Factors Affecting Charge Colledion and

Photo-Stability of Organic Solar Cells

by

Graeme Williams

Athesis
presentedto the University of Waterloo
in fulfilment of the
thesis requirement for the degree of

Doctor of Philosophy

Electrical and Computétngineering

Waterloo, Ontario, Canag2015.

© Graeme Williams 2015



I OOEI 060 $AAI AOAOEIT 1

I hereby declare that | am the sole author of this thesis. This is a true copy of the thesis, including any

required final revisions, as accepted by examiners.

I understand that my thesis may be made electoatly available to the public.



Abstract

Organic photovoltaics employ small molecules or polymers as their primary light
absorbing materials and thus differ strongly from traditional silibased photovoltaics. Their
primary technological benefit is a significant reduction in materials and module fabrication
costs. While research on organic solar cells (OSCs) has increased dramatically in the past
decade, both OSC efficiencies and deviceitifes must be improved before they can compete
with existing second generation photovoltaic technologies. Many of the gains in OSC efficiency
to date can be attributed to the vast and concurrent traadd-error experiments on new donor
materials and procesng techniques to form traditional bulk heterojunction structures. The
field is consequently lacking in predictive power, and many stipulations regarding ideal device
architectures and optimal interfacial layers remain ambiguous. Furthermore, OS@difsti
much less studied in literature compared to OSC efficiency, and fundamental studies identifying
the primary mode of degradation observed in OSCs under standard operation are lacking. Itis
thus beneficial to systematically study charge transport elnarge extraction in modern OSCs,
especially as these phenomena vary over the lifetime of the OSC.

This thesis comprehensively examines charge collection in OSCs as a function of OSC
device architecture. To maintain a coherent test platform, vacuaposted OSCs are
fabricated with various metaphthalocyaninedonor materials and a fullerene acceptor. This is
in contrast to the solutiorprocessed OSCs that have been the focus of most OSC research since
2005. By removing complications in solution cogtfaspecially film formation and phase
separation considerations), it is significantly more straightforward to study ppbysics and
charge collection behaviour. In this regard, the role of interfacial layers in charge extraction is
investigated, the opmal combination/proportion of neat or mixed donor and acceptor layers
in terms of the photer OU A @S YIFGSNAFf&aQ LINRPLISNIASAE Aa aildzR
component to the mixed layer (i.e. ternary OSCs) is elucidated. The culminationwbthis
illuminates limitations in charge collection, especially in terms of the distribution of donor and
acceptor material in the OSC (both in the bulk mixed layers and with regard to vertical
distribution), as well as withariations made athe organic/electrode interface. The results
provide guidelines to overcome device performance limitations that are pertinent for future
research in both vacuurdeposited and solutiortoated OSCs.

Having established a strong understanding of device perémce in terms of device
architecture, the variations in OSC performance and associated charge collection processes are
studied as they change with time and under various stress conditions (e.g. light, heat,
electrical). To this end, the most criticakeaues toward hindered charge collection during the
operation(light exposurepf OSCs are identified. To widen the impact and applicability of this
research, a systematic study on degradation phenomena for both solabated polymer
OSCs as well as varrdeposited small molecule OSCs is performed. Rdetgradation
phenomena in terms of the OSC device architecture are also examined. It is shown that photo
induced degradation of the organéectrode interface is the dominant degradation
mechanism in hOSCs regardless of fabrication methodology, and that the prudent selection of
interfacial layers can minimize these effects. A stronger understanding of charge collection
processes in asade and photedegraded OSCs ultimately allows for intelligentide design
to grant stable and highly efficient OSCs.
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Chapter One:

Introduction

1.1. Background

Organicsolar cells (OSCs)I under the realm of second gendi@n photovoltaics, which aino
surpass first generation silicon solar cell technology on the basis of reduced fabriwadisn The most
significant cost reduction for OSCs is the use of aromatic hydrocarbon semiconchatéoialsthat can
be producedcheaplythrough batch reactor synthese Additional benefits for OSCs includbe
potential for fully solutioAprocessable devicesvhich may substantialleduce device fabrication costs;
high material absorptivity, allowing for thinnehfis andreduced materials costgnd device flexibility,
allowing for formfitting solar cells.These benefits have resulted in extensive, widespread reseanch
OSCs and, more recently, sevamanpanies focusing aime commercializatiorof OSCsTo this end,
Heliatek Mitsubishiand Solarmethaveeachannounced OSGgith power conversion efficiencies (PCES)
greater than 10%® These successes have reliegavilyon the clever enginering of new organic
molecules and polymers wittnhanced spectral’ | G OK (12 (G KS awihyintpiove® YA 2 dA2Y |

electrical properties.

In spite of their manguccesseghere remain a number of critical roadblocks to thiective

commercialization 0©OSCsTheseroadblockselate tothe inherently limited charge collectioof OSCs



andtheir inadequatelevel ofstability. OSCs generally employ a dorsmceptor configuration, where a
donor material absorbs light and transfeaphoto-excitedelectron to the acceptor material at a donor
acceptor interface.Correspondingly, @hors are hole transport materials (easily oxidized) and acceptors
are electron transport materials (easily reducedhe traditional approach to achieve goodtput

properties in OSCs is the formation of a mixed dehad® O S LJG 2 NJ a6 dzf | K S G Withe 2 dzy Ol A 2
this structure many donotacceptor interfaces exist throughout the OSC for efficient charge separation,
and the active layer can be made thicker than witsiraple planar heterojunctio(PHJ¥tructure,
allowingfor enhanced light absorptionA further description of this technology is provided in Section
1.2.2. Once free carriers have been generated, they drift to their relevant contacts where they are
collected. Charge collectionlargelyhindered by the poofree carrier mobilitieswithin the BHJbut

may also be limitedby recombination of free carrieis by weak drift due to unoptimized contacts.
Furthermore, charge collection within an OSC is shown to deteriorate with ageglment

moisture oxygen*® by light'**¥ and by heat***¥ which exacerbates the need for improved device

architectues and stable solar cell materials

This thesidocuses on gaining a better understanding of the limiting factors involved in charge
collection for OSC&specially in consideration of how these factors vary with tifiis is accomplisde
by first bolsteringthe knowledgdaseof the role of thestandardOSC device architectisen charge
collection/extraction. Having established the basic output performawfomore traditional OSC
structures alternative (previously unstudied or poonyderstood device architectureare examined
for their enhanced OSC propertie§inallycharge collectiovanations @nd, as a consequencge
variations inOSC output parameteysvith deviceaging undeiseveralcontrolledexperimentalregimes
are elucidated light-stress, heasstress electrical stresand dark, all in inerN, atmosphere Amore

complete overview of the organization of this thesis is provided in Chapter 2



1.2.  Organic Solar Cell Structures and Operation

1.2.1. Basic Device Operation

Sincethe early OS@esearchby Tang in 1988% OSCs haviargelycomprised a donor and an
accepbr to aid in the separation gfhoto-induced excitosinto their constituent eletrons and holes.
¢CKS R2y2NRA t26Sa40 dzy200dzLIASR Y2t SOdzf I NJ 2NBbAGEE 0
transfer of electron from the donor to the acceptor is energetically favourable.g&heration of
electricalcurrent in an OS€an bedescribedin the following mannefillustrated inFigurel-1.B, with a

diagram of a simple OB ucturein Figurel-1.A):

i. aphotonenters the cell through its &ansparent contact

ii. the photongenerates an exciton inteier the donor or the acceptor

iii. the exciton diffuses to a donacceptor interface

iv.  the electron is transferred to the UMOof the acceptor(or the hole is transferred to the
highest occupied molecular orbital (HOMO) of ttenor if the exciton exists on the
acceptor)to form a charge transfer excitqi€ TE)

v. the CTHs further broken into a free electron within the acceptor material and a free hole
within the donor material

vi. thefree electron and free hole are collected at tbathode and anode respectively

A B ~ Donor

Reflective Electrode (Al)

Acceptor - : E—

Donor
Transparent Electrode (ITO)
| Glass |

Acceptor

Figurel-1-A) lllustration of thedevicestructure for astandard PHIOS(B) Energyeveldiagram of thesame andillustration
of the chargecollection process asletailed above.



In¢ I y3Qa Sdodpdr phthadlayiingCuPchcted as the donor species to donate its
electron tothe 3,4,9,10 perylenetetracarboxylic bisbenzimidaz@gtd CBI) acceptan aPHJ
configuiation ¢hin layers ofCuPc and PTCBI deposited sequenjialjuminum was used as the
cathode, and indium tin oxide (ITO) was used as the anbdgile ITO and alinum are still commonly
used forOSQontacts, most OSC research has shifted toward fullerene derigdtivehe acceptor
species Further, while some researstill continues onCuP¢ substantial research efforts have been
dedicated to the synthesis of new donor specié& For polymeric OSCs, the most studied denor
acceptor system comprises a pohi{8xylthiophene2,5-diyl) (P3HT) donor and a [6;6henytC6%

butyric acid methyl ester (PCBM) acceptdr.

Theefficiency limitationof OSCare discussed further in SectiortLhowever from the brief

description of theOSGlevice operatiorabove,researchers face eearoptimization problem:

In order to improve the absorption efficiency, one must increase the device thickness; however,

increasing the device thickness hinders exciton diffusion and charge colfgobesss

Examininga PHIOSGpecifically, increasing the thickness of either the donor or acceptor layers serves
to increase light absorption. However, it is unlikely that light absodwsb in either the donor or
acceptor materialvill generate an exciton that will successfully diffuse to doaor-acceptorinterface

to form free carriers.Instead, these excitons will largely undergo nadiative recombination and the
absorbed energy will be lost as heddor example, one may esa 100nm CuPc absorbing laydyut only

excitons formed within 10im of aCuPePTCBI junction wijiield photocurrent®”

1.2.2. Organic Solar Cell Device Architectures

Twocommondevice architectures have ba established to address the optimizatiproblem

discussed abovethe tandem OSC and the BHJ O8Che case of the tandem OSC, multiple cells of



either the same orvaried donoracceptor material may be stackea top of each other andeparatel
08 | WNBO2 Yo A gtunnelird)yunctivd yhié fodl ivf@he @andiem cell is to have a
summative large device thickness for efficient absorption of light, while taiaing thin individual
donor/acceptor layers for efficiediffusion/dissociation of excitonsSince a tandem cell iearlythe
equivalent of multipleOSCsonnected electrically in series, the output current is equal to that of the
lowest current device, and the output voltage is the sum of the voltadéise individual cellsThis
effect isclearfrom the representative energy level diagram for a tandeéavice shown ifrigurel-2.A
Peumans and coworkergere among the first to studghe multiple junctionOSCsand wrote an

exhaustive review on the toplé?

Figurel1-2 - Energylevel diagram ofA) the tandemdevicestructure with PHlub-cS f f &  -i-y Gefiide Sructdielwith a
pure d2 y 2 Naye¥, laRHIW kay@r and gpure a0 O S LJilayat) Figyr@adapted from [24] and [26 with permission

For the BHJ OSthe donor and acceptor species are mixed together, such that many donor
acceptor interfaces exist throughout thight absorbing layer.The ideal BHJ active layer consists of
phaseseparated domains giure donor andpure acceptor material, with domaisizes equal to the
Y I G S Ndspedtivie @xciton diffusion length3he BHanay be made thick to increase the amount of
light absorbed while allowing excitons to separate atith@umerabledonor-acceptor interfaces.
Unfortunately, the BHalsointroduces a number of morphological complications that have remained
the basis of muclof the OSC research for the past decad&pecifically, it is very difficult to forim, a
controlled and reproducible manner, phaseparated donor and accepttayerswith the ideal domain

size It is further difficultto form an interpenetrating network of donor and acceptor phases, such that



0§KSNB | NB ¢fee taRi&GdInist b8 gbR t@verse the thickness of the filto be collected
at the relevant electrodesHnally, since themobility of free carriers within the BHJ is reduced

compared to the pure materialg is more difficult to achieve OSCs with Idwyvalues

For vacuurmdepositedh { / & (G KS .1 W 02y OSLII O 1680 & HINS &S ded
OFYyFHf232dffQGRNDKSG QO dZNB &  dza SR Withf a BHIWariNdidHagedzd A A f A O
Maennig and coworkers implemented this ide@h hole-and electronR 2 LIS R Whiganit Yy R Wy Q
layers®@ Ly O2y GN} adz -dzS FyR 0262N] SNE SYLX 28SR WwWLIQ |
materialsrespectively (as illustrated Figurel-2.B), which they named th¢/ K & 6 NRA-RixedJt I y I NJ

Y2t SO0dz | NI KSGHRNP 2dzy OliA2yQ ot a

The highest diciency solar cells developed by Solarmer and Heliatek rely on a combination of
these twocommondevice architecture&:>27 To this end, the researchers fabricate t8bl3 with
different donor/acceptor combinations to absorb light strongly over the entire visible spectrum. They
then stack thes®H3 in tandem onfiguration, separating them with eitherthin metallic nanopatrticle
layeror a heaviy dopedorganicrecombination contact.While this approach allows for efficiencies
above 10%, device fabrication is also incredibly comgtebwill inevitably hinder future largscale
manufacturing efforts.It is thus importanto gain a better understanding of device physi€surrent
device structures to isolate performance limiting factors and to ultimately dev&loplefabrication,
high-efficiencyOSCslt is further important to study new device architectures, such as the ternary
mixture OSC and the cascade Q8kich can potentially adbve similar efficiencies withnuch simpler

device structurs.

1.2.3. Interfacial Extraction Layers

In addition to optimizing the structure of the bulk of the OS@stantialefforts have been

made to optimize the contacisf OSC$or enhanced carrier extractionThis task is frequently



accomplished through the use of interfacial extraction layesdsich are deposited between thactive
organic layers and the relevant electrodd3epending on their location in the device, thesgerfacial
layers can be classified acdorg to their functionality a§) hole extraction layeréHEL), and (ii)

electronextraction layers (EB)J). An idealextractionlayer serves three purposes:

9 to better align the work function of the contact &ither the HOMO othe LUMO of the
organic materiabf interest

1 to offer hole or electronspecific carrier selectivity améduce theinterfacialtrap density,
therebyredudngthe probability offree carrier recombinatiomndenhanéngthe charge
extractioncapabilitiesof the contacts

1 to provideimproved photostability, thermal stability and ambient (oxygen/moisture)

stabilty

Commonly used HEL and EEL materials include pobtt8/#nedioxythiophene) poly(styrenesulfonate)
(PEDOT:P$87? and MoQ!**3Y for HELs, and LIE*? csCQ,**34 TiQl*"3**3% and Znd&" * for EELS
the latter two materials are usually udén inverted solar cellsyhere the top electrode serves as the

hole-extracting electrode.

It isalsoworth noting an additionabrganiccathodeinterfacial layerfor vacuumdeposited

small molecule OSCSNFOSC} which is commonly used satisfy two alternative roles:

1 to blockboth excitons and free holes from diffusing toward and recombining at the cathode

i to prevent damage to the organic layers during deposition of the metal cathode

The most common interfacidyeremployed for ths purpose idathocuproine (BCEY *? although
researchers have recently investigate@®,5tris(N-phenylbenzimiazol®-yl)benzene (TPBH and 4,7

diphenyt1,10-phenanthroline(BPhen)*?



1.3.  Solar Cell Output Characteristics and Circuit Model

A solar cell under light exposure mayredeledas a current source. Due to the nature of
exciton dissociation and carrier collectiam efficientsolar cell is alsa rectifying device. Furthermore,
someresistances, Ries(R) and Ruunt (Ry), mustalso be considered due twn-idealities in the device
structure and operation. foccurs due to the contact resistances between the electrodesiaad
organic semiconductogs well aghe resistancehroughoutthe bulkof the active layesand the
resistances of thelectrodes themselves. 4Rs generallyincluded due to leakageurrentand
recombination current within the deviceThecorrespondngsolar celhas the following currentoltage

characteristic, with arquivalent circuit model showbelowin Figurel-3:
0O 0O VAGP— p O 0 O” (1.1

Since this is a transcendentajuation solutions can be obtained arsblar cell parameter extraction
can beperformedthrough numerical methods Many different approaches to solar cell parameter
extraction have been established, several of which haentreproduced in MATLAB for the purpose of

this thesis worKdiscussed iMppendix 2.3.

hv

Figurel-3 - Equivalentcircuit model for anOSC

Comparisons among solar cefise generallymade in terms of their power conversion
efficiencies (PCE bkcp, which refer to the amount of useful electrical energy produced as aifumof

input optical power.Cther notable solar cell parameters include:



1 IdJss short circuit currerfshort circuit current density, the measuredcurrentof the
illuminated OS@hen the voltage across tHeSas zero

1 Ve Open circuit voltage the voltage across thitluminatedOSGvhen themeasuredcurrent is
zero

 FF: fillfactocti KS NI GA2 2F (GKS WI Oldzk £t Q YI EAYdzY 2 dzi Lz
power (where there are no losses due tgaRd Ry, and the OSGia perfect rectifier. TheFFis

thusa measure of th©SQ & Of 23Sy Saa UaddiddefinedaRSEHt &2t NJ OSft €

00 | )

where \, and |, are thevoltage and current valuest the maximum power point
1 hege externalquantum efficiencEQEY, the number of carriers collected per number of
photons impingent on the solar cell at a given wavelength of interest. This quantity may also be

referred to as the inciderphoton-to-carrier efficiencyIPCE)and is defined as:

(©]

00 8 005 O -

> (2)

GKSNBE K Aa tflyO]l Qa Ozif theiwayeiergtideépentdent sidok Srcud LISS R 2
current, e is the charge of an electrdnis the wavelength of light and P is the wavelength
dependent light intensity.
1 he internal quantum efficiencfl QE); the number of carriers collected per number of
photons absorbed by the active organic semiconductor. This factor excludes optical losses due

to reflection — p Y- ,where R is the reflectivity of the substratér interface

In terms of the above quantities, the PCE may be found &s:0 (3).



1.4.  Efficiency Limitations and Sources of Energy Lossin

Organic Solar Cells

Before addressing thadvanceddevice architecture to be studied in this thesigork, it is
worthwhile to examine the efficienciimitationswith the commondevice structuresletailed in Section

1.2. |QEis typically definedn terms of four efficiencie$?
- - - (4)
with h,  efficiency of absorption of light,
hep= efficiency of exciton diffusion to a doracceptor interface
hcr= efficiency otharge transfer, dissociation of aexciton intoelectron hole,

hcc= efficiency of charge collection at the relevant electrodes

1.4.1. Absorption Efficiency Limitations

hais associated with thenatenal alsorptivity poth the strengthand specificspectralregion of
absobance, as well as the thicknesses of the individual lapéithe OSCAs noted previously
increasing the thicknessof the donor andacceptor layers can result gtronger absorption of light,
thus increasindn,. Further, he thicknesgan be increased wibut sacrificindhgpthrough the use of
tandem devices and BHJ active layektso noted previously, numerous researchers have sought new
active layematerials withwider absorption bang*"?? especially to acleve absorption in the near

infrared regions.

It should be noted that OSCs with multiple lay&specially tandem devicgesffer additional

complications tdight absorption due tahe partial reflections of lighandits constructive/

10



deconstructiveinterference. To this end, whnincorporatinga largeractive layetthicknesdnto a given
OSCthe peak optical field may be shifted tegions that do not contribute to photocurrent (e.g. within
the transparent conductor or an interfacial layeth order to take these factors into effect, several
groups have applied transfer matrix formalism to find the light intensity distribution throughout stacked
thin filmsand full OSC structusé* 3 Such methodologies have been reproduced in MATtbARI in
understandinghe work completed in this thesiand are provided ithe Supplementalinformation

(Appendix 2.3.

1.4.2. Exciton Diffusion Efficiency Limitations

Due to the low level of order in organic filmsiaton diffusion is essentially W NJ Yy R2Y g £ 1 Q
LINEOSaa RAOGFGSR o0& CA Onhi@fithe excitordis acdmphsiied BpdegyA 2 y © ¢ K
transfer mechanisms, of which two processes dominatEdrsterresonanceenergy transfe(FRETand
Dexter energy transferForster energyransfer typically occurs over a longer distancel(Inm, with
efficiency decreasing ad)rdue to dipoledipole interactions Further, for efficient Férster energy
transfer, there must besubstantial overlap of the emission/absorption spectra of ithelvedspecies.

In contrast, Dexter energy transfawolves thedirectexchange of electrons and oaslwover a very
short distance (¥nm). While this process does not require overlap of emission/absorption spectra, it

does require strong overlap of thaolecular orbital wavefun@ns ofthe involved species

As noted in Section 1.2xciton diffusion is strongly associated witte devicestructure. In
general, one strives for a donaicceptor interfacespaced one to two exciton diffusion lengths apart.
This allows for dissociation of the exciton intéree hole and a freeelectron before it recombing

Traditionally, this has been accomplished with tandem structures and the BHJ active layer.
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1.4.3. Exciton Dissociation Limitations

In early OSC researctian Hal and coworkers observeltta-fast excitonenergytransfer from
thiophene donors to fullerene acceptors to occur on a timeframe of ~95 fs, with subsequent dissociation
into aCTHFigurel-1.B, step ivpver ~10 ps*® In order to generate free electronsid holes, it is
necessary to furthebreak aparthe CTE By modelling theCTEwith a single electron Hamiltéan for a
hydrogenic atomMuntwiler and coworkers havehown that severaCTEstates may be preserand
2yt e WK20GQ /eastysepaiatediiBaifreel®legfrons @hd holég In spite of this
dissociation of CTHsto free carriers hagenerallybeen observed to occur with much higher probability
than predicted Researchers have suggestidt the separation of excitons is field assist€d® and
that a dipole layer present ahe donoracceptor interface mafurther aid dissociation of the CT#
Usingtransient photocurrentmeasurementssome researchers have heltht CTE recombination is not
of substantial concerwhen carriers are being transported across theltkdi.e. whenthe cell is
carrying curent.®® While this rule generally holds trieshould be noted thatin certain material
combinationsrelaxationof the CTE to the lowest triplet excited stdtas been observed and can
contribute to substantiarecombination current®*** Furthermore, for new low bandgap polymers, low
CTE lifetimes (antthus low CTElissociation probabilitydlue to unfavourablenorphologiesof donor

and acceptoare believed tde a limiting factor towardhe FF and®CE>

CTE$urther play a critical role ih Yy h { / Qpararfeteis tdNj. is dictated by tle
effective bandgap of the CTEV,. may beapproximated a&(CTE) ~0.4eV, wherethe 0.4 eVlossis
attributed to Coulombic exciton bindingnergy, energy level pinning at the orgaelectrode contacts
and spread in energy levels due to general disorder in the organic¥inSveral researchers haaso
observed absorptionphotoluminescenc€PL)and electroluminescenceorresponding to tk binding

energy of the CTE** It has since been suggested thidéal OSCmayobtain maximumV,. when
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charge generation due to light absorptienbalancedvith radiative recombination of the CTEs such,
in order toapproach the thermodynamic limit for,y one must reducell other formsof
leakagérecombinationcurrent. In terms of macroscopic parameters, one must minirtheereverse

saturation current densityd) by improving charge collectigif as discussed below in Section 1.4.4

1.4.4. Charge Collection Limitations

When consideringimplePHJshccis typically close to unity? It is logical that, given an electric
field maximum of Wiicin/t organics(ON the order of MV/m), any free carriers will quickly and eféntly
drift toward the contacts. However, this simglic approachs not valid for BHJ active layers, whichy
have unoptimized morphology ardead ends in either the donor or acceptor material reisiglin
eventual carrier recombinationAs noted inSection 1.2it is necessary to obtain interpenetrating
networks of donor and acceptor phasiesa BHJ Furthermore, as OS@gaw nearer to
commercialization, thicker active layers will necessarily be used to improve yields duringscaie

device thicknesses increase, charge collection will rapidly become a limiting factor in OSC efficiency.
There areseveralkeylimitations toward charg collectionin OSCs, including

9 highcontactresistance, high resistivity of the electrode or plganatchedelectrodework
function, which carall result in charge accumulation at the electrodes
0 This limitation isusually obviousrom the OSCurrentvoltage (V) characteristic
which showsdoubleR A 2 RsBapd®éhavior®®
i bimolecular recombination
o0 Linear scaling of photocurrent with light intensity has historically been quoted as a
disproof for bimoleular recombination in BHJ OSCs; however, this is not always a
valid stipulation.Due to the phase separated domains of donor and acceptor,

bimolecular recombination is dictated only by the slowest caffférFor standard
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OSCsuith thick active layersillumination through ITO results in a shorter average
distance fo holes to travel and a longer average distance for electrons to t{éel
thinner films, opical interference effects can play a large role in peak optical field
intensity). Depending on the slowest carrier in the OSC, this can either reduce or
exacerbate bimolecular recombination. In the case of P3HT:PCBM, bimolecular
recombination is more with illumination from the opposite electrode, especially
with thickerfilms!®? Further, recenstudies have suggested that bimolecular
recombination can occur even witin observedinear scaling of photocurrent with

light intensity!®®

and models employing bimolecular recombination as the principle
recombination mechanism have shown tremendous predictive pdf{é?

1 traps within the bulk of the active OSC layer

o0 Thislimitation can lead taan accumulation of trapped charges, which can distort

the electric field within the OSC active layers to hinder charge colleéfiofrap-
assisted recombination of free carriers through sequential trapping of holes or
electronshas been suggestagbka significant source of recombination currefio
this end, tap-assisted recombinatioaccurswhen devices shownear scaling of
photocurrent with light intensityand models employing the Hecht expression
(which described charges collected versus charges trapped in terms of the carrier

mobility-lifetime product)havebeen used to fibutput characteristics foBHJ OSCs

over a wide range of light intensiti&¥§

From this discussionis clear that, given the current device architectures, charge collection is
one of the most significant limitingctors toward higrefficiency OSC®By minimizing charge
recombination, it is possible to strongly improve the FF of (f8Gaurther, with enhanced charge

transport properties, theactivelayers can be made thicker to absorb more light aindmprove J. Itis
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the goal of this thesis tofter insighstoward improvng uponthe charge collection limitations both

fresh OSCs and OSCs that have been exposed to some external stress (e-ggpt@&Cs)

1.5. The Role of Device Structure for Enhanced Charge

Collection

Since 205, the vastmajority of OSC research has focusedwrary (donor-acceptor)BHJ
structuresin both polymer OSCE-OSCsand SMOSCsAs described in Section 1the BHXtructure
suffersfrom a number of efficiency limitations and traadfs. Furthermore, veryigh efficiencyOSCs
have largely focused dandem device structureswhichinvolvetremendous device complexityTo this
end, optimization of both sulsells to achieve matched photocurrents generally requires optical spacers
and a high level of processmttrol. If onesub-cell providedessphotocurrent at any point throughout
the lifetime of the tandem OSC, any gains to efficiency will be lost and the device will inevitably suffer
from charge accumulation effects negatively impact device stabilityAs discussed below, alternative
approachesnay exist to provide enhanced charge collectidnile obtaining the same principgbalsas

the tandemstructuresand/or with substantially simplifiedevice structures

1.5.1. Fullerene -based Schottky Organic Solar Cells

While a large portion of OSC research has been geared toward more complicated device
architectures, such as the tandem approach, a simple variant of the basic BHJ structure has recently
garnered interest in theorganic photovoltaiOPV)ommunityfor its high performance and unique
photovoltaic properties. The fulleredsased Schottky OSC has been responsible for the best
performing vacuundeposited (single cell) OSCs to d4fé? with efficiency values on the order of 8%
on pa with the highest performing solutienoated (single cell) OSCs. This device structure is an

offshoot of the simple BHJ, with twainor addenda
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91 the mixed layer contains high fullerene content (e.g. at least 1:3 donor:acceptor content)

91 the anode has &ery deep work function

To achieve the latter goal, it is common to employ an ITO/MmDtact, which has been demonstrated
to have a work function as deep as 6.8!/8/The formation of the Mo@Cq interface results in
extensive band bending in thedTayer, as shown ifrigurel-4.A, such that a simple MofC, (single

layer) OSC can generate a few mAJahcurrent and a ), of 1.3V, albeit with a very podfF

Vacuum level 2 j I
........ ’ 06
1.02eV, N 4
—a—50%
0 . ——5%
(]
<
5.78eV N
\_'—-_ z
@
3
I E. 2 -l
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30A ) ) ) ) 0.0 . . " L
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Voltage (V) Wavelength (nm)

Figurel-4 - A) Energy levetiagram of an ITO/Mo@Cginterface. B) JV characteristics of TAPg:8chottky (5% TAPC) and
simple BHJ (50% TAPC) OSCs. C) EQE spectra of the devicesHiguneBre-usedfrom [42] and[71] with permission

Adding a small amount of donor to the,@ayer (analogous to depositing a BHJ with low donor
content) generates OSCs with significantly improyeandl FF values, while stiitaininghigh \4.
valuesi*?”>™ |n fact,depending on the chosen donor materitile improvementin performance can
allow for OSCs with substantially improved performance over the standard 1:1 donor:acceptor BHJ, as
shown inFigurel-4.B. The &improvementhas been attributed to the photocurremontributionsfrom
the donor, and more significantly due to photocurrent fratnongly bound intermolecula€ TE@resent

[42,72]

in Go aggregatesshown at 450 nm ifigurel-4.C The improvement in FF is due to reduced
charge accumulation and space charge effects with the presence dbtia. The \,.typically remains
at someintermediate value between 1.8 (defined by band bending effegtsaand the V. value of the

simple BH{defined by the dono@acceptor CTE bandgapCompared to the simple BHJ, the fullerene

based Schottky OSC thoovidesimproved 4. values, due to fullerene (especially with))&ontributing
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strongly to photocurrent, comparable FF values and strongly improyedNes. More critically, these
improvements are achieved with virally no added device complexigince MoQis a common HEL and
the mixed BHJ layer only needs to be adjusted slightly in donor:acceptor mixingSatem the
fullerene-based Schottky OSC structure is a relatively neveldpment in theOPVcommunity, there

are a number of details regarding its operatitiat must still be elucidatedespecially in consideration

of its charge transport characteristics and how they vary with time.

1.5.2. Ternary Organic Solar Cells

Ternarymixturesin the BHJ may be a feasilaled simpleralternative to tandem cellto
enhance the spectral coverage of OSCs. In aternary OSC, an additional component is tdded to
traditional BH4J mixture of donoandacceptor to improve the range ¢ifht absorption Due to
thermalization losses of photogenerated carriers, this device structure may not achieve the same levels
of efficiency a®ptimizedtandem devices; however, proper materials selection can allow for gains over
traditional binary OSCs Theternary mixture BHJ has gaineghseinterest in the past few years with
solution-coatedP-OSCsincludingboth systems withadditional donos,"*3% andwith additiond
acceptos. ¥®¥ |t is worth noting that this is a virtually unstudied fieldviecuumdepositedSM-OSCs.
While the resultdrom literature have been generally positive, allowing for enhancement of the EQE and
J. there are some notable limitations the ternary BHIJThe most significant limitation relates to the
morphology ofthe ternarymixture, where a third component can adverselyetff the phase separation
of the original two components and thus degrade device performance. For thisrghe vast
majority of researchuses small percentages of the third component) the order ofl to 10 weight
percent The second limitatiomoncerns the energy alignment of the third component, which should
have a HOMO and LUMO positioned between that ofafiginaldonor and acceptor materials to avoid

deterioration of the .. It shouldbe noted however, that violation of this rule doe®nnecessarily
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imply that the OSC will provide the lowest ¥et by the HOMO/LUM®@aluesof the constituent species
¢ Khlyabich and coworkers have shown that thgddn betunable between the two values set by the
pairsof donor/acceptor®”®¥ |n spite of the recensuccesses witternary OSCs in literaturi,is

difficult to disentangle the variations in performandee to changes in morgiogy (especially changes
in phase separation of donor and acceptor) versuenges owedo the optodectronic properties of the
third component It is necessary to better establiine origin of enhanced output properties in the

ternary OSC, such that materials can be chosen appropriately to eefficientcharge transport in the

energetically muddlethree-component mixed layer.

1.5.3. Cascade Organic Solar Cells

Building off of the concept of multiple donors or acceptors for enhatiggd absorption,
several groups have investigated energy cas@8€8°%? In principle, this technology aims to achieve
the same goal as teamy cells:add additional species to grant efficientsdvption over a wider range of
wavelengths. Thdifference in this approach is thakcitons are transferredcross multipleneatdonor
or acceptorayersto the donoracceptor interface by energy transfer mechanigives Dexter and

Forster energyransfer). An example cascade donor structure is showRigurel-5.

I

e Acceptor

ABisug

Cascade DONOR Structure

Figurel-5 - lllustration of the cascadeOSCGoncept with three complementarydonors. Figuree-usedfrom [91] with
permission

Sincecascade OSE€an employmuch simplePHJtructures while potentially absorbing light

stronglyover a wide range of wavelengthmany of the efficiency limitations associated with charge
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collection, as discussed throughout Section 1.4, caavoéded The primary limitatiosto this
technologyarethen thestrict energy level requirement for the comprising materiatsl,
correspordingly, the few qualified small molecules availathlat can be implemented without materials
deposition or processing difficultiesn the early demonstrations of thistructure, the secondary donor
was used primarily as an intéayerat the donoraccepor interfacewith a thicknes®f ~10 nm.[** 9293
Schlenker and coworkerxganded upon the cascade OSC contetave multiple, thick donor layers
but achieved onlyneagre efficienciedue to therelatively ineffective donor materiaf8” More

recently, Griffith and Forrest developed an optimized cascade @Wi8Cthe donor naterials chosen
very carefully to have perfectly aligned energy levels, which was demonstratedcapbble of 71%
PCE* Cnops et affurther expanded upon the cascade structure, using multiple acceptors
(subphthalocyaningSubPcand subnaphthalocyaningubNc)instead of multiple donors, to achieve
impressiveefficienciesup to 8.4%" The cascade architecture, with its simplistic device structure
without the neal for mixed donor:acceptor layers, is thus exceptionally promising for cheap and high
efficiency OSCslo this end, the cascade OSC merits furétady, especially with materiathat are

both costeffective and simple to deposisuch as metal phthaloapines(m-Pcs)that have been the

cornerstone of much of the initial OSC research efforts.

1.6.  Charge Collection Variations with Device Aging

OSCs have improved in efficiencyriensely in the past decade, offeringmpetitive PCE values
and, accordinglydrawinga more recent focus on their potential commercial applicationdinewith
this focus, there have bedncreasing research effatoward their stability, especially since OSCs must
compete with entrenched silicon photovoltaic technologies theg known to have lifetimes in excess of
25 years?¥ To this end, there are nowumerous studies on the ambient stability of OSCs that have

shown moisture and oxygen to have deleterious effects on both the photive layers and the contact
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electrodes® " 9" including several reviews on this topic® 1% and an extensive intelaboratory

OSC stability research effdtt>'°d The motivation ér such studies arose naturaiince most OSCs are
required to be tested in a dry, inert atmosphere (or otherwise encapsulated) in order to make good,
reproducible electrical measurements. While a great deal ofW@dge has been gleaned regarding the
potential avenues toward ambiesihduced degradtion of OSCs, there yet remaimany unknowns

regarding OSC degradation mechanisms in inert environment, with generally fewer systematic studies
completed in inert atmospher&** 12197199 gy,dying the intrinsic photstability and thermal stability

of OSCs individually (i.e. in the absence of species that serve to chemically alter thagihatayers)

is of particular interest, as it provides a more rigorous understanding of the physical processes involved
in the decrease in PCE values under regular OSC operation. If specific materials or device configurations
are found to be photaunstable in anriert environment, it follows that they would degrade at least as

fast or potentially faster under ambient test conditions. Furthermore, it is interesting to examine what
aspect of light irradiation under regular operation is a dominant factor in altenegharge extraction
properties of OSCs (e.qg. lightuced heatings. photeachemical effects velectrical current effects).

With a better understanding of how a particular OSC degrades, one may devise strategies that
specifically target inadequacieshether they are related to bolstering the stability of the constituent

materials or employing alternative device architectures.

From the discussions in Section 1.4 and dhargetransport and chargeollection within the
bulk/photo-active layer of the OS€n be considered major limiting factor toward high efficiency
devices.In contrast, vinen considering how charge transport varies with tiniie, organieelectrode
interface has been established a weak point and @mmon pointof failurefor organic electronic

devicesn generaf*'® 4

In an extensivambientstability study, the ISG% inter-laboratory
collaboration examined seven sets@EC$#om research labs around the world, finding that that

degradation at the organielectrode interface is the primary cause for immediate, significant reductions
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in efficiency1°*'° Earlier work by Jorgensen and coworkers supports this claim, noting strong chemical
degradation of the metal electrode and further degradationcasated with the commonly used
PEDOT:PSS HElit is thuslogicalthat research haseguntoward the implementation of specialized
extraction layers to improve OSC stabilityaddition to satisfying theemainingcriteria established in
Section 1.2.3Krebs and coworkers observed a retlan in ambient @H,O degradation with the use

of a Go EEL**? Hayakawa and coworkers employed a,JBBL as a barrier to physical damage and
chemical degradatioﬁ?] Kawano and coworkers used a stackegdl@F EEL to enhance device lifetime,
attributing improvements to better alignment of the electrode work function with the LUMO of their
active organic specié¥! Kanai and coworkers made use of a M&{EL to substantially improve device
photo-stability, primarily due to added stability in theéf the OSCE Voroshazi and coworkers even

noted the potential for interelectrode degradation due to thékly release of moisture from a
PEDOT:PSS HEL and subsequent chemical interaction with the low work function Edthode.
Furthermore, researchers have recently focusedrerted OSC$*? which typically exhibit improved
stability byeliminating the need for a low work function/reactive metal amglacing it with a low work
function transport layefEEL¥$uch aZnO and Tig"*™¥ With the development of countless new
interfacial extraction layers for use in O$¢% there are many uncertainties regarding their effect on
stability and device lifetime, especially in consideration of the many other experimentablegria the

OSC, such as the device structure (e.g. BHJ vs. Schottky), the comprising materials or even the method of
fabrication (e.g. solutioiroated vs. vacuurdeposited OEs). For OSCs to become maiieetdy, a

more thorough and coherent understandionfidegradation mechanisms must be established, especially

in consideration of th&®©SQlevice structure and the interfacial extraction layers that may be employed.
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Chapter Two:

Thesis Overview

2.1. Research Objectives

This thesis examines charge transport @hdrgecollection limitations in OSCs, especially as
they vary over timeand under light exposureln consideration of this research focus, the objectives are
detailed below alongside principal questions to be mdded in thecorrespondingesearch. The major
findings of this work, and thus the answers to these questions, are providéd tonclusions in

Chapter 11

1 to obtain a more robust understanding of charg@lectionlimitationsin modernOSCs
0 inconsideration of structural components, especially the interfacial layers
A What defines a good interfacial extraction layand how does its selection
impact charge collectich What materials are specifically interesting for
efficient, stableOSC?
0 in corsideration ofstandard device architectures
A What are the limiting factors in charge collection and thus the performance of

PHJ, BHJ alRIM-HIOSCsWhich device structures suffer from charge
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accumulation or recombination effects, and how can these effects be
addressedWhich device structure offers optimal charge collection properties?
0 in consideration of advanced device architectures
A Can the ternary or cascade architectures be used to eréime performance
and charge collection propertied OSCs? What are the maljionitations, in
terms of charge transportoward the successful use of these device structures?
9 to obtain a comprehensive understanding of OSC performance variations withtimert
atmosphere (intrinsic stability)
0 tested under dark, heat, light and electrical stress conditions
A What is the major contributor to changes in OSC performance? Are photo
induced changes in OSC performanelatedto associatedheat or electrical
stresses orare they primarilydue to photechemical changés
0 considering botlP-OSCand SMOSCs
A Do vacuurrdeposited andsolution-coatedOSCs showsignificantsimilarities or
differences in major degradation pathwa&ysHoware chargecollection
processesffected in both systemas they are exposed to light or h@at
0 considering both interfacial and bulk degradation effects
A Is the interface or the bulk organic material more strongly affected under
regular operation of an OSC (i.e. exposed-tuf intensity light)?Does the
device architecturaffect possible degradation pathway&¥hat approaches

can be employed to help mimize degradation phenomena?

Thisthesis is therefore structured in such a manner that the reader first obtains a rigorous
understanding of the device physics gmerformancelimitations of modern OSCs. Using this

knowledge, the reader can theappreciatethe variationsn OSC performance over time.
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2.2.  Organization of Content

Experimental detailfor the work completed in this thesare provided irChapter 3 To make
relevant and impacting conclusions, two materials systems are studiga the rationale ér this

materials selection provided i@hapter 4

1 SolutioncoatedP-OSCs, based on the ubiquitous P3HT:PCBM materials system
1 VacuumdepositedSMOSCs, based an-Pcfullerene materials systems (especially

chloroindium phthalocyaninéClinPc)chlorogallium phthalocyanine (ClGaRa)d SubPE

By maintaining a consistent materials system throughout this thesis, a systematic understanding of the
limitations in charge collection in modern OS$€gbtained As a point of terminological clarificatipin

chapters or sections where only one fabrication methodology is employed (only vacuum deposition or
az2fdziazy O21GAy30X GKS 3ISYSNIft GSN)Y sHtérfaled A& dza SR
among the device fabrication methodologies, the desiare explicitly denoted as S®SCs or-®SCs.

Chapter 4 also provides a working understanding of the Schottky device architeatuitecompares to

the standard BHJ structure

Having established the materials system of interasigorousstudyof charge transport and
chargecollection in OSC# time zerois conducted To aid in this understandingoth the interfacial
extraction layersiietween the edctrodes and the organic lay@mss well as the overall device structure
(the bulk of the deice)are considered As described i@hapter 1 the interfacial extraction layers are
critically important in achieving high efficiency OSCs, as they help to align the work functions of the
contacts with the energy levels of the active materialfis pant is further emphasized i@hapter 5
where thesubtleties regarding the use of variob&Ls and HEhe elaborated.Naturally, the overall
device structure is also decisive in thefoemance of OSCs, with the bulk layers dictating charge

transport ard, as a consequence, playing a major role in charge accumulation or chgrgmdyaffects.
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This topic is discussed at depthGhapter 6 where all relevant combinations of neat donor, neat
acceptor and mixed doneacceptor layergre implemented into SCs and studied. Tluisapterallows
for the identification of andeal device structure for higéfficiency OSda consideration of charge
transport and charge extraction limitation§Vith a more robust understanding of thmasic operational
behavior of the standard OSC structunegre advancedlevicearchitecturesare studiedn Chapter 7
This chaptefocusesprimarily on the ternary mixture OSéhd offerssome additional insights regarding

the cascade OSC.

