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Abstract

The effects of global climate changes are progvesiobservable on the environment
around us. Their direct correlation with the £€mnission coming from the fossil fuel
combustion and industrial processes elucidatesifipent need of renewable energies. In
this context, organic photovoltaics (OPVs) attramisch attention because of the cost-
competitiveness and the new device functionalibiesr existing solar cells. Indeed, the
possibility to manipulate the properties of orgameaterials through chemical
modifications and prepare them in the form of irdggens the road to economically
sustainable production of flexible, light-weight vitees which also meet aesthetical
requirements as semi-transparency and color-tutabil

The last decade showed an exponential evolutio®R¥s. All over the world, grant-
funded programs contributed to the progress oftdahnology. In particular, the works
presented in this thesis contributed to the Eunogeaject SUNFLOWER (grant number
287594, web site: http://www.sunflower-fp7.eu/sitdéx.php). Because of the
advantages of semiconducting polymers over smalecates, this Ph.D. thesis focuses
on solution-processed polymer solar cells (PSCsravfan electron donor polymer is
mixed with a fullerene derivative at the solid sté&ading to the bulk heterojunction
active layer, the absorbing and charge produciggrlaf a PSC. It is noteworthy that,
aiming at the industrialization of this technolodiie requirements for the large-scale
manufacture are considered in the experimentalepiues for the device fabrication.

In a preliminary part of this thesis, the developinef novel materials, the optimization
of the processing conditions and a deeper undeisiggnof the device physics are
introduced to clarify the pathways that led to fgregressive enhancement of the PSCs
efficiency.

However, despite the recent achievements, PSCpr&#ent some issues regarding their
stability under operation conditions, which slownsiothe widespread commercialization
of this technology. Indeed, the nature of orgarimisonductors makes them potentially
susceptible to prolonged illumination and heatii@. this end, part of this thesis
discusses some specific aspects related to thditgtadd critical materials/layers of
organic solar cells. In particular, the light stayiof different active materials and ZnO

layers is investigated in order to provide guidedinfor the development of



active/functional materials for improved organidasaells. Moreover, the impact of the
processing conditions on the thermal stability lvé resulting photovoltaic devices is
studied. In detail, through the development of adea characterization techniques, the
choice of the processing solvent for the activeetageposition is demonstrated to be
determining for the morphology of the resultingrfd and their tendency to re-organize
under thermal stress.

In this context, the use of an alternative sohadnie to reduce the environmental impact
of organic solar cells is here presented. In paldic the effect of the replacement of
common chlorinated solvents with an environmentgigndlier analogous is investigated
both in terms of device efficiency and thermal 8iigb

Finally, a contribution to the understanding oftestaf-the-art tandem architectures is
presented as a perspective for the large scaleytapht of highly performing solar cells.
In the context of the tandem optimization, parttieé Ph.D. project was spent at the
“Friedrich-Alexander-Universitat ~ Erlangen-Nirnberg”(Institute:  Materials ~ for
Electronics and Energy Technology, i-MEET, Germangjler the supervision of Prof.
Christoph J. Brabec, working on a joint projectused on the mechanisms of charges
recombination in the interconnecting layer of tand#evices.

The analysis of the crucial aspects of OPVs sudheslevice performance, stability and
environmental impact provides the basis for theeltgyment of improved devices
heading to the widespread deployment of this teldyyo
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Chapter 1
Organic photovoltaics: critical review and aim of he

work

1.1 General overview on renewable energies

The effects of global climate change are progredgiobservable on the environment.
The world mean temperature continuously rises wsiog glaciers melting and raising
the sea level, heavy precipitations become moiguéet and hurricanes stronger. These
are just some evidences around us of the effectdimbite warming. Nevertheless, the
Intergovernmental Panel on Climate Change (IPC€&)cfasts a temperature rise of 1 to 5
degrees Celsius over the next century stating ‘thahe net damage costs of climate
change are likely to be significant and to increager time.” which clearly indicates the
importance of the problefH.

Recent studies identified a near-linear relatiomsigtween the global mean temperature
and the C@ concentration in the atmosph&eCO, is indeed a greenhouse gas which
means that, by absorbing sunlight and reemitting the form of thermal energy, heats
the Earth providing mankind of a comfortable climatowever, by continuously adding
extra greenhouse gases to the atmosphere, thd’pleemaperature is raising with wide-
ranging impacts.

This direct connection with the global temperatahecidates the significant impact of
CO, emissions from fossil fuel combustion and indastprocesses on the global
warming thus highlighting the necessity to conttbe CQ concentration in the
atmosphere. In this context, to limit the harmfahsequences, the emissions should be
reduced up to ensure a global mean temperatureaginmim 1.5 - 2°C above pre-
industrial levels. Nonetheless, despite the Kyotmtdtol, the last decades were
characterized by a positive growth rate of &mission (Figure 1.1). The strong increase
in economic activity of emerging countries, indetst] to a local redistribution of the
CO, emissions, with the negative growth contributiconf Europe more than offset by a

largely positive contribution from China and Indier, instance
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Moreover, as the global energy consumption is ptedito rise up to 30 TW in 2050 (17
TW in 2010), the employment of the continuouslyldapg fossil fuel,.e. in the form of
coal, oil and gas, needs to be drastically redumseards the deployment of new
alternative low-carbon energy resourt8¥,

45| 2019

o | 4326tco,
o 2013-2014 | ® (39.7-45.6)
+2.5% o
o 2014
- 2000-2009

4 370 GtCO,
2012-2013 | (34.8-39.3)
| +23%

+3.3% yr!

1990-1999
+1.0% yr!

CO, emissions (GtCO, yr')

T T T T T T
1980 1995 2000 2005 2010 2015 2020

Figure 1.1. Global CQ emission over 1990-2013 period (black dots) artimases to 2019 (red dots).
Reprinted by permission from Macmillan Publishets: INature Geosciend®, copyright 2014.

In this view, renewable energy sources show anmeoos potential, which could meet
many times the global energy demand, with limitegbact on the human health and on
the environment. They are indeed a class of souleesed from nature and can be
furthermore considered inexhaustible for a reldiveng time scale. Among them, wind
power, solar energy, hydropower, biomass and gaotileenergy are the most deployed.
Nonetheless, they currently supply only 11% of @arkotal energy demand while fossil
fuel dominates with more than 80%. Within renewatwarces, the greatest contribution
comes from hydroelectric sources followed by wirtvpr, while new sources as solar
and geothermal energy currently represent only mitdd part of the employed
renewables, each contributing for only 2% (Figu #!

Solar

Geothermal. 2%
2% e Other
8%

Nuclear
6%

Figure 1.2.Global energy consumption in 20¥3.
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With 0.5 TW, hydropower is the most widespread veaide energy covering around
three-quarters of the deployed sources. Howeveés, tdthnology is not expected to
emerge since most of the locations have already beglored leaving little room for new
installations. Similarly, wind energy had importagrowth in the recent years, however
the technical exploitable energy is limited andrearsatisfy the global energy demand.
Concerning geothermal energy, the deep drillingtlod planet crust represents an
important limitation for the deployment of this soe.

In this view, solar energy is a valid and promisaltgrnative among renewables. Sun is
indeed a star, which continuously pours a huge amofielectromagnetic radiations on
the Earth surface and one hour of illumination tmespotential to power the entire planet
for one year. As shown in Figure 1.3, few smalbareovered with solar panels would be
enough to satisfy the current global energy consiompMoreover, considering a 2% of
surface crust with solar panels and accounting tiwatall the incident light can be
collected and converted into electricity, around BX of energy is estimated to be
obtained, which represents more than 2 times tbbaflenergy consumption predicted
for 2050 (30 TW)®!

Matthias Loster, 2006

—

Q S0 100 150 200 250 300 350 W/m2

Ze = 18 TWe

Figure 1.3.Average of the solar irradiance on the earth sarfBtack dots represent the areas covered with

solar panels required to satisfy the actual glenargy demand!

Solar energy is a natural source available all akerworld, in this view, photovoltaics
(PVs) can be considered as a “democratic” techiyolGgntrarily to the global economic
scene, it is accessible to all single individuald @frica, with its different programs for
the development of photovoltaics, represents a nebée example. Among all the
programs, the Kingdom of Morocco solar plan is ad&red one of the largest projects on
solar energy with around 9 billion dollars involV&d
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Besides all the advantages as renewable energigvatiaic technology has furthermore

no fuel need and relatively low maintenance coltsvertheless, new challenges are
expected from a massive diffusion. Indeed, smamversion systems should be suitably
developed to power high energy-demanding structuel as industries and skyscrapers.
Storage components need to be integrated in thydbltaic systems in order to provide

the required amount of energy over the right tilnethis context, materials abundance,
sustainability and scalability are parameters tocbasidered in designing innovative

solutions™!

Over the years, many different materials were egygzlcand developed for photovoltaic

applications with the result of a wide range ofhteaogies present nowadays on the
market. They are usually classified in three germmra depending on the materials used

in the device and their commercial maturity.

The first generation comprises commercially avddaystems and is typically associated
to silicon founded technology. Silicon is one of tihhost abundant materials in the earth’s
crust and is suitable for photovoltaic applicationscause of its semiconducting
properties and the advantageous bandgap of 1.1B¥.dErived technology employs
wafers of silicon in crystalline (c-Si), single stglline (sc-Si) or multi-crystalline (mc-Si)
state with the first two typically consisting ofyid structures, while the latter is often
mechanically flexible. The use of abundant and twxae elements, in conjunction with
the remarkable energy conversion efficiency aratitife of the devices, demonstrate why
silicon solar panels are dominating the market. pesthat, the production and
installation is typically expensive and even if itw@sts continuously decreased over the

[10]

years; ' the commercialization of silicon panels requiraseaonomic investment by the

consumer.

The second generation of photovoltaics accounts téohnologies in early market
deployment. It consists of thin-films of semiconttucdeposited on a support and
includes amorphous (a-Si) and micromorph (uc-3igasi, Cadmium Telluride (CdTe),
Copper-Indium-Selenide (CIS) and Copper-Indium-@ailDiselenide (CIGS). If
compared to the first generation, the use of thinsfis an advantage both in terms of
required material and because widens the depositiethods towards large area coating,
which reduces the production costs and opens toptssibility of integration into
building components. However, this generation ssffler issues of durability (a-Si),

materials availability (In, Ga) and toxicity (Cdj.
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The third generation of solar cells consists of neehnologies and concepts at the pre-
commercial stage, which still require some researuth development. Compared to the
previous photovoltaic generations, innovative devapplications, good performance
under non-standard illumination and temperature iateoduced. Moreover, lower
requirements in terms of quality and quantity o/ namaterials are present in the third
photovoltaic generation, which however is stillegtied by limited device efficiency and
durability. This generation includes concentratbotpvoltaics (CPVs), dye-sensitized
solar cells (DSSCs), organic solar cells (OSCs)thremerging class of perovskite solar
cells.

CPVs typically exploits systems of lens to focusd amcrease the intensity of solar light
reaching the device. This type of technology isallguapplied on systems characterized
by multiple semiconducting layers stacked in algimpvice (multi-junction architecture)
in order to absorb as much solar photons as pessible structure is very efficient but
also highly complex. As a result, it is expensife compared to conventional
photovoltaics and the use of concentrated lightaibigtincreases the temperature, thus
requiring an additional cooling system. Not lespamtant, it is mainly applicable in
regions with clear skies as CPV needs direct shintmfully exploit its potential.

DSSCs are considered hybrid solar cells since ¢beple organic absorbing dyes with an
inorganic scaffold. As working mechanism, they mithe natural photosynthesis. In
particular, the solar light is absorbed by an ormgatye typically based on a Rutenium
complex and free charges are generated at théaioéelbetween the organic molecule and
the inorganic counterpart (typically porous 7)OThe use of a multi-component device
confers the possibility to exploit the full potaaitof this type of solar cells by optimizing
the single parts. Despite that, the power convarsificiency (PCE) of DSSCs, after
reaching values around 11% in 1997, did not impdoge much (Figure 1.4). The
limitations of this type of devices arise from ttypically narrow absorption of organic
molecules and from the need of a liquid electrotgt@estore the initial neutrality of the
dye, which can freeze at operating temperatures. pitysical detainment of the liquid
during device operation introduces limitationsemts of flexible applications and issues
related to the device durability. Despite solidcaielytes were recently developed, their
efficiency is still limited.

