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Abstract

There are growing demands for energy throughout the world. In order to meet
the rising energy pressures of the future, renewable sources are required. One
approach to resolve this problem is organic photovoltaics )(QW\sh offers a
potential low-cost energy solution for the future. Before this technology is
commercially feasible, improvements in efficiency, |§etmaehanicatability and
processing are requiredhisithesis presents an integrative approadokestigating

the scalability, lifetime stability, and mechanical properties of OPVs.

A robustspray coating method was developed for high condupbWi,4
ethylenedioxythiophene):pphgtyrenesulfonate) (PEDOT:PSS)transparent
electrodesConductiviies of >1000 S cfrare achieved with sheet resistances of 24
ohm s¢ and 74% transmittance, which are amongst theebestedin the field.

OPV devices fabricated with the high conductivity transparent electrodes yielded
power conversion efficienci@¥CEs)of 3.2%.Mechanical bending and stretching
tests demonstrated that the flexibility of thdemerlayers were far superior to

that ofindium tin oxidelTO). Collectively, our results illustrate a promising future

for the scalable printing of lewst PEDOT:PSSased flexible transparent

electrodes.

A watersoluble cabnic polythiophene derivativeas combined with anionic
PEDOT:PSS on ITO substrates via etestatic layey-layer (eLbL) assembly. By

varying the number of eLbL layers, the electrode's work funagprecisely



controlled from 4.6 to 3.8 eV. These polymeric coatiegsused as cathodic
interfacial modifiers for invertetbde organic photoitaics The PCE of the
photovoltaic devicevas dependent on the composition of the ellskembled
interface and perrted fabrication of devices with efficieasciof5.6% Notably,
these devices demonstdeggnificantir stability maintainin®7% oftheir original

PCE after over 1000 h of storage in air.

The optoelectronic and photophysical properties of four regioregulas poly[3
(carboxyalkyl)thiophei2e5diyl] (P3CAT) with different carboxyalkyl chain lengths
(propyl to hexyl) are reported. Each P3@Adombinedvith functionalized £ to
form the photoactive bulk heterojunction layer@&V devices. The extent of
hydrogen bonding and polymer crystallinity in the filasleterminedand he
mechanical propéts of filmssuggesd that P3CATswere suitable for use in
flexible devices.GEsof up to 2.6% and 1.6%ereobtainedfor devices omlass

and plastisubstrates, respectively.
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General Introduction

1.1 Overview

This thesis investigates new materials and architectures for organic photovoltaics
(OPVs). We present an integrated approach investigating different components of
OPVs, with goals of improving photovoltaic performance, stability, mechanical

propeties, and processing.

This first chapter provides a general introduction to semiconducting polymers,
the field of OPVs, characterization and components of devices, the market potential
and future opportunities. The research chapters delineate the tcamsif@PVs,
starting with spragoated transparent electrodes (Chapter 2), followed by self
assembled interfacial buffer layers (Chapter 3), and finally, investigation of an

approach to control the morphology of photoactive layers (Chapter 4).

1.2 Semiconduding Polymers

A critical discovery enabling organic photovoltaics is semiconducting polymers.
The 2000 Nobel Prize in Chemistry was awarded to Alan J. Heeger, Alan G.
MacDi ar mi d and Hi deki Shirakawa of or
conductive polymeai€®! These can conduct electricity while maintaining the
mechanical pperties and ease of processing as typical insulating g8lymers.

1

t

he



The most structurally simple dosting polymer is polyacetylene (PRA isa
first generation semiconducting polymer, consisting of a carbon bagibone
alternating single and double bonds as sé¢egurel.1A. Along the carboanhain
DBonds hold the polymer together while carooa r b ebonds Fnable
semiconducting behavidliin trangolyacetylene there are 4 bands in the band
structure as seen figurel.1B. There ar®ZndDzands from the carhecarbon
bond as well asj a hbdndsoriginating from the overlap of adjacent catbon p
orbitals. ThédZnd3 bands ar e obOzmdibandsdare unedcipiee t he
Thus, a band gap exists between thhe 3 (hig
and” (IGvest unoccupied molecular orbital [LUMO]) bands, leading to
semiconducting behavidliPA has limited solubility in organic solvents, limiting its

use in solution processed devices.

A) B) o
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o

Figure 11 A) Thechemical structure, and B) the schematic band structure of
transpolyacetylene (PA). The band gapdEPA is 1.8 eVl

A second generation semiconducting polymer is regioregular- poly(3

hexylthiophene) (P3HT). P3HT consists of a thiophene polymer backbone, with

2



hexyl groups addet improve solubility (Figure 1.2). It can have high carrier
mobilities in the heao-tail arrangement. In filims, P3HT formslidensional
lamellae, which are typically oriented normahe substraté.® Alkyl chains
interdigitate with one anoth8&rsfachking
thiophene rings forms a (010)nelaand facilitateinterchain charge transport.

P3HT has a band gap of ~2.0'%Whe ultravioletvisibleabsorption of P3HT is
dependent on a number of factors including: regioregularity, molecular weight, and
processing conditiof8Y Wellestablished syntheses and ease of processing have

enabled P3HT to become widely used as a standardized donor material'f8r OPVs.

CeH1 CeH13

Figure 12  Chemical structure of regioregular Heddil poly(3
hexylthiophene).

Third generation semiconducting polymers consist of more complex structures
with enhanced control over properfleOne class includes doramceptor
copolymers, which has enhanced control of the: ¢ram, and improved stabifity.

This strategy uses electrmih and electromeficient moieties as peysthil
copolymer8? One example poly[N-9 fheptadecanyR, #carbazolalt5,5( 4-fi- 7 h
2-thienyi2 h ,-berfzqothtaéiiazolePCDTBT), consistof electrorrich carbazole

and electrowleficient dithienybenzothiadiazol€Figure 1.3). PCDTBT exhibits
remarkable air and thermal stability, the first semiconducting polymer to combine

both of these featuréd The thermastability is attributed to a deeper HOMBY

af (



eV below vacuum), making it resistant to oxid&i®CDTBT has also been used

as a donor material in OPV devices \withinternal quantum efficiency (IQE)
approachind00%. This means that all photons absorbed, result in charges, which
are extracted by the electrdfe€ontinued efforts in designing third generation
semiconductingolymers aims to realize high mobility and stability combined with

ease of processing.

CBH17 C3H17

Figure 13 The chemical structure of a third generation semiconducting
polymer: poly[N-9 fpeptadecanyR, -carbazad-alt5,5( 4 -fi-2-thiény}
2 h -berfzothBadiiazoledpCDTBT).
The typical ondimensional chemical structure of semiconducting polymers leads
to anisotropic carrier mobiliti€sCharges have higher mobility along the backbone
of polymers, compared interchain charge hopping (carriers transported from one
polymer chainto anoth€fThe extiertntcefr m®|l ecul ar inter act
the interchain carrier-3tsaasgpong, I heomoenp
of polymer films can be controlled, which improeegec mobility. The charge

mobilities in polymers can range fromi @ V* s* for amorphous films to > 1

cn? V! s*for crystalline morphologi&8.

Semiconducting polymers can abbkandd b phot on

and forming a hole in the 3 band (if the e



band gap ofhe polymer). However, the electron and hole are not free charges, as is
the case of bulk inorganic semiconductors. The electron and hole form a bound
exciton. In semiconducting polymers, the exciton binding energy is a few tenths of
an electron volt, wtth is much higher than the millielectron volts for bulk inorganic
semiconductors®® Exciton dissociation caxtcur when the exciton migrates to an
interface with lower chemical potential energy, overcoming the exciton binding
energy*® This facilitates charge transfer from a semiconducting donor polymer to an

acceptotype material (such as buckminsterfullergpe, C

Semiconducting polymers can be used for similar applicaidhsira
inorganic counterparts, includipgotovoltaic&” laser& light emitting dioes??
and photodiode$. Other areas of application include thin film transi§tof3,
supercapacitofs,?®! and chemical and biological sen&n@he mobilities of
semiconducting polymers are typically inferior to most inorgafdcs(dr’ V*'s
H However, polymers allow for solution processing, significantly reducing
fabrication costs. Another benefit is that they can be used in flexible device
applications, enabling flexible electronics such as tetewigitbmar phones, and

electronic papéy’

1.3 Introduction to Organic Photovoltaics

1.3.1 Overview
The advent of semiconducting polymers has allowed for the development of
plastic electrity generation, commonly termed organic photovoltaics. Salgy ene

represents a large, and renewable source of energy. In fact, there is sufficient solar



energy hitting the earthoés surface in one
for an entire ye&f! With increasing world population, andreasing economic

wealth of developing nations, there is projected to be an unprecedented demand for

energy in the future. Conservative models project that energy consumption will

double by 2050, and triple by the end of the céefitunyorder to meet future

energy demands, lassgale carbeneutral energy production solutions are required.

Given earthodés huge solar resource, technol
produce and/or store energy from the sun are of greaesiffterOrganic

photovoltaics offer a potential solution to contribute to the energy demands of the

future.

Compared to traditional silicon photovoltaics, OPVs have been projected to
achieve lower costs of electricity production. Tthie iesult of highly scalable fow
temperature safion processing, which is amiele to mass manufacturing via roll
to-roll printing on flexible substrat€8" However, a number of significant
challenges remain (low efficiencies and lifetimes), which need to be addressed before
OPVs will be able to gain significant market share for utility scale energy

productiorf?* !

1.3.2 Development of Organic Photovoltaics

The photovoltaic effect was first observed by A.E. Becquerel it F83%n
there, the photovoltaic effect has been studied in a number of inorganic
semiconductors, resulting in $i junction photovoltaics (first generati&thynd a
number of second generation photovoltaic technologies including: amorphous

siliconf® CdTel* andCulnGaSg(CIGS)*" *!IC.W. Tang developed an OBa&sed



on aphotoactivebilayer structure afopperphthalocyaninglonor) andperylene

tetracarboxylic derivative (acceptobfaining a power conversion efficiency (PCE)

of 1% Si nce Tangds milestone siwegdfe juncti
advancements have led to increasing PCEs to 10%, obtained by Mitsubishi Chemical

in 2011 These include: synthesis of high molecular weight ang purit
semiconducting polyméfs,*? understanding thefluence of photoaise layer

blend morpholog¥* “‘the use ofow band gap polyméts!® improvingdevice

stability** “¢ *and application of reib-roll processing™™? OPVs also inchle

small molecule donors, which have achieved efficiencies 6f 61@%ever, this

thesis will restrict the discussion to polymased OPVs.

The field of OPVs has attracted significant research attention over the past
decade. Analysis of the Thomson Reuters Web of Science database searching for
topiccofo or gani ¢ photovoltaicpgloaotri @ pph ytmev o lstod
reveals a gromg number of publications in the field as se€igurel.4. Research
intensified about a decade ago and in 2011 there were over 1000 publiteaions in
area. The top five countries in terms of papers published are USA, China, South
Korea, Germany, and Japan, with over 100 countries producing a least one
publication. This data represents a truly global investment and growing effort in the

field of OP\5.
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Figure 14 The gr owth of publications in the toc
photovoltaic*é or opolymer sol ar cell *6 or

from Thomson Reuters Web of Science on Decerb2pn22

1.4 Photovoltaic Device Characterization

Photovoltaic devices are tested under simulated solar radiation using a solar
simulator. OPVs are typically characterized under air mass 1.5 global (AM1.5G)
conditions>* *'This represents light travelling through 1.5x air mass atzesittar
angle of 48.2°. This represents the yearly averagelatituads of the earth, and
corresponds to an integrated power of 100 m\&F®r&lobal solar radiation
includes both direct and scattered sunlight. Photovoltaic devices are electrically
characterized ithe dark and under simtga solar light conditions. A soumeter
sweeps voltage across the electrodgle measuring the curredsing this data, a

plot similar tdrigurel.5 can be constructed.
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Figure 15 The photovoltaic parameters which can be extracted from a
currentdensityvoltage (V) plot.

Figurel.5 showsypical currentlensityvoltage V) curves of a photovoltaic cell
under dark and simulated solar radiation. Key photovoltaiarzaréer parameters
can be extracted from the ligh¥ urves. The opecircuit voltage () is the
potential across the electrodes under zero current ociopehconditions. The
shortcircuit current densitysQlis the current density at zero voltdge maximum
power (R.x) point represents the maximum power point along-Yheulve,
whereby P=IV. The current density and potential at,tyeale referred to as the
Jiax @nd .y, respectively. The fill factor (FF) is a ratio of theg iR the dewie
compared to the theoretical power at hantd \,,, and is represented by equation

(1.1):

00 ———  (11)



The power conversion efficiency ( PCE,

current conversion, within tpaotovoltaic device, as summarized in equation (1.2):

- 12)

The R cyr 1100 mW criunder standard AM1.5G conditions. The FF is controlled
by both the series and shunt resistangeB(R TheRgand R, are the inverse

slope of the-¥ curve at the ). and J, respectively. Ideal photovoltaics would
have an R, of infinity and an Fof zero, which would confer a FF of 1. These
photovoltaic parameters will be discussed in OPV device chatamighiroughout

this thesis.

1.5 Components of Organic Photovoltaics

1.5.1 General Device Architecture & Photocurrent Generation

Organic photovoltaics devices consist of a layered structure i sgeel.6.

Devices consist of two electrodes: a transparent electrode, such as indium tin oxide

(ITO), and a reflective Al, Ag, or Au electrode. The photoactive layer consists of
donor (ptype) and acceptor-type) materials. The donor material forms altype

heterojunction (staggered energy levels) with the accepm akigurel.7.

10
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Transparent Electrode

Figure 16 Standard OPV device architecture. The transparent electrode is
typically supported by a solid substrate such as glass or plastic films.

The donor material absorbs photons of light depending on itggdpndhe
absorption of a photon excites an electron from the HOMO to the LUMO energy
| e v <& trangitign), leaving a hole at the HOMO level. This forms a bound exciton
with a relatively large binding energy of -8812eV>" ¥ The exciton can be
dissociated at a doracceptor interface as seentep$2) ofFigurel.7. However,
excitons in semiconducting polymers typically have short exciton diffusion lengths of
~10 nm™ This sgnificantly limits the distance an exciton can travel before

recombining, and returning back to the groundState.

After exciton dissociation, the electron and hole can drift and diffuse in the
presence of an electric field (from the difference in work function of the two
electrodes), depending on the charge carrier mobititg material towards the
interfacial buffer layédts.’® * There are usually two interfacial buffer layers,
modifying both electrodes, as seeRigurel.6. Electrons are transported by the
cathode buffer layer, and holes are transported by the anodic intxyacigbtep

(3) inFigurel1.7]. Electrons are then collected by the cathode, and holes at the

11



anode, leading to current generation. Each layer of the OPV device will be discussed

in more detail below.

1 Photon . (2)
E=hv
-f\ (4)
3 -
& (4) Interfamal Layer (D
8 (3) -+ Reflective
. Cathode
Transparent
Anode Interfacial Layer
D?nor L
-type
v pHp Acceptor
n-type

Photoactive Layer

Figure 1.7 Mechanism of charge generation and extraction in OPVs. (1)
Absorption of photons by the donor material, creating excitons. (2)
Dissociation of excitons. (3) Transport of electrons and holes to tlaeiailterf
layers. (4) Collection of electrons and holes at the cathode and anode,
respectivelyNote: This schematic is simplified to illustrate the electron and
hole transport within a device and extraction at the electrodes. The work
function of the electras can be lower or higher, while still extracting charges.
See expanded discussion in Section 1.5.7.

1.5.2 Substrates

OPVs can be fabricated on a range of substrates from glass to plastics, paper, and
textileg!” 18 % %%5p|ytion processing of subsequent layers allows great versatility in
substrate selection. Substrates for OPVs in the device architgutiiesl irFigure
1.6, must be highly transparent across the solar spectrum, allowing photons to pass
to the photoactive layer. Ballkminated OPVs have also been reported, where light
would enter the top of the devindFigurel.6.* °* *4n thiscase the substrate is not

required tdoe transparent. The transparent electrode is coated on top of the devices,
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which usually consists of poly{@Hylenedioxythiophene):potg{yrenesulfonate)
(PEDOT:PSS) and a metal ¢tic¢" *?Backilluminated OPVs are beneficial in
module fabrication, as only the-thegposited layer (transparent electrode) is required

to be patterned!

To fabricate OPVs on a variety of materials, the surface chemistry of the substrate
canbe tunedenhancing the adhesion of subsequent!§iiif&One example is the
use of polydopamine to form a hydrophillic surface on polydimethylsiloxane
(PDMS) substrates, as s@efrigure1.8°” This enables great adhesion of spray
deposited Ag nanowires (NWs) forming reversibly stretchable transparent

electrode’?

Figure 1.8 Schematic of A) spraigposited Ag NWs on dopamimedified
PDMS films, and B) the polydopamine interaction with Ag NWs and the
PDMS surfaceReprinted with permission from referefi¢e Copyright ©
2012 American Chemical Saociety.

1.5.3 Transparent Electrodes

The next layer in typical OPV device architectures is the transparent electrode.
Transparent electrodes have high transmissivity with lowesistahces, which are
often conflicting properties. The most common material used as transparent
electrodes in OPVs is indium tin oxide (ITO). The properties of ITO are sensitive to

processing conditions, but films typically havedsistivity (16U cm), and high

13



transmissivity in the visible region (>86%)* ITO is a doped 4type
semiconductor with apptical band gap of 3.6 &% ITO can be preparebdly a

number of vacuum deposition techniques, but is commonly deposited with
magnetron reactive sputtering using.®, target with 10 wt.% Snf¥ “Electron
conduction in ITO arises from oxygen vacancies in the lattice, as well as the
substitution of St for In** providing an extra electron for conductiBirO has a

work function of 4.31.8 eV depending on atomic stoicletisnand surface cleaning
treatment§” ° When using ITO as a transparent electrodeptoelectronic
devices, an oxygen plasma is used to remove carbon contamination. The plasma also
improves hokénjection by increasing the work function and favourable wettability
for coating subsequent lay&ré? “However, the declining reserves of indium in

t he e arrtréddcs significans cost variablffyOne of the unique properties

of OPVs is the ability to @ate flexible modulé§’® ITO supported pldi films

exhibit limited flexibility, and are prone to cracking with repeated flexing to small
radii of curvature and low strainsagn irthe optical image fRigure1.9." The

image sbws cracks in ITO opolyethylene terephthaldfET) substrates under

2.5% strain. These cracks are concomitant with a sharp increase in the ITO film

resistancg”
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Figure 19 Optical image of ITO coatgublyethylene terephthal&ET) at a
minimal 2.5% straifReprinted with permissidrom referenc&®. Copyright
© 2000 American Institute of Physics.

There has beeconsiderable interest in the literature evaluating alternatives to
ITO transparent electrodes. Some of these include nanomaterials (Ag, and Cu
nanowires[NWsf# # conducting carbon allotropes (carbon nanotubes [CNTS],

graphené& ® and conducting polymé¥s®”

Metals (Ag, Cu, Au) are known to be highly conductive, but are also reflective. To
circumvent the high reflectivity, thin metal filmsamowire meshes have been used
to form highly transparent and low resistance elecffd¢iesgands can solubilize
metal nanowires, enabling scalable solution processing througloatprgy/: *°!
Meyer rod coatinfl and inexpensive rat-roll coating techniqué¥. Metal
nanowire mesh films allow essentially
while forming a condtive network. The properties of these NW mesh films are
highly dependent on the density of metal NWs, whereby higher density films are
conductive but have reduced transmission. Careful tuning is required to form a

percolation network, without sacrificiitgy transmissiofi? ¥
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Yi Cuiand coworkersised Ag NWs to coat PET substrates as iaeleigure
1.10%2 Films were deposited with a Meyer rod and had sheet resistandés &f 20
with 80% transmissivityhich are in the same range as f#®ransmittance values
are typically reported as specular. However, NW meshes can scatter light and have
significantly higher diffuse transmit&nin OPVs diffuse light can be collected by

the photoactive layer, making it a useful pararoeteidy

Figure 110 A) Ethanol solution of Ag NWs. B) Meyer rod coating of Ag NW
films.C) Ag NW films on PET. D) Scanning electron microscope image of a
Ag NW film with a sheet resistance of £60-4 Reprinted with permission
from referencé2l Copyright © 2012 Amiean Chemical Society.

The ligands on metal NVd#low solution processing. But, the organic coatings
significantly increase resistance of the films. Ligands prevent conduction across
junctions resulting in >i0ncrease in resistance compared to a dWYE?
Annealing films at 200 °C is required to remove the ligand coating on glass
substrate’$¥ However, this temperature is not compatible to processing on plastic

substrates. Several strategies have emerged to process Ag NW films on plastic
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substrates including: galvanic displacement formingogtdd Ag NWE2 applying
mechanical pressure tedaposited film$® *'and plasmonic weldjfi® Plasmonic
welding was applied to Ag NW films, which selectively heats up and epitaxially joins
NW junctions asseen inFigure 1.11.™°% The localized heating does not affect

underlyinglastic substrates, and is ambémto lowcost rolito-roll processing.

Figure 111 Transmission electron microscope image of a Ag NWSs junction A)
before, and B) after plasmonic welding. The scale bar iRRepninted with
permission from referend®0l Copyright © 2012Macmillan Publishers
Limited

CNTs and graphene have been applied as transparent electrodes for OPV
device§?® Carbon nanotubes have great potential as a transparent electrode, as a
result of high mobilities >01cn? V* s*, andhigh transmittancén thin films!%!
However, it is difficult to obtain high purity, monodisperse sCNfiting the
commercial applicability of transparent CNT fitwsnother challenge is dispersing
CNTs in solution. Several strategies have been developed including the use of
surfactants to solubilize CNTs in wéf€rnd the addition of chemical functional
groups to improve solubilit§”?Upon formation of a dispersible CNT ink, films can
be fabricated using similar methods as used for Ag NW FHfedhaks and

coworker§ abri cated CNT transparent el ectrodes

17



! and 80% transmission as sieRigure1.12"® CNT films have a relatively flat
transmission spectra, making them appear light grey, with superior colour neutrality
compared to ITF? A major limiting factor for CNT transparent electrodes are high

sheet resistances. Considerigtra b o v e CNT 1 thd sheetaeistahce0 U !
would have to decrease an order of magnitude at 80% transmissiongdT@pla

The theoretical conductivitf CNTsis9 x 10 S cm.**9If this level of conductivity

can be achieved, CNT films will beat the performance metrics of ITO, and be an

ideal transparent electrode for OPVs.
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Figure 112 A) Atomic force microscope image of a CNT film. B) The

transmittance of CNT films ranging from&0 0 -1UThe inset shows a

CNT film on PET with al C} The eelationshépsi st ance of
between the sheet resistance and transmittance of CN'Répirsted with

permission from refereniéesl Copyright © 2006 American Chemical Society.

Conducting polymers have the potential to replace ITO transparent electrodes as
a result of better mechanical properties for flexible and stretchable appfitations,

and reduced fabrication costs driven by scalable solution précessingver,
19



conductingpolymers are more resistive than ITO. This has motivated the field to
look for polymer conductivity enhancements. Two conducting polymers have
emerged as candidates for transparent elecpotiesiling(PANI) and poly(3;4
ethylenedioxythiophene) (PEDOBEDOT is often charge stabilized by pely(4
styrenesulfonate) (PSS) forming a PEDOTHRS Figurel.13. The monomer
(EDOT) can undergo oxidatipelymerization in the presence of water soluble PSS.
H.C. Stark commercialized PEDOT:PSS, and it is commercially available as a

colloidal solutioR®

N
\ Na,S,05 | \ /) "

PSS

SO3H
Figure 113 The oxidative polymerization of PEDOT:PSS.

PEDOT:PSS has a conductivity < 1 S'evhich is considerably too low for
transparent electrode applicatidAs: However, a numbef additives have been
used to significantlincrease the conductivity of PEDOT:PSS films including:
solveng™'? 113 1B flyorosurfactant&® % 9and ionic liquids® 2 These
additives can act as dopants or affect the morphology of PE®®Tiims (by
removing excess PSS and extending the polymer conjugatioR*iefgor
example, a dilute, 850, treatment led to an enhancement from 0.3"'3®B065 S
cm**¥ This is one of the best conductivities reported for PEDOT:PSS, to date and

resulted in sheet resistances dfi 394 with 80% transmittance. OPV devices using
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the high conductivity PEDOT:PSS electrode achieved 87% of the PCEadampa
the ITO-based devices. Although the properties of PEDOT:PSS are approaching
that of ITO, some have identified stability issues when films of PEDOT:PSS are

exposed to air, humidity and UV light?"

None of the emerging transparent electrode technologieseh&wvenatch the
electrical and optical properties of ITO. However, considering the energy used to
make the material, and fabricate films, ITO represents 74% of the embedded energy
of OPV modulesas seen ifrigurel.14A. This is in contrast to the 7%, 7%, and
10% embedded energy for Ag NWs, CNTs, and PEDOT:PSS, respgttishg
any of these transparent electrodes would have shorter energy payback times. Most
of the emerging transparent electrodes discussed herein agcedbtiran 1TO, as
seenn Figurel.14B. Sngle walled carbon nanotubes (SWCNifs)currently more
expensive than ITO electroddse to difficulties in obtaigrhigh yield and purity
PEDOT:PSS is theastexpensivéransparent electrogath a minimum 50x cost
reduction per square meter of printed fifhTaking the embedded energy, cost,
and flexibility into account, PEDOT:PSS and Ag NWs have the potential to be
implemented as transparent electrodes in OPV modules. It will not be long before

alternatives gain industrial and market acceptance.
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Figure 114 A) A comparison of the embedded energy in OPV modules using
different transparent electrodes. B) The minimum costs of OPV modules per
m2 using different transparent electrodesprinted with @mission from
referencé?8]l Copyright © 2011 Elsevier.

1.5.4 Anodic Interfacial Buffer Layers

Interfacial buffer laygmodify OPV electrodes as siedfigurel.6. These layers
have a number of functions, which affect both the photovoltaic performance and
stability of OPVs. These functions include: tuning the interfacial energy level
alignment between the photoactive layer and the electrode, electron or hole blocking,
controlling the surface properties of the subsequent layer (photoacti&”layer),

improving stabilit§?*and defining the polarity or charge selectivity of the 8&Vice.

OPVs can operate in both forwaehd invertegnode aseen inFigurel.15
This defines the electrode where mlestand holes are extractedthe forware

mode of operation, holes are extracted by the transparent anode and electrons by the

22



reflective top cathod€igurel.16). The opposite occurs in invertadde; electrons

are extracted by the transparent cathode and holes by the reflective top anode. The
polarity of the device is defined by the work function of the interfacial buffer layers.
In forwardmode, TO is modified with a high work function buffer layer, reducing

the hole extraction barrier, enabling preferential hole collection. In imemtesd

ITO is modified with a low work function material, reducing the electron extraction
barrier. By simply sang or lowering the work function of the buffer layer on ITO,

the polarity of the device can be switched. The proper top buffer layer and electrode
must also be selected to ensure extraction of the opposite charge carrier. For
example aseen irFigurel.16, in forwardmode, a lower work function top buffer

layer and electrode are selected (LiF/Al), and in inveode, a higher work
function top bufér layer and electrode are chosg@¥g). A primary advantage

of the invertednode architecture is significantly improved stability and lifetimes of
OPV modules. This is primarily explained by the selection of a higher work function

metal (Ag, Au) asertop anode, which improves resistance to oxidatioh.

Ny 7 K
[y

Transparent Anode Transparent Cathode

Figure 115 OPV device architecture for A) forwamdd B) invertechodes.
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Figure 116 A) Forward and B) invertedhodes of operation for OPVs. The
photoactive layer consists of polyéylthiophene) (P3HT) angiq-pheny
Cer-butyric acid methyltes (PGBM).

One of the most common anodic interfacial lay®&OT:PSSThe chemida
structure is presented kigure 1.13 PEDOT:PSS has been used as an anodic
modifying layer in organic light emitting diodes (OLEDs) and OPVs. PES®T:
has been shown to improve hole extraction, prevent electron leakage, provide a
smoother electrode surface, and improve ohmic cbiftdéThese attributes have
made PEDOT:PSS abiquitousanodic buffer layer in both forwaehd inverted
mode OPVs. However, PEDOT:PSS has been shown to be a major contributor to
the degradation of OPV¥! Studies have shown that acidic (pH ~1) PEDOT:PSS
solutions can el ITO™" %lexcespoly(sodium 4tyrenesulfonate) (NaPSah
migrate within the devit&! and thehygroscopicitpf PEDOT:PSS can accelerate

the oxidation of the cathot&.

Another organiapproach is the use of carboxylated polythiophenes as the anodic
buffer layer. We developed a technique for theasselimbly ofpoly[3(5
carboxypentyl) thiopheesdiyl] (P3CPenT) into nanowiras shown inFigure
117" The P3CPenT NWs increased the work funafolTO electrodesand

provided great interfiat energy alignment, since the optoelectronic properties of
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P3HT and P3CPenT are rgadentical’® In addition, films of P3CPenT NWs
decreased the interfacial surface energy, allbwinge favouradimorphology of
the subsequent film: the photoactive RE&feFhese attributes led to an increase in

the power conversion efficiency of OPV dewoespared to PEDOT:PS&iffer

layers

A)

HO

e

Figure 117 A) Chemical structure of polyf@carboxypentyl)thiopheize>

diyl] (P3CPenT) used to sadsemble nanowires for use as the anodic buffer
layer in OPVs. B) The device architecof plastic solar cells consisting of:
ITO/P3CPenT/P3HT:PCBM/LiF/Al. C) Transmission electron microscope
image of P3CPenT NW&R®eprinted with permission from refereriéé
Copyright ©2012 The Royal Society of Chemistry.

Metal oxides have also been extensively investigditedraslic buffer layer for
OPVs. Examples includéiO 2" 44 \wQ, 145 1461\, 147159 rQ, 151 v,0, 152
and Cu,0."*¥ Metal oxides have been prepared a number of ways including: from

solution thraigh solgel chemistry’® synthesized via dispersible nanopartitles,
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acidified agueous dispersitfisnetalorganic precursor decompositféh*and

under vacuum by thermal evaporatidn'*¥ NiO shows particularly beneficial
properties as an anodic buffer layer. NiO is highly transparent in thin films, allowing
photons to pass to the photoactive layer for harvesting. A $egarel.18 p-

type NiO shows great energy level alignment with P3HT to transport holes, while
the conduction band is high enough to block ele¢tfdMetal oxides offeunable
electronic properties with doping and stoichiometry, stability towards oxidation, and

improved electrical stability as anodic interfacial buffer'fdyéts.
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Figure 118 Energy level diagrams for OPV devices with A) PEDOT:PSS and
B) ptype NiO as the anodic interfacial layers. Energies are referenced to
vacuum.Reprinted with permission from referei@eCopyright © 2008 The
National Academy of Sciences of the USA.

1.5.5 Cathodic Interfacial Layers

Cathodic buffer layers decrease the electron extraction energy barrier, hlock holes
prevent recombination, modify the surface chemistry affecting the next deposited
layer, and can stabilize the performance of &PVs. the forwardmode of
operation cathodic buffer layers modify the top reflective electvodedialy Al),
where in invertethode these layers modify the transparent electrode. When used in
forwardmode of operation this layer also serves to protect the underlying

photoactive layer from hot metal atoms deposited by thermal evapdtation.
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A large variety of materials have been investigated as cathodic interfacial materials
including: low work function metals (Ca, Ba,'fdj’alkali metal compounds (LiF,
CsCO,, CsF, CsCH:®**I metal oxides (TiQ ZnO)™*®™ and polymers?: 178l
Low work function metals can make ohmic contacteketwhe pbtoactive layer
and the cathode. Howevtrey are sensitive to water, degrading OPV performance
when stored under ambient conditiofis®™ #*LiF has been extensively used as a
cathodic interfacial material in OLEDs and OPVs. Typically a very thin ~0.9 nm
layer is thermally evaporated onto devices. This layer aorafsnic contact
between the cathode and photoactive layer, through the foraiaidipole, which
lowers the energetic barrier for electron extra®iold> **Low work funtion
metals, LiF, CsF, and CsCl have typically been used as anodic modifiers in the

forwardmode of operation for OPVs.

In invertedmode OPVs C€0, metal oxides and polymers have been
investigated to modify the transparent electrode (usually 1TO). Gime fofst
cathodic interfacial buffer layers for invemede OPVs was @30, Yangand
coworkergeported a work function decrease from 4.5 eV to 3.1 eV by modifying
ITO with a thin annealed film of L£LO, (Figurel.19), enabling ohmic contact with
the photoactive laye¥ Anneding at 170 °C decomposesd3, to form ndoped
Cs0O. CsO on ITO forms an interfacial dipole dspicted inFigure1.19B. The
dipole moment is direxd towards vacuum, and its magnitude is relative to the work
function shift’®”In addition, C® reduces the interfacial surface energy, and leads

to improved morphology of the subsetduymhotoactive lay&f®
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Figure 119 A) Ultraviolet photoemission spectroscopy (UPS) of different
buffer layers on ITO. B) Schematic for the mechanism of work function
decrease via dipole formation on ITO and the corresponding energy level
diagram.Reprintedwith permission from referen&é”l Copyright © 2008
WILEY-VCH Verlag GmbH & Co.

N-type metal oxides such as JJ&dd ZnO are commonly used as cathodic
modifiers in both forwardand irverted modes of OPVs. They are mmxic and
transparent across the visible and NIR spectrum and have suitable conduction band
energies to match fullerene accepfdrg addition, their deep valensands are
able to block holes, making them highly electron selective. These materials have also
been used as optical spacers in OPVs, helping to redistribute lighttPitéfsity.

One disadvantage of these metal oxides is the requirement for high temperature
(>300 °C) annealing to producrystalline, high mobility filfi¥: °* ***However,
solgel solution processing has been developgedreasing the annealing

temperatures to < 200 #€: *4TiO, and ZnO can be modified by satisembled
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monolayers (SAMSs), which can further tune the work function via dipole formation,
and can alter the interfacial surface energy. Carboxyhwdiidd fullerees have

been used to form SAMs on ZH®B . These SAMs were shown to passivate surface
trap states in ZnO, improve electron extraction, and optimize the photoactive layer

morphology*®®*%4l

Semiconducting organic small molecules and polymers have also been used as

cathodic interfacial modifiers, and will be discussed in Chapter 3.

A myriad of cathodic interfacrabdifiers have been developed offering a range
of tunability in optical and electronic properties, work functions, and interfacial
surface energies to match the required properties of the photoactive layer. These
layers play a major role in both the phaltaic performance and stability of OPVs.
However, much of the research to date has focused on modifying ITO transparent
electrodes. With a number of emerging substitutes to ITO, cathodic interfacial buffer

layers on alternative transparent electrodelsl dfeoaxamined.

1.5.6 Photoactive Layers

The photoactive layer is responsible for the absorption of photons, and the
formation of charge carriers, which are then transported through the interfacial layers
and extracted by tlectrodesHigurel.7). The photoactive layer of OPVs consists
of two semiconducting components:tgge donor and antype acceptor. One of
the most common donor/acceptor combinations is regioregular -poly(3
hexylthiophene) and 6,8-phenylC,-butyric acid methyleser (PGBM),
respectively. The chemical structures of both are presdfitpdét.20 The donor

material is responsible for the majority obthsorptioncreating excitons. Excitons
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can be dissociated at a deacceptor interfac€® The ntype semiconductor
accepts electrons, which are then transported to the cathode, while holes are
transported through the donor material to the anode. Excitons have a diffusion
length of ~10 nrff? Meaning that if an exciton does not reach a donor/acceptor
interface within 10 nm, the exciton will recombine, and thee atargers will be

lost. This limits the domain sizes within the photoactive layer.

A)

Figure 120 Chemical structure of A) P3HT and B}:B®!.

One of the first OPV devices consisted of a bilayer photoactive layer, as
schematically depictedFigurel.21A.B¥ This architecturentiits the donor material
thickness to ~20 nm, in order to efficiently dissociate excitons. However, such thin
films are not able to absorb a significant portion of photons. Thus in bilayer
architectures, the exciton dissociation competes with photoniahséeptding to
limited photovoltaic performan®.Heeger and coworkersand Friendand
coworkergliscovered that by blending the donor and acceptor materials together, it
was possible form a bicontinuous interpenetrating network of both components,
termed a bulk heterojunction (BKBigure1.21B) " *2 *“The controlled formation

of a BHJ led to high interfacial area betwleanr and acceptor components with a
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domain size of ~20 nm. This enabled thicker photoactive layers on the order of 100

220 nm, significantly increasing photon absorption.

A)

ITO
ITO

Figure 121 A schematic of A) a bilayer and B) a bulk heterojunction
photoactive layer.

The photoactive layer is typically deposited by-cg@iting, but there are a
number of scalable deposition methods being developed includirgoatprgy
Yl ink jet printing:®” **®land traditional rotio-roll method&?® 50 6 1802 Since
solution processing is one of the major advantages of OPVisatetrials selected
for the photoactive layer should be highly soluble, enabling scalable processing

techniques.

Poly(3hexylthiophene) is a donor semiconducting polymer, commonly used in
the photoactive layer of OPN$Highly regioregular hetwiail P3HT can be
synthesized via both the McCollough and Rieke rousegrasFigurel.222%% 204
The McCollough route involvEsimada coupling to alkylatd@mothiophene and
subsequent bromination in acetic acid. Theponheyolymerization involves
metalation with lithium diisopropylamide (LDA)h&t Bposition, conversion with

MgBrAt,0, and polymerization using a Nippp catalyst™ Ri ek e ds met hod
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uses activated zinc to form the reactive thiophene predaslonerizationis

performedusing NiCldppp at-78 °C?**!

A) McCollough

CGH13MgBr
" NiCl,dppp CeH1s CeHis LDA
{ < EO [\ BryAcOH d _MgBr-OEt,
S Br THE o
CeHis CeH1z
/d NiCldppp | [/ \
BrMg Br THE > S
n
B) Rieke
C6H13 6H13 C5H13

/Z_X\ _Rieke-Zn o /é_i\ NiCl dppp
Ban Br THF

Figure 122 Synthesis of regigelar P3HT via the A) McCollolggtiand B)
Rieke route®?3]

P3HT has a band gap of ~ 2.0 eV, which defines the portion of the solar
spectrum in which photons can be absorbedsegs inFigure 1.23 the box
representing the absorption range of P3HT is fairly limited. Lower energy photons in
the NIR are not absorbed by P3HT, limiting the potential photocurrent. A strategy
to circumvent this rpblem is to reduce the band gap of the donor polymer.
Recently, the synthesis of low band gap polymers has been the subject of intensive
research. ? Promising low band gap polymers sitewn inFigure 1.24, and
include: poly[N-9 fpeptadecanyR, “carbazolalt5,5( 4 di-2-thienyi2 h -1 h, 3 h
benzothiadiazole)] (PCDTB¥),* poly({4,8di(2ethylhexyloxyl)benzo[1h24,5
bd] di t Rjcoiydalté{Maetylithieno[34]pyrroled,6dione}1,3diyl)
(PBDTTPD)20%208] and poly[[4 Bis[(2ethylhexyl)oxy]benzo[1h24,5
b'ldithiophene,6diyl][3fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4
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b]thiophenediyl]] (PTB#§> 2% 2%These polymers have lower bandsgtyan

P3HT, and have all achieved power conversion efficiencies (PCESs) in excess of 7%

in single junction OP\(3ablel.1).

0.18 -

0.16 -

=

0.14 -
0.12
0.10 -
0.08 -
0.06 -

0.04 -

0.02

0.00 I U T T T T T 1
300 500 700 900 1100 1300 1500 1700

Wavelength (nm)

Spectral Irradiance (mW cm2 nm-')

Figure 123 The AM1.5G 100 mW c#asolar spectrum with a box enclosing
the absorption range of P3HT (chemical structure in inset). Spectral data was
obtained from the American Society for Testing and Materials (ASTM).
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Figure 124 The chemical structures low band gap polymers: A) PCDTBT, B)
PBDTTPD, and C) PTB7.

33



Important factors when selecting a donor polymer for high efficiency OPVs
include: band gap, HOMO and LUMO energy levels, good hole mobility, and high
solvent solubility. As previously mentioned, the band gap defines the absorption
range, which affects tebortcircuit current density;Q1 The operftircuit voltage
(Voo) is related to the energetic offset betweenHEHOMO and E“*"L.UMO,
asdepicted irFigurel.25 Larger energetic offsets will have increasedcopeit

voltages as seen in equation (1.3):

W - 0 Vi O OVYIY ™o (13)

where e represents the elementary charge, ap@il ROMO of -4.3 eV? ' The
donor:acceptor LUM@QUMO energy difference must be greater than 0.3 eV to
efficiently dissociate excitét8. The low band gap polymers all have larger
EP®M.UMO - EP"HOMO values than P3HT, which increase thgiriv OPV
device&"A V. of 0.6 V is typical for P3HT:PBM OPVs, but can be improved

to > 0.9 V when using PBDTTP{$ %2
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Figure 125 Band energy diagram of: P3HT, PCDTBT, PBDTTPD, PTB7
donors, and P&BM acceptor relative to vacuum.

Fullerenes are the most common acceptor used in OPV devices. This is a result of
high eleton affinity and mobility, and the ability to accept multiple electrons.
Fullerene was discovered in 1985, and the Nobel Prize in Chemistry was awarded to
Robert Curl, Harold Kroto, and Richard Smalley in 1996 for its distdvery.
Full erene is made on a o0l arged scale by ¢t}
developed in 199! This has allowed further synthetic modification and
functionalization of fullerenes for a range of properties and applit¢dtanerene
has limited solubility in organic solvents. Organic functional groups can be added to
fullerenes to increase solubility, and tune their optoelectronic prBi3ej6igs.
phenyCy-butyric acid methyl ester (BBM) is a functionalized fullerene, soluble in
organic solvents, with widespread use in OPV devices. The chemical structure can be
seen n Figure 1.20B. More recently6[g-phenyC,,-butyric acid methyl s
(PC,BM) has been used as an acceptor, because of its strongexbgisipteon

(Figurel.27A) 2% 27Both PC,BM and PGBM are synthesized following the same
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procedure as seenfigurel.26” ##The reaction forms a number of multiadduct

products, which are separated with silica gel chromatography

Ph
\“/\/\COOMQ

N-HTs
Ceo OF Cop - > PC,,BM or PC,,BM

1) NaOMe, Pyridine/ODCB 75 °C
2) ODCB, reflux, 5 h or hv

Figure 126 The synthesis of RBM and P&BM.

Although P3HT:PEBM is the standard photoactive layer for OPWsis
combination exhibitsoor band alignment, limiting thg **! Bisadduct fullerenes
such as inderg,ybisadduct (ICBA), andis[6,6}phenylC,-butyric acid methyl
ester(bisPCBM), can improve the energetic alignment by increasing the LUMO
energy level (s€ggurel.25andFigurel.27 for reference and chemical structures).
For example, ICBA (shown kigure1.27B) has &.17 eV increase the LUMO
which increasebe V,. by 0.2 VOPV devicexompared td?C,BM, as seen in
Table 1.1.**! BisPCBM OPV devices have a similar effect whereby the LUMO
energy level is 0.1 eV higher thag BN, which is enough to improve thg.\by

008 v

Figure 127 Chemical structures of fullerene electron acceptors:#SM\WPC
B) ICBA, and C) biBCBM.
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Table 11 Summary of the photovoltaic performance haf photoactive
materials discussed.

g:r?]tggﬁgxfs (mAJSch-Z) Voc (V) FE PCE (%) Reference
P3HT:PGBM 10.6 0.64 0.55 3.7 [220]
P3HT:PG:BM 12.2 0.72 0.68 4.5 [220]
P3HT:ICBA 12.1 0.84 0.72 7.3 [219]
P3HT:bisPCBM 9.1 0.72 0.68 4.5 [220]
PCDTBT:PGiBM 11.4 0.91 0.66 7.1 [205]
PBDTTPD:PGBM 10.9 0.93 0.70 7.1 [208]
PTB7:P@GBM 17.5 0.75 0.70 9.2 [182]

There has been considerably less research on new acceptors compared to the
myriad of donor polymers available. In developing the next generation of organic
acceptors the following should be considemtge oflight absorptionmolar

extinction coefficienglectron mobility, solubility, and thermal staBfity.

The morphology of the photoactive layer iscatitito maximizing light
absorption, exciton dissociation, limiting recombination, and efficient charge
transport. Control over the morphology of the BHJ is important in optimizing the
performance of OPVs. Loand coworkersnvestigated the effect of difat
processing conditions on the morphology of the photoactive layer, as characterized

2211 After spincoating,

with transmission electron microscopy (TERMYUre1.29).!
the blend film has not reached thermodynamic equili&fidinus, additional post
processing steps can improve blend morphology. Thermal annealegp#ited
film for 20 minutes at 130 °C improves the polymer crystallinity. As Beguren

1.28B, crystalline P3HT nanowires (NWSs) are formed (white phase contrast).
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Figure 128 Brightfield transmission electron microscope (TEM) isnaiga
50 nm BHJ of P3HT:R&M after A) spircoating, B) thermal annealing at
130 °C for 20 minutes, and C) solvent assisted annealing for BH®acsle
bar is 200 nmReprinted with permission from referefige Copyright ©
2009 American Chemical Society.

A similar result is obtained with solvent assisted annealing, which consists of
placing wet P3HT:RBM films in a closed Petri dish for 3 hours. This allows the
ortho-dichlorobenzene solvent to slowly pevate from the films. FrorRigure
1.28C, we once again see crystalline P3HT NWs. OPV devices almost doubled in
power conversion efficiency for bothermal annealing and solvent assisted
annealing treatments. Both thgahd the fill factor improved. Thg. ihcrease is
attributed to enhanced hole mobility in the crystalline PS3HT NWs. The higher FF
indicates improved morphology: better percolatitnvpgs and fewer trap sités.

Further discussion on controlling and stabilizing the BHJ morphology of OPV

devices can be found in Chapter 4.

Low band gap donor and fullerene acceptor materials with high maititie
appropriate offsetting of energy levels maximize thecgiait current density and
opencircuit voltage. The photoactive layer should have high interfacial area between

the donor and acceptor with ideal morphology consisting of domain siz€s of ~2

38



nm, while providing bicontinuous pathways for charge extraction which results in

higher power conversion efficiencies.

1.5.7 Reflective Electrodes

Reflective electrodes are the top contact in OPdspaded irFigurel.6. Ideal
top electrodes make ohmic contact with the photoactivEfaged are reflective.
This allows light which has not been absorbed by the photoactive layer to be
reflected for a second opportunity for absorption. Higher work function metals such
as Ag, and Au (anode) are usedirfeertedmode, while a lower work function

metal like Al (cathode) is used for forwaatle OPVs.

The electrode work function should be close in energy to the appropriate
photoactive layer component. For example, the anode work function should match
the HOMO energy of the donor, and the cathode work function should have similar
energy as the LUMO of the acceptor, in order to maximizg hEl&ttrodes with
higher and lower work functions (~ 1 eV difference) can still extract charges, but will
have sméar opercircuit voltageFhe V. is very sensitive to th€’B'HOMO and
EP®MLUMO offset, while significantly less susceptible to the work function of the
electrodes. This is due to Fermi level pinning of the anode to the donor, and cathode
to the accepr, which minimizes the effect of different metal work function
contacts. In addition, the relative work functions of the anode and cathode are
important. In order to maximize thg Mhere should be a large energetic offset
between the anode and cathed®k functions. This helps to improve charge
extraction, by increasing the drift mobility of charge carriers. In the ideal case, the

electrode work functions should be close in energy to the appropriate photoactive
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layer component, while maximizing thelative energetic positianth respecto

each other.

Top electrodes are typically deposited via thermal evaporation of the metal under
vacuun® However, some solution processes have been developed. These include:
slotdie coatig® screen printing” spincoating PEDOT:PS% and spray
coating PEDOT:PS%% In fact, Jerand coworkersised PEDOT:PSS as both the
transparent and top electro&sThis opens the potential for-aijanic OPVs,
howerer, PEDOT:PSS has pooreflectivity limiting the photovoltaic

performanc&®

1.5.8 Tandem Organic Photovoltaics

Tandem OPVs consist of two photoactive layers stacked on top of each other
(Figure 1.29. Requirements for high efficiency polymer tandem photovoltaics
include: two donors with complementary absorption, efficient recombination layer,
and athogonal solubilities of adjacent la§&taVvhen two donor polymers are
selected with different absorption ranges, a larger portion of solar radiation can be
absorbed. The recombination layer is located between the two photoacgive laye
The purpose of this layer is to efficiently collect electrons from coellsabd
holes from the other photoactive layer. This layer should form ohmic contact with
each of the subells??” Orthogonal solubilities of adjacent layae required to
prevent the dissolution of previously cast films. Although challenging for a minimum
of 6 layers, solution processed polymer tandem photovoltaics have been fabricated,

obtaining 6% efficien&y® %28

40



Reflective
LA55

Buffer Layer

Transparent Electrode
Figure 129 Schematic of tandem OPV devices.
The serial connection of two photoactive layers leads to a sum of inalpaédua
circuit voltages, vile the shortircuit current density is limited to the-salb with
the higher fill factdf*® #?%The J.is dependent on the recombination efficiency of
the interlayer. If one of the photoactive layers is providing an excess of charge

carriers, they will not be collected. This results in oygliaaka&>!

A high efficiency polymer tandem OPV was reported byayangoworkers
201224 This device combines P3HT with the low band gap polymér:bedy8 6
di(5-ethylhexylthienyl)benzo[-hB,4b]dithiophenalt-5-dibutylocty3,6bis(5
bromothiopher-yl)pyrrolo[3,&]pyrrolel,4dione} (PBDTFDPP) (Figurel.30A).
PBDTTT-DPP has a band gap of 1.44 eV, enabling complementary absorption to
P3HT as seen iRigure1.30B.* The invertednode tandem OPV consisted of a
P3HT:ICBA bottom cell and PBDTDPP:PGBM as the top photoactivayker. A
certified tandem deviabtained a power conversion efficienic@.62%42*" Multi-
junction OPVs are more difficult to fabricate with solution processing, and have

higher material costs. However, theory predicts that optitacein OPVs have
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the potential to obtain almost 15% efficiency, which would present a strong case for

commercializatiof??

[ ~m— P3HT —e— PBDTT-DPP —— Solar spectrum
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Figure 130 A) The chemical structure of PBDDPP, and B) the UV
absorption of P3HT and PBDTDPP plotted with the solar radiation spectrum.
Reprinted with permission from refereféeé Copyright © 2012 Macmillan
Publishers Limited.

1.6 Market and Future of Organic Photovoltaics

1.6.1 Market Analysis of Organic Photovoltaics

The ability to print OPV®n lightweight, flexible substrates, opens up new
potential products and markets, which traditional photovoltaic technologies cannot
competé® *IThe ability to tune the colour ofP®'s and printing on fabrics adds
aesthetiappeal and a closer integration of consumers with their power'Sotifces.
Flexible and mechanically robust OPVs may find application in portable consumer
electronics, reducing or potentially eliminating the need to charge "e@ites.

applications include egfid power, outdoor recreation, lightweight power for the
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military, building integrated photovoltaics, and the potential for lowlight and indirect

power applications!

Krebsand coworkerprojects a 500 million $US market by 2018 with the main
applications in consumer electronics and residential building appféatiosss
backed by an industrial market report by IDTechEx, which projects a 630 million
$US market by 208! The projected market segments of OPVgp@sented in
Figurel.31 Consumer electronics, and products designed for developing countries
are the first major sectors for OPVs. One example of an OPV integratetfproduc
devel oping countries is an OPV powered
initiative™® Mature applications for OPVs include residential, commercial,
industrial, military and emergency applicdtfo¥! In the 2012 Nanomarkets
assessment of the OPV market, they state that a big breakthrough in reduction of
costs, increase in efficiency and lifetimes, are required before commercialization is

feasiblé&®
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Figure 131 The projected market segments of OPVs. Data was extracted
from Nanomarket&7and Krebsand coworker§?

1.6.2 Future of Organic Photovoltaics

OPVs have the pential to produce cost effective electrical power from solar
radiatiori?> 5% - 28 2%g encourage widespread commercial acceptance, flexible
OPVs should be efficient, mechanically robust, lightweight, and fabricated with
techniques scalable for masswafacturing® A combination of all these factors
has yet to be achieydumniting the current commercial success of the technology.
The scalability of OPVs, has yet to overcome limitations in efficiencies and lifetimes

compared to other photovoltaic systems.

Theory predicts that, single junction organic photovoltaics rablelie achieve
power conversion efficiencies of-2006%*" %% |n addition, a study has
demonstrated projected lifetimes of 7 y&angth OPV modules encapsulated in

glass. While work in improving the synthesis of Imgiecular weight

semiconducting polymers aims to provide economical and environmentally friendly
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coupling polymerizatioR$! There is considerable fundamental research still
occurringin this field, which are leading to daily reports of new materials and
architectures for OPVs. If 10% modules and lifetimes in excess of 10 years are

achieved, there will be considerable applications for this tecKhélogy.

1.7 Organization of Thesis

This thesis presents an integrative approach to improving the mechanical
properties and stability of high efficiency organic photovoltaics with the use of new
semi conducting polymers and devide archite

up6 OPV devices starting with the transpar

Transparent conductors have utility in a number of applications including
electrodes for OPVs. A scalable spaating method for PEDOT:PSS transparent
electrodes on glass and plastic substsadeseloped in Chapter 2. This fabrication
method leads to low sheet resistance films with high transparency, and have superior
mechanical properties compared to ITO. Chapter 2 was reproduced in part with

permission from:

a) J.G. Tait, B.J. Worfolk, SMaloney, T.C. Hauger, A.L. Elias, J.M. Buriak,
K.D. Harris, Sol. Energy Mater. Sol. 2ell8.11Q 98106 Copyright © 2013

Elsevier.

A new architecture for cathodic interfacial buffer layers is introduced in Chapter
3. Using watesoluble polymers, stable and high efficiency imredeée organic

photovoltaics are achieved. The chapter discusses stability and degradation issues of
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OPVs, as well as electrostatic layglayer assembly, which is used to fabricate

cathodic interfacial films. Chapter 3 was reproduced in part with permission from:

a) B.J. Worfolk, T.C. Hauger, K.D. Harris, D.A. Rider, J.A.M. Fordyce, S.
Beaupré, M. Leclerg,M. BuriakAdv. Energy Mat2®12 2, 361368. Copyright ©

2012 WileywCH Verlag GmbH & Co.

b) D.A. Rider, B.J. Worfolk, K.D. Harris, A. Lalany, K. Shahbazi, M.D.
Fleischauer, M.J. Brett, J.M. BuAak,. Funct. Mate01020, 24042415. Copyright

© 2010 WileyCH Verlag GmbH & Co.

c) Q. Chen, B.J. Worfolk, T.C. Hauger, LAtAl, K.D. Harris, J.M. BuriakCS
Appl. Mater. Interfa2@$] 3, 39623970. Copyright © 2011 American Chemical

Society.

In Chapter 4, carboxylated polythiophenes areduated into the bulk
heterojunction photoactive lapélOPVs. This enables morphological control of the
photoactive layer through the use of hydrogen bonding. The effect of hydrogen
bonding on the mechanical properties of the photoactive layer is diStreseies
for controlling and stabilizing the morphology, as well as the use of hydrogen
bonding in the photoactive layer are outlined. Chapter 4 was reproduced in part with

permission from:

a) B.J. Worfolk, D.A. Rider, A.L. Elias, M. Thomas, K.D.gdarM. Buriak,
Adv. Funct. Mat201121, 18161826. Copyright © 2011 WiéZH Verlag GmbH

& Co.
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b) B.J. Worfolk, W. Li, P. Li, T.C. Hauger, K.D. Harris, J.M. Bariddater.

Chen01222 1135411363. Copyright © 2012 The Royal Society of Ghemis

Chapter 5 summarizes the research in each chapter, and discusses future research

directions.
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Spray Coated High Conductivity
PEDOT:PSSTransparent Electrodes
for Stretchable and Mechanically
Robust Organic Photovoltaics

2.1 Introduction

2.1.1 Overview

The first layer in organic photovoltaics (OPVSs) is a transparent electrode. This
material should be transparent across the solar spectrum armvhasgstance,
properties which are often in conflict. This chapter investigates the use of a
conducting polymer:  poly(&thylenedioxythiophene):polgtgrenesulfonate)
(PEDOT:PSS) as a transparent electrode for both flexible and stretchable OPVs.
PEDOT:PSS was spray cast to form transparent electrodes for -faanerd
invertedmode OPVs. A multiple solvent ink containing ethylene glycol was
developed, and a paiposition annealing step contributed to a high conductivity
of 1070450 S ci Sheet resmice and transmission at a wavelength of 550 nm
were controlled within 25 9 @nd {7195%, respectively, which are amongst
the best reported combined characteristics. Fennadd OPVs with spray coated
PEDOT:PSS anodes yielded power conversioneeties of 3.2%. Mechanical

bending and stretching tests demonstrated that the flexibility of these PEDOT:PSS
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layers were far superior to that of ITO: elastic moduli were reduced by more than an
order of magnitude, and the resistance increased far moreistier both uniaxial
stretching and bending to progressively smaller radii of curvature. With these
experiments, the minimum radii of curvature and maximum uniaxial strains at which
acceptable performance is maintained were investigated. Collectivelstiltsu
illustrate a promising future for the scalable printing efdetWPEDOT:PS$Based

flexible transparent electrodes.

The following subsectionsiill introduce the transparent electrode market,

indium tinoxide, and PEDOT:PSS transparent elecrode
Chapter 2 was reproduced in part with permission from:

a) J.G. Tait, B.J. Worfolk, S.A. Maloney, T.C. Hauger, A.L. Elias, J.M. Buriak,
K.D. Harris, Sol. Energy Mater. Sol. 2ell8.11Q 98106 Copyright © 2013

Elsevier.

2.1.2 Transparent Electrode Market

Transparent electrodes have many applications including use in OPVs, organic
light emitting diodes (OLEDs), liquid crystal displays (LCDs), touch screens,
electronic paper, a#fiatic coatings, and transparent electromagnetic shielding
application§®! The broad uses have resulted in considerable interest in the
literature. This has led to the development of a wide range of material solutions from
traditional doped metal oxides (such as indium tin oxide fiT®@)anomaterials
(Ag, and Cu nanowires[NWs])® to conducting carbon allotropes (carbon

nanotubes [CNTs], graphéhé&) and conducting polymétdn addition to typical
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requirements (i.e., high conductivity and transmissivity), ideal transparent electrodes
should be inexpensive, and scalable to mass manufacturing. Flexible and transparent
electrodes may offer additional functionality when inctegomto electronic

devices.

The market for transparent electrodes was $3 billion USD in 2011, and is
expected to grow at a compounded annual growth rate (CAGR) of 20% (from 2010
to 2018¥ To date, ITO has dominated commercial applications, and in 2011
represented ~85% of the total transparent electrode Hakebmarkets projects
a slow shift to alternative transparent electrodes, as performance improves, and
additional funédnality (such as flexibility) is requifeth 2016, the projected
market size of Ag NWand conducting polymers is estimated to grow to $700
million USDM The breadth of apphtions and growing market demand make
transparent electrodes an important materials science challenge to deliver

inexpensive, scalable, and flexible solutions.

2.1.3 Indium Tin Oxide

One application of transparent electrodes is their use in organic photovoltaics
(OPVs). ITO is the most commonly used transparent electrode for OPV devices.
However, indium is expensive and brittle, limiting the potential for flexible
photovoltaic devicé€? ITO is a wide band gap (3 eV) Aype semiconductor
with low electrical resistivity 68210 c¢cm and high t blehsparency
“ITO is generally fabricated by vacuum deposition and anneatgcdhighi
temperature processes, each of which are considered eXpéhseecover, the

global reserves of indium ore are limited, and the consequential price fluctuations

62



add uncertainty to OPV manufacturing processes relying dtl! B®©seen in
Figure2.1 the average annual price of indium has significantly fluctuated from the
1 9 91 Bhe price volatility is driven by the increasing demand for ITO and the

declining reserveéd.Flexibility is also a major concern as ITO tends to fail under

large or repeated straffi$™
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Figure 21 The average annual price (in US dollars) of indium from 1991
2011. Data was extracted from the US Geological Survey Mineral Commaodity
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2.1.4 PEDOT:PSS Transparent Electrodes

Replacing ITO, therefore, represents gmoitant research goal, not only for
OPVs, but for all technologies requiring transparent conducting*4e/eks. a
result, inexpensive, solutimmcessable conducting polymers such as (PEDOT:PSS)
(Figure2.2) are under intense investigafidif, with key advantages over ITO
including greatlymiproved flexibilit§?" *¥ reduced weight, and compatibility with
solutionbased deposition techniques such as gravure printing, slot die coating, knife

overedge coating, and spray codtthgihese solution techniques are considered
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inexpensive and industrially scalable, and they have been used to produce OPVs with
some succe8$.?* ¥ PEDOT:PSS has also been shown to have an order of
magnitude lower embedded energy and produmist than oxideor metalbased

counterparts?

SO3H

Figure 2.2 A) A picture of a solution of PEDOT:PSS in a beaker. B) Chemical
structure of PEDOT:PSS.

Without modifying treatments or additives, PEDOT:R%S electrical
conductivity inferior to ITO, and it is difficult to produce efficient-filg@ OPVs
using unmodified PEDOT:PSS films. Many techniques have been developed to
improve conductivity, including the integration of metal'gridsilver nanowirgs,
3839 electrospun copper witéscarbon nanotubds;®* and graphen&* *'High
conductivity PEDOT:PSS layers have also been formed by introduciagdpre
postprocessing steps and varicadditive$®* 8¢ with Badre,et af® and
Vosgueritchianet al® demonstrating the best combinations of transmission and
sheet resistance to date. PEDOT:HIB8S have also recently been incorporated as
transparent anodes on stretchable OPVs formed othuitRDMS substrates, and

the flexible devices were found to convert solar energy into electrical current as

efficiently as ITéased cell¥! These results collectively point toward the ongoing
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advantages of characterization and optimization of the electrical, optical and

mechanical properties of PEDOT:PSS electrodes.

In this work, we develop and optimize a process for spray coating thin and
uniform electrodes of high conductivity PEDOT:PSS, tarmd t h e aut hor so
knowledge, we achieve one of the best combinations of transparency and electrical
conductivity noted in the literature to date. We realize this by adapting a multiple
solvent spray coating technifignd enhance the dlede performance with a
postprocess annealing step in ethylene glycol to produce sheet resistances
comparable to ITG? We thoroughly characterize the resulting materials, focusing
considerable attention on mechanical durability, and we construct and characterize
both forward and inverteegnode ITGfree OPVs on glasand poly(ethylene
terephthalate)PET) substratesThe entire PEDOT:PSS spray coating process is
performed under ambient conditions, reaches a maximum of 120 °C, uses
inexpensive solution based polymers, does not require large quantities of toxic

chemicals, and is scalable to mass manufacturing.

2.2 Results and Discussion

2.2.1 PEDOT:PSS Fabrication and Characterization

The process for spray depositionhajh conductivitPEDOT:PSS(Heraeus
Cleavios PH 1000 shown inFigure23. PEDOT:PSS in a multiple solvent
solution is sprayed from an ultrasonic spray nozzle that is capable of translation
across the substrate in two dimensieigai(e2.3A). Following the spray procedure,

individual droplets coalesdeig(re 2.3B), and once the solvent evaporates, an
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electricalhconducting film is formedrigure2.3C). Critical deposition parameters

that gowern the properties of the cast films are: the substrate temperature, solvent
composition/additives, volumetric sprate, lateral nozzle speed, and ntazle
substrate distance. Substrate temperature controls solution spreading through the
rate of solvenevaporation. Greater temperatures lead to reduced spreading, or in
extreme cases, droplets that effectively dry on contact, creating thick, rough films.
Lower temperatures allow more time for droplet coalescence, but must be controlled
to prevent daveting. The volumetric spray rate and nozzle speed together control
the volume of solution deposited on the substrate and, consequently, the thickness
of the dried film. Where much thicker films are required, additional coats of sprayed
PEDOT:PSS may also hdded. These secondary and tertiary layers are applied to
only partially dried films, preventing extended exposure of the initial layers to the

atmosphere and the commensurate formation of distinct interfacial energy barriers.
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(a) Spray (b) Coalescence

Repeat if :

necessary

PEDQ@:PSS

PEDOT:PSS

Figure 2.3 Spray coating procedure: A) Nozzle moves at a constant rate over
the temperatureontrolled substrate, B) the solution coalesces and spreads
over the entire substrate, C) the solvent evaporates leaving a thin PEDOT:PSS
film. To increase thickness, step£ALan be repeated. Subsequent layers are
spincoated (P3HT:PCBM), dgmated (PEDOT:PSS/P3(TBP)HT), and
thermally evaporated (tdpterfacial layer and electrode). Reprinted with
permission from referen&é Copyright © 2013 Elsevier.

To facilitate substrate wetting, a multiple solvent mixture was developed. An ink

composition of 19.vol.% commercial PEDOT:PSS solution, 6.0 volL@ A3.0

vol.% isopropyl alcohol (IPA), and 1.3 vol.% ethylene glycol (EG) [19.7:6.0:73.0:1.3

vol.% (PEDOT:PSS).0:IPA:EG] was found to be the optimal mixture for

maximum OPV performance when spray caageah anodic interfacial modifier in

air. This solution composition was used for all spray coated PEDOT:PSS layers. The

rationale for this ink composition stems from the work of Gietted™ where a

multiple solvent (PEDOT:PSS)YHHIPA ink was developed. Here, the solution was

adapted with modified ratios and the inclusion of ethylene glycol. EG is less volatile

than water and IPA and tends to remain in cast films once the other solvents have

evaporated, leading to films with loweeshesistancé$.*Soaking PEDOT:PSS
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films in EG for 30 minutes followed by a 10 minutes thermal anneal at 120 °C has
also been sk to substantially increase conductiVignd hence this predure

was also implemented for all spray coated PEDOT:PSS electrodes.
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Figure 24 Thickness of spragast PEDOT:PSS films as a function of
solution flow rate through thdtrasonic atomizing nozzle. Reprinted with
permission from referen&é Copyright © 2013 Elsevier.

To vary the PBOT:PSS thickness, single nozzle sweeps at volumetric spray rates
from 1.0 to 2.5 mL mihand multiple passes (double and triple) at 2.0 nlwmia
performed on SiQcoated Si and quartz substrates for resistance and transparency
experiments, respealy. PEDOT:PSS thickness increased with volumetric spray
rate (ashown inFigure2.4), and the roomean square (RMS) roughness measured
with tappingnode atomic force microscopy (AFM) was roughly constant at 4+1 nm.
The sheet resistances of these PEDOT:PSS films were measured uspana four
probe, and thdransmittance across the visible region was analyzed-\og UV

spectroscopy as seenFigure2.5A. Thisdata issummarized ifrigure2.6 along
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with the reported values for a wide range of alternative fabrication techniques.
Conductivities of all our spray cast PEDOT:PSS films were measured to be 1070+50
S cnt, approaching thaf ITO at ~7000 S ci®® ¥ As the film thickness was
varied, the measdresheet resistance ranged from2249 Uwhile the
transmission at 550 nm ranged froR®5%. As noted iRigure2.6, these values are
among the bégublished for PEDOT:PSS filmi&o better interprethe viability of

this technique for use in transparent OPV electrodes, the solar pheteightrd
transmissiviti€8 were calulated and found to range from 88% to 52% for the 400

800 nm wavelengttange Figure2.5B). These transmission values are lower than
those of ITO, 946, and demonstrate the distortion inadvertently introduced by
reporting transmission values at only a single wavelength. Comparison between
materials intended for solar applications is greatly aided when solar flux weighting is
incorporated into the tramission values; however, the majority of the literature

does not report these values.
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Figure 25 A) UV-Vis transmission data for tREDOT:PSS and ITO films

studied in this work. Bjheet resistance. ¥ise solar photon flux weighted
transparency for PEDOT:PSS electrodes spray coated at various thicknesses.
An ITO layer is also includeleprinted with permission from referefige

Copyright © 2013 Elsevier.
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Figure 2.6 Sheet resistance vs. transmission for the spray cast PEDOT:PSS
films fabricated in this work andrigas alternative transparent electrodes
reported in literatuf® 8. 9. 12, 15, 17, 25, 26, 35, 37, 38, 41, 42, 49, 50, HH bfe |iterature
examples are not exhaustive and were restricted to those with transmission
reported at single wavelengths in the limited ranggb60tm.Solid lines in

the plot represent contours of uniform figure of merit (FOM), and optimal
transparent electrodes should approach the bottom right corner for highest
transmission antbwest sheet resistance. Reprinted with permission from
referenc&7l Copyright © 2013 Elsevier.

A figure of merit (FOM), specified by the ratio of DC conductivity to optical

conductivity ér transparent conducting filmms;—, is related to transmission (T),

and sheatesistance (R, through the functiof¥:

00 ¥ . 1)

Contour lines at several FOMIues are included Figure2.6, andgeneral

industrial standards for transparent electrodes specify this FOM must have a
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minimum value of 35.%! The PEDOT:PSS electrodes of this work show a
maxi mum FOM of 46.5 witHandatsehsmissionaf esi st an
91% at a wavelength of 550 nm. To the auth

FOM values reported for PEDOT:PSS films.

2.2.2 Mechanical Characterization of PEDOT:PSS

A flexible material bends or stretches reversibly under the action of relatively low
applied forces. This property is generally described by the elastic modulus (the ratio
of applied stress to induced strain), mibtine flexible materials having lower moduli.
Il n the context of ofl exi ble electronics, 0
electrical properties (or any other functional properties) of a flexible material must
not deteriorate during deformation. lhistpaper, we characterize the flexibility of
spray cast PEDOT:PSS films under both definit®@eseral groups have previously
investigated the moduli of PEDOT:PSS fittn%, *®while others have investigated
the performance of PEDOT:PSS electrodes during cyclic bending tests at a fixed
radiud?® ¢ %8 8These electrodes are typically shown to withstand hundreds of
deformation cycles at radii of curvature in the range of 7 to 10 mm before
deteriorationis seen.To determine the moduli of spray coated PEDOT:PSS
el ectrodes, we performed nanoindentation
coated PEDOT:PSS and ~100 nm ITO layers, both on*gi@ks. relatively thick
PEDOT:PSS films were utilized to reduce the influence of the substrate over the
measuremenf8. The measured moduli for PEDOT:PSS filn® GPa) were much
lower than the corresponding values for ITO (100 GPa), suggesting that

PEDOT:PSS films are considerably more flexible than their ITO cautsterp
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An equally important factor in the mechanical performance of transparent
electrodes and flexid@PVs is the impact of the bending radius of curvature (RoC)
on film function an@®PV performanceThe results of a study of sheet resistance vs.
RoC for ITO and several thicknesses of PEDOT:PSSlaven inFigure2.7.
PEDOT:PSS layers were spray coated on PET substrates. The coated substrates
were wrpped around a cylindrical object of the desired RoC, with the electrode
under tensile strain as shown in the inseigoire2.7. It was foundhat bexding to
any RoC had little effect on the sheet resistance for all thicknesses of PEDOT:PSS.
This is in direct contrast to ITO electrodes, which show a measureable increase in

sheet resistance starting at only 6 mm RoC, and a ~20x increase by 0.5 mm RoC.
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Figure 2.7 Sheet resistance vs. bending radius of curvature for various
thicknesses apray coated PEDOT:P&6d ITO films on PET. The samples
were measured flat after bending. Reprinted with permission from ré&férence
Caopyright © 2013 Elsevier.
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The electrical properties of spray cast PEDOT:PSS films and ITO controls were
also assessed as the films were uniaxially stretched under the action of a tensile load.
Tests of this nature are uncommonly reported in the litetatune the future, they
may be used as a platform to quantifiably compare the electromechanical properties
of prospective transparent conductors against one another. The electrical resistances
during deformation for two -asceived ITGnN-PET samples anvo spray cast
PEDOT:PSS films on PET are presenteBligure2.8, andit is apparent that the
two electrode materials perform quite differently ueldegation. For the ITO
samples, several features can be observed
change in length and initial length), is increased. The resistances are relatively stable
at | ow strains (& < fer, @&hing ~190x theiriomgmal e as e s h
val ue=s0.04byTheeeat e of resi stance increase begi
possibly signifying a reduction in the crack formation rate as seen in literature with
multi-stage film crackif§,®and around & = 0.15, the measu.l
unstable but continue to increase rapidly. When this instability is observed, the
measured resistances have increased by roughly four orders magnitude. Finally, the
measurements e as e at & ~ 0.2 with the resistant
magnitude. It is important to note that the PET substrates have not broken at these
strains; instead, the ITO resistances have exceeded the maximum value measurable
with our equipment. The rmesponding data for PEDOT:PSS films is substantially
different: a slow increase in resistance is observed until the PET substrate breaks just
below & = 1 (i.e., when the films have nea

the ITO resistances becomeme asur eabl e (& ~ 0. 2), t he <co
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PEDOT:PSS films have only increased by ~30%, and when the PET substrates

break, the PEDOT:PSS resistances are onlyl3ktkeir original values.
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Figure 2.8 Resistance vstrainfor transparentonductoron PET stretched

in tension.Data for ITO films are shown in dashedred, and data for
PEDOT:PSSilms areplotted in solid black. Reprinted with permission from
referenc&7l. Copyright © 2013 Elsevier.

2.2.3 Organic Photovoltaic Characterization

OPVs can be operated in either of two modes: forward or investecrdr
mode OPVs have a transparent anode (commonly ITO), which collects holes from
the photoactive layer, on a supporting substrate. Inuesteel OPVs collect
electrons at a transparent cathode (commonly ITO with a modifying layer). This
invertedmode ofoperation has been shown to lead to longer OPV lifetimes due to
higher work function, oxidatigasistant anod&8® Both forward and inverted

mode devices (having architectuseswn in Figure 29A and Figure 2.9B,
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respectively) were fabricated to demonstrate OPVs with spray coated PEDOT:PSS
electrodes. In each case, five distinct solar cell devices were formed on every
substrate, and as depictedrigure2.9C, the fivedevices are numlaer based on

their proximity to the back contact.
(a) Forward mode (b) Inverted mode

| /

PIHTPCEBM
~ PEDOT:PSS

PEDOT:PSS/P3(TBP)H
PEDOT:PSS

"‘Y: .-
spdal €l

() Chip layout Device Device Device

Device 2 3 4 Device
1 5

Common
back

electrode P3HT:PCBM

Transparent Electrod:

Figure 29 Schematics of A) forward and B) invenedle OPVs, and C) the
overall chip layout with five devices formed on each substrate. P3BNI:PC
is removed from thevicinity of the bottom electrode prior to top electrode
evaporation. Reprinted with permission from refef&hdgopyright © 2013
Elsevier.

Forwardmode OPVs were fabricated with Borofloat glass as the substrate, spray
coated PEDOT:PSS as the transparent anodeosped P3HT:PBM (combined
46 mg mt, 1:1 weight) as the photoactive layer, litfiwonide as the cathodic
interfacial layer, and aluminum as the refleetiiedeTable2.1 liststhe associated

short circuit current density,)J open circuit voltage (), power conversion
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efficiency (PCE), fill factor (FF), series resistagea(fd shunt resistance, jRof

the highest PCE device for a series of OPVs with varied PEDOT:PSS electrode
thicknesses. It should be noted that the best performing (i.e., highest PCE) device on
each of the PEDOT:PSS electrode samples was the one nearest to the common
electrode (devick asshown inFigure2.9C). Theprogressively increasing physical
distance of each subsequent device from the common electrode adds resistance and
leads to increasing. RTO-based OPVs, on the other hand, show only a small
increase in Rvith distance from the common electrode, suggesting that if the sheet
resistance of PEDOT:PSS can be further decreased, improved photovoltaic
performance should rdisuFrom the series of PEDOT:RB&ed devices, the
highest performance forwarthde solar cell was formed with a 92+5 nm thick
PEDOT:PSS anode {R.;= 1 2 5 N'Q >900% transmittance, spray cast at 2.0

mL min*) and had a PCE of 3.2%,0J -8.8 mA cri, V,. of 590 mV, FF of 0.58 R

of 4.%andR,@fm 0. 722Thdsdkhatanteristics place the device amongst
the highest performing OPVs based on PEDOT:PSS dhitfesjch is likely the

result of inproved conductivity and transmittance of the PEDOT:PSS. The
PEDOT:PSSased devices also appear to remain within a fairly small range of
performance characteristics despite a large variation in PEDOT:PSS thickness. This
property is attractive for mass nfaoturing, because high error tolerance has the
potential to ease production requirements and reduce costs in the fabrication

process.
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Table 2.1 Forwardmodephotovoltaic performance characteristics for spray
coated PEDOT:PSS anodes and ITO anodes with PEDOT:PSS interfacial
layers. Reprinted with permission from referédiceCopyright © 2013

Elsevier.
Thickness V PCE R Rsh
Electrode (nm) (m AJng-Z) (\}’)C (%) FF ( US 3 (kU ?c
PEDOT:PSS 38+3 -8.8 0.60 29 055 8.1 0.37
PEDOT:PSS 57+2 -8.7 0.60 29 0.55 8.6 0.83
PEDOT:PSS 92+5 -8.8 059 3.2 0.8 4.7 0.72
PEDOT:PSS 142+17 -8.9 059 29 055 7.6 0.47
PEDOT:PSS 192+10 -8.1 0.60 3.0 0.62 5.2 2.2
PEDOT:PSS 356+19 -6.9 059 26 064 55 1.8
ITO/PEDOT:PSS 35+3 -11 057 41 0.62 4.5 0.63
spra’
ITO/PElpDCy)T:PSS 302 -11 056 3.8 0.61 5.6 0.42
spin

The current density woltage /) curves, measured under AM1.5G simulated
solar irradiation, for an I®ee OPV with a PEDOT:PSS electrode of thickness
92t5 nm areshown inFigure2.10A. Also showrare two control devices with spin
and spray coated PEDOT:PSS anodic interfacial layers on ITO electrodes. OPVs
incorporating ITO in the anode do perform better (i.e., have greater PCES) than
those with exclusively PEDOT:PSS taldes. This effect is primarily due to
increased ,J but lower series resistance and higher shunt resistance are also
observed. Both ITOand PEDOT:PS8ased anodes had comparable FF gnd V
This suggests no inherent issues preventing PEDOT:PSS gnerbpioyed as
the transparent electrode, apart from inferior lifetime stability for PEDOT:PSS

anodesHigure2.10B).
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Figure 210 A) Dark (dashed lines) and light (solid lindéé)cdrves for

forwardmode OPVs fabricated from the optimal spray coated PEDOT:PSS

anode (925 nm thickness) and two IFlased OPVs with spray coated-835

nm) and sphtoatel (3@&2 nm) PEDOT:PSS interfacial layeB) The

constant illumination OPWfetimes of ITO and spraxast PEDOT:PSS

anodes. €lls tested started with averd®€Es of 3.45% and 2.85%,

respectively Reprinted with permission from refef@hdgopyright © 2013
Elsevier.
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To form inverteedmode OPVs, the work function of the transparent electrode
must be reduced to allowli@ent collection of electrons. We accomplished this by
combining PEDOT:PSS with a functionalized P3HT derivative, -(S{}3ert-
butylpyridiniumybhexyl)thiopheng,5diyl] [P3(TBP)HT], in an electrostatic layer
by-layer (eLbL) deposition proc€8=LbL thin films are fabricated by successively
submersing an ITO electrode into a solution of cationic P3(TBP)HT, rinsing with
water, submersing into a solution of anionic PEDOT:PSS, and rinsing with water a
second time. This cycle forms a bilayer thin filtheklO cathod&® “'This cycle
is repeated 5.5 timexdeng with P3[TBP]JHT) to form 5M&layersFigure2.11A
shows the ultraviolet photoelectron spectroscopy (UPS) secondary aleoffon
for both ITO and spray coated PEDOT:PSS electrodes, each with and without 5.5
bilayers of [P3(TBP)HT/PEDOT:PSS]. This eLbL deposition of P3(TBP)HT and
PEDOT:PSS has been shown in the literature to modify the electrode work function
of ITO from 4.6 eV to 3.8 e¥!and in the present work a similar reduction in the
work function, from 4.9 eV to 4.3 eV, was observed for PEDOT:PSS electrodes
modifiedwith the eLbL deposition P3(TBP)HT/PEDOT:PS$), as summarized

in Table2.2.

Table 2.2 UPS work function values for the vasi@lectrodes and interfaces
used in this work. Reprinted witrmission from referen&@. Copyright ©

2013Elsevier.
Film Structure Work Function (eV)
ITO 4.7
ITO/[P3(TBP)HT/PEDOT:PSS]s 4.1
PEDOT:PSS 4.9
PEDOT:PSEP3(TBP)HT/PEDOT:PSS]s 4.3
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Figure 211 A) The secondary electron edges of UPS spectra used to
determine work functions. Shown are spectra for PEDOT:PSS and ITO
electrodes, both bare and after modification by electrostatibymyer
deposition  (eLbL). In elLbL experiments, 5.5 bilayers of
P3(TBP)H/PEDOT:PSS were deposited. BY curves for inverteshode
OPVs with elLbtmodified ITO and spray coated PEDOT:PSS cathodes.
Reprinted with permission fraeferenc&?l Copyright © 2013 Elsevier.
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Invertedmode OPVs were fabricated on the efiudified PEDOT:PSS and

ITO electrodes with the layer structsinewn inFigure2.9B. Figure2.11B presents

the JV curves for these invertetbde devices, and photovoltperformance
characteristics arpresented inTable 23. OPVs fabricated with unmodified
electrodes were nduanctional, acting as open circuits. PE®OT:PSScathode
invertedmode solar cell attained a PCE of 1.4%, which is substantially lower than
the ITO-cathode device at 3.5%. The largbaped kink in the\d curve for the

spray coated PEDOT:PSS electrode is primarily responsible for the iemc\effic

compared to the ITO electrode, and is likely due to interfacial dipoles.

Table 2.3 Solar cell performance characteristics for inverted OPVs with
eLbL-modified ITO and spray coated PEDOT:PSS cathodes:
[P3(TBP)HT/PEDOT:PS$&} Reprinted with permission from referefige
Copyright © 2013 Elsevier.

L. Jc Voc PCE ,RS RSH
Electrode Description MAcm2) (V) (%) FF (0 % (kU 3c
ITO /eLbL -11 058 35 0.54 9.8 1.6
PEDOT:PSSeLbL -8.2 055 14 0.30 13 0.64

2.2.4 Mechanical Characterization of Flexible OPVs

Flexible forwargdnode OPVs were fabricated on PET substrates with the
architecture showim Figure2.9A (PET/anode/P3HT:PCBM/LiF/Al). The cells
were bent to progressively smaller RoC and {¥edahdracteristics were recorded
after every bend-\d curveswere measured with the samples ftah Im the dark
and under AM1.5G illuminatiorFigure 212 shows the OPV efficiencies,
normalized to their independent maxima (i.e., before bendingpC for devices
formed with both PEDOT:PSS and ITO anodes. OPVs of both anode types were

also repeatedly tested without bending, and these substrates showed a slight (~10%)
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reduction in normalized PCE over the same time period. This indicates that the
substantial drop in PCE during bend testing is not the result of degradation unrelated

to the bending process for either ITO or PEDOT:PSS anodes.
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Figure 212 Normalized PCE (black, left axis) as a fundifidrending radius

of curvature for flexible solar cells formed with both PEDOT:PSS{R&GE

0.56%) and ITO (PGEuing= 0.98%) electrodes on PET substrates. The

resistance of similar devices without the photoactive layers are also plotted in

red o the righthand axis. Trianglesd squares represent data for devices

with ITO and spray coated PEDOT:PSS electrodes, respectively. Reprinted

with permission from referene& Copyright © 2013 Elsevier.

During the bend tests, the PCE of the devices based on both PED@AdPSS

ITO anodes eventually dropped to zero, but the spray coated PEDOT:PSS devices
showed a slower reduction. PEDOT:R88 ITObased OCSs stopped functioning
at RoCs of 0.5 mm and 2 mm respectively, and different failure modes were
observed in theV cuves: the OPVs with ITO electrodes developed short circuits

whereas the devices with PEDOT:PSS electrodes retained-lkaliddeprofile
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with J.falling to near zero. Scanning electron microscopy (SEM) was used to image
both PEDOT:PSS and ITO electrodevices before and after bending, and images
areshown inFigure2.13 In theseSEM images, cracks are clearly evident in ITO
based devices but not PEDOT:PS®ased ones. For the ITithsed devices,
sections of cracked ITO may be making contact with the Al top electrode and
generating the observed short circuits. For the PEDODd388 devices, on the

other hand, failure may actually be occurrimrdelaanination at the active layer/top
electrode interface. This has previously been observed in literature with silver
electrode8 and in the present case, several pieces of evidence also point toward this
conclusion. These include the conservation of the-liked8v profile and the
observation that LiF/Al films on P3HT:PCBM photoactive layers faier 0 s cot c h
tape test o, clearly delaminating from the
further investigate the mechanical failure mode of flexible OPV devices, purely
resistive devices fabricated without photoactive layers (i.e., with a
PET/anod€LiF/Al architecture) were also deformed by bending according to the
same experimental conditions as the flexible
PET/ITO/PEDOT:PSS/P3HT:PCBMI/LIF/AI and
PET/PEDOT:PSS/P3HT:PCBM/LIF/Al OPVs. Device resistances extracted from
this set of experiments are fg@dtin the righhandaxis ofFigure2.12 andit can be
observed that the resistance increases markedly for betand@EDOT:PSS

based cells onc®® values fall below ~3 mm. The Fb@sed cells, however, have
~100x higher normalized resistance at small RoC compared to PEDREE&ES
devices. Considering that the bending conditions for this test are identical to those of

Figure2.7 (i.e. the sheet resistance of PEDOT:PSS does not strongly degrade under
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bending deformation), it is reasonable to propose that the top metal

electrode/interface is mnsible for the majority of resistance increase for the

devices with PEDOT:PSS anodes.

PEDOT:PSS/P3HT:PCBM/LiF/Al

(a) (b)

ITO/PEDOT:PSS/P3HT:PCBM/LiF/Al

(c) (d)

Figure 2.13 Scanning electron microscopy images of OPV devices Bjith A,
PEDOT:PSS bottom electrodes, C,D) ITO bottom electrodes, and all with
LiF/Al top contacts. All images wenistained after bending, where Fb@sed
devices clearly show cracking visible through the top contact. Reprinted with
permission from referenéé Copyright © 2013 Elsevier.

2.3 Conclusions

A highperformance spray coating procedure was developed for the depositio

and postreatment of PEDOT:PSS electrodes. The measured PEDOT:PSS

conductivity was as large as 1070+50'Sweithh sheet resistances varying from 259

t

o 2 #4andoptical transmission at a wavelength of 550 nm controllable below

95%. Both forwardand inverteedmode OPVs were fabricated using these spray
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coated PEDOT:PSS electrodes on glass and PET substrates, and thentwevard
ITO-free OPVs operated with a PCE of 3.2%, which was comparableliadé®

OPVs.

Several mechanical tests, includirgchking, indentation and bending, showed
that PEDOT:PSS films and OPVs formed with PEDOT:PSS electrodes were able to
withstand far greater mechanical deformation before failure than themsdw
counterparts. These tests led us to conclude that tHiltme 1TO-free OPVs
occurs by the deterioration or delamination of the cathode rather than failure of the
PEDOT:PSS anode. To counter this problem, a polymer based top contact or
another robust film could be used as the cathode, which would allowct tdevi
function at decreasing RoC. Overall, spray coating was demonstrated as a viable
fabrication technique for higierformance PEDOT:PSS electrodes and, with future
improvements in conductivity and encapsulation, PEDOT:PSS has great potential to

becomea replacement for the currently ubiquitous ITO.

2.4 Experimental

Materials:

Poly(3,4ethylenedioxythiophene):potgtdrenesulfonate) (PEDOT:PSS) was
purchased as an aqueous dispersion from Heraeus (Clevios PH 1000). Regioregular
poly[3(hexyl)thiopheng,5diyl] (P3HT) and [6,§]henyC-butyric acid methyl
ester (PCBM) were purchased from Reike Metals, Inc. and American Dye Source
(ADS61BFA) respectively. IT€oated poly(ethylene terephthalate) (PET) with sheet

resi st an<cleanddi®% tértsmiddion svaurchased from Sigma Aldrich,
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ITO-coated glass (=B 2 from Delta Technologies, Ltd. and quartz substrates
from Quartz Scientific (210031010). Methylene chloride and isopropyl alcohol (IPA)
from Fisher Scientific, ethylene glycol (EG) from VWRniatienal, LLC, and

orthalichlorobenzene from Sigldrich were used as received.
PEDOT:PSS Spray Casting and Solar Cell Fabrication:

Glass, quartz and I'F€pated glass substrates were cleaned by sonication for 10
minutes in each of methylene chloridé, ® ni zed water (18.2 MUacm)
which they were treated with an air plasma for 10 minutes at 1.0 Torr (Harrick
Plasma, PDC 32G, 18W). RRdsed substrates were cleaned by sonication for 10
minutes each in denized water and 1:1 IPA:acetone \aack treated with an air
plasma for 3.5 minutes at 0.5 Torr. The spray coating apparatus consisted of a New
Era Pump Systems, Inc. syringe pump connected to a Sonozap Atomizer, set at a
power of 5 mW, and with a Velmex, Inc. VXM stepping motor conttaler
manage nozzle movement) and a VWR -CH® hot plate (to regulate substrate
temperature). Various combinations of deposition parameters were tested while
optimizing the properties of the PEDOT:PSS films, but in most cases and unless
otherwise noted, thiollowing parameters were utilized: The nozzle to substrate
distance was ~30 mm with a glass shroud protecting the mist from ambient airflows
(1 mm gap between the shroud bottom and substrate). The lateral nozzle velocity
was 25.4 mni‘over the substrate, and solution spray rates between 1.0 to 2.5 mL
min* were used to control the dried layer thickness. The spray solution consisted of
19.7 vol.% commercial PEDOT:PSS solution, 6.0 voJ®5 #3.0 vol.% IPA, and

1.3 vol.% ethyleneglycol f i | t ered with a 0.45 Om mixed
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spraying. Sprayed PEDOT:PSS films were deposited on substrates at 50 °C and
allowed to dry at this temperature for 5 minutes, followed by annealing at 120 °C for
10 minutes. Once annealed,ftimes were immediately placed in a bath of ethylene
glycol for 30 minutes after which they were removed from the bath and spin dried at

2500 rpm for 30 s before baking for a further 10 minutes at 120 °C.

PEDOT:PSSased OPVs were fabricated on glass Bhd#bstrates, and I'FO
based OPVs were fabricated using commercialoidglass or ITGN-PET
substrates. Substrates were cleaned and coated with PEDOT:PSS as above. P3HT
and PCBM for the photoactive layer were individually dissolved in ortho
dichlorobenzee (each at a concentration of 46 mg" tmfore mixing) and the
solutions left to stir for at least 12 hours at 80 °C in an argon environment. The
solutions were then combined (1:1 ratio of P3HT:PCBM and a polymer
concentration of 2&hg mL") and stirredor an additional ~3 hours before being
filtered through a 0.2 OQOQm PTFE filter dire
then spun at 600 rpm for 60 s, producing an active layer ~210 nm thick. High
vacuum (~19 Pa) thermal evaporation through a shachask was used to deposit
the LiF and Al top contacts, creating OPV devices withcadreas75+0.008 ctn
In this evaporation process, LiF was deposited to 0.8 nm at a rate of 4GadA s
Al was deposited to 80 nm at a deposition rate that dylhamizeased from 1 A s
'to 2.5A s* during deposition. To form devices without photoactive layers, the
thermal evaporation process was performed directly on the ITO or PEDOT:PSS

electrodes.

88



Characterization:

The sheet resistances of commercial ITdDspray cast PEDOT:PSS films were
measured using a Lucas Labs-poimt probe and a Keithley 2400 Source Meter.
The electrically conducting areas were roughly 3 cm x 3 cm for PEDOT:PSS on Si
substrates, 2.5 cm diameter for PEDOT:PSS on quartz discs,3amfor ITO
on PET and 2 cm x 2 cm for PEDOT:PSS on PET. Film thickness was measured by
manually scraping trenches into the PEDOT:PSS with a steel razor blade, and then
recording the trench depth with an Ak3tep IQ surface profilometer. Agilent
8463 U\:Vis Spectrophotometer was used to record absorbance spectra. Atomic
force microscopy (AFM) was performed using a Nanoscope IV (Digital
Instruments/Veeco) in tapping mode with Si cantilevers (Micromash, 300 kHz). A
Kratos Ultra spectrometer with Héhi/= 21.2 eV) incident radiation and substrate
biasing at10 V was used to perform ultraviolet photoelectron spectroscopy on
PEDOT:PSS films freshly deposited on ITO substreeanning electron

microscopy was performed with a Hitaeh8@0 at aaccelerating voltage of 15 kV.

A Hysitron Triboindenter fitted with a 1
nanoindentation measurements. Test samples measuring roughly 1 cm x 1 cm were
affixed to magnetic steel discs using Instant Krazy Glue and miourbed
Triboindenter. For each sample, a series of 25 indent experiments was performed
with a range of indent depths set by adjusting the maximum applied force from 500
ON to 1.75 mN. The sites of alll indents we
accoding to a 5 x 5 grid pattern. During each indent experiment, the force was

linearly increased for 5 s to the specified maximum, held constant for 5 s, and linearly
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unloaded for 5 s. The mechanical properties were calculated by the Triboindenter
software. Asmall increase in elastic modulus was observed with increasing
indentation depth for the PEDOT:PSS series of samples, indicating that the
substrates may have been weakly influencing the mechanical measurements,
particularly at larger indentation depfhiserefore for these PEDOT:PSS samples,

only indentations to less than 250 nm were included in the modulus calculations.

Resistance vs. strain plots were generated using an Instron 5943 single column
testing system in combination with a Keithley 2400 saueter and
synchronization software. PET from the same source was used for all experiments,
and samples originally measuring 131 mm in width and 89+1 mm in length were
clamped in the Instron with rubbesulated grip pads. The sample length between
the gips was 25+1 mm (initial length of stretched sample), with 25 mm of sample
for each grip pad (this area remains static and unstretched), and the samples
extended beyond the grip pads by 7 mm on each end. These ends were connected to
the Keithley 2400 withlligator clips. Only the 25 mm portions of the samples
between the grip pads were deformed during the experiments, and therefore, the
strainindependent portion of the resistance was subtracted from all resistance/time
data prior to plotting. The tensikster and source meter independently collected
stressstrain and electrical resistance data, respectively, however the initiation of each
test was synchronized using a TTL trigger signal. Strain/time data from the tensile
tester was then combined witlsiseance/time data from the source meter to

produce resistance/strain plots.
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Measurements of sheet resistance, power conversion efficiency and device
resistance (for OOPV devicesd6 without
curvature were performed irst fabricating the devices of interest on PET
substrates as described above. The sheet resistance (by four point probe), power
conversion efficiency (by solar simulator) or device resistance (by Keithley 2400
Source Meter) were always measured lafpreformation, then the films/devices
were bent to the stated radii of curvature by wrapping them around cylindrical
objects. To prevent abrasion of the film/device, substrates were always bent with the
PET side against the cylindrical object, and dnertife strain on the film/device
was always tensile. The films/devices were then flattened, and the properties re
measured. Repeated bending was performed beginning with large RoC values and

moving to progressively smaller values.

Solar Cell Testing:

OPV device performance characteristics were tested at ambient conditions in air
under AM 1.5G simulated solar irradiation (OAI TriSOL, class AAA, 300W). A
certified Si reference cell witlK&-5 filter (model PVM624, PV Measurements,
Inc.) was used to calilwathe testing irradiance before every test, and a Keithley

2400 source meter was used to measure device performance.

2.5 Contributions

The project was conceptualized by B.J. WoBalkWorfollsupervised J.G. Tait
throughout his undergraduate engineering Capstone project, and as a summer

student. B.J. Worfolk and J.G. Tait planned experiments. J.G. Tait optimized the
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spraying process, and fabricated photovoltaic devigedMaloney, assistedhw
resistance measurements and-grosessing optimizatiom.C. HaugerA.L. Elias
and K.D. Harris assisted with characterization of mechanical propertiédl data.
authors assisted with analysis and interpretation of data. B.J., \lM&@fdkit, and

K.D. Harris cewrote the manuscript, and all authors edited the manuscript.
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Work Function Control of Interfacial
Buffer Layers for Efficient and Air
Stable Inverted Organic Photovoltaics

3.1 Introduction

3.1.1 Overview

Upon successful fabrication of a transpaecstrode (as outlined in Chapter 2),
the subsequent layer in an organic photovoltaic device (OPV) is the interfacial buffer
layer. Ideal buffer layers should be transparent to allow photons to pass to the
photoactive layer (discussed in Chapter 4). Ghgegerated in the photoactive

layer are extracted by the interfacial layers to the eletrodes.

This chapter focuses on the introduction afwatersoluble cationic
polythiophene derivative p@&yp-{4-tertbutylpyridiniumyhhexyl)thiopheng,5
diyl] [P3(TBP)HT] This semiconducting polym&an be ombined with anionic
poly(3,4ethylenedioxythiophene):pobg(prenesulfonate) (PEDOT:PSS) on indium
tin oxide (ITO) substrates via electrostater-laylayer (eLbL) assembBy varying
the number of eLbL | ayerleaveredtomed.6tB& ctr odeds
eV.These polymeric coatings are used as cathodic interfacial mod#iéiseiotr

invertedmode OPVs. Notably, these devices demstrde significant stability
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maintaining 83% dheir originalpower conversion efficiency (PGHEr 1 year of

storage and 97% thfeiroriginal PCE aftesver 1000 h of storage in air.

The following subsections will introducketstability of organighotovoltaics
electrostatic layby-layer assembly, and conjugated polyelectrolytes for cathodic

buffer layers.
Chapter 3 was reproduced in part with permission from:

a) B.J. Worfolk, T.C. Hauger, K.D. Harris, D.A. Rider, J.A.M. Fordyce, S.
Beaupré, MLeclerc, J.M. Buriakdv. Energy Mat2012 2, 362368. Copyright ©

2012 WileywCH Verlag GmbH & Co.

b) D.A. Rider, B.J. Worfolk, K.D. Harris, A. Lalany, K. Shahbazi, M.D.
Fleischauer, M.J. Brett, J.M. BuAak,. Funct. Mat201020 24042415. Cpyright

© 2010 Wiley'CH Verlag GmbH & Co.

c) Q. Chen, B.J. Worfolk, T.C. Hauger, LAtal, K.D. Harris, J.M. BuriakCS
Appl. Mater. Interfa2@$] 3, 39623970. Copyright © 2011 American Chemical

Society.

3.1.2 Stability and Lifetimes of OrganicPhotovoltaic Devices

Organic photovoltaics have the potential to generatmgiwenewable energy in
part due to the potentiédr solution processing and high throughputtoeibll
manufacturing™® In developing the technology, research has focused on improving
the device efficiency, lifetisand fabricatin coss. Consequently, new strategies for
controlling the morphology of donor and acceptor domains in the photoactive layer

and for employing low band gap donor polymers to absorb a larger fraction of the
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solar spectrum have led to PCE values of ovérf®7%he lifetime stability of
OPVs is oftenlimited however and rigorous studies have identified several key
degradation mechanisms such as photooxidation and morphology evolution in the

structure of the multilayer deviéd?

Conventional donor polymers suchHP8siT are often prone to oxidation in air
when illuminate® *?while a polymer with a deeper set highest occupied molecular
orbital (HOMO) energy level is less prone to oxidation, and in turn contributes to an
increased stability in OPX/&® Additionally, interfacial buffer layers are known to
affect the lifetime of OPV&! Specifically, the familiar hole transport interfacial
modifier, PEDOT:PSS, can contribute to the degradation of organic light emitting
diodes and OPVs as a resulf)afs high acidity which can promote ITO etcliifig
andii) an excedsygroscopiof poly(sodium 4tyrenesulfonate) (NaPS&)ich can
migrate throughout the bulk heterojunction (BHJ) andwéhatomponents of the

photoactive lay&f! These factors contribute to the degradati@rdfs in air.

The unencapsulated shelf life of OPVs have been extensively studied in recent
years, since it has been recognized as one of the major limitations of the
technology> ?” ®'The photovoltaic performance parameters of conventional or
forwardmode OPVs, which exttagoles at the transparent anode and electrons at
the cathode, completely degrade withi2500h when stored unencapsulated in
air?¥ However, the air stability is significantly improved for invexddd OPVs,
which extract electrons at the transparent cathode and holes at tH& Becaese
interfacial layers have been shown to influence the device statgligugrahe

effect of using different metals and metal oxides as the cathodic buffer layer has been
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investigatedCalcium metal used e cathodic buffer layer leads to OPV devices
that typically degrade ~77% after 78 A|,O,-based buffer layers lead to ~30%
degradation after 278*%,TiO, buffer layers lead to ~20% degradation after 500
h[B 33 %¥land ZnO utilized as the cathodic buffer layer leads to OPV devices

degrading ~13% after 506n3**!

3.1.3 Electrostatic Layerby-Layer Assembly

Electrostatic laydry-layer (eLbL) growth is a versatile and efficient approach to
the production of compositionally controlled interfacial struétlivés sequential
immersion of the substrate in solutions containing cationic and anionic species (such
as nanoparticles, polyméymlogical materialsfc), films of controlled thickness
and composition can be built up in an efficient fa8Rf8rElectrostatic layday-
layer assembly was developed by G. Détiame of the first amples of eLbL
assembly is the deposition of thin polyelectrolyte films of anionic sodium
poly(sodium 4tyrenesulfonate) (PSS) and cationic poly(allylamine hydrochloride)
(PAH) asseen irFigure3.1.*4 The films are typically affected by polyelectrolyte soak
time, quality of rinsing, pH and salinity of solutions. The great command of
composition ad thickness in eLbL assembled films have enabled their use in

optoelectronic devicgS.
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Figure 3.1 Early investigations into electrostatic {aydasyer assembly by G.
Decher. A) A schematic of the LbL assembly process, whereby a substrate is
dipped into cationic and anionic polyelectrolyte solutions with rinsing in
beween each step. B) Schematic of the LbL process at the molecular level,
starting with a substrate with a positively charged surface. C) The chemical
structures of two commonly used polyelectrolytes: anionianB8&tionic

PAH. Reprinted with permissioftom referencel42l Copyright © 1997
American Association for the Advancement of Science

Sodium poly(3,4ethylenedioxythiophene):ppigtyrenesulfonate)
[(PEDOT:PSS$Na’] is an organic polymer bleaficationic, conducting PEDOT
that is charge oveompesated by anionic andsulating PSSNand hence the
(PEDOT:PS$Na’ complex bears an overall negative charge in aqueous solution.
This polymer blend is usually applied in organicogles(including forwaranode
polymer OPVs) as a halellecting interfacial modification layer on ITO due to its
stable and high work functih. Electrostatic LbL assembly using
(PEDOT:PSS$Na" as an anionic polymer component partnered with various
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catonic materials has recently been expfdfé®tarting with a substrate that has a
charged surface, LbL growth is accomplished by alternating exposure to cationic and
anonic polymer solutionsThis deposits films of controlled thickness and
compositior’® “‘R.H. Friendand coworkerssed eLbL assembly to fabricate thin

films of PEDOT:PSS and cationic polygylenea-tetrahydrothiophenium) (PXT
(seeFigure3.2) to serve as a hole injection lagentroling electron leakagéor

polymer light emitting diodes (PLEBS).

A) S

\ "

B) O3H

B X O “1-x

Figure 3.2 The chemical structure of A) PEDOT:PSS and B) PXT, used in
eLbL assembly for hole injection layers for PLEDs.

3.1.4 Conjugated Polyelectrolytes as Cathodic Buffer Layers

While (PEDOT:PS8)a’ is a ubiquitous material in organic electronics, it is not
normally applied to ITO in inverted OPVs due to its eleblawking
propertie$® A low work function alternative is required to successfully modify ITO

for use as a cathode in inverted OPWgon submitting this worksurface
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modificationhad been successfully demonstrated using only inorganic or-surface
functionalized inorganic matetf&l§** The reduction of the work functiof ITO

with purely organic polymer coatings for inverted Oids yet to bdargely
exploredUsing organic polymers is attractive from several standpogtisnany

organic polymers can be tailored to match the electronic, morphological and physical
requirements for improved device performance. Second, soiatiessable
polymers are desirable from an industrial perspective as costly vacuum deposition
equipment is avoided, and in a further refinement,-selttbie polymers are
particularly advantages as organic solvents are relatively expensive and
environmentally harmful. Third, the quality and uniformity of polymer coatings is
often higher than those of inorganic counterpdiftge. electrostatic multilayer
assembly of watepluble interfacial mididation polymers on ITO is therefore an

attractive complement.

Since publication of our early work on polymeric cathodic interfacidf®layers,
there has been growingeirgst in low work function organic coatings for cathodic
interfacial modifief¥®?  Kippelen and coworkersused thin layers of
poly(ethyleninimine ethoxylated) (PEIE) and poly(ethylenenimine) (PEI) as universal
low work function electrode modifiers for a variety of organic electronic devices
including: OPVs, thin film transistors (TFTs), and organic lightngnditdes
(OLEDs)"™ The decrease in work function was attributed to the formation of
molecular and interfacial dipdf€These polymers can be processed from solution,
enabling largscale fabrication of low work function electrabdesugh rolto-roll

processing®
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Yong Caoand coworkes have also developed a polymeric low work function
cathodic modifier, leading to highly efficient OPV devices with a certified power
conversion efficiency of 9.2%.Polyj(9,9b i s(N,$-dimethylamino)propy®),7
yuor-atfe9ddi octyl yuorene) ] ( PFN) , sol ubl
cathodic buffer layer in combination with p(ilyieno[3,4
b]thiophene/benzodithiophen@PTB7)as a low band gap donor in the phdteac
layer as sean Figure3.3. Devices also exhibited remarkable stability, maintaining
95% of their PCE after 62 d&ysThis work marks a great achievement in both

achieving high efficiency andsa#tble organic photovoltaics.

n
CsHiz "CgHy;y
~ N

N /
|

Figure 33 Invertedmode OPV device schematic using a conjugated
polyelectrolyte (PFN) as a cathodic interfacial modiigrinted with
permission from referend&l Copyright © 2012 MacmillaRublishers
Limited.

Herein, we describe the synthesis of a cationic anesalatde polythiophene,
poly[3(6-{4-tertbutylpyridiniumybBhexyl)thiophen&,5diyl bromide]
[P3(TBP)HTBr], asshown inFigure3.4A, combined withanionic PEDOT:PSS
through electrostatic laymrlayer (eLbL) assemtly*>“? to create a versatile
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cathodic buffer layer on ITQVe find that these elLkssembled thin films can
finely tune the work function of the electrode to better match the electronic band
structure of the photoactive layers and conseqa#atiithe OPV performancedn
particular, a cathodic interfacial buffer layer of [P3(TBP)HT:PEDQE (€&3ited

by 5.5 iterations of the cycle depictedrigure3.4B) leads to an invertedode
PBDTTPD:PG,BM OPV with PCE of 5.6% and significant air stability, degrading

only3% over 1000 h.

(a) Synthesis of P3(TBP)HT*Br- EE PBDTTPD
X
|
N’Br.
/ / \
S S
o)
A
3 2 DMF:THF S n
P3HT Br 70°C,72h P3(TBP)HT*Br

(b) eLbL Fabrication

Lo S L L RN 4
P3HT:PC;,BM or ;
BM |

Y sl I e
HT*Br H,O  PEDOTPSS (P3(TBP) o)
k n bilayers - ITO

Figure 34 A) Synthesis of P3(TBP)HT,) BeLbL fabrication of
(P3(TBP)HT/PEDOT:PS{)C) chemtal structure of PBDTTPD, and) the

PV device architecture of both P3HTsB® and PBDTTPD:P&BM

devices Reprinted with permission from referefiee Copyright © 2012
WileyVCH Verlag GmbH & Co.

P3(TB

106



3.2 Results and Discussion

3.2.1 Synthesis of a Cationic Polythiophene

Watersoluble P3(TBP)HBr was synthesized from a quaternization reaction of
poly[3(6-bromohexyl)thiophene] (M= 13.3 kDa, PDI = 1.87) with dert
butylpyridine as summegd inFigure3.4A.*' P3(TBP)HTBr was obtained in good
yield with a high degree of quaternization as characterizeN MR spectroscopy
(seeexperimental section B.#3(TBP)HTBr is readily soluble in 95:%

~

HO: DMF and has a ,ga42dnm.on absorption Kk

3.2.2 Fabrication of Multilayer Thin Films

Multilayer thin films were fabricated using elLbL as$&mbith cationic
P3(TBP)HTBr (0.5 mg/mL, 95:5\Vv) H,O:DMF) and anionic PEDOT:PSS (0.8
wt% diluted aqueous solution of Heraeus Clevios P VP Al 4083 PEDOT:PSS) on
ITO coated glass substra®sefly, a cathodinterfacial buffer layer was fabricated
by submerging freshly cleaned ITO (bearing native negative charge) in cationic
P3(TBP)HTBTr solution for 5 min, followed by immersing in anionic PEDOT:PSS
solution for 5 min with intermediate rinsing steps. Thiglision/rinse cycle was
repeatedh times to build up P3(TBP)HT:PEDOT:PSS films bilayers as shown
in Figure 34B. Whole bilayer numbersy € 1, 2, 3, etc.) indicate a final
functionalization with PEDOT:PSS, whereas half bilayer numbeds5( 1.5, 2.5,
etc.) indicate a final functionalization with P3(TBPJH&. electrostaticalbound
polyelectrolytes are deposited in a-laykyer fashion anidad to a thin film with

increasing film thickness as the number of coating cycles increases.
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Solid state absorbance spectroscopy was used to characterize the eLbL assembled
films of increasing bilayer number,as seefin Figue 35A. The absorbance
increases roughly linearly with bilayer number as sEguen3.5B, where the
absor baFd3 nmis ploked against bilayer number. The absorbance peak
is representative of the P3(TBP)HT polymer. eLbL assembly was performed on
freshly cleaned Safers and the thickness was measured with ellipsometry after each

bilayer. From the plot Figue 3.5C, each bilayer correspotas- 1.2 nm.
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Figure 35 A) Solid state UWis absorbance spectroscopy of elLbL
multilayered films of [P3(TBPHT):PEDOT:RS®heren represent bilayer
numbers froom= 1 to 20 bilayer8) T h e a b S 0 fab 434 oneaganst  k
the bilayer number of the eLbL assembled thin fijiihe thickness of eLbL
assembled filmef [P3(TBP)HT:PEDOT:PSSineasured with ellipsometry.
Reprinted with permission from referefideCopyright © 2012 Wild§CH
Verlag GmbH & Co.
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The multilayered thin filmsvere chemically characterized withray
photoelectron spectroscopy (XR$gh resolution XPS spectra were acquired for
the S(2p N(1s), Br(3d) and Na(ls) regiafgP3(TBP)HT:PEDOT:PSSthin
films, wheren = 4.5, 5, 5.5 and 6 bilayers as sedfigure3.6. The S(2p) region
consists of two peaks, which are characteristic of both (PEDOTaR8S)
P3(TBP)HT componentsThe peak at ~ 165 eV correspsrid the thiophene
groupin PEDOT and P3(TBP)H, while the higher binding enepgpk at ~ 168.5
eV corresponds to the sulfonate group in. F8&e are two prominent peaks in the
N(1s) spectra at ~ 399.9 and 402.5 Ew peak at igher binding energy
correspondto the N from the pyridinium group P3(TBP)HT. The lower binding
energy peak is present in the original PEDOT:PSS formttafidime broad pak
at ~ 71.2 eV in the Br(3d) spectra results from the bromide in P3(TBP)Hfe
presence of this peak indicates that either some of the cationic polythiophene exists
unbound to (PEDOT:PSS)r that NaBr is present as a.sHite absence of Na in
theNa(1s) spectra indicates the pformulations of PEDOT:PS$picallyconsist
of an excess of NaPSS (1:6 ratio of PEDOT:P$&ri@eus Clevios P VP Al
4083 This excess NaPSS has been shown to lead to the degradation of OPV
devices as NaP3§&mobile and can react with components in thdophtive
layef?” The absence of Nas characterized with XPS, indicates the removal of
NaPSS, likely during the rinse cyoMschmay aid inmprovingthe stability of

these devices.
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Figure 3.6 High resolution Xay photoelectron spectra of multilayered films
of [P3(TBP)HT:PEDOT:PSSHf the S(2p), N(1s), Br(3d) and the Na(ls)
regions whera = 4.5, 5, 5.5 and lgilayers. Reprinted with permission from
referenc&sl Copyright © 201%/ileyVCH Verlag GmbH & Co.
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3.2.3 Work Function of Films

For efficient extraction of electrons and holes, the work function of interfacial
buffer layers must be carefully aligned with the ITO electrode and the acfive layer.
"I The wok functions of the [P3(TBP)HT:PEDOT:PSBins were measured by
ultraviolet photoelectron spectroscopy (UPS) (He ,IHgne 21.2 eV) and are
presented ifigure3.7. The unmodified ITO work functiom & 0) was 4.6+ 0.02
eV, similar to previously reported vafifesiter the deposition of the P3(TBP)HT
= 0.5 layerthe work function decreased 83+ 0.01eVfollowed by an increase to
4.25 + 0.06eV after completing the first bilayer £ 1) with subsequent
PEDOT:PSS functionalizatioAs deposition of the eLbL interfacial buffer layer is

continued for the range af= 0 to 3, an overall decrease in the viwnktion is
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observed and is presumed arise from the decreasing influence of the ITO
substrate on the measurement (the penetration depth of UPS is ~0.5 to 2 nm)
Beyondn = 3, the work function of the buffer layer was found to oscillate
predictablyjbetwen approximately 3.8 eV and 4.0 eV forihi@fer bilayer values

[i.e., P3(TBP)HTerminatedilms| and integer values (i.e., PEDOT:R®&inated
films), respectivelylhis oscillation phenomenon has been previously observed in

small molecule:polyelatyte™ ®?'and nanoparticle hybrid multilayered films and is

attributed to the modulation of the electron affinity of f{O.

n=3.5
n=3
',77=:225
[PEDOT:PSS}~<a=1s
[P3(TBP)HT]*—n=ds
[ITO] f=0
(b)e?
1]
>4.5 4
o \
S i
g e
L 4.1 R 11;
g | ='l'l' “‘ "' ‘\‘\ 'll “\\ ip“ + ’g]\\ /'m‘ * ’Ilmi‘\ II'#
Seof® B R W Y
3.7 —ttt—t
0 1 2 4 5

3. 6 7 8 9 10
Bilayer Number, n

Figure 37 A) A schematic of the multiEed thin films of
[P3(TBP)HT:PEDOT:PSS] B) The work function of elLbhssembled
[P3(TBP)HT:PEDOT:PSSthin films on an ITO electrode measured with

UPS.Reprinted with permissidrom referencé&s. Copyright © 2012 Wiley
VCH Verlag GmbH & Co.
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3.2.4 Photovoltaic Devices

The UPS data illustrates the successful formation of lower work function
electrode modifiers, whiclould be applied asithodic interfacial bufféayers for
invertedmode OPVs!"® For photovoltaic devicelfrication, we employed P3HT
and the low band gap polymer [polyi(@ethylhexyloxyl)benzo[ih24,5
bd] di t Rjcoiydalté{Traetylithieno[34]pyrroled,6dione}1,3diyl)
(PBDTTPD)] Figure3.4C), which has a deep HOMO energy levebd eV
impartng resistance to oxidatiéfi Typically, a forwarthode OPV incorporating a
PBDTTPD:PG,BM BHJ photoactive layer operates in air with a PCE ofv&tB%
a device area of 1.0%R7" and up to 6.8% with a device area of 0.68Hwhile
invertedmode devices have achieved a PCE of 4.2% wjtbhas€dseltassembled
monolayer (SAM)n ZnO as the interfacial modifférfOur OPV devices consist of
a ~90 nm thick PBDTTPD:RBM (1:1.5 wt:wt) bulk heterojunction photoactive
layer spin cast fromdichlorobenzene with,¥, and Al as the hole transport layer
and anode respectively, as degictFigure3.4D. The architecture of the series of
invertedmode OPVs that are constructed to assess the utility of the eLbL interfacial
buffer layer is: ITO/[P3(TBP)HT:PEDOT:PSSBDTTPD:PCBM/V ,0/Al

with a device area @fL55 + 0.008 cin

We investigated the relationship between the elLbL interfacial dilafjer
number and the phatesponse of the OPV devices for the PBDTTPDBM
photoactive layexs seen ifigure3.8. All photovoltaicparameters rapidly improve
for increasing bilayens= 0 to 2 with increasing surface coverage of the thin eLbL
film on the ITO cathode and the commensurate adjustment of the electrode work

function to lowewraluesKigure3.7). With greater bilayer numbers, the PCE dhd f
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factor (FF) then subtly oscillate with bilayer number, where improved performance
occurs with larger haifteger bilayer numbers [i.e. multilayer films terminated with
P3(TBP)HT].This result agrees with the work function data amteaér layers

were found to have a lower work functibne opercircuit voltage\o) levels out

aftern = 2 bilayers, while the shaitcuit current densityg stabilizes from= 2

to 4.5 bilayers and increases ~1.1 mA&m = 5.5 bilayers, corresponding to an
increase in FF from 0.51 to 0.By. changing froom = 5 to 5.5 bilayers, the
thickness othe film increases by ~0.6 nmhile the PCE significantly improves
from 4.5 + 0.3% to 5.5 = 0.1%his large increase in PCE with a very thin
additional half bilaye suggests a limited role for optical interference and
demonstrates the important role of interfacial surface energy on photovoltaic
performanceThe work function is reduced as the result of an interfacial dipole
between the ITO substrate and cationifTBB)HT. At n = 5.5 bilayers, the
magnitude of the dipole is 0.76 eV relative to the substrate work fuRton.
reduces the energy barrier between the lowest unoccupied molecular orbital (LUMO)
of PCBM and the work function of the cathode, allowingoiragrextraction of
electronsFor maximum initial PCE, the optimal bilayer numbemwas.5, which
corresponds to an interfacial buffer layer with the lowest work function (te. 3.84
0.01eV, seeFigure3.7. These results are consistent with the literature, as a lower

work function buffer layer improves PV performance for invertee OPVS$: >”!
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Figure 3.8 The A) PCE and FRndB) the V oc and k¢ for different bilayer
numbers, n, with the device architecture:

ITO/[P3(TBP)HT:PEDOT:PSSYPBDTTPD:PG:BM/V ,05/Al. Each data

point represents the average of three devices and the error bars (very small)
represent the standard deviat@n}V curves fothe optimal devices with 5.5
bilayers of P3(TBP)HT:PEDOT:PSS as the cathodic interfacial layer for both
P3HT:PG:BM and PBDTTPD:P&ZBM devices. Reprinted with permission

from referenc&sl. Copyright © 2012 Wild¥CH Verlag GmbH & Co.
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The current density voltage V) curve of the optimal inverteadode
PBDTTPD:PGBM OPV fabricated in this study is depictedrigure3.8C and
photovoltaic characteristesmmarized ifable3.1. These efficierdevices have a
L. of -11.2 mA/cni, V o of 0.91 VFF of 0.55, and a PCE of 5.6%hese devices
represent théighest PCE obtained for inveAadde OPVs using PBDTTPD in
the photoactive laygdPV devices with a P3HT:PBM photoactive layer obtained
al.of -9.9 mA/cnt, V. of 0.55 V, a FF of 0.60 and a PCE of 3B86.low band
gap polymer OPVs have lardgerand V . values, which can latributedto
absorption of larger portion of the solar spectrum and better energy alignment of

the HOMO of PBDTTPD with the LUMO of P@BM, respectively!

Table 31  Photovoltaic characteristics of the P3HET®E and
PBDTTPD:PG:BM photoactivelayers. Reprinted with permission from
referenc&sl Copyright © 2012 WildyCH Verlag GmbH & Co.

: Jsc Voc PCE
Photoactive Layer (mA/cm 2) V) FF (%)
P3HT:PGBM -9.9 0.55 0.60 3.8
PBDTTPD:PGBM -11.2 091 055 5.6

Control devices were fabricated with complementary insulating polyelectrolytes as
a control to determine the roles of both P3(TBP)HT and PEDOT:PSS components
in eLbL multilayer films. Cationic poly(diallyldimethylammonium chloride) (PDDA)
and anionic edium polystyrene sulfonate (PSS) were selected as control
polyelectrolytes. Table 3.2 illustrates the reduced performance of both
[PDDA:PEDOT:PSSL and [P3(TBP)HT:PSS] cathodic interfaces with
P3HT:PG,BM OPV devices compared to [P3(TBP)HT:PEDOTRS$BVices in
Table3.1. Both theJ.and the FF are significantly reduced. This indicates that both

components are required to improve the cathodic buffer layer performance.

116



Table 3.2 Control experiment of different multilagempositions including
[PDDA:PEDOT:PSS} and [P8TBP)HT:PSS} cathodic buffer layers for
P3HT:PGBM devices.Reprinted with permission from referenc@
Copyright © 2012 WileyCH Verlag GmbH & Co.

Jsc Voc PCE

Multilayer Composition (MA/cm?) V) (%) FF
[PDDA:PEDOT:PSS]s 5 -8.47 0.54 2.04 0.45
[P3(TBP)HT:PSS]s 5 -8.98 0.52 2.08 0.44

3.2.5 Shelf Life of Organic Photovoltaics

The stability of PSHT:RBM devices were studied by obtaidigcurves
in air over the course of one year as sdagure3.9A. Between testingrocedures,
the devices werstored in Bl TheV 4 of the devicesvas found to beemarkably
stable over the course of the yd&#hile thelJ initially increases and the FF
decreases, these parameters were observed tstabdihg over timat ~110%
and ~80% of their original values, respectively. Ovieeatlevices maintaith83%
of their original PCEfter oneyearand 47% after 1.7 yeddgvices with GEO, as
the cathodic buffer layer (standard in the literBfisighificantly degraded to 20%

of their original PCE within 500 h.

The stability of the PBDTTPD:PB8M devices was studied for over 1500 hours,
while he devices were storedcambientair between testing according to IEDS
protocol® The results are shown Figure 3.9B. The normalized PCE of the
devices maintains 97% of its original performance after 1080ahduthen
decreasel3% as the devices approach 1500 hours exposuré&a9aof original
PCE after 1.4ears). For comparison g@3, cathodic buffer layer with the same
photoactive layer and electrodes was fabricated. These devices exhibited significant

instability, degrading to 28% of its original PCE in 480 houdrs. T
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P3(TBP)HT:PEDOT:PSS multilaytsed tostaility exceeding other repootsCa,

AlLO,, TiO, or ZnO cathodic buffer layers stored under similar conditiaies (
suprg?® 3633 380 Bacause OPVs typically degrade in air, encapsulation is necessary in
order to improve lifetime3o achieve lonterm stability of OPVs, flexible barrier

films with very low oxygen transmission rate (OTRs) and water vapor transmission
rates (WVTRs)fdLO® cn? m? day* atm* and 16 g m? day'are require@ *'Glass
encapsution has been utilized, leading to OPV lifetimes of 3 to 7%edrs,
however this sacriis the flexibility of device modul&$exible poly(ethylene
naphthalate) (PEN) based barrier films were used to significantly improve the
stability of OPVs compared to unencapsulated d&¥idéth this barrier film, the
devices degraded ~25% of their original photovoltaic performance after 1000 h
storage in air and darkn€s$3While this encapsulated performance is among the
best recorded to date for flexiblerriga layers, the stability must continue to
improve for full market acceptanthis emphasizes the requirement for air stable
OPVs, particularly for modules with flexible barrier layersomparison, our

devices have enhanced air stability withohefuehcapsulation.
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Figure 3.9 A) Normalized power conversion efficiency of the
ITO/(P3(TBP)HT/PEDOT:PSS)JP3HT:PG::BM/V ;05/Al devices stored
for 1 year undenitrogen and tested in air) Bormalizedoower conversion
efficiency of the
ITO/(P3(TBP)HT/PEDOT:PSS)yPBDTTPD:PC:BM/V ;0s/Al  devices
stored in air for over 1500 houEsch data point represents the average of 4
devices and the error bars (very small) represent the standard d8a#tions.
plots include devices with-C®s as a cathodic buffer layer for comparison
(solid red line)Reprintedwith permission from refereng8. Copyright ©
2012 WileyWCH Verlag GmbH & Co.

We attribute théengthenedevice lifetime to @@mbination of two main factors:
i) an improved architecture in the modifying layerigtihe use of a low band gap

polymer with a deep HOMO energy |&¥ehince the first layer deposited on the
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ITO coated substrate is P3(TBP)HT and not acidic PEDOT:PSS, we propose that a
thin protective barrier dP3(TBP)HT is formed, reducing etchingtlué 1TO
electrode by PEDOT:PSShe effect of inserting a SAM before depositing
PEDOT:PSS has previously been studied anslttead98% decrease in the In
content in PEDOT:PSS filffs and a 60%increase in the lifetime of an
electroluminescent devitke.In our casg anionic PSSsegments arealso
electrostatically tethered in the multilayer while excess NaPSS is removed, as
confirmed by the absence oflsim signals in the-bay photoelectron spectroscopy
spectra (ide suprarhe combination of these two features thus stabilies th
interface, which is commontyone to degradati®. Future work will involve
enhanced constant illumination tests using flexible barrier films with higher work

function anodes.

3.3 Conclusions

In conclusion, we haveynthesized a new wadetuble and cationic
polythiophene which can be combined with anionic PEDOVI&33L assembly.
The nanoscale control over film thickness and surface work function demonstrates
tuning of the @ctronic level of the electrodedenables tailoring of the energetic
interface between the photoactive layer and TH®. environmentally friendly
solution processing method also reduces costs, health and safety issues commonly
associated with organic solveiitsee eLbL assembled thitnfs can function as
cathodic buffer layers in inverredde BHJ OPVs, where the bilayer number allows
for tuning of the PV performanc®PVs with P3HT:P{BM photoactive layers

exhibited a PCE of 3.8% and maintained >80% of their original performance over
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the course of a year, while PBDTTPD;BM devices achieved a record high PCE
of 5.6% for invertethode devices with PBDTTPD as the donor andtemmg air
stability for over 1000 houtmproving efficiencies with longer device lifetimes will

increase theommercial viability and acceptance of OPVs in the future.

3.4 Experimental

Chemicals:

Tetrahydrofuran (THF), dimethylformamide (DMF), methylene chloride,
isopropyl alcohol, methanol anodlichlorobenzeneoDCB) were used without
further purification from SigmaAldrich. Regioregular hedoHtail poly[3(6-
bromohexyl)thiophene] (P3HBI) (M, = 13300 Da, PDI = 1.87) was obtained from
Polymer SourceCommercially available poly{@Hylenedioxythiophene):pply(
styrenesulfonate) (PEDOT:PSS) was used asdefrem Hereaus Clevios (P VP
Al 4083).Poly({4,8di(2ethylhexyloxyl)benzo[1h24,5b 6 | d i t R2jcdiyh-dlte n e }
({5-octylthieno[34c]pyrrole4,6dione}1,3diyl) (PBDTTPD) was synthesized
according to Zouet af¥, poly[(3hexylthiophenel,5diyl] (P3HT from Rieke
Metals, Incand the fullerene accemd6,6phenylC,-butyric acid methyl tes
(PC,BM)] and [6,6phenyiC,-butyric acid methyl tes (PG,BM)] were obtained
from American Dye Source and used without further purificAt®@rcoated glass
was obtained from Delta Technologies B ). V£0g(99.99%) and Al (99.99%)

were obtained from Sigmddrich andKurt J. Lesker, respectively.
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Instrumentation:

Absorbance spectroscopy was performed with an Agilewis $gectrometer.
Nuclear magnetic resonance (NMR) spectroscopy was performed with a Varian
Inova twechannel 400 MHz systeEilipsometry was uséal estimate the thin film
thickness for the electrostatic ldyelayer (eLbL) multilayered films and was
performed with a Gaertner multiangle ellipsometer and assumed negligible
absorption from the 633 nm wavelength incident |&sesy photoelectron
spectroscopy (XPS) of the eLBL multilayer films on ITO substrates was
characterized with a Kratos Ultrva spectronmn
1486.71 eV) radiation sourdde spectra are referenced to the 84.0 eV binding
energy of Au 4f, referened to the Fermi level and corrected to the C(1s) peak at
284.8 eV, and under vacuum of base pressure of less th&nTbrl®efore
radiation.Ultraviolet photoelectron spectroscopy (UPS) was performed on freshly
prepared multilayer thin films on ITOd®d at10 V during analysis with a Kratos
Ultra spectrometer with He Ik 21.2 eV) incident radiatiohhe average and
standard deviation of three spots on the same sample were aifdigzed.
photoactive layer thickness was characterized with a Zygolighti optical

profilometer after sections of film were scrapped away with a metal scalpel.
Synthesis of P3(TBP)HT:

The synthesis of P3(TBP)HT is similar to a procedure recently published by Rider
et at’® 0.1 g of P3HBr was dissolved in 10 mL of THF and stirred for 2 hbrs.
mL of DMF and 0.32 g of-tértbutylpyridine were added and the solution was

stirred for 72 hours at 70 under Ar and in darkne3$ie solvehwas evaporated
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and the obtained solid was washed with copious amounts of methanol to remove
unreacted fertbutylpyridine.The darkred solid (0.135 g, 95% vyield) was dried

under vacuum at 7€ for 5 hours taemove remaining solverii-NMR (400

MHz, [D-DMF,28C, TMS) A£=9.33 (m, 2H), 8.23 (m,

2H), 2.04 (m, 2H), 1.8993 (br, 17HJJV -Vis (95:5 v/v ED : D ME_ )= 424 km.
eLbL Assembly of Multilayer Films:

ITO coated glass substrates were cleaned in sequential Xfagsunication in
methylene chloride, distilled water and isopropyl alcohol, followed by a 10 min air
plasma with a Harrick plasma cleaner (~0.1 mTorr, PDC 32G, BR8WN).
P3(TBP)HT and PEDOT: PSS solutions were fil
estersfilter before uselFor eLbL assembly, freshly cleaned ITO substrates were
immersed in a 0.5 mg/mL solution of P3(TBP)HT in 95:5 (vi@:BMF for 5
min, rinsed with a copious amount of distilled water, submersed in a 0.8 wt%
aqueous solution of PEDOT:P8&8 5 min and rinsed with copious amounts of
distilled watefThis cycle constitutes one bilayéis eLbL process can be repeated
forming n bilayers on an ITO substrate. Hateger bilayer numbers indicate
P3(TBP)HT as the last deposited layer, whibdevinteger bilayer numbers indicate
PEDOT:PSS as the last deposited layker the formation of the polymeric
multilayer thin films, the coated ITO glass substrate was spin dry at 3000 rpm for 1
min and annealed at 12C under Ar and in darknesBor ellipsometry
measurements, the above eLbL process was performed on a freshly cleaned silicon

wafer, and for sohstate absorbance, on a glass substrate.
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OPV Device Fabrication and Testing:

OoPV devices consisted of the following architecture:
ITO/[P3(TBP)HT:PEDOT:PS$]photoactive laydr ,OJ/Al,  where the
photoactive layer consists of a bulk heterojunction (BHJ) of either P3BV:BC
PBDTTPD:PGBM. The cathodic buffer layer consisted of elLbL assembled
[P3(TBP)HT:PEDOT:PSSinultilayer films on freshigleaned ITOcoated glass
substrates as described ab®kie.photoactive layer solution was prepared under an
inert environment. For P3HT:EBM photoactive layers, seperate solutions of
P3HT and PGBM in oDCB were stirred at 8CQ for 8 hours then mixdd a 1:1
P3HT:PG,BM ratio forming a combined 46 mg/mL solutidhis solution was left
tomixat80C f or 2 hours bef opdytetfaflubroethylenen g wi t h
(PTFE) filter and spin cas in air directly otop of the eLbL assembled catloodi
buffer layerThe spin cast was perfornad00 rpm for 1 minute, forming a ~220
nm thick layer as determined with optical profilomEtijis were immediately
transfeed to a covered Petri dish and left to dry in air fe220nin.For the
PBDTTPD:PGBM photoactive layer, separate solutions of PBDTTPD and
PC,BM in oDCB werestirred at 80C for 8 hours then mixed in a 1:1.5
PBDTTPD:PG,BM ratio.This formed a 15 mg/mL solution, which was left to stir
at 80°C for 2 hoursA heated spin casting metheas used to coat the photoactive
layer The eLbl-modified ITO substrates and the PBDTTPD,BM solution were
heated to 90C in air, and pipette tips were heated tocC80mmediately before
coating, a heated ITO/[P3(TBP)HT:PEDOT:PS8bstrate was trsfierred to the
spincoated chuckk 00 QL of the photoactive | ayer so

and spircast at 600 rpm for 1 min in air, forming a ~90 nm thick layer as
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determined with optical profilometfjhe films were covered with a Petri dish and
gored in air and darkness for 18 hoAfterwhich, a 20 nm @, hole transport

layer and 8200 nm aluminum anode were thermally evapaonatatifimsat ~5A

s *under high vacuum (~1®a) defining a device area of 0.155 + 0.088Tbm

PV characteristics of the OPV devices were characterize80aC25 air under
simulated AM1.5 G conditions (xenon source from Oriel 91191 1000W) and
calibrated to a certified Si reference cell with & HKiter (PV Measurements,
PVM624).JV charateristics were recorded using a comjpotgrolled Keithley

2400 source metédiliree devices were average for each data point.
Stability Testing:

The P3HT:P¢BM devices were fabricated and periodically iasé@averthe
course of one yedBetweertess, the devices were stored undemiN25C. For
PBDTTPD:PG,BM devices, stability testing was performed according teDI30S
(shelf) protocd® whereby unencapsigd devices were stored in air aC2 vials
wrapped in Al foil betweetests with the above conditioifie average of four

devices represents each data point.

3.5 Contributions

B.J. Worfolk planned and executed most experiments. T.C. Hauger assisted with
device fabrication and characterization. J.A.M. Fordyce assisted with the synthesis
and purification of P3(TBP)HPBDTTPD was synthesized by S. Beaupré and M.
Leclerc. All authas assisted with analysis and interpretation of data. B.J. Worfolk

wrote the manuscript, and all authors edited the manuscript.
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Flexible Bulk Heterojunction Organic
Photovoltaics Based on Carboxylated
Polythiophenes and PCBM

4.1 Introduction

4.1.1 Overview

Upon successful fabricationaofransparent electrode (as outlined in Chapter 2),
and the interfacial buffer layer (discussed in Chapter 3), the subsequent layer in
typical organic photovoltaics (OPVSs) is the photoactive layer (introduced in Chapter
1). This chapter focuses on the radtiction of regioregular poly[3
(carboxyalkyl)thiophei2e5diyl] (P3CAT) gype semiconductors with different
carboxyalkyl chain lengths (prepgto hexy¢ng. Each P3CAT was combined with
[6,6}phenyC, -butyric acid methyl ester (M) to form the photoactive bulk
heterojunction layer for OPV devices. The extent of hydrogen bonding, blend
morphology, and mechanical properties of the films were characterized. These
measurements suggest t hat P3Ce&sTPowear e sui t e
conversion efpciencies of up to 2.6% and 1
in air, and supported on glass and yexibl

respectively.
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The following subsections will introduce the photoactive |lagtegies for
controlling the morphology of the photoactive layer, the use of hydrogen bonding in

the photoactive layer, and an overview of carboxylated polythiophenes.
Chapter 4 was reproduced in part with permission from:

a) B.J. Worfolk, D.A. Rider,lA.Elias, M. Thomas, K.D. Harris, J.M. Buriak,
Adv. Funct. Mat201121, 18161826. Copyright © 2011 Wié¢¢ZH Verlag GmbH

& Co.

b) B.J. Worfolk, W. Li, P. Li, T.C. Hauger, K.D. Harris, J.M. Biridkater.

Chen01222 1135411363. Copyright © 2012 The Royal Society of Chemistry.

4.1.2 Photoactive Layer

The photoactive layer of excitonic OPVs typically consists of a mixture ef a light
absorbing, electredonating semiconducting polymer, such as a regioregular poly[3
(alkyDhiophene] (P3AT), and an electamcepting fullerene, commonly [6,6]
phenylC,-butyric acid methyl ester (PCBR¥).This donofacceptor mixture is
most often employed in a phasparated and disordered bicontinuous
interpenetrating network known as the bulk heterojunction)),(Bkhd the
arrangemenhas been intensely studied and optimized in recent years for the

efficient generation and extraction of chard&$.

The photoactive layer is respomrsibf the absorption of photons creating bound
excitons, dissociation of the excitons, and transport of charges to the interfacial
buffer layer8” The absorption of photons depends on the optoelectronic properties

of the blend film. The absorption of the photoactive Eyarld overlap the solar
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emissiorspectrum. Both the dissociation of excitons and transport of charges to the
interfacial buffer layers are controlled by both the physical properties of the
semiconducting materials as well as the film morphology. &tireststrategies to

control the morphology in bulk heterojunction films has been identified as a key

factor to improve the photovoltaic performance and stability of &PVs.

4.1.3 Morphological Control of the Photoactive Layer

The morphology of the BHJ photoactive layer affecitor dissociation and
charge transport of holes and electrons in the donor and acceptor, respectively. The
exciton diffusion length of conjugated polymers is typiez®ynat® If an exciton
does not reach a donor/acceptor interface within this distance, the exciton will
recombine leading to a reduction in the extracted charges devibe. The
recombination can be limited if there is a large interfacial surface area between donor
and acceptor components. Upon exciton dissociation, the next challenge is efficient
transport of charges within the BHJ. The photoactive layer shoukt obresi
bicontinuous network of donor and acceptor components allowing transport of
electrons and holes to the interfacial buffer [&@tsus requirements for an ideal
bulk heerojunction include a high donor/acceptor interfacial surface area and

bicontinuous networks of both components.

There are many ways to control to morphology of the BHJ layer both
synthetically and with pegmibcessing of deposited films. Key strategetsden
solvent and/or thermal annealing, surface energy control in the interfacial buffer

layer and photocrosslinkable polymers.
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Postprocessing of the BHJ layer typically consists of solvent and/or thermal
annealing? Solvent annealing involves extending the drying timeadtdgms by
sealing them in Petri dishes. This reduces the solvent evaporation rate, which allow
ordering of polymer domains, resulting in a larger patyystallite siZ&! Thermal
annealing at 150 °C increases the polymer crystallite size a§igeeedih, and
improves contact with the cathdfeThis leads to higheshortcircuit current
densities {J and fill factors (FF). Theserease¢he power conversion efficiency
(PCE) of devices from 0.82% to 3 areful tuning of both solvent and thermal
annealing are critical in optimizing the morphology of the BHJ, and improving the

PCE of photovoltaic devices.
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Figure 4.1 The Xray diffractiorspectra of a P3HT:PCBM film droast on a

PEDOT:PSS/ITO substrate with and without annealing at 150 °C for 30

minutes. The inset shows the P3HT crystal structure with the d = 1.64 nm

(100) interdigitation of alkyl sicleh ai ns and d -% asBing®® nm (010) 3
the thiophene backbone. Reprinted with permission from reféténce

Copyright © 2005 WileyCH Verlag GmbH & Co.

The surface energy afubstrates has considerabfienceover concentration
gradients inBHJ photactive laysr and hence influensethe OPV device
peformancé” *?Because P3HT has a lower surface energy than PCBM, when
hydrophilicPEDOT:PSS is used as the hole transport layer (HTH), teBds to
accumule near the air/BHJ interface while PCBM accumulates closer to the
hydrophilicPEDOT:PSS HTLEY This surfaceénduced concentration of PCBM
near the anodes detrimental téorwardmode OPV operation as more uniform
distribution of P3HT and PCBIbr, possibly even more advantageous, a greater

P3HT contentnear the anodeyould bepreferred to reduce recombinaffofd
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Gradient formationoccurs during the solvent evaporation step following spin
coating Decreasinghe surface energy thie anode tends t@ducethe magnitude

of concentration gradientor exarple a thinlower surface energy film mjly[3
(5-carboxypentyl) thiopheizesdiyl] (P3CPenT),can be used in place of
PEDOT:PSS, which led to a homogeneous distribution of P3HT and PCBM
throughout the filft® This improved morphology leads to improved FF and PCE

over conventional PEDOT:PSS HTLs.

Control of the BHJ morphology through ppsicessing techniques and tuning
the interfacial surface energy of the HTL can lead to optimum perdernMost
BHJ systems have poor stability, and this peak photovoltaic performance is not
maintained. Donor and acceptor components often continue to migrate leading to
macrophase segregatfn.A potential strategy to circumvent this is to
photocrosslink the polymer domains to stabilizendmoscale BHJ morphology.
Light sensitive bromoalkyl side chains can be introduced into semiconducting
polymers which photocrosslink upon exposure to ultraviolet light. Devices with
photocrosslinked polymers maintain their photovoltaic performancengtiirsg
at 150 °C for 70 h, while nphotocrosslinked polymers see a reduction in?®CE.
Controlling the morphology of BHJ photoactive layers can improve exciton
dissociation, facilitate efficient charge transport, and increase the stability of organic

photovoltaics.

4.1.4 Hydrogen Bonding in the Photoactive Layer
Another way to control the morphology of BHJ films is to incorporate hydrogen

bondingmoietiesn the photoactive layer components. With careful control over the
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blend morphology, the photovoltaic performance can be imjfé¥dthas been
proposed that hydrogen bonding encourages greater molecular leved, orderi
increases molecular rigidity, promotes interfacial electron transfer, reduces charge
trap sites and extends device liféff&™* For example, Watkisd coworkers
investigated the cooperative hydrogen bonding between a semiconducting diblock
copolythiophene: poly(3hexylthiophend)lockpoly[3(2,5,8,11
tetraoxadodecane)thiophene] (PBHBTODT) with bis[6, 6}phenyl G-butyric

acid (bisPCBA) as seen inFigure 4.2 Favourable se#fssembly between
components stabilizes the morphology of the photoactive layer leading to improved
photovoltaic performance with ageing expeririéntis.is therefore a fruitful
approach to investigate the effect of hydrogen bonding in the photoactive layer of

BHJ OPVs.

bis-PCBA | |

20-30nm

P3HT-b-P3TODT

Figure 4.2 Chemical structures of P3#IP3TODT and bif?CBA and
schematic of the ordered, photoactive layer blend. Reprinted with permission
from referenc&sl Copyright © 2012 American Chemical Society.

4.1.5 Carboxylated Polythiophenes
The side chains of polythiophenes are important for the formation of crystallites

and influence the sollityi of the polymer. Polythiophenes with alkyl side chains,
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such as P3HT, are soluble in chlorinated solvents such as chloroform and
dichlorobenzene. Adding a carboxylic acid to the end of an alkyl side chain alters the
physical properties, where the ceyladed polythiophene will now be soluble in
solvents such as pyridine and dimethyl sulfoxide. These solvents are an improvement
compard to the chlorinated analogwésen solution processirgyconductedn a

large scale. The carboxylic acid also ineedadditional chemical functionality,

which could be used to control the morphology of films through hydrogen bonding.

The synthesis of carboxylated polythiophenes involves -an&@iifed Stille
coupling as seen Figure4.35%%® The carboxylic acid is masked by an oxazoline,
which can be hydrolyzed to give carboxylated polythiopHeSedsequent
deprotonation with a base yields a wsatieible derivative which can be used as a

chemoselective ionchromatic sensor in WW3ter.

0
(CHy), (CHo)y
/Fg\ 4 j< Paa(dbals «Nk

PPh, i/ \ 3MHCI
MezSn s CuO, DMF » S reflux
n
(CHZ)x
/ \ base

S

n

Figure 4.3 The synthesis of carboxylated polythiophembere x = alkyl
chain lengtk¢!

Carboxylated  polythiophenes  or olyf3(carboxyalkyl)thiopheze5diyl]
(P3CAT) have recently been used in-shyesitized solar cells where the free
carloxylic acid served as an anchogimyp to TiQ.*®* The suitable optical and

electronic properties, and the potential for hydrogen bonding and further
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derivatizationof the P3CAT seriekas been recognized, and has ledother
applications ithemicdl® *" % “8and biological sensdéi%field-effect transistgr®

and singlavalled carbon nanotube/polymer nanohyfds.

In an effort to establispoly[3(carboxyalkyl)thiopheie5diyl]s (P3CATS) as
suitable donor materials for BHJ OPVs, we investigated the polymer series
containing carboxyal side chains(CH,),COOH; for x ranging from 3 to 6]. The
series includes poly[@carboxypropyl)thiophesg5diyl] (P3CProT), poly@-
carboxybutyl)thiophere5diyl] (P3CBuUtT), poly{®-carboxypentyl)thiophezes

diyl] (P3CPenT) and polyf@carboxyhexyl)thiopherie5diyl] (P3CHexT).

4.2 Results and Discussion

We report the optoelectronic and mechanical properties of this carboxyl
functionalized polythiophene series. Despite numerous statements of mechanical
flexibility as a driving factor in OP&search;*” measurement of OPV mechanical
properties is uncomman the literatur& and thus we devote attention to this
aspect of characterization. P3CAT:PCBM films are incorporated into BHJ OPVs
with a device architecture of ITO/PEDOT:PSS/P3CAT:PCBM/AlI on both
borosilicate glass and flexible poly(ethylene tergpdfh&ET) substrateSiqure

4.4).
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Figure 4.4 A) The chemical structures of P3CATs wilboxyalkyl chain
lengthsx , ranging from & as well as PCBM) A schematic representation
of the OPV device architeatur  consisting of:
ITO/PEDOT:PSS/P3CAT:PCBM/AI and the depiction of the hydrogen
bonding in P3CATReprinted with permission fronfeneencesél Copyright

© 2011WileyVCH Verlag GmbH & Co.

HO

4.2.1 Optoelectronic Properties of Carboxylated Polythiophenes

To determineand contrast thbehaviourof regioregulaP3CATSs in the context
of OPVs,the optoelectronic properties were studitlde P3CAT derivatives were
found to behighly soluble in pyridine angpaared orange to red in colour.
Solutionphaseabsorlance and photoluminescer(€d) spectra for the P3CATs
dissolved in pyridine are shownHigure 45A. The wavelengths of maximum
absorptionk...... redshift slightly(from 430nm to 457 nn) as thecarboxyalky!
chainlength {(CH,),COOH] increases from propyleto hexy¢ne(x = 3-6), whle
thewavelengths shaximum photoluminescenke, .., in the solution fluorescence
spectraareapproximately the same for all P3CAT® k.., Of the spectrarein

close agreement with thevelength corresponding to theset of absorption for
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the polymersThe P3CAT pyridine solutions were sy@st on quartz substrates

and the soligtate absorbance spedttan the resulting films are showrFigure

45B. Theoptical bandgamf the P3CATSs in the solid state were calculated from the
absorbance onsets and were similar across the Bablest.(). The bandgap
invariance around ~1.9 eV with increasing carboxyalkyl chain length is similar to the

alkytsubstituted P3AT seriés? ©

The absorbance and photoluminescence sfacthe P3CATSs consist of broad
peaks. The peak broadening is the result of the fandn principle. The
absorption or emission of light is the result of an electronic transition between the
ground (E;) and excitedE,) states of the polymer. Eachcefenic level has a
number of vibrational states associated wifhihé. probability of an electronic
transition is dependent on the optimal overlap of vibrational wavefunctions (since
electronic transitions are much quickiethe polymer is in the viational level=
0 of the electronic ground state, a number of electronic transitions are gossible:
0¢0, 01, 0¢ 2, ,dchTBe encbgielatedwith ¢agh transition is
different. Since there are a number of vibrational states associated with each
electronic level, a large number of transitions are possible, leagiegk to

broadening in both absorbance and photoluminescence spectra dagaed.hn
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Figure 45 A) Normalized solution Wis absorbance and
photoluminescenaaf P3CATSs in pyridine. B) Normatizeolidstate U\dvis
spectra ofP3CATs cast from pyridine on quartz sutestrReprinted with
permission from referenéd. Copyrght © 201WileyVCH Verlag GmbH &
Co.

The energies of the highest occupied molecular orbital (HOMO) and lowest

unoccupied molecular orbital (LUMO) of the P3CAT series were determined using

cyclic voltammetry (CV) and from salidte absorbance spedigclic voltammetry

was performed in a standard three electrode electrochemical cell with*a Ag/Ag

reference electrode in acetonitrile. Films of P3CATs were cast from pyridine directly

onto a Pt disc working electroddée onset of oxidatiofor the P3CATs ranged
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from 0.27 to 0.3%, corresponding to HOMO energies ranging frorhidto -5.12
eV *“The corresponding LUMO energiesthe P3CAT series were calculated by
adding the measured optical bandgap energy to itet€@ined HOMO energy.

The results are reportedTiable4.1.

Table 4.1 A summary of oxidation potentials from the cyclic voltammetry
scams of the P3CATsand associaterhlculation of the ergees of the HOMO

and LUMO bands and the optical bandgaprinted with permission from
referencésl Copyright €2011WileyVCH Verlag GmbH & Co.

P3CAT Eox [V] [i] Enowmo [eV] [ii]  Erumo [eV] [iii] Eq[eV] [iv]
P3CProT 0.27 -5.12 -3.08 2.04
P3CButT 0.34 -5.19 -3.25 1.94
P3CPenT 0.28 -5.13 -3.20 1.93
P3CHexT 0.31 -5.16 -3.23 1.93

[i] The onset of oxidation frorhe cyclic voltammetry scans versus Ag/sference
electrode.

[ii] The energy of the HOMO band calculated from the potential of the onset of oxidation,
calibrated to a ferrocene redox couple and corrected to vacuum.

[iii] The energy of the LUMO band cdéted by addition of the optical bandgap to the

Erowmo.
[iv] Calculated from the onset of absorption from P3CAT films.

Figure 46 depicts the band emgies of the P3CATs, PCBM, poly(3,4
ethylenedioxythiophene):ppigtyrenesulfonate) (PEDOT:PSS) and ITO and Al
electrodes. All donor P3CATs form #ypleterojunctions with PCBM, and have
appropriate band edge offsets (acceptor LUMfnor HOMO) and egiton
dissociation energies for use in OP¥4.t is interesting to note that the HOMO
energies of the P3CATs are lower in energy compared to 3H&\(), which

suggests that a higheg fér P3CAT:PCBM BHJs may be possibile.
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P3CATs

Energy/eV

Figure 46 Energy level diagram of components used in OPV devices
including P3CATs, PCBM, hatansporting PEDOT:PSS, ITO and Al
electrodesReprinted withpermission from referené&él. Copyright © 2011
WileyVCH Verlag GmbH & Co.

4.2.2 Properties of Bulk Heterojunction Films

To probe the charge transfer betw#denpolythiophene donor and fullerene
acceptor in thin films, photoluminescence (PL) spectroscopy was pefftimed.
films of P3CATonly and P3CAT:PCBM were cast from optimized solvent
compositions onto quartz sulasérs and excited at 442 nm with aCdelaser.
Figure4.7 shows PL spectra of the films. Quenching of the P3CAT PL signal was
visible in altasesyith P3CHexT:PCBM films undergoing near complete quenching.
This behaviour is strong evidence for efficient charge transfer from the photoexcited
P3CATs to PCBNi®* Since all P3CAT films are highly quenched in the presence

of PCBM, doncsacceptor charge transfer is not likely to limit device pemfiema
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Figure 4.7 Photoluminecence spectra of P3CAT thim§ and BHJ fims

(1:1 by weight) with PCBM sqmast on quartz substrates, excited at 442 nm.
Reprinted with permission from referel®@eCopyright © 201WileyVCH
Verlag GmbH & Co.

To cater to the solubility requirements of both components, a mixed solvent
system was selected. P3CATSs are soluble in pyridine, dimethylformamide (DMF) and
dimethyl sulfoxide (DMS®}, * and sparingly soluble in chlorobenzene and
dichlorobenzene. Conversely, PCBM is highly soluble in chlorobenzene and
dichlorobenzene and only marginally soluble in pyridine, dimethylformamide and
dimethyl sulfoxide. Pyridine and chlorobenzene were selsctedolvents for
P3CAT:PCBM mixturess their boiling points (115 °C and A30respectivelyand
enthalpies of vaporizatiot0(2kJ/mol and 41.&J/mol, respectivélyare similar and
are consequently volatilized at similar rates during castingimasf€ed Initial
solubility experiments revealed that PCBM precipitates in mixtures with high
pyridine contenihich therefore limits the solvent composition to include no more

than 25% v/v pyridine. Characterization of RB@CBM solutions or cast films
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was always performed using solvent ratios empirically determined to produce the
optimum power conversion efficiency in completed OPV devigesnfyaFor the
distinctP3CAT:PCBM combinatisnthe optimunsolvent ratis wereidentified as

1:7, 1:81:6 andL:7pyridine:chlorobenzemer alkyl chain lengths= 3, 4, 5 and,

respectively

The extent of hydrogen bonding in P3CATS, in both solid and solution phases,
can be assessed with infrared (IR) spectrdécdpy: > "Ihe polymers were cast
from the optimized solvent compositions onto KBr discs, and the carbonyl regions
of the IR spectra are showrFigure4.8. The carbonyl regions for all spectra consist
of two peaks corresponding to free C=0 stretches at higher energy (<)7@%cm
hydrogen bonded C=0 vibrations at lower energy (~178d%&mll P3CATs have
significant hydrogen bonded C=0 vibrational modes, pointing to interchain cross
linking of the polymers. The hydrogen bonded C=0O peaks for P3CButT and
P3CHexT are shifted to higher energy compared to P3CProT and P3CPenT by
apprximately 14 ciy indicatingweakerhydrogen bonding interactions in the
carboxyalkyl chains of these polyfi&fhe extent of hgrogen bonding can be
assessed from the relative peak areas of the free and hydrogen bonded C=0
vibrational modes. By this analysis, P3CPenT has a significantly larger degree of
hydrogen bonding, while P3CProT exhibits the least hydrogen bonded molecular
interactions. It is important to note that the IR spectra of BHJ films were further
complicated by an overlap of the hydrogen bonded C=0 stretch with the ester
stretch in PCBM (~1736 ¢inand prevented complete quantification of the extent

of hydrogen bondg in these BHJ films.
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Figure 4.8 The IR spectra of P3CATIrfis cast from their optimized solvent
compositions on a KBr disReprinted with permission from referefiée
Copyright © 201WileyVCH Verlag GmbH & Co.

To better understand the structure and morphology of P3CATs in BHJ films,
glancing angle-day diffraton (XRD) analysis was performed on P3CAT:PCBM
samples cast on silicon wafers using the optimized castifitions.Figure4.9A
shows the XRD speaetof the four P3CAT:PCBM films, offset étarity. A distinct
peak corresponding to the interdigitation of the carboxyalkyl chains (100) was
evident for all films, and as expected, this peak shifted to higgemirg)s with
increasing alkyl chain length previously observed with P3AT&or P3CProT,
P3CRutT, P3CPenTrad P3CHXT, the dspacings were 12.1 A, 14.1 A, 16.8 A and
190 A respectively, and thieend is summarizeéd Figure4.9B. Thisfigure also
includeghe (100) eépacings previously reported for alkyl chain lengths of £and 7.
%l An obvious linear relationship exists between (1§89cihg and carboxyalkyl
chain length. The (200) peak was also present in all spectecamésponding-d
spacing also increased with lengthening of the carboxyalkyl @trean.

characteristic peaks were detected in the XRD specti@ =at19.7 which
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correspond tad-spacing of 4.5 A in all filmsThis peak has been previously
observedand representslense stackingf PCBM moleculesormal to the film
pland’™ "t is interesting to note that the intensity of ffis= 19.7 peak is
significanthstrongetin P3CProT and P3QB samplessuggesting greater degree

of complex molecular arrangemehtPCBM in these BHJ film&imilarly, an
additional PCBM peak was obsernvethe P3CProT:PCBMINnd P3CButT:PCBM
spectr a °dindicaing a-dpacing of 4), which also corresponds to the
packing of PCBM molecul&sThe size of polymer crystallites can be calculated
from the Scherrer equation for the (100) diffraction p&akelsing this equation,

the crystallite sizes for P3CPBBCRitT, P3CPenT and P3@Wr BHJ filmswere
determined to bet.2 nm, 4.7 nm, 9.2 nm and 4.0 nm respectivelthe
P3CPenT:PCBM HR] films, the polymer P3CAT crystallite size is approximately

double that of the other polymers.

149



— P3CProT:PCBM P3CBuUtT:PCBM
— P3CPenT:PCBM — P3CHexT:PCBM
(100)

Z

X=3 ]

Intensity/ a.u.

x=4 /¥ !

X=6

1 3 5 7 9 11 13 15 17 19 21 23 2t
2d?

[ N N
(¢} o (¢
| | |

(100) d Spacing/ A &
[N
o

5 T T T 1

3 5 7
Alkyl Chain Length, x

Figure 49 A) XRD spectra of P3CAT:PCBM BHIME spircast on Si
substrates. B) Thespacing of the (D) crystal plane of the P3CATs with
increasing carboxyalkyl chain length. The cixcke Z) was reported by Bao
and Lovingéil while the squarex(= 7) was reported by Ewbank et
Reprinted with permission from referefi®eCopyright © 201 WileyVCH
Verlag GmbH & Co.

The charge carrier mobility of holes in the P3QAY films was investigateg b
fabricatbinhgoé odehveéces and fo wltagenfd) t he cur
characteristics to a space charge limited current (SCLC) model. Anddesrand

layers were fabricateddge suprdollowed bythe addition of 80 nm aluminum as a
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top conact. JV curves were measured under dark conditions. The SCLC is

commonly modelled using the fietdrected MottGurney equation:

0 ---° Q8 W — @41)

whereldis the current densitsgis the dielectric constant of the polyrageis the
permittivity of free spaqg,is the zerdield mobility Ais the electric field activation
factor,E is the electric fiel®, is the voltage drop across the devicd.aadhefilm
thicknes€®™*!\We assume a dielectric constant of 3, as values near this are commonly
meaured for conjugated polym&¥She expdmental}V data is fit usingga n d a

as fitting parameters. The experimerdaligrmined}V data and the associated
curve fits for the P3CAT devices are preseintdeigure 410 The calculated
mobilitesof the P3CAT filmsange from 7.5xf@nt /(V s) to 3.9x10cnt /(V s)

and are showim Table4.2. The holenobility of P3CPenT was higher than that of

the other polymers. The increased hole mobility for P3CPenT is likely the result of
larger crystallites as evidenced by XRDhese mobility values were similar to
those reporté by Bao and Lovinger for DMS@nd DMFcast P3CAT films with a
carboxyalkyl chain lengthyf 2 [8.0x106 and 2.9x10cn?/(V s), respectivel{f

The results of the hole mobility study suggest that the P3CPenT:PCBM BHJ may be

the optimal system for this family of polymers in OPVs.
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Figure 4.10 The measured (points) and modelled (lines)Jalrkurvesfor
holeonly P3CAT devices. Data fa8®ProT is shown in black ussmuares
to mark measured points, aldér P3CButT is shown in greeith triangles
denoting neasured poist data for P3CPenT is shown in blue with diamonds
marking measurgqabints, and data for P3CHexTsklown in red with circles
marking measured data poifeprinted with permission from referelige
Copyright © 201WileyVCH Verlag GmbH & Co.

152



Table 4.2 Summary of PV characteristics of the BHJ OPVs ingluéie

field hole mobility hg and averages [i] and standard deviations of the short
circuit current densityl), open circuit potentiaV ¢y, fill factor FF) and
power conversion efficien@y fabricated on ITO coated borosilicate glass and
flexible PET substratefkeprinted with permission from refererig&
Copyright © 201WileyVCH Verlag GmbH & Co.

Solvent Hole V. FF g

Polymer | Composition Mobility (st dJSCdev) (std. (std.  (std. Best
(Pyridine:CB) i, UV dev) dev) dev) O
7.5x10 -2.69
059V 048 0.79%
P3CProT 1:7 cnf/(V's) mA/cm? 0.9%
044) (00D (0.04) (0.08)
1.5x1d -2.57

. 2 0.60V 055 0.88% 0
P3CButT 1:8 cnf/(Vs) mA/cm (0.01) (0.01) (0.02) 0.9%

(0.05)
3.9x10 -6.26
056V 0.64 2.43%
P3CPenT 1:6 cn?/(V's) mA/cm? 2.6%
(Vs) 024 (002 (0.07) (0.10) 0
8.4x10 -5.86
064V 0.46 1.99%
P3CHexT 1:7 cn/(V's) mA/cm? 2.0%
(V's) ©o1 (001 (0.01) (0.01) 0
e on DCB 3% 055V 034 157%
poctextol a7 U9, 062V 048 1.62%

[i] Device statistics represent the average of 4 devices on one ITO chip.

4.2.3 Mechanical Properties
I n an o0i deal 6 OPYV properties would teflect & lakancerod c ha ni c a
durability, flexibility and stability. This balance is required to satisfy the needs of both
longterm device operation and implementation of fabrication techniques such as
roll-to-roll processing. Despite this, speatiechanical criteria for OPV materials
have not been clearly established, particularly as the mechanical properties of many
leading candidates remain completely unknown, and reports of mechanical studies on
OPV active layer materials are unconfthdf® Tabulating these properties for
donors, acceptors, and BHJ blends will assist in establishing acceptable ranges, and

understanding how variations in chemical functionalizatiom@aptiology affect
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mechani cal behaviour . Two measur abl e
hardness. A higher modulus is generally indicative of a lower flexibility, and as such
lower values are preferable. Hardness characterizes the resistance af t materi

plastic deformation and is therefore linked to durability.

One method of characterizing the mechanical properties of thin films and
coatings is nanoindentation. This technique entails driving a hard tip into a material
while recording the loatisg ace ment curves,; from these
modulus and hardness of the layer can be detefthiff’étlanoindentation is
routinely used to characterize the mechanical properties of polyrfiginfginging
poly(ethylene terephthalate) (PETholy(methyl methacrylat®)shape memory
polymers®  polyfluorene  derivativ€8, poly@-phenylene vinylene§®

PEDOT:PS$”as well aBybrid CdSedolymeri®and fullerene filmg™ 14

The Youngds modulus of cast P3HT has
values of ~0.7 G4 ®¥and 1.3 GPR “were reported. We substantiated these
values for P3HT with nanoindentation,
and a hardness of 0.08 GPae P3HT:PCBM system has also been studied, and the
BHJ film was found to ka an elastic modulus of ~6.2 GPa, approximately five

times larger than pure P3HT.

For P3CATonly films, we measured average indentation moduli in the range
from 3.8 t0l.5 GR, and hardness values from @al@.09 GPa, as shownTiable
4.3. Shorter carboxyalkyl chain lengths lead teegreatuli and hardnessd, in
each case, the values for P3CAT films exceed those measured for P3HT. In OPV

devices, P3CATs are blended with PCBM, and therefore, the mechanical properties
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of the combined BHJ films are of the greatest interest in the context of OPV

devices. Inhe case of P3CProT:PCBM and P3CButT:PCBM mixtures, rough

surfaces were observed optically, and inconsistent nanoindentation data was
recorded as the measurement spot was varied over the sample. Consistent
measurements were collected for P3CPenT:PCBM, ¥BEEHBM and

P3HT:PCBM films, and these samples appeared smoother by optical microscopy. In

each case, the introduction of PCBM signitf
the films, with moduli ranging from 5.3 to 4.0 GPa and hardness ranging from 0.26

to 0.19 GPa for P3CPenT:PCBM, P3CHexT:PCBM and P3HT:R&fiMdctively

(Table4d.3) . These increased values afille consi st e
ef f ect 6leadsoto indreased ngechanical propergedatiger modulus and

hardness, iparticleloaded polymer filn¥g§3 104

Table 43 Summary of the Youn gafues fromotlieu | i and har
nanoindentation of the polymer only and combined polymer:PCBM films.

Reprinted with permission from referel®@eCopyright © 201WileyVCH

Verlag GmbH & Co.

Polymer Only Polymer:PCBM
Material Yo ungd¢& Hardness Yo ung¢ Hardness

Modulus [GPa] [GPa] Modulus [GPa] [GPa]

P3CProT 3.8 0.17 - -

P3CButT 2.7 0.15 - -
P3CPenT 2.2 0.12 5.3 0.26
P3CHexT 15 0.09 4.9 0.22
P3HT 1.4 0.08 4.0 0.19

Materials withhigh elastic raduli and hardness tend to be more resigtant
plastic deformation and cretyan softer counterpartand in the past, hydrogen
bonding in polymer films has been shown to significantly increase moduli and
hardnes8%®°" Hydrogerbonded P3CATs reflect this trend, as each material
measured showed greater indentation modulus and hardness thgdrogenm
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bonded P3HTLess variation in mechanical propemtras observed in the series of
measurements of P3CATs in the presence of PCBM, but both P3CAT:PCBM

mixtures were harder than P3HT:PCBM. This may lead to improved durability. The

moduli and hardness of P3CAT and P3HT films apmaowith reported valuesr f

common flexible substrates, includely(ethylene terephthalate) (PET) and
poly(ethylene naphthalate) (PEMh i ch have Young6s modul i of
and hardnesses of 0.27 and 0.65 GPa, respé&étiEijhe BHJs, however, have

larger moduli than the substrateelgy suggesting that PCBM will dominate the

overall mechanical properties of the photoactive layer.

4.2.4 Photovoltaic Devices

The optoelectronic and photophysical properties of the P3CATs were found to
be appropriate for incorporation into BHJ OPVs. Dewiege fabricated on ITO
substrates coated with a 20 nm “ralesporting interfacial layer of PEDOT:PSS.
This layer enhances hole collection and increasesiropémpotential\(,) due to
improved ohmic contact with the photoactive /& The active layer, 1:1
P3CAT:PCBM, was spast in air on top of annealed PEDOT:PSS films and Al
was thermally deposited to complete the cell. The photovoltaic performance of cells
was tested in air under siated AM 1.5 G conditions with power calibrated to a
NREL certified KG5 reference Si cell, which typically minimizes spectral
mismatch:*? Four 0.155cn¥ devicesat each solvent composition were fabricated
and their shottircuit current densityl), openrcircuit potential\( ,), fill facor (FF)
and power conversion efficiengywere calculated frodV curvesFigure4.11A
depicts the relationship between photovoltaic parameters angyritime

composition (in chlorobenzene) for P3CPenT:PCBM.The
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ITO/PEDOT:PSS/P3CPenT:PCBM/AI device architecture exhibitedufable

PV performance at ~14% pyridinen the casting solventpr a 1:6
pyridine:chlorobenzenatia The J, FF andg exhibit similar trends of decreasing
performance with increasing pyridine content. hencreases, however, with
higher pyridine fadions. These trends are attributed to the formation of PCBM
nanoclusters as a result of large scale phase separation occurring in mixtures with
greater pyridine content as evidenced by roughness in theectiossal scanning
electron micrographs (SEME)usters of PCBM in unoptimized BHJs have also
been previously reported and have been shown to significantly reduce measured
photocurrent 2 Fijgure4.11B illustates the different device components in
crosssectional SEMs. As evidendeain the SEM image, the photoactive layer
thickness for P3CPenT:PCBM cast from 1:6 pyridine:chlorobenzene was

approximately 200 nm, and no large PCBM clusters were visible.
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A)

Figure 411 A) PV characteristics of a series of P3PenT:PCBM deitftes
different pyridine contents &nmixed pyridine:chlorobenzesodvent system.
Each point represemthe average of 4 PV devi@sA crosssectional SEM
image illustrata the device architecture:
ITO/ PEDOT:PSS/P3CPenT:PCBM/AI with the aetilayer cast from the
optimized solvent ratio of 1:6 pyridine:chlorobenzeReprinted with
permission from referenéd. Copyright © 201WileyVCH Verlag GmbH &
Co.

OPV devices were fabricated using the optimized solvent composition for each
P3CAT:PCBM mixtureand the performance parametersthafse devices are
displayedn Table4.2, with light and darkV curvespresented ifrigure4.12A.

Within the P3CAT series, there does not appear to bech toend between
photovoltaic performance and carboxyalkyl chain length, and the only measured PV
parameter which varies greatly is the -shrotit current, which may be the

determining factor in device performance.Whean be predicted from thenoa
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