With thetime-zero device behavior well established, charge transport and charge extraction
variationswith time are examinegdspecifically for O@xposed to isunintensityirradiation or heat
(corresponding to the temperatures that OSCs reach during regpleration). As with the timezero
studies this workfocuses oriwo majoraspects of the OSC structure. Specifichdliit-induced
variationsat the organicelectrode interface are consideredas welllight-induced changes in the bulk
(organicphoto-adive layers) of the deviceChapter 8and Chapter 9addresdight-induced interfacial
variations, which are found to ke dominantdegradationmechanism accounting for most of the loss in
OSerformancewith time. Chapter 10examines bulk effects that are more visible once the interfacial
degradation effects are minimized, especially phintduced changes in OSCs that employ high C
content. This chapter specifically examines the pksiability of the newly discovered fellenebased

Schottky OSC as it compares to the standardd@Mide structure
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Chapter Three:

Experimental Procedures

3.1.  Overview of Device Geometry

Two device geometrieare employedor OSC fabrication, as shownFigure3-1 below. The
G2 3IS2YSGNRSE | NB Of I &4 a A-dewicd Rubstraies &t-@e B Silbstratey R Wa Y I

respectively.

A 05 g H7 dg |9 B D glass substrate
I | Danode(lTO)
_ll SREREREEE ||_ o . Dactivelayers
[ ] cathode (Al)
nnomAnlc a1 ]| a
| |
do di d2] d3 [d4

Figure3-1 - lllustration of devicegeometry for A)largesubstrates (5cm X5 cm) and Bemall substrates (1.4cm X 1.4cm)

For the large substrates, all individual devices amend by 5mm in size.This is the primary
device geometry that is used throughout thesearch.A cathode strip extends over the active organic
layers and contacts side ITO pads. This eliminates issues associated with scratching the metal since
devices can be repeatedly tested by contacting only ITO padke studies detailed throughathis

thesis, comparisons are generally made among devices made on the same large substrate and in the
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same deposition run. For example, donor:acceptor OSCs with varying mixing ratios (3:1, 1:1, 1:3 and
1:7) careasilybe fabricated irduplicatewith the same extractiortayers/cathode on the same

substrate. Thiapproachgreatly reduces substrat®-substrate variation, simplifies comparisons

among devices and allows for easy identification of variations in charge transport or charge extraction,

which iscritically important to thepresentresearch(especially for observing variations with time)

The smaller substrates have devices of varying dimensions, withrd@=by 2mm, d1=5mm
by 2.5mm and d2=5nm by 3.5mm. As such, the smaller substrates pagticularly well suited to
testing variations in device prmance with device area. Their smaller size also makes them well
suitedfor rapid and efficien©OSC fabrication by solution coatirsgncemany different spincoating

recipes can be completed thia small amount of solid material.

3.2. Materials

Unless stated otherwise, materials are purchased from Sigma Aldrich and used as received.
Patterned ITO slides are purchased from Luminescence Technology Corp. With the exception of SubPc,
all mPcs are obtmed from the Xerox Research Centre of Canada, where they are also purified by train
sublimation. Sublimed SubPc and BCP (>99% pure) are obtained from Luminescence Technology Corp.
Electronic grade regioregular P3HT is obtained from Sigma Aldrichie®&@BM is obtained from 41
material. G, (>99.9% pure) is obtained from M.E.R. Corporation. Pure metals (Al, Ag) as wellsas MoO
are obtained from American ElementSince materials selection is a topic of particular interest for the

researchin thisthesis, it is addressetbmprehensively iChapter 4

3.3.  Substrate Cleaning

Patterned ITO slides are cleaned by successive sonication in acetone9Mgudactant and

isopropyl alcohol. The slides are scrubbed with a cotton swab after each of the aesbhdicre90
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sonication steps. The slides are then placed in an oven &t @f) at least one hour but no longer than
one day before use. Prior to deposition of interfacial or active layers, the slides are exposed to O
plasma for 3 minutes using a Trion Phantom Il RIE system equipped with an inductively coupled plasma

(ICP) source.

3.4.  Application of Hole Extraction Interfacial Layer

PEDOT:PSS layers are applied by spincoating Clevios P VP Al4083 PEDOT:FF3vhat 2300
followed by annealing at 18 for 10 minutes, to producg0 nm-thick films. CEQO, plasma treatments
FNBE O2YLX SGSR dzaAAy3d GKS ¢NA2Y t Kl:@{B32) asmixtunewin 9 & & &
lieu of the Q cleaning procedure detailed Bection 3.3 Plasma conditions of the £6, treatment are:
gas pressure20 PaRFpower- 100 W; treatment time 2 minutes. Thin,-20nm films of MoQare
formed by vacuum thermal evaporation by depositing M@®05 A/s at a chamber pressure less than 5

microtorr.

3.5. Fabrication of Polymer Solar Cell Active Layer

Preparation of the 1:1 ratio of P3HT:PCBM chlorobenzene solutionsmag20L solids is as
follows: 20mg/mL PCBM is first prepared in chlorobenzene and placed on a hotplat€@t 62
(measured solution temperaturend stirred at 650RPM for 2 hours. 2&g/mL P3HT is then prepared
in chlorobenzendn a separate viandplaced orthe hotplate, with thesolutiontemperature reduced
to 57°C while stirred at 65&PM for 3 hours. THRCBM solution is then mixed into the P3HT solution,
and the P3HT:PCBM solution is stirred alGB50RPM for at least 1 hour. The solution is removed
from the hot plate and allowed to cool for approximately 15 to 30 minutes prior to use. Solutions are
always used within the day of being prepareifter application of an HEthe 70nm P3HT:PCBM layer
is formed by spincoating at a spin speed of 1RBM for 60 seconds. This active layer film is then

annealed at 116C for 10 minutes prior to the depdisin of the top interfacial extraction layer and the
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top electrode. For the postannealed devices, this annealing step is completed after deposition of the

top electrode.

3.6. Fabrication of Small Molecule Solar Cell Active Layer

ForSM-OSCshe active layersre deposited by vacuum thermal evaporation at rates-8fA/s
at a chamber pressure less than 5 microtofhe thicknesses of the deposited layare monitored by
guartz crystal microbalances in the deposition chamber #ratcalibrated with a Veecbektak 8 Stylus
Profiler. After application of a HEL the active organic layers are sequentially deposited. Several

variants of device structures are detailed below:

- PHJ: adonor material (e.g.-20nm ClInPc) is evaporated, followed by an acceptotenia
(e.g. 2630 nm Gy)
- BHJ: both the donor material and the acceptor are evaporated together (e.g. Gi@®cl3
ratio @ 1630 nm, with a total summative rate of-3 A/s)
0 a neat G layer can be deposited after the BHJ (e.g3R0im G)
0 a neatdonor layer can be deposited prior to the BHJ (e.g20@m ClInPc)

o if both neat layers are present, the devicalefined asa PMHJOSC

3.7.  Application of the Electron Extraction Layer and Top

Electrode

All regular orientation (i.e. not inverted) OS&sploy vacuumdepositedEELs deposited at rates
of 1-3 A/s at a chamber pressure less than 5 microtorr. Inrdssarch BCP, BPhef,3,5tris(N-
phenylbenzimiazol2-yl)benzene TPB), LiF lithium acetylacetonatel(iacagand CsCQ EELsire
employed Theorganic EEL (BCP, Bphen, TPBI) thickeassoptimizedat specific valusgenerally

between 5 to 15 nm (se€hapter 5for more information) The inorganic EELs (LiF, Liaca€;@pgare
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much thinner generallybetween 0.5 to 2 nm. It is worth notingdhnot all EELs are suitable for both
SMOSCandP-OSCs, as discussediihapter 9 To complete the devices, the aluminum top electrode

is deposited to a film thicknesd 100 nmat a rate of 3 A/s

3.8.  Considerations for Single Carrier and Inverted

Organic Solar Cells

For electrononly devices and inverted devices, the HEL adjacent ITO is replaced with a suitable
EEL to make the bottom contact extract electrons. To this end-thlina(~0.5nm) CsCQ is applied by
spincoating a dilute, 0.1 wi solution 6 CsCQ in 2-ethoxyethanol at 800 RPM and subsequently
annealedat 150°C for 20 minutes. For hetanly devices and inverted devices, the EEL adjacent the top

electrodecan bereplaced with asuitable HEL, typically a thidyer of MoQ (5 to 25 nm).

3.9. Device Characterization

3.9.1. Electrical Characterization

All tests and stability experiments are conducted in a drgivironment unless stated
otherwise. The basic output parameters and OSC performances are measured via light and dark IV
characteristics, whe light measurements are taken under standarguh (100mW/cn), air mass 1.5
(AM1.5) exposure produced by ABET Sun 3000 Class A8lar Smulator (ASTM E 9270, IEC 609064
9 ED 2.0 and JIS C 8912 compljat)calibrated with a NREkrtified monaccrystalline silicon (K&
window) reference cell This spectrum is analogous to light impingent on the earth after it has traveled
GKNRdAK (KS SFENIKQa |GY2aLKSNSE + RAalGlryOS 2F wmop

spectrum of outdoottight impingent on a solar cell in a practical setting. 1V sweeps are performed with
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an Agilent HP4155C Semiconductor Parameter Analyzer (with ICS Metrics control software) or a Keithley

2400 SourceMeter (with ABET Solar Simulator software).

3.9.2. Optical Characterization

All tests and stability experiments are conducted in a drgmVironment unless stated
otherwise. EQE measurements are made with the PV Measurements QEX10 Quantum Efficiency
Measurement Systeporwith a custom EQE sep usinga Stanford Research Systems SR810-lrock
Amplifier and a&NewportCornerstone 1/4n Monochromator(as controlled by custom LabView
software). For PL measurements, a xenon arc lamp in series with an Orial @dnochromator is used
to excite the organicilin, and the PL signal is routed to an Ocean Opfestrometer. Transient
photocurrentmeasurements are made with LEDs pulsed by a Stanford Research Systems DG535 pulse
generator (pulsed for &s at 100 Hzand a Tektronix TDS5054 oscilloscope. A custtATLAB program
is used to extract the transient photocurrent decay (falling) data, and to calculate single or bi
exponential fits.Absorption and transmittance measurements are made in air with a Shimadzu UV

2501PC on thin films deposited on glass.

3.9.3. Morphological Characterization

Atomic force microscopyAFM) is performedin airwith the VeeceDigital Instruments
Dimension 3100 Scanning Probe Microscope in tapping mode with an etched silicon tip. Roughness
measurements are made over 1®20 mm scarsizes while finer features are measured ovetdl5 nm.
Furthermorphological characterizatiois made for P3HT:PCBM films usamgOSEorganic light emitting
diode OLEDcomposite structures. These structures employ a bil&y&-bis(naphthalerl-yl)-N,N*-
bis(phenybbenzidine NPB/Tris(8hydroxyquinolinato)aluminiumAlg) OLED deposited on top of a BHJ
OSC to image the underlying morpholpgg detailed ithe Supplementalinformation (Appendix 2.).

X-ray photoelectron spctroscopy XP$is performed using a TherméG Scientific ESCALab 250
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Microprobe with a monochromatic Al KR source (1486.6 eV), capable of an energy resolutic.6f 0.4

eV full width at half maximum.

3.10. Device Stability Experiments

All tests and stabilitgxperiments are conducted in a dry &hvironment unless stated
otherwise. Lightstress stability tests are carried out with white light from a halogen lamp at an intensity
of 100 mW/cni, duringwhich the sample is fanooled to maintain a temperatur0°C. Note that the
halogen lamp lacks a significant UV comporanexists with AM1.5 solar illumination. As sUbh
induced variation®ccur much more slowly and are specificalhserved over longer aging periods, as
described irChapter 10 The lightoutput intensity is monitored with the use of a calibrated
pyranometer.. The temperatures of the devices are monitored usingiype thermocouples, as read
from an Omega panel monitor. Hestiress stability tests are carried out in the dark, with theides
similarly maintained at 48C. Electrical stress stability tests are accomplished by driving a constant
current of 7.5 mA/crhand measuring the corresponding device voltage using an Agilent HP4155C

Semiconductor Parameter Analyzer (with ICS Metacgrol software).
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Chapter Four:

Materials Selection 1

This chapter provides theationale for the materials selection for the researchthis thesis
which is particularly important in the field of organic electronics due to the vast number of
materials available. To this end, BHDSG with different m-Pc donors are studied in
consideration of their intrinsic physical properties, such as the valency af ¢bairal moiety

and their molecular energy levels. Trivalent mPc:C60 OSCs (especially Clinkca@d
ClGaPci6) and SubPcgOSCare specifically identified for research abSCcharge transport

and charge extraction phenomena owing to their reasondk performance, their good
reproducibility from device to device, and their high relevance/research impact. For
understanding the variations of charge transport with tinfiee. photostability studies),
materials selection was driven by the need for exypental data relevant to &ery wide range

of OSCs. As such, both the Clinger@terials systenandthe solution processable materials
system P3HT:PCBMvere selected.Additional observations are made throughout this chapter
regarding the performancef m-Pcsas donors in OSCsspecially considering the resurgence of
interest in these materials in the OPV research community and the high performance -of non
traditional mPcs in fullerendoased Schottky OSCs.

4.1. Introduction

Qubstantial research efforts have been dedicated to the synthesis of new materials for OSCs.
These materials developments have allowed for substantial improvements in the efficiencies of single
junction OSCs in the past decade, from the landmark 5% eifi@8Cs in 2008 up to the 810%

efficient OSCs established more recefiiy**¥ Recent progress witbSCs has seen a shift from

! The majority of the material in this chapter was published in:
G. Williams, S. Sutty, R. Klenkler,H. Aziz, Sol. Edeatgy. Sol. Cells, 2014, 124, 217.
, reproduced here with permission.
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intensive research on-BSCs toward the development of small molecule donor sp&éi€s;" 2514 gn
area of research that had been previously overshadowed by the mpigtess of polymer donof&> "

128 SMOSCs are interesting from a manufacturing standpoint where they can provide hightbatch
batch reproducibility compared to their polyen counterparts. Such small molecule donors have been
shown to provide efficiencies competitive with polymer donors for OSCs, whether tHeSb4 are
formed by solution processiritf* **? or by vacuum depositioli? ***33 TheOPV fielchow has access

to hundreds of donor and acceptor materials. Beyond their sheer number of combinations, each
specific material haa uniqueand optimal manner to be incorporated into a givéevice. Materials
selection ighus critically important: one must choose materials such that experimental results are
valid, reproducible and have broad impact (i.e. not limited to a very specific oatidn of materials

and methodologies).

4.2.  Donor and Acceptor Materials for Small Molecule and

Polymer Organic Solar Cells

Forthe majority of the initial (time-zero)OS(performance studieswhere the OSC properties
are consideredn terms of device structurevacuumdepositedSM-OSCsire specificallyexamined
(Chaptes 5 through 7). Vacuum deposition allosfor the realization of multiayerOSCsasone can
easily control the thickness and composition of any numbesegluentialy depositedneat or mixed
layers. The result is a simple methoditeely control the vertical distribution of donor and acceptor
species in the OSC, a feat that is much more difficidbiation-processeddSCsTo emphasize this
point, one mayconsider thePM-HJ structurdrom Chapter 1 which is simple to fabricate by vacuum
deposition, but is not practical to fortmy standardsolution processingechniques In order o formthe
mixed layer, one would require a solvent that does not dissdieelinderlying donor layer, yet still

suitably dissolves both th@onor and the acceptor togethgand likewisefor the subsequenacceptor
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layer,onewould need a solvent that dissolves the accepitone but not theunderlying
donor:acceptomixed laye). To address this problem theteas been some work atrosslinking
spincoated polymer§****¥ or polymerizing monomers directly on the substrateféom hardened, un
dissdvable layers®™ **7 However these approacteswarrant further research beforthey areemployed
for rigorous device physics studjesdarethus unsuitable for the work completed in this thesiss
was discussed i@hapter 1 while the vacuum deposition of SRISCéas been welkestablished since
the beginning ofOPV researchthe study ofSMOSCs fell out of favour for much of the past decade
compared tathe significantresearchefforts dedicated to solutiorcoatedP-OSCsTherefore, there are
still many insights that can be gleaned fratudyingSM-OSCs, especially in consideration of device

structure, vertical distribution of doneto-acceptor and overall charge transport properties.

Beyond the difficulty iiorming device structuresith more complexity than a simple mixed
layer, solutionprocessedP-OSCs suffer from strong variability irethoutput performance values. This
stems from batcko-batch variations in the polymer source material (e.g. changesadlecular weight,
polydispersity purity, etc.) as well as unavoidable variatiahging device fabricatior{e.g. changes in
lab temperature/humiditycanalter film forming properties)In contrastyacuumdepositedOSCs are
deposited in acontrolledhigh vacuum environmer(nearly identical conditions from device to device)
andare fabricatedwvith material of generally much higher purity (as purified by train sublimatitn).
follows that vacuum deposition, being highly controllable aagable ofjererating OSCs in a highly

reproducible manneris ideal for studies of fundamentdévicephysics.

There are a veryarge number of small molecules readily available; however, it is well beyond
the scope of this thesis to study every combination of matematbe field Some notable materials
with their approximate energy levels are showrFigure4-1 below. Note that there are often large

discrepancies in reported energy levels, so a range of HOMO/LUMO values are shown in red.
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Figure4-1 - HOMOand LUMOenergylevels forcommondonors (blue),acceptors (green)phosphorescentdopants (purple),
hole transportmaterials (orange) analectrontransportmaterials (light blue)

To narrow the scope of thisork, only the followingsmall molecule materials are considered
1  Go fullerene(accepto)
9 Variousm-Pcsg primarily obtained fromXerox Research Centre of Can@dRCY donors)

f The high performance small moleculRTDCTE? (donor)

This selection of small molecules pites a broad range of HOMO/LUMO valteprovidea strong
understanding of OS@opertiesand charge collection processe&yis a straightforward choice, as it is

the most widely used acceptor in OPV researth this end, fullerenes and fullerene derivatives offer
relatively high electron mobilities, a large degree of electron delocalization and favourable film forming
properties. There are currently n@ther acceptors that can compete in terms of efficigrand breadth

of application. Divalentm-Pcs such as CuPc and ZnPc, have been studied extensively in literature due to
their strong visible absorption properties and their reasonable hole transport properties. The new or
relatively unstudiedn-Pcsdevebped by XRCC therefore makseof the general mPc materials system,
which is well understood and has significaglevancein the OPV fieldyet still offer new information in

terms of optoelectronic properties and OSC performantefurther narrow theselection from within
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the m-Pcsobtained from XRCC, a systematic study on the performance of OS@s-Rationors and a
Gso acceptorwas performed The results are discussed belowSaction 4.3 DTDCTB is studied
specifically irChapter 7for its comparable energetic and optical properties as C|iniech provides

useful information regarding charge transport in ternary mixture OSCs

The research on solutieprocessed OSCs in thiiesis is mainly focused on changes vattarge
transport/extraction withtime, rather than the time zero performancé\s noted above, this is largely
due to the fact that it is difficult to solution process device structuheg aremore complicated than
the basic BHJ in a controlled manné&rom past work omwther optoelectronic devices (OLEDsganic
photodiodes QPD} etc.),it hasbeenestablished that a major and dominant degradation pathway
involves organielectrode interfacial degradatiof?*¥ For the research on solutigprocessed OSCs, it
is therefore logical to choose a wsliudied materialvith established time zero performancand a
materials systemvhere the interfacial extraction layers can éasily varied P3HTis thus chosemas the
donor of interestand PCBM as the acceptor of intere®3HT is the most heavily studiidonor polyme
in OSC researcf? so work on this polymer hasdi relevance to other researcherurthermore, OSCs
based on the ubiquitous P3HT and PCBM have proven to have some of the lowest energy payback times
of any practical renewable energy technoldg§y*? With regard to the acceptomyhile there has
recently been a significant push toward the development of new accepsterialsfor OSC§****4 as
noted abovefullerene and fullerene derivativaemain the de facto standards OPVfresearch It is
thuslogicalto select PgBM (fromChapterl PG,BM, or simply PCBMs the soluble derivative ofs§} as
the acceptor. tlis worth noting thatin spite of the tremendous research efforts dedicated to P3HT
based OSCshereremainmany unknowns regarding the photgability of PS3HT:PCBM OSCs, especially
in regard to organielectrode degradation phenomena. The studies filGhapter 8and Chapter Sare
thus criticaltoward developing methodologies for obtaining OSCs with lifetihasmake them

competitive with existing solar cell technologies.

37



4.3. Renewed Interest in Metal Phthalocyanine Donors for

Small Molecule Organic Solar Cells

Metal phthalocyaninesre historically some of the most studied donorteréals invacuum
depositedOSCs Their success stems from their leegtablished hole transport properties, and their
well-known capability as a sensitizer by phénoluced electrortransfer to quenchers/acceptofs>**’

For OSCs, this photoduced electron transfer was employed most effectivelyewlthe mPcs were
coupled withCy, and Go, as has beestudied in literaturd**®**9 CuPavas employed as a donor in the
first bilayer heterojunction OSC reported in literature over two decades ago by C.W ¥ and
subsequently studid for its use in OS@svarious configurationg* 2% %% zinc phthalocyanine (ZnPc)
may alsdbe considered a traditional fRg with its extensivaise in OSCs by Gebeyehu %124

ZnPc was more recently chemically modified #ZR&Pc, where it achieved 3.9% PCEBIHa single cell
architecture!®? Since 2005, with the rise in popularity of solutiprocessable OSCs, the syunf
vacuumdeposited and thus APcdonor OSCs has been comparatively much less prevalent itliter
However, the development of alternative (ndraditional) mPc donors with highvaluesand
impressive PCE values has triggered a resurgence of interedP@gbased OSCs. To this eBdbPdhas
shown promise as a donor material, granting 3F@E when mixed with ag@cceptor and 5.4% PCE in
an optimized graded®HJ device with a,gacceptor****¥ OSCs with a chloroaluminum phthalocyanine
(CIAIPCG active layer have also been shown to grant good performdirmea 2% to greater than 4%
and CIAIPc hasifthermore beenhighlighted for its neainfrared sensitivity*>***? TheClinPaonor can
also be employed in simple BHJ OSCs to achieve reasonable device performance, providing 2.2% PCE
when mixed with %% and 3.9% PCE when mixed wit!&**® When coupled with their relatively
simple synthesis and straightforward purification (by train sublimation), thes&mmshow their promise

as costeffective andhighly capable donor materials for highly effici€d®Vs
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In previous work, Yuen et al. showed that a large set-6fas, including both traditional #acs
(CuPc, ZnPc) as well as Amaditional (lessstudied) mPcs, have some promise when used as domors i
simplePHJOSCs and 1:1 BHJ O8@sThis work focused on establishing a basic understanding of the
donors at a 1:1 mixing ratio and with ndteal device thicknesse&sgenerally too thin to provide
reasonable efficienciesAsnoted inChapter 1 the fullerene-basedSchottky device architecture has
recentlybeen highlighted in literature as a novel approach to grant higlt\ V) OSC&! When
employed for high performance OSCs, this device architecture relies on varied concentrations of the BHJ
layer, usually with much highegg@ontent than in the sandard BHJ OSt3 6972160162183 Thg rg|e of
the Schottky architecture for the creation of high efficiency OSCs with traditiofds{CuPc, ZnPc)
versus the more recently examinedfats is currently unknown. To this end, a comprehensive study on
the photovoltaic output characterists of traditional versus netraditional m-Pcsis highly valuabléor
the field of vacuurndepositedSM-OSCsandfurther helpsto identify thepromising mPcs for study in
this thesis Thusit is interesting to examine thentapped benefits of these netmaditional mPcs that

have otherwise experienced success in other dye/pignrelated fields, such as xerograph§?

Inthis section OSCs comprising a-Bt.G, photo-activelayer with substantially different mixing
ratiosare studied. These OSCs therefspan the traditional BHJ architecture to the Schottky
architecture. The central moiety inlie mPcis variedto gain an understanding of the role of the Rc
donor in the OSC photovoltaic output properties. The present work encompasses the following donors:
metal free phthalocyanine @Rc), ZnPc, CuPc, CIAIPc, ClinBePClitanium oxide phhalocyanine
(TiCPc) and SubPc. In this manner, tingpact of the mPc central moiety valency on achieving high
efficiency OSCs primarily through mixed donor:acceptor (D:A) active layer optimizagioicidated
The results indicate that, while the tt@gional m-Pcs benefit most from a standard 1:1 D:A BHJ
architecture, all norraditionalm-Pcs show substantially enhanced performance with a higlodhtent

Schottky architecture. tdepth analysis of photovoltaic output parameters daQEmneasurements are
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used to explain these observations. ClinPc is highlighted as an especially promising small molecule
donor, with very strong nealR absorption and 2.5% PCE in a basic ClgBe¢id. Further device

optimization allows for 2.8% PCE Ctildy OSCs an¥l,. valuesin excess of V.

4.3.1. Overview of Metal Phthalocyanines of Interest

The mPcs in thisectioncan be classified based on the valency of their central mdnetiye
molecule. To this endnonovalent (K or metakree), divalent (Cuzn), trivalent (Clin, ClGa, CIAl) and
tetravalent (TiO) phthalocyaninese studied SubPgs also includedh this studywhich differs from
the other mPcsin that it has three, instead of four,-fdised 1,3diiminoisoindoline units around its

centralB-Cl moiety. The chemical structures are showRigure4-2.A and B.

ITO/MoQ,

Figure4-2 - lllustration of A) mPc and B) SubPc chemical structsreC) Energy level diagrashrelevant species in the
studied OSCs. #Rc species are grouped/highlighted by the valency of their central maiety

As noted previously, CuPc and ZnPc may be considered traditional phthalocyanines, as they have
long been studied in literature for their gfication as donors in OSCs, while the othePos are

considered nortraditional, as they have been comparatively much less studied for their BBV
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devices The energy levels for theset donors as well as the other species employed in the OSCs in

this work are shown iffigure4-2.C(a subset ofigure4-1).l"-150 1521355167173 1t i5 g|s0 worth noting that

the HOMO values taken from recent literatufédure4-2.C) align well with the ionization energies
established historicall}"® "4 as well as with the ibital energydiagrams found computationally’>*"’
Interestingly, the latter studies show thatrféb,Pc, CuPc, ZnPc and TiOPc (among others) the HOMO is
exclusively formed by-@p, characteristics, so that changes in the central metal atom have very little

effect on the HOMO. Given that the HOMO has been experimentally found to be deeper for many of

the nontraditional mPcs, such as ClinPc, CIAIPc, ClGaPc and SubPc, it is likely that the HOMO for these

species may include orbital contributions from their central moiety.

4.3.2. Optical Properties of the Metal Phthalocyanines

The absorption spectra of 50 niitnfis of the presently examined+#c donors, as well &%, are
presented inFigured-3. All mPcs exhibit two strong peaks, one in the UV and one in the visible
(denoted as the B band and Q band respectively). The Q band also has a broad shoulder. The relative
position and mtensity of the peak and shoulder of the Q band depend on the valency ofithe
Monovalent and divalent phthalocyanines have their peak visible absorption at 625 nm, with a shoulder
at ~700 nm, as shown in the top panelFafure4-3. In contrast, trivalent and tetravalent
phthalocyanines have their pé& visible absorption from 720 @60 nm, with a shoulder at 640 660
nm (Figure4-3, middle panel). In effect, the trivalent and tetravalent species make for better red/near
IR absorbers, whereas the monovalent and divalent species are more effective for orange absorption.
Thecapacity for neatR absorption makesivalent and tetravalent mPcsideal candidates for semi
transparent solar cells, which have recently been highlighted as a promising application foFP&%Cs
The strong absorption in this region also makes them useful for aesthetically pleasing blueigteen

OSoated windows; an area of obvios commercial importance in building construction.
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comparedto traditional mPcs Consequently, SubPc exhibits peak absorption at 588 nm and a much
narrower shoul@r at ~530 nm, as shown in the bottom paneFidure4-3, so that it is more suited for
absorption of green/yellow light. Also observed from the bottom panéligure4-3, the chosen
acceptor for this study, & has relatively poor tail absorption in the visible spectrung, eghibits peak
absorgion at 350 nm and a secondaaggregatepeak at ~440 nm that only arises for thin films with
high Go content!’? The AM1.5G spectral irradiance shown in the same panel indicates that botlgthe C
aggregate absorption and the SubPc Q band absorption are ideally situated for generating photocurrent.
Monovalentand divalent mPcs are also wedlituated in the solar spectrum, but the trivalent and

tetravalent mPcs show peak absorption in a region of comparatively reduced spectral irradiance.
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Figure4-3 - Absorption Data for 50 nm Films of fRcs SuliPcand Gq-fullerene. Bottom panel also shows spectral irradiance
from AM1.5G solar irradiation for comparison
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Since all absorption measurements fréfigure4-3 were obtained from 50 nm films of the
respective donors and acceptor, and if oassumasimilar film density/packing for all of these species,
these data also provide a general understanding (1 KS R2y2NEQ Y2t NJ SEGAY O A
the scales of the three panels are identical. It is observed that the donors that absorb most strongly are
ClinPc and ClGaPc, with peak absorptiortiinBs larger than that of the next candidatesSubPc and
TiOPc. All other fRcs, including #c, ZnPc, CuPc and CIAIPc, show substantially reduced peak
absorptiong less than half of that of ClinPc. CuPc is found to have the lowest peak absorption, in spite

of being studied so extensively in litéuae.

4.3.3. Principal Photovoltaic Output Properties of m -

Phthalocyanine Organic Solar Cells

A basic mixed active layer device structure with a 40 nm active layer was employed for all OSCs
fabricated in thisection as shown irfrigure4-4. It is worth noting that this is not necessarily the ideal
device structure for each of the donor specieamined in this study; howevestandardizing the device
structuregreatlysimplifiescrosscomparisons and establisba baseline for device behavior.
Regardless, the chosen mixed layer thickness of 40 nm provides reasonably\agred without
substantially diminishing the FF. Since this device architecture does nones¢ @onor or acceptor
layer, as is employed in tH&\VFHJIdevised by Xue et df*” there is direct contacbetween the mixed
D:A layer and hole/electron extracting contaci® allow for efficient hole/electron extraction from the
anode and cathode respectively, all devices employ a 5 nm;M&D and an 8 nBCP EELSuch
extraction layers are also criticalrfenhancing OSC phestability and ensuring long device lifetimes
discussed iChapters &hrough10.***°® Furthermore, the lack of a neat donor layer between the
mixed D:A layer and theloO; HEL allows for theealizationof the fullerene-based Schottky OSC (with

sufficient G content), whichcan have drastic implications towadegvice efficiency.
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Figure4-4 - lllustration of the standard mixed donor:acceptor(BHJ)Xevicestructure used in this chapter

The PCE values oflt:G, OSCs at varying D:A ratios are showRigure4-5. The data hee
been split into two panels in order to better illustrate the trends in device performancesRigtire
4-5.A showing divalent APc donors (i.e. APcs that are considered wesltudied in literature), andrigure
4-5.B showing all other netraditional mPc donors (i.e. APcs that are lesstudied in literature). The
traditional divalent donors exhibit their highest PCE values at a 1:1 D:A mixing ratio. The use of any
other mixing ratio strongly degrades tlRCE A peak PCE of 1% is achieved for CyfRaSLTs, while 2%
PCE is achieved for ZnRg@SCs. In contrast, OSCs with the-traditional mPc donors all show
strong improvements in PCE at much highgrc@ncentrations Figure4-5.B). Maximum PCE values in
this study are achieved by ClinPc and SubPc donors at 2.5% and 2.7% PCE respectively. In general, for all
m-Pc donors examined (whether traditional or rtraditional), device performance is strongly reduced
with very high donor concentration (75% donor content).
—=— ClGaPc P4
—e— CuPc ~ @ CIAIPc
| —4—cliinpc >
—¥— SubPc

—4H2Pc |
~» TiOPc |/

PCE (%)
PCE (%)

0 20 40 60 80
C60 Content (%) C60 Content (%)

Figure4-5 - PCE/alues for ITO/Mo@m -Pc:Gy/BCP/Al OSCs atifferent donor:acceptormixing ratios. A) Divalent mPc
donors. B) Othewalency mPcand SulPcdonors.

In order to understand the improvements in PCE values at higto@centrations for the non

traditional mPc donors, it is necessary to further consider the formatiothefMoQ,/Cgy Schottky
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junction. Ashoted inChapter landestablished in literature, high,¥Schottky OSCs arise from an

interface formed between a high work function anode and a fullerene film. This has been demonstrated
with anodes including ITO/Magif> "+ **3 ITO/PEDOT:PE% andITO/CE (ie. where the ITO has been
plasma treated with a Gf©, plasma)’>°***? The presence of donor within the active layer disrupts

this Schottky junction, essentially acting as a charge trap and reducing the maximum pagsible V
However, the donor has also been demonstrated to be essential for exciton dissociation, and thus to
harvest photocurrent especially from the more strongly bound intermolecular excitons formeg in C
aggregate$’? The presence of donor in the Schottky OSC is thus necessary for achieving broader
spectral response fromggand ultimately for achieving higly.¥alues. Taking thiato consideration,

the fullerene acceptor contributes strongly to photocurréntthe Schottky architecture from the EQE
presented later in thighapter, these contributions are visibly mutdrgerthan the calculated 13% of.J
observedwith a standad 1:1 P3HT:PCBBHJ*? It follows that Schottky OSCs that employ-a@SC,

which is known to have excellent optical absorption properties and thus strong photocurrent generation
capabilities!® can achieve very high.Jalues® '3 In this regard, tie study of exciton generation and
subsequent hole transfer chacteristics of acceptors is critically important to the overall performance of
Schottky OSC¥" Regardless, even with the strong fullerene photocurrent contributions, it should be
noted that phthalocyanine donors can provide reasonable photocurrent frar t band absorption in

the Schottky device architecture. In the present work, GBE€sxaminedat substantially different

mixing ratios, spanning 3:1 to 1:7 D:A. As will be demonstrated below, the observed trends in PCE can

be attributed to a transittn fromthe traditional BHJ OSC toe fullerene-basedSchottky OS6&tructure.

A strong indicator of the Schottky junction OSC is an increasgwitk increasing 6
content”? This effect can be observed for alife donors examined in this work, as showFigure
4-6, verifying that the Schottky architecture has a strong role in the ultimate efficiencyRd@ypOSCs

To briefly summarize this behavior, first consider an OSC with a 1:1 D:A active layer, which is generally
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known as the standard BHJ device architecture. For a basic BHJ OSC, the maximum affgisable
delineated by the offset between thdOMOof the donor and theLUMOof the accepor ¢ a more
complete picture takes into consideratidhe various lossesoted inChapter 1(including the

Coulombic exciton binding energy, energy level pinning at the orgdeitrode contacts and spread in
energy levelslue to disorder in the organic filmS} *#2'#3 Now consider a pure Schottky OSC formed
between an ITO/Moganode and a neatgfilm (0:1 D:A active layer). In this case, thgid/dictated by
the effectivework function ofthe ITOMoGO; contactand theenergy levels o€,!"! For a simple
ITO/MoQ/Csy/BCP/AI Schottky device, theNsfound to be~1.2 V. As the mixing ratis varied
between these twascenarios of BHJ versus Schottky architectureMhalso varies between the values
obtained for the two device architectures. In effect, the puggSthottky devices set the upper limit on
the V., and the addition of donor to a 1:1 D:A mixing ratio lowers thegd/the BHJ valuélaking this
explaration into account, the y{is expected to increase in the transition from the 1:1 D:A mixing ratio

(BHJ architecture) to the 1.7 D:A mixing ratio (Schottky architecture).
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Figure4-6 - V. values forITO/MoOy/m -Pc:Gy/BCP/Al OSCs atifferent donor:acceptormixing ratios.

From Figure4-6, donors with an initially low §/in the BHJ OSC architecture (CuPc, ZrnfPc)H
haveimprovements to \.in the Schottky OSC architectufret can be substantial (460% increase
Likewise for donors with an initially highoyin the BHJ OSC architecture, the improvements,tarvhe

Schottky OSC architecture are much lower (e.g. 8% for SubPc, 30% for @Hir@PL)¢ D:A mixing ratio,
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there remains a ~350 mV spread i ¥alues amonghe different mPc donors. This is due to the fact
that, even in low concentrations, the-c donor species act as charge traps in the Schottky OSC device
architecture, with their capacity for charge trapping associated with their HOMO energy levele As
donor concentration is further reduced to zero, thg Values eventually converge tel.2V. For SubPc

and ClInPc donors, while the improvements tgare not as significant in the transition from BHJ to
Schottky device architecture, the ultimatg.Values with the 1.7 D:A mixing ratio are quite high (M08

and 1.02 V respectively). As a point of note, thevellues for SubPc and ClinPc are quite similar in the
Schottky architecture, in spite of being quite different in the BHJ architecture (1.00 V and 0.77 V
respectively). This allows feubstantiaimprovementsin the efficienciesof ClinPc:§; OSCs towarthe

same level as SubPgOSCs, evident from the PCE values shown previousigure4-5. Furtherwith

a slightly modified device structuf@0 nm ClinPcgg(1:3)/30 nmneat Gs), the PCE values of ClinRg:C
OSCs can be improved to 2.8%. This modified device structure shows strong improvements in FF at the

cost of a slight decrease ig, Jiltimately allowing for improved PC& discussed further ihapter 6

Thel.valuesfor m-Pc:G, OSCs atarying D:A ratios are shownkigured-7. The data hee
similarly been split into two panels, witfigure4-7.A showing only divalent (tradiinal) mPc donors
andFigure4-7.B showing all other (notraditional) donors. The OSCs that use divalerRardonors
maximize their photocurrent at a 1:1 D:A mixiagio, with strong losses at any other mixing ratio. OSCs
with monovalent and tetravalent donors similarly maximize their photocurrents at 1:1 D:A mixing ratios;
however, their losses in photocurrent are not as severe with higbdbtent. Specificallythe OSCs that
employ divalent ZnPc and CuPc donors have 48% and 64% reguesgektively in the 1:7 compared
to the 1:1 D:A mixing ratio. In contrast, OSCs with the monovalght #onor show only a 17%
reduction in g, while OSCs with the tetraeadt TiOPc donor show only a 6% decreasg.inklom the
standpoint of geeration of photocurrent, it i€lear that the traditional divalent APcs are most aptly

suited for the 1.1 D:A mixing ratio (i.e. thelBtructure).
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Figure4-7 - L. values for ITO/Mo@'m -Pc:GyBCP/Al OSCs different donor:acceptormixingratios. A) Divalent riPc
donors. B) Othewvalency mPcand SulPcdonors.

OSCs with either the trivalent+#c or SubPc donoexhibittheir highest g values with highCsg
content. Specificallyrigure4-7.B shows that ClinPc, CIAIPc and SubPc all maximize their photocurrent
at a 1:3 D:A mixingatio, and ClGaPc maximizes its photocurrent at a 1:7 D:A mixing ratio. The transition
from the BHJ device architecture to the Schottky device architecture thus allows faniBévemens
in 1. valuesfor OSCs using ClinPc and SubPc donors, and grantsneve substantial 28% and 52%
improvementsin J.valuesfor OSCs with ClIGaPc and CIAIPc donors respectively. The slight drop in
photocurrent in the transition from 1:3 to 1:7 D:A mixing ratio, observed for many of thanaditional
m-Pcs, is associad with a tradeoff in photocurrent contributions from the FRPc donor and the &
acceptor (discussefdirther in the following section). In light of the improvements tg &ivalent mPc

and SubPc donors are better suited for OSCs with higto@tent (i.e.fullerene-basedSchottkyOSCk

4.3.4. External Quantum Efficiency and Fill Factor

Measurements of m -Phthalocyanine Organic Solar Cells

In order to better understand the trends ig.With changes in D:A mixing ratBQE
measurementsvere performed for all of the examined rPc donors at the same mixing ratios examined

in the previous sectionin the present analysis, specific EQE data are highligbtatié m-Pc donors
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that provide the most insightful conclusions; however, the remaining EQEra@ee also provided in

the Supplementallnformation (Appendix 1.3. The EQE spectra for OSCs with both the traditiorBEm
donors (CuPc and ZnPc) as welhagh performancenon-traditional mPc donors (ClinPc alAPc) are
provided inFigure4-8.A-D respectively. It is useful-gstablish the different photocurrent contributions

in terms of their absorption bands. TheRas examined in this work have photocurrent contributions in
the visible range from 600 nm to 800 nm due to their Q band absorption. Both-fhesmand & have
photocurrent contributions from UV light, with their combined EQE maxima at ~370 nm. The additional
broad absorption band at450 nm that is present for % with high g content (generally with the
Schottky architecture) arises from intermolecular interactions among then6lecules’ For clarity,

this intermolecular absorption band has been identified with an arrow on eactpanbl ofFigure4-8.
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Figure4-8 - EQESpectra of ITO/Mo@m-Pc:GyBCP/Al OSCs alifferent donor:acceptormixing ratios. A) ZnPcig, B)
CuPc:g, C) ClinPcggand D) CIAIPcg Goaggregate peak is highlighted with an arrow

For the ZnPc&EOSC at a 1:1 D:A mixing rattogure4-8.A), all of the photocurrent

contributions noted above are present and contribute strongly to theallowing for greater than 30%
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EQE across most of the visible spectrum. Peak EQE atitimig matio is ~40% at both 370 nm and 620
nm. This particular mixing ratio also corresponds to the maximgforZnPc:6 OSCs, and the broad
EQE further explains why ZnPg:GSCs exhibit some of the highest photocurrents among all of the m
Pc:Go OSG tested. As the ZnPc donor concentration is increased (3:1 D:A mixing ratio), the UV
photocurrent contribution from ZnPc increases, ahd Q band contributions remain largely
unchanged. However, the reduction of €ontent at the 3:1 D:A mixing ratguppresses the formation
of Goaggregates. As such, at a 3:1 D:A mixing ratio, the broad absorptidBGhm disappears. The
loss of the g aggregate band strongly degrades the overall photocurrent, and sqdtiecieases at
high donor loadings (slwn inFigure4-7.A). If the ZnPc donor concentration is instead decreased
relative to the G concentration (e.g. 1:7 D:ASchottky architecture), the 600 nm to 86t
photocurrent contributions from ZnPc logically decrease. Furthermore, dh@yGregate band becomes
slightly broader and provides more photocurrent. Interestingly, the UV photocurrent contributions at
370 nm for both the 1:3 and 1:7 D:A mixing rataecrease relative to the 1:1 mixing ratio. Since both
ZnPc and g&gabsorb strongly in this region, the photocurrent is not expected to decrease drastically.
This change at highsgoadings is thus suggested to be from an overall loss in photocutnemaghout
the cell due to poor charge extraction, which may arise due to charge trapping and charge

recombination effects, as will be discussed further below.

FromFigure4-8.B, CuPcg&OSCs show similar behavior to ZnRgwWith stronger mPc
photocurrent contributions in the BHJ architecture and stronggra@gregate photocurrent
contributions in the Schottkgrchitecture. However, the absolute EQE values are much lower for the
CuPc:6 OSCs when compared to the ZnRg@SCs. For example, CuRg{C3) OSCs show <10% EQE
at the 625 nm rmPc Q band absorption peak, whereas Znig€¢iC3) OSCs show >25% Ethe same
peak. Ata 1:7 D:A mixing ratio, the photocurrent contributions from CuPc are almost completely

absent. Similar to the ZnPg©SCs, the EQE values are also strongly reduced at 370 nm witldigh C
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loadings, again implying the possibilitytohdered charge extraction from the device. To better
understand this effect, it is useful to examine the FF, which can be a strong indicator of losses due to
charge accumulation or recombination effe® The FF values for4c:G, OSCs at varying D:A ratios
are shown irFigure4-9. As with the previous data, the figures have been split into two panels in order
to better illustrate the trends in device performances, witlgure4-9.A showing only divalent

(traditional) mPc donors anérigure4-9.B showing albther (nornttraditional) donors.

50+ 50
40 40 P /' -
= 301 <30« ~ |-m clGaPc
> X 4 e
~ ~ —e— CIAIPc
L 20, t 204 '/// A ClinPc
o —w— SubPc
10‘ —a— ZnPC 10‘ ‘ HZPC
o —® CuPc 0 > TiOPc
20 40 60 80 20 40 60 80
C60 Content (%) C60 Content (%)

Figure4-9 - FFvalues for ITO/Mo@'m -Pc:GyBCP/Al OSCs atifferent donor:acceptormixingratios. A) Divalent rPc
donors. B) Othewalency mPcand SulPcdonors.

ForOSCs with traditional +8c donors, increasing the€ontent decreases the FF quite
significantly. In the case of CuPc, the FF drops drastically from 50% to 30% in the transition from 3:1 to
1:7 D:A mixing ratio. This decrease in FF correlates with higher levels of charge recombination within
the OSC (i.€o create an opposing recombination current), which ultimately reduces the photocurrent
and EQE throughout the entire visible spectrum. The source of this recombination current may stem
from charge accumulation effects due to substantially unbalancehbilities within the mixed film, or
due to the nonoptimal HOMO position of the donors (especially with the Schottky structure, as
discussed in greater detail at the end of this section). The decrease in mobility in mixed donor:acceptor
films compared toheir neat donor or acceptor films, such as for Cugger@terials systems as well as
with other vacuurrdeposited donor:acceptor materials systems;asnmonly observed in literaturé?

164184 | fullerenerich active layers, this loss in mobility is also accompanied by a substantial disparity
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in hole and electron mobilitg from '®4, a 1:3 CuPcgemixing ratio can result in a hole mobility six
orders of magnitude lowethan that of the electron mobility. It is further expected that corresponding
charge accumulatio effects would be manifested a# increase i due to space charge effects. This
stipulation is thus supported by the substantial increasBinfrom 14 to 40Wcn? for ZnPc:g OSCs

and 12 to 74N cn for CuPc: OSCs. An additional consideration may relate to the molecular
organization of the donor and acceptor species, especially adjacent to the carrier collecting contacts,
which has recenyl been shown to be critically important in device performance®BIlOSCs with

certain mPc donord™®¥ Such subtleties in active layer morphology may play a roleh®QSCs with
mixed layers comprised of either substantially more donor or more acceptor content, as is the case in
the present work. Therefore, when employing tlilerene-basedSchottkyOSGrchitecture with the
traditional mPc donors, the potential gas in photocurrent arising from increaséght absorption by

the Goaggregates cannot offset the losses in photocurrent that arise due to the decreaSedoontent

and due to undesired charge accumulation/recombination effects.

The EQE spectra ftwo nonttraditional mPc:Gy OSCs (ClinPgy@nd CIAIPc4&OSCs) at
varying mixing ratios are shownhigure4-8.C andrigure4-8.D. With a 1:1 D:A mixing ratio (BHJ
architecture), the ClinP¢g;§0SCs provide reasonable EQE4Q%) over UV/blue and red wavelengths,
with photocurrent contributions extending into the ne&R dueto the ClinPc Q band peak absorption at
720 nm. However, unlike the traditional-Pc donors, the ClinPc donor lacks strong photocurrent
contributions at 625 nm, ultimately limiting the.df 1:1 ClinPc&OSCs. This is especially critical when
consideing the AM1.5G spectral irradiance, shown earligfigure4-3, which decreases in intensity
beyond ~650m. As established in the previous section, many of thetraditional mPc donors
maximize theirdwith high Gy content (1:3 and 1:7 D:A mixing ratios). In support of this observation,
is observed thathe EQE due to thesgaggregate band in ClinPgsOSCs increases strongly to 37% and

to 44% for the 1:3 and 1:7 mixing ratios respectively. Furthermore, at a 1:3 D:A mixing ratio, the EQE
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due to ClinPc absorption aP@ nm remains largely unchanged compared to the 1:1 mixing ¢gtiere

is only a sméaldecrease in EQE at the ClinPc Q band shoulder at 65@s1the G, concentration is

further increased to the 1:7 D:A mixing rattbe photocurrent contributions from ClinPc begin to
decrease. Consequentiipe photocurrent from the ¢ aggregate bandannotoffset the reduced
contributions from ClinPc, and so thgid observed to decrease slightly (6.7 mA#¢m5.9 mA/cnf for

1:3 to 1:7 D:A mixing ratio). CIAIRg:QGSCs generally show the same trends in EQE versus mixing ratio
as ClinPcgOSCshowever, CIAIPcggOSCs exhibit much lower EQE values at the 1:1 D:A mixing ratio.
More specifically, 1:1 CIAIPgOSCs have substantially reduced photocurrent contributions frgm C
and much lower rPc Q band EQE compared to the equivalent 1:1 COpRaSCs. At a 1:3 D:A mixing
ratio, CIAIPc:§ OSCs have EQE values nearly on par with that of CYnp@&Cs, allowing fog.¥alues

up to 6.3 mA/c. As the g content is increased further, CIAIPgOSCs similarly suffer from a trade

off betweenCIAIPc Q band absorption angh 8ggregate absorptionLikewisejn the transition from a

1:3to a 1.7 D:A mixing ratio the improvemeritsphotocurrent from G aggregate absorption cannot

offset the losses in photocurrent due to reducedRuo absorption

For both ClinPciggand CIAIPc4OSCs, if theggcontent is instead decreased (1:1 to 3:1 D:A
mixing ratio), the EQE decreases across the entire spectrum, which corresponds well to thedbves
for the 3:1 D:A mixing ratio. Sincg,GClinPc ath CIAIPc all absorb strongly at 370 nm, the EQE in this
region is again not expected to vary substantially with mixing ratio, and so the overall loss in EQE at the
3:1 D:A mixing ratio is similarly attributed to charge accumulation and recombination withthevice.
This is clearly represented in the FF of Clingar@ CIAIPcOSCs measured at varying mixing ratios,
shown inFigure4-9.B. Such variations may be explained by the substantially diminished charge
transport properties in mixed films. Specifically, ClinPc is known to have a reduction in hole mobility by
more than a factor of four when mixed withy§at a 1:1 mixing rati®®? and G, similarly shows reduced

electron mobilities in mixed BHJ filMi&". It follows then that irFigure4-9.B, ClinPcdgand CIAIPcd
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devices have low FF values with logycntent. In fact, for any OSC with either a trivalenPmdonor

or a SubPc donor, the FF decreases strongly in the transition from ¢§56@6% G ¢ in the case of

SubPc:6 OSCs, the FF decreases remarkably from 45% to 23%. Note that this trend is exactly opposite
to the trend observed for the traditional fRc donors, which showed a strong decrease to FF with
increasing € content in the mixed active layer. InterestipgDSCs with the monovalent,ft) and
tetravalent (TiOPc) FRc donor show little change in FF between the 1:1 D:A and 1:7 D:A OSCs, although
the FF for the HPc:G, OSC is much lower with high donor content (3:1 D:A mixing ratio). Therefore, in
terms ofboth J.and FF, the traditional (divalent)-Bc donors are better suited for the BHJ OSC device
architecture, whereas the noetraditional trivalent mPc and SubPc donors are better suited for the
Schottky OSC device architecture. Tetravalent and monotvaid®>c donors may be used with

reasonable success in either configuration according to theind FF values; however, when also

considering the ¥, these donors perform best witlhe Schottky device architecture.

In previous workit wasestablished that the suitability of a donor for the Schottky device
architecture relats strongly to its HOMO positidff To this endijt wasdemonstrated that donors with
HOMO energy levels either too close or too far from thatdgi@ ineffective for use in Schottky OSCs.
When the HOMO energy levels are too close pleOMO < 0.2 eV), the donacceptor interface is
incapable of separating strongly bound intermoleculgrd@gregate excitons, whiare shown here to
generate a large amount of photocurrent in the504nm wavelength region. When the HOMO energy
levels are instead too far apart (i.e. the donor has a shallow HEMOMO > 0.9 eV), the donor acts as
a trap for holes (in light of the Schottky device architecture), and negatively affects all of the
photovdtaic output parameters, Vo, FF and ultimately the.tlue to poor charge extraction and
associated charge recombination. Since thgd/fundamentally related to the HOMGQ-LUMQcceptor
offset in the BHJ architectuf&" *821# the \/ (at a 1:1 D:A mixing ratio) provides a rough estimate for

the m-Pc HOMO. Interestingly, the traditional (divalentPtiG, OSCs that show a decrease in FF with
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increasing 6 content are among the OSCs with the lowegtWilues (510 to 555 mV), and thus have

the m-Pcs with the shallowest HOMO energy levels (also supported by the HOMO values obtained in
literature, Figure4-2). The remaining ARc:Gy OSCs with lowvalues, HPc and TiOPc, show very little
change in FF with the transition from the BHJ architecture (1:1 D:A mixinytatite Schottky

architecture (1:3 or 1:7 D:A mixing ratio). It is suggested that the poor performance of the traditional m
Pc donors in mixed layers with higk, €ontent is, at least in part, due to the nateal position of their

HOMO energy leveldn terms of their molecular properties, the traditional divalent species lack strong
electron withdrawing groups to sufficiently lower their HOMO values for proper use in Schottky OSCs. In
contrast, the nortraditional mPc:G, OSCs with highsWalues,includingthose employing ClinPc

ClGaPand SubPc donors, have deeper HOMO energy levels, associated with the presence of the strong
electron withdrawing group (CI) in their molecular structures. It follows that thesetraalitional m-

Pc:Go OSCs shownprovements to FF in the transition from the BHJ architecture to the Schottky
architecture, and ultimately exhibit superior performaneéh the Schottky OS§&tructure. The result is

that SubPc as well as tivalent mPcssuch aClinPand ClGaRgield generally higher performance

OSCgsand are good candidates for furthstudiesin this thesis.

4.4. Conclusions

In this chapterthe rationale forthe materials selectioffior the researchcompleted throughout
this thesiswas providedwhichis particularly important due to the vast number of materialsilablein
the OSC fieldThis chapter also served to introduce basic P&tbrmancedata and associateoutput
parameters especially considerin@SCs employing-c donos and OSCs that rka use othe

fullerene-based Schottkgevice structure The following major conclusions were drawn:

1 Trivalent mPcGo OSCgespecialyClinPc:g and ClGaPcgg and SubPcdgOSCsvere specifically

identified for research ortime-zerocharge transporaind extractiorproperties owing to their
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reasonable performance, their good reproducibifitgym device to deviceand their high
relevance/research impacitClinPds employed for the studies i€hapter 5 while ClGaPc is used for
studies inChapter 6 SubPgsused in combination with ClinPc for ternary OShiapter 7

Both the ClinPc:§ materials system (for research@hapter 9and Chapter 10, as well as the
solution processabl®3HT:PCBMaterials systenffor research irChapter 8and Chapter9) were
selected forunderstanding the variations of charge transport with timehis selection allows for
deductions that ardnighly applicable to a very wide range of OSCs

From device performance datavitasdemonstrated that there arenany nontraditional m-Pcsthat
can contribute tampressive photovoltaic propertiedt was shown thaSubPc and trivalent tRcs
are optimally employed in Schottky architecture OSCs, where they benefit from enhagcéd V
and FF. This contrasts strongly with theditional divalent mPcs, such as CuPc and ZnPc, which are
best employed in the standard BHJ device architecture with a 1:1 D:A mixing ratio.

Considering thie relatively simple synthesis and purification in general,uke of nonrtraditional

m-Pcsin OSCs offers a promising route toward cheap and efficsefdar energy
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Chapter Five:

Insights into Interfacial Electron and

Hole Extraction Layers 1

This chapter examines efficiency variatiahge to the choice ofnterfacial extraction layexin
vacuumdeposited SMOSCs. This chapter thus serves to address many of the questions
regarding the suitability of the interfacial extraction layer for efficient charge collectitire
combination of exciton blocking properties and the presence of hu#ositioninduced defect
statesare shown to be necessaifpr EELs in SI®SCs|n this regard, both BCP and At@in act
asEELs, but their efficacies relarongly to deposition conditionsThick MoQ HELs alone are
shown to be suitable for inverte vacuumdeposited OSCsprovided the HEL thHioess is
sufficient to preventmetal depositioninduced damage to the photactive layer It is
furthermore shown that thecharacteristics of the MogX¥ilm change with repeat evaporation
runs from the same source material. These variations have strong effe@O&Cswith an
effective halving of the power conversion efficiency after only three Me@aporation runs.
SMOSCs are instead shown to pene to large changes in efficienapd device lifetimeas a
function of the delay time in between deposition of the MO@EL and subsequent phetxtive
materials. The results emphasize subtletiesnierfacial layerdeposition processes thailay
significant rolesin obtaining reproducible and scientifically relevant data.

5.1. Introduction

In Chapter 4it was noted thatOSCs have experienceast improvements in their efficiencies
due to concurrent research in materials synthesis, with the developmentiodreds ophoto-active

organic electronic materiaf$” and in the optimization of the OSC device structuthapter 6

! The majority of the material in this chapter was published in:

G. Williams,H. AziSPIE Organic Photovoltaics Ridceedings2013, p. 88301.
G. Williams,H. AziSPIE OrganiéhotonicsXV Proceeding2014, pp. 91841Q.
, reproduced here with permission.
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elaborates on the optimization of the OSC device structure, providing a more comprehensive
understanding otharge collection with changes to thelk photo-active layers However, lefore
examiningcharge collectiorn varied OSC architecturesis worthwhile togain a better understanding
of the othercriticalcomponents within a modern OSgpecifically the contacts and interfacial extraction
layers placed at the orgar@dectrode interface. To this endEELs and HEhaveproven to play a vital
role in both device efficiency*? and in device lifetimé&® One must ensure that photgenerated
carriers are transported acreghe organieelectrode interfacdo the external circuit.Interfacial
extraction layers are thereforerucial inthe final step in the charge collection proceSsaditional
extraction layers, such as PEDOT:PSS, LiF and BCP, have been shown to eataindaohieving high
efficiency 0S¥ 18181 The baseline performance of both@SCs and SKASCs employing standard
interfacial extraction layers are describedmore detailthroughoutChapter 9 The implementation of
interfacial extraction layers OSCs, hwever, is not straightforwardEELs and HELs also add to device
complexity and, when used without proper foresight, they can even have an opposite (detrimental)
effect on OSC efficiency or lifetim&o this endPEDOT:PSS has been suggestérhve deleterious
effects on stability due to inteelectrode degradatiof:>*°®*®8 and LiFhas been shown to suffer from
light-induced variationsn an organic/LiFhetal configuratiort*®® Furthermore, wide bandgap organic
materials, such as BCP, arbl@to cause excitoinduced degradation at adjacent metal interfacgd,
which may negatively ipact OSC lifetimE? Suchinterfacial layerstability considerationare
addressed irChaptes 8-10, where OSCs are studigdconsideration of changes dtevice performance

andcharge collectiopropertieswith time.

As discussed i@hapter 1 the primary role of most extraction layers is to better align the
electrode work function with the energy\el of the adjacent organic materiathat is, to align the
cathode work function to th& UMOof the acceptor and the anode work function to th®OMOof the

donor. EELs in vacuutdepositedSMOSCs, however, plaglditional roleswhere they aralsousedto
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block excitons from the organriectrode interface, and to prevent damage of the organic film during
top electrode deposition. While there have been a number of studies omtia purposeof the wide
bandgaporganicEEL in vacuusdeposited OSCE ** 293 many questions remain regarding the
gualification of suitable interfacial extraction materialBurther questios remain regardingheir use in
new ornontraditional device structuresuch asSMOSCs built in the inverted configuratiom a

similar vein, Mo@has become aincreasingly important HEL for OS&specially with theadventof the
fullerene-basedSchottky OSC device architectureowdver, there remaimncertaintiesregarding the
reproducibility and quality of Mogfilms, especially whethe film is formedoy vacuum deposition. In
light of these realizations, is beneficiato obtain a more thoragh understanding of new and

alternative interfacial extraction layers as they are discovered and implemented in OSCs.

In thischapter, the finer working points of the EEL and the HEL in both upright and inverted
vacuumdepositedSM-OSCsre elucidated As notedabove theseSM-OSCéraditionallyemploy a wide
bandgap organic EELthe standard OSC configuratioBeveralorganicextraction layer materialare
examinedto determine their role in OSC performaneadfor theirimpacton photo-stabilityand
thermal stability It isdemonstratel that the diffusion of metal into thextraction layeiis a
requirement for conduction, and it is the combination of wide bandgap organic extraction layers and
subsequent metal deposition thgenerates high perfanance SMOSCslt follows thata wide bandgap
organic HEL placed between the anode and the plaatiive materials in a standard upright OSC blocks
both excitons and hole§.e. in the absence of metal depositiimduced defect stateskhnd thus
severelydegradedevice performance. Finally, itdhown that many of the requirements applied to
EELs in standard configuration OSCs can be extended to HELSs in inverted OSCs. However, the HEL
thicknesses required in inverted OSCs are much larger than théigEkiesses used in upright OSCs.

This work establishes fundamental design rules for the HEL arid Eedern OSCs
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As a secondargbjectiveof this chapter, several frequently overlooked facets of OSC fabrication
with avacuumdepositedMoO; HELare examined It isshown that P-OSCs have strong dependence on
the quality of the MoQused for evaporation, and that evaporating multiple times from the same
evaporative source/material can strongly impact efficien@MOSCs do not show this same
dependence, but instead have a dependence on the time between evaporating Malthe
deposition of subsequent organic layers. T delayis further shown to affect the SMSC stability.
The results thus stress that the quality of MAdEL film qualit can altercharge collection properties
within the OSC Such variations could have significant implications for scaling up MBEbased OSCs

for practical commercial applications.

5.2. Results and Discussion

5.2.1. The Role of Electron Extraction Layers

As described ihapter 1 alarge number of EEhaterials have been applied toc®@SCs,
including LiF*? CsCQ,®4, poly(ethylene glycol) (PE&Y TiQ,*® and Zn&®. In contrast, vacuum
depositedSMOSCs usually employl® nm of wide bandgap organic materials, most commaGH>*

%949 BCP has been proposed to satisfy a number of critical roles:

to protect the underlying organic materials from damage during top electrode deposition

- to act as an exciton blocking layer to prevent exciton quenching during device operation

- to prevent metaldiffusion into the G layerand therebyprevent the formation of metal donor
statesthat can cause charge recombinatiand exciton quenching

- to allow for the conduction/collection of electrons through metal deposiinduced defect

states
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Researchersdve since studied a wide number of alternative OSC EEL materials for vdepaosited
devices*- 1% however, these studies have produced mixed results, with varying degrees of success

reportedfor both theefficiency and stabilitpf OSCs with the same EEL.

To better understand the qualification of EELs in@$CsClInPc:6 OSCs employing a MeO
HEL and a variable Effefirst examined with three candidateELs: BCP, AlpndNPB These
materials havébeen shown to have similar electron mobility valli®8!°? Further, as the conduction is
expected to be due to metal depositienduced defect states, slight variations in mobility should have
little effect on the present analysis.h@ materials do, however, vary in their structure, their
intermolecular packing and in their energy levels, which may altefdireation of metal dgposition
induced defect states durirtpp cathode deposition. The energy band diagram for these matennls

the associated OSC device structure used in the present analysis are steigurad-1.

b)

Al (>100nm)

EEL (x nm)

ClInPc:C60 (20nm) @:3)
MoO3(5nm)
ITO

Figure5-1 - a) Energyband diagram for the OS@onor (ClinPc)acceptor (Go) andseveral potential EELmaterials b)
lllustration of a stardard upright ClinPc:£z device s$ructure.

The solar cell output parameters for ClinRg@SCs using BCP, #dqd NPB EELs witmé and
12 nm thicknesses are shown Trable5-1 below. As expected, OSCs withr8 and 12nm of BCP work
well to provide 2% CE The reasonablEFof ~50% suggests that charge accumulation near the cathode
is not significantin spite othe relatively thick EEL. OSCs with amBAlg EEL show similar

performance with 2.2% PCE; however, their performance decreases rapidly to 1.3% PCE as the thickness
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of Algs is increased to 18m. Finally, &m NPB EEL devices show a poor PCE of 0n98eh, decreases

even further to 0.17% PCE atd@. By using 18m NPB instead of 2m BCP, a 70% decrease in FF, a
55% decrease ij.and a 35% decrease \fj. are observed At first glance, this may seem intuitive, as

Algs and BCP are both traditi@helectron transport materials in organic light emitting diodes (OLEDS),
whereas NPB is traditionally used as a hole transport material. However, from the energy band diagram
in Figureb-1a, it is clear that there is a substantial barrier to electron transport for all materials. It

follows that metal depositiofinduced defect states are the most realistic possibility for carrier transport

through the wide bandgafgEL!** %2

Table5-1 - Solarcell output parameters for ITO/MoQ/ClInPc:Gy(1:3)/Cy/EEL/Alsolar cells. EELs thagirovide reasonable
performance areshaded ingrey.

EEL t (nm) Jsc Voc FF Eta
[mA/cm2] [mV] [%0] [%0]
BCP 8 4.1 998 49 2.0
BCP 12 4.0 998 50 2.0
Alg3 8 4.4 1001 49 2.2
Alg3 12 3.7 902 38 1.3
NPB 8 3.7 750 34 0.93
NPB 12 1.8 649 14 0.17

As apointof note,the kP 9 [ RS QPAO0SEa IASYSNIftf& NBIljdZANBR &a2YS
operate efficiently. To this end, gposing these devices to a gentle heat treatment for a brief period of
time (40-50°C for an hourjmproved their PCE by nearly 100% (~1% to over@&).PSince conduction
through the EEL is essentially dictated by metal depositidnced defect state$*%? it is suggested
that the heat treatment allows for better diffusion of Al into the Algyer, which grants conduction
through the otherwise electroiblocking layer. It also follows that the ability of the top electrode metal
to diffuse through EEL is strongly affected by factors such as deposition rate/power and the total time of
depositin. Given that these deposition parameters vary among research groups, this is likely the cause
for the large variations in photovoltaic output parameters observed for the same EELs in OSCs from

different research groups in literature.
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In order to better understand the variations observed for the different EEL materials discussed
above, it is useful to look at the dark IV characteristics, as showigume5-2a. OSCwith 8 nm of BCP
clearly show dioddike behavior with very little leakage current. O8@h 8 nm of Alg; also show
diode-like IV characteristics; however, they also show substantial leakage current in reverse bias,
indicative of shunting perhaps dudo excess diffusion of Al into the phoetxtive layers. OS@sth 8
nm of NPBhave essentially no current flow frorth V to 1V, which implies poor injection/extraction
into/out of the device. As such, NPB clearlysasta blocking layer. For regula®© operation, this
barrier results in higl values large recombination currestand, as a consequencaesducedFF andyJ
values as observed ifable5-1. This blocking effect is also observed with an BEL when its

thickness is increased to 1in, as shown ifrigure5-2.b.

a)0.20- ) 4.0 — 12nm
Alg3 EEL
3.54 - = 8nm !
0.15+ 3.0 5nm '
0.10 2.5 ]
z 10+ g 20] 1
N—r N—r ~ I
= 0.05] - 15
1.0 !
0.00 0.51 !
. T . /
0.0 /
10 -05 00 05 1.0 10 -05 00 05 10
V (V) V (V)

Figure5-2 - Dark IV curves of ITO/MogClInPc: G, (1:3)/Go/EEL/AI devices with a) Bm BCP, Algand NPB EELs, and b) 5
nm, 8nm and 12nm Alg; EELSs.

Based on this analysis, BCP is shown to benibst reliableEEL material of the three examined.
Al is a suitable EEL provided it is made thin enough to allow for metal diffusion, and provided there is
sufficient driving energy to allow for the metaloams to diffuse through the entirety ahe EEL. Finally,
NPB acts as a blocking layer even at a thicknessiaf, &dicating that it is less capable of forming a
conductive pathway One carthus outline the most significant criterion for EELs when amisig
device efficiency: the EEL material and thickness must allow for good penetration of metal atoms for

good conduction; howevegne must avoidnetal diffusion into the active layer. Such a stringent
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requirement on the EEL thickness presents a ugmit challenge to the manufacturing industry, and, as
a consequenceprovides a critically important area mdsearch the study of EEL materials that can be

made thicker without compromising device performance.

Given that Algand BCREEELganyield similar levels of efficiencin ClinPc:§ OSCsand noting
./t Q&8 LINRLISyairide G2 ONRa&aGHt t AMGjtidinfeRestingRodcStNie St & FF
photo- and thermaistability of O€swith 8 nm EELs ddither Algs or BCP To this end, the use of Alqg
instead of B@ has been shown to substantially enhance ambient stability (i.e. with moisture and
oxygen¥®: however, theintrinsicphoto- and thermaistability of OSCs witlBCP versus AJ§Ekis still
unknown. ClinPci§gOSCs with BCP and AlELS were thus exposedXeun intensitylight in a dry N
environment for 400 hours. The PCE values fordhivicesvere tracked duing light exposurere
shown inFigure5-3a. A second set of ClinPg:OSCs with BCP and AltiELs were heated on a hot plate
(60°C) in a dry Nenvironment for 36 hours, and their PCE values are showigime5-3b. FromFigure
5-3a, it is clear that, when kept in a controlled environment with loHZ0 content, the Alg EEL does
not offer any substantial benefits to pho&tability compared to the BCP EEL. Further, fragare5-3b,
the BCP EEL is shown to haireilar thermalstability as the AlgEEL even when the device is heated at
60°C. Note that, ifFigure5-3b, the Alg EEL devices showed an initial improvement in fe€Cieasons
discussed previouslyhe diffusion of Al through the EEL to allow bmtter electron conductiop As
such, on the basis of photand thermaistability, both Algand BCP are suitable candidates for EELs

whenkeptin a dry N environment.
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Figure5-3 - a) PCRalues of ITO/MoQ/ClInPc: G, (1:3)/Go/EEL/Al OSCs with Al@nd BCP EELs over 4@urs oflight
exposure. b) Normalized PGElues of asecondset of the same devices over 3éours ofheat exposure (60°C).

5.2.2. The Role of Hole Extraction Layers

To furtherunderstandcharge collection processes acregde bandgamrganic extraction
layers, the presentanalysids extendedo the HEL. 2;8is(3(carbazol9-yl)phenyl)pyridine (DCzPPy) is
an ambipolar wide bandgap semiconductor, which, similar to BCP at the EEL, may serve to block excitons
at the HE|therebypreventing exciton recombination at the anodeSince the HEL itaped between
the ITO bottom electrode and the organic layers, it has no metal depositduced defect states to aid
with carrier transport/conduction. The use of a DCzPPy HEL thus helps verify the impact and the
importance of the subsequent metal deptien in forming a proper extraction layer. More specifically,
this experiment can help to rule out other mechanisms for conduction, such as tunneling across thin
regions of the extraction layer (e.g. due to roniformity of depasition or film roughness)rhe energy
level diagrams and associated device structure for the DCzPPy HEL devices are Biquwesid.
Note that this device employs a 1:1 donor:acceptdioainstead of the 1:3 ratio used in the previous
analysis.Snce an organic HE& employedn lieu of MoQ, it is not possible to makaese of the
Schottky/bandbending effects that allow for)Venhancement in high acceptor content céifsand so

the better performing cells comprise an active layer withi h donor:acceptomixingratio.
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Figure5-4 - a) Energyband diagramshowing therelative HOMO/LUMO of the DCzPPy HEL todbeor, acceptor and EL. b)
lllustration of the upright devicestructure used to verify theefficacy of DCzPPy as a HEL.

The output parameters for the ClinPgOSCs witla DCzPPy HEL are listedable5-2. The
OSC with no HEL shows very poor performance due to poor alignment of the ITO work function with the
HOMO of ClinPc. This is manifested as a 63% reductignandv/a 44% reduction ilsc compared to
the control device employing arim MoGQ, HEL. As a point of note, thenBh MoQ; HEL control device
(atal:1 donor:acceptor ratio) achieves a PCE of ~1.6%, slightly lower than the ~2% PCE of the Schottky
OSCs examined previought a 1:3donor:acceptor ratio), in agreement with results frabimapter 4and
Chapter 6 The use of a DCzPPy HEL directly on ITO strongly degradgsitite=F, resulting in poorer
overall performance than the device without any HEL. The use of @ MdCzPPy EL also shows
reduced d and FF compared to the MGBIEL control. From #se data,onecan conclude that it is not
sufficient to merely employ an extraction layer that blocks excitons. It is the metal depésitioced
defect states that allow for condttion, and it is the combination of this property with the exciton

blocking property that determines the suitability thie wide bandgap organiextraction layer
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Table5-2 - Solarcell output parametersfor ITO/HEL/ClinPcg1:1)/G/BCP/Al OSCs

HEL Jsc Voc FF Eta

[mA/cm2]  [mV] [%] [%]

No HEL 2.55 321 40 0.33

5nm MoQ 4.57 871 40 1.59

8 nm DCzPPy 0.74 536 5 0.02
5nm MoG;/ 8 nm

DCzPPy 3.40 914 23 0.72

Metal deposition on top of avide bandgaprganicextraction layethas been shown to be
necessary for conduction, so it is natural to extend the present analysis to inverted devices where the
top anode is deposited on the Hihstead of the top cathode being deposited on the ERhyerted
OSCsvere fabricated with the structure: ITO/MQY/ClINPc:G (1:1) (40nm)/HEL/MoQ(5 nm)/Al. The
placement of the organic HEL between the M@#Dcontact and the mixed ClinPgyyeragain
prevents the realizationf fullerene-basedSchottky OSCs, and ad.:1 donor:acceptor ratio is
employed The PCE values for these inverted OSCs with both DczPPy and NPB HELSs at varying
thicknesses are shown Figure5-5a. DCzPPYEL OSCs exhibit very low PCE values at bothahd 12
nm ¢ lower than the control device with no HEL. This is due to DCzPPy acting as a blocking layer, even at
low thicknesses. ThePB HEL devices, howessiye a reasonable PCE of 1.4% witmiiof NPB.

Since these OSCs use both an NPB amaha loQ; HEL this performance is achieved at an effective

HEL thickness of I¥n ¢ more than double that of th&CP EEL thickness in the upright device
configuration. It is also interesting that inverted devices employing an NPB HEL perform reasonably
well, whereas the upright devices with an NPB EEL examined earlier showed rather poor performance
(PCE values always less than 1%). It is feasible that the relatigsy éenegls of the metal depositien
induced defect states within the extraction layer vary from material to material. Such an effect is, as of
yet, poorly understood, and the capacity of any given material to form suitable energy levetafge

transportmerits further investigation.
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Figure5-5 - Powerconversionefficiencies forinverted OSCs withlifferent HELs. Tw&lEL configurationare presented a)
organic/MoO; HEL: ITO/GEQ/ClInPc:G (1:1)/DCzP# or NPBx nm)/MoO; (5 nm)/Al, and b) pure MoO; HEL:
ITO/CsCQ/ClINPc: (G (1:3)/MoOs (x nm)/Al.

ClinPc:g OSCsvithout awide bandgap organic HBhut ratherwith a varying thicknessloG;
HEL were also investigatedThe PCE values for these devieith different MoQ; thicknesses are
shown inFigure5-5b. For these devicethere is direct contact between the Mg\l electrode and the
mixed ClinPcglayer, so a 1:3 donor:acceptor ratio is used. In this marnniralso possible to
determineif Schottky OSCs are possible in an inverted configuration. These devices show poor
efficiency at mm MoG; ¢ the typical MoQ HEL thickness used in upriglgvices. However, the PCE
increasestronglywith increasing Mogthicknessallowing for a final PCE o626 with 25nm MoG. It
is again worth noting that this effective HEL thickness is substantially higher than the EEL thickness in
upright devicest more than three timeshe typical BCP thicknes$-urther, given the high,Mof ~970

mV, it is clear that this inverted configuration also benefits from the Schottky OSC device structure.

One possible reason for the thicker HEGuirementin the invertedarchitecture may relatéo
the alignment othe contact work functiorto the relevant molecular orbital To this end, aluminum has
a work function of 4.1 eV, which is relatively close to the LUMQy@#8.9 eV)butvery far from the
HOMO of ClinPc (%eV) As such, it is absolutely critical to form a complete surface coverage of MoO
on the generally rough organic layers in the inverted architecture to ensure good hole extraction. For

the standard architecture, the EEL must protect the underlyimggueics, but the relative alignment of
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the extraction layeR & Sy S NHebs cfitiGal) < fa thinner layer thickness is feasible (and necessary
to allow for conductiorvia metal depositioainduced defect statgs Furthermorefor the inverted
architecture,MoO; may bemade quite thicksinceMoO; and Al are known to undergo a reaction to

generate a conductive transport layé®

A comparison ofhe standard and converted configuration O$0grovided inTable5-3 below.
The device structures arsummarizedas follows:
- Standard Configuration (x:y donor:acceptor)
0 1:1¢ITO/MoQ (5nm)/ClinPc:6 (1:1) (40nm)/BCP (&im)/Al
0 1:3¢ITO/MoQ (5nm)/ClinPc:6 (1:3) (40nm)/BCP (&im)/Al
- Inverted Configuration (x:y donor:acceptor)
0 1:1¢ITO/CsCQ(<1nm)/ClInPc:gp(1:1) (40nm)/NPB (123m)/MoOs (5 nm)/Al

0 1:3¢ITO/CCQ (<1nm)/ClIinPc:€p (1:3) (40nm)/MoGs (25 nm)/Al

For both donor:acceptor ratios, the inverted configuration devices can achieve similar PCE values as the
upright device configurations, indicating that there is sufficient conduction through the chosen HELSs.
Given their superior @rformance and their simpl&abrication, 25nm MoQ; HELSs are proposexs

optimalfor inverted vacuurmdeposited OSCs.

Table5-3 - Comparison obutput parameters forrepresentativeupright andinverted ClinPc:g§; OSCs adlifferent
donor:acceptorconcentrations

Upright Configuration  Inverted Configuration

Donor:Acceptor 1:1 1:3 11 1:3
Jsc 5.8 6.7 5.3 6.3
Voc 770 920 770 970
FF 39 40 34 42
PCE 1.7 2.5 14 2.6
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5.2.3. Reducing Variability in Vacuum-Deposited MoOs

Extraction Layers

In spite of thér many improvements in efficiency and lifetim@SCs suffer from a high amount
of variability in their performance from device to device. Theredictabilityin the device performance
of OSCs is exacerbated in more advanced device structures, such as those enijiiyBndgEbs
dedicated charge transport layerd1o0; has recently arisen as a strong candidate to reptaeewidely
usedPEDOT:PSS as an Hiaterial. When deposited on IT@ s known to increase the effective work
function allowing for enhanced hole extraction properti€s’® MoO; has further been demonstrated
to have generally positive effects on device stability bygimizing degradation that otherwise occurs at
the organiemetal interface®>*°? However, there still remain many unknowns regarding its use in OSCs
especially regardiniys processing consideratiorand its capacity to make highly reproducible devices
By obtaining a more rigorous understanding of the fabrication of MdéBELs, thenaterialcan be used
with confidence in sufequentcharge transporstudies inChapters Gand7, as well as the extensive

photo-stability studies irChapters8 through 10.

5.2.3.1.Materials System s for MoO3z Quality Studies

In thissection the impact ofvacuumdepositedMoO; HEL film quality is examindar both R
OSCand SMOSG (specificallyP3HT:PCBM and ClinRg@SCsasdiscussedn Chapter 4. TheOSC
material€xorresponding energy levels are providedrigure5-6 below. From literature, when the
MoG; film is depositedn high vacuum, the resulting effectiveork functionof the ITO/MoQ contact
can be as deep as 6.8 EY However, the work function of Mogs also known to decrease when the
MoO; film isexposed to ambient o, environments?°*2°4 By studying bottSM-OS@ andP-OSC#t is
possible taest, from a MoQ quality standpoint, two very differerfabricationscenarios. In the case of

the SMOSCthe organt active layers are deposited on a Mdn that is always kept in high vacuum
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(<5x1C torr basepressure). In the case of the@SC, the active layers are spincoated on a Mi®

that is necessarily exposed .

It should be noted that several resechers have examined solution processable Miiles 20>

298 with the objectiveto easily integrate MO; HELsvith solution-coatedpolymer active layers. In the
present workthe focus is instead placed macuumdepositedMoO; films, which hae been employed
many times successfully in literatufé?2°3 but areless studiedn the role thatfilm qualityplays in

device performancand charge collectianSuch efforts are particularly important because they help

reducepossibleexperimental variabilitghat may be inherenin OSCs that useacuumdepositedMoQs.

Evac

Figure5-6 - Energy levels and contact work functions of the species studied in g@stion

The UWis absorbance spectra of films @f,linPc and P3HT:PCRBIVL)are shown irFigure
5-7. The ClInPcgOSCs are effective atnearw | 6 82 N1LJGA 2y RdzS G2 /fLyt OQa 1
whereas the P3HT:PCBM OSCs are better suited for broad visible light absofstitiscussedn
Chapter 4the use of high &content in the ClinPcigOSCs grants addition@, aggregate absorption
in the visible regime, and enhances overall device performance through Schottky band bending
effects!>2%929 gych band bending effects are heavily dependentonthe Mo®f YQa RSSLI 62 NJ
function, and so this structure serves as an ideal platform to examine the role of @@ty in device

performance
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Figure5-7 - Absorbance spectra of thin films ofg§; ClinPc and P3HT:PCBM (1:1)

As a first point of interest, the effect of Ma@ickness on PCE was investigated in 40 nm
ClinPc:6 (1:3) OSCs. When varying tleO; thickness between 2 nm and 15 nm, the PCE did not
change in any significant manner, with values pinned between 2.33% and 2.40%. In general, however,
when the MoQ thickness is set belowm, sporadicdevice shortingcatastrophic failurepecomes
more common. This is suggested to be due to the inherent roughness of the ITO film, and the lack of
conformal coverage of the ultrtnin MoG; film. When the Mo@thickness is set to be@m or larger,

OSCs are fabricated with high reproducibility and nmédiate failures (neat00% yield).

5.2.3.2.M00s Quality Effects on P3HT:PCBMPolymer

Solar Cells

P3HT:PCBM-BSCs were fabricated on ITO/Mgsontacts following the standard procedure
detailed inChapter 3(devices were pr@annealed and used an LiF EETheresulting OSCs achieve an
average PCE of 2.2%, with a FF of 66%0t613 mA/cniand a V. of 0.52 V. In contrast to standard
fabricationmethodologies, where Mo£ls replaced between fabricatiomns, a second set of
P3HT:PCBM-BSCs were then fabated using the same Maource. It is worth noting that, since the
evaporation chamber is equipped with a load lock for sample transfer, the;Medporation source

was kept at high vacuum (<5xirr) at all times. This process was repeated a sedione, allowing
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for the fabrication of 3 identical sets of devices, but with different MqQality: fresh (depositio#1),
M E Wdza SBitanl RS Iy R 1 dsitbdz8)S Rha PEERASA BF values for these devices are

shown inFigure5-8.
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Figure5-8 - PCE, Jand FF values for P3HT:PCBMDBCs fabricated with the same Mg®ource material.

FromFigure5-8, each successive deposition from the same Meddirce material decreases the
PCE of the otherwise identicalSCs. By the third deposition from the sav@0; source, the PCE is
1.0%, less than half of the PCE of the #&SC fabricated with fresh Mg@OThis is due to the decrease
in J.from 6.3 mA/crito 3.8 mA/cni, and the decrease in FF from 66% to 54%. Interestingly ottierV
these devices didot change with the quality of Moremaining at ~0.%. The unchanged,Ms not
wholly obvious; since the MOQHEL is employed primarily to obtain a deeper effective work function, it
would be expected that any deterioration of the HEL would stroafflct the \.. More specifically, as
noted inChapter 1 the \j.is dependent on proper alignment of the anode and the donor HOMO, and
changes in the work function of the HEL due to varying MmOrce material quality could impact this
alignment. HoweS8 NE & +y FFRRSyYyRdzy (2 (GKA&a adlFldSySydaszx a f
is deeper than the HOMO of the donor, thg, $hould be pinned due to the formation of the integer
charge transfer state at the organic/anode interfd@8. From literature, when briefly exposing the
MoG; film to ambient conditions, the effective work function of ITO/Mafan decrease to 5.2dv/ "1

which is still within reasonably good alignment with the P3HT HOMO. As such, unless the work function

73



shifts considerably, which is not expected to occur with the brief exposureg totNe present work, the

V,cis expected to remainanstant, as is observed presently.

To better understand the variation ig,JFF and PCE with MgBEL quality, it is worthwhile to
examineliterature on solutionprocessed Moglayers, as these studies are largely concerned with MoO
film quality. To this end, Tremolet de Villers et al. encountered a sinimdl FF dependence on MO
quality when preparing solutieprocessed Mo@contact layerd?®® The researchers found that the
quality of the MoQHEL can affect the vertical phase distribution of P3HT and PCBM. To this end, MoO
films with lower oxygen content due to higher annealing temperaturesawound to result in the
preferential accumulation of PCBM near the anode of the device. A similar effect is suggested to occur
in the present work, especially given that the Maurce material loses oxygen content during vacuum
thermal evaporation.This welknown oxygen loss phenomené!f was confirmed in the preserstudy
by monitoring material outgassing during the Mggource heating, and also by noting the color change
from light gray to dark gray of the M@®ource powder.In the ensuing>-OSC, the high concentration
of PCBM near the anode acts as a barrier to charge transport, leads to charge recombination losses, and
degrades thegd FF and PCE. The data thus suggest that history of the MoO3 source material can

influenceP-OSC morphology and, as a consequeatter ROSC photovoltaic output parameters.

5.2.3.3.M003 Quality Effects on ClInPc:Cso Small

Molecule Organic Solar Cells

Given thestrong dependence d?-OSCs on Moource quality, the performance of ClinRg:C
SMOSG deposited sequentially from the same Mggdurce materialvas also investigatedThe results
are shown irFigure5-9 below. TheSMOSG show very small changes in performance when using the
same MoQevaporation source. In fact, the.is shown to improve very slightly with the-dged MoQ

source. The relatively constant pemnance is reasonably straightforward to understand. Since the
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ClinPc:g active layer is deposited by vacuum thermal evaporation (and not by spincoating), there is
little possibility for rearrangement of thes&and ClinPc moleculegthe substrate is kept cool, so the
molecules stick to the MofHEL and remain relativedyationary. In contrast, when-®SCs are
spincoated onto an ITO/Maofeontact, the residual solvent and subsequent thermal annealing
treatmentallow for vertical phase separation and the observed trends descpbedously Therefore,

it is found that the method of eévice fabricatio{vacuum thermatlepositionversus spincoating) can
have a significant role in the int@ompatibility of layersvithin the OSC: an HEL that is ideal f&\

OSGnay feasibly result in poor device pe@mrmance when implemented in a®SC.

g 60
N
L6 45
= <:I ‘ --PCE
O
% 4 30 JSC
S¥. . . 15 “=FF
S
O 0 ‘ ‘ 0

1 2 3 4

deposition # (same MoO3)

Figure5-9 - PCE,¢Jand FF values for ClinPgg&GM-OSG fabricated with thesame MoQ source material

While the performance of th&€M-OSGnay not be dependent on the quality of the source MoO
material, it is worthwhile to further examine how Mg@eposition methodologies may impact device
performance. Of particular note, it is interesting to know the effect of delaying deposition of the organic
layers after deposition of the MoHEL. It is also interesting to see the effect (if any) of exptising
MoO; source material to air/fambient in between depositioriur different fabrication methods of the
MoG; layer, while studying the same ClinRg#ttive layer were therefore devised Note that the
different methods were all implemented on thersa substrate, so the ClinPg@yer is identical (40
nm, 1:3 donor:acceptor) across the four method$e corresponding photovoltaic output parameters

for these devices are shown Trable5-4 below.

- Method A: Fresh Mowith t=17 hours delay between deposition of Moghd ClinPc
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- aSiK2R .Y ,WBMWsnirc® R&@eria &posed to air, with t=12.5 hours delay
- aSiK2R /Y 3HMMBOVsnic® R&@erial &posed to air twice, with t=2.5 hours delay

- Method D: Fresh MoQwith t=0 hours delay

Table5-4 - Photovoltaic output parameters for ClInPggDSCs with varying MofHEL deposition conditions

Jsc Voc FF PCE

[mA/cn?]  [mV] [%] [%]
A 4.6 780 45 1.6
B 4.7 880 46 1.9
C 4.8 930 47 2.1
D 4.8 940 47 2.1

In agreement with-igure5-9 and the discussion above, the quality of the M@durce material
has very little impact on th8 M-OShotovoltaic parameters, even if the Mg®ource is exposed to
air/fambient in between dposition cycles. To this enidljs observedi K| (i ( KS y(E@edmi@RQ a2 h
has roughly the same PCE as the fresh Mo@ethod D, with only a small difference ig.V
Furthermore, both methods A and D use fresh Moget they have drastically diffent PCE values. This
difference in performance can instead be attributed to the delay between deposition of thes MBO
and the subsequent deposition of the organic active materials (i.e. ClkgPcI®© visualize this

phenomenon better, the PCE angl. Versus this time delay are shownkigure5-10 below.

4 = 1000
<3 H\.\i 750 ~
S £ ——PCE
L < ~
v 2 to —+— 500 S =-Vo
1 250 =
0 ‘ 0
0 10

Delay (hours)

Figure5-10- PCE and )/ valuesof ClinPc:g OSCs versus time delay after deposition of MpO

FromFigure5-10, as the timedelaybetween deposition of Mo@and subsequent organic layers

increasesthe performance of th&M-OSQlecreases This is shown to be largely due to a reduction in
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Voo, @lthough the Jis also affected for very lordglays This decrease in performancehsrefore
different than that observed for the-DSCslescribed preiusly. Specifically, the-BSCs showed a
strong reduction ingdand FF due to the quality of the Mg@8ource material and ultimately due to the
active layer morphology. For tf8MOSG, since the reduction in PCHAigure5-10is largely due to a
decrease in ¥, the observed variations are not expected to be due to changes in the Cljdatic
layer. Given the sensitivity of the fullerebasedSchottky device architecture to the very deep work
function of the anodé*> " the reduction in \.is insteadsuggested to be dum a reduction in the
MoOswork function. To this end, even though the ITO/Mdiln is kept in higlvacuum (<5x18torr),
the effective work function of the anode decreases over time. This decrease in work function occurs in a
manner analogous tthe decreas@bservedwith MoO; air exposuré?®* 24 put to a lesser extendue

to the low pressure environmentThe deterioration ofhe MoO; HEL compromises the Schottky band

bendingeffects in the devicand results in awverall reduction in Y. by ~160mV.

To further understand the implications of delaying deposition of the organic layers after
deposition of the MO@HEL, the photetability ofthese SMOSGwas also studied The ClinPciESM
OSG fabricated using MofHELs by methods A through D were exposedsariintensity white light in
an inert N environment over 264 hours. The photovoltaic output parameters over this period,
normalized to their initial values, are shownHigure5-11. ForSMOSG where there was no delay (0
hrs), the PCE decreased by 10%, whereas devices with the longest delay ékhibigd a reduction in
PCE by 30% over the same period. Most cliyicdevices with only a 2.5 hour delay, which showed
comparable initial performance to the raelay devicesTable5-4), showed a 20% redtion in PCE over
the 264 haurs of light exposure. In all cases, the majority of the reduction in PCE can be attributed to a
loss in .. In order to minimize these effects, and other similar effects that may be present (e.g. at the
EEL, especially in inverted architectures), GB@sld be fabricated with minimal delay between

deposition of layers. This is especially pertinent as OSC structures increase in complexity, and more
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auxiliarylayers are added to OSCs to enhance performance and stalistguch, for the the work
descibed in this thesis, fresh Ma@ource material is always used athere is minimal delapetween

deposition of the various layers of the OSC.
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Figure5-11- Normalized photovoltaiomutput parameters of ClinPcggSM-OSG during lightstress experiments. Legend
denotes time delay between deposition of Mo{and subsequent layers.

5.3. Conclusions

In this chapter, acuumdepositedSM-OSCsvere studiedto better understand charge transport
acrosdnterfacial layers The results helped to identify the criteria for efficient extraction layers, and
furthermore identified several experimental considerations to obtain reproducible and scientifically

relevant OSC performance data. The major conahgsitsawn from this work are detailed below:

1 BCP and Algreboth suitable EEL candidates, with similar levels of efficiency and stability, while
the use of NPB generally results in lower PCE valllescombination of exciton blocking properties

and the presence of metal depositidnduced defect statemake a suitablSMOSCEEL candidate.
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1 The use of éhickwide bandgamrganicHEL in an upright OS@ates a blocking contact and
severely deteriortes device performance. Inverted device structures, which have the HEL
deposited immediately prior to the top metal anode, can employ a wide bandgami@r¢iELin
combination with avioG; layer) or, alternatively athick MoQ HEL alone The HEL in amverted
device must be substantially thicker than the EEL used in an upright device.

1 Re-using MoQ source material can have implications in the quality of the M@, which strongly
altersP-OSC device performanc@elays between deposition of Ma@nd subsequent organic
materials degrade both the efficiencies and lifetimeSMOSG.

9 To minimize concerns regarding the quality of the Mditn, new MoQ source materiashould be
usedfor every deposition, anthe time spent between deposition of th®loO; layer and
subsequent organic layestiould beminimized As will be discussed @hapter 8and Chapter 9 by
employing tlese standards irMoO; HEL depositiorMoO; HELs can allow for highly stable and

efficient OSCs while minimizing concerns regaydiavice reliability and reproducibility.
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Chapter Six:

Interplay between Efficiency and
Device Architecture for Small Molecule

Organic Solar Cells?

This chapter presenta systematic study on OSC device architectuhes providing a basef
knowledge on the role ahe photo-active layer composition on OSC performanée. such, this
chapter helps to identify limiting factors in charge collection in modern OSCs, and discusses how
charge accumulation and recombination effects can be understoderms of device structure.

Fve different SM-OSC structureare investigatedincluding the simplé€HJand BHJas well as
several planamixed structures. The different OSC structures are studied over a wide range of
donor:acceptor mixing concentrains. Transient photocurrent decay measuremeats used

to provide crucial information regarding the interplay between charge swamépand charge
recombination, and ultimately hint toward space charge effaat planarmixed structures. The
results shav that the BHJ/acceptor architecturejth a BHJ layer with highsdaicceptor content,
generates OSCs with the highest performance by balancing charge generation with charge
collection. The performance of other device architectures is largely limitecbleytransport,

with associated hole accumulation and space charge effects.

6.1. Introduction

In Chapter 5 the role of interfacial layers on the performance of O&&s examinegdand it was
shownthat theyplay a critical role in chargmllection and ultimatelyinthe { / Q& LIK2G2 @2t G A O

parameters To better understandpotential limitations incharge collection processés OSCsone must

! The majority of the material in this chapter was published in:
G. Williams, S. Sutty,H. Azthysical Chemistry Chemical Phy£i044,16, 11398.
, reproduced here with permsionof the PCCP Owner Societies
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naturallyalsostudy the role of thgphoto-activeorganic layersn device performanceesecially in
consideration of how the donor and acceptor layers are miedot mixed)and positioned relative to

each other.VacuumdepositedSM-OSCs are @farticularinterestin this regardas this device

fabrication methodology lends itself to multyer devices with precise control over both layer
thicknesses an8HJayer compositiorg a significantly more difficult feat with solution processing.
Understanding the physics of the var®device architectures can provide insights into factors governing
charge transport, charge extraction and stability in OSCs, with consequences that apply to both vacuum
deposition and solution processing fabrication methodologies. For exampl®NHdJwas initially
developed using vacuum deposition methods, and was shown to allow for efficient charge generation
andcharge collectiof?*? More recently,an approximation ofhis device structure has been realized

with solution processing to allow for 75% FF O%&sA more comprehensive understanding of the role

of device architecture in device performance is thus invaluable for achieving high performatse @
follows that a systematic study on device architecture as it relates to OSC performance also allows for
simpler cross comparisons within the wealth of different device structures studied in literature. To this
end, such a study can isolate theasons that a particular device architecture may be best suited for a

particular donor:acceptor materials system.

Inthis chapter SMOSCs witlvarying device architecturemre examinedwith active regions
comprising: a PHJ, a BHJ, a BHJ/acceptlomar/BHJ and a donor/BHJ/acceptor. Within this subset of
device architectures, a constant total device thicknsgwaintainedvhile the acceptor () contentis
variedfrom 25% to 87.5%. The inclusion of devices with highddtent allows for reseah on the
Schottky OSC, an emerging device architeatliseussed itChapters land4 above known for its high
efficienciesand high . values*? 72109209 The (ifferent devices are tested for their photovoltaic
output parameters, their EQE spectra and their transient photoraspdo provide a complete picture

of the operation and the inherent limitations of the various device architectures. Transient
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photocurrent decay measurements, known from literature to be a powerful technique for investigating
charge transport as well @harge trapping effect$ 2*#'7 help toclarifycharge sweep-out and
charge recombinatioeffectsin the different structures These measurements further elucidate the role

of space charge effects ragular device operatian

The resultof this workdemonstratethat potential improvementsn performance with device
architectureare strongly associated with minimizing charge trapping tredassociated charge
recombination. To this end, the donor/BHJ/acceptor device architecture is shown to reduce charge
recombination effects compared tosimple BHJ with equivalent thickness; however, the limited charge
transport properties of the constituent materials result in space charge effects that ultimately degrade
device performance. The results thus lend credence to the heavily doped orgamicdayployed in p
i-n OSCE>%*213 Basic Schottky OSCs are shown to offer a fast transient response and are thus less
prone to space charge effects, but are ultimately limited by the poor charge transport properties and
as®ciated charge recombination within the thick mixed donor:acceptor layer. It follows that, due to
limited donor hole mobility and the absence of doped organic layers, the highest performing OSCs
employ a Schottky architecture OSC with an additional nggdCeptor layer. This architecture
optimizes the tradeoff between charge generation and charge collection. The comprehensive set of
devices and the associated characterization techniques employed in this work are shown to allow for
judicious determingon of the device architecture required to achieve high efficiency OSCs with optimal

charge collection characteristics.

6.2. Results and Discussion

In the present study, ClGaPc ang&e incorporated into various device architectures, as
detailed inFigure6-1, while maintaining a total device thickness ofrl. Asdiscussedn Chapter 4

ClGaPc has very simifaoperties compared to ClinPc, wisimilar absoption spectraand withsimilar
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device performancén basic BHJ OSCHe device thicknessf 40 nmis specifically chosen to provide
reasonable efficienciesthicker devices generally suffer from poor&tues, while thinner devices

suffer from poorJvalues In all devices, artm MoQ HELand an & m BCP EEL are used.

A PHJ B BHJ C BHJlacceptor

Aluminum - 100 nm Aluminum - 100 nm Aluminum - 100 nm

BCP -8 nm BCP_8nm BCP _&nm

C60 -y nm CIGaPc:C60 - 40 nm £60-20nm
ClGaPc - x nm ) CIGaPc:C60 - 20 nm
ITO w/ 5 nm MoO3 ITO wi 5 nm MoO3 ITO wi 5 nm Mo03

Glass Glass Glass
D 4onor/BHI E donor/BHJ/acceptor

Aluminum - 100 nm
Aluminum - 100 nm

BCP - & nm
BCP - & nm C60 - 20 nm
ClGaPc:C60 - 30 nm CIGaPcC60-10 nm
CiGaPc - 10 nm CiGaPc - 10 nm
ITO wi 5 nm MoO3 ITO wi 5 nm MoO3
Glass Glass

Figure6-1 - lllustration of OSC Device Architectures, including: a) PHJ, b) BHJ. c) BHJ with a neat acceptor layer, d) BHJ with a
neat donor layer and e) BHJ with both a neat donor and a neat acceptor layer
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donor/BHJ (d/BHJ) and donor/BHJ/acceptor (d/BHJ/a, also known as a flllPdévicarchitectures
respectively. In the case of the PHJ, the thicknesses of the donor and acceptor layers are varied in order
to vary the accepto(Gs) content within the device. In devices B through E, only the mixing

concentration within the BHJ layeniaried. Asoted inChapter 4and discussed further belqgvior the

cases where highggcontent is used and the mixed BHJ layer is in direct contact with the ITQ/MoO

anode, a Schottky contact is formed. In effect, the structures presenteijime6-1 represent the full

spread of viable device architectures available with the constituent materials, and thus provide a full
picture of charge transport atrielates to OSC efficiency. The energy level diagram for the various
species employed in the OSCs in tiapteras well as the absorption spectra for both ClGaPc and C

are provided irFigure6-2.
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Figure6-2 - i. Energy level diagram for ClGaPg{©SCs ii. Absorption spectra of 50 nm films ogg&and ClGaPc.

The photovoltaic output parameters for devicestdough E as a function oggtontent are
shownin Figure6-3 (current densityvoltage(JVj characteristics are provided the Supplemental

Information (Appendix1.2)).
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Figure6-3 - Photovoltaic output parameters of CIGaPgf@SCs with varying device architectures and varying acceptgy) (C
content. Devices A through E correspond to the PHJ, BHJ, BHJ/acceptu/BHJ and donor/BHJ/acceptor device
architectures respectively.

From panel i in the figure, it is clear that the BHJ and BHJ/acceptor device architectures (structures B
and C respectively) offer the highest efficienai¢le latter demonstrating 2.9%®E at 87.5%¢6

content. The worst performing devices are those that employ a donor/BHJ device architecture
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(structure D), with PCE values substantially lower than the BHJ/acceptor architecture for the same
mixing concentrations. The donor/BHJ/acceptevide architecture (structure E) grants slightly

improved efficiencies compared to that of equivalent PHJ devices (structure A). However, the
donor/BHJ/acceptor structure drops in efficiency at highgroGntent, so it cannot compete with

devices B and for BHJ layers with 75% to 87.5% ntent. In general, all devices show improvement

in PCE when they have morg €ontent than ClGaPc donor conteimt agreement with results from

Chapter 4 To better understand these trends in efficiency, it isassary to examine the photovoltaic

output parameters @, FF and ) in greater déil and in combination with EQE measurements as well

as transient photoresponse measurements. To accomplish this task in a meaningful manner, the device

architectures are compared incrementally in terms of their structural complexity.

6.2.1. Bulk Heterojunction ver sus Planar

Heterojunction Structures

To begin the analysia,comparison of the most straightforward device architectures, the PHJ
and BHJ (structures A and B respectively fRigure6-1), is provided This follows naturally from the
historical development of OSCs in literature, which evolved from the simple bilayer heterojunction
(PHJ}? to the BHJ**?*! Such comparisons have also recently been made from a theoretical
standpoint to better understand photocurrent generati®? This basic comparison serves as an ideal
starting point to allowfor later analyss ofthe more complicated device architectures (structures C
through E) in light bthe chosen suite of characterization techniques. For the PHJ sfleoent is
varied by changing thimdividual donor and acceptdayer thicknesses while maintaining a summative
active layer thickness of 40 nm. In contrast, the BHJ comprisey anixééd 40 nm active layer with

varied donofto-acceptor content.
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The PHJ device (structure A) shows moderate PCE values, varying from 0.7% to 1.6% with higher
performance for thicker glayers (thinner ClGaPc layers). Improvements in PCE with a tGigkayer
are largely due to the improvements in FF with increasigd@tent, as shown ifigure6-3-iv. This
enhanced FF is associated with a decrea$®, ias is visible frorkigure6-3-vi. The stét decrease iR,
and increase ifrFwith a thicker G layer is indicative of improved charge transport propertiesgf C
compared to ClGaPc. It is worth noting that optimal PHJ configurations that employ relativelyghick C
layers in bilayer heterojunizin devices have been used for numerous other small molecule donor
species in literature, so the comparatively poor mobility of ClIGaPc is not believed unique to this specific
donor*™*2%.224 | fact, the relatively poor hole mobility of CuPc, a close relative of CIGaPc, compared
to Gy is also well established in literature, and is even more strongly evident adesidering

hole/electron mobilities in mixed layef$?

Interestingly, the jlis also shown to improve with increasing @yer thickness and decreasing
ClGaPc layer thickness. This is counterintuitive, as ClGaPc¢ absorbs much more strongly in the visible
wavdengths compared tods Therefore, it would seem that decreasing the ClGaPc content should
decrease the amount of photocurrent generated within the OSC. In order to understand this effect, it is
useful to examine the EQE spectra, as showsignre6-4-i. It is clear that the photocurrent
contributions from ClGaPc quickly reach their maximum levels even at the smallest CIGaPc thickness (10
nm ClGaPc / 30 nmydl; suggesting that the ClGaPc exciton diffusion length is the most critical limitation
for this device architecture (i.e. excitons generated greater than 10 nm from the heterojunction do not
yield photocurrent). Furthermore, the increase ipwith increasng Go layer thickness is found to be
largely due to the strong increase in EQE at 450 nm, wirdpreviously shown to be due to,C
aggregate absorptioH? It follows that increasing the thickness of thg f@yer increases the number of
Geo aggregates, and hence also increatbesr contributions to photocurrent. An additional contributor

to photocurrent with increasinggglayer thickness (decreasing ClGaPc thickness) is the bro@ése in
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EQE from 530 nm to @2am. While this appears as a hypsochromatic shift of therrb@IGaPc
absorption, the improved EQE in this region is due teaiadl absorption from low energys§Frenkel

excitons!*®2?23 as shown and discussed further in the Supplememf@rmation (Appendix 1.2.
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Figure6-4 - EQEspectra ofthe i) ClGaPc/g PHJ and ii) ClIGaPg®HJOSCs with different layer thicknesses (PHJ) agg C
content (BHJ).

It is now interesting to compare thieHJ device architectufstructure A)to those devices that
use a 40 nm BHJ (structure B), beginning with their photovoltaic output parameteiguire6-3. While
the PHJ reaches its maximum PCE at 1.6% with 62,5%n@nt, the BHJ reaches a substantially higher
PCE of 2.4% at 75% €ontent. The most significant improvement in the transition from the PHJ to the
BHJ structure is the increase ig dwed to theimproved exciton collection efficiency from the
interpenetrating donor:acceptor network. Interms of EQE, showkigare6-4-ii, it is clear that the BHJ
shows muchmproved photocurrent contributions from both ClGaPc aggla€nearly all mixing
concentrations. As the BHJ is varied from Cl@@BRdo Ggrich, there is a clear tradeff between
photocurrent from ClGaPc in the red/nelR wavelengths and fromsdaggregates at 450 nm. It is more
difficult to form Gy aggregates with high ClGaPc content, and so the 450 nm absorption disappears with

only 25% € content. Furthermore, thegdis optimized at 75%ggcontent, which balances the ClGaPc

87



and G photocurrent contributions optimally. The transition from the PHJ to the BHJ structure offers an
additional benefit to the ¥, as shown ifrigure6-3-iii. For thePHJ, the y remains at ~770nV

regardless of £ content; however, for the BHJ, the N6 observed to increase with increasing C

content to a maximum value of 1020V at 87.5% &content. This enhancement in\bccurs as a
consequence of théschotky junction formed between the BHJ layer and the high work function
ITO/MoQ anode established ilChapter land Chapter 4 which occurs when the BHJ layer contains a
high concentration of &*?™ 7@ The PHJ, using a neat donor layer adjacent to the anodeptann
possibly benefit from this Schty interface. Consequently, the PHWlis dictated by the HOMg o
LUMQcceporOffset (minusenergy losss noted inChapter land Chapter 4, whereas thdullerene-based
Schottky V. is set by bandbending at the orgnic/anode interface; essentially by the ggenergy levels
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While the transition from the PHJ to the BHJ device architecture enhances, tih@l3o
degrades the FF due to the poor charge transport properties of the mixed organic layers compared to
neat organic layer§>***®4 FromFigure6-3-iv, the BHJ shows a ~40% FF compared to the ~60% FF for
the PHJ when both OSCs have 75%6d@htent. This loss in FF is primarily manifested as a IByer
suggesting that the BHJ is generally more prone to charge recombination. To better understand these
charge recombination effects, it is useful to emplmnsient photoresponse measurement techniques.
To this end, the OSCs are excited with a pulse of light from an LED, and the photocurrent decay is
measured immediately after the light pulse. Single exponential fits are used to characterize the
photocurrent decay, as per equatio®.q) below, to calculate the relevant fall time constantin
equation 6.1), | is the current measured at time t, following the end of the light pulse, aB8d&are

fitting parameters.

0 6 A@bsoh 6 prt (6.1)
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The specific details of the transient photoresponse measurement technique are described in the
experimental section; however, some crucial notes for analysing these data are discussed presently.
When considering transient photocurrent decay, thare two major pathways that significantly alter
sweepout of free carriers and charge recombination. Faster swagof charge carriers is generally
beneficial, and helps to prevent charge trapping and space charge effects. Increased recombination,
however, also serves to reduce the fall time, and is a harmful effect that can lowEFtre degrade
the OSC performance. It is thus emphasized that faster devices do not always correspond to more
efficient devices, and so it is necessary to examieegthnsient photocurrent measurements in the
context of their device architectures and all of their photovoltaic output parameters. To this end, the
presented transient photocurrent measurements do not individually provide concrete information
regarding ecombination, but they can allow for a much more robust understanding of carrier dynamics,
especially when examined with the Fg, Rand EQE. This is in contrast to transient photovoltage
techniques, which can be used as a more direct probe of charge recombiffatithif?® but at open
circuit conditions that may alter carrier dynamics compared to regular operation (e.g. by suppressing

field-assisted ddrapping of charges).

The etractedt values as a function of thegd&ontent within the OSC for both the PHJ (structure
A) and the BHJ (structure B) are showfigure6-5. In both cases, it is clear that thealues decrease
with increasing g content (i.e. GNKA OK RS@GAOSa | NB WFIFAG§SNDO P C2NJ (K
transient can be explained siyp G, exhibits superior electron transport properties compared to the
hole transport properties of ClGaPc. This conclusion corresponds well to the previous analysis of the
OSC photovoltaic output parameters, which showed an increase in FF and deciiRasih increasing
Geocontent. The reduce® results in a smaller voltage drop over the active layers of the device, and so
the sweepout of free carriers is expected to be more effective. With a faster sveegf free carriers,

the transient phobcurrent decay time decreases, as is observedeigure6-5.
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Figure6-5 - Single exponential fit values for transient photocurrent decay (falling current) after illumination with a white
LED pulset values are plotted vs. §&content for ClIGaPc/gy PHJ (A) an€lGaPc/g; BHJ (B) OSCs.

Thet values for the BHJ OSC are found to change more stroithlyarying G content
compared to the PHJ OSC. With lggaBntent (25% &), the BHJ OSCs are slower than the PHIQSCs
21 ns versus 18s for the two structures respectively. This igibuted to the generally poor carrier
mobilities in the ClGaRich BHJ layer as compared to the neat layer counterparts. With igh C
content, the BHJ is faster than the RHfie BHJ has tavalue of 1018 at its highest & concentration.
The ultimately faster transient photoresponse of the BHJ is attributeahtmmcrease in charge trapping
and recombination within the device. Such stipulationssangported by the generally lo®Fvalues of
the BHJ OSCs compared to the PHJ OSCs. Charge trapping and recombination effects are likely prevalent
in Gorich ClGaPc:&gBHJs, where poor hole mobility coupled with incomplete percolation of donor
material (i.e. islands of donor) make it difficult for holes to reach the anode. Hence, hole transport in
Gso-rich OSCs would be problematic for holes formed far (\y0tam away) from the anode. In light of
these findings, the increased rates of recombination (due to trapped holes deep within the BHJ layer)
are suggested to be responsible for therigX values in 87.5%¢BHJ OSCs. The enhanced swadp
which al® occurs as a consequence of highgraBntent (and potentially due to Schottky band bending
effects), may also play a role in reducing the transient fall times. These stipulations are revisited and
bolstered in the subsequent section, where neat donod @acceptor layers bordering the BHJ layers are

considered for their effect on transient photocurrent.
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6.2.2. Planar -Mixed versus Bulk Heterojunction

Structures

6.2.2.1.BHJ/Acceptor Structures

It is now interesting to consider theerformance of OSCs that employ the Bledice
architecture (structure B) relative to the OSCs that employ a BHJ in combination with a neat donor
and/or a neat acceptor layeF{gure6-1, structures C throgh E for the BHJ/acceptor, donor/BHJ and
donor/BHJ/acceptor respectively), starting with the BHJ/acceptor structure. The BHJ/acceptor structure
is particularly interesting given its very high perf@amese in literature, with recentetraphenyldibenze
periflanthene (DB):G¢/C;, OSCs granting 8.1% PCE single cell efficiéfftidn.the present work, the
BHJ/acceptor structure employs a 20 nm ClGapBidJ adjacent to a 20 nm nea} @yer, as compared
to the 40 nm simple BHJ discussed in the previous section. As shdviguire6-3-i, both the BHJ and
the BHJ/acceptor structures offer similar PCE values when the BHJ lag&9has 75% g content.
Within this range, the BHJ/acceptor structure generally has PCE values ~0.2 to 0.3% higher than the BHJ
structure. The BHJ/acceptor structure is further the only device architecture that improves in PCE from
75% to 87.5%dgcontent. At 87.5% &, the BHJ/acceptor structure obtains the highest PCE values for

this study at 2.9%.

Following the same approach as in the previous section, these tamedsxpoundedy first
examining the individual photovoltaic output parameters inajes detail. FronfFigure6-3-iii, both the
BHJ and the BHJ/acceptor structures share nearly identjcahNMes for all donor:acceptor ratios,
increasing strongly with increasing,Concentration. This follows naturally, as both device structures
include a Mo@ClGaPc:§interface, with their \; values dictated by the Schottky band bending effects

descrbed earlier. Fronfrigure6-3-ii, the J.values are also similar among the two device structures,
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with the BHJ having slightly betteralues compared to the BHafeeptor structure for BHJ layers with
higher G, content. In terms of EQE, shownFigure6-6-i versusFigure6-6-ii, this can be understood
from the small increase in ClIGaPc photocurrent contributions and a larger increagagyi@gate

photocurrent contributions.
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Figure6-6 - EQE spectra of the BHJ (B), BHJ/acceptor (C), donor/BHJ (D) and donor/BHJ/acceptor (E) 6lO8Rs @ith
varying G content.

The improvement in ggaggregate photocurrent with the simple BHJ is particularly interestibhgvas
initially expected tlat the (overall)higher G, content in the BHJ/acceptor structure, due to the presence
of the neat Gy layer, would result in higher photocurrent contributions frog.Cinstead, it is observed
that intermolecular & (aggregate) excitons are more effiotly separated into free carriers when the

Gso aggregates are mixed with the donor, rather than being present in a pure layer and adjacent to a

donor/mixedlayer. Ths stipulation is supported hyast work, which showed that a small concentration
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of a suiable donor is required for harvesting photocurrent from thg &ygregate$’? thus implying that
photocurrent generation from §aggregates is strongly reliant on the presence of a donor species.
Interestingly, when the BHJ layer instead has very lgwdhtent, the BHJ/acceptor structure shows
higher J.values compared to the BHJ structure. This variation can also be explained from the EQE in
Figure6-6. For stucture B, it is observed thagfaggregates cannot be formed in the BHJ layer at 25%
Geo (due the very low g content) and so the photocurrent contributions at 450 nm are suppressed.
However, in structure C, the neag@ayer, which is not present inrsicture B, still consists of;&
aggregates. It follows that this addegh @yer allows for meagresgaggregate photocurrent

contributions, as is evident from the EQE near 450 nm for 2®%Cs (augmeingthe 1).

Since the ).is nearly identical for both the BHJ and BHJ/acceptor structures, and the changes in
J.between the structures are not significant, the main source of differences in PCE between these two
device architectures is due to the FF. The BHJ/acceptor struethibits strongly improved FF values
compared to the BHJ, as showrFigure6-3-iv. Furthermore, while the BHJ structure shows relatively
constant FF values with variations in BHJ laygcdhtent, the BHJ/acceptor structushiowsstrong
improvements toFF with increaag Gso content. This difference in FF can be readily explained in terms
of the high electron mobility in neatsgcompared to the poagr electron mobility inrmixed (BHJ layers.
Replacing 20 nm of ClGaRgWith G, serves to reduce th& and enhancehe FF. This trend iR is
also visible frontigure6-3-vi for devices with highggcontent. A second consequence of the
BHJ/acceptor structure is that the BHJ layer is only present in close proximity to the anode since a neat
Geo layer replaces the region near the cathode. In the previous section, it was stipulated that isolation
andsubsequent accumulation of holes within the BHJ layer, especially in regions far from the hole
collecting electrode, can causecombination effects. As such, it is logical that removing the BHJ layer

from this region of the device substantially improvwke FFE This fact is further supported by the
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increase iRy, for the BHJ/acceptor structure compared to the BHJ structure, especially for BHJ layers

with high G content, as shown ifrigure6-3-v.

To further verify and explain the improvement in FFaml R, in the BHJ/acceptor structure
compared to the BHJ structure, transient photocurrent decay measurenagatemployed extending
the analysis from the previ@usection. The single exponentialalues from transient photocurrent
decay experiments for the BHJ and the BHJ/acceptor device are sh&iguie6-7, alongside the data
for the remaining device structures (D and E, the donor/BHJ and donor/BHJ/acceptor respectively). As
with the simple BHJ, the BHJ/acceptor structure exhibits decreasialyies with increasingsgcontent.
This can again be attributed to more efficient swemg of free carriers due to the superior transport
properties ofthe Gy-rich films, as compared t61GaPgich films!*® Of more critical interest, the
values for the BHdcceptor structure are found to be generally higher than those for the simple BHJ
structure, especially when the BHJ layer has higle@hitent. This can be explained in terms of the fact
that replacing 20 nm of the BHJ layer with negt(Ce. comparig structure B to structure C) reduces
hole accumulation and, as a consequence, reduces the associated recombination effects. To understand
this phenomenon, consider that the BHJ/acceptor structure is essentially a BHJ structure that has no
donor materialpresent deep within the device (far from the anode). As such, holes cannot become
isolated and subsequently accumulate in the sparsely distributed donor regions deep in the BHJ layer.
Rather, holes are only formed in the 20 nm BHJ layer adjacent tontbadeawhere they may be more
effectively collected. Reducing recombination effectively slows the device, and so the BHJ/acceptor
structure is observed to have a slower transient response (ldngesmpared to the simple BHJ. This
observation coincides @il with the fact that the BHJ/acceptor structure has highBvalues than the

simple BHJ structure at allg€oncentrations.
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Figure6-7 - Single exponential fit values for transient photocurrent decay (falling current) after illumination with a white
LED pulset values are plotted vs. £ content for BHJ (B), BHJ/acceptor (C), donor/BHJ (D)dortbr/BHJ/acceptor (E)
ClGaP, OSCs.

6.2.2.2.Donor/BHJ Structures

Given he strong enhancement in device performance with the addition of the ngdager to
the simple BHJ structure, it is natural to question the effect of instead adding a neat donor layer. As
such,it is now interesting to studthe donor/BHJ (structure s compared to the simple BHJ (structure
B). Frontigure6-1, structure D replaces 10 nm of the BHJ layer adjacent to the anode in the simple BHJ
with a neat ClGaPc layer. The photovoltaic output parameters for this structure are plotegline
6-3, where it is immediately clear that the inclusion of the neat donor layer strongly degrades OSC
performance. The donor/BHJ structure is shown to be the wpesforming device architecture, with
only 0.3% PCE when the BHJ layer has 25ébtent, and PCE values much less than half of those of
the simple BHJ structure at all other mixing concentrations. The most immediate hint for this decrease
in efficiency is thgenerally highx for the donor/BHJ structure, as shownkigure6-3-vi, which
increases drastically with 25% and 509pcGntent in the BHJ layer. The strong inae@nR; follows
from the generally poor charge transport properties of ClGaPc compareg,testablished with the PHJ
above. The effect of poor charge transport in the donor/BHJ structure, however, is further intensified

by two additional factors:
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- the poor charge transport properties of the donor:acceptor BHJ layer, as compared to the neat
Geo film that is employed in the PHJ
- the much higher increase in photogenerated carriers due to the innumerable donor/acceptor

interfaces in the BHJ layer, esmpared to the single PHJ interface

The combination of these factors results in a device architecture that is incredibly susceptible to space
charge effects, and consequently suffers from poor charge extraction. To this end, upon illumination, a
large number of holes are generated within the BHJ layer of the device and traverse to the donor/BHJ
layer interface. The generally poor transport properties of the donor layer result in an accumulation of
holes to cause space charge effects and to further degy@8C performance. As the BHJ layer
increasingly becomes acceptnch, the device performance approaches that of thenh® CiGaPc/30

nm Go PHJ studied in the previous section.

Taking this explanation into consideration, the performance of the donord&idture may be
broken into two different regimes: BHJ layers with low/moderajgc@Gntent, and BHJ layers with high
Gso content. For the low &-content devices, th&;is very high for the reasons discussed above.
Furthermore, comparing the donor/BHstructure to the simple BHJ structure at 25% and 59% C
content, the addition of the neat donor layer ultimately results in charge blockage, leading to an
increase iR, as observed ifkigure6-3-v. With a neaccomplete loss of diode characteristics and small
photocurrents, the device operates less like an efficient heterojunction solar cell, but instead more like a
resistive (albeit photesensitive) organic filmIt follows that both the FF angl Suffer strongly with
these mixing concentrations. As shown by the EQlgure6-6-iii, photocurrent contributions are
strongly decreased across all wavelengths for these mixing concentrations. The photocurrent
contributions also lose their fine spectral detail, with the peak and shoulder of the ClGaPc photocurrent

merged together. Furthermore, the OSCs with 25% andG@#&ontent provide virtually no &g
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aggregate photocurrent contributions, since it is more difficult to fogna@gregates at these mixing
concentrations. The poor FF at these mixing concentrations is supported by the substantial increase in
the time castant of the transient photoresponse of the donor/BHJ device, shovaigiare6-7.

Specifically, the values increase drastically to &% for 50% g content and520ns for 25% g content

(the latter point not shown in the figure). While the poor charge transport properties of the neat donor
layer and the donorich BHJ layer clearly limit the performance of these OSCs, it is worth noting that the
charges presdrwithin these devices are incredibly lotiged. This shows that the photogenerated

carriers are not being swept out quickly; however, they are also not undergoing rapid recombination.

While increasing thegcontent in the BHJ layer can alleviate clanginsport problems in the
donor/BHJ structure, the ultimate performance of this device architecture is still quite poor. Specifically,
since this structure employs a neat donor layer, and thus lacks the interface between the BHJ layer and
the high workfunction anode, it no longer benefits from the Schottky interface enhancemenjgto V
This is observed clearly Figure6-3-iii, where the . for structure D trackshe V. values set by the PHJ
(structure A). TheyJor the donor/BHJ structure is also lower than that of the BHJ, as the excitons that
are formed in the neat ClGaPc layer far from the BHJ layer interface do not generate photocurrent
(established witithe PHJ earlier). This effect is clearly visible in the EQBLINe6-6, where the peak
photocurrent contributions from ClGaPc in the donor/BHJ structure (75% to 8%¢3%ntent) are
much lower than that of the simple BHJ device, in spite of the 10 nm neaPC€l&ger. It is also
observed that, with the replacement of 10 nm ClGaRav@h 10 nm of ClGaPc (again comparing
structures B and D), thes§photocurrent contributions are reduced accordingly. Interestingly tthe
values extracted from the transientiptocurrent experiments for the donor/BHJ structure are nearly
identical to those of the simple BHJ when both structures employ higtoGtent in their BHJ layer.

This is observed clearly igure6-7 for 75% and 87.5%¢Tontent. The fast response at these mixing

concentrations follows from the high level of recombination due to holes formed in isolated pockets of
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donor deep within the BHJ layer. This is thesaffect established for the simple BHJ in earlier
sectionsg essentially trapped holes formed far from the anode are unable to traverse the BHJ layer due

z
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6.2.2.3.Full Donor/BHJ/Acceptor Structures

The final device architecta studied in this work is the donor/BHJ/acceptor (structure E), which
makes use of both a neat donor and a neat acceptor layer. When compared to the simple BHJ (structure
B), 10 nm of the BHJ layer near the anode is replaced with neat ClGaPc and 2bemHd layer near
the cathode is replaced withg§~ Therefore, this final device structure encompasses both of the
alterations made for the BHJ/acceptor structure and the donor/BHJ structures examined above. From
Figure6-3-i, the donor/BHJ/acceptor structure generates devices with moderate PCE values in between
those of the other device structures examined in this work. Furthermore, the donor/BHJ/acceptor
structure has PCE values that are the least dependenggro@tent in the BHJ layerbetween 1.4%
and 1.8% for & content varying from 25% to 83%. One major contributor to this independence of PCE
on mixing concentration is that the donor/BHJ/accepstnucture exhibits a relatively constantV/
(Figure6-3-iii)). As noted for the donor/BHJ structure, this is due to the neat ClGaPc layer separating the
high work function anode from the BHJ layer. As a consequence, e Mmply set by the HOMG-
LUMQcceptorOffset (minus relevant energy losses noteddhapter land Chapter 4, and does not
benefit from the Schottky interface enhancement observed in stmesiB and C. IRigure6-3-ii, the
R2y 2 Nk . | Wkl OO S igalgosbodnitd\dea@latideNBonsiant With variations 4 @ith
values near ~mA/cnt for all mixing concentrations. This is also consistent with observations from
Figure6-6, where EQE spectra show much less drastic variations in intensity, especially when compared
to the simple BHJ. This is due to the fact that, with neat layers of both ClGaPg,ahdr€ ae always

moderate contributions to photocurrent from both the ClGaPc agd G-urthermore, as theggcontent
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is increased in the BHJ layer, any loss in photocurrent from ClGaPc is compensated by an increase in
photocurrent from the g aggregate band ¢a vice versa). Regardless, thdal the

donor/BHJ/acceptor structure is, as expected, shown to be lower than that of the simple BHJ, since the
simple BHJ has a much thicker mixed donor:acceptor layer to generate a substantially larger number of

free arriers from photogenerated excitons.

Intriguingly, while the donor/BHJ/acceptor structure makes use of a neat donor layer, it does
not suffer from the same increaseshyas observed for the donor/BHJ structure. It is thus shown to be
the combination othe neat donor layer and a thick (> 10 nm) BHJ layer (especially when the BHJ layer
has low G content) to be the cause of the strongly increas&dor the donor/BHJ structure. In fact,
the donor/BHJ/acceptor structure is shown to have the some obih&t R, and R values(highest and
lowest inFigure6-3-v andFigure6-3-vi respectively) for the various device architectures studied in this
work. The devices that outperform the donor/BHJ/acceptor in this regard are those that employ the PHJ

structure, and those that use the BHJ/acceptor structure with higlt@htent ¢ the latter was shown to
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and lowR, valuestranslate to a relatively high FF for the donor/BHJ/acce@8Gor most mixing
concentrations, as shown Figure6-3-iv (especially when compared to the simple BHJ). The high FF is
explained by the fact that this device structure replaces a large portion of the BHJ layer, tonloswre

poor charge transport characteristics and a higher propensity for charge recombination, with neat layers
that lessen such issues. The operation of the donor/BHJ/acceptor is thus similar to that of the PHJ
examined previously, but with a higher eaity for photocurrent generation due its 10 nm BHJ layer. At
very high g concentrations in its BHJ layer, however, the donor/BHJ/acceptor shows a slight reduction
in FF, which can be attributed to poor hole transport characteristics through the B Jdag

increased hole accumulation/recombination effects.
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Gso content is similar to that of the other device structures examined throughoutstiuidy. As shwn in
Figure6-7, increasing the ggcontent in the BHJ layer serves to decrease the time constantplying
that the Ggrich donor/BHJ/acceptor device is fasteks with the simple BHJ, this is attributed to
enhanced sweejout of free carriers, owing to the superior charge transport characteristicg,of C
compared to ClGaPc. Thealue for the donor/BHJ/acceptor at the highegt €ncentration, however,
is slover than that of the simple BHJ and the donor/BHudature. This further verifiegrevious
stipulations regarding the accumulation and trapping of holes deep within the BHJ layer (i.e. far from the
anode). Since the donor/BHJ/acceptor employs only-ari@hin BHJ layer, and has a neatr#@ G,
layer near the cathode, isolated donor domains can only be formed 10 to 20 nm away from the anode.
As such, isolated holes are not formed far away from the anodehaletecombinationeffectsare
reduced. Witlreduced recombination in the donor/BHJ/acceptor structure, charge carriers are

observed to have longer lifetimes.

In structures B through D (those that employ a BHJ layer), the observed maximum FF of ~50%
leaves significant room for improvement, espegialith optimizedP-OSCs proven to be capable of FF
values up to 759 To further understand these limitationthe transient photocurrent analysis
explainedd @ SYLX 28Ay3 O2f 2dz2NBR [ 954 ¢A0K YdzOK KAIKSNI o
absorption wavelengths (blue and red LEDs, fgafid ClGaPc respectively). The effect is to
substantially increase the number of excitons generatedgivvan LED pogr compared to the white
LEDsincethe emission spectrum overlaps more strongly with the absorption spectrum. In literature, it
has been shown that increasing the number of excitons, and thus the number of photogenerated
carriers, can leadstspace charge effects visible in transient photocurrent experim&ht&#? In a
transient photocurrent experiment, space charge effects are manifested as a peak increase in

photocurrent and subsequent stabilizatiat lower photocurrents with the initial pulse of light. In some
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cases, researchers have noticed a negative photocurrent peak recovery at the end of the light pulse.
The negative photocurrent implies the injection of carriers from the contacts to nkzgrearriers that
remain within the device due to insufficient sweept, essentially arising from space charge effé&’ts.

It is also worth noting that this negativeaovery is strongly dependent on the device architecture, as

the carriers must favour accumulation over various potential avenues for recombination (i.e. the charge
carrier lifetime must be quite long). This negative photocurrent recovery is demonstrakggure6-8,

which shows the transient photocurrent decay for a CIGap@EC (with the donor/BHJ/acceptor

device structure) after being exposed to both dim andybtilight pulses. In the case of a dim LED pulse,
no negative transient is observed, but in the case of a bright LED pulse, a significant negative spike and
subsequent recovery is observed. In fact, all of the mixing concentrations in the donor/BHBaccep
structure show this negative photocurrent recovery at the end of the bright light pulse. However, this
behaviour is not observed for any of the other device architectqriéss unique to the structure E, the

full donor/BHJ/acceptor, and it emphasizthe generally low recombination rates and high FF with this

device architecture.
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Figure6-8 - Transient photocurrent decays of a ClGaRg:@nor/BHJ (87.5% dg)/acceptor OSC after illumination from a
bright LED pulse and a dim LED pulse.

Upon illumination, the interface between the BHJ layer and the neat donor or acceptor layer is a

region of high charge density, as this interface contains charges from two sources:

- excitons formed throughout the fulhickness of the BHJ layer
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- excitons formed in the neat layer and within the exciton diffusion length of the mixed/neat

interface

The large concearation of free carriers at thenixedneat interface is a potential contributor to space
charge effects, especially in consideration of the genepaltyr hole transport within the presently
studiedmaterials. Structure E has both donor/mixed and mixed/acceptor interfaces present, and so it
suffers from these effects most strongly. As flethevidence of these effects, itabserved that all
structures that have a neat donor or acceptor layer adjacent to a BHJ layer have both a fast and slow
decay component with a dim LED pulse when fitted &ithirexponential fit. The slow decay

components are suggested to be attributed to space charge effects, as described in greater detail in the
Supplemental InformatiofAppendix 1.2. While space charge effects have been noted as a strong
limiter toward cevice performance for the donor/BHJ/acceptor structure, the remarkably long free
carrier lifetimes in this device architecture areemphasized. The donor/BHJ/acceptor structure is
therefore a promising device architecture for high performance OSCsenhutn the case where both

the donor and acceptor materials are optimized for high free carrier mobilities and thus to prevent
space charge effects. The success of more complicated device structures in literature, suchias the p
architecture®” or those that employ gradient mixed layéf&! can at least in part be attributed to their
tackling space chargeffects. In the prior case, this is accomplished explicitly by bolstering the charge
transport properties of the neat layers. In the latter case, space charge effects are minimized implicitly
by minimizing the accumulation of charges at any specifionegithin the photeactive layers. lthis
chapter, it wasshown that a much simpler device architecture, with an &ctegion comprising

BHJ/acceptotayers(structure C), can achieve a high level of performdoncsimilar reasons
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6.3. Conclusions

In thischapter,a widevariety ofOSQlevice architecturesvere studied andtheir photovoltaic

propertieswere examinedn consideration of their transient photoresponse characteristi8g.

considering the different device structures incrementally imrs of structural complexity, a more

robust understanding of charge collection processesiodern OSGsas obtained.The following major

conclusions were discussed:

T

T

1

1

The BHJ/acceptor device structure genesdtee highest PCE valuests high performances

strongly associated ith enhanced sweejput, andwith minimizing both charge trapping and charge
recombination effects. This is further accomplished while maintaining a relativelyshiog J
balancing ClGaPc photocurremith G, aggregatephotocurrent, andobtaininga high V. due to
Schottkyinterfaceeffects

The donor/BHJ/acceptor device structure, another frequently studied device structure in literature,
minimizes charge recombination, but ultimately suffers from hole accumulation and space charge
effects that limit its sweejut.

Transient photocurrent mesaurements suggest that space charge effects may be present and
potentially problematic for any device architecture that employs BHJ layers in combination with
neat donor or acceptor layerslhese effects are most prevalent for doriogsh OSCs, further
highlighting the hole transport limitations ithese vacuum deposited SRISCs.

The results emphasize the significant impact that the choice of device architecture plelyarge

collectionand OSC device performance
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Chapter Seven:

Vacuum-Deposited Ternar y Mixture

and CascadeOrganic Solar Cells?t

In this chapter, ternary mixtures of vacuum deposited small molecudes studiedfor their
charge transportand charge collectiomproperties This chapter thus addresses the use of
advancedOSCdevice architecturesfor enhanced performancend altered charge transport
behaviour. The two-donor, oneacceptor mixedayer composition is systematically varied to
study all possible film configurations, and the resulting OSCssateessful in harvesting
photocurrent from all three components to grant broad spectral photoresponse. However, the
performances ofternary OS€are generallypoorerthan binary OSG, largely due to reduced fill
factors. By examiningansient photocurrents, as well asudyingmulti-layer PHJ cascade OSCs
ternary OSE are shown to bestrongly affected by the energy levels tfeir constituent
materials. $Fff RAFTFSNBYyOSa A yHOMR SaluégspetlemBrdtyadNd Y I (G S NA
degrace hole transport. In light of theinsightsin this chaptey and with proper design afmall
molecules withhighly specific energy levels, ternary OS@sprovide an alternative pathway to
low cost, high efficiency photovoltaics in lieu of more complicated device architectures.

7.1. Introduction

As noted inChapter 4 the intensive research efforts on OSCs have generated a vast number of
opto-electronic organic materials with varied absorption and charge transport properties.
Unfortunately, these organic materials are limited by their relativelyrow absorption bands, at least

compared to the broad absorption of silicon used in first generation solar ¢eltendiscussions in

! The majority of the material in this chapter was published in:
G. Williams,H. AziQrg. Electron.2015, 17, 229.
, reproduced here with permission.
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Chapter 1the logical approach for bolstering OSC performance in literature has been to employ more

than one primary bsorber. The simplest method is to usezgf@llerene acceptor instead of the

traditional Gy fullerene acceptor (analogously, BBM versus P&BM for solutioncoated OSQs Given

GQad aiUNBY3ASNI GAaAo0f S | 0 a2hNEdietha? affows ol thiSdddorasdihe O2 Y LI N
acceptor to absorb light and generate meaningful photocurf&i?® ¥ Unfortunately, even with &,

the breadth of absorption in OSCs is unsatisfactory compared to silicon, and the substantially increased

costs of g make itpresentlyimpractical for manufacturing scalg. Nonfullerene acceptors have also

been investigated, but generally have lower efficien¢i&s?**?*3 As a consequence, many researchers

have shifted their focus toward alternative device structures that allow for more than two primary

absobers, such as the tandem solar cell approach that has grantd®31 0SC&***d and the more

recently studied ternary OSC.

OSCs compete with firgieneration silicon photovoltaics by substantially reduced materials
costs, butthey also require relatively simple device structures for eaabrication (e.g. through reel
to-reel methods). As such, while the tandem @8@cturecan grant impressive efficiencies, its use of
10-15 individual layerg each requiring optimization of highly controlled fabrication recipesakes it a
difficult structure to implement in practical OSCs, especially in consideration of costs due to device
complexity. Twomuch simpler alternativeto the tandem OS@rethe ternary OS@nd the cascade OSC
described irChapter 1 which hae both garnered significarinterest in the past few year&-%¢ This
chapter focuseprimarilyon ternary OSCs; however, cascade OSCalswdiscussed in Section 7.3.
Researchers have examined ternary O8i@smultiple donors (more prevalent in literatur&y, 8237242
as well as multiple acceptof&.2”2*3 |nitial results have beegenerallypositive, with most researchers
demonstrating enhanced,valuesdue to broader spectral responses. Further, some ternary OSCs have
been shown to have tunabM,. valuesdependent on the compositioof the mixed layef? instead of

being pinned to the lowesty/dictated by the energy levels of the comprising donors/acceptors. The
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combination of enhanced hnd intermediate value )¢/can thus allow ternary OSCs to achieve

reasonably high performances while greatly simplifying device fabrication.

To date, ternary OSCs in literature have been formed by solution coating methods, while
vacuumdepositedternary OSCs have remained virtually unstudied. This is likely due to limitations with
equipment (i.e. the need for mulSource evaporators), and the relative difficulty of simultaneously
depositing three materials in a controlled manner. Howeverhassimultaneous deposition of three to

244249t is also more accessible to

four materials becomes more prevalent in whi¢. EDabrication!
OSC research. In this work, ternary OSCs comprised of a BHJ withHRedonors and a §g-fullerene

acceptor, with the active layer deposited by vacuum deposjtaa studied Vacuum deposition is

specifically employed to minimize concerns regarding morphology. To this end, in a sohated

OSC, the choice of solventéo2 f @Sy i F2NJ GKS WAy1Q OFy KIF@S GNBYSy
the film, which has critical implications regarding device performance. It is therefore expected that the

addition of an additional species to the ink, whether it is an extra donoceetor, will have drastic

repercussions on the morphology of the film (this is further suggested by recent research focusing on

active layer morphology in ternary OSE&8)Furthermore, these alterations to morphology are likely

present even when using a very small amount of the third pkaattive species, considering that solvent

additives can substantially impact device performance at very low concentrat6f§. For ternary

OSCs, it is therefore difficult to discriminate whether changes in photovoltaic parameters are solely due

to the opto-electronic propeties of the third component in the mixed layer, or related to changes in the
morphology of the film. In the event that the morphology of the film changes considerably, direct

comparisons of OSCs with and without the third component (binary versus t¢mary not be entirely

valid. In contrast to solution processing;@eposition by vacuum thermal evaporation (i.e. without

substrate heating / posprocessing steps) results in films that are inteolecularly dispersed?*2*? |t

follows thatvacuumdepositedternary OSCs can provide a clearer understanding of the roles of the
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three components in the OSC, including a more robust knowledge of the impact of their fundamental
opto-electronic properties. Thereforeacuumdepositedternary OSCs provide a platform to study the
impact of adding a third photactive species, while minimizing concerns related to morphological

variations that may otherwise obfuscate the data.

For the present study, the composition of the ternary mixtigsystematically variedsing a
matrix approach, which allowfsr the studyof all possible and relevant mixing ratios. The results
demonstrate that ternary mixed films can be used to generate photocurrent over the entire visible
spectrum at wavelengthsom 300 nm up to 800 nm. However, in all mixtures, the ternary OSCs have
poorer FF values than equivalent binary (at@nor, oneacceptor) OSCs. The reduced performance is
attributed to an offset in the HOMO levels between the two donor materials, whitmately results in
hole trapping and poorer hole sweequt to reduce the FFCascade OSC structures (mudtyer PHJ
OSCsare employedo emphasize this concepiThe results suggest that the ideal alignment of energy
levels is critical for terna@SCs, and that the enhancements mooenmonly observed for solutien
processed ternary OSCs may in part be due to morphological changes associated with the addition of the
third component to the BHJ. Nevertheless, with intelligent molecular design, te@a8s should allow
for significant improvements in the.df OSCs with minimal impact to other photovoltaic parameters,

thereby providing a simple, cosffective device structure.

7.2. Results and Discussion

The ternary OSCs in this study are comprised @f adCeptor and two donor materialsClinPc
andSubPc The energy levels for these materials, along with the energy levels and work functions for
other relevant species in the OSIGsthis chapter are shown irFigure7-1.A. As noted inrChapter 4
SubPc is reasonably well studied in literature, providing higladiues (owed to its deep HOMO) and

high performancevacuumdepositedSM-OSCS*3 15164251 Eyrthermore ClinPc is less studied in
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literature, but it has also been highlighted for its higlg OSCs, while granting neti® absorptiort’? **

29 The UV/Vis absorbance spectra of ClinPc, SubPcsgate@rovided irFigure7-1.B. These three
photo-active materials are shown to have ideal (complementary) positions for a ternary OSGCgewith C

absorbing from 400 nm to 500 nm, SubPc absorbing from 500 nm to 600 dnTlkfPc absorbing from

600 nm to 800+ nm.

B
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Figure7-1- A. Energy levels and work functions of the materials studied in ttligpter. B. UWis absorbance of 50 nm films
of the photo-active materials stdied in thischapter.

The OSC device structure employed in this research is a 40 nm BHJ sandwiched between a 5 nm
MoO; HELand an 8 nnBCHFEEL, with afiTOanode and an aluminum cathode. The thickness of the BHJ
was chosen to be 40 nm since it providg®dperformance for binaryn-PcG, BHJ OSCs, as established
in previous worland discussed i@hapter 4% It should also be noted that a neat layer qf i@
between the BHJ and the BCP layer could bpleyed in these devices to further bolster the PCE of the

OSCsas described ithapter 62'? However, this architecture would also make data analysis,
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particularly with the EQE spectra, more complicated than necessary. Since the ultimate goal of this
work is to obtain a more fundamental understanding of the operatibthe ternary mixed layethe

studyis limitedto the basic BHJ device structure.

7.2.1. Device Performance of Binary Mixture Controls

Binary BHJ OSCs with ClinBgca@d SubPcgactive layersare first consideredo re-establish a
baseline for deviceerformance(see also thaliscussions ihapter 4. The photovoltaic output

parameters for these OSCs with varying detmacceptor content are shown Rigure7-2.
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Figure7-2 - Photovoltaic output parameters for binary ClinPggand SubPc:§ BHJ OSCs with varying donor content (A
through D correspond to PCE,J,. and FF respectively).
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The ClinPcggand SubPcgOSCs maximize their performance at 25% donor content with peak
PCE values of 2.7% and 3.1% respectiv@gvenlower donor content, the OSCs experience redudion
in Jcand FF (essentially due to hole trapping and recombination effastper discussions @hapter
6).22% An increase in ¥ with decreasing donor content due to Schottky band bending effiscifso
observed as has been establish@Chapter 4% ">2*% At 50% donor content, where Schottky band
bending effects are not notably present, thg, ¥f the SubPci{gOSC is ~970Vhand the ¥ of the
ClinPc:6 OSC is ~820 mV. At thisotl donorto-acceptor mixing ratio, the Vis dictatedprimarily by
the difference between the HOMO of the donor and tHeMOof the accepto(minus energy losses
noted inChapter ). Since theacceptor in both OSCs ig,@nd assuming similar exciton binding
energies with ClInPc vs. Subthe ~150 mV offset corresponds to a ~150 meV offset in the HOMO
positions between ClinPc and SubFbis correlates reasonably well with the values showRrigire
7-1. Finally,it isobserval that at very high donor content, device performance decreases due to
reductions inland FF, largely associated with the potaotron transport properties of the donenich
BHJ layer (and in consideration of the associated charge recombination effecti(cussed i@hapter
6.1299219 |t is worth noting that SubPc;§00SCs are generally more sensitive to varying donor content

than ClinPc: OSCsgwith poorer performance at >50% donor content), suggesting that there may be

some slight differences in the charge transport propextie the two materials systems.

The EQE spectra of the binary ClinR@td SubPcg&OSCs are shown Figure7-3.A and
Figure7-3.B respectively As noted inChapter4, there are three spectral features of interest: ThePc
Q band (peak at ~720 nm for ClinPc, ~580 nm for SubPc), the hyaayhfegate band (peak ad50
nm) and the UV band (peak at ~370 nm). The latter UV band comprises contributions fromlaotti C
the m-PcB bands. Theggaggregate band is only present at low donor concentrations (conversely, high
Goconcentrations)/?? ¥ y R A& 0Sail 2:mahned iked layér. Byhakncing thg C

aggregate photocurrent with then-PcQ band photocurrent, the EQE is optimized at 25% donor
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content, which correspads to the peakgdfrom Figure7-2. In accordance with the UV/Vis absorbance
from Figure7-1.B, the SubPcigOSCs generate photocurrent more strongly in the green region of the

spectrum, whereas the ClinPggOSCs generate photocurrent in the red/ndRrregion of the

spectrum.
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Figure7-3 - EQE spectra of binary A) ClinPg:&nhd B) SubPcig BHJ OSCs with varying donor content.

7.2.2. Device Performance of Ternary O rganic Solar

Cells

In order to obtain a comprehensive understanding of Yaeuumdepositedternary OSCs, a
matrix approachs employedo vary the composition of ClinPc, SubPc agd To this end, the
concentration of ClinPc within the BidJaried specifically considering values of 0%, 6.25%%2
25%, 37.5% and 50%, whitee SubPc concentratias variedwith the same values. The balance
(remainder) of the film concentration compris€s,. This matrix approach thus consists of 36 different
composition OSCs, wieveral duplicates at eagvint to establish average values. The OSCs were

studied in a similar manner as in the previous sectj@xtracting their photovoltaic parameters and
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EQE spectralransient photocurrent measurementsere also performedo obtain a better
understandingpf potential charge trapping effects. To visualize the trends in photovoltaic performance
with active layer composition, surface plat®re generatedy interpolating values from the discrete

data set, as shown iRigure7-4. The xand yaxes correspond to the ClinPc and SubPc concentrations

respectively (with the remainder concentration ag)Cand the specific values are shown via color bars.
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Figure7-4 - Photovoltaicoutput parameter mapping of ternary ClinPc:SubPg OSCs (composition shown by xAxes,
balance is g). Panels A through D correspond to the PGEM. and FF respectively.

From the plot of PCé&s a function of film compaosition Figure7-4.A, the ternary OSCs clearly
underperform when compared to the binary OSCs. To this end, the CHn®ECs with 0% BBc
concentration (data lying on theaxis) show higher PCE than the OSCs with a small concentration of

SubPc. Similarly, the SubRg@SCs with 0% ClinPc concentration (data lying on-thésy show higher
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PCE than the OSCs with a small concentratfa@lInPc. Intemgingly, the performance data arather
symmetric since both the ClinPgs@nd SubPcdgOSCs optimize their performance at 25% donor
concentration. The device performance decreases rapidly as the donor concentration decreases from
6.25% to 0%. On the other hand, the device performance decreases more gradually as the acceptor
concentration decreases from 50% to 0%. The result is a band of good performance OSCs (2.5% to 3%
PCE) stretching across the 25% donor content region, witht skgiations in performance within this

band due to the distribution of ClinPc to SubPc.

Since one of the key motivations for studying ternary OSCs is their potentially broader
photoresponse, it is logical to examine thegvérsus film composition, shawin Figure7-4.B. Thegis
observed to follow a similar trend as the PCE, except that the band of gaadligs is slightly broader
than the band of good PCE wes. This indicates that reasonahlevalues (5.5 mA/cAto 6.5+
mA/cn?) can be obtained between 12.5% to 37.5% donor content. Within this band, the highest J
values are obtained nearest the binary ClinRma@d SubPcg&OSCs. As a consequence, this Jound
to decrease in the ternary OSC in spite of the third pkaxttive component in the mixed layer. This is
opposite to the desired trendso it is necessary to studlye EQE of the samples to verify that all three
species can contribute to the photocurrent in the ternary O&@Qure7-5 shows the EQE spectra of
OSCs with equal concentrations of SubPc and ClinPc (e.g. suchdhdbAor content = 12.5% ClIinPc,

12.5% SubPc and 75%)C
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Figure7-5 - EQE spectra of ternary OSCs with varying donor content ([ClinPc] = [SubPc], balagge is C

The data confirm that ClinPc, SubPc agghi{Ccontribute to the photocurrent simultaneously
and thus provide photocurrent across the entire visible spectrum (300 nm to 800 nm). It is worth noting
that, at 100% donor content (nosg), the EQE logically decreases to ~0% because the mixed ¢tayer n
longer has a doneacceptor interface to efficiently separate excitons (the ~150 meV HOMO offset
between ClinPc and SubPc is not sufficient in this capacity). Witilee7-5 shows that all three
components can generate photocurrent in the ternary OSC, there are two critical deficiencies visible

from the EQE spectra:

- the magnitude of EQE is significantly lower across all wavelengttithhe m-PcQ band, the
binary OSCs exhibit peak EQE values @020 Figure7-3) while the ternary OSCs have peak
EQE values of 186% Figure7-5)

- the Goaggregate absorption disappears completely for OSCs with >25% donor content

While the latter point is an important factor in binary OSCs as well, its impact on the
photocurrent geneation for the ternary OSCs is substantially more critical. In the ternary OSC, the 25%
donor content must be split between two different absorbing species, so the individual donor
components cannot generate the same magnitude of photocurrent. Unfortdyatecreasing the total
donor content beyond 25% serves to reduce the(ifue to Schottky band bending effect&}! hinder
charge transport®?'? and reduce & aggregate photocurrerif? thus degrading OSC performance.

These observations highlight one of the more critical aspects of the ternary OSC: one must carefully
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tune the mixed layer composition to balance photocurrent contributions from all tspseies. By

increasing the concentration of one component in the OSC, one necessarily decreases the concentration
of the other component, thereby reducing its impact on device performance and its role in generating
photocurrent. This is even more critia@hen certain species, such ag,equire a minimum

concentration (i.e. to form §gaggregates) to contribute meaningfully to the photocurrent, and

therefore place further compositional restrictions on the BHJ.

The limitations regarding photocurrent the ternary device architecture are clearly visible from
the EQE spectra mappings as a function of OSC composition, as sHeégur@7-6. Figure7-6 provides
the magnitude of EQE at several critical regions in the EQE spectra, including the ClinPc Q band at ~720
nm, the SubPc Q band at ~580 nm and tkga@gregate band at450 nm (panels A through C
respectively¢ the UV peak EQE is also mapped and provided in the Supplemental Information
(Appendix 1.3). As stipulated, the maximum EQE values for these bands essentially never overlap.
Furthermore, these regions of high nratyde EQE are found to decrease rapidly away from their peak
efficiency. Specifically, considering a constant 25% ClIinPc concentration and then increasing the SubPc
concentration from 0% to 25%, the EQE is found to decrease from 40% to 15%. Likewsideriogna
constant 25% SubPc concentration and then increasing the ClinPc concentration from 0% to 25%, the
EQE is found to decrease from 60% to 30%. In order for the ternary OSC to be useful in generating
significant photocurrent, the individual absonmigi species must each be able to generate photocurrent
at relatively low concentrations (at least half of their typical concentrations in a binary OSC). Since there
is no substantial overlap in the EQE plots for the present materials system, the OSQipkatoc

generation is indeed broad, but not very efficient.
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While the effective splitting of photocurrent contributions among two donors is a significant
issue to overcome in ternary OSCs, it cannot in itself accourié decrease in efficiency observed for
ternary OSCs. If this was the sole factor, one would expect equivalent performance between ternary
and binary OSCs, not the decreased performance showiginme7-4.A. It is therefore necessary to
study the two remaining photovoltaiutput parameters fronfFigure7-4, the \4; and the FEpanels C
and D respectively)Figure7-4.C is relatively straigfarward to understand from the background
provided inChapter 4and Chapter 6 Namely, SubPg{DSCs have slightly higheg Values than
ClinPc:gh{/ & RdzS (G2 {dzot 0Qa RSSLISNI Il hahX FyR 062GK h{/
effects that occur at very highsgtoncentrations. For this reason, a peakwalue of 1.2 V can be
obtained when nalonor is present (at the origin éfligure7-4.C). Naturally, as the;gzoncentration is
increased, regardless of the donor composition, thgayproaches this maxiom value that is
dzft GAYFGSt& RSTAYSR o0& GKS I y2RSQand®he anbrgylesedS &2 NJ
Gsol™ When the mixed layer has more ClinPc content, thgs\tloser to that of ClInPggDSCs, and
when the mixed layer has more SubPc content, thas\tloser to that of SubPGOSCs. Interestingly,
in accordance with previous results from literatdf@the V. values of the ternary OSCs are generally at
some intermediate state between the lowMoor and the hijh \,. ceiling set by the ClinPgi@nd
SubPc:6 OSCs respectively. However, given the complications with the varyidgétto Schottky

band bending effects, it is unclear if this effect is similarly due to the formation of an organic alloy.

The changs in FF with active layer composition, showfigure7-4.D, follow similar trends as
the PCE and the.J The FF is maximized for the binary OSCs, and maintasenably high values near
25% donor concentration. However, when the ClinPc concentration equals the SubPc concentration (for
any given mixing ratio), the FF for the ternary OSC is always found to be lower than the equivalent
donorto-acceptor content biary OSC. For example, considering a 25% donor content OSC, the binary

ClinPc:g device has a FF of 41%, the binary SulPde®ice has a FF of 42%, but the ternary OSC
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(12.5% ClInPc, 12.5% SubPc) only has a FF of 37%. Similarly, at 12.5% donotheobitesity OSCs

have FF values of 40% to 41%, but the ternary OSC has a FF of 35%. This degradation to the FF is thus a
strong contributor toward the reduced performance of the ternary OSCs in general. To better
understand the cause of this reductionHi, it is useful to consider hole transport in ternary OSCs in
terms of the energy levels of ClinPc, SubPc ggpdkown inFigure7-1. Any hole formed on ClinPc will
remain on ClinPc molecules due to the energetic barrier to hop onto SubPc molecules. If the donor
concentration is kept constant at 25%, whadlows oneto harvest photocurrent from §aggregates,

any addition of SubPc to the ClInRg@SC necessarily requires a reduciio@linPc content. Since

holes formed on ClinPc molecules cannot hop to SubPc molecules, the number of pathways for hole
transport is efectively reduced. The result is an increased path length that the hole must traverse to
reach the anode, as the hole must meander through the sparsely distributed ClinPc. Furthermore, an
exciton formed on SubPc may reach a Subfai@rface to generat a hole on SubPc. However, if

there are any adjacent ClinPc molecules, the hole will preferentially hop to ClinPc due to its shallower
HOMO. As such, by incorporating two donors with different HOMO levels, hole transport throughout

the mixed layer is sbngly hindered.

To better visualize the limitations for hole transport in ClinPc:Sufter@ary OSCs, mudti
donor PHJ OS@ere fabricatedwith two different configurations: ClinPc (0, 5 or 20 nm)/SubPc (10
nmM)/Cso (30 nm) and SubPc (0 or 10 nm)#®it (20 nm)/gz (30 nm). The use of the PHJ (neat layers)
structure instead of the BHJ (mixed layer) structure helps to emphasize charge transport limitations due
(2 GKS YAaYFGOK Ay (GKS R2Yy2NRQ | hah S¢i&eB2 f 505t a
merely acts as an additional hole transport layer, and cannot contribute to photocurrent due to the
wider bandgap SubPc layer separating ClinPc frifihis is verified by EQE measurements, shown in
Section 7.3 and the Supplemental Informati@ppendix 1.3). This device structure is therefore

analogous to forcing holes to be transported along an extra length of ClinPc, which is essentially the end
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result of decreasing ClinPc content in the ternary OSC. In the second device structure, thiaygubPc
acts as a blocking layer, restricting hole transport from ClinPc to the anode. This device structure
therefore verifies that once a hole is present on a ClinPc molecule, it cannot hop to a SubPc molecule
due to the offset in HOMO energy levels @sd it is a sufficiently hot carrierThe currentvoltage
characteristics for these PHJ devices are showigare7-7. It is worth noting that the
SubPc/ClinPcigstructure exhibits cascading donor exciton energies to potentially allow for long

distance energy transfer processes will be discussed further in Section.7.3
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Figure7-7 - JVcharacteristics of ACIInPc (x nm)/SubPc (10 nm}$%30 nm) and B) SubPc (0 or 10 nm)/ClinPc (20 ng){/&D
nm) multi-donor PHIOSCs.

As seen fronfigure7-7.A, both the FF and are strongly degraded with the addition of a neat
layer of ClinPc between the anode and the SubPc layer. As noted above, this is due to the added length
that holes mustraverse to reach the anode, which serves to increaseRheause undue charge
recombination effects, and ultimately decrease fRg InFigure7-7.B, the additbn of 10 nm of the
wider bandgap SubPc between ClinPc and the anode blocks holes and creatshdped JV

characteristic that is now well studied in literature and can be attributed to space chargeuipdiftf*>
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2 The multidonor PHJ OSCs therefore verify the stipulatiorade previously: the HOMO offset
between SubPc and ClInPc limits the charge transport properties of ternary mixed film and ultimately
degrades ternary OSC performance. Interestingly, this effect is generally notedsergtrongly for

the solutionprocessed ternary OSCs studied in literature, where ternary OSCs usually provide a slight
improvement in performance. It is thus suggested that additional maolgadical variations in solution
processed ternary OSCs, which are not present ivéioeumdeposted (molecularly mixed) ternary

OSCs, may account for some degree of improvement in device performance.

Given that the HOMO position of the two donors is a critical factor in the performance of
ternary OSCs, OSCs comprising two donors with similar HOBQydevelsvere also examined
Specifically, ternary OS@gth a 40 nm mixed layer of ClinPgy &nhd the donofracceptoracceptor
moleculeDTDCTRere examined™*®?*¥ Both DTDCTB and ClinPc have HOMO values on the order of
~5.2 eV t0 5.3 eV, which corresponds well to their simijavadues of ~0.8 V (+20 mV) when
incorporated into 1:1 donori&BHJ OSCs. Unfortunately, since both DTDCTB and ClinRlesigned
to absorb in the red and nedR, they have overlapping absorbance spectra (shown in the
Supplementary Informatio®ppendix 1.3), so these ternary OSCs are not expected to improvesthe J
(since ternary ClinPc:DTDCTBM@SCs do not absorb moreoladly than binary ClInPgfDSCs).
Nevertheless, the overlapping HOMO values of the donors provide critical information with regard to
charge transport. Furthermore, DTDCTEB®SCs yield similar performance values as compared to
ClinPc:6 OSCs, so IDCTB is particularly appropriate for this analysis. It is expected that holes on
ClinPc can easily hop to DTDCTB and vice versa, so that mixing DTDCTB intg @ilinfRat: Gegatively
affect the FF. The FF of a 12.5%:87.5% CligRxSC is 40%. Astad previously, adding SubPc to the
mixture decreases the FF, such that a ternary 6.25%:6.25%:87.5% ClInPc;50I8€¢ Iaas a FF of 35%.
Interestingly, adding DTDCTB to the mixture to create a ternary 6.25%:6.25%:87.5% ClInPc:iggTDCTB:C

OSC instead y@d a small improvement in FF to 42%. This effect is repeated for a 50%:50% &linPc:C
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OSC, which has an initial FF of 41%. Adding SubPc to create a 25%:25%:50% ClIng©SPc:C
reduces the FF to 34%, while adding DTDCTB again increases the Rghiigrjos#3% (with a
25%:25%:50% ClinPc:DTDCHBSC). The full set of photovoltaic parameters for these devices is
available in the Supplementary Informati¢hppendix 1.3. Based on this analysis, it is reasonable to
emphasize the stringent requiregnts on the energy levels of the components used in a ternary OSC.

To this end, the HOMO values of the donors used in a donor:donor:acceptor ternary OSC must be very
close to each other in order to generate films with reasonable hole transport propéatiesthus to

yield OSCs with high FF valuesiirthermore, in a HOM@atched ternary OSC, any significant

differences in hole mobilities between the two donors may cause additional charge transport
limitations. Likewise, it can be stipulated that the LDMWaluesand mobilitiesof the acceptors in a

donor:acceptor:acceptor ternary OSC would have to be very close for the same reasoning

As further validation of the hole transpdimitations discussed abovaicrosecond transient
photocurrent responsgof ternary ClinPc:SubPg©SCsvere also studied Transient photocurrent
measurements have been used in a number of studies to examine charge transport phenomena in
OSC&82%.219 gnd such measuremntswere usedn Chapter 6o examine charge transport isinary
donor:acceptor OSC structur€8" %% These measurements thus serve as an ideal platform to
understand thecharge transportimitations of ClinPc:SubPg@©SCs. The full details of the transient
photocurrent measurements are provided in the Experinadisection. Single exponential fits are used
to characterize the photocurrent decay, as per equatipd) below, to calculate the relevant fall time
constantt. In equation?.1), | is the current measured at time t, following the end of the light p(dse

shown inFigure7-8.A), and C1 and C2 are fitting parameters.

0 6 A@P6ohd  plt (7.1)
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Figure7-8 - A) Sample transient photocurrent decay for a ternary ClinPc:Subfs©SC B) Transient photocurrent mapping
of ternary ClinPc:SubPggOSCs (composition shown by xAxes, balance isg).

The transient photocurrent responses of the tern&@inPc:SubPg{DSCs at all of the relevant
mixing ratios are shown iRigure7-8.B. The resulting plot is rather symmetric, with binary OSCs
providing the fastestransient photoresponse, and ternary OSCs being substantially slower. In light of
the previous discussions, it is suggested that ternary ClinPc:Sgd®B8Cs suffer from poor hole sweep
out due to hole transport limitations, which slows the transient fdturrent response. As noted
previously, by mixing ClinPc and SubPc together and considering constant donor:acceptor content, one
effectively decreases the number of ClinPc molecules in a ternary film compared to a binary film. Given
its shallower HOMGQCIInPc is naturally the primary hole transporter in ClinPc:SulRer@ary OSCs.

Charge trapping is therefore especially problematic for holes on isolated ClinPc molecules. Furthermore,
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the reduction of ClinPc content serves to limit the number of fealeductive pathways for hole

transport, thereby hindering sweeput. Coupling this information with the knowledge that ClinPc has
ASYySNIffe LIR2NBNI K2tS (NI yaLR2 NI LINE LISNI AZET 02 YLI N
it is observed that the slowest devices are the ternary ClinPc:SupPSCs with high donor content.

The results thus suppothe earlier conclusions, which suggest that the energy levels of ternary OSCs

must be wellmatched in order to retain reasonable charge transport properties, and thus to allow for

rapid sweep out of charges.

7.3.  Cascade Organic Solar Cellswith ClinPc, SubPc and G

In the previous sectigrseveraimulti-layer PHJ OS@gre examinedo better undestand
charge transport difficulties in twdonor-one-acceptor ternary OSC# is worthwhile to further
examine thesesystems for their own merit, given that thegnalso qualify as cascade OSCs, a topic of
significant interest in recent literaturé- ** 952428 Considering ClinPc, SubPc aggl tBere are four

practical and interesting device configurations:

A. ITO/MoQ/ SubPc (10 nm)/ClinP& m)/Cg (30 nm) /BCP/AI
B. ITO/MoQ/ SubPcX nm)/ClinPc (20 nm)/g (30 nm) /BCP/Al
C. ITO/MoGQ/ ClinPq20 nm)/SubPc (x nmiEe, (30 nm) /BCP/AI

D. ITO/MoQ/ ClinPqx nm)/SubPc (10 niCs (30 nm) /BCP/Al

, Where eachdefinedthickness has been optimizedrfan associated bilayer PHJ OSC (e.g. 20 nm ClinPc /
30 nm Goand 10 nm SubPc / 30 nngs@rovide the highest efficienciesonfigurations B and D were
examined briefly in Section 7.Zhe current voltage curves for five different thicknesses of each

configuration are shown ifigure7-9.
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Figure7-9 - JVcharacteristics of mlti-layer PHJ OSGsith photo-active layers comprisingA) SubPc (10 nm)/ClIinPc (x
nm)/Cgo (30 nm), B SubPc (x nm)/ClInPc (20 nm}g%30 nm), C) ClinPc (20 nm)/SubPc (x nrggAB0 nm), and D) ClIinPc (x
nm)/SubPc (10 nm)/gz (30 nm)

Device configurations A and B employ a Clingd@hor/acceptor junction, placing SubPc
between the anode and ClinPEor theseconfiguratiors, an exciton can be generated on either ClinPc
or SubPdollowingthe absorption of light. In the case of ClinPc, the exciton diffuses to the Cl§nPc/C
heterojunction to generate a hole on ClinPc and an electronsgnl@ the cae of SubPc, the exciton
must first diffuse to ClinPc, and then subsequently diffuse to the Cligftai€rface. As noted in the
LINBOA2dza aSOGA2ys GKS SEOAG2Yy OFalOFRS FNBY {domt O
wider bandgap comparedo ClinPc.As such, ClinPc and SubPc both contribute to photocuenedt
these configurations may be considered cascade O3$ks photocurrent contributions frofmoth
ClinPc and SubRan be verified bfEQE measurementas shown irigure7-10. For SubPc thicknesses
equal to and greater than 4 nifrigure7-10.B), there are EQE peaks visibterh all three active layer

components ClinPc (720 nmiubPc (580 nmand G (450 nm).
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Figure7-10- EQE Measurements of various muliyer PHJ OSCs, with pheswtive layers comprising: A) SubPc (10
nm)/ClIinPc (x nm)/g, (30 nm), B) SubPc (x nm)/ClinPc (20 nng)/3G0 nm)

As describedh the previous sectiaronce ahole is formed on ClinPc, it sidifficulty being
swept to he anode due to the HOMO offsat the ClinPcdubPdnterface Thideads tothe sshapelV
characteristics iffigure7-9.Athat are well studied in literatur&€® %2323 For deviceconfigurationA,
where the SubPc is kept constant atrifh and the ClinPc thickness varies from 5 to 25 nm, the highest
J.values are obtainewith the thinnest ClinPc Fromthe EQE spectra figure7-10.A,there is a strong
reduction in SubPc photocurrentith thickerClinPc Beyond ~15 nm ClinPc, the SubPc phateat
contributions are almost completely suppressed. Froesttdata,it can beconcludeal that excitons
initially formed on SubPc can only diffus&5 nm on ClInPc before recombinirfginally, as a point of
interest, it is worth noting that both configrations A and B pin the,Mo the ClInPgomoGsoumoOffset.
However, when the SubPc layer is suitably thicktrongly suppreshole transport (resulting in-shape
JV characteristics), the,Mshifts to the value set bthe SubPgoncGeoumoOffset. In this mode of
operation, only hot (high energy) holase able to overcome the HOMO offset between ClinPc and
SubPc, Wwich furtherexplains the strong reduction in photocurrent near thg &hd the overall shape
characteristic.It can be conluded that the HOMO offset for cascade OSCs needs to be much lower than
the ~150 meV offset in the presently studied systelikely on the order of the thermal energy the

system(~25 meV at room temperature).
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For device configuration B, the SubPeelathickness is varied from 0 to 8 nm, while the ClinPc
layer thickness is kept constant at 20 nm. Fiéigure7-9.B,increasing the SubPc thickness fromm
to 2nm serves to increase device performanedth improved FFgsJand PCEThis improvement is
initially counterintuitive, ast wasestablished that the HOMO offset between SubPc and ClinPc results in
hole blockinglaccumulation.From the EQE iRigure7-10.B, the improvement ingis primarily due to
improved ClInPc photocurrent contributions, and secondarily due to slight contributions from SubPc.
has keen established that Mofs an effective HBhecauset can generate high work function
electrodes; however, Mogls also very efficient at quenching excitdfs As such, while Mogxan
substantially improve hole extraction from OSCs, it also interferes witfuthdamentalphotocurrent
generation processes. Thus, by incorporating a very thin film of the wider bandgap SubPc at the anode,
one may effectively reduce the exciton recommdion rate at the ClinPc/Mo{nterface,while still
allowing for hole transport to the anodeNaturally, following the results from device configuration A, as
the SubPd¢ayer thicknesss further increased, it begins to hinder hole transport and thegrdde device
performance. To this engyith 8 nmof SubPc, the-shape characteristic become®ore visible and by

10 nm Figure7-9.A), hole transport is strongguppressed.

Device configurations C and D employ a Subfpdior/acceptor junction, placing ClinPc
between the anode an&uliPc. As noted previously,jrsce SubPc has a wider bandgap than ClinPc,
excitons generated on ClinPc cannot be transferred across SubPc to the donor/acceptor interface.
These device configuratiosare not considered true cascade G55@s only SubPc contributes to the

photocurrent. Thigan be observed more clearly from their E€pEctrain Figure7-11.
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Figure7-11- EQE Measurements of various muléiyer PHJ OSCs, with phegative layers comprising: C) ClinPc (20
nm)/SubPc (x nm)/g (30 nm), and D) ClinPc (x nm)/SubPc (10 nrgy{(@0 nm)

For configuration C, the transition from 0 nm SubPc to 5 nm SubPc be®@ikdtc and
results in complete suppression of photocurrent from ClinPc (720 nm). The photocuenesins
suppressed for all other thicknesses and for all of the devices in configuratindi€ating that SubPc
efficiently blocks ClinPc excitoniskewise, this transition from a ClinPg§©SC to a SubPgi®OSC
results in a corresponding increase in thg, ¥s shown ifrigure7-9.C. As noted in the discussicmon
ternary OSCs in Section 7.2.2, once the Sulgfiot€rface is formed, the role of ClinPc is sotelnctas
a hole transport layerincreasing the thickness of ClInPc only serves to hinder hole sweep out and thus

degrade Fland J, shown inFigure7-9.D.

7.4. Conclusions

In this chapter, acuumdepositedternary OSCwere investigatedoy systematically varying the
composition of their comprising twdonor, one-acceptor mixed films. The data from this work notably
complement studies in literature on solutiprocessed ternary OSCs by alleviating many of the
morphological considerations that are inherent in spincoating, doctor bladingT eé&following majo

conclusions were drawn from this chapter:

1 Ternary OSC can be effective in providing broad photocurrent across the entire visible spectrum,

with ClInPc:SubPgg{OSCs exhibiting photocurrent contributions from 300 nm to 800 nm.
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9 By incorporating a third material into the photactive layer, one unavoidably reduces the amount
of the other two materials in the mixture, and therefore reduces thigint absorptionand
photocurrent generation. Correspondingly, it is challenging tasidhe mixing ratios of the ternary
mixed film to achieve high EQE values from all three plagtove components simultaneously. This
limitation may be partially addressed by employing thicker active layers; however, thicker active
layers would reduce # FFand exacerbatéhe alreadycomplicated charge transport pcesses
within the ternary mixture.

 Ternary OSCshadell NAy ISy i NBIdANBYSyGa F2NJ 6KS O2YLINRAAY
since a slight mismatch in the HOMO levels of the two dooansstrongly hinder charge transport
and thus degrade the FF.

1 With intelligent molecular design to achieve ideal energy lewaksreby minimizing charge
transport limitations ternary OSCs are a simple and ezfé¢ctive device architecture that canal

for broad and intense photocurresthat ultimately grant high power conversion efficiencies.
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Chapter Eight:

The Photo-stability of Polymer Solar
Cells: Contact Photo-degradation and

the Benefits of Interfacial Layers 1

In this chapterP3HT:PCBMDSCsre studied for their light, heat and electrical stability in inert
atmosphere. This chaptetherefore examineghanges in charge collection with tinhe identify

the major contributos to reduced OSC performance under regular operatioWarious
extraction layers are examined for their effect on device stability. The organic/metal interface is
shown to be inherently photainstableandis dentified asthe primary source of deterioration

in OSC performanceesulting in significant losses in devidiokency with photo-irradiation.

XPS measurements of the organic/aluminum interface suggest that the fphtced changes

are chemical in nature. In general, interfacial layers are shown to substantially reduce photo
degradation of the active layer/etérode interface. In spite of their photstability, several
interfacial layers present at the active layer/cathode interface suffer from thermal degradation
effects due toOSCtemperature increasesvhile exposedo light. Electrical aging effects are
demonstratedto be negligible in comparison to other major modes of degradation.

8.1. Introduction

Asdiscussedn Chapter 1 limited device stability remains one of the most significant roadblocks

toward the wide success and commercializatio®&Cs Gradual bangesinam { / Q& O2 YLINR & Ay 3

'The majority of the material in this chapter was published in:

G.Williams, Q. Wang,H. Aziz, Adv. Funct. Mater., 2012, 23, 2239

Q. Wang, G. Williams, H. Aziz, Org. Electron., 2012, 13, 2075 (secondary)

Q. Wang, G. Williams, T. Tsui,H. Aziz, J. Appl. Phys., 2012, 112, 064502 (secondary)
, reproduced here with permission.
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materialscancauseits PCHEo decrease with time, thus limiting its useful (i.e. service) Tife vast
majority of OSC stability researtdhdate has focused on degradation due to ambient moisture and
oxygen, which affectsoth the bulk active layer as well as the orgagliectrode interfacd*” 193257 258
Ambient stability measurements provide very relevant information regarding degradation of the end
product solar cell. In addition, some efforts have been made to undershanstability behavior of
OSCsinder illumination, even in an inert environment, referred toi@isinsicdevice photestability.[& 11,
%259 n inert atmosphere one may simply isolate the major pathways toward OSC-ghgiadation:
direct photoinduced changes, changes induced by the associated thermal stresses, and changes
induced by the flow of photgenerated charge carriers and/or their accumulation in trap sites in the
various layers of a devigdue to electrical streg. It wasrecently found that the organic
layer/electrode interfaces in organic optoelectronic devices can degrade rapidly under illumination,
even in inert environment$**¥ To this endijt was showrthat OLEDs an@PDsnade of small

molecule organic semiconductor materiale sensitive tgohotochemical changes at thmeetal and ITO

interfaces ultimatelyplayinga major rolein charge collection behaviour with time

Inthis chapter, the stability of FOSCs under illuminatida studied focusing on the
organic/electrode contacts and their inBnce on device photstallity behaviour The archetypical
OSC system based on a blendP8HT and PCBIgl employed for this worKollowing the rationale
established irChapter 4 Namely, the goal of this chapter is to establish major degradation phenomena
that alter charge collection processes and are highly relevant to the OPV community at la@jepter
9, these observationare expandedo study both POSCs and SKSCs, alleingfor the identification of

variations in device performandbat canoccur regardless of the fabrication methodology.

Since interfacial layers aregularlyused at organic/electrode interfaces in OSCs, their influence

on P3HT:PCBM OStability issygematicallyinvestigatedthroughout this chapter As discussed in
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Chapter landChapter Sinterfacial layers are generally used in OSCs to facilitate the extraction of the
photogenerated charge carriers (holes and electrons) from the active layer wothesponding hole

and electroncollectingelectrodes Commonly used HEL and EEL materials include PED& P a6d
MoO; ' 3¥ for HELs, and LiE*?, cscQ 34, pEG! 51 TiQ B33 and zn3*"*¥ for EELS the

latter two materials are usually used in inverted solar cells, i.e. where the top electerdessas the
hole-extracting electrode. Since the studied devices were made in the more gideligdupright
architecture, PEDOT:PSS and Mwa@re usedor the HELSs, and LiF and,C& were usedor the EELSs.
Anew EEL materidliaca¢cwas also studiedyhich wasfoundto provideslightenhancements in device
stability when compared to the ubiquitous LiF EEurthemore, a Ckz plasma treatmentvas also
investigatedto actas an HEL.Theresults demonstrate that the active layenetal interface is inherently
photo-unstable and limits the OSC phedtability. The results also show that the uséH@fLs an&EELs

can substantially enhance phettability, but they maympactthermal stability. Further, Mo§HELS
bolster the device stabilf compared to PEDOT:PSHectrical aging effectare found to be of minor
concern when compared to other degradation mechanisms. The results accentuate the need for new

HEL and EEL materials, and shed a new light on the reasons behingh&edtabity of inverted OSCs

8.2. Results and Discussion

8.2.1. Photo-Stability Tests on Polymer Solar Cells with
PEDOT:PS$ole Extraction Layers and Variable

Electron Extraction Layers

A group of P3HT:PCBM solar cells with a PEDOT:PSS HEL and various (or nojytaHisdaetas
continuously by white light (L0®W/cm?) over a period of 168 hours in a Atmosphere. In order to

monitor changes in their performance as a result of the light stress, the photovoltaic characteristics of
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the OSCs were measured at fixed tim&rvals during this period. For comparison, a second group of

samples, made of the same materials and structures, was kept in the dark {et@md$phere) for the

same period of time. This group was used to test for aging effects that may occur ieviceiwith

time regardless of the irradiation. Furthermore, in order to distinguish between pimatiaced changes

and any changes that may be caused by thermal stresses arising from the exposure to light, a third

group of samplesvas studied. This grougf samplesvas kept inN, in the dark, but heated to a

temperature of ~40C, which is a few degrees above the measured temperature of the pirattiated

samples (the first group). This allowed for thermal effects to be slightly more pronounceddatthe

set from the third group versus that in the first group. Therefore all solar cells were fabricated in

triplicate: one group of samples forexpwei 2 f A AKG aAGNBaa 6RSYy20SR Wt AIKI
samples to be kept in the dark (denotddR I NJ Q0 YR | (KA NRwrebkBroald 2F &l YL
aGNBaa O0RSYy20SR WKSIG adiNBaaQoo ¢CKS | 9SNI 3S az2fl
detailed inTable8-1. In general, th&®CEvalues were around 2% for devices with EELs and 1% for the

control devices that did not have any EEL. The PCE improvement by inclusion of an EEL is due to an

increase in all relevant solar cell parameters, includind/) andFFE Such PCEs are ireliwith the large

body of published data for devices with these materiafgecific fabrication methodologiesddevice

architectures, indicating thahesedevices can be treated as good representatives of the majority of

OSCs made with this material sytst by other research laig

Table8-1 - Summary of PEDOT:PSS HEariable EEP3HT:PCBNDS(photovoltaic output parameters before aging.

Device Description ke 5 Voo | FF|PCE R R
[mA/en?] | [mV] | [%] | [%] | [Ohm.cnd] | [Ohm.cnd]

No EEL (control) 5.9 505 | 38| 1.1 1700 31

LiF 6.5 623 | 46 | 1.9 3300 25

Liacac 7.2 626 | 50 | 2.3 3500 18

No EEL (posinneal) 7.4 612 | 48 | 2.2 4200 19
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The normalized PCE, FE,and J.values for these devices over the 168ur aging scheme are
shown inFigure8-1, all normalized to the original values to facilitate crossnparisons. Note that each
point in Figure8-1 and Table8-1 represents the average value from four to six samples in each group. It
is further noted that the data presented in this figuiend inFigure8-2 below)comprise only a small
sub-set of a larger body of data collected over a period of 18 manthsspecific sukset of data
presentedherewas obtained from amples fabricated and tested over a shorter period of time (6
months) to minimize experimental variation.
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Figure8-1 - NormalizedPCHA), FF(B), V, (C) andl. (D) values of ITO/PEDOT:PSS/P3HT:PCBM/QBLCsluring 168hour
agingstudies. x=LiF, Liacac nothing. All points are taken as averages from&4devices
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As shown irFigure8-1, light stress leads to significant degradation in the performance of all
devices, and the effect is more severe in the control devices without the EEL, which exhibit a decrease in
PCE to 60%f their initial values after exposure to light for 168 hours. For control devices, this
degradation is not substantially due to thermal effects, as devices exposed to heat stress alone (i.e.
without the light) displayed a decrease in their B€@Eonly ~85% of their initial valugover the same
period of time, despite the slightly higher temperature of the hetitessed devices relative to that
caused by the illumination of the liglstressed devices. In contrast, the OSCs employing LiF and Liacac
EELshow substantially improved photstability compared to the control devices. To this end, the LiF
devices decreased to ~75% of their original PCE values within 168 hours of light stress, and the Liacac
devices decreased to only ~90% of their original Riley. These results clearly show that the photo
stability of OSCs is limited by some photduced changes that occur at the organic/Al interface, and
that EELs can have significant benefits to pksitbility by minimizinghese changesilt isfurthermore
noteworthy that CgCQ was initially included in this investigation as a potential EEL. Howey€QECs
based devices generally exhibited much éowefficiencies (roughly 5086 that of LiFbased devices) and
much poorer stabilities compared to otheraterials. As such, £&Q is only noted here as a rather
poor EEL choice for standard configuration solar ¢allkeast compared to more common EEL

materials) It has, however, been demonstrated as a reasonable EEL in inverted geoffietfies

While the LiF and Liacac EELs improve phtability, they are also found taffectthe thermal
stability. Considering the degradation of the-h#sed devices, shown kFigure8-1, the heatstressed
devices exhibit a nearly identical reduction in PCE as thedigtdsed devices. This convincingtpws
that the reduction in PCE for these dess arisegrimarilyfrom thermal degradation. Although the
large portion of degradation for LiF EEL devices appears to be purely due to thermal effects, the light
stressed devices have a slightly stronger reduction in PCE compared to thsiriesaed deices

(decreasing to 75% vs. 80% P@lke toa stronger reduction ifrFfor the lightstressed devicgs
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Finding that device photstability is governed by therganic/Al interface, and thahtroducing
an EEL at the interface can significantly improve OSC stabiltintéresting to see if altering the
interface without using an EEL may have a similar effect. Therefore, dexoeslso studieavhere the
annealing step in the deviceldcation process was conducted after the Al metaposition(referred
G2 I & WwyRAMGSRE O AYyadiSIFR 2F GKS Y2NB 0O02YY2y a0Syl NJ
the top electrodedeposition, as is the case withetother devices in this studN@ F SNNB R {2 | & 4L

Iy y S I. T Rastnnealing process has been shown to drastically improve deeidermance®

260261 These improvements, especially the shift jafsom 0.4 to 0.6 V, have been attributed to vertical
segregation of the active layer, resulting in a more coherent interface with fewer shunt p#thss

detailed above and has been shown in literatfifea similar improvement in solar cell parameters can

also be realized using panneded devices in combination with an EEL, such as LiF. It is thus reasonable
to conclude that the postinnealing step causes a change at the organic/Al interface, forming a quasi

EEL that helps improveesgitron extraction. |t is interesting to se@ suchdevices may have different

photo-stability behaviar in comparison to the control (i.e. pi@nnealed) devices.

The normalized PCE, Fk,and J.values for the posainnealed devices over the 18®ur aging
scheme are also shown figure8-1. The average solar cell parameters for thdseices (prior to
aging) are likewisdetailed inTable8-1. As expected, annaag after Al deposition resulis an
improvement to all major solar cell parameters, allogviior a twafold improvement inPCE. The

enhancement of FF was manifestedoath an increase ifk,and a decrease iR.

Quite interestingly, despite the performance improvement, the pashealed devices have
generally poor photestability, similar to that of the control devices, showing a decrease to 60% of the
initial PCE within 168 hours of light stress. As shoviigiare8-1, this degradation is due to a

deterioration in all relevant solar cell parameters (FEavd Jy), with the FF and ¢¥Ymost strongly
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affected. The posannealed sample experiences a sliglgmaller reduction insgcompared to the

control sample, but this is compensated by a larger drop in FF. Thamposaled devices do, however,
exhibit slightly enhanced thermal stability compared to the control devices. This variation is shown to
be exclusively due to added stability in the.Mvhere the ; of the heatstressed postinnealed sample
remained relatively constant. In contrast, thg bf the heatstressed control sample decreased to

~90% of its original value within the first 72 hautsis thus likely that this instability is due to heat

induced degradation at the organic/Al interface.

It is clear that in spite of the added thermal stability with pashealing treatments, the active
layer/Al interface is still very susceptiblegboto-degradation. This suggests that simply altering the
physical characterigts of the organic/Al interfacge.g.by annealing after the metal has been deposjted
has little effect on the contact photstability, and that only changing the chemical urat of the
interface, such as by introducing an inorganic EfhrovesOS(hoto-stability. It should also be noted
that although for these samplesAlwas usedas the top electrode material due to its wide use in OSCs,
interfadal photo-degradation isot specific to P3HT:PCBM/AI contacts, but rather occurs at the
interfaces of various metals and organic matexial suggesting that the phenomenon may be of a
universal nature. To this end, it is suggested that the only requirements for jolegjadation are an

organic/metal interface and the presence of phetmluced excitons.

8.2.2. Photo-Stability Tests on OSCs with MoOs Hole
Extraction Layers and Variable Electron Extraction

Layers

Finding that theorganidAl contact strongly influences OSC phastability it is natural to

questionif similar effects take place at the ITO contddtis sectioriherefore examineghe effect of
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changing the HEL. M@@ an attractive candidatm this regard as it has recently been identified as a
replacement to the traditional PEDOT:PSS (dé&ildiscussions ihapter 5. In line with the present
analysis, MO@QHELSs have been shown to offer superior stability to PEDOT:PSS IgEelv&binginter-
electrode degradation phenomeratherwisecaused by moisture retained in PEDOTP58iven that
many EELs are essentially salts that may be strongly affected by the presence of niigter@SCit
ishighly relevanto extendthe presentanalysido P3HT:PCBSCsnadewith a MoQ HEL.The initial
photovoltaic outputparameters (prior to agingpr P3HT:PCBM OSCs with a MbBEGL and a variable
EElare shown inTable8-2 below. Comparing the Mo@HELversus PEDOT:PSS BESICsthe MoO;
devices tendo have slightly lowersdvalues that are compensated by corresponding increases with FF.
Otherwise, the ¥, valuesand the PCEs of MQBIELOSCsare generally in the ame range as PEDOT:PSS
HEL OSC#s noted inrChapter 5the MoG; thickness can be varied from hf to 15nm with little
variation in OSC output parameteggor all of the devices detailed in this work, a thickness oifrb

MoO; was used.

Table8-2 - Summary of MOQHEL / variable EER3HT:PCBM)S(hotovoltaic output parameters before aging.

Device Description s > Voo | FFIPCE Ry R
[mA/cr] | [mV] | [%] | [%] | [Ohm.cnd] | [Ohm.cnd]

No EEL (control) 5.3 453 | 46 | 1.1 2600 21

LiF 5.3 622 | 56 | 1.8 3300 16

Liacac 5.7 621 | 56 | 2.0 3300 13

No EEL (posinneal) 6.4 623 | 52 | 2.1 4500 18

The normalized PCE, Fk,and J.values for the Mo@HELOSCsever the 168hour agingperiod
are shown irFigure8-2. As with the previousala, each point irFigure8-2 and Table8-2 represents the
average value from four to six samples. The most noticeable difference between the stability of devices
with PEDOT:PSS HELSs versus thoseMuat HEIs is the near complete lack of deadation of the latter

when kept in the dark. For the duration of this study, M&{ELOSCshat were kept in the dark
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retained 96% to 100% of their original PCE (with the exception of the control devices without an EEL).

Theother major contrast when singMoG; is the behaviour ofdfor the heatstressed devices. For
PEDOT:PSS HBEBCsl.increased during the heat stress when no EEL was used, ngtaded for LiF

and Liaca&EEL OSC$or MoQHELOSCsheat stress resulted in an increase §od2%10% for both
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Figure8-2 - NormalizedPCHA), FF(B), V, (C) andk. (D) values of ITO/MoQ/P3HT:PCBM/x/ADSCsluring 168-hour aging
studies. x=LiF, Liacac apthing. Note: All points are taken as averages fronb4levices
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Thedifferencesbetween MoQ vs. PEDOT:PSS HEL deviargerhaps be explained by the
presence of residual moisture in the PEDOT:PSS filmdeBmdation in the dark, residual moisture
would ultimately degrade all solar cell parameters over time, analogous to OSCs that have been exposed
to ambient moisturé?®¥ Further, heating may result in the gradual release of residual moisture from
the PEDOT:PSS HEL, which could significantly affectridn¢hith LiF or Liacac EELS, considering their
chemical nature as salts, and may cause them to release some species into the active layer of the
0SC"™ This could lead to the creation of recombination centres that would redycaslobserved for
the PEDOT:PSS HEL devices. The contrasting increafs ihhd MoQ; HEL devices may be attuted
to further improvement in the P3HT:PCBM layer morphology with heat, or due to a thermally induced

change in the MogXfilm.

The degradation behaviour of the MgEIEL OSCs watherwise very similar to the PEDOT:PSS
HELOSCs As shown iiffigure8-2, both the controland post Yy STt SR Wb2 99[ Q RSZAOS:
substantial photedegradation. The control device similarly showed heat stress degradatiay otV
observed in the posanneala device. Introduction of an LiF or Liacac EEL substantially reduced direct
photo-degradation, but the devices still suffered from thermal effects. This is shown for both the LiF
and Liacac EEL devices, which have very similar final PCE values dbit-8iebsed and heastressed
samples. As a point of note, the liggtressed and headtressed PCEs for both LiF and Liacac EEL
devices were somewhat higher when making use of the MéEL.Jecifically, when employing an LiF
or Liacac EEL, the MgBH_ devices never dropped below 90% of the original PCE, whereas the
PEDOT:PSS HEECsanged between 75% and 90%. The results therefore show that using MoO3
instead of PEDOT:PSS as an HEL material can lead to some stability improvaamdehtstthe berefits
appear to be mostly due to lower moisture retention and/or impedwthermal stability Ultimately,

however,both MoQ; and PEDOT:PSS offer a similar levphoto-stability. These results can perhaps
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provide newinsights on the reasons behind thergeal higher stability of inverted OSES In this
regard,inverted OSCalwaysemploy interfacial layers tmore efficientlyextractholes/electrons. fie
absence of the organic active layer/metal interface, which appears to be strongly susceptible te photo
degradation and detrimental to the photstability, cantherefore enhancethe inverted OSGtability.
Furthermore, since MG; is typically used instead of PEDOT:PSS as an HEL material in iO&Ced

additional stability benefits can be expectedconsiderationof the presentobservations.

8.2.3. The Role of Surface Treatments on ITO/Organic

Interface Photostability

To further pobe the photestability of the IT@rganic inteface, additional light stress
experiments were maden P3HT:PCBM OS$€smparing CFOplasma treatmentgPFITO)Yo MoOs
HELsndsamples without HELsAN LiF EEL was applied in order to minimizeimnyediatephoto-
degradation at the organié\l interface. In this mannerit is possible tdetter isolate IT@ontact
specific variations that occur as a consequence of pirogaliation. Only recently have GRreatments
been reported as a replacemettt PEDOT$S for P3HT:PCBM solar céifshowever, the stability of

CR-treated ITO has yet to be reported when used in OSCs.

As with thedevices irthe previous sectionghe OSCs weraged by constant exposure to 100
mW/cm?® white light, during which they were kept inmal\, environment and cooled by a fan to prevent
excessivdneating. For this set of experiments, the OSCs were exposed to light ovedan geriod.
Figure8-3 below shows the beforeand afteraging dark IV characteristics of the {TPFITO and
ITO/MoQ-basedOSCs AlIOSCshow relatively normal diode behavior before aging, and théTX
and ITO/MoQOSCshowvery little changen their IV characteristics after aging. The untreated ITO

OSCshowever, exhibit atrongvariation in their IV characteristics, losing their diode shape and
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behaving nore like a simple resistor. Téedata suggest substantial degradation of the untreated-ITO

organic interface, with less degradation of thelFO and ITO/MoQ-organic interfaces.

(a)ITO

(b) PTITO
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Figure8-3 - Changes in theark J\Vcharacteristics from GCautilizing (a) ITO, (b) RITO and (c) ITO/Mogascontactsafter
exposure to 100 mW/cnf light from ahalogenlamp.

Elucidation of the OSC photovoltaic parameters supports the above conclusions. The untreated
ITO contacyieldsOSCs with very poor photovoltaic properties, presenting an initial PCE of 0.01%.
Within an hour of irradiation, the untreated IT@S@&xhibitsno measurable phin-response (PCE~0%).
Figure8-4 shows the changes ig,JV,c and PCE extracted from the remainingIPD and ITO/Mo9
OSC¢FFis not shown as it wa®lativelyconstant for both devices for the duration of the experiment).
Astrong variation in the propeigs of the PAITO versus the ITO/Ma@evices is observed. In general,
PTFITOOSCexhibit slight deterioration in PCE, largely owing to a decreasg,0f MO/MoQ devices,
however, remairunaffected in this regardeven showing a slight improvementR&CE due to a slight
increa® in J. Itis thus clear that, like the organic/metal contact, the ITO/organic contact requires some
form of interfacial layer in order to reduce photiegradation effects Further, the ITO/Mo@contact

appears to be more suible forstable OSChianthe PFITO contact.

141



6
-- . -e- a)Jsc
~ 5 - |
< . a
E 4d .
=
3
0.55
: B ITO/MoO; (b) Voc
e 05 ¢ PLITO
: I
~ 045 | B FETEREEEE e ;e -m
R ®- .. _.
... .
0.4
1.8
(c) PCE
2 16 9.
é N
o 14 f . -
@] ﬁ ..m
A 12 | BUPEREE
1l|I AL Ll .
0 50 100 150 200
Time (h)

Figure8-4 - Changesri (a) J, (b)V,cand (c) PCEespectively, from OSQGgilizing PATO and ITO/Mo@ascontacts as a
function oftime exposed to100mW/cm?white light.

8.2.4. X-Ray Photoelectron Spectroscopy Analysis of

the Organic-Aluminum Interface

To gain some insight about the nature of the phitduced changes at the active layer/metal
interface, and whether the underlying processes aretpbhemicalin nature,XPSvas usedo probe
changes in the chemical characteristics of the P3HT:PCBM/AIl interface. The Al 2p binding energy

spectra of P3HT:PCBM(i@th)/Al(5nm) samples are shown Figure8-5 below.
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Figure8-5 - Al 2pbinding energyspectra (byXP$ of PSHT:PCBM(#m)/Al (5 nm) sampleskept in dark and thesame
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lamp for 24 hours. Since both the ligdttessed samples and the samples kept in the dark were
fabricated on thesame substrate (later cleaved for light aging and testing), the elemental aluminum
peak at 72. &V has been normalized to the same intensity for both curves. A second peak is also
observed at 75.3+0.1eV, which is shown to decrease significantly iensity after irradiation. Note

that aluminum oxide bonds form in this binding energy region, and some aluminum oxide is necessarily
present due to the loading of the sample into the XPS chamber; however, a control/pure Al films on
glass (without the P3HFCBM layer) showed negligible change in this region. It is thus suggested that
the origin of this peak is due to-8l bythe thiophene component in P3H* %% and/or AFO-C by the
carbonyl groups in PCBM (analogous to the peak observed##AlqGiven the tendency of P3HT to
accumulate at this interfacB® the AFS bond may be more likelythe reduction of peak intensity pest
irradiation suggests a decrease in bond density, indicating that the photo induced changes may indeed
be chemical in nature. This implies that the active orgayierfaluminum interface is inherently

1213 and add merit to

susceptible to photalegradation. These results also agree wijtheviouswork|
the notionthat the photodegradation of organielectrode interfaces is univerdgbpplicale, and

occurs due to a change that is chemical in nature and detectable by XPS.
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8.2.5. Electrical Aging Effects in Solar Cell Degradation

Although the above results clearly indicate that the major mode of degradation for the contact
interfaces is photanduced, it is possible that the degradation is caused by the flow of electrical current
(photo-gererated carriers) through the OS€se. primarily due to electrical stress. Degradation due to
charge accumulation and the associated electrical aging of organic layers has been identified as a
significant mode of efficiency loss for OLEfSs It is thus worth studying electrical stress effects in OSCs
to ascertain their relative impact on device efficiency. To this end, electinbnand hok-only devices

with the following structures were fabricated and studied:

1 electrononly: ITO/CLQ/P3HT:PCBM/(LiF, Liacac or No EEL)/AI

1 hole-only: ITO/(PEDOT:PSS or M@EBHT:PCBM/MoPAg

As both contacts in the first device are capable of injecting electrons efficiently into the P3HT:PCBM
layer, but are much less efficient in injecting holes, the flow of current across the layers of the device
under an external bias, regardless of the pitya will occur predominantly through the transport of

St SOGNRY AT YI {2AWIER A Bndlay, Msdle$h deMd® yhakes use of hele

injecting contacts allowing for only hole current with an applied bias.

The current densityoltage(JV) characteristics of tteedevices are shown iRigure8-6. On
these figures, a positive bias voltage corresponds to a bias where the ITO is at a more poigtitialp
with respect to the Al. Considering the electronly devices, the use of LiF or Liacac results in the
highest level of injected current from the Al into the P3HT:PCBM layer, as shown in the positive bias
region ofFigure8-6.A. The LiF and Liacac EELs also exhibit very similar capacities to extract electrons
from the P3HT:PCBM, as is evident from their similar current densities at any given voltage in the
negative bias region of the\dcurve. Further, both LiF and Liacac were more efficient in extracting

electrons versus the No EEL contridbte: in the negative bias region, electrons are injected into
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P3HT:PCBM from the ITO/C& contact, and hence anyifferences in the current density at any

voltage among the devices in this region reflects differences in the current extra@uacities at the Al

top electrode
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Figure8-6 - JV curves of A)lectron- and B)hole-only devicesrespectively. Insetsdevicestructures andbiasingscheme
(Note: negative bias = regular current flow during photovoltaic operation across interfaces of interest).
C) Measuredievicevoltages with-7.5 mA/cm? driving current over 12 hours fovariousinterfaces of nterest.

Theseobservations are inull agreement with the data iffable8-1 and Table8-2, where the
increase in PCE upon ngithe EELSs is associated with higher Vocdandr Rs, both indicative of
improved charge extraction and smalley, Msses at the contact. The most efficient contact for
SEGNI OlGAy3a St SOGNRY O depdstBnficaEd skndpie, Svidich Eonsistent witk &
high J.noted inTable8-1. For the holeonly devices, the ITO/Moontact is shown to have no
observable Schottky barrier, providing slightly higher injected and extracted current compared to the

PEDOT:PSS film. In general, the barriers to injection/dxineand the associated contact resistances
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were found to be much lower for the holenly devices than for the electreonly devices.
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In order to investigate possible degradation effects due to the prolonged flow of current, the
electrononly and holeonly devices were subjected to a negative bias sufficient to maintain a
continuous flow of current of7.5mA/cn? for 12 hours in the dark, which is slightly higher than the
highest 4 observed with the OSCs subjected to the light stress tests in thadictibn of this chapterA
negative biasvas used in order to make the flow direction of electrons and holes in these test devices
the same as that of the photgenerated carriersni OSCs under normal condition ( electrons flowing
from the P3HT:PCBM layer to the Al contadhimcase of the electroinly device, and holes flowing
from the P3HT:PCBM layer to the ITO contatihécase of the hol@nly devicg. The required voltages
to maintain the-7.5mA/cn? current density for the duration of these measurements are shown in
Figure8-6.C In general, the measured voltages remained relatively stable, varying onimigy@ 20
mV. Furthermoresubsequent currenvoltagemeasurements after electrical stress showed
insignificant variations from the original measuremeqthese data are not shown fRigure8-6.A-B, as
the curves essentially overlap. These results indicate that electrical stress effects are relativadyitimite
OSCs, at least in the tiftame ofthe presentexperiment, and cannot account for the fast degradation

in OSC performance observed with illumination.

The conclusion that the electrical stresses are insignificant is further supported by observations
made during lighstress tests, where the OSCs wplaced under both open circuit arghort circuit
conditions. Irthe open circuit scenario, photogenerated charge carriers can be expected to exist in the
active layer of the®OSCbutsincethe electrodes are electrically isolated ahence cannot dissipat
chargedrom the active layer, the photogenerated charges remain largely immobile. In contrast, in the
short circuit scenarigthe photogenerated charges aable to flow through the organic layers and
across the various interfaces to the electrotidernal circuit. As such, should elecél stresses be
significant, onavould expect some differences in the rate of PCE decrease between these electrically

different scenarios.Theresults, however, showed that devices aged in both conditions gave weifgrs
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trends. Thereforeit is shown that the photeinduced changes in the previously examined OSCs are not
due to the photeinduced flow of current or as a consequence of electrical stresses. Given these results,
it is suggested that electrical stresgese in comparison to other degradation mechanisms, such as

light-, heat and ambient HO/O,-induced losses.

8.3. Conclusions

In this chapter, lhie gability behavior of P3HT:PCBM O8@sstudiedin inert atmosphere
consideringvarious stresses, including ligiheatand electrical stress This chapteralsoprovided a
base of knowledge for understanding phedegradation mechanisms amdriationsin charge collection
with time, topics that are further examined @hapter 9andChapter 10 The majoconclusions

discussed in this chapter are described below:

1 Themain source of theleterioration inthe charge collection properties @SCs with times found
to be photainduced changes at therganicelectrode interfacewith thermal and electrical stregs
generally shown to be less significaitPS measurements suggest that these changes are
photochemical in natureThe use of EElasid HEL& between the organic layer and tledectrodes
can largely suppress contact phedegradation and enhance OSKopo-stability.

9 Liacac is proposed here as a new EEL material that is shown to provide efficiency improvements on
par with the ubiquitous LiF, but with some additional stability improvements.

1 MoG; can be usedhstead of PEDOT:PSS as antbiihprovestability, likely due tats lower
moisture retention and/or improved thermal stabilityBoth HELSs, however, provide substantial
stability and efficiency impraments over untreated samples.

1 The resultsof this chapteithusuncover a major degradation@shanism that limits OSC sthdy

under illuminationand accentuatethe need forresearch omew HEL and EEL materials.
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Chapter Nine:

The Effect of Charge Extraction Layers
on the Photo -Stability of Vacuum -
Deposited versus Solution -Coated

Organic Solar Cells?

In this chapter,P3HTPCBMP-OSCsre studied in parallewith ClinPc:6g SMOSCdor their
photo-stability behaviour To further examine organic/electrode interactionswade set of
traditional HELs and EEBse examined for their role in OSC performance and stability. The
inter-compatibilitiesand incompatibilitiesof these extraction layersn SMOSCs versus®SCs

are explored.Certain extraction layer combinatiorere highlighted for resultingn stronginter-
electrode degradation. The results suggest that the presence of excitons at the organic
electrode interface plays a critical role in contact phdiegradationin both vacuumdeposited

and solutioncoated materials systems By minimizing contact pio-degradation, which
dominates the majority of shotierm OSC degradation, a new avenue for studying OSC stability
behavior and opportunities to focus on other losses in OSCs become possible.

9.1. Introduction

As notedin previous chaptersK S dzYo NBf f I GSN)Y Wh BMOBC¥dn® 06S 0 NR

OSG. While POSCs are always solutionated, SMOSCs can be eitheacuumdepositedor solution

! The majority of the material in this chapter was published in:
G. Williams,H. AziQrg. Electron.2013,15, 47.
, reproduced here with permission.
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coated. Despite the different fabrication methodologies, high effici€d8Csan be achieved faall of
these case&3* %427 ysually in combinon with suitable extraction layers. It is thus intriguing that the
various approaches in device fabrication (solutcmated versus vacuwdeposited) generally employ
different extraction layers, while making use of the same electrode mateyihis point was addressed
briefly inChapterl and Chapter5. ROSCs and solutiecpated SMOSCs usually employP&DOT:PSS
HELand a thin (~1im) LiF EEt*? In contrastvacuumdepositedSMOSCs often use a plasma
treatment-based HEI>?"Y and a BCP EEE:*? The relative stabilities and efficacies of these and
several other extraction layers (such as @i&sma treatment’? 2422 and MoQ**?"3) when directly

comparing the different fabrication methodologies are, as of yet, unstudied.

In thischapter, a systematic studig conductedon the effect of commonly employed extraction
layers on OSC phowtability, as well as on the int@ompatibilities of these extraction layers in both
solution-coated POSCs and vacuudeposited SMOSCs. By illuminating SBECs and-@SCs in a
controlled N environment, the impact of the interfacial layers on device lifetime and photovoltaic
parametersis elucidated Theresults further demonstrate that, although both SBSCs and-BSCs
suffer from contact photalegradation, the use of extractn layers generally improves their pheto
stability. This is in agreement with the results presenteimapter 8 andconfirmsthat the photo
degradation phenomeon occussregardless of fabrication methodology (vacug@posited vs. solution
coated). Optimal HEL/EEL combinations are identified for both vacdeposited SMOSC and-BSC
materials systems. Incompatible HEL/EEL combinations, as observed lenteyde degradation, are
also highlighted.The presence of excitons at the orgalectrode nterfaceis suggested to be
fundamentally important in contact photdegradation. By minimizing contact phedegradation,
which dominates the majority of sheterm OSC degradation, opportunities to focus on other losses in

OSCs become possible.
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9.2. Results and Discussion

9.2.1. Photo -Stability of Organic -Electrode Interfaces

with Various Interfacial Layers

lllustrations of the relevant devices structures for theSCs and SKRSCgxamined in this
chapterare provided irFigure9-1.A and B respectivelyThecomprising materialare chosen for their
high degree of OSC performance reproducibility, and also because their initial PCErslaeghly
equivalent (~2 to 2.2% PCE for optimized HEL/EEL), allowing for simpler comparisons across the two
different fabrication methodologies. While the acceptor materials are fundamentally simifarefGus
PCBM)the donor materials for the two simms are different in their structure and their energy levels,
the latter illustrated inFigure9-1.Cl"* 167169264 274279 aq g ch, the present work considers two very
different OSC systentsin fabrication methodology, constituent materials and device structure
elucidate possible commonalities regarding their stability. As will be prioviris chapteyin spite of
these differences, both of the examined $MCs and-@SCs show strong similarities in their device

stability that are largely associated with phatwuced organielectrode interfacial degradation.

a) b)

P3HT:PCBM (1:1

(70nm)
HEL HEL
ITO ITO

Figure9-1 - lllustration of the OS@evicestructures used in thischapterfor a) vacuumdeposited SM-OSCsnd b)solution-
coated P-OSCsc) Energyeveldiagram for theconstituent materials in a) and b).

P-OSC and SI@SC samples were continuously illuminabe@r a period of 84 hours in a drg N

environment andthe photovoltaic output parameters wereaeasured at fixed time intervalslo gauge
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any degradation simply due the storage of the devicegdentical samples were kept in the dark in a
dry N, envirorment and measured at the same time intervals. The initial photovoltaic parameters for

representative SMDSC and-®SC samples (prior to ithination) are detailed iTable9-1 and Table9-2.

Table9-1 - Initial (t=0) PCRalues for ITO/HEL/CIINPG#Cs/EEL/AISMOSG with variousHELs and EEL4, V,.and FF are
shown insmaller text.

Table9-2 - Initial (t=0) PCEvalues for ITO/HEL/P3HT:PCBM/EELBADSCsvith variousHELs and EELY{, V,.and FF are

EEL
HEL None BCP BCP + LiF
0.19 mA/cm? 3.18 mA/cm? 2.70 mAlcm?
None | 0.01% 59 mV 0.27% 213 mv 0.14% 151 mv
25% 34% 29%
2.54 mAlcm? 4.51 mA/cm? 4.58 mA/cm?
P:i%CS)T 0.30% 511 mvV 1.24% 652 mV 1.25% 660 mV
23% 42% 41%
2.52 mAlcm? 4.57 mAlcm? 4.44 mAlcm?®
CF, 0.27% 420 mv 2.17% 919 mV 2.12% 921 mv
25% 52% 52%
2.98 mA/cm? 4.63 mA/cm? 4.67 mAlcm?
MoOs; | 0.42% 516 mV 2.15% 982 mv 2.17% 985 mV
28% 47% 47%

shown insmaller text.

HEL EEL
None LiF BCP BCP + LiF
0.58 mA/cm? 1.26 mA/cm? 1.43 mA/cm? 1.05 mA/cm?
None | 0.02% 135 mVv 0.04% 201 mV 0.04% 188 mv 0.03% 160 mv
22% 18% 17% 18%
6.18 mA/cm? 6.22 mA/lcm? 6.29 mA/cm? 6.12 mA/cm?
P_IIED%(;T 1.72% 553 mV 2.07% 615 mV 1.99% 610 mV 1.85% 617 mvV
' 50% 54% 52% 49%
5.27 mAlcm? 6.60 mA/cm? 6.89 mA/cm? 6.75 mA/cm?
CF, 0.44% 277 mv 1.83% 584 mV 2.08% 609 mV 1.94% 608 mV
29% 47% 50% 47%
5.37 mA/lcm? 5.72 mA/lcm? 5.80 mA/cm? 5.86 mA/cm?
MoO; | 0.94% 382 mv 1.87% 593 mV 2.11% 630 mv 2.06% 632 mV
46% 55% 58% 56%
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It is immediately obvious that, in nearly all cases, using either no HEL or no EEL results in very poor

device performance, as is well established in the fféftl The following general observations can be

made regarding the initial performance of OSCs made by the two different fabrication methodologies

(vacuumdeposited and solutiorcoated OSCs):

- HEL:
o0 CRplasma treatment gives performance on par with Mp@hd both HELs work for SM
OSCs and-BSCs
o PEDOT:PSS works well fad8Cs, and it may work for SBECs; however, it is
incompatible with ClinPcgSM-OSCs that rely on tHellerenebasedSchottky junction
architecture(discussed further in Section 9.2.5)
0 P-OSCs that use a PEDOT:PSS HEL and no EEL can show reasonable performance
- EEL:
o LiF works well for®SCs, butaks not work well for SMDSCs becausedoes not
suitably protect the organic layers from damage during metal deposition, especially
given therelatively high roughness of films including C
0 BCP works well for both SMISCs and-©@SCs; however, it suffers from incompatibilities
with PEDOT:P%@iscussed further in Section 9.2.3)
9.2.2. Vacuum-Deposited Small Molecule Organic Solar
Cells

Since the majaty of stability studies have focused primarily oOSCSE" " ¥ it is of immediate

interest to observe the photatability of vacuundeposited SMOSCs. The normalized PCE values of the

ClInPc:g SMOSCs with varyingELS/EELs during the-Bdur light illuminatdon scheme are plotted in

Figure9-2. In order to better isolate the effects of illumination on the sansplbe data preented in
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Figure9-2 have been normalized relative to the P@&uesof identical devices kept in the dark at the

given time. This normalization helps to remove degradation effects or other variations in efficiency
simply due to storage of the devices, and therefore it allowsto better observe degradation purely

due to light exposure. The original ranrmalized data, including data for both the illuminateamples

and the samples kept in dark, are provided in the supplemental informéfippendix 1.9. It is worth

noting that the devices that had suitable interfacial layers and that were kept in the dark generally
degraded very little, immediately suggesiithat the shelf life of these devices is much longer than the
lifetime of illuminated devices. As it will become evident from the vast amount of raw data (as provided
in the supplemental information), this normalization methodology assists in cleaalyzang and

identifying trends, while avoiding the obvizgd 02y aSljdzSy 0Sa 2F WoA3d RIGE ®Q

W NoEEL; EEL= 4 LiF, B BCP, @ BCPILiF|

a) 1.0 b) 1.0
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0.0 0.0— ‘ : : ‘
0O 20 40 60 80 100 0O 20 40 60 80 100
Time (hrs) Time (hrs)

HEL = Mo©
0 20 40 60 80 100 0 20 40 60 80 100
Time (hrs) Time (hrs)

Figure9-2 - NormalizedPCE valuefr ClinPc:g SM-OSG with varying HELs ¢ad) and EELs over 8#urs ofillumination.
HELs include: a) No HEL, b) PEDOT:PSE4@)lasa treatment, d)MoO3.
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FromFigure9-2, it is clear that, without some form of HEL or EEL, the CligsEDSCs are
very photounstable. Within 36 hours, the PCE values fadelices without an HEEifure9-2.a)
decrease to ~0% due to a strong deteriorationsin\J. and FF. Similarly, those devices with no EEL
suffer very strong photaleterioration, although not as severe as the d®a with no HEL. To this end,
GKS Wb2 99[ Q RS@A OSHEISs Hetrkase t®-20vstand ~6506 oftthéiRoriginal PCE
within 84 hours of continuous light exposure. In contrast, the use of either no HEL pHEICWith no
EEL results in compéedegradation of photovoltaic characteristics in the 84 hours of illumination. It is
also worth noting that the initial efficiencies of devices without HELs andaE&dysite poor, as shown
in Table9-1, which makes them very ssitive to further decreasein 4, V,cand FF. The results strongly

demonstrate the photenstability of these devices.

It is useful to now examinthose devices with both aHEL and an EE‘hown inFigure9-2.b-d.
As per discussions @hapter 5 it is worth emphasizinthat SMOSCs generally employ an organic €EL
typically BCR in contrast to the most commonly used inorgaftEL for®SCsLiF. Asnoted in
Chapter 8it is observed thalight harvesting devices with orgarieetal interfaces are photo
unstable!®®*™ however, in those experiments, the organic material also served as afalotite
component in the device operation and thus contained excitons during illumination. The use of an
organic extraction layer (i.e. BCP) that has no role in the generatipimoddcurrentcan help show
whether this interfacial degradation is merely due to the weak chemical nature of orgeeta
interfaces in general, or due to exciton interactions at the orgaaitode interface. To better
understandthe effect of the EEL ithhe stability of SMOSCs three EEL variaate includedn this study:
BCP (8 nm), LiF (1 nm) and BGR{PLIF(1 nm). Comparisons of BCP with BCP/LiFdmtety show
whether an organic/inorganicathode interface offers stability enheements over tlk simple

organictathode interface.
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Upon examination oFigure9-2.b-d, it is clear that the presence of a BCP or BCP/LiF EEL
significantly improves the photstability of ClinPc&OSCs with all three of the examined HELs
(PEDOT:PSS ,@Rsma treatment ad MoQU @ t95he¢Yt {{kKXK./t FTYR t95h¢Yt
configurations lose 20% of their original PCE after 84 hours of illumination, with a ~5% loss to FF and
more severe ~10% losses to boghahd \i.. The use of a MoHEL instead grants slightly bettergib-
stability, with only 15% reduced PCE after 84 hours, due to only minor (few percent) losggdta V
the same 5% loss to FF and a 10% loss.td lle most stable ClinPg;@evice, however, employs a CF
HEL and a BCP or BCP/LiF EEL, allowioglyca 10% reduction in PCE after 84 hours of illumination. In
this case the PCE reduction is due to4asvcent losses to bothhnd \4., and the same 5% loss to FF.
Plots of these major photovoltaic parameters (PGEVsl and FF) versus illuminati time are available
in the supplementainformation (Appendix 1.5. Thereforethe most stable SMDSGn this study
employsCRF plasma treatment as an HEL and a BCP EEL. Basexd?S data fror@hapter §the
organicelectrode interfaces arknown to beespecially susceptible to phoioduced chemical
changes**¥ Cmsequentlythe instabilities of the organielectrode interfaces observed here are
suggested to be due to detrimental phethemical interactions between the phetictive organic
species and the electrode. These interactions are found to occur due ts@pepto light, as samples
kept in dark showed either no change or substantially smaller changes in their photovoltaic parameters
when compared to those devices exposed to light. In all configurations, thH@ S84 lose ~5% in FF,
indicating the likelihooaf an additional degradation mechanism beyond the phimistability of the
organicelectrode interface.Thisadditionaldegradation mechanisns studied in greater detail in
Chapter 10 where SMOSCs are studied for variations in their charge collegtioperties with time as

a function of their device structure

Interestingly, the SMDSCs with an LiF EEL showed degradation behavior very similar to that of a

device with no EEL. Note that the phettability data for SMOSCs with LiF EELs are not pravide
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PEDOT:PSS and Md€ELs because the initial performances of these devices were generally too low to
be meaningful Furthermore, the combined BCP/LiF EEL showed stabilities similar to that of BGP alone
the curves of BCP and BCP/LIF EEL devicelylawgriap. To understand the inefficacy of LiF here, it is

useful tore-examine the function of the EEL in $MCs adiscussed ilChapter 5

- to aid in work function alignment of the cathode and/or aid with conduction of electrons to the
cathode, samas with POSCS*" 278

- to block excitons from reaching the adjacent electrode, unique teCBCs (generally not
considered for FOSC$Y* %2

- to protect the underlying organic layers from damage during deposition of the top metal

cathode, also unique to SKASCE* %2

While LiF may help to satisfy the first role of work function alignment, a 1 nm LiF layer is insufficient to
protect the underlying organic layers frometal damage during cathode deposition or to physically

block excitons from reaching the adjacent electrode. This is particularly relevant when considering the
RMS roughness values of the organic layer adjacent to the EEL, as determined by AFM. Am AFM sca
the Golayer (i.e. the layer adjacent to the EEL in 8OSC) is provided Figure9-3.a. For reference,

an AFM image of the 1:1 P3HT:PCBM layer (i.e. ylee &djacent to the EEL in thedSC) is also

provided inFigure9-3.b. From tkese data,the roughness of the neat;glayer isfound to bequite high

(3.3 nm RMS roughness), especially when compared to that of the 1:1 P3HT:PCBM BHDIAGhE B

nm RMS roughness). It is worth noting that using a 1:1 BHJ of Clye€decrease the roughness
slightly (2.5 nm RMS roughness), but nothe sane level as with the ®©SC BHUILIE is similarly

ineffective for a simple 1:1 ClinPgg8HJ SMDSQ. The penetration of aluminum through 1 nm thick LiF
to create an organic/Al interface would furthegsult inreducedOSGtability and lifetime.Finally, in

the case of the BCP/LiF EEL, the presence of LiF does not have any effect, whether positive or negative,
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on the device characteristics or phestability, indicating that the BCP EEL is already sufficient to carry

out all of its functions derted above.

a) 1um b) 1 pum
60nm 30nm
0 0
0 0
0 1um 0 1um

Figure9-3 - AFMimage of a) ggand b) 1:1 P3HT:PCBM films. Rk8ghnessvalues are 3.3 nm and 1.4 nm for a) and b)
respectively.

From these results, it is becoming clear that the cathpheto-degradation phenomenon is
strongly linked to the presence of excitons at the organital interface (and not merely due to the
ONBI A2y 27T -nmetaliiedate). BCR2 W its yarg©bandgap compared to either the donor
or acceptor mateial, provides a necessary buffer to physically separate excitons from this interface and
thus it can effectively limit photalegradation. As such, there are two viable strategies for the selection
of extraction layers for high stability OSCs: either fbighly stable interfaces (e.g. through the use of
inorganic layers, as is the case with LIFDSTs), or prevent direct contact between the electrode and

the photo-active species (e.g. with a wide bandgap organic extraction layer).

9.2.3. Solution -Coated Polymer Solar Cells

The normalized PCE values of the P3HT:PCBBR with varying HELS/EELSs during tHeo84
illumination scheme are plotted iRigure9-4. Following e same approach as ihe previous section
the data hae been normalized relative to the P@&uesof identical devices kept in the dark at the

given time. The original nemormalized data, including data for both the illuminated samples and the
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samples kept in dark, are provided in the supplemental informai{@ppendix 1.5. As with the

ClinPc:6; OSCs, the storage of the deviedgth suitable HELs/EEViglds onlysmall variations in

photovoltaic parameters (with only one exception, PEDOT:PSS/P3HT:PCBM/BCP devices, which are

discussed further below). In concurrence wiitle results fromChapter §*¥ P3HT:PCBM-BSCs with

either no EEL orcmHEL exhibit poor photstability. Devices with no HEL suffer a significant decrease in

PCE to ~20% of their initial PCE within 84 hours of illumination regardless of the choice of EEBCsP

with no EEL also photbegrade, but not nearly as much 8MOSCs, losing only ~40%, ~20% and ~15%

of their initial PCE for ¢plasma treatment, PEDOT:PSS and MdELSs respectively.

—w No EEL; EEL = 4 LiF, [ BCP, @ BCPILiF]
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Figure9-4 - NormalizedPCE valuefr P3HT:PCBM-OSCsvith different HELs and EELs overl&urs ofillumination. HELs
include: a) No HEL, b) PEDOT:PSS, c) CF4 plasma treatment, g) MoO

P-OSCs that employ both an HEL and an EEL exhibit a significantly enhancestabittg.

Following similar behavior as tt@MOSCs, BCP and BCP/LiF EELs give roughly the same trends during

illumination, so the latter are not discusseddapth here. As shown fRigure9-4d o6 > t 95 hiERt { { K XK
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OSCs are relatively phestable, with only a 80% decrease in PCE after 84 hours of light exposure. In

this case, the reductions are due to slight losses,imM FF. FrorRigure9-4.c, devices with either LiF

or BCP in combination with a {HfEL are shown to exhibit reasonable stability. The GF . / t

configuration allows for only a ~20% reduction in PCE, whilethe XK [ AC O2y TA3JdzN» GA2Y &
~10% decrease in PCE after 84 lsaafrillumination. Fronfrigure9-4.d, MoQk X Kk [-@SCs are also

reasonably stable with only a 10% loss in PCE. The highestysRiBECs employ the MagO X Kk . /[ t
configuration, allowing for only a 5% reduction in PCE over 84 hours of illumination, which appears to

arise primarily from losses in FF. Therefore, the most stal&® from this studyemploy a MoQHEL

and a BCP EEL.

FromFigure9-4®o > t 95h¢Yt { { kXK. /t RS@GAOSA I NB RSY2yail
losing ~80% of theoriginal PCE within 84 hours of light exposgetrend in direct contrast to all other
devices with a BCP EEL. Since PEDOT:PSS HEL devices show reasonable stabilities with an LiF EEL, and
BCP EEL devices show reasonable stabilities with bgnm@MoQ HELs, it is clear that BCP and
PEDOT:PSS cannot lmepoyed simultaneouslyAs discussed i@hapter 8 PEDOT:PSS has been
suggested to contain residual humidity that can adversely affect deviderpgance*” Furthermore,
BCP has been shown to suffer from moistimeéuced degradatioff*” It is thus logical to study the
thermal stability of theselevices, on the basis that any thermally assisteddifftision of moisture
from PEDOT:PSS would adversely affect the OSC lifetime by interacting with BCP. As such,
t 95h¢ Yt { {OSKExwerke heated in the dark ingeNvironment at the temperature thahe
iluminated samples reach (4C). Their output parameters were measured periodically up to a period
of 36 hours (i.e. the first point in the concurrent phegtability experiments). The normalized PCE
values for the heated samples are plotted alsiig illuminated data (for theasne structure PFOSC) in

Figure9-5.a.
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Figure9-5 - NormalizedPCE valuefr a) P3HT:PCBM and b) ClinPc:O&Csvith a PEDOT:PSS HEL and a BCP EEL while
illuminated andheated.

¢KS t95h¢Yt{{kXk./t alYLXSa FINB akKz2gy (2 RSINI
in only 36 hours. Furthermore, the 3®ur heated sample point matches reasonably well with the 36
hour illuminated sample point. This indicates that, for fhésticular combination of materials, heat
induced degradation likely dominates phetiegradation. The results suggest that this poor stability
may be largely due to the heatediated release of moisture from PEDOT:PSS and its subsequent
interaction withthe BCP interlayer. While heat plays a major role in the OSC losse®@ &L $with a
PEDOT:PSS HEL and a BCP EEL, it is worth recalling thatuwsat degradation is not always the
primary cause of OSC contact degradation and the associated PCE Tas#gis end,n Chapter 8it
wasestablished that RFDSCs with no HEL and no EEL have similar PCE versus time behavior whether they
are heated or simply kept in the dark in. ! These same devices, however, showed strauyctions
in PCE when illuminated. XPS measuremeatefurther shown that variousorganicelectrode
interfaces aresusceptible to photénduced chemical changé™ In these latter experiments, the
light intensities were generally low enough that the devices did not experience any significant heating.
Theresults thus stresde importance of considering all possible avenues toward device degradation in

OSC stability studies.

Interestingly, forthe ClinPgggSMh { / & GKS t95h¢ Yt {{kXk./t O2YO0AYy

significant deterioration, with only a ~20% loss in PCE aftdro8irs of illumination. Since it is unknown
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if this loss is similarly due to heatduced effects, the samigeatstressexperiment was conducted for

the SMOSCs, and the PCE values for the heated and illuminatedderie both plotted irfFigure9-5.b.

From these data, it is clear that ~15% of the reduction in PCE in the first 36 hours can be attributed

exclusively due to thermal effects. Thus, gupposed that this moisture release still affects-89Cs,

but not to the same degree as®SCs. Work completed by Voroshazi and coworkers suggestgdhat C

YIe 100G a | F2N¥Y 2F w3asSia s NDsSind tiie SMISCstemplog Bdh A8 & A R dz
high concentration of &and a neat & layer, this may explain the higher stability compared to the P

OSCs. If this caveat holds true, it implies that PCBM is not capable of acting in the same regard as a

getter, at least when mixed with P3HT with a 1:1 mixing ratio.

From these data, it isshown that the reduction in the PCE of OSCs under illumination is a
widespread phenomenon, as it is observed inboth@®CsandRP{ / & YR F2NJ I ff 1| 9[ kX
configurations. It is also clear that the contacts play a critical role in the giahility beéhavior of
these devices, with proper choices of HEL and EEL allowing for considerable stability improvements for
illuminated samples. Finally, there is interplay between the HEL and the EEL that must be considered
when studying the photestability behavio of OSCs, whether solutiaroated or vacuundeposited. It
Fft2¢6a GKIG GKS 19 FyR GKS 99[ Ydad oS OKz2aSy O

stability.

9.2.4. Observations for the Photo -Stability of Small

Molecule versus Polymer Organic Solar Cell s

It was established that the most stable configuration of-SBIC employs a g#asma
treatment HEL and a BCP EEL. The most stable configuratisdS& Fhowever, employs a MO@EL
and a BCP EEL. It is worthwhile to examine the different features of these two HELs that make them

suitable for SMOSCs and-©@SCs respectively, and thus make them suitable for the two different OSC
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fabrication methodologies (with either vacuudeposted or solutiorcoated photeactive layers). For

CHR plasma treatments, the ITO surface is passivated with fluorine atoms; however, spincoating is a
mechanically harsh process that may disrupt or alter the ITO surface chemistry compared to vacuum
deposifon. In contrast, Mogis much more suited as a foundation for subsequent spincoating
processes, anithus less likely to show regions of uncovered/untreated ITO. Such untreated regions in
CR HEEbased POSCs would ultimately undergo phedegradationprocesses to lead to a strong

reduction in photovoltaic output properties essentially due to a loss in active device area. Given the
similarity between the Cfplasma surface treatment and sel§sembled monolayer surface treatments,

it is also feasilel that the variations observed here are relatedte selectivity of the contact/”? which

may vary for the different materials systems and for the different fabrication methodologies.
Regardless, given that inorganic oxides can be deposited as much thicker, denser films, it is suggested
that they provide a more reliable platform for subsequent device fabrication and are therefore much

more reliable extraction layers in general.

In this chapter and i€hapter 8it wasestablished that a majority of the photegradation of
the photovoltaicoutput parameters, especially in the shdaerm, can be minimized through the choice
of certain combinations of extraction layers. Once the optimum HEL/EEL combinations have been
chosen, the losses tg.and V. during illumination are tsongly reduced. However, in spite of extraction
layer optimization, all device configurations show a few percent decreasg am&/a ~5% decrease in
FF. This trend bserved more clearly iRigure9-6.a, which shows the prfpost-illumination light IV

characteristics of SNDSCs and-©SCs with optimal HELs and EELSs.
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Figure9-6 - a) Light IV and bdlark 1Vcurvesfor ClinPc:gand P3HT:PCBIRSCs éfore andafter illumination (Inset of B
shows thedark current at negativebias at amagnifiedscale). Device structures are ITO/EInPc:GyCsy/BCP/Al and
ITO/MoOy/P3HTPCBM/BCP/AL.

Further, from the dark 1V chartasistics of thesealevices, as plotted iRigure9-6.b, post
illuminated devices have more leakage current in both forward and reverse bias. Agithe V
fundamentally related to the reverse saturation currgtitleakage current under reverse bias
necessarily leads to a reduction ig.VSince an increase in current in both forward bias as well as
reverse biass observedit is suggested that there are additional shunts through theilgninated
devices. This shunting and the associated decrease in FF merit further investigation. To this end, by
minimizing this fast photénduced contact degradation, it is now feasible to focus on additional
degradation pathways that happen ovetagger time scale, including photiteterioration of the organic
bulk materials or even photmduced alterations at the organirganic interfaces throughout the mixed

donor-acceptor active layer.

9.2.5. Further General Observations

As establishedbove ClinPc:§ SMOSG that employ a PEDOT:PSS HEL exhibit a reduced initial
PCE of ~1.24%, which is much lower than thea@f# MoQ HELOSCs To understand this effect, it is
necessary to examine each photovoltaic parameter in greater detaitOSNIs with a PED®$S HEL

have J.values on par with those of the C&nhd MoQ HEL devices; however, their Vues ardower
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and their \4. values arestrongly reduced (650 mV for PEDOT:PSS vs. 920 mV and 980 m\afat CF
MoG; respectively). The 650 m\,,@bserved with the PEDOT:PSS HEL is near (slightly lower than) the
Vo setby theHOMQ,np:LUMQ 4o 0ffset (in consideration of other energy losses, as described in
Chapter 3. The . enhancements observed for Mg@nd CEFHELSs are due to the Schottkygtion

effect that arises when a high work function electrode contacts a BHJ wittitligiene content as
discussed itChaptes 1, 4 and6.4> ™72 |t can thus be concluded that PEDOT:PSS may act as a suitable
HEL for these SI@SCs, but it does not providesafficientlydeepwork function to allow for the band
bending and the subsequentMmprovementinherent infullerene-basedSchottky OSCs. In contrast,
both MoG; and CEkplasma treatment HELsS have sufficiently high work functions to allow for the
fullerene-basedSchottky OS6&tructure It is also worth noting that PEDOT:PSS has been used
successfully in Schottky®SCs employing high concentrations of PCBM in P3HT:PCBWfEeNs

such, the HELs that may allow for the formation of a Schottky OSC must also be considered in the

context/choice of the principal photactive materials.

Throughout this chapteBCRvas showrto be a suitable EEL for both SBECs and-BSCs,
grantinggood initial PCE values and high OSC lifetimes. This implies that BCP satisties BEDf
criteria established previoustyexciton blocking, metal damage protection and work function
alignment. However, the role of BCP in work function alignmeisi®f yet, unclear. To this end,
considering P3HT:PCBMJSCs, Reese et al. previously demonstrated that the high work function of an
Al cathode causes a reduction in both &d FF; however, the use of an LiF/Al contact recoups these
losses to grant@pd performance, near that of-BSCs employing a Ca/Al or Ba/Al cathl38eThe
observed improvements with the use of an LiF EEL are attributed to the shallow work function of LiF/Al
compared to Al alone, which is due to dipole formation at the LiF/Al inteff&8eGiven that a similar
level of performance enhanogentis observedor P3HT:PCBM-®SCs with a BCP EEL, especially with

regard to the VY, (>~600 mV)it is suggested that the thin BCP EEL must also help in some regard with
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work function alignment. Such a possibility was recently shown by Xiao et abhskoved that
solution-coated films of a similar wide bandgap electron transport material, Bphen, can be used as an
EEL for inverted P3HT:PCBMSCE™® For these inverted OSCs, the adjacent cathode is ITO (work
function of ~4.3 eV to 4.8 &¥/¥), so the Bphen EEL must necessarily result in a low work function

contact to grant good device performance and the observgah~600 mV.

9.3. Conclusions

In this chaptera systematic comparison of the phosiability of vacuurrdeposited SMOSCs
versus solutiorcoated POSCsvas provided tdurther elucidate thephoto-instability of the organie
electrode interface.The results reiforced the observations observed @hapter8, and clarified the
suitability of common interfacial extraction layers HOBCs and SKSCs.Themajor conclusions from

this work are detailed below:

9 The use of both an HEL and an EEL can drastically suppn¢ast photedegradationfor both SM
OSCs and-BSCs, suggesting that the organic/electrode interface poses a sagouce of device
instabilityregardless of fabrication methodology (solutionated versus vacuuwteposited).

1 CommonHELs and EELs in-88Cs (GPBlasma treatment and BCP) can be applied-0$FCshut
the opposite is not necessarily true, Beth PEDOT:PSS and LiF result in low efficiene® SG4.

1 The data suggest that it is not merely the existence of the oregglairode interface in OSCs that
leads to photeunstable devices, but rather the direct contact between the phattive layer and
the electrode. It is thus hinted that the presence of excitonatdrganieelectrode interface ishe
root cause behind aaact photo-degradation.

1 Minimizing the shorterm contact photo-degradation grantshe opportunity to address other

degradation mechanisms that may ocawer a larger timescale.
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Chapter Ten:

Implications of the Device Structure on
the Photo -Stabili ty of Organic Solar

Cellst

In thischapter, longterm photo-stability experiments are conducted c8M-OSCs with strongly
varied mixing ratios. Comparisons are made between ftikerenebased Schottky device
structure and thestandardBHJ structure.Theresultstherefore help to ascertain the impact of
photo-induced changes in thdéulk photo-active layeras compared tovariations at the
organic/electrodeinterfaces. losses inV,. with light exposureare observed for bottschottky

and standard BHJ OSCk agreement with previous results, these lossee attributed to
organicelectrode degradation. Smallervariations in the other photovoltaic parameters are
found to bedependent on the active layer composition atite associated device structure.
Schdtky OSCs are slightly more resilient to variations in short circuit current compared to
standard BHJ OSCs, but they suffer from losses in fill factor. Microsecond transient
photocurrent andEQEmeasurements show that these fill factor losses are duentveiased
recombination. The choice of device architecture is thus shown to alter degradation
mechanisms, and so it can have implications on the overall OSC-gtiadiibty .

10.1. Introduction

As describedh Chapter 1 the fullerenebasedSchottky structure isn emergent device
architecture withimpressiveefficiencies andighV,. values The finer working points of the Schottky

device architecture have onlycently begun to be investigatdf 72169162209 while its stability in

! The majority of the material in this chapter was published in:
G. Williams,H. Azi&ol. Energy Mater. Sol. Cell§14,128, 320.
, reproduced here with permission.
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relation to more traditional device architectures remains largely untested. Given that the Schottky
device architecture is responsible for sonfdlee highest efficiency singleell vacum-depositedOSE
OSC#F? %8t is beneficiato gain a better understanding ofiphotostability. In thischapter, SM-

OSCs are studied for their phestability in an inert Blenvironment. By employing mixed BHJ layers

with drastically different mixing ratios, from donaich to acceptoirich, comparisongsre made

between the traditonal/standard BHJ OSC structure and the more recently develfiecene-based
Schottky OSC structure. The OSCs are tested over a period of four weeks, and their photovoltaic
parameters are measured in parallel with their EQE spectra, UV/Vis absodyzettea and

microsecond transient photocurrent behavior. This full suite of characterization techniques provides a

more fundamental understanding of the intrinsic device phdegradation behavior.

From the results in this chapter, it is found thhetmal stresses at relevant temperatures
(those that the OSCs typically reach during hgfhess experiments) havanly smalleffectson device
performance, regardlss of the device architectufee. theactive layer mixing ratio) Hbwever, light
stress results in 205% losses in PCE after four weeks of continuesimilintensity illumination.This
findingis in agreement witlthe results fromChapter 8and Chapter 9 Schottky OSCs generally suffer
from losses irFF, but are slighy more resilient to variations in.tompared to their standard (1:1
donor:acceptor) BHJ countgarts. Transient photocurrent measurements indicate that the losses in FF
are due to increased recombination within the devices after aging, suggesteddiocot® photce
induced degradation ofg: Photeinduced losses in.Vare associated with a slower transient pheto
response, as observed in standard BHJ structure OSCs, and ikee pmbe due to degradation dhe
contacts and interfacial extractionylars. The results thus demonstrate that the choice of device
architecture can have an impact on OSC degradation mechanisms and, as a consequence, can have

implications on the ultimate OSC phettability.
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10.2. Results and Discussion

10.2.1. Initial Performance of Sandard Bulk

Heterojunction and Schottky Organic Solar Cells

In thischapter, the photo-stability of ClinPc:g SMOSCss further examinedo elucidate less
obvious degradation phenomena, especially those related to the organic fautitee layers Thedevice
structure and associated energy band diagram for the constituent materials used in thenQISEs i

chapterare shown irFigurel0-1 (A and B respectively).

A

Al (>100nm)

BCP (8nm)

\ 0 WEN Y (U R YY)

MoGQ; (5nm)

ITO

Figurel10-1 - A) ClinPtZ;, OSC device structure used fekperiments in this chapter.B) Energy level diagram for the
constituent materials used in the ClinPgg®SCs.

All devices studied in this wodmploy a 40 nm donor:acceptor mixed layer between a oO
HEL and BCP EEL. Mafd BCP are specifically chosen for this series of experimernt®yaare
known tobe effective in creatinggM-OSCs with high photstability, as discusseith Chapter 9° The
use of a Mo@HEL also allows foine creation of fullerenébased Schottky OSGss discusseith Chapter
1. The 40 nm photactive layer allows for reasonable power conversion efficiencies at most mixing
ratios, demonstratedin Chapter 4 by balancing photocurrent generation with charge transport. The
composition of the mixed layer is varied from dosi@h to acceptorrich, including 3:1, 1:1, 1:3 and 1:7
donor:acceptor mixing ratios. The comparison of a 1:1 donor:acceptor mixeddasrracceptoirich

mixed layer (e.g. 1:3 or 1:7 donor:acceptor) all@me to explicitly test the standard BHJ device
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architecture as it relates to the Schottky device architecture. Th&/id\absorbance spectra of the 40
nm films at these various xingratios are shown ifrigure10-2, which show three major peaks
(established irChapter 4. UV contributions from &as well as then-PcB band (~350 nm), fullerene
aggregate absorption (~450 nrmaClinPc Q band absorption (€7@2m peak, ~650 nm shoulder). Itis
worth noting that the Q band absorbance of ClinPc is quite strong, especially compaggd ta € 1:3

ClInPc:g mixing ratio, the absorbance from CImR twice as strong as thg;@50 nmband.
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Figurel0-2 - UV/Vis absorbance of the various mixing ratio films employed in the ClIInRESCs in this study.

The initial photovoltaic output parameters fire ClinPc:§ OSCs at varying mixing ratios are
provided inTablel0-1. Note that the performance of dabricated CliInPcgOSCs (not aged, at t=0)
with varying mxking ratios has been addressatidepth in previous chaptef& ?* and so the data are
only discussed briefly here. Thg M observed to increase strongly with increasiggcGntent due to
the shift from the standard BHJ device architeetto the Schottky architecturé? To this end, in the
standard BHJ device architecture, thg i¥ set ly the HOMQ,nor LUMQccepiorOffset, whereas in the
Schottky device architecture, the s dictated by band bending at the Mg@Gsq interface™ As the
donor:acceptor ratio is altered, the,\MWaries between these two scenarios. Theehches its maximum
value at a 1:3 ClinPggnixing ratio due to balancing photocurrent dabutions from the ClinPc Q

band and the € aggregate absorption. The culmination of these trends shows that the PCE is
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maximized for devices with higheg,Content, largely owing to the drastic improvements ig With

increasing 6 concentration (de to thefullerene-basedSchottky device architecture).

Tablel10-1 - Initial (t=0) photovoltaic parameters for ClInP¢{0SCs at various donor:acceptor mixing ratios.

Mixing Jsc Voc | FF | Eta| Rshunt Rseries
Ratio (D:A)|[mA/cm?] | [mV] | [%] | [%] | [Ohm.cnf] | [Ohm.cnd]
1to7 5.4 1000 | 43 | 2.3 2870 25
1t03 5.8 900 | 43 | 2.2 2270 20
1to1l 5.2 770 | 38 | 1.5 1460 26
3tol 4.1 760 | 36 | 1.1 1570 35

10.2.2. PCE, Voc and Js&ability in Schottky versus

Sandard Bulk Heterojunction Organic Solar Cells

In order to make meaningful conclusions regarding the stability, one must consider several
degradation pathwayas was done i€hapter §. Since the present study focuses on the stability of
OSCs in an inert environment, degradatthre to ambient (@or HO) effects are generally much less
critical. In past work it was shown thaturely electrical stresses have litirmpacton OSC lifetime's?
so these effects are also not examined explicitly. A firsbesamples is fabricated in order to test the
effect of simply storing the devices in the dark and jifiN. to test the device shelife), and thus to act
as a control for these experiments. A second set of samples is fabricated for studying the photo
stability, and so these samples are placed undeud intensity light as desbed inChapter 3 A final,
third set of samples is fabricated for studying thermal stability effects, accomplished by placing the
samples in the dark at 4@ @pproximatelythe temperature thatthe OSCs reach during the lightress
experiments). In each case, the samples are aged over 28 days and measured periodically for their
photovoltaic output parameterdgQEspectra and microsecond transient photocurrent response.
UVNis absorption and AFM measurements are also conducted at the beginning and the end of the
study in order to provide further information regarding potential degradation to the active material

itself (e.g. photebleaching effects), as well as further infation on morphological variations.

170



The normalized PCE,.¥nd J.values for these OSCs versus time exposed to bothdrehlight
are shown irFigurel0-3 (FF values and associate¢Rs, valuesare addressed in Sectid®.2.3. To
better isolate the effects of light and heat on the sang)lthe data presented iRigurel0-3 have been
normalized relative to the photovoltaic parameters of identical devices kept in the dark at the given
times, as done irChapter 9*°? This normalization helps to remove any variations with time,
independent of the light and heat stress, and therefore it allonweto better observe changes in the
photovoltaic parameters purely due to light and heat stresses. The originaiomomalizal data,
including data for both the illuminated/heated samples and the samples kept in dark, are provided in
the Supplemental InformatiofAppendix 1.§. It is worth noting that the samples simply stored in the
dark in N showed very small (generally iggificant) variations in their photovoltaic output parameters,

and so this process is primarily completed to more cleanly identify trends while avoiding the obvious

O2yasSljdsSydSa 2F WoA3ad RIFEGIF dQ
A B C
N N _ 104
[ = 1.00p  ® —
1.00p— I
E " 1.000 ™ = 8
" 0.95/ o 123)
350.95 » 0.96
£0.90. > ”
heat heat 0.921heat
0.85-m 1t07 @ 1t03 - 1t07 @ 1to3 B 1to7 @ 1to3
0.80 1to1 3t01 0.90/ 1to1 3t01 0.88; 1to1 3t01
) 10 20 30 0 10 20 30 0 10 20 30
D time (days) E time (days) F time (days)
[ M 107 @ 1t03 100y M 1107 @ 1t03 104jight
1.00¢ 1to1l 3tol 1tol 3tol _
1.00% L =
0.951 : o I P
O | g0.95 @ 2096 \® -
a 0.904 - > AR
Ty u ' ) 4 0.92
0.85] ; 088+1t07 —@® 1t03
. ® 0.9017; . ltol 3tol
0.80 light light 0 3ol
0 10 20 30 0 10 20 30 0 10 20 30
time (days) time (days) time (days)

Figurel0-3- PCE, Y. and J.values of heated ((A) through (C)) and illuminated ((D) through (F)) CligP©ECs at various

mixing ratios.
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FromFigurel0-3.A-C, all OSCs (regardless of mixing ratio) subjected to heating show very small
variations in their photovoltaic parameters with time. Only few percent variations are observed around
their initial PCE value&igurel0-3.A), largely owing to changes w(Figurel0-3.C)¢ the V,. values for
these OSCs are remarkably stalflg(rel0-3.B). Interestingly, the OSCs that employ 1:1 and 1:3
ClinPc:g mixed layers show a slight provement in PCE with time due to an increasednDhis
improvement can perhaps be attributed to a thermally induced rearrangement of the donor and/or
acceptor species within the film, which serves to improve the film morphology, enhance charge
collecion and ultimately grant highetJalues. To further understand these variationssinEQE
measurements for both Schottky samples (1.7 Clingca@d standard BHJ samples (1:1 Clinf)ca@e
provided inFigurel0-4, with spectra measured immediately prior to the heat stress (fresh samples)

compared to spectra measured after the heat stress experiment.

In the case of the Schottky device (1:7 ClinBcE@urel0-4.A), heat stress results in a visible
increase in EQE at the 450 nm absorption band. While the improvements are relatively small, they are
non-negligibleand are well within the sensitivity of the experimental-sgt. Full EQE data for all of the
different mixing ratios for the heat stress as well as the devices kept in the dark are provided in the
Supplemental InformatiofAppendix 1.6, where the device kept in the dark show no change in EQE
after storage (perfect overlap of the prand poststorage curves). Note that this broad absorption
band at 450 nnisdue to the presence ofgaggregates’? whichwere demonstrated to grant
substantial photocurrent itigh Gy content OSCén previous chapters|t is thus logical thafor the
Schottky architecturgthis band is most strongly affected during stress tests. Since the absorption of
light at 450 nm is contingent on the formation of fullerene aggregates, it is strongiyestggl that the
observed changes are related to the partial phase separation of donor and acceptor within the mixed
layer (this point is elaborated below with AFM measurements, but also revisited in S&@tihBwith

transient photocurrent measurements)his improvement in gaggregate photocurrent, however,
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does not result in an equivalent increasedn Jo this end, the observed variations in EQE should result

in a ~5% increase ig. (as calculated by integration of the EQE with the AM1.5G spkatrum), and

yet only a 1% improvement is observed at the 1.7 CligRPe1i&ing ratio.
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Figure10-4 - EQE spectra of ClinPgz©SCs with different mixing ratios asade (fresh) and heated in Nor 28 days. (A)
Schottky device structure, inset: zootin of the Gy aggregate photocurrent. (B) Standard BHJ device structure, with major
variations highlighted.

Given that EQE measurements are conducted at much lower light intensities tharsthre 1

measurements used to collect the photovoltaic output parameters, it is feasible that the additional

photocurrent measured by EQE is not translated proportionally to higheallies at much higher light

intensities. At high light intensities, the higheicéan or charge carrier density may result in

recombination effects that temper the improvements in photocurrent observed during the low light

intensity EQE measurements. In comparison, for the standard BHJ structure device (1:1¢6;|InPc:C

Figurel0-4.B), heat stress results in increases in both the ClinPc Q band as well as the UV absorption at

350 nm. This improvement is also logical, as ClinPc contributes muclstrargly to photocurrenin

the BHJ structuras compared to the Schottky architecture. Only slight improvements are observed in

the Goaggregate band. In this case, the 1:1 Clinlg@SC shows a ~5% improvementjnldring heat

stress, which corrggonds reasonably well to the ~4% improvement calculated from the EQE spectrum.

To further study possible morphological changes with heat, Masemployedo measure the

surfaces of the heated devices. The measurements were taken away from the Al cathode, but still on
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top of the organic stack (i.e. on ITO/MgOlInPc:g/BCP). The AFM images for the®8rheated

devices at 1:7, 1:1 and 3:1 ClinRgr@ixing ratios are sbwn inFigurel0-5.A-C respectively.
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Figurel10-5 - AFM measurements of 28ay heated ITO/Mo@QClInPc:Gy/BCP films ((A) through (C)) andday heated
ITO/MoOy/ClinPc: G films ((D) through (F)) at varying mixing ratios (all films heated at’@y.

The morphology looks quite similar across the three mixing ratios, and generally follows that of the
underlying ITO. However, there are no noticeable differences between the heated devices and the
devices kept in dark (AFM images of devices stored in dark are provided in the Supplemental
Information(Appendix 1.§). This suggesthat the changes ideriied by EQE are too small to provoke

a measurable morphological change, which is perhaps likely given the small magnitude of the observed
changes. AFMas also performedn ITO/MoQ/ClInPc:g films (without the BCP layer) after 7 days of
heat stress, wh the AFM images for 1:7, 1:1 and 3:1 Clingenting ratios shown ifigurel0-5.D-F
respectively. Fasnatingly, these films showdrastic change after being hesl when compared to the
films measured before heat (pteeat AFM images are provided in the Supplemental Information
(Appendix 1.9, and are generally similar teigurel0-5.A-C). Specifically, films with higher ClinPc
content show very large particles with heights on the order of 50 to 60 nm. Since the number of these

particles increases with increasing ClleBocentration, these particles atikely comprised of ClinPc.

174



Further, since such features were not visible on the heated films capped wittFRORL0-5.A-C), 1

can be asserted that the formation of these large features is faeitithy the presence of the free

ClinPc:g surface (i.e. the 8 nm BCP layer suppresses the formation of these large ClinPc features), and
therefore does not occur, at least to a sigeait extent, in the OSCs. As such, these variations cannot
provide direct information of the ClinPgg®norphology underneath the BCP layer while the samples are
heated, but they do provide some critical hints. To this end, ClinPc molecules have dradieiias
incredibly mobile, and the heat experienced durirguh intensity illumination is sufficient to allow for
remarkable morphological changes indicative of some form of ClinPc aggregation. It would therefore be
unsurprising that ClinPc angy@ndergo heatinduced phase separation during the heand lightstress

experiments. Such conclusions also coincide well with the EQE measurements noted above.

In contrast to the heated devices, all of the OSCs exposed to light show a ~10% loss to PCE
within the first 7 days of light stress, as showirigurel0-3.D, and continued (slower) reduction in PCE
beyond day 7. As such, over the@®y aging experiment, a pto-dose of ~2.8 to 4 kJ can be calculated
to elicit a 1% loss in normalized PCE. A large contributor to this reduced PCE is the decigtsat in V
affects all OSCs regardless of the mixing ratio, showigimrel0-3.E. In the photestability experiments

completed inChapter 8and Chapter 9*510%163

it wasestablished that this degradation behavior and
reduction d V,. are generally associated with degradation at the orgahéctrode interface, commonly
due to the poor choice of interfacial extraction layers. It is worth noting that the losses observed in the
present study occur in spite of the fact that a MddEL and a BCP EEL are used, the combination of
which are known to offer reasonable stability ®M-OSCg¢from Chapter 9.7 Since the present study

is conducted over a longer period of time, the M¢BICP HEL/EEL combination is thus posited to be
non-ideal for longterm photo-stability. Considering the anoderganic interface first, the MofHEL

itself can be prone to stability variations based on the quality of the deposited;fé®hoted in

Chapter 5, which is dependent on the time in between the deposition of Mafd subsequent orgac
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layers (with the incomplete device kept in high vacuum 6 5&r). This behavior i®-emphasizedn
Figurel0-6 below, where depositing Mo§) waiting 17 hoursand then depositing the organic layers can
have drastic consequensdor device photestability compared to devices where the MgBIEL and

organic layers are deposited in quick succession).
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Figurel0-6 - Photostability of ITO/MoQ/ClInPc:GyBCP/Al OSCs, with delays between deposition of Mahd the
ClinPc:g active layer. PCE andMalues are shown for @r and 17hr delays.

FromFigurel0-6, this decrease in performance can be largely attributed to a decreasgfiorV
illuminated devices. Such behavior is likely associated with changes in the oxidation state of the MoO
film, asthis has been shown tetrongly impact device performané®’ %23 Thys f irradiation can

elicit a variation in the quality or compitisn of the MoQ film during the lighistress experimentst

would be unsurprising that th@SC performance is compromisdgbnsideringinsteadthe organie
cathode interface, a decrease ig.Yhay be observed due to excitenduced degradatiomhrough
absorption of UV light by BCP, as has been demonstrated for other similar wide bandgap ni&terials.
In Chapter 8and Chapter 9 the organic/metal interfacevas demonstrated to besusceptible to phote
induced degradation, essentially due to the presence of excitons at this interface, so it is logical that
excitons generated in BCP directly ntayisesimilar degradatiof?® ¥ Since the U\tomponent of the
lamps used in théght stress experiments is quite lowiimtensity, this photedegradation occurs over a
much longer period of time, as is observed by the gradual losg ovef the 28day light stress

experiment. Thisopic of interfacial degradation is revisited in Sectidh2.3to addresschanges in the
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sweepout of photo-generated carriers for ligrhged devices. Such observations highlight the
continued requirement for more robust interfacial extraction layers, amther verify that organie
electrode interfacial degradation can occur regardless efattive layer composition. With organic
electrode interfacial degradation relatively wektablished, it is interesting to now examine ttability
of the bulk (mixed donor:acceptor layer), as probed by studying¢hEQE, FF and transient

photorespnse of the OSCs.

While the 4 for the 1:7 ClinPcgSchottky OSC is generally unaffected dyt lexposure [Figure
10-3.F), OSCs with all other mixing ratios sledecrease inJwith light stress, especially those that
employ more donor content than acceptor content (e.g. the 3:1 ClIgPOEC). As a first test for
material photostability, it was verified that the absorbance of the ClinRdiltns showed no ariations
after the light stress experiments (spectra are provided in the Supplemental InformAimendix 1.6
and overlap perfectly). This suggests that there are no significant phdted changes (e.g. pheto
bleaching effects) that affect the budif the film. Therefore, it is useful to look toward EQE
measurements for both Schottky and standard BHJ structure OSGamnprpostlight stress, as shown in
Figurel0-7. The EQE data for the remaining mixing ratios are provided in the Supplemental Information
(Appendix 1.6. Itis again emphasized that the dark control devices showeadnations in their EQE

so the observed changes in EQE during the light stress experiments are significant.
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Figurel0-7 - EQE spectra of ClinPgg@©SCs with different mixing ratios amade (fresh) and illuminated under-$un
intensity light in N, for 28 days. (A) Schottky device structure, inset: zoamof the Gy aggregate photocurrent. (B) Standard
BHJ device structure, with major variations highlighted.
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Intriguingly, the changes in EQE observed due to the light stregexactly opposite to those
caused by the heat stress (for both Schottky and standard BHJ structures). For the Schottky device
structure (1:7 ClinPc;6, Figurel0-7.A), the EQE at 450 nm is reduced after light stress when compared
G2 GKS FNBAK RSGAOSSY YR | &t A3KG NBRdAzOGAZ2Y Ay @K
absorbance spectraid not change noticeably between prand postirradiation, the observed decrease
is suggested to be due to either morphological changes within the film or due to {hetmical
OKIFIy3Sa 6AUGKAY TFdzZ f SNBYST 620K =ZHaradeksticd.KTo¥st®dr I f G S N.
morphological variations, the surfaces of lighitessed OSGgere probedby AFM in the same manner
as with the heatstressed devices. Similar to the heated devices, the ITOMNOPC:G/BCP films
showedno variations afte light-stress. Likewise, the uncovered ClinRdilins were more prone to
variations in the exact same manner as the heta¢ssed devices (the corresponding AFM images are
provided in the Supplemental Informati¢dppendix 1.§). Snce the B)E data fothe lightstressed
OSCshow trends that are opposite to the heatressed devices, the presently observed changes for
light-stressed devices are suggested to be more likely due to ptimeoical changes within fullerene.
This point will be discussed fher in Sectiorl0.2.3 and is well idine with previous studies that report

excitoninduced degradation and subsequent trap formation in neat layersdf°¢

For the standard BHJ structudevice (1:1 ClinPg&Figurel0-7.B), there is a slight loss in both
the ClinPc Q band and the UV absorption at 350 nm. As a consequence, the 1:1,£0M08RChws a
~4% decrease iR dluring light stress. This again corresponds well to the ~4% reduction calculated from
the integrated EQE spectrum. This decrease.and overall reduction in EQE will be discussed further
in Sectionl0.2.3by examiningthe desvOS Q& (NI yaASy i LIK2 G2 QaaaNiiBe/ G (2 & (
carriers in photeaged BHJ OSCs. This phenomenon may not affect the Schottky structure OSCs as
strongly, owing to their inherently larger internal electric field and their extensive bandibgmear

the anode'”™ Based on these observations, it can be concluded ftvaboth the Schottky and standard
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BHJ structure thereisphotb Yy RdzOS R RSI3AINI RIF GA2Yy GAGK -AKYSE Razsss G2 |
followed by more gradual losses. The degradation is largely attributed to reductiops withl only
minor variatiors in J.that are generally more noticeable for the standard BHJ structure compared to the

Schottky architecture. These variations are not substantially due to thermal effects.

10.2.3. FF andTransient Photocurrent Variations in
Schottky versus Sandard Bulk Heterojunction Organic

Solar Cells

To better understand the role of charge transpeariationsin OSC stability with the ligistress
and heatstress experimentghe FFvaluesare examined as they vary durititge photo-stability
experimentsdescribed irthe previous section The normalized FF; &d R;,values for the lighstress

and heatstress experiments are shownhigurel0-8.
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Figurel0-8 - FF Ry, and R valuesof heated ((A) through (C)) and illuminated ((D) through (F)) Clini3®©SCs at various
mixing ratios.
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As withFigurel0-3, the data have been normalized relative to the photovoltaic parameters of identical
devices kept in the dark at the given tiste isolate the heatand lightinduced changes (i.e. versus
time-dependent changes for the same parameters indegamaf stress). The nemormalized dataare
similarly provided in the Supplemental Informatiokppendix 1.6 and again virtually no variatiarior
dark/stored devicesire observedl It is also worth noting that, while the FF is essentially definetidy

R and Ry, these resistances must change rather strongly to elicit variations in the FF. This is especially
true for the R, values as these values are initially quite low (a 10% variation @mR accounts for a

change of ~2 to ¥*cm?). For theheated devices, there are no significant variations in FF with aagng,

is clearly visible iffigurel0-8.A. Note that this is in spite of the ~10% increase, iofRhe Schottky

OSCs (1:3 and 1:7 ClinRgEigurel0-8.C), which further emphasizes that more significant changes in R
are required to have a substantial impact on the FF values for these particular OSCs. For the illuminated
devices, the standard BHJ OSC (1:1 CligJrar@ the donotrich OSC (3:1 ClinPg)&how very small
variations in FF with time. However, the 8itky OSCs (1:3 and 1:7 ClInRg):@re observed to have a

slight decrease in FF when illuminated. This decrease in FF is coupled with a more drastic (10 to 15%)
reduction inRy, which suggests that the devices may suffer from increased recombinatiests(f.e. to
provide recombination current) as they are illuminated with time. Such observations are in accordance
with the possibility for traprelated recombination caused by excitoimduced degradation ofd; as
previously observed by Tong et al. wibSCs employing neat films @53 This excitorinduced
degradation was more recently shown to be due to the phptdymerization of § molecules?®? |t is

also feasible that trap formation may be related tdlérene photeoxidation??*2%% 2% py release of

oxygen from a component within the solar cell (e.g. from ITO or organic impurities). The exciton
induced degradation oGy, was reported to be more prevalent when excitons were kimgd in neat 6

thin films. While Tong and coworkers did not observe significant ptegvadation in their mixed

180



SubPdCy, OSCs (since the addition of SubPc desed the exciton lifetimef®* %4 it is likely that the

effect is more predominant in the current study due to:

- the higher G content for the® devices, specifically for the 1:7 ClInRe@SCs
- the lack of spectral overlap between the ClinPc Q kabsbrptionandthe G aggregate/cluster
emissionband to strongly reduce any potential f&iRE Twhich may otherwise serve as an

avenue (beyonaharge transfer) to reducesgexciton density

It is thus suggested here that, due to their very high concentrationg®e&citorrinduced degradation

of Gomay be a potentially harmful factor toward the stability of Schottky structure OSCs.

To furthersupport the stipulations regarding ligkihduced trap formation in g-rich (Schottky)
OSCs, microsecond transient photocurrent measuremesi® also performean the OSCs as they
were heated and illuminated. Transient photocurrent measurements have éegtoyed with
increasing frequency in literature to analyze charge transport and charge extraction limitistiO®Cs
(as inChapter 6and Chapter 7,66 205215218 3nd more recently for studying aged O$Es®? This
measurement technique is thus perfectly suited to elucidate the variations in Hie &F istrongly
associated with chargeansport and extraction. For thteansient photocurrent measurements, OSCs
are excited with a light pusfrom a white LED, and the photocurrent decay is measured immediately
after the light pulse. Single exponential fits are used to characterize the photocurrent decay, as per
equation (0.1) below, to calculate the relevant fall time constart is the arrent measured at time t,

following the end of the light pulse, and C1/C2 are fitting parameters).
0 6 A@gb6oh 6 prt (101)

As discussed i@hapter 6 there are two major pathways that significantly altersweepout of free

carriers and charge recombination. Faster sweapof charge carriers is generally beneficial, and helps
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to prevent weak charge trapping and space charge effects. Increased recombination, however, also
serves to reduce the fall timand is a harmful effect that can lower th€and degrade the OSC
performance. The extractedvalues for the ClinPg£OSCs at varying mixing ratios, as tested prior to
any stability or lighfheat-stress experiments, are shownhkigurel0-9. In accordance with previous
results,the transient decay isbserved to banuch faster for the Schottky structure OSCs (1:3 and 1:7
ClinPc:g OSCs) compared to the standard BHJ structure OSC (1:1 GHnPih€ fast transient

response is due to the generally superior charge transport propertiesgb@pared to the riPc

donor, especially in mixed layems estatished inprevious chapter§®*2°¥ Given the general
improvement in charge transpofor films with high g content, the sweeput of free carriers is

improved and so the transient response is faster. A second factor impacting the transient response is
the potentially higher rate of recombination within the acceptirh material, espeally in the Schottky
architecture where isolated donor domains mfaym to strongly hinder hole transport. Therefore, the
increased rate of recombination due to the presence of trapped holes deep within the mixed layer may

also further hasten the trasiert photocurrent responsédiscussed in greater detail @hapter §.1*
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Figure10-9 - Transient photocurrent decay values for ClinPcgOSCs at various mixing ratios.

It is now interesting t@xamine the variations in transient photocurrent under the same three
stability stress conditions presented above, where ClInNg®©GSCs are in one case kept in the dark, in

another case kept in the dark while heated, and in the final case illuminated. The extractiees
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(normalized to their initial values) for both Schottky stiwre (1:7 ClinPcgg) and standard BHJ structure

(1:1 ClinPci4g) OSCs are shownkigurel0-10. For the Schottky OSE3gqurel0-10.A), it is clear that

simply storing the devices has no effect on the transient photocurrent. Heating the OSCs results in a
~20% reduced (i.e. a faster device), with 15% of the reductiont imccurring in the first 7 days, and an
additional 5% occurring more gradually over the next 21 days. From the EQE and AFM measurements in
Section10.22, it was suggested that heatress may result in morphological changes within the mixed
layer, potetially resulting in further separation of donor and acceptor phases within the Schottky

device architecture. Such a morphological change would also result in further phase separation and
thus produce more isolated donor domains, especially for mixed filithsvery high g concentrations.

This would consequently increase recombination within the device and thus make the transient
photoresponse faster (as is observed presently). These changes in the transient photocurrent, however,

are not strong enougto cause an observable variation in the FF.
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Figurel0-10- Variations in transient photocurrent decay values (normalized) for (A) Schottky and (B) standard BHJ
ClinPc:g OSCs under no stress (dark), hestess (40°C) and lightstress (sun intensity light) conditions over 28 days in,N
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In contrast, light exposure results in an even more significant 40% reductiomith the full
change occurring rapidly in the firg days of the lighstress experiment, and the faster response
maintained for the remainder of the ligistress experiment. Combined with the slight reduction in FF
as well as the fall in EQE near ~450 nm, this decredsie suggested to be due to amcreased rate of
recombination within the device essentially due to trap formation. The pliggradation occurs
quickly, suggesting that the trap state formation occurs quickly and eventually saturates, where any
photo-susceptible species are affectatthe initial stages of illumination. Tong et al. noted that the
number of traps in a neatsgfilm after exposure to light similarly saturatebuts resulting in a budmn
loss'®®¥ and so the degradation observed in the present experiment is again strongly implied to be due

to excitoninduced degradation ofdg

For the standard BHJ structure OS&guyrel0-10.B), both the devices stored ihe darkand
the heated devices show virtually no chaegetheir transient photocurrent values. Onlytte light
stressed devices shovariations with ~10% largetr valuespostillumination (occurring whin the first 7
days). This is the exact opposite trend as observed with the Schottky structure OSC. The ihcreased
value is believed to be associated with contact isspetentially due to degradation of the interfacial
extraction layers, which resut poorer sweepout of free carriers. This stipulation follows from the
observations regarding the reduction tg With light stress, noted in Section 102 The reduced
electric field and the associated hindrance to free carrier swagpalso coinae well with the overall
reduction in EQE observed for the lighged standard BHJ OSCs, also noted in Seldi@®? Such a
degradation mechanism, however, would affect both the standard BHJ structure as well as the Schottky
structure OSC, although peaps affecting the latter less strongly due to its larger internal electric field
and extensive band bendindrather it is likely that the excitoimduced degradation ofggdominates

the transient photoresponse the Schottky OSCTo support this stipulation, it is observed that for the
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1:3 ClinPc:£gOSC, which is a Schottky structure OSC, but with comparatively much more donor content,

the effects are more balancegithe t value changes only by 4%.

Based on these results,i# established that the transient photocurrent decay characteristics
vary throughout the lifetime of OSCs, and furthermore, that these variations depend on the
donor:acceptor mixing ratio. As a consequence, it is found that theiligliced changes in ¢
transient photeresponse depend strongly on the device architecture. The observed changes provide
hints regarding sweeput and recombination. To this end, OSCs at all mixing faéiesa susceptibility
to organicelectrode contact degradation that nadecrease ¥, hinder sweeput and slow the
transient photoresponse. From thgValuesand EQE data of Schottky versus standard BHJ OSCs, the
extensive band bending withiSchottky OS€are suggested tmmakethem slightly more resilient to the
reducedinternal electric field associated with interfacial degradation phenomédnaias further
demonstrated that, while the Schottky architecture is responsible for some of the highest efficiency
vacuumdepositedSMOSCs, the very highisConcentrations inhis device structure make it susceptible
to excitoninduced degradation ofdg Fortuitously, with the presence of a small amount of donor
within the mixed layer (to decrease thgy@xciton lifetime), the photovoltaic output parameters of
Schottky OSCseaaffected only slightly during light exposure stability experiments. As such, this device

structure remains a strong cqmetitor for highly efficientstableand costeffective OSCs

10.3. Conclusions

In this chapterClinPc:g OSCsvere examinedfor their photo- and thermal stability in an inert
N, environmentover a 28day period with a particular focus on comparing the acceptich Schottky
structure to the standard BHJ structurBy strongly varying the photactive layer while keeping the

interfacesthe same, this work therefore helpdad ascertain the relative impact of bulk versus interfacial
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degradation, especially in consideration of the results fil@hapter 8and Chapter9. The major

conclusions from this chapter are as follows:

9 Light stress radts in 1015% losses in PO&rgely due to interfacial degradatiohoto
induced losses ingycan also be observed asduced sweegut in transient photocurrent
experiments. This degradation occurs in spite of the use of relatively-estthblishednterfacial
layers, indicating that lonterm stability in OSCs requires further research and development of
interfacial extraction layers.

1 Schottky OSCs are slightly more resilient to variationg @dodhpared to the standard (1:1
donor:acceptor) BHarsicture, but they suffer more strongly from losses in FF. Transient
photocurrent measurements indicate that the losses in FF are due to increased recombination,
likely due to photeinduced degradation ofand the associated increase in trap density.

9 The choice of device architecture is shown to have an impact on glegoadation

mechanisms, and so it can have implications on overall OSC-ptadiidity.
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Chapter Eleven:

Concluding Remarks and Future

Research

11.1. Conclusions

Theresearch descried throughout this thesis serves elucidatecharge collection processes
and limitations in modern OSGmd offersinsights regarding thehanges in photovoltaic performance
throughout the lifetime ofOSCsTo this endthe factors affecting charge colleoh were studiedin
terms of both the organielectrode interface (interfacial phenomena) as well as the distribution of
donor and acceptor within the photactive layers (bulk phenomenaJhis thesigstablished that
interfacial charge collection processareabsolutelycritical when considering thphoto-stability and
lifetime of the OSCand as such, organ@ectrode interfacial degradation is the most significant
avenue to reduced OSC performance when the devices are fgy#d in inert atmosphereThis
interfacial degradation is independent of the OSC fabrication method@dgyh solutioncoated and
vacuumdeposited OSCs requicareful selection ointerfacial layergo prevent photedegradation
Bulk and structurelependent degradation phenome generally pale in comparison, and are therefore

not as critical for addressing immediate OSC stability concerns.
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The time-zero performance of OS@ss found to be less dependent on the choice of interfacial
layer, as long as a suitable material was emosom the wide number of available materials. Instead,
the time-zero performancaes highly dependent orthe orientation/mixing of the photeactive layers All
relevant combinations of neat and mixed donor/acceptyerswere examinedand it was foundhat
the fullerene-basedSchottky OSC withhaadditionalneat G layer offered the highest device
performance Thisresearch thuselps to explain why this device structure has achieved such high
efficiencies in literature in recent year3he ternary OS6tructurewasalsoexaminedto understand its
charge transport properties ilight of the optoelectronic properties of its comprising donor materials
While this structure has some promise in offerlagge J.values by generating photoa@nt across the
entire visible spectrunits practical implementation requirethe use of designedonor molecules with
well-matched HOMO valueglenticalmobilities and, furthermore, very high mobilities even in a mixed

film. Furtherhighlights andkeyconclusions drawn from this work are discusbetbw.

Interfacial extraction layers atenownto be critical for achieving highitial performance(t=0)
OSCs; however, the role and requirements for viable interfacial layersot straightbrward,
particularly with SMOSCs. SIMDSCs are more protie metal depositiorinduceddefect dates that
cause undue charge recombinatiand thereforehinder device performanceThis fact was stressed in
Chapter 9 whereit was showrthat traditional HELs andH_s in ®OSCsauld notbe employed in SM
OSC#¢0 achieve equivalent performance improvements, which Wisted to be related to the
inherently rough surface morphologie$ vacuumdepositedsmall molecule filmgas compared to spin
coated polymer films)In SM-OSCs, many organic electromaterials can satisfy the EEL requirements
as discusseth Chapter 5e.g. BCP, AiqTPBI, NPB, etc.), and the differences in performance can be
largely attributed to their propensity for forming metal depositiorduced defect statesln inverted
SM-OSCs, both NPB/M@@nd pure MoQwere found to besuitableHELsbutonly when they a& made

verythick @imilarly, to prevent metal damage to the photactive layer)
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Considering the photactive layers within the OS@ethodicalexperimentson OSCs with
varieddevice architecture(Chapter § demonstratedthat the BHJ/acceptor OSC is itl&a high
efficiency SMOSCsThis structure benefits strongly from the fullerebased MoQ@'Cgo Schottky
interface, and is the principal structure employed floe high PCE SI@SCs in recent literature. The
BHJ/acceptor structure optimizes thmade-off between charge generation and charge collection, with
band bending effectased tominimize charge trapping/recombination. Higk Jalues are maintained
by maximizing photocurrent contributions from the fullerenggaegates (usually requiring keast 75%
fullerene content in the mixethyer). Other structures regularly employed in literature, such as the
donor/BHJ/acceptor structure, suffer from hole accumulation and subsequent space charge effects that
hinder free carrier sweeput. These caclusions highlight a fundamental difference between vacuum
deposited SMOSCs and-©SCs: in SI@SCs, many standard dormoaterialsshow poor hole mobilities
thatcanstronglf A YA G I NB & SdeNdSstRNE &s a@dhgehudriseidgh FCE SMSCs
usuallyrely more strongly on fullerenfr both its charge transport and photocurrent generation
capabilities (the latter point more critically with the use of iistead of ). Further improvement in
vacuumdeposited SMOSCs necessitates thelyesis of new small molecule donors with very high

hole mobilities, and a capacity to retain high mobility values in mixed films.

Charge transport and charge extraction are further complicated in ternary, @8 ¢he
addition of a third component in themixed BHJ layers discussed @hapter 7 Vacuumdeposited
ternary SMOSCsvere shown to becapable ofprodudng photocurrent from three photeactive species
(specifically twan-PCdonorswith Gy). Howeverternary SMOSCs are highly sensitiveaioyenergy
level offsetsf their comprising materials. glight offset in the HOMO values of the donors results in
significant chargélocking and chargaccumulatioreffects,andthus strongly hindergharge transport

(manifested as reduced FF angd.JWith intelligent molecular design to achiewmsatchedenergy
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levelgmobility values ternary OSCs may provide an avenusitople and coseffective OSCshat can

allow for broad and intense photocurrents.

To understand how charge collection processe®8Csarywith time, systematic and highly
controlled device aging studiegere conductecon P3HT:PCBM-BSC# Chapter 8 To this end, P
OSCsvere shown to bestrongly susceptible to photimduced organi@lectrode interfacial degradation
even inaninert environment XPS measurements verififtht changes at the organielectrode
interfacewere photo-chemical in nature, related to a reduction in orgamietal bond density. The use
of interfacial layers can largely suppress contact pha#gradation and thus enhance OSC pheto
stability. To this end, for P3HT:PCBI@$CsMoG; and Liacac were identifiei bolster photostability.
Further studiesn Chapter 8demonstratedthat both solution-coatedP-OSCs andacuumdeposited
SMOSCs suffer from ctact photo-degradation. Thedata suggest that it is not merely the existence of
the organieelectrode interface in OSCs that leads to phatwstable devices, but rather the direct
contact between the photective layer and the electrode. It is suggedieat the presence of excitons
at the organieelectrode interface is therefore the root cause behind contact pkaegradation.
Reducinghe exciton concentration at the organ&lectrode interface can be accomplished with
interfacial layers thagffectively quench excitons (such as Mp@r that physically block excitons from
the organieelectrode interface (such as with wide bandgap interfacial layers, like BGE)rganie
electrode interfacial degradation was therefore highlighted as theomdggradation phenomenon in
OSCs exposed to light in inert atmosphere. As suitimizingthe short-term contact phote
degradatiorwith the development of new HEL and EEL materialgcant the opportunity to address
other degradation mechanisn{e.g.bulk or structuredependent degradatiorthat may occur over a

larger timescale.
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By employingelativelyefficient and stablénterfacial layer§MoOxx X k ., SMQSC photo
stabilitywas studiedhs a function oflevice structure ifChapter 10 specificall comparing standard BHJ
OSCs to Schottky OS®¢hile these OSCs still exhibited some orgatectrode degradation to cause a
photo-induced reduction in ¥, slight differences in performance related to the bulk/phatctive layer
were observed To thieend, Schottky OSCs were found to be slightly more resilient to variatiogs in J
compared to the standard (1:1 donor:acceptor) BHJ structure, but they suffered more strongly from
losses in FF. Transient photocurrent measurements indicated that the iodSEsvere due to
increased recombination, likely due to pheitmduced degradation ofggand the associated increase in
trap density. This particular degradation phenomenon therefore affects Schottky OSCs more strongly,
and may be relevant for very losigrm photo-stability experiments, albeit once the HELs and EELs are

further optimized such that organielectrode interfacial degradation does not dominate device stability

11.2. Future Research

The studies described throughout this thesis and summariz&gdation 11.have laid the
groundwork forfuture research orhnighly efficient and stable OSCs. Perhamsarcritically, the
research in this thesis serves to bridge the gap in research betwedd B84 and-BSCswhich
occurredwith the strong shift in fous from SMOSCs to ®SCs within the OSC research community
since 2005.With a strong understanding of the fundamental limitations in OSC charge collection, both
initially (t=0)and throughout the OSC lifetime, there are a number of interesting resesdnclies that

may be pursued. Some particularly relevant studies are described throughout this section.

Thecharge collection studiethrough Chapters 40 7 employed vacuum deposition form
simple, highlymixedlayers in SMOSCsgranting a reasonablstraightforwardview of OSC device
physics In this regardco-deposition of organic molecules yields heavily int@red films with minimal

phase separation. However, this is also a limiting factor for the overall performance@58M. -P
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OSCs benefgreatly from optimized phase separation with domain sizes on the same sdale as
correspondingexciton diffusion lengths Nano-crystalline donor polymergurther offer substantially
improved hole transport propertiesWith the baseline performance in standard OSCs now well
established from results i@hapters 40 6, it becomes interesting to explore pegtocessing effects
that can enhance mixed layer morphologie¥rategies such as thermal annealihgve been usg
previouslyfor high performance OSCs in literatf®. Remarkablythere areonly a few scattered
reports in literature that discusthermal annealingn vacuumdeposited SMOSCE4%283289 More
rigorous studeson the impact of posprocessing techniques, including thernaainealing and solvent
annealing are natural extensios to this thesisand would further help fill in the gap in knowledge
between SMOSCs and-BSCsWith a better understanding giostprocessing techniques, tee

studiescouldalsobe extended to ternary OSC

The bulk of research in this thesis focused oRodonors and fullerene acceptors, in order to
simplify cross comparisons from study to study-Pus are furthermore historically studied for use in
OSCs, so they have wide impact in the field in genétalvever, inChapter 6 it wasestablishedhat
the poor hole mobilities of donoris a limiting factorin device performancéor SMOSCsand thus a
force that dictates the optimal device architecturmn light ofthe robust understandin@f the charge
cdlection processes in modern OS£Bsablished throughout this worlt is worthwhile to examine new
donor molecules specifically engineered for high hole mobilities. Furthermore, for high ROEVIit
is necessary to obtain small molecules that canmtaén reasonable mobilities while mixed with
fullerene acceptorg with donor content as low as 25% if the Sakgtdevice structure is to be ude In
a similar vein, the next step in vacuwgeposited ternary SMDSCs is theseof new donor and acceptor

materials with idal HOMO/LUMO values to minimigearge accumulation and recombination effects.
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Theconclusions on photastability and the factors affecting charge collection with time
Chapters &hrough 10 offer morestraightforwardsuggestions fonfture research To obtain phote
stable OSCs, it is critically necessarseearch andlevelop more robust interfacial extraction layers
The research in this theséstablished photedegradation of the organielectrode interface to be the
most significant factor in OSC stability in inert atmosphéthile interfacial layers improve photo
stability, manyinterfacial layers are prone to their own degradation phenodémat ultimately hinder
charge collection. For example, whBEPLiacac and Li&re goodEEL$or performance and photo
stability, theyalsoexhibitsome small degree dfiermal instability. MoO;, the widely used HEL
replacement to PEDOT:PSS, hasntigdeen shown to suffer fror\tinducedphoto-induced
degradation®? This latter point highlights the final recommendation of this thesis, which is to more
comprehensiely study photedegradation phenomena for OSCs as a function ospeztra of the light
used in photeaging (and in consideration of interfacial layerghe photestability studies in this thesis
use a halogen lamp atdun intensity, which icludesa gnall component of UV. Alarmingly, there are
many contrasting reports on OSC phatability in literature. It is believed that the source of this
ambiguitystems from the spectra of the lamps, especially in regard to fireiportion of UV and their
match to the absorption properties of the OS@y developing interfacial layers that are stable in both
AML.5 light as well as high UV conditions, it may be possible to obtain OSCs that do not require
additional UV filters, thus allowing for significant retlans in OSC module fabrication costs.
Furthermore, vith the development of more stable and more robust interfacial layeis,feasible to

study mae subtle degradation phenomena
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1.1.  Supplemental Information for Chapter Four:
Renewed Interest for Metal Phthalocyanine Donors in

Small Molecule Organic Solar Cells

In the main body of thishapter, EQE data for OSCs with four differenPmdonorsvere
provided as these donors providgtle most critical and pertinent information. Here the EQE data for
all of the examined niPc donorsare presentedlincluding: kPc (monovalent), CuPc (divalent), ZnPc

(divalent), ClinPc (trivalent), CIAIPc (trivalent), CiIGaPc (trivalent), (fé@Bealent) and SubPc.
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Supplemental Figure 1.1.1EQEcurves for BPc:Gy OSCs avarying mixing ratios.
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Supplemental Figure 1.1.2EQEcurves for CuPc4gOSCs at varying mixing ratios.
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Supplemental Figure 1.3.- EQE Curves for ZnPgsOSCst varying mixing ratios.
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Supplemental Figure 1.1.4EQE Curves for ClinPgOSCst varying mixing ratios.
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Supplemental Figure 1.1.6EQE Curves for CIGaPg:GSCst varying mixing ratios.

— 1107
== 1t0o3
eeess 1101
t —-11w0

400 600 800 1000
Wavelength (nm)

Supplemental Figure 1.1.7EQE Curves for TIOPgOSCst varying mixing ratios.

— 1 t0 7
= 1t03
escee 1t01
= 31{0 1
= = 1100

400 600 800 1000
Wavelength (nm)

Supplemental Figure 1.1.8EQE Curves for SubPg OSCst varying mixing ratios.

210



1.2. Supplemental Information for Chapter Six: Interplay
between Efficiency and Device Architecture for Small

Molecule Organic Solar Cells

Further Information on the EQERIJOSCs with Increasing,Content

In the PHJ device architecture, increasing thgdayer thickness (and thus decreasing the ClGaPc
thickness) is accompanied by a broadrease in EQE from 530 nm to072m. While this increase
appears as a hypsochromatic shift of the #80 ClGaPc absorption, it is initially unclear how decreasing
the ClGaPc content would result in such a drastic shift in peak absop$ioch changes are not
observed in the UV/Vis absorbance ofinéims of ClGaPc. Instead, it is worthwhilddok toward the
increasing 6 layer thickness. To this end, it has bemstablished that the Frenkel exciton bandgap in
fullerenes can be quite low in energyn the order of 1.7 eV to 2.3 ¥/ These low energy Frenkel

excitons can be efficiently harvested when paired with a donor material at low donor caatiens!*®?

To study this effect ithe presentdevices, it is necessary to decouple the EQE contributions
from ClGaPc and;& Therefore, as a rough approach to visualize the low enegdyréhkel excitons,
the 750 nm/664 nm ClGaPc peak/shoulder contributions were removed from the EQE spectréh@ising
ClGaPc absorptiozurve). Specificall, the UV/Vis absorption data wetssed to first identify the ClGaPc
curve shape, which was normalized to the EQE values using its peak intensity. The curve was then
subtracted directly from the EQE plot. Thedified EQE spectra are shown in Supplemental Figure
1.2.1 These data show that the apparent shift in peak EQE is due-emthjpphotocurrent contributions
from G, from low-energy Frenkel excitons. Consequently, the apparent shift in peak EQE is more

substantial with increasinggglayer thickness.

211



20
——30nm Pc/ 10nm C6(Q

——25nm Pc/ 15nm C6(

20nm Pc/ 20nm C60
——15nm Pc/ 25nm C6(
——10nm Pc/ 30nm C60

EQE (%)

0

500 600
Wavelength (nm)

Supplemental Figure .2.1- Modified EQEspectra of the PHJ ClGaPg©SC with varying layer thicknesses:-Pc
contributions have been subtracted using normalized UV/Vis data.

Further Information on Negate Photocurrent Transients in donor/BHJ/acceptor OSCs

A single exponential fit was performed on the negative photocurrent transient recoveries (using
a bright blue LED pulse) for the donor/BHJ/acceptor devices, as per equafipn Thet values
extracted from this analysis are shown in Supplemental Fiide dzy RS NJ (cKS d MFoBK G Q 9
where SE refers to a single exponential fit. This negative transient recovery occurs over a much longer
timescale (hundreds ofs) than the simp@ transient photocurrent decay observed with dim white light
(tens ofny). This is due to the slow injection of carriers from the electrodes to compensate for the
accumulated charges within the device, especially compared to the fast ssugay free cariers in the

donor/BHJ/acceptor under dim white light where space charge effects are not as severe.
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Supplemental Figurd.2.2 - Single exponential fit (SE) and double exponential fit (PEglues for the transient photocurrent
decays of donor/BHJ/acqeor ClGaPc:§ OSCs.

Biexponential fis, as per equationA1.21), on the basic photocurrent transient decay curves
were also conducted (fahe same devices illuminated with a dim white LED light pulksethose curves

fitted previously with a singlexponential term).

0 6 RAob6o 6 R@bésoh 6 pft N6 prt (A1.21)

In this case, the biexponential fit provides slightly better R2 values (generally >0.999 \@&€jus >
indicating that the added exponential term allows for a more accurate representation of the data. The
biexponential fittedt ; andt , values for the donor/BHJ/acceptor devices with varying mixing
concentrations are also shown in Supplemental Figu2®. The fast; component of the biexponential

fit is relatively constant at ~4f¥ for all mixing concentrations. More significantly, from Supplemental
Figurel.22, the slowt, component of the fit is found to have the same variations with mixing
coneentration and a similar timing as thevalues extracted for the negative transient recovery (when
illuminated with the bright blue LED pulse). It is thus strongly implied that the slow component of the
biexponential fit is related to a weak space chagffect, which is present even under dim white light.
One may then conclude that, even with low light intensity, the donor/BHJ/acceptor structure is

susceptible to charge accumulation and associated space charge effects. These space charge effects
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becomedominant with more intense light and, correspondingly, a higher exciton generation rate that
leads to a larger number of charges within the phattdive layers. When the space charge effects
become dominant and the photgenerated charges do not rapidigaombine, a negative photocurrent

transient is observed.

Interestingly, while structures C and D (BHJ/acceptor and donor/BHJ respectively) did not show
the negative photocurrent transients with bright red/blue LED pulses, their transient photocurrent
decays were also successfully fit with a biexponential model (for dim white LED pulses). To this end,
0KSaS aiNUz2OUGdz2NB&AQ LIK2(120d2NNByd RSOlFI&a akKBadSR af A3
non-zero preexponents (¢and Gin equation Al.21)) and exhibited realistit; andt, values (with a
fastt; and a slowt, for each fit). However, when the biexponential fit was applied to the photocurrent
decays of structures A and B (the PHJ and simple BHJ respectively), the seesxmbpemntial term
always converged to zero, indicating that the single exponential meddeddy adequately described the
data. Having established the sloywalue in the biexponential fit to be potentially related to space
charge effects, it follows that structures C, D and E may all suffer from weak space charge effects. The
commonality in these structures is the combination of a BHJ layer with a neat donor and/or acceptor
layer, which is believed to be a contributor to these space charge effects, as discussed in the results and

discussion of thishapter.
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Additional Figures (J¥haracteristics)

Representative JV curves for the different architecture OSCs (with varying C60 content), as
described in the results and discussion of tiepter, are provided below. For the PHJ structurg, C
content is defined by the ratio ofsglayer thickness to total active layer thickness. For all other device

structures, G content is defined as the amount of/vithin the mixed layer.
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Supplemental Figurd.2.3 - JV characteristics fo€lGaPc/g PHJOSCs (structure A) with varyingdZontent.
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Supplemental Figurd.24 - JV characteristics fo€lGaPc:§ BHIJOSCs (structure B) with varyinggContent.
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1.3. Supplemental Information for Chapter Seven:

Vacuum-Deposited Ternary Mixture Organic Solar Cells

In the body of hischapter, EQE mappings for ClinPc:Subgtethary OSCs at the ClinPc Q band, the
SubPc¢ Q band and thgy@ggregate pealvere provided An additional peak in éhUV, which comprises

contributions from G, the ClinPc B band and the SubPc B band, can also be identified. The EQE

mappings for this UV peak are shown in Supplementary Fig8rk below.
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Supplementary Figure 1.3.4UV peak EQE spectra mappingtefnary ClinPc:SubPg£0SCs (composition shown by x/y
axes, balance isg).

While discussing multiple donor PHJ O8®gs notedthat ClinPc/SubPcigOSCs show no
contributions to photocurrent from ClinPc due to the wider bandgap of SubPc. Claariy

demonstrated in the EQE of these OSCs, as shown in SupplementarylBBgubelow.
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Supplementary Figure 1.3.2EQE spectra of ClInPc/SubPgOSCs wittvarying thickness ClinRPc

In the results and discussion section of tspter, DTDCT®asmixed with ClinPc because of its similar
HOMOenergy level.The two materials were alsaoted for their overlapping absorption properties.

The latter point is shown in Supplementary Figiir@3 below.
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Supplementary Figure 1.3.3UV/Vis absorbancef 50 nm thin films of ClinPc, DTDCTB aggl C

The full set of photovoltaic parameters for the relevant OSCs in the discussion of the ClinPc:Dj§DCTB:C

ternary OSCs are provided below in Supplemental TdbBkto 1.3.3.

Supplemental Tabld.3.1 - Photovoltaicparameters forbinary ClinPc:g OSCs atariousdonor to acceptormixing ratios.

[Donor] Jsc Voc FF Eta Rshunt Rseries
[%] [mA/cm2] [mV] [%0] [%] [Ohm.cm2] [Ohm.cm2]
12.5% 6.22 1011 40 2.50 1962 26
50% 6.31 825 41 211 1529 21
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Supplemental Tabld..3.2 - Photovoltaicparameters forternary ClinPc:SubPggDSCs atariousdonor to acceptormixing
ratios (with [ClInPc]=[SubPc])

[Donor] Jsc Voc FF  Eta Rshunt Rseries
[%] [mMA/cm2] [mV] [%6] [%6] [Ohm.cm2] [Ohm.cm2]
12.5% 5.64 1048 35 2.08 1847 43
50% 3.98 835 34 112 1552 39

Supplemental Tabld..3.3 - Photovoltaicparameters forternary ClinPc:DTDCTR;OSCs atariousdonor to acceptormixing
ratios (with [ClInPc]=[DTDCTB])

[Donor] Jsc Voc FF Eta Rshunt Rseries
[%] [mMA/cm2] [mV] [%6] [%0] [Ohm.cm2] [Ohm.cm2]
12.5% 5.99 895 42 2.23 1926 24
50% 5.99 775 43 1.99 1590 21
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For all ternary OSCs, thgvhlues were also calculated from the EQE and are tabulated below.

Supplementary Table 4Summary of J.values forClinPc:SubPcigternary OSCarfeasured vscalculated by EQE)

ClinPc  SubPc Jsc by EQE
(%) (%) C60 (%) (mA/cn¥) %r;Azcm?)
6.25 0 93.75 5.09 5.15
12.5 0 87.5 6.22 6.04
25 0 75 6.93 6.79
50 0 50 6.31 6.50
75 0 25 4.12 5.06

0 6.25 93.75 5.06 4.95
0 12.5 87.5 6.35 6.25
0 25 75 7.13 7.23
0 50 50 457 5.04
0 75 25 0.85 1.40

6.25 6.25 87.5 5.30 5.27
12.5 6.25 81.25 5.83 5.65
25 6.25 68.75 6.19 6.07
37.5 6.25 56.25 5.83 5.93
50 6.25 43.75 5.23 5.54
6.25 12.5 81.25 5.97 5.82
12.5 12.5 75 6.19 6.04
25 12.5 62.5 5.83 5.84
375 12.5 50 5.14 5.39
50 12.5 37.5 4.24 4.46
6.25 25 68.75 5.80 5.67
12.5 25 62.5 5.45 5.36
25 25 50 4.15 4.27
375 25 37.5 3.10 3.31
50 25 25 2.05 2.25
6.25 37.5 56.25 5.50 6.07
12.5 37.5 50 4.61 5.11
25 375 37.5 3.20 3.59
375 37.5 25 1.96 2.41
50 37.5 12.5 0.92 1.24
6.25 50 43.75 4.05 451
12.5 50 375 2.81 3.07
25 50 25 1.36 1.63
375 50 12.5 0.57 0.69
50 50 0 0.10 0.10

0 0 100 1.10 0.73
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1.4.

Supplemental Information for Chapter

Eight: The

Photo-stability of Polymer Solar Cells: Contact Photo -

degradation and the Benefits of Interfacial Layers

R, and R,valueswere also measured throughout the duration of the experiments described in the body

of thischapter, as shown in Supplemental Figurd.1
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Figure 1.4.: Normalized 1)R;and 2)Ry, values for A) ITO/PEDOT:PSS /P3HT:PCBM/x/Al and B) ITO/MoO3 /P3HT:PCBM/x/AI
OSCsluring 168-hour agingstudies. x=LiF, Liacac nothing. (Note: All points are taken as averages frorr64levices)
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As noted irthe body of thework, the data presented comprise only a small-sai of a larger

body of data collected over a period of 18 months and obtained from tests on twelve to fifteen solar cell

samples from each group. This specific-sabof data was obtaineffom samples fabricated and tested

over a shorter period of time (6 months) to minimize experimental variation. Statistical averages from

the larger body of data (i.e. 125 samples for each group) are shown in Supplemental Figué&sand

1.43 below.From these data, as compared to thahswn in the body of this workt is clear that there

are no substantial deviations in the results. Note: A common measurement timing for all experiments

was 168 hours. As such, the data shown in Supplemental Bigure | YR o 3IA DS
YEFFOSNR auldsa 2F UKS h{/ ao
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Figure 1.4.2 Grand areragenormalized FCE(A), FF(B), Vo (C) andl. (D)values of ITO/PEDOT:PSS/P3HT:PCBM/x/AG0O

during 168hour Aging Studies. x=LiF, Liacaaothing.
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Figure 1.4.3 GrandaveragenormalizedPCHA), FF(B), V¢ (C) andl. (D)values of ITO/Mo@QP3HT:PCBM/x/AIDSCsluring
168-hour agingstudies. x=LiF, Liacac oothing.

The original photovoltaic results from the devices in the first two figurekisfchapter (i.e. not

normalized) are provided below. Note that thewis varies from figure to figure.
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PEDOT:PSS HEL + LiF EEL
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