The evolution of the hybrid PV technology is repmed by the use of perovskite, a
crystal which refers to ABXstructure where A is the organic cation, B isrietal cation

and X is the halide anion. The most used crystesnaethylammonium lead halides,
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CHsNH3Pb(l,CI,Bri. This technology is at the forefront of recent emsh on
photovoltaics since in only five years the powenwarsion efficiency of this type of
devices has risen from about 3% to more than 2¥#ified)*?**! Compared to DSSCs,
the benefits of perovskite cells arise from the oa simplified device structure which
avoids the need of an electrolyte. Moreover, théss of materials presents physical
properties comparable to inorganic materials amdaitivantages of organic compounds
such as wet deposition and large area coveragaadively low-cost. This undoubtedly
confers enormous potential to perovskite solarsceéd succeed. However, since
perovskite rapidly degrades under operating tentipess, some concerns are still devoted
to the device stability and furthermore to the mfyoenvironmental impact due the
presence of toxic elements such as lead (Pb).

Diversely, organic photovoltaics (OPVSs) is a tedbgyg based on a thin film of-
conjugated organic small molecules or polymers \aitthickness ranging from tens to
hundreds of nanometers. The advantage to use orgeaterials offers the opportunity to
have flexible, semitransparent and lightweight meslwith very low economic impact
restrained from the possibility to employ relatiwedimple manufacture processes for
large scale production. The power conversion efficy of organic solar cells reached
values approaching 13% for lab-scale devices (activea: < 1 cA™ and 9.5%
(certified) for mini-modules (active area:25 cnf).*> However, the commercialization
of this technology is still slowed by stability isss, in particular under harsh operating

conditions, related to thermal- and light-inducedmges of the organic compounds.



Chapter 1 — Organic photovoltaics: critical reviemd aim of the work

Best Research-Cell Efficiencies LiNREL

Cells (2-teminal, monolithic)  Thin-Film Technologles Shap
od CIG8 fcancentrator) - (MM, 302¢) ol

ooeo

15

Boeing
: Spectroiab (5-J)
(LM, 4 ""..WS’W(IMM) 37,9% 4 4

Oepeoo

R o 42 e FhG-ISE
Crystalline Si Cells T S e e Ll o ana Devices
32[ & Single crystal fconcentrator) E 5 (1

B Single cryst; ncentrator)
B palorystall

LG Electronics

ol

24~

Efficiency (%)

KRICTAUNIST T

bl S S S
! Trina Solar

llll‘l'lllllllllllllllllllllllLl|lill|llllllllll
1975 1980 1985 1990 1995 2000 2005 2010 2015 2020

Figure 1.4.Chart of the best power conversion efficienciesdiffierent photovoltaic technologies over the
time published by the National Renewable Energyokatory (NREL)™®

An overview on the trend of the power conversioficeincies of the different
photovoltaic technologies is reported in Figure. A4 shown, the record among all the
photovoltaic technologies was obtained using inoigamaterials. However, to
economically evaluate and compare different phdtai® technologies, besides their
power conversion efficiency, other two indicaton®sld be considered) the Levelized
Cost of Energy (LCOE) anid) the Energy Payback Time (EPBTH®

The LCOE valuates the cost-effectiveness of thenelogy as the ratio between all the
costs involved in the life-cycle of the system (stoaction, operation, maintenance and
decommission) and the total energy produced, imetudfficiency and lifetime. Organic
solar cells, despite their still limited power cemnsion efficiency, present many benefits
compared to other technologies. Indeed, the ligigiwteand flexibility of the devices
drastically reduce the distribution costs as transpand installation, and their
processability in streamlines also contributesotedr the production costs making them
competitive with traditional fossil fuel sources.

The EPBT is a parameter which accounts for theggnewvolved in the production and
decommission of the system and considers the &aaired by the technology to produce
the same amount of energy. Similarly to LCOE ang)y®recasts estimate an EPBT in
the order of days for organic photovolt&iéswhile in the order of years for the currently

mature technologies, showing again the great catiyegtess of organic solar cells.
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In summaryto be competitive and lower the electricity cosphmtovoltaic technolog
should be characterized layhigh efficiency, a good reliabilf and durability, low cost
of the materials andconomicproduction (Figure 1.5). @anic photovoltais represents

in this context promising technolog

RELIABILITY

& DURABILITY
&

LOWER SOLAR
ELECTRICITY

@ COST

AR

LOWERING MATERIAL
& PROCESS COSTS

Figure 1.5.Requirements for photovoltaic technologies to redhe cost of electricit™®

1.2 Organic photovoltaics: concepts and evolutic

As a prospective solar technolo(OPVsis one of the most promising alternatives in
emerging scenariobecause ofthe unique device functionalities ov the other
technologies. Asource of theadvantagesthe possibility to synthesize and manipu
the semiconductor®ffers the outstanding potential to deliberatetyne the devic
properties. Organic photovoltaiis indeed based omn-conjugated sl molecules o
polymers which can benlimitedly modified by chemical synthesis.

An overview of the pportunities that OPs could offer, motivates the large investme

on this technology over the recent ye

» Scalabilityat low cos: the possibility for organic semiconductors togdreparec

as inks opens the road towards use of fasprinting techniques for the massi

production of solar modules. The highly automated aoll-to-roll (R2R)
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processing confers the further advantage of an aumally-sustainable

production of organic solar cells with low mategahsumption (Figure 1.6a).

Good form-factor the fabrication of solar cells from solutionsoals for module

designing and the use of flexible and light-weighpports. This opens towards
solar panels, which roll up or can be adapted oweclisurfaces, that is innovative
for the overall photovoltaic market. These funcélites represent a distinction
feature for organic solar cells as they can paiytibe installed on existing
surfaces, integrated in architectural structuredasrinstance, applied on moving
objects €.g. on cars, trains, etc. to prevent discharging ¢tebias). Moreover, as
the properties of organic materials can be tuneduwpose, devices can also meet
aesthetic requirements as semi-transparency aod tewlability for application in

items of daily use (Figure 1.6).

Harvesting factarorganic modules offer an effective PV responseetttively

high temperatures and also at low light illuminati®rganic materials indeed
exhibit increased charge mobility by increasing tdperature. Moreover, they
offer the attractive capability to efficiently rempd at the low light intensities (or
diffused light) and, almost indifferently, to difent sunlight angles of incidence.
Diversely from the other photovoltaic technologitdsgs represents a remarkable
benefit for the outdoor application of organic sataodules since they provide an
almost constant power over the entire daily cy€lee effective response at low
light intensities, in conjunction with the possityilto have semi-transparent and
colored devices, represent remarkable charactayisif organic modules for
indoor applications. In this context, the organadas modules can be used as
window coveringsg.g. curtains or colored window films, which are inntiva
applications of the photovoltaic technology.

Furthermore, the characteristic narrowed absorpgifarrganic compounds can be
exploited for additional applications of organidasccells such as the indoor light
recycling. The concept is to use indoor lightingnfrlight emitting diodes (LEDS)
or compact fluorescence lights (CFLs) to powerrsoladules, which are applied
on indoor item$® As a result, part of the energy used for indoghting is

recycled through the use of solar cells.
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» Low environmental impact potentidghe use of organic materials results in solar

modules which are fully free of rare Earth elemgeptgcious metals and toxic
substances and hence potentially excellent in terofis environmental

sustainability.

Figure 1.6. Organic solar modules fabrication through printtaghnique (a) and application as solar tree
(b),2% phone charger (c), mini-module (d) and solar (@)&"

Despite the attracting characteristics, organict@ataics should not be conceived as a
replacement of the existing technologies. Ratlerepresents a clear example on how
different solar technologies can be complementartgims of applications. For instance,
one of the major drawbacks of organic solar modidetheir poor device efficiency
which is, on the other hand, among the main adgastaf silicon photovoltaics. On the
contrary, properties such as lightness and semsipi@ency are typical of organic
modules while lacking in the silicon technologythe short term, the expectation to have
organic modules with performance similar to thasethe inorganic ones is indeed
erroneous. Similarly, silicon modules are not expeédo show semi-transparency. The
photovoltaic energy production can be indeed etgdoin different but synergic ways.
For instance, the long durability and high effiagnof the rigid silicon modules are
suitable for massive outdoor use such as roof-egpdn. On the contrary, the color-
tunability, flexibility and light weight of OPV mades are more suitable for specific

applications such as their integration in pre-éxgst passive systems, indoor
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environments, portable electronics and various atbjevhere the OPV peculiarities are

essential*?
1.2.1 Evolution and working principles

Different from other photovoltaic technologies, amgc solar cells exploit the
semiconducting properties of organic molecules oflymers to convert light into
electricity. In an organic semiconductor, a sedesuperposed,prbitals from sp or Sp
hybridized carbon atoms creates the so catlednjugation where a cloud of spatially
delocalized electrons above and below the molecplan confers semiconducting
properties to the molecular structure (Figure 1.Tag extended-conjugation results in
new molecular orbitals (Figure 1.7b) with the eryedgfference (band gap,gEbetween
the highest occupied molecular orbital (HOMO) ahd towest unoccupied molecular
orbital (LUMO) matching the solar radiation enegy(@.5 — 3 eV).

Upon photo-excitation, the organic semiconductarspa from a ground relaxed state to
an excited state in which tightly bound electromehpairs, called excitons, are formed.
Diversely from inorganic semiconductors, the diglecconstant of organic materials is
typically low (g = 2 - 4) and Frenkel excitons are created. This tfpexcitons presents
electrostatic binding energies in the order of 8.2 eV, much higher than the kinetic
energy at room temperature Q.026 eV). As a consequence, they cannot sponiaheo
dissociate into free charges as in inorganic melteand the presence of a driving force

that overcomes the Coulombic binding energy is seaey.

(a) (b)
LUMO

T A/p HOMO% n

Figure 1.7. Example of conjugated molecule with overlappingdpbitals (a) and the relative frontier

To*

orbitals (b). Reproduced from R&F with permission of The Royal Society of Chemistry.

At the early stage, organic solar cells were cormagoby a single organic layer
sandwiched between two electrodes with differentkwianctions (WFs). In this system,
the organic layer establishes an ohmic contact ik electrode and a Schottky junction

with the other, typically the cathode (Figure 1.8)this interface, a band bending of the

11
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organic frontier orbitals induces the formationaotiepletion region where excitons can
dissociate into free charges. Because of the diyatiarrowed depletion region, most of
the excitons are formed outside it and decay backhe ground state instead of
dissociating. Moreover, considering the typicalignited charge mobility of organic
materials and since opposite free charges travesadhe same phase, the probability of
bimolecular recombinations is very high.

The combination of all these factors explains the photovoltaic performance observed
in single layer organic solar cells that did notceed 0.1% of power conversion
efficiency!?¥

To overcome the limitations of the single layeusture, Tanget al. developed a bilayer
architecture where an hole transporting (p-type) an electron transporting (n-type)
layers are in contact through a planar junctiorteftgunction) and the entire stack is
comprised between two different electrodes (Figir8b)!*®' Using materials with
different electron affinity, their interface actsnfar to a p-n junction thus excitons
formed in the proximity of the other material, d$k to the interface between the two
materials forming charge transfer excitons (CTestat CT excitons). Lying across two
different phases, the reduced Coulomb binding gnatigws CT excitons to split into
free charges. The presence of an electric fieidedrthe free electrons and holes through
the relative phase and towards the respective retket where can be collected.
Bimolecular recombination losses are highly redusedate opposite charges travel in
separated phases. However, the short lifetime ef ékcitons € 1 ns) limits their
diffusion length to short distances, between 5 addnm!®® To dissociate as many
excitons as possible, the layers should be thiugmao ensure that all the excitons can
reach the interface with the other material. Tleisresents an important limitation since
the reduction of the thickness affects the optaiadorption of the layer and hence the

amount of formed excitons.
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Figure 1.8.Energy level diagram for single layer (a) and pidridayer (b) organic solar celfs’

The major breakthrough for organic photovoltaics eatablished independently by Yu
et al.?® and Hallset al.”® in 1995, when the concept of bulk heterojunctiBhid) was
developed. In BHJ devices, a large contact existwden the p-type and n-type materials.
The two materials are indeed mixed to form an pdaetrating network. In sight of this,
the domain size is optimized in the order of theitexs diffusion length in order to
dissociate all the excitons formed upon photo-aticih. The mixture of the two materials
should however ensure bicontinuous paths for friearges to reach the respective
electrodes.

In this type of structure, the p-type material &ially a small molecule or polymer with
an absorption spectrum as wide as possible in dodabsorb the whole solar light. The
efficient photo-induced electron transfer from anjogated polymer to fullerene £
observed by Moritaet al.*% and Sariciftciet al.®Y! started the era of using fullerene
derivatives as n-type materials. Indeed, the gedattron delocalization properties of
fullerenes, which results in a suitable electrdinay, the great electron mobility and the
possibility to obtain fullerene derivatives solulieorganic solvents ([6,6]-Phenyl {1
butyric acid methyl ester (PCBM)), makes PCBM orfetlee most suitable n-type
materials for BHJ devices. In sight of this, BHJs &ypically composed by an organic
semiconducting small molecule or polymer mixed wREBM to form films with

thicknesses ranging from tens to hundreds of natemé-igure 1.9
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externaTlight

Figure 1.9.Representation of an organic BHJ solar cell witlyper as p-type while fullerene derivative
as n-type material. Adapted by permission from Midlam Publishers Lts: Nature Materidfs, copyright
2014.

Working principles

The working principles of BHJ solar cells are schéoally represented in Figure 1.10. A

detailed description of the main steps is repdneeafter.

Cathode

Figure 1.10.Representation of the possible processes involvexhiorganic solar cell. Reproduced from
[34]

Light irradiation. The first process occurring in a solar cell is ligét irradiation of the

device where solar photons reach the BHJ activerlagowever, before reaching the
active compounds, the sunlight passes through oftbhedamental layers of the

photovoltaic device where reflection, absorptior @aransmission of the solar photons
can occur. For an efficient device operation, B# tayers should indeed ensure high

transparency in order to effectively transmit thenlght directly to the organic

14
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semiconductor. The substrate is the first parthef $olar cell reached by solar photons
where a rigid glass or a flexible plastic [poly(dtdme terephthalate), PET] are usually
employed. These materials are typically charaadrizy an absorption in the UV region
which limits the photons supply of the active layéfhile an additional cause of photon
losses arises from a patrtial reflection of the igimlfrom the support.

Over the substrate, a conductive material is reguas electrode. Intense research has
been devoted to the development of transparentdumtive and possibly flexible
materials. Metals are the best choice in terms afdactivity, however they are
characterized by null band gap and therefore tlaisscof materials is poorly transparent
even as thin films. So far, inorganic mixed oxidgs Indium Tin Oxide (ITO) or
polymeric  materials as  poly(ethylenedioxy thiopheoéy/(styrenesulfonate)
(PEDOT:PSS) offer the best trade-off between cotidticand optical transparency.

Once reached the active layer, the first requirénfen an efficient collection of the
sunlight consists in an optimum overlap betweenBhE absorption spectrum and the
spectral solar emission. This process is possiliteisolar radiation has equal or greater
energy than the semiconductor band gap. In thig, ¢he intensity of absorption at each
wavelength is determined by the Lambert-Beer lainene the absorbance linearly
depends on the product of the optical density @& fim (correlated to the molar
extinction coefficient, the mass density of theelaynd the orientation of absorbing
molecules) and on the film thickness (further detaan be found in Chapter 2). Since
part of the photons are typically not absorbed el pass through the active layer, an
important role is played by the back electrode,clvtdan act as a mirror by reflecting the

residual photons back to the active layer wherg ta@ be absorbed afterwards.

Exciton formation.The process of photon absorption consists of tteitagion of the

semiconductor from its ground electronic statg) (6 excited electronic states with the
same spin (singlet statesg. S;, S, etc.) (Figure 1.10 — process 1). The excitedesyst
first relaxes to the relative ground vibrationatstvia thermal relaxation, then it decays
to lowest excited electronic state (8asha rule).

From S, the system can deactivate again to the groune §§gFigure 1.10 — process 2),
radiatively (fluorescence) or thermically (interrma@nversion), or to electronic states with
a different spin,e.g. triplet states (T) (intersystem crossing, vibmaéib conversion).
However, if the excitation is maintained, a singh®lecule interacts with neighbors

inducing a reorganization of the intermoleculartalises with a consequent partial
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polarization of the system. This collective resmororresponds to the previously

mentioned Frenkel exciton.

Exciton migration.Once Frenkel type excitons are formed, they megratross the

material. This process is considered a diffusivgration of excitonsia energy transfer
processes occurring between an excited moleculeaanmblecule in the ground state
(Figure 1.10 — process 8} It consists in the reorganization of electroniafigurations
without involving any electron transfer or radiaiprocesses. The Coulombic or Foérster
resonant energy transfer (FRET) is one type ofg@neransfer based on a dipole-dipole
interaction between molecules separated by a distari 1-5 nm. This mechanism
strongly depends on the distance (to the powe)) ahfl requires the overlap between the
emission spectrum of the excited specie and therptisn spectrum of the specie in the
ground state. A second mechanism for the excitogration, called Dexter energy
transfer, can occur. This requires a strong orlotarlap between the two species and a
distance of about 1 nm. However, FRET usually adigpes the efficiency of Dexter
energy transfer and is indeed considered the machanism of excitons diffusion in
organic solar cells.

As mentioned, Frenkel excitons are typically chemazed by short lifetime and limited
diffusion length thus a prolonged diffusion coutcd to deactivation to the ground state
(Figure 1.10 — process 2). Diversely, if excitonsrimg the diffusion meet another
material with a sufficient electron affinity so & overcome their binding energy,

electron transfer processes can occur (Figure-1d@cess 4).

Exciton separationin a simplified view, excitons which reach theeirface with an

electron acceptor material are described to undeygan electron transfer mechanism,
which results in the formation of free holes andctabns. However, the process of
formation of free charges is strongly dependent omultitude of competing mechanisms.
Indeed, once an exciton reaches the interface plitd & electron and hole, the electron
transferred to the acceptor material still experg=na Coulomb interaction with the hole
even if the two charges are localized in differphases. This interaction, previously
described as CT state, does not allow oppositegeBao escape one from the other and
recombinations eventually occur (geminate recontlming Figure 1.10 — process 7).
Intrinsic properties of the donor material, suclthees dipole moments of the ground and
excited states, play a relevant role on the exaitissociation® If these conditions are
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optimized and the internal electric field is greabugh, the CT pair dissociates in free

electrons and holes.

From excitons to free chargelhe process of free charges formatominterfacial CT is

strongly dependent on the vibrational states ofGfiestate and on the excess of photon
energy associated to the excited donor moleculdedd, a direct pathway from the
excited state (3 to separate charges (FC) exis high vibrational states of the CT (hot
CT state) (Figure 1.11, processpfb.Diversely, the vibrationally excited CT state can
relax to its ground state where, if sufficientlyjatalized, can dissociate into free charges.
Which of the two mechanisms is prevalent is stilller debate and the nano-morphology
distribution of the BHJ molecules plays a relevag in this context.

Once free charges are formed, they can recombitietbdorm CT excitons (Figure 1.11,
process 3). Since holes and electrons are spinahated, they can either lead to the
formation of singlet CT) or triplet éCT) charge transfer excitons in ratio 1 to 3
according to the spin statistic!CTs can recombine to the ground state in radiative
(luminescence) or vibrational way (thermically). @ contrary’CTs can decay to the
triplet state of the excited molecule;JTFigure 1.11, process 4) or re-ionize back te fre
charges. However, depending on the organizatiamalécules at the solid state, the re-
ionization back to free charges occurs faster fepwinly the deactivation oiCTs as

possible loss mechanist.

Figure 1.11. Processes of CT and free charges formation withpitgsible recombination processes.

Reprinted by permission from Macmillan Publishets: INature®”, copyright 2013.

Charge transportlf free charges do not recombine back in a CTes(gigure 1.10 —

process 8), pushed by the internal electric figldy diffuse across the respective material
to reach the electrode (Figure 1.10 — process &ledHmove toward the anode through

the p-type material and electrons to the cathodmuth the n-type material. The process
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of charge transport is governed by the degree @éroof the molecular species. Due to
different relative orientations between moleculespolymeric chains, a characteristic
spread in the energy of the levels does not alleevformation of energy bands as in
inorganic materials. Hence, the charge transpodhar@sm is an intermediate between
band-like transport, typical of inorganic materjaad hopping between local states. As a
result, the charge mobility of organic semicondtstis generally in the order of 0
cn¥/V:s.

A crucial role in the charge transport is played thg nanoscale morphology. The
molecular packing (intermolecular distances), tiraethsions of the p-type and n-type
domains, the length and continuity of the domaithpare indeed determining factors in
the conductivity of the photoactive film. In thigist, a suitable solid state ordering is
required to minimize the probability of non-gemmatcombination of free charges
(bimolecular recombination) and ensure the maximanarges diffusion to their

respective electrodes.

Charge collection.The last step of the photovoltaic process consistshe charge

collection at the electrodes (Figure 1.10 — pro@&ss’he main requirements anethe
choice of materials with suitable conductivity decerodes andi) the need of ohmic
contacts at the active layer/electrode interfadd®e choice of materials for the front
electrode was previously discussed. As back refig&lectrode, thin filmsx(100 nm) of
evaporated metals are usually employed for labkesgavices while, in the view of large
scale fabrication, a bi-layer system based on PEPS%/silver grid is now one of the
best choices since it is printable and suitable ffexible systems. Concerning the
ohmicity of the contact, an energy alignment shdaddestablished between the LUMO of
the n-type material and the cathode, and the HOKeop-type material and the anode.
However, at the metal/semiconductor interface,dleetrode Fermi level usually pins to
the HOMO/LUMO level of the semiconductor with negfile influence on the device
performance. Nonetheless, the use of interlayetis suitable energy levels was adopted
to improve the ohmic contact thus avoiding chargeuenulation and, furthermore,
improving the charge selectivity through the suppien of bimolecular recombinations

at low electric field.

Interfacial layer. Despite the internal electric field directs theowll of charges

anisotropically towards the correspondent electrbdkl independent diffusion processes

can occur and free charges in proximity of the @poelectrode can recombine at the
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interface resulting in performance losses for tegiak. As a result, additional layers
between the BHJ blend and the electrodes, caltedfatial, blocking or buffer layers are
typically introduced. The role of the buffer layessto facilitate the charge extraction of
majority charge carriers at the respective eleesotthus avoiding charge accumulation
and suppressing the extraction of minorities. s gight, the additional layers typically
reduce the BHJ surface roughness to improve tleefadial quality with the electrodes,
selectively transport one type of charge carrierd are characterized by energy levels
suitably aligned to the HOMO of the electron donmaterial (HOMQ@) and the anode
Fermi level, or to the LUMO of the electron acceptaterial (LUMQ,) and the cathode
Fermi level.

Over the years, several interfacial materials warigably designed and developed in
order to maximize the solar cell performance. Amdhg hole transporting layers
(HTLs), PEDOT:PSS and MgQare the most used. PEDOT:PSS consists of a water
dispersion of PEDOT and PSS chains and becaudeedintited thickness necessary to
ensure optimal operatiorr (30 nm) offers the advantage of an effective sohiti
processed HTL, which does not affect the devicétligarvesting. On the contrary,
despite the remarkable advantages in terms of gesescy and operation, MQQs
typically deposited by thermal evaporation and leesmot fully compatible to wet large-
scale manufacture processes. Nonetheless, \MoCQthe form of nanoparticles was
recently developed allowing the solution processifiyloO; layerst®®

Concerning materials used as electron transpoldiyeys (ETLS), a plethora of low-work
function materials was effectively demonstratedpfrmetals, to metal oxides, inorganic
salts or polymer electrolytes. Among them, the nmmshmon employed are Calcium,
ZnoB¥ Tio M9 LiF, poly[(9,9-bis(3-(N,N-dimethylamino)propyl);2Z-fluorene)-alt-
2,7-(9,9-dioctylfluorene)] (PFNJY polyethylenimine (PEI) and polyethylenimine
ethoxylated (PEIEf? While ZnO, TiQ, PFN, PEI and PEIE are processable from
solution, LiF and Calcium are deposited by therevaporation as thin films.

Besides the aforementioned advantages from theoliaiffer layers, further benefits
were demonstrated in the case in which the buffgers act as optical spacer. Here, the
light distribution inside the solar cell stack iodified resulting in an improved active

layer absorption and hence enhanced solar cetipeaince.
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1.2.2 State of the art and limitations

Organic photovoltaics can be considered one ofrtbst promising renewable energies in
the emerging scenario. Foldability, wearabilitylocdunability, light weight are some of
the attracting device features, which prompted shedy and development of this
technology with an exponential evolution over tast lyears.

Particular efforts were devoted to the developnoémiovel materials, the understanding
of the device physics, the manipulation of film mploology and the meticulous
optimization of single parts of the device.

High performing organic semiconductors as photeactnaterials were progressively
developed and their solid state self-organizati@as wptimized either by the introduction
of solvent additive in the initial solution or thugh post-processing methods as solvent or
thermal annealing on the resulting films. Interiaeeere improved by the introduction of
surface modifiers or multifunctional interlayerdiag, for instance, as optical spacer to
enhance the light distribution inside the devicée Tintroduction of innovative semi-
transparent and flexible electrodes compatible Watige area production progressively
led to semitransparent organic solar cells fabegtain plastic foils. All these advances
converged in a series of more general developmerierims of device structure and
architecture. To better exploit the incident sgdaotons, indeed, new concepts for the
active layer were introduced and significant effi@ies were obtained from devices
based on ternary BHJ blends, through the combimatioa donor, a sensitizer and an
acceptor material. More significantly, multi-jurani architectures, where two or more
interconnected sub-cells with complementary absmiptegions are stacked in a single
device, were developed to enhance the light-toecurrefficiency and the record
efficiency of 12.7% was established using 2 sec@®ected sub-cells.

All these progresses led to an extensive growthetechnology with the achievement of
devices power conversion efficiencies beyond theketimg threshold of 1096

In this view, the first companies on organic phaoitaics were born. One of the
pioneering was Konarka Technologies, founded inl2@0Massachusetts as a spin-off.
However, perhaps because of the “immature” orgamichnology, the company
bankrupted in 2012. Still, the list of organic piwvatltaic companies is not wide.
However, the significant advancement of the teabgylallowed companies as Heliatek,
Belectric (OPVIUS) and InfinityPV to place on thearket the first gadgets and systems

fully powered by organic solar cells.
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Despite the relevant breakthrough in terms of dewfficiency, state-of-the art organic
solar cells still present some issues of stabilltge nature of organic semiconductors
makes them susceptible to prolonged illuminatioeating or even only ambient
conditions. Lifetime, light and thermal stabilityeabasic requirements for marketing
organic solar cells, nevertheless the literatureoisexhaustive in this view and devices
are not suitably stable under operation conditidviany external agents result to be
harmful for organic solar cells and cause the rednof the cell performances. Among
them, diffusion of water and oxygen into the deypcemotes chemical degradation of the
active materials, interfaces and contacts, whiestitrally limit the cell lifetime. Over the
years, encapsulating systems were properly develepel resulted effective to slow
down or even neglect the ingress of external agevitech would degrade the device.
However, light and heat represent two causes atdelegradation which, diversely from
water and oxygen, cannot be eliminated using phyd@arriers. They might induce
chemical reactions, degradation at the interfaged m@orphological changes which
drastically reduce the device performance over .timi@rough material design,
modification of the device configuration and inter¢ engineering, the device lifetime
was extended from months to ye#fs.

Furthermore, important challenges in terms of largeea manufacturing and
environmental compatibility are still ongoing. Sealeworks still focus on devices
fabricated with laboratory scale processing teahesq Not less important are the issues
arising from the use of environmentally hazardow$vents to process the active
materials, which represent a big concern for arteldgy conceptually friendly to nature.
This critical overview aims to provide a generahlgsis of the state-of-the-art of organic
photovoltaics as well as the issues, which stidchto be addressed for a large diffusion

and commercialization of this technoldg§*®
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1.2.3 Aim of the thesis

The general outline of this thesis can be represeby the three fundamental aspects
which reflect the key requirements for the comnadization of OPV devicesi)

efficiency,ii) stability andii) low environmental impact (Figure 1.12).

Figure 1.12.Representative outline of the thesis.

In this thesis, all the organic solar cells considBHJ devices using polymers as electron
donor materials and fullerene derivatives as edacticceptors. Despite part of the current
research is devoted to small molecules solar abkésuse of polymers represents a valid
strategy to exploit most of the properties of oiganaterials. Polymers can be indeed
easily dissolved in a solvent to make inks suitdblelarge scale manufacturing. In this

sight, an experimental section is devoted to tkesgnmtation of the deposition techniques,
the device fabrication and the characterizationhods$ used in this thesis. Then, an
introductive chapter focuses on the chemistry ofeni@s typically employed in polymer

solar cells (PSCs). The historical evolution of thaterials, the synthetic procedures and
the structure - properties relationship are de@piglyzed to understand the innovations

and concepts, which led to the state-of-the-aramiggsemiconducting materials.

This thesis can be framed in the context of theistriblization and commercialization of
the organic photovoltaic technology. Indeed, paféicattention is paid to the analysis of

some critical issues as the stability of devices.

A first part concerns the stability towards thernséless. International protocols are

followed and investigations on both single matsr@al complete devices are carried out.
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The effect of the nanostructure of the active laagrl function of the processing solvent
is studied and an innovative characterization teghe is developed to selectively
distinguish among different degradation mechanismsomplete devices. In addition, a
study on a particularly light-sensitive interlayerd a comparative analysis on the effect

of the light on different active layers are dis@dss

A second section focuses on the development of-sfathe-art device architectures.
multi-junction, to reach great light-to-current ieiéncies. Despite literature presents
many studies showing highly performing multi-juioctidevices, the intermediate contact,
which represents the junction between differentcils, is still one of the main causes
of loss for this kind of devices. Still, a genetalderstanding of the loss mechanisms
lacks. In this sight, by coupling charge extractamgl injecting techniques and a selection
of several different materials, a general comprsimnof the possible loss mechanisms is
provided. Then, the optimization of an organic detjbnction solar cell to meet the

industrial requirements is presented.

Finally, an important part of the thesis is deddato the replacement of common
hazardous solvents, typically used to process ttivea materials, with solvents
characterized by low environmental impact. In dethie effect of a “green” solvent on

the device efficiency and stability is presented.

The experimental works presented in this thesiglteggesult of scientific collaborations
with national and international research groupsimportant contribution arises from the
collaboration within the consortium of the Europeproject SUNFLOWER (grant

number 287594, web sitbttp://www.sunflower-fp7.eu/site/index.php

Regarding the experimental part, this PhD projemtu$éed on the fabrication and
characterization of single-junction and double-figit organic solar cells and the relative
device sub-structures. In detail, the | — V and EQ&asurements, the absorption and
emission spectroscopy, the AFM investigations cbreocal microscopy analyses and the
stability tests were carried out at the “Istituter po Studio dei Materiali Nanostrutturati
(ISMN) — Consiglio Nazionale delle Ricerche (CNRj’Bologna (Italy).

Part of this Ph.D project was spent at the “Frigilexander-Universitat Erlangen-
Nurnberg” (Institute: Materials for Electronics ari@inergy Technology, i-MEET,
Germany), under the supervision of Prof. ChristdpBrabec, where the optoelectronic
devices were fabricated and characterized througly Imeasurements at different light
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illuminations, EQE measurements at different applieiases, absorption/emission

spectroscopy and electroluminescence analyses.

All the other experimental procedures and analgééiis thesis, such as the synthesis of
the polymers, their chemical and electrochemicalr&tterization, etc., were carried out

by external collaborators.

It is worthy of note that, although this thesisuses on devices processed on small scale,
all the concepts, approaches, deposition technigaed materials were developed
heading to industrial applications. The criticalpagaches and the promising results
evidence the possibility to improve organic phottaios and aim at contributing to solve

some crucial issues in view of an upcoming sprdddis technology.
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Chapter 2

Experimental section: materials and methods

This chapter describes all the materials, experiaieprocedures, characterization
techniques and details relative to the investigati@ported and discussed throughout this

thesis.

2.1 Materials

All semiconducting polymers and fullerene derivaswsed in this thesis, respectively as
electron donor and acceptor materials of BHJ bleadslisted in Table 2.1. The reported
materials were used as received without any fumpleification. The chemical structures
of the donor polymers are showed in Figure 2.1 ¢tiemical structure of HBG-1, which
is property of the Merck, is not provided) whileoie of the fullerene acceptors are

reported in Figure 2.2.
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Table 2.1.List of the active materials used in the BHJ so&lls of this thesis.

corr?:anent Abbreviation Provider [:(\g;] [IE/II;; ] P;/r;i[y
PTzBDT-1 - 20.2 88.9 -
PTzBDT-2 - 41.7 105.5 -
HBG-1 Merck - - -
PFQBDT-OR - 32 82 -
PFQBDT-TROR - 24 54 -
PFQBDT-TR - 37 133 -
Electron PFQTT i 19 53 i
donor
polymer PFQ2T-BDT - 27.7 66.0 -
PMDPP3T - - - -
rr-P3HT Rieke Metals - 50-70 -
PCDTBT 1-Material - 5.27 -
pDPP5T-2 BASF - 47 -
PBDTQx-ii - 21.4 82.9 -
PTB7 1-Material - - -
1 - - - -
2 - - - -
3 - - - -
Electron 4 - - - -
acceptor 5 - - - -
6 - - - -
PG:BM Solenne BV - - >99
PG:BM Solenne BV - - 90-95%
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Figure 2.1.Electron donor polymers used in the BHJ solar adlthis thesis.
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Figure 2.2.Electron acceptor materials used in the BHJ sals of this thesis.

The materials used as HTL or ETL are listed in €¢hPR, while some of their molecular

structures are showed in Figure 2.3.

Table 2.2.List of the charge selective materials used as HTETL in BHJ solar cells.

Charge . . Product
selectivity Material Provider numt?er/ Solvent
Abbreviation
PEDOT:PSS Heraeus Al4083 Water
HTL PEDOT:PSS* Heraeus HIL3.3N Water
MoOy - - -
LiF - - -
ZnO NPs Genes’Ink - Isopropanol
ZnO NPs Nanograde - Isopropanol
ETL ZnO NPs - - Isopropanol
AZO NPs - AZQ Isopropanol
2-
PEI ) ) methoxyethanol
*PSS-free
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Figure 2.3.Molecular structure of PEDOT:PSS and PEI, respelstiused as HTL and ETL of BHJ solar

cells.

All the solvents used in this thesis were purchdeaa Sigma Aldrich and used without

further purification.

2.2 Device fabrication

All the BHJ solar cells were fabricated on a traspt glass substrate covered by 50

nm thick ITO film (sheet resistance 10 Q/square). The ITO layer presented a specific
lateral pattern and a surface roughness lower thamm to allow the subsequent

deposition of smooth thin layers on it.

Before the deposition of all the required layeng g¢lass/ITO supports were sequentially
cleaned in acetone and isopropanol for 15 minuteen, the glasses were blow-dried

with argon gas and an oxygen plasma treatment s@&d for 10 minutes to improve the

surface wettability and remove any trace of organigtaminants.

Single junction

For the fabrication of BHJ solar cells with singlection architecture and standard
geometry, a thin layer of PEDOT:PSS (40 nm) wasdiéggd in ambient conditions over
the ITO substrate and then thermally annealed & Q5or 15 minutes (in air) to

optimize the morphology and eliminate eventual wataces. In the case of inverted
geometry, a similarly thick layer of ETL (ZnO, AZCPEI or ZnO/PEI) was deposited in
ambient conditions and then thermally annealedO&C&or 5 minutes (in air). For the

deposition of the active blend, a mixture of elecstrdonor polymer and fullerene

29



Chapter 2 — Experimental section: materials andhou=

derivative was previously dissolved in the optimajanic solvent whereas the D:A ratio,
solution concentration and eventual solvent adektiwere chosen to ensure an optimal
solar cell operation. Depending on the device gegmthe active solution was deposited
either on the HTL (standard) or ETL (inverted) apdst-processing methods were
eventually applied to further improve the solidtstmorphologyge.g. thermal annealing.
To complete the solar cell fabrication, a thin lagéLiF (0.6 nm, standard geometry) or
MoO; (10 nm, inverted geometry) was thermally evaparateder high vacuun=(0®°
Torr) followed by the deposition of 100 nm of Alumam or Silver (respectively for
standard and inverted geometry) as top metal eldetr Alternatively, Mo®@ was
replaced by a solution-processed PEDOT:PSS (Al428&), which was deposited from
solution by adding 1% v/v of the nonionic wettingeat fluorosurfactant Zonyl FS-300
(m-PEDOT:PSS) to ensure an optimal deposition theeactive layer.

Tandem sub-structures

All the tandem sub-structures were fabricated wath inverted geometry while,
depending on the position of the interconnectirygiddICL), two different configurations
were eventually adopted. Indeed, the ICL was pldmtdieen the ITO electrode and the
active layer or, alternatively, over the activedayefore the evaporation of the metal
electrode.

In the first case, a 40 nm thick layer of PEDOT:R8RB083 or HIL3.3N) was deposited
over a pre-cleaned ITO and then thermally annedled 5 minutes at 120°C.
Successively, a thin layer of Zn® 40nm), PEI£ 5 nm) or ZnO/PEI was deposited over
PEDOT:PSS and then annealed at 80°C for 5 mintites.BHJ solution was deposited
over the resulting glass/ITO/PEDOT:PSS/(ZnO, PEX0D/PEI) stack and a bi-layer of
MoO,/Ag was thermally evaporated over the active fisrpeeviously described.

In the second configuration, the ICL was deposaeedr the glass/ITO/ZnO/active layer
stack. In detail, a 100 nm thick layer of m-PEDCS3was deposited over the active
layer and, eventually, a surface washing using mopropanol was performed before a
thermal annealing at 80°C for 20 minutes in aire Tiormation of a layer of m-
PEDOT:PSS was followed by the deposition of ZnOopanticles to form a layer with a
thickness of 40 nm, which was thermally anneale8®04C for 5 minutes in air. The sub-
structure was completed by the thermal evaporatioAg as previously described. To

note, apart from the top electrode, all the layezse deposited in ambient conditions.
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Tandem fabrication

All the tandem solar cells in this thesis preseraednverted geometry. A layer of ZnO
and the BHJ layer were sequentially deposited avere-cleaned glass/ITO substrate as
previously described. Two different methods of dstfian were adopted for the ICL
preparation. In the first case, as previously dbsedt a layer of m-PEDOT:PSS (Al4083)
was deposited over the active film, then an IPA&tireent and a thermal annealing were
performed before the deposition of ZnO.

Alternatively, a 10 nm thick layer of MgOwas thermally evaporated over the active
layer and then the pristine solution of PEDOT:P8E§83 or HIL3.3N) was deposited
on it, followed by a thermal annealing at 120°C %ominutes. Then, a layer of ZnO or
PEI was formed on the top of the PEDOT:PSS as pusly described.

After the ICL deposition, a second active layer wlaposited over the ITO/ZnO/active
layer/ICL stack followed by eventual post-procegsireatments. The tandem cell was
then completed by the thermal evaporation a birlagyeMoOy, and Ag (10 nm/100 nm),
as previously described.

The active area of the solar cells for all the aedtures used in this thesis was
determined by the dimension of the top electrodaciwwas defined through the use of

masks of 6 mior 10.4 mrA (rectangular shape) for the thermal evaporation.

2.3 Deposition techniques

Organic solar cells offer the great advantage tdadbeicated from solution. Over the
years, a plethora of deposition techniques was tadofor the fabrication of solution-
processed organic solar cells, from methods seitédnl laboratory scale such as spin
coating, to techniques conceived for massive pribalusuch as inkjet printing, roll-to-
roll coating, etc., passing through the use ofrmtiate techniques such as doctor
blading and slot die coatingj’ In this context, OPVs is still an evolving techogy and
hence a continuous research of new performing,aadestable materials is ongoing. As a
result, the use of large scale manufacture teclesigsl unnecessary to investigate new

materials or alternative device architectures. ldenim this thesis, two different
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techniques, spin coating and doctor blading, wempsed. While spin coating deposition
was used to fulfill some specific requirements ar the investigation of new materials,
doctor blading was adopted as scalable method te reasily transfer the generated
know-how towards large scale production of soladuies.

The spin coating consists in the deposition of alsemount of solution on a small sized
and (preferably) rigid substrate, which is fixedra center of a holder (Figure 2.4a). The
holder rotates immediately after casting the sotytiwhich is quickly spread over the
entire substrate. The use of a volatile solventcamjunction with the centripetal
acceleration allows the evaporation of the sohaert the formation of a thin solid film.
The nature of the solvent, the concentration ofstiiation, the wettability of the substrate
and the processing parameters such as accelerafiead of rotation and duration are
fundamental for the resulting morphology and thess of the solid film. Typically, the
substrate size is lower than 25%and hence is suitable for laboratory scale arglysi
small devices. In this thesis, the spin coatingodémn was mainly employed in inert
atmosphere to avoid the exposure of sensible rale¢a air conditions.

Diversely from spin coating, doctor blading reprégsea fully scalable, robust and
reproducible technique for the preparation of ralyiered devices both on small and
relatively large scale. It requires the use of $malume of solution and allows the
deposition over substrates with dimensions from $egware centimeters to A4 sheet size
with a great control of the film thickness and hg®weity. It consists of a heatable plate,
which is the support for the substrate, and a nrachlly moving blade (Figure 2.4b). A
dose of solutiony(L) is dropped between the stationary blade andtistrate to create a
meniscus. Then, the blade moves over the entirstise to spread the solution and form
a wet film. Depending on the hot plate temperataegure, amount and temperature of
the solution, the wettability of the substrate, thistance between the blade and the
substrate and the blading speed, a fine controhefflm morphology and thickness is
obtained.

In this thesis, except the electrodes, all the rey@mprised in the solar cells were

processed from solutions.
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Figure 2.4.Representation of the two techniques used in thasi$ to form thin films from solution: spin

coating (&f° and doctor blading (b), reproduced with permissiom Ref.!*"..

A list of the processing parameters for the ackayers used in the organic solar cells of

this thesis is reported in Table 2.3.

Table 2.3.Processing parameters and deposition techniqua®tess the active blends used in this thesis.

D:A .
. . Solar cell Deposition
Active layer Solvent ratio architecture technique
[wtiwt] a
PTzBDT-1:PG:BM TCB or 0-DCB 1:2 Standard Spin coating
PTzBDT-2:PG:BM o-DCB 1:1 Standard Spin coating
. 0-DCB:CB ] : :
P3HT:PG;:BM (1:1 vIv) 1:1 Standard Spin coating
P3HT:2 O(lD(i\'%/S)B 1:1 Standard Spin coating
. 0-DCB:CB ) . .
P3HT:3 (1:1 Vi) 1:1 Standard Spin coating
HBG-1:PG:BM 0-DCB or o-xylene 1:2 Inverted Doctor blading
PFQBDT-OR:PGBM o-DCB 1:1 Standard Doctor blading
PFQBDT- . .
TROR:PG,BM 0-DCB 1:1 Standard Doctor blading
PFQBDT-TR:PG.BM o-DCB 1:1 Standard Doctor blading
PFQTT:PG:BM o-DCB 1:1 Standard Doctor blading
PFQ2T-BDT:PGBM 0-DCB 1:1 Inverted Spin coating
. CHCl;:0-DCB ) .
PMDPP3T:PGBM (9:1 V) 1:2 Inverted Doctor blading
PCDTBT:PG,BM o-DCB 1:4 Inverted Spin coating
_ CHCl;:.0-DCB ) .
pDPP5T-2:P&GBM (9:1 V) 1:2 Inverted Doctor blading
PBDTQx-ii:PG;:BM 0-DCB or o-xylene 1:2 Inverted Doctor blading
PTB7:PG:BM CB 1:1.5 Inverted Spin coating
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2.4 Methods of characterization

Current — voltage characteristics

The most important characteristics of an organiarseell can be obtained by measuring
its response in terms of current density (J) asation of an externally applied bias (V).
This measurement is usually carried out at roomptrature since the properties of
organic materials strongly depend on the tempezatuhile the cell response is typically
analyzed both in dark conditions and under stand#uwmination. The standard
illumination consists in the reproduction of thdasdight at the temperate areas of the
world, where most of the people live. At thesetlates, the solar light hits the world
surface at an angle ef48°, referring to the zenith. Moreover, the sumtigs attenuated
via absorption and scattering processes while Hmagethrough the atmosphere and
hence the solar spectrum is partially modified. Sdering all these processes, a specific
spectrum of the sunlight valid at the temperatituldés on the Earth’s crust is established
and used as international standard to charactér&d — V response of solar cells under
illumination. Accounting for the air mass (AM) attation, the light incident angle
(1/cosa = 1.5) and considering both the direct and diffugdotons (global, G) the
standard solar spectrum with is coded as AM1.5G laaxlan approximate intensity of
100 mW/cr.

An example of J — V measurement is shown in Figufe where the most relevant

parameters to characterize a solar cell are irgticat
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Figure 2.5.J — V characteristics in linear — linear (a) anthislwgarithmic (b) plot of an organic solar cell
under standard AM1.5G illumination (red) and undark conditions (black). Reproduced with permission

from 1481,

The most important parameter of a solar cell ispiner conversion efficiency, which is
the represented by the power exploited by the (€llt), under standard illumination,

compared to the power of illumination,(P= 100 mW/cm), and is calculated as:

PCE = Pourt — Jsc-Voc 'FF

PrLL PrLL

2.1

where Jsc is the device current density under shiait conditions, Voc is the voltage

of open circuit and FF is the abbreviation for fadictor. The FF consists in the ratio
between the product Jsc x Voc, which representsndsamum power exploitable by the

solar cell, and the maximum power exploited byadgk (Maximum Power Point, Figure

2.5a). This ratio provides an indication of theskes which reduce the full potential of the
solar cell. Indeed, if equal to the unity, no aleetl losses occur during operation.

In order to model the operation of organic solaliscghe Shockley diode equation
derived for inorganic cells can be approximatelgdisin this model, the solar cell is
conceived as a conjunction of a generator of photeat and a diode, where the net

current density under illumination is given by:

J = Jo |exp (Z2) = 1] = Jy 2.2
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where { is the saturation current density, q the elemgntharge, kT the thermal energy
and Jph the photo-generated current density. Tocoumts for both the rectifying
behavior of a diode and the charge generation utiderination. By solving the equation
at J = 0 and assuming that Jsc = Jph at any voltagextrapolated voltage corresponds

to the device Voc:

Voc = % In (]]S—OC + 1) 2.3

In order to consider the case of a real device aijmer, the equation should be further
extended to two resistors. Indeed, the seriestagsis (Rs), arising from contact and BHJ
resistances, and the parallel resistance (Rp)talakarge recombinations in the bulk and

at the contacts, need to be included. The exteadedtion is:

ol -

Despite this equation is a good approximation asthfriom inorganic cells models, it is

not fully valid for organic devices because of tHigld dependent resistancéd.

Dependence of the OPV parameters on the illuminatitensity

Advanced numerical methods were developed overydss in order to accurately
describe the J — V behavior of organic solar cdhsthis sight, an equation which
includes drift and diffusion of charges, bimoleculacombinations and the effect of field
and temperature dependent generation of free charggganic solar cell was developed
by Kosteret al.®® This equation is approximately described undenapeeuit condition

as:

_ 2
Epa _ kT 4. (_<1 PWNC) 2.5
q q PGR

where b is the difference between the HOMO level of theca#bn donor and the
LUMO level of the electron acceptor component, B thissociation probability of
excitons, G the generation rate of excitonsg I the effective density of states in the
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conduction band whiley is the Langevin recombination constant for bimolac
recombination of free charge carriers. This reprssa very good approximation of the
equation derived by Kostet al. where the Langevin recombination rate (R) is rétem

as equal tanp, with n and p representing the concentratioalettrons and holes under
illumination.

This model differs from Equation 2.3 because afa¢pendence of the photo-generated
current is included and both drift and diffusio andeed accounted. Interestingly, from
Equation 2.5, since P anddo not depend on the light intensity ang (S directly
proportional to the light intensity, the Voc verstie natural logarithm of the light
intensity scales as kTHf! Considering the competition within an organic satall
between trap-assisted and bimolecular recombimngtian enhanced dependence of the
Voc on the light intensity over 1 kT/q is represgivie of trap limited recombinations in
the devicd®" Therefore this represents a method which allowswestigate the presence
of traps in BHJ solar cells.

While, the behavior of Jsc upon light intensity wegorted as a power law dependence:

where | is the light intensity anda coefficient typically ranging from 0.85 to 1 fBHJ
solar cells. The deviation af from 1 was demonstrated to arise from losses afgeh
carriers due to bimolecular recombinati&ii§:?>3154

In this thesis, the J-V characteristics were reeorihside the glove-box (inert
atmosphere) by using an Abet Technologies Sun Za0ér Simulator and a Keithley 236
source-measure unit. The light intensity was deteecthby a calibrated silicon cell fitted
with a KG5 color glass filter to bring the spectnaismatch to unity. Calibrated masks
were used during measurement to avoid parasitiets. Alternatively, an Oriel Sol 1A
from Newport was used as AM1.5G illumination systesmile a BoTest was used as
source measurement unit. To modulate the lighihgitg, calibrated optical filters were

placed over the sample to reduce the intensitpy@fient photons.
External quantum efficiency measurements

The external quantum efficiency (EQE) is the rdbetween the number of charges
generated by a solar cell and the number of photwits a given wavelength, reaching
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the device. This measurement is indeed similariyjedh as Incident-Photon-to-Current
Efficiency (IPCE) and it accounts for the opticabperties of the solar cell,e. the

amount of incident photons which are absorbed lgy davice, and all the processes
involved in the conversion of absorbed photons intdlected free charge carriers

(internal quantum efficiency, IQE) as described by:

_ ny@) _ . —
EQE (1) = Tpn() |’7ABS ”IQE|,1 -

2.7

= | Mabs " pigs " Ipiss * rran T Tlcou]
where R and ny, are respectively the number of charges extracted the device and the
incident photons per timenaps represents the efficiency of the processes oft ligh
absorption andh,oe comprises the efficiencies of all the processeexaitons diffusion
(noir), excitons dissociatiompbisg), charge transport across the deviggaf) and charge
collection at the electrodegdon).

The instrumental part consists of a xenon lamp Hhitcrough a diffraction grating, emits
monochromatic radiations towards the solar celloék-in amplifier and a chopper are
commonly used to amplify the current signal frone ttlevice and discriminate the
contribution arising from external light. An appr@te software records the electrical
response of the device at each wavelength andhit@nsally quantify the percentage of
charges generated, a calibrated photodiode is asa@éference. In order to ensure the
total collection of photo-generated charges, EQBRsuements are typically performed
under short circuit conditions and, the integratdrihe spectral responsivity of collected
charges indeed matches the Jsc of the device statetard illumination.

As above mentioned, the use of a lock-in amplifregglects additional current
contributions arising from external light sourcé$edent from the xenon lamp. However,
following this approach, eventual currents arisiram an external electric field or from
intrinsic charge carriers would be similarly camckand hence some contributions would
not be properly considered in the EQE measuremieatsolar cell. However, since the
EQE is measured under short circuit conditionsnted additional contributions are zero
as confirmed by the absence of current generatedjexted in a solar cell under dark
illumination at 0 V (Figure 2.5). On the contratife measurement of EQE spectra at

biases different than zero would account only fe photo-generated charges without
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considering the effect of charges injected from éhextrodes or from intrinsic charge
carriers. This results in a specific method to esitlely evaluate the processes of charges
photo-generation, which was effectively adopteddistinguish eventual losses in the
solar operation in Chapter 5.

In this thesis, the EQE measurements were perforineémbient conditions on
encapsulated devices by using an home-built sétuponochromatic light was obtained
with a xenon arc lamp from Lot-Oriel (300 W) couplewith a Spectra-Pro
monochromator. A lock-in digital amplifier SR 830easured the voltage drop arising
from the device photocurrent passing through écatied resistance of 50. The signal
was exclusively collected from the current at 3Qf) #thich was the frequency at which
the light was chopped before reaching the soldr Adternatively, an automatic QE-R
instrument from Enlitech was used in air to meagste EQE response of solar cells

under an externally applied bias.

Photophysical characterization methods

Absorption spectroscopy

The investigation of the photophysical propertiesaikey requirement for an accurate
analysis of BHJ solar cells. The photovoltaic cosien indeed consists in the sunlight
absorption and conversion into charges and hergcepitical processes are at the basis of
the solar cell operation. The process of absorp@sndescribed in Chapter 1, strongly
depends on the photophysical properties of the Btadferials. It indeed includes the
excitation of the active components from their grdstate to excited electronic states by

following the Lambert-Beer law:

Ir(A) = I,(A) -1079P ) 2.8
where t is the intensity of the light transmitted by trenple, § is the intensity of the
incident light and OD is the abbreviation foptical density, also namedibsorbance,
which depends on the thickness (d) and absorptijtgf the sample as follows:

OD(D) =e(d)-d 2.9
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Apart from the thickness, the intensity of the tighsorbed by the active components of a
solar cell is strongly dependent on the intrindiaracteristics of the materials, from their
nature and from their morphological organizationtla® solid state, as discussed in
Chapter 3.

In this thesis, the absorption spectra were medsurg using a Jasco V-550

spectrophotometer.

Photoluminescence

The photoluminescence (PL) is the light emittedamny form, from an excited material.
It indeed comprises both fluorescence or phosphere® deactivation pathways of
excited states generated from the light irradiatbabsorbing sample. In the case of BHJ
films, the semiconducting polymer typically deaaties through radiative processes also
accompanied by a non-radiative component. Howeuerpresence of a fullerene
acceptor, the excited states of the polymer arenachesl via electron transfer to the
fullerene derivative and hence the radiative dasaypically neglected. The quenching
of luminescence from a BHJ blend is indeed a mettodnalyze the processes of
excitons dissociation in organic solar cells. Despiat, a residual decay of excitons to
the ground state through photoluminescence ispggent and hence a limited amount of
photons emitted from the donor polymer can be deded his can provide information on
the donor/acceptor interfaces and on the degraggregation of the polymer in the BHJ.
In this thesis, PL spectra were measured by illatng the devices with a 445 nm Argon
laser. The PL emission was dispersed by a 600 fimes grating monochromator (HRS-
2) and detected by an Indium Gallium Arsenide (IA§&aADC 403L) or a Silicon
detector through lock-in technique. The spectraewanrected for the sensitivity of the

detector.

Electroluminescence

Diversely from the absorption and photoluminescetice electroluminescence (EL) in
organic solar cells does not arise from the exomabf the BHJ blend after light
irradiation. Electroluminescence is a form of ligdrhission which generates from the

injection of charges from the electrodes in congtivices. Hence, to inject charges into
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the BHJ layer, the solar cell is biased at voltdggber than the device Voce. the cell
operates in the light-emitting-diode regime. Foliogvthe J — V plot of a solar cell, a
forward bias applied to the device allows the iti@tof charges from the electrodes to
the BHJ, where the acceptor component transpagttrehs whereas the donor polymer
transports holes across the active film. Once dppcobkarges meet at the donor/acceptor
interfaces, CT excitons are formed and their deatitin produces the emission of
photons with an energy approximately correspondmghe HOMQ-LUMO energy
difference®®® The dependence of the solar cell Voc on the HGQMIOMO, difference
highlights also the direct correlation between € state emission and the device
Vocl®oI57I%8] a5 recently demonstrated by Bagtial.*® who reported an elegant method
which predicts the optimized conditions for the tbeslymer-fullerene combination by
avoiding the fabrication of complete solar cells.

Photoluminescence and electroluminescence areuaks as complementary methods to
investigate the solid state morphology of the saklt BHJ, the degree of polymeric
interchain order, the effectiveness of the don@eptor interfaces, etE”

In this thesis, the electroluminescence measureamerte performed with the same
instrument used to collect the device photolumiaese. Diversely, the cell was kept in
dark conditions and a forward bias was applied ugho a Keithley 2400 source

measurement unit.
Atomic Force Microscopy

The atomic force microscopy (AFM) is a techniquetfee surface characterization. The
instrument consists of a cantilever with a shgspwihich is influenced by Van del Waals
forces in proximity of the sample surface, thussiag the deflection of the cantilever.
The investigation, depending on the tip-surfaceeradtions, could be realized i
contact mode, which monitors the short-range repulsive ford@snon-contact mode,
which analyzes the longer range attractive forawsjii) tapping mode, where the
cantilever vibrates. While scanning, the force lestwthe tip and the sample is measured
through the detection of the cantilever deflectidntopographic image of the sample is
obtained by plotting the detection of the cantitewersus its position on the sample. This
results in qualitative images however, quantitath@asurements are possible through the
analysis of parameters such as the root mean sgBM&) of the surface, which is

defined as:
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RMS = YV, [ﬂ]m 2.10

N
where zis the height at each data point of the surfacdiler z is the average height of
the surface profile and N is the number of data{soi
AFM allows the three dimensional analysis of subemaetric structures without
requiring any special treatment of the sample. Hamnethe high accuracy of the
measurement turns out to be a limit because thenmuaxx surface height detectable is in
the order of 10 micrometers and the maximum scanrarea is about 150x150
micrometers.
In this thesis, AFM images were taken with a SoRey (NT-934 MDT) scanning probe

microscope in tapping mode.
Confocal microscopy

Confocal microscopy is a non-invasive techniqueinosfging, which confers a better
lateral resolution and contrast than the classitcapmicroscopy. Indeed, a confocal
microscope is endowed of a more complex systerared &nd spatial filters, which allow
to control the depth of field, eliminate out-of-tecdetails and measure fluorescence from
optical sections of the sample. In a conventior@ifacal microscope, a xenon lamp
shines light which is reflected by a dichroic mirfowards an objective lens, which
focuses the ray on the sample. The photo-excitaifoime sample results in a radiative
decay where the emitted photons pass through the satical system and, transmitted
by the dichroic mirror, reach a photomultiplier elgtor. The system has the advantage to
move the focused spot of exciting light in the xl grpositions over the sample and hence
allows for photoluminescence imaging of a spedafiea of the sample. The possibility to
use laser sources instead of a xenon lamp offeradlantage of a monochromatic light
while the lateral resolution of the confocal imagelimited by the wavelength of the
laser.

In this thesis, a laser scanning confocal microsc@SCM) was used to detect the
photoluminescence arising from the residual exaiemombinations inside the BHJ layer.
Two different lasers were used to excite the sarefileer at 405 nm or 488 nm, which

reach the BHJ active layer through the transpabaitom electrode of the device
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(glass/ITO). The laser was focused on the sampteitfin a 60x numerical aperture (NA)
0.70 air objective while the photoluminescence iesagere collected exclusively from
the red channel of the detector, which corresporidettie range of wavelengths 565 —
683 nm. Besides that, the spectral photoluminesceftche sample was also measured
through the use of an optical fiber to collect émitted photons from a selected area of
the sample to a multichannel analyzer (Hamamatsu).

Moreover, the confocal microscope was also upgrattedneasure local currents
generated by the photo-excitation of complete so#dls. In this view, the device under
short circuit conditions was electrically connected external contacts to a lock-in
amplifier. The connection of a pulsed laser so@i®@ nm pulsed at 5kHz) and the lock-
in amplifier allowed to collect images of local pbourrent over a selected area of the
sample. This technique, named laser scanning plnwgst microscopy (LSPM), results
similar to the laser beam induced current (LBIC)thod, but is able to provide an
improved lateral resolution thanks to the use @bafocal system. The combination of
the LSCM and LSPM gave the possibility to simultangy analyze the morphology and
guality of both the active layer and electrodesmforganic solar cell over the same area
and at sub-micron resolution. This gave the adgmntato correlate the
photophysical/morphological properties of the BHfhwhe OPV response of the entire
solar cell without damaging the device as discugsé&thapter 4.

Alternative characterization techniques

Additional characterization methods were used iis thesis to further improve the
understanding of the investigations. The experialedetails are here reported.

Attenuate Total Reflection - Fourier Transform &rd Spectroscopy (ATR-FTIR)

spectra were measured with a Bruker Vertex 70fer@meter using a DLaTGS detector,
a KBr beam splitter and a Platinum-ATR accessoth widiamond crystal. The recorded
spectral region was 370-7500 ¢rwith a scan velocity of 10 kHz and spectral regofu

of 4 cmt,

Scanning Kelvin Probe Force Microscopy (KEPMgasurements were performed with a

Park NX10 system operated in non-contact mode uBioigt Probe Plus (PPP)-Non
Contact High Resonance Frequency - Reflex CoatitgHR) or PPP-Non Contact/Soft
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Tapping Mode (NCST)Au probes (nanosensors). In KRRbtle an AC signal of 1 V
was applied to the tip at 17 kHz. Measurements \weréormed under controlled ambient
conditions. Tip wear effects were excluded duettictsnoncontact operation minimizing

mechanical shear forces between sample and tip.

The thickness of the thin films were measured bygua_profilometeiKLA-Tencor P-6.

2.5 Degradation tests

Thermal stress tests

Thermal stability tests were carried out in darkl amert atmosphere (inside the glove-
box) on unencapsulated devices, placing the cells diot plate at 65°C or 85°C for a
certain time period. As discussed in Chapter 4dsted protocols such as the ISOS-D-2
were followed. After a defined time, the sample wamoved from the hot-plate for non-
invasive analysis performed in inert environmenthsas J — V measurements, and then
placed again over the hot-plate to continue thentht stress. To note, the solar cell
properties were measured after the cooling of thecé (room temperature). Concerning
the confocal microscopy investigations, the measerds were performed after the

degradation period on encapsulated aged cells.

Light stress tests

Unencapsulated solar cells were subjected to ktyeiss tests by keeping the device in
inert environment (inside the glove-box) under ABG.illumination for a defined time
interval. The test was temporarily interrupted tonmor the properties of the solar cell
during ageing. It is noteworthy that these analysese performed always in glove-box
after the cooling of the device (room temperature).

In order to account for the light heating effectaised by the prolonged illumination,
identical reference devices were covered with &kolape and kept exposed to light

heating for the same test period.
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Concerning tests performed on pristine polymefimdj solution processed films were
exposed to AM1.5G illumination under ambient coiotis without any encapsulation, in
accordance with analogous studies reported inatitee (see Chapter 4 for further

details).
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Chapter 3

Materials for organic photovoltaics

3.1 General overview

The solar radiation consists in a set of photortk @n energy distribution of 50% in the
infrared (IR), 40% in the visible (vis) and 10%time ultraviolet (UV) region, partially
attenuated as it travels through the atmosphereesfil@ently harvest solar energy, the
absorption of organic solar cells should overlaphwhe solar spectrum. This means that
the absorbing material should be characterized byitable energy gap. For instance, a
band gap of 1.1 eV can absorb approximately 77%®fsolar energy while a band gap
exceeding 2 eV only about 30%. Therefore, the firderia in designing new organic
semiconductors for photovoltaic applications is tfstainment of a suitable band gap to
harvest most of solar photons at different enerdié® optical properties of the active
layer are indeed directly correlated to the amaafntharges produced in the device,
which means that the current density exploitedhatrtscircuit conditions (Jsc) strictly
depends on the absorbed photons. To utilize as sniah energy, the combination of an
electron donor and acceptor materials in a BHJ cgewhould preferentially have a
narrow band gap in order to absorb also the lowgatie photons (infrared radiation),
which represent half of the solar energy. BesitiesJsc, another fundamental parameter
for the efficiency of OSCs is the open circuit agié (Voc), which consists in the
maximum bias exploitable by the device. Voc was aiestrated to depend on the offset
between the HOMO level of the electron donor (paymMHOMO,) and the LUMO
level of the electron acceptor material (LUMJFigure 3.1). This means that a first way
to simultaneously improve both Jsc and Voci)ishe design of donor polymers with low
band gap and deep HOMO energy levels, ahdhe selection of a suitable acceptor
material with a relatively high LUMO energy levéinportantly, for an efficient exciton
splitting, an offset of 0.3 eVAE.umo, Figure 3.1) between the LUMO of the donor
(LUMOp) and the LUMO of the acceptor (LUM@®should be ensured to overcome the
exciton binding energy. This value is a generalsadgration for the materials employed
at the present since theoretical models demondtnatethe use of materials with raised
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dielectric constants] allows for a smalleAE, yvo Offset approaching values around 0.15
e\/.[61][62]

In summary, to improve the device efficiency, tipdical band gap and the HOMQevel
need to be simultaneously reduced as far as egsthig minimum driving force for
exciton splitting. Scharbegt al. estimated that, using a fullerene derivative@®ptor of
the BHJ, a polymer band gap in the range 1.35-&\6%epresents good compromise to
simultaneously maximize the Jsc and Voc of thersme#d/®® Nonetheless, the properties
of the acceptor counterpart can be similarly tun@thile the LUMQ, level can be
opportunely raised to improve the,Mof the solar cell, the band gap can be reduced to
contribute to the photon harvesting, even thougtufficient AEomo (Figure 3.1) with
the donor should be guaranteed to allow the halester from the acceptor to the donor

phase.

vacuum

o Vo
4
HQMQD AEHOMO
HOMO,

anode donor acceptor cathode

Figure 3.1. Diagram of the correlation between the energy Ee\wid the Voc of organic solar cells.

Adapted with permission from Réf". Copyright 2010 American Chemical Society.

Despite a suitable energy alignment of the BHJ aomepts is fundamental, many other
parameters are equally important for the deviceamn. Typically, organic materials
are characterized by poor charge mobility. To emsur efficient charge transport and to
avoid bimolecular recombination in the active layehigh carrier mobility needs to be
ensured. To this end, the solid state morphologh®BHJ plays a crucial role since the
mechanism of conduction occurs through the hoppfradharges from localized states. As
a consequence, the enhancement of the solid séateng would benefit the hopping
mechanism thus ensuring a better device operalfiba.strong dependence between the

electrical properties and the film morphology dldJ film, underlines the key role of the
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processing conditions for the achievement of afitiblends. As little variations of the
processing parameters are demonstrated to relgwdrghge the device characteristics in
terms of both optical and electrical propertieg thoice ofi) materials with suitable
chemical-physical properties as well i@s a proper donor-acceptor ratini) solution
concentration andiv) nature of the dissolving solvent, represent funetaal
requirements for the device optimization. In adififi post processing methods can be
usefully adopted for additional modifications aftiee active film is deposited.

Hereafter, an analysis of the optoelectronic prisgeiof the electron donor and acceptor
materials is given. Then, some conventional methodsptimize their self-organization

in BHJ are reported and briefly discussed.

3.2 Electron donor materials

The design, synthesis and development of orgaeitrein donating polymers are topics
of extended research efforts over the years. Maffgrent requirements need to be
simultaneously fulfiled by the polymers for theapplication in organic solar cells.
Indeed, despite the energetic constrains for deapgdication,i.e. suitable HOMO and
LUMO levels, the materials should simultaneouslypviie a good environmental
stability, a high absorption coefficient, a promalubility in organic solvents, a high
mobility at the solid state, great resistance terrttal and light stress and good film-
forming properties.

In this sight, organic compounds offer the greataathhge to be chemically modified thus
allowing a fine tuning of the resulting propertiétence, a fundamental understanding of
the molecular design as well as the strategic g§ittinoutes are of extreme importance to

generate advanced donor materials for efficient ©SC

3.2.1 General overview

3.2.1.1 Synthesis

The synthesis of semiconducting polymers is basedhe coupling of aromatic units

(monomers) to form conjugated chains. The formatiba bond between two aromatic
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rings involves the reaction between two carbon atwith sg or sp hybridization, which
is usually obtained through transition-metal cataty cross-coupling reactions. The most
common cross-coupling reactions were developed bile,S Suzuki-Miyaura and
Sonogashira and differ for the organometallic nopleles employed, which are
respectively stannyl, boron or copper based arenmtstem$®™ The catalyst of the
reaction is usually a transition metal based onmderes of palladium or nickel. In these
reactions (Figure 3.2), the catalyst first reacthvan electrophile aromatic specie (Ar)
through an oxidative addition process and thenuohes, in its coordination sphere, the
nucleophile (Ar’) through a transmetalation procédse reaction ends with the reductive
elimination of the catalyst which favors the carlwambon bond formation between the

two aromatic species, Ar-Ar’.

Ar

(At Pd(0) A—X
o Oxidative Addition
Reductive
Elimination
Af-Pd'—Ar X~Pd/l—Ar
M—X M—Ar)

Transmetallation

Figure 3.2.General scheme of a Palladium catalyzed cross-imuptaction. Adapted from Réef® with

permission of The Royal Society of Chemistry.

New methods for the synthesis of conjugated polgmesre recently developed in order
to reduce the number of synthetic steps and avwduse of toxic chemicals typically
involved in the transition-metal catalyzed crossgding reactions. One of the emerging
synthetic procedures is the direct arylation whkesunstable organometallic components
are replaced by more stable and cheaper alters&fiy®espite this method results facile
and attractive for the reduced environmental impicttill suffers from side reactions,

which affect the structural purity of the resultipglymer.
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3.2.1.2 Strateqies for the energy gap modulation

The energy gap and the relative position of the HDEhd LUMO energy levels are
some of the most important characteristics for dmoelectronic properties of the
resulting conjugated polymers. Since almost 50%heftotal solar energy consists of low
energetic infrared photons, for an efficient hatwes the polymer band gap should be
suitably narrowed. Several factors contribute toetthe energetic characteristics of the
polymer including the resonant stabilization eneajyaromatic rings, the bond-length

alternation, the structure planarity and the effeft eventual substituents (Figure

3. 3) .[26] [67][68][69]
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Figure 3.3. Possible strategies to reduce the energy gap obrgugated polymer. Reprinted with

permission from Ref*. Copyright 2009 American Chemical Society.

The main strategies to lower the polymer energyagaphereafter summarized.

Extension of the z-electron delocalization along the polymer structure. This can be
obtained by inserting more conjugated monomerkenpblymer backbone. However, the
effect on the energy gap was demonstrated to beocegiegible beyond 7-10 conjugated

units.

Rigidification of the polymer backbone. Similarly to the elongation of the polymer
backbone, this method extends ttieonjugation length through the planarization & th
structure by limiting the torsion angles. This dam obtained by chemically bonding
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adjacent aromatic rings with a bridging atom andabgiding the use of pendant groups,
which determine steric hindrance with subsequenictire distortion. To note, the
reduction of side groups or more in general thelifigation of the structure can limit the
solubility of the polymer, still highlighting thesed of a delicate modulation/control of all

the parameters.

Inter-molecular interactions. In this case, the polymer should present an azgtan at
solid state where the chains tightly arrange iremrdn-stacks. This packing is favored
for chemical structures having an intrinsic ord&sr instance, polymers characterized by
identical repeating pendant groups (regioreguld) Bypically show strong inter-chain
interactions with a reduced energy gap arising framenergetic stabilization of the

system.

Introduction of substituents. Another strategy to narrow the polymer band-gapststs in
the incorporation of specific substituents ablemodulate the energy position either of
the HOMO or the LUMO levels. Typically, the HOMOvVHK is raised by inserting
electron-donating groups while the LUMO is lower@ud presence of electron-

withdrawing groups.

Sabilization of the quinoidal resonance form. This method relates to the balance between
the two resonant structures of conjugated polyntBesaromatic and the quinoidal form.
Diversely from the more stable aromatic form, thengidal gives a partial double bond
character to single bonds which, reducing their dodangth and enhancing the
planarization of the whole system, determine thlieicdon of the polymer band gap. The
stabilization of the quinoidal structure is favoré@dn additional and different aromatic

ring is fused to the backbone monomer.

Donor-acceptor approach. An alternative strategy to effectively reduce biaad gap of a
n-conjugated polymer consists in the alternatioreletctron-rich and electron-deficient
building blocks. Here, the molecular orbitals ok thdjacent electron rich and poor
moieties, also called donor (D) and acceptor (Aleract after polymerization leading to
new molecular orbitals with lower energy gap (Feg3r4). This class of polymers often
shows a partial quinoidal effect in the resonanicstire D-A", which further modifies

the energy levels and hence the band gap of thespnding material.
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Figure 3.4. Mechanism of the donor-acceptor approach to rediieepolymer bandgap. Adapted with

permission from Ref®®. Copyright 2015 American Chemical Society.

Introduction of z-bridges in push-pull polymers. As previously mentioned, the planarity
of the backbone is one of the possible routes tdutabe the energy gap and the solid
state packing of the polymer. Often, aliphatic asabr aromatic rings are chemically
bound to the polymer backbone to make the matseoiable in common organic solvents
or to extend ther-conjugation over other directions. However, thesence of steric
hindering substituents bounded to adjacent D-Asupdn considerably influence the
spatial conformation of the polymer backbone whichminimize the overall energy of
the system, twists determining a partial interroptiof the n-delocalization with a
subsequent effect on the energy levels. Since ibgepce of substituents is of necessary
importance, aromatic rings or conjugated units tgmcally introduced, asi-spacers,
between the two adjacent donor and acceptor meiétibrigdes) in order to spatially
stave them off preserving the planar conformatibthe polymer, which is a key factor
for the resulting inter-molecular interactions andirge transport properties. In this way,
the push-pull character of the polymer is not iefloed by the presence of the
substituents. Moreover, tireelectron delocalization is further extended thostabuting

to the additional reduction of the polymer band.gap

Note that the reduction of the band gap allowsdamore efficient device operation,
however not less important is the environmentabibta of the polymer, which strictly
depends on the position of its HOMO level. As ailies fine modulation of the polymer
HOMO-LUMO energy levels is necessary to ensure lgptfat operation and stability of
the corresponding BHJ blends.
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3.2.1.3 Additional requirements for OPV applicaton

All the reported methods are powerful design styiateto reduce the polymer band-gap
through chemical synthesis. However, in view ofirttegplication in BHJ solar cells,
some other constrains, which require a further ngnof the polymer structure, are
present.

For instance, a good solubility in organic solvergsthe first requirement to fulfill.
Indeed, to obtain enough absorbing films, a sugt@bincentration of the pristine solution
needs to be guaranteed. The molecular structuheisfore modified by the introduction
of aliphatic pendant groups, which should enhaheesblubility of the polymer without
affecting the energetic properties.

A second fundamental requirement is a suitably hgbbility to ensure the efficient
charge transport at the solid state. Hence, thd stdte organization of the polymer and
the film formation ability are likewise importandrfthe device operation. Some general
rules can be considered during the polymer dedigmyever predictions on the self-
assembly of the molecules are challenging. In tustext, the number, position and
nature of the substituents on the polymer backlawaemportant since they influence the
solubility, as previously mentioned, but also thkdsstate organization/packing.

Besides that, two other important parameters, wimflnence the device performance,
are the molecular weight and the poly dispersivaein(PDI) of the polymer. Indeed,
since the polymerization process is not fully coléble, the final polymer is
characterized by a number of chains with diffetength and hence molar mass. For this
reason two different parameters define the maskeofinal product, the number average
molar mass (M) and the mass average molar masg )My refers to the ratio between
the total weight of the material and the numberpofymer chains and hence is the
average weight of an individual chain. On the camytr My depends more on the
contribution from longer chains than short chaifise ratio between M and M, of a
polymer is called PDI and is indeed a parameterciwvl@valuates how spread is the
molecular weight distribution. Spread distributicmmnsist of a set of chains with a length
consistently different from the average. This aBethe molecular packing, causing
reduced interchain interactions, and the preseheaeargy defects in the structure, which
affect the charge mobility. As a consequence, |@sRare preferred for a greater device

operation.
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Concerning the average molecular mass, higher sakere demonstrated to favor the
interchain interactions leading to an increasenefextinction molar coefficient as well as
a broadening in the absorption spectrum towardeidocmergie§® As a result, higher

values often lead to greater device performanceweyver, since higher molecular
weights lead to stronger chain-chain rather thdwest-chain interactions, the solubility
of the polymer is therefore reduced and hence elfmance between the solubility and
the solid state organization should be found tol@khe potential of a polymeric

structure’"

Besides the role of the substituents on the polylmaekbone, the molecular weight and
poly dispersivity index, additional parameters swshthe solvent, concentration and
processing conditions of the active blend haver@ngtinfluence on the film formation.

General rules for these parameters cannot be hedisince they strongly depend on the
nature of the polymer. However, their influencetba device efficiency is discussed in

the Paragraph 3.4.

3.2.1.4 Evolution of the polymeric structures

At the dawn of the organic photovoltaic technologgsearchers focused on polymers
consisting of a single repeating unit (homo-polysheand devoted much efforts in the
optimization of the energy levels through the combius development of new efficient
structural units composing the polymer backbonee fitst polymer introduced in BHJ
solar cells was based on poly(phenylenevinylenBMjRderivatives as poly[2-methoxy-
5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PP¥nd poly[2-methoxy-5-(3",7’-
dimethyloctyloxy)-1,4-phenylenevinylene] (MDMO-PPVYhe first studies on these
polymers reported power conversion efficienciesEBdn BHJ devices approaching 3%.
The limited performance arose from the relativelyhhband gap of the polymer @.2
eV) which, blended with the poor optical absorbiG;:BM, limited the light harvesting
of the active blend. More attention was devotedeigioregular poly(3-hexylthiophene)
(rr-P3HT), based on a repeating substituted thinphait, which initially showed a PCE
of 3% in BHJ solar cells. The attracting propertigsg in the band gap of 1.9 eV and a
relatively high cristallinity at the solid stateceuiraged the intensification of the research
on this polymer leading to impressive improvememntierms of device performance with
record PCEs over 79217
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Despite P3HT played a significant role in the depetent of organic solar cells, the
major contribution for this technology concerns slecessful introduction of alternating
copolymers in which two moieties with different @l®n affinity (donor-acceptor design)
are chemically bounded to form a composed monomdrich is successively
polymerized.

Over the last decade, many donor and acceptor e®ietvere developed and
systematically combined to finely tune the polyrpeoperties’” Among electron rich
systems, fluorene, cyclopentadithiophene (CPDT)gothiophene, benzodithiophene
(BDT) and indacenodithiophene (IDT) are the most pleyed units while
benzothiadiazole (BT), diketopyrrolopyrrole (DPPthienothiophene (TT), quinoxaline
(Q) and isoindigo (1ID) represent effective electaeficient counterparts (Figure 35
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Figure 3.5. Chemical structures of some donor and acceptor ti@siéor application in D-A polymers.

Reprinted with permission from Ré¥!. Copyright 2015 American Chemical Society.

The combination of CPDT and BT units led to oné¢hef first copolymers with a reduced
band gap of= 1.4 eV. The exploitation of a larger part of tludas spectrum gave BHJ
devices with high Jsc (> 10 mA/énand device efficiencies approaching 8% The
performance were further improved by introducing alectron donating oxygen
substituent in the CPDT unit and two electron wigtvdng fluorine atoms in the BT
moiety, which led to solar cell PCEs approaching!&%

The impressive results obtained using the D-A aagtgushed the investigation of new
combinations of donor and acceptor moieties, whasulted in the development of high
performing categories such as the BDT-Q polymerihvachieved PCEs up to 8.6%4,
the BDT-TT family €.g. PTB7 or PTB7-Th) which surpassed the milestone RPCE
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109478178 and the thiophene-BT based polymers which estalighe remarkable
PCE of 11.7% in single-junction BHJ device (PffBT&IC13).2Y The great
improvements of the device performance over thersyemise from a continuous
investigation of the structural, energetic, electiemical as well as morphological
properties of the semiconducting polymers, whichoveéd the development of
increasingly efficient materials.

In this context, our research group contributechwgiiudies on the structure — properties
relationship for many different D-A polyméefé®I84 |n particular, an additional
contribution comes from this PhD program, wheredfiect of the substituting chains of

the polymer backbone on the device performanceinvastigated.

3.2.2 Synthesis and characterization of benzodithithene and benzotriazole-based

polymers for photovoltaic applications

Part of this paragraph is adapted with permission from:
D. Gedefaw, M. Tessarolo, M. Bolognesi, M. ProsaKkon, W. Zhuang, P. Henriksson, K. Bini, E. Wang, M
Muccini, M. Seri, M. R. Anderssofeilstein J. Org. Chem. 2016 12, 1629.

Over the past decade many novel polymers have deexloped to improve the solar cell
performance. Most of the research focused on tegyalend synthesis of low band gap
materials to improve the exploitation of sunliglgtdrganic solar cells. However, an ideal
donor should simultaneously ensure great absorpnogerties as well as a suitable
position of the energy levels to favor high Voctlve device. In this context, low band
gap materials bring excellent light absorbing prope to the solar cell but their high
lying HOMO often represents a limit for the Voc.filte balance is represented by the
class of medium band gap polymers which are abf@dduce great Voc ensuring good
sunlight absorption. By using the donor-acceptgraach, medium band gap polymers
can be synthesized by coupling electron rich aedtedn deficient moieties presenting
weak push or pull characteristics. One of the rpogtular electron donating unit is BDT
which shows desired properties as structural tigigplanarity, extended conjugation
length and favor the interchamar stacking. Moreover, alkyl or aryl groups can eabi
introduced to BDT basic units as side groups telfirlune the properties of the resulting
polymers, not only in terms of solubility but alsontributing, for example, to extend the
n-conjugation from the backbone to the lateral stumstt (2D n-conjugated systems),

thus leading to a bandgap reduction and highergehearrier mobilitie€> On the other
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hand, a weak electron acceptor moiety is repredelnyebenzotriazole (TZJIECIE 5
structure similar to BT (Figure 3.5) where the sukitom is replaced by a nitrogen. This
substitution gives less accepting character touthie if compared to BT since the lone
pair on the nitrogen atom is more easily donatéd the triazole ring thus making the
ring more electron rich. Moreover, Tz is easily thysizable and provides the advantage
of incorporating solubilizing alkyl chains on thecaptor unit rather than on the rest of
the polymer backbone thanks to the possibility dactionalize the reactive nitrogen
atom. This reduces possible steric repulsions tvasljacent moieties thus allowing a
more planar conformation of the polymer structée.discussed in the previous section,
the energetic, optical and transport propertiea pblymer are strongly dependent on the
presence of side chains. Despite they are fundainfemtthe miscibility of the donor and
acceptor material of the BHJ and for making theypar soluble in organic solvents,
their nature, position and number have a strongcein the spatial distribution of the
polymer structure and on the device properties essalt. In sight of this, copolymers
based on benzo[1)24,5b'dithiophene (BDT) and 5,6-difluoroF
benzofl][1,2,3]triazole (Tz) separated by a thiophene rasgt spacer were differently
substituted on the BDT unit with either 2-octylttwé (PTzBDT-1) or 2,3-dihexylthienyl
(PTzBDT-2) (Figure 3.6%® The effect of the different alkylthiophene sideicts on the
resulting polymers was analyzed both on film ofsfie polymer and in organic BHJ
solar cells. As shown in Figure 3.6, PTzBDT-1 andzBDT-2 polymers were
synthesized through Stille cross coupling reactietween BDT (monomer 1 or 2) and Tz
(monomer 3) units opportunely functionalized. Tkaations gave the desired polymers
in excellent yield and their number average mokaculeights M, determined using size
exclusion chromatography, resulted 20.2 kDa and KDa for PTzBDT-1 and PTzBDT-
2, respectively. The slightly lower Mfor PTzBDT-1 arose from a reduced solubility of
the polymer because of the lower content of alidé €hains compared to PTzBDT-2. As
a consequence, chlorobenzene was used as extracingnt after the synthesis of
PTzBDT-1 diversely from PTzBDT-2 which was extratteith chloroform thanks to its
better solubility. The two polymers dissolved ineith respective solvents were
characterized and compared using UV-visible absmrpspectroscopy both in dilute

solution and solid films (Table 3.1 and Figure 3.7)
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Figure 3.6.Synthesis of PTzBDT-1 and PTzBDT-2 polymers throB8gtie cross coupling reaction.
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Figure 3.7.UV-visible absorption spectra of PTzBDT-1 (blackjdaPTzBDT-2 (red) polymers in dilute
solution (A) and thin film (B). Chlorobenzene ardaroform were used to dissolve and process PTzBDT-

and PTzBDT-2, respectively.

For both polymers, a modest absorption peak wasepteat around 360 nm and is
ascribed to thiophene side groups bound to the Bifwhile an evident double peaked
band between 500 and 650 nm is due to charge érapsicesses between the BDT and
Tz moieties and to inter-molecular interactionswsstn the polymer chains. The two
polymers presented similar absorption featuresitbeapdifferent energy positions of the
peaks. In particular, the absorption spectrum lotem (Figure 3.7a) of PTzBDT-1 was
20 nm red-shifted compared to that of PTzBDT-2 exealed by the band at lower
energies, in detail characterized by two peaksatand 598 nm for PTzBDT-1 and 530
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and 574 nm for PTzBDT-2. In addition, PTzBDT-1 mneted a broader absorption than
PTzBDT-2 with an energy offsefidnser) at 633 and 605 nm for PTzBDT-1 and
PTzBDT-2, respectively. Despite the two polymersehaimilar chemical structures their
different optical properties confirms the crucialer of the alkyl aril side chains bound to
the BDT unit on the polymer properties. The present two n-hexyl chains on the
thiophene side groups in the PTzBDT-2 likely caustesic hindrance between the BDT
and Tz units leading to a partial structural twigtiresponsible for the observed blue-
shifted absorption than PTzBDT-1. This effect wassl evident at the solid state where
the two polymers showed only a modest differenatéir energy offset (Figure 3.7b and
Table 3.1). This means that, despite the twistaetttral conformation of PTzBDT-2 in
dilute solution, strong inter-chain interactiond k® a wellr-packed organization at the
solid state for PTzBDT-2, as revealed by the sigaift red-shift in the absorbance
passing from dilute solution to thin filmAXonser= 31 nm). On the contrary, the presence
of a single n-octyl side chain bound to each theghside group in PTzBDT-1 is not
sterically hindering and promotes a more planarffaromation of the structure even in
dilute solution. This favors a partial pre-aggréegabf the polymer in solution despite the
high dilution and, as a result, the absorptionhef relative thin film was not significantly

red-shifted than that in solutionXonