discussed above. Thidlzgtta suppression can be

seen in the pole figure of the blade coated blends cast from 50 °C solutions onto a 50°C
stage, where the IDTBR BHJ has significantly lower polymer crystallinity than the
PC;1BM BHJ (Supporting Figurd-12). Interestingly, polymer crystallinity is higher in the
PC;1BM blend compared to the pristine polymer, suggesting thatBRCis influencing

polymer behavior during solidification.

Using the 50 °C stage as our starting point for blade coated devices, as it is sufficient
to move into the more isotropic crystalline polymer region, we fabricated PCBM devices
varying the solution temperature from 50 °C to 100 °C. Lowering the solution temperatur
below 50 °C causes gelation that makes blade coating difficult, and temperatures above
100 °C are challenging to maintain reliably during deposition with a handheld syringe or
micropipette. Device results are shown belowable4-2. An increase in film thickness
as a result of increased viscosity with decreasing temperature explains the increase in short
circuit current density from 11.5 mA cfrito 17.4 mA crf. However, this does not also
explain the increase indé or fill factor. It is possible that the drastic difference in solution
and substrate temperature causes the polymer to solidify aggressively on the substrate, and
since we are building inverted devicegiwihe electron transport layer on the substrate,

excessive polymer solidification at this interface compared to fullerene will lower the



voltage®? At these same conditions, IDTBR also reaches a maximum power conversion
efficiency of 7.5 %, which is about one percent lotixan the spin coated case, comparable
to the trend in the P@BM devices. A summary of the optimized results is presented in
Table4-3.

Table 4-27 Statistics of blade coated 8@0:PC7:BM devices deposited on a 50 °C

stage while varying the solution temperature. The solution was initially stirred at
100 °C and was allowed to cool gradually between coatings.

solutl(gg)temp J.. (MA cm?) Voc (V) FF (%) PCE (%)
100 115N 0. 7 065N 0. 0 59N 1 44N 0. 3
85 144N 0. ¢ 066N 0. 0 63N 1 60N 0. 3
75 147N 0. ¢ 068N 0.0 67N 1 66N 0. 4
50 174N 0. ¢ 070N 0. 0 68N 1 82N 0. 4

Table 4-371 Optimized device data for spin coating and blade coating with PGBM
and IDTBR. Spin coated data are optimized at a solution temperature of 110 °C and
substrate temperature ofé 100 °C. Blade coated device data are optimized at a
solution temperature of 50 °C and a stage temperature of 50 °C.

Acceptor Method Joc (MA cm?) Voc (V) FF (%) PCE (%)
Spin 18.1+£0.5 0.72+0.01 73+1 9.5+£04
PC7:BM = - -
Blade 17.4 N 0. 70@. N 68 N 8 .0 . 4
Spin 14.4+0.7 1.01 £0.03 58+2 8.4+£0.7
IDTBR
Blade 12.5+ 0.6 1.02+ 0.06 601 7.5+£0.3

4.2.4 In situ GIWAXS and WLI

In order to understand how the resultant morphology is established during the
coating process, we conducted riiale GIWAXS measurements on this system during
the blade coating process. We also simultaneously measured white light interferometry
(WLI) in order to monitor film thickness over time. Together, these two measurement

techniques are used to correlate crystallization with the concentration of the wet film in
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order to characterize blend component solubility and solidification. Using the optimized
blade coating conditions with both a solution and substrate at 50 °C, we coated solutions
of pristine polymer, pristine IDTBR, the polymer:RBM blend, and the polymer:IDTBR
blend. However, in order to begin with a direct comparison, all three systemsoaéed

from chlorobenzene. This solvent system accurately represents the pristine polymer and
IDTBR cast films in the previously discussed experiments but does not represent the

optimum conditions for the P4BM blend.

Shown inFigure 4-5 is a compilation of the data used to understand the in situ
experiment: the top panels are of the dried films, and the bottom panels are of the real time
experiment. The uplane line cuts werchosen for comparison because, while the polymer
(100) lamellar ordering is relatively isotropic, the IDTBR lamellar ordering is
predominantly irplane.Figure4-5(a) shows the ifplane line cuts from the three dry films
in order to identify the region of interest to explore with the in situ measurement. Since the
strongest scattering features are from the lamellar stacking peaks, those were chosen for
reattime analyss. The 2D GIWAXS image of the polymer:IDTBR dry film is shown in
Figure4-5(b). The inplane region from 0.4 < gy < 0.6A™, which is chosen to capture
the varioudirst-degree lamellar features of these blend systems, is highlighted with a black
box. While the oubf-p| ane st acking peaks for the poly
different g values, the signal is much weaker, and thrahge is obfuscated by theolad
isotropic scattering due to solvent. This low g region is expanded and monitored as a
function of time after coating as shown kigure 4-5(d) below. The grange sbwn in
Figure 4-5 is negative because we are using the left side of the area detector in order to

avoid a gap in the right side of the detector that lies at positive q (visible at the right edge
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of the 2D pattern irFigure 4-5(b)). Scattering features reflected across 0 A are

symmetric, therefore subsequent references in the text will use positive numbers for
simplicity.
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Figure 4-571 (a) GIWAXS in-plane line cuts of dry films after the in situ experiment,
featuring pristine 80-20, the PG1BM blend, and the IDTBR blend. Peaks that will
be tracked are highlighted in grey: first order scattering for both the polymer and
IDTBR. (b-d) In situ workflow and data analysis: (b) 2D GIWAXS scattering
pattern of the 80-20:IDTBR blend with the in-plane region from-0.6 A1 < q <-0.1
A1 highlighted and expanded into (d) the false color contour plots of the in plane
line cuts over time, highlighting the solvent halo at short times, the polymer (100)
peak at low g @ = 0.28AY), and the IDTBR peak at higher g ¢ = 0.37A™). (c)
Select Ine cuts from the false color contour plots highlighting three aspects of the
coating process: black at 6 seconds, early coating dominated by the solvent halo; red
at 9 seconds, emergence of the polymer peak; and blue at 11 seconds, IDTBR peak
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and dried film. These in situ runs are analyzed in depth in the supporting
information.

The line cuts presented Figure 4-5(c) were chosen to highlight specific stages in the
coatng process, and their origins are labeled with dotted colored lines in the false color
contour plot inFigure 4-5(d). In early times after coating, indicated by thecklaurve

taken at 6 seconds, the signal is dominated by broad isotropic scattering due to the solvent
halo, the broad peak around g = A3 No significant features appear in the low g region
where we expect to see-820 and IDTBR lamellar stacking. At€conds, the red curve
shows the emergence of a polymer peak as well as a strong decrease in the amount of
solvent in the film. Two seconds later, the blue curve shows the emergence of the IDTBR
peak atf) = 0.37A! next to the polymer peak gt= 0.28A2, at which point the film is dry

and the final morphology is established.

In order to quantify the wet film concentration at each of these steps of the drying
process, WLI was used to monitor film thickness oveetifcoaxial fiberoptic reflection
probe sends white light into the film and collects the light reflected through the film and
back into the fibeoptic probe. The reflected light spectrum is a convolution of the
absorption of the film and the broadbamnteirference between the incident and reflected
beams as a function of layer thickness and the refractive index of the materials. Therefore,
ellipsometry of the dry films was performed and the subsequent time dependent reflection
data fit to an optical modleThe ellipsometry results of pristine polymer and IDTBR are
presented irBupporting Figurel-13, and the modeled wet and dry films are presented in
Supporting Figurdl-14. This modeled data is then used to calculate wet film thickness as

a function of time, which is shown for the four coating conditionSupporting Figure
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4-15. Combined with the GIWAXS peak evolution data, this data can be used to calculate
the solids volume fraction of individual materials during the coating process, in order to

measure how long each material stays in solution before solidifying.

In order to rigorously quantify the crystallinity during coating, the evolution of the
peaks in the line cuts shown abovedrigure4-5 (c) and (d) the lamellar stacking peaks
were fit to a constrained Gaussian. The fitting process and results are si®wppaorting
Figure4-16, Supporting Figurd-17, Supporting Figurd-18, Supporting Figurd-19, and
Supporting Figurel-20; the IDTBR BHJ was fit twice, separately for the polymer peak
and the IDTBRpeak. We examined each lamellar peak in 0.2 s intervals and fit the peaks
to a Gaussian function with a constrained width and positive area. Peaks were manually
evaluated in order to determine goodness of fit and remove curves with a high degree of
noise,as well as curves that represent a film that has already dried. The peak heights as a
function of time were analyzed with a linear regression and extrapolated to a peak height
of zero in order to estimate the onset of crystallization. This assumes thatevof
growing crystals expands linearly. The wet film thickness at this time was used to measure
the solids volume fraction within the film. Those results are summariz&adipporting

Table4-3, with the solids volume fraction alone presentedable4-4.

Table 4-47 Volume fraction of solids at the onset of diffraction, calculated from in
situ GIWAXS and WLI, measured for 80-20 diffraction (at q = 0.28A™) and IDTBR
diffraction (q = 0.37A™).

Volume fraction of solids atdiffraction onset (%)
80-20 diffraction IDTBR diffraction
80-20 only 11.5polymer -
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IDTBR only - 15 IDTBR
80-20:PC7:.BM BHJ 7.6 total / 3.5 polymer -
80-20:IDTBR BHJ 9.7 total / 4.5 polymer 13 total / 7.1 IDTBR

For the 80620 only film, polymer diffraction onset is at 12.2 seconds, which
corresponds to a solids volume fractiorl@f5%. For comparison, the IDTBR diffraction
onset for the pristine IDTBR film is at a solids volume fraction of 15 %, suggesting that
IDTBR is slightly more soluble than the polymer in chlorobenzene. For thé&8RMBHJ,
the total solids volume faction at thaset of diffraction is 7.6 %, which corresponds to a
polymer volume fraction of 4%. Therefore, with RBM, the polymer crashes out of
solution earlier than the pristine case, indicating that.B!@ acts as a mild angolvent
for the polymer. We showeelrlier with the pole figure of the blade coated blends that
polymer crystallinity is enhanced when R28M is added to the coating solution; this
supports the argolvent hypothesis: the fact that 7BM forces the polymer out of
solution leading to highearystallinity. In the IDTBR BHJ, the total solids content at the
onset of polymer diffraction is comparable to the polymer only case (9.7 ¥.\&%);
therefore, IDTBR helps solubilize the polymer and extends the drying window to the
pristine case. Thisould delay the onset of crystallization and limit the final polymer
crystallinity in the dried film. The rate of crystallization for polymer in IDTBR is the fastest
of all the crystallization transitions that were measug&upporting Figuré-20), so rapid
crystal formation is not likely to establish an optimum BHJ that supports &igind FF

like we observe for the P@BM devices.

4.3 Conclusions and perspective
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In agreement with our previous work, the work presented here supports the idea
that developing polymer crystallinity via aggregation is important for BHJ morphology in
IDTBR based NFAS® Similarly, Hamid et al. have recently shown that with blends of
PffBT4T-2DT and either @DTBR or OIDFBR, solidliquid demixing via aggregation
dictates phase separation behavior and prevents over coarsktiirgspstent® Park et
al. have used random terpolymers based on the PffI2ID repeat unit and have found
gradual crystallization to be helpful in famg a distribution of domain sizes, which often
improves photovoltaic efficiency with small domains that are beneficial for exciton
diffusion and large domains that are beneficial for charge trarf§gétBaran et al. have
shown that for a blend of P3HT with IDTBR, using a small addition of the less ordered
acceptor molecule IDFBR to the blend changes phase behavior and ultimately drives up
the photovoltaic performané&’ Too much IDFBR was shown to vitrify the IDTBR
domains while maintaining order within pure domains of P3Highlighting the
complexity of ternary systems. Our system here is different, in that despite the strong
aggregation oPffBT4Tgo-c0-3T20-20D, its crystallinity was affected by the presence of
acceptor. In general, it is important to investigate how potymaecule blends changes
the solidification dynamics and resultant microstructure relative to the pristine behavior, as

we have done here.

The development of polymer order, essential for optimum photovoltaic
performance, is dependent on the identity of the acceptor blended with this particular
aggregated polymeRffBT4Tgo-c0-3T20-20D. Through thermal analysis we discovered
the minimum tempeture required to process in a slightlyatggregated state, which was

sufficient to develop isotropisemicrystallinepolymer structure. However, the nature of
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the blend films at a fixed temperature is dependent on the acceptor molecule, whereby
increasng the crystallinity of the acceptor further disrugbits crystallinity of the polymer.

We observe through in situ GIWAXS and WLI that##M acts as an ansiolvent and
pushes the polymer to solidify and crystalliZée presencef IDTBR in the blend fin

slows the polymer crystallization relative to the pristine angiBB@ blend, and the abrupt
crystallization of IDTBR locks the polymer into a lower crystallirstate. Due to a lack

of IDTBR crystallization until the end of the drying process, it appbath crystallizable
materials affect each other, which explains why both the current and fill factor drop when
comparing PCBM to IDTBR. Ultimately this work emphasizes the importance of choosing
polymer:molecule pairs with complementary degrees of dhystyin order to develop an
optimum morphology, as well as the importance of monitoring the processing temperature

of TDA polymers to tune aggregation and crystallinity.

4.4 Supporting information

4.4.1 Materials

All solvents and regents were purchased and usdtbwt further purification
unless otherwise noted below. The zinc acetate dihydrate, ethanolamine-and 2
methoxyethanol used for the ZnO synthesis were purchased from Sigma Aldrich. EH
IDTBR was purchased from Sigma Aldrich and compounavas purchased fro
SunaTech and used as received. The monomers 2 and 3 used for the synthesis of
PffBT4Tso-co-3Ts0-20D were synthesized according to a literature procedité’
Chlorobenzene used for the polymerizations was dried over activated 4 A molecular sieves

for 48 hours before used and argon purged for at least 4 hours.
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4.4.2 Characterization methods

'H NMR and**C NMR spectra for all monomers and moleculegcqorsors were
acquired on a Varian Mercury Vx 300 MHz instrument using GA&olvent; the residual
CHClzpeak was used as a reference for all reported chemical $Hifts (1 = ¥C:26 ppn

a = 77.16 ppm).

H NMR for all polymers were acquired onBauker 400 MHz instrument using
1,1,2,2tetrachloroethane @O>Cls) at 110 °C; the residual-82Cls peak was used as a

reference for all reported polymer chemicalshifts G = 6. 0 ppm) .

Gel permeation chromatography (GPC) was performed using a Tosoh ECOSEC high
temperature GPC instrument with RI detector to determine the number average molecular
weight (M), weight average molecular weight (Mand dispersityr{) for all polymers.
Experinents were run using 1,2tdchlorobenzene (TCB) as eluent at 140 °C at a flow
rate of 1 mL/ min on t w-Gel GMHr-HISINHTR coBirinsio m, 1 3
series. The instrument was calibrated using polystyrene standards1123@(000 g/mol)
and thedata were analyzed using 8321GWR( analysis software. The GPC samples were
prepared by dissolving the polymers in TCB at a 1 mg/mL concentration and stirred at 110

°C for at least 3 hours before filtering through a 0.45 um PTFE filter.

Elemental analysewere conducted by Atlantic Microlab Inc. bIN6 absorption
spectra were obtained on a Cary 5000 spectrometer. Film thicknesses were measured using

a Bruker DektakXT profilometer. Electrochemical analysis was performed using&a@ EG
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Princeton Applied Resech model 273A potentiostgalvanostat. Cyclic voltammetry
(CV) was performed at a 20 mV scan rate and differential pulse voltammetry (DPV) were
performed using a 2 mV step size, 80 ms step time and 50 mV pulse amplitude.
Voltammetry experiments were pammed in a glove box using a standard thetsztrode

cell including a 0.07 cfnglassy carbon button working electrode, an Ag/&y01 M
AgNO:s) reference electrode and a platinum flag counter electrode. Polymer and NFA films
were drop casted onto the Worg electrode from a 1 mg/mL chloroform solution and
allowed to air dry. Electrochemical experiments were performed using dry acetonitrile with
a TBAPFs supporting electrolyte at a concentration of 0.5 M in an argon filled glovebox.
Ferrocene/ferroceniurt5.12 V vs vacuum) was used as an internal standard calibrated

against the Ag/Agreference electrode {£= 85 mV).

Differential scanning calorimetry was performed freB0 °C to 300 °C at a scan

rate of 20 °C/min, using BA Instruments Q200 DSC

Static GIWAXS samples of pristine polymer or polymer:acceplends were
prepared on silicon wafer substratsgaticGIWAX Sfilms were measured at two different
places. Some data were collectedtnford Synchrotron Radiation Lightsource (SSRL)
beamline 143 in a heliurdfilled chamber with an Xay wavelength of 0.976 A and sample
to detector distance of 250 mm at an inotdangle of 0.13°. Spectra were recorded on a
Rayonix MARCCD area detectol he remainder of the GIWAXS data was collected at
Brookhaven National Lab, NSE&, 11-BM Complex Materials Scatting beamline, in a
sample chamber under vacuum, with scatteringpfadl3.5 keV beam collected on an area
detector. Static GIWAXS data wawocessed using the Nika software package for

Wavemetrics Igor, in combination with WAXStodfst*?
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In situ GIWAXS data were collected at Brookhaven National Lab, NIBLEL-
BM Complex Materials Scatting beamline. Solutions were prepared and loaded into a glass
syringe, which itself was loaded int temperatureontrolled syringe jacket prior to
deposition. During the coating process, simultaneous white light interference and

GIWAXS data were collected over time on a area detector.

Solar cells were constructed in an invertedchitecture comprisqm of
glass/ITO/ZnO/polymeacceptofMoOs/Ag. Beforedevice processing, thpatternedTO-
coated glass substrates (Latech Scientific
cleaned byscrubbing withsodium dodecyl sulfate in Millipore watefollowed by
sonicating sequentially with sodium dodecyl sulfate in Millipore water, pure Millipore
water, and finally isopropanol for 10 minutes each. The cleaubdtrates were blown dry

with argon and placed in a UVA&hamber for 10 minutes.

For the electro transport layer, a ZnO solution was made with 0.11 M Zn acetate
dihydrate and 0.11 M ethanolamine combined-me&thoxyethano{Sigma Aldrich) This
solution was stirred overnight at room temperature, then filtered with a 0.45 um PTFE
syringe filter befoe use. The ZnO solution was deposited on the cleaned ITO substrates by
spincoating for 30 seconds at 4000 rpm in ambient atmosphere to get a layer thickness of
~30 nm. After spircoating, the ZnO layer wasnneal ed i n aimnat 15
followed byslow cooling to room temperatuaad brought into an Ar filled glovebox for

active layer spin coating or left in air for immediate active layer blade coating

Active layer solutions were prepared in an Ar filled glovebox. For spin coating,

PCBM blend soltions were made with a polymer concentration of 11 mg/mL, with a
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polymer:PCBM weight ratio of 1:1.2 in a mixed solvent of 1:1 chlorobenzene:o
dichlorobenzene with 3%o0f 1,8-diiodooctane as a solvent additive. IDTBR blend
solutions were made with a polymesncentration of 6 mg/mL, with a polymer:IDTBR
weight ratio of 1:1.2 in pure chlorobenzene solvent. For blade coating, PCBM blend
solutions were made with a polymer concentration of 20 mg/mL, with a polymer:PCBM
weight ratio of 1:1.2 in a mixed solvent bfl chlorobenzene:dichlorobenzene with 3%

of 1,8diiodooctane as a solvent additive. IDTBR blend solutions were made with a
polymer concentration of 20 mg/mL, with a polymer:IDTBR weight ratio of 1:1.2 in pure

chlorobenzene solvent. Solutions wereretrat 110 °C for 2 hours before use.

For spin coating, thactive layer solution was coated on top of the ZnO layer in an
Argonfilled glove box at 600 rpm foBO sec.Prior to spin coating, both the polymer
solution and ITO substrate wgger e he at ed o n aforb wmihutepFordiline a't
deposited on a heated substrateystom fabricated chuck for the spin coater with elevated
edges was used to prevent heat dissipation from the hot substrate to the spirfteater
coating, PBM films were immediately brought into the vacuum chamber of a thermal
evaporator to remove residual DIO additive without disturbing the film. IDTBR films dried
within minutes, and some were thermally annealed inside an argon filled glovebox at 120

°C for 5 minutes.

For ambient air blade coating, a custbmilt blade coater with a glass blade and a
stage with heaters was used. Solutions were stirred on a hot plate at various temperatures
before use, and the stage was heated to various temperatures ketfoge Solutions were
used within 1 hour of being brought outside the glovebox and were not reused once opened

to air for a set of coatings. For blade coating of PCBM blend films, a blade gap of 300 um
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was used with a speed of 38 mm/s. For blade coatiti TR blend films, a blade gap

of 150 um was used with a speed of 26 mm/s.

After coating, PCBM films were immediately brought into the vacuum chamber of
a thermal evaporator to remove residual DIO additive without disturbing the film. IDTBR
films dried wihin minutes and did not require immediate vacuum treatment. Some were

thermally annealed inside an argon filled glovebox at 120 °C for 5 minutes.

To apply top contactthe samples were placed in a vacuum chafoipdri 2 hours
to reach a targgiressureof 1x10° Pa (1x1@ mbai). The top electrodes MaCind Ag
were deposited by vacuum deposititm layer thicknesses ol5 nmand 160 nm,
respectively, to obtain complete solar cell devices with an electrode overlap araeaf 7
Fast drying Ag paint (Tefella, 1604€80) was applied to the ITO electrodes to improve
contact with the device switdhox. An aperture with area®mm?was aligned with the
electrode overlap area for solar and EQE measurements)-Vheharacteristics of all
photovoltaic devicesvere evaluated under AM 1.5G solar illumination (100 mW/cm?2)
using a Keithley SMU 2410 with a Newport Thermal Oriel 94021 solar simulator calibrated

with a reference silicon solar cell.

4.4.3 Polymerization oPffBT4Teo-c0-3T20-20D
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CioHay CgHiz 1 CgHy7

Pd,dbas-CHCI;/P(o-tol)s
CB, 145°C

PffBT4Tg,-c0-3T,,-20D, m:n = 8:2

Supporting Schemel i Polymerization scheme of PffBT4%B¢-c0-3T20-20D

A dry 50 mL round bottom flask was equipped with a stir bar, compound 1 (1 g, 0.948
mmol), compound 2 (373 mg, 0.758) and compound 3 (77.6601®, mmol) and
transferred into a glove box with a condenser. Inside the glove bedh@&CHClz (20

mg, 0.19 mmol) and Bftol)z (23 mg, 0.076 mmol) were added to the reaction flask. The
flask was sealed and brought out of the glovebox and immediatelgcplinder a blanket

of argon through the top of the condenser. Then 15 mL of argon purged chlorobenzene was
added to the reaction flask and followed by 10 minutes of stirring to dissolve all the
contents. The flask was then lowered into an oil bath thatpreheated to 145 °C and was
stirred for 24 hours. The polymerization was then cooled to 90 °C and exposed to air to
add an excess amount of Pd scavemiigthylammonium diethyldithiocarbamasad 10

mL of additional chlorobenzene. The mixture was dirfer 1 hour before it was
precipitated into 400 mL of methanol. The impure polymer was filtered through a nylon
extraction thimble and subjected to successive soxhlet extractions with methanol, acetone,
hexanes, dichloromethane and finally collected ilorctiorm. The polymer chloroform

solution was concentrated under reduced pressure and precipitated into methanol. Finally,
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the pure polymer was collectgc vacuum filtration and dried under vacuum for 24 hours
to produce a dark purple solid (906 mg, 92B4): 51.0 kDa, M.: 94.0 kDan: 1.84 (GPC

in 1, 2, 4trichlorobenzene vs. polystyren&) NMR (400 MHz, GD.Cls, 100 AC) :
8.22 (s, 2H), 7.35 (€.43 H), 7.28 (s, 3.28 H), 2.94 (m, 4H), 1.94 (m, 2H), 1483 (m,

64 H), 0.980.92 (m,14.84H). Anal. calcd. foiCes1 Hs7.dN2F2Sa s C (70.47%), H (8.47%),

N (2.68%), S (14.73%); Found: C (70.70%), H (8.35%), N (2.55%), S (14.62%).

Polymerization of the second batchRIfBT4T go-c0-3T20-20D was performed in
the same manner as described abbanomer 1 (200 mg, 0.189 mmol), monomer 2 (74.5
mg, 0.151 mmol), monomer 3 (15.5 mg, 0.038 mmol}(dtssA C H:G4 mg, 0.0038
mmol), PE-tol)s (5 mg, 0.016 mmol) and 3 mL of chlorobenzene were used. The polymer
was collected as a dark purple solid (175 88%). M: 62.0 kDa, M.: 120.0 kDan: 1.93
(GPC in 1, 2, 4richlorobenzene vs. polystyrenddnal. calcd. forCes1Hs7 dNoFoSas: C
(70.47%), H (8.47%), N (2.68%), S (14.73%); Found: C (70.87%), H (8.45%), N (2.77%),

S (14.70%).

4.4.4 Supportingfigures andables

Supporting Table 4-17 Power conversion efficiencies ahe family of PffBT -4T-co-
3T polymers for spin coateddevices with both PGi:BM and IDTBR, with hot
solutions and either hot or RT substrates. PCBM data taken fronour previous
work.' IDTBR data processed with a 100 °C substrate is also taken from our

previous work.183

Average PCE (%)

Polymer PCBM PCBM IDTBR IDTBR
100 °C subgrate RT substrate 100 °C substrate RT substrate
PffBT4T-20D 8.7 N o0 < 0.5 8.0+ 0.3 < 0.5
PHfBTAT -co-3T 9.6 N o0 9.6 N 0 8.7+0.2 54+0.3
PHfBTAT, -co-3T 9.5 N 0 9.4%0.3 8.5+0.5 6.9+0.4
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PffBTAT -co-3T 9. ®.1% 9.5 N 0 6.8+0.7 6.5+0.3
PfBTAT _-co-3T_, 9.1 N o 9.1 N o 22+04 2.1+0.4
PffBT3T-20D 5.1 N 0 6.0 N © 1.8+0.2 1.5+0.4
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Supporting Figure 4-17 *H NMR of the 51 kDa polymer sampl¢TCE-d2, 10
mg/mL, 110°C, d1 = 8s)
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Supporting Figure 4-27 The (a) CV trace and (b) DPV trace of the 51 kDa polymer.
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Supporting Figure 4-37 Energy level diagram of 8620, IDTBR, and PC;:BM. 80-20
energy levels were taken from the DPV above vs. 5.19.dDTBR energy levels were
taken from our previous work.!°* PCBM values were taken from Thompson et at®*
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Supporting Figure 4-47 High temperature (140 °C) GPC traces in 1,2,4
trichlorobenzene.
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Supporting Figure 4-57 Solution UV/vis spectra of the two PffBT4&o-c03-T20-20D
polymers used in this study, in 0.02 mg/mL-®CB, from 25°C to 85°C. Solutions

were allowed to equilibrate at each temperature for 5 minutes before each spectrum

was recorded.

Supporting Table 4-27 Summarized optoelectronic data for 8620 51 kDa as
measured via cyclic voltammetry and differential pulsed voltammetry: oxidation
and reduction potentials, HOMO/IP and LUMO/EA values, the electrochemical

band gap calculated from CV and DPV, and the optial band gap calculated from
the solution UV/vis.

ox, onset ( ) red, onset (V) EHOMO (eV) ELUMO (eV) EgEchem (eV) EgOpt (eV)
Ccv DPV Ccv DPV Ccv DPV Cv DPV Ccv DPV UV-VIS
0.43 042 | -1.58 | -1.58 | 5.55 5.54 354 | 354 | 201 2.00 1.65
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Solution 110°C 110°C 50°C
Substrate 100°C 25°C 25°C
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Supporting Figure 4-6 7 GIWAXS patterns of spin-coated blend films of the two
different batches of 8620 with the PC;1BM. The solution and substrate
temperatures were varied as indicated above. Inge intensities were approximately
normalized to film thickness. We do not observe any significant changes between the
two molecular weights.

Solution 110°C 110 °C 50 °C
Substrate 100 °C 25°C 25°C

PC,,BM

o A"

IDTBR

00 A | e SN — _ _ . SNy — __|
05 00 05 10 15 20 00 05 10 15 20 00 05 10 15 20
Gy (A7) ay A7) ay (A7)

Supporting Figure 4-77 GIWAXS patterns of spin-coatedblend films of M, = 51
kDa 80-20 with the two acceptor molecules use in this study. PCBM data is
reproduced from Figure S6 above. The solution and substrate temperatures were
varied as indicated above. Image intensities were approximately normalized tdrfi
thickness.
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Supporting Figure 4-97 GIWAXS patterns of pristine Mn = 51 kDa 8020 blade

coated at a variety of d

ifferent solution and stage temperaturesast from
chlorobenzene only.



Stage temperature (°C)
50

25 % <
& & 1
6 . 7
[ 00 LMRNS 00 ELEANS ‘
@ 05 00 05 10 15 20 05 00 05 10 15 20
5 ay,A") q,A")
g
(]
e
[
o ~ _ -
£ 50 =< = <
& & &
2
S
= 0.0~ 00 S\ =3
3 05 00; 08 10 5 20 05 00 05 10 15 20
© Gy (A) ay (")
n
100=< T )
& & &

& A
0 - 0.0 L\ N
05 00 05 10 15 20 05 00 05

LS

10 15
an (A"

2.

0.0 -
05 00 05 10 15 20
a, A"

05 00 05 10 15 20
qy (A")

0.0 2
05 00 05 10 15 20

aq A"

Supporting Figure 4-107 GIWAXS patterns of Mn = 51 kDa 8020 : PCBM blend

films blade coated at a variety of different solution
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Supporting Figure 4-1117 GIWAXS patterns of Mn = 51 kDa 80-20 : IDTBR blend
films blade coated at a variety of different solution and stage temperatures.
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Supporting Figure 4-1271 Sin G corrected pole figures of the (100) lamellar stacking
peak for the blade coated pristine and blend films processed from 50 °C solutions
with a 50 °C stage.

Supporting Figure 4-1317 Complex refractive indices of 8620 and IDTBR measured
via ellipsometry.


























































































































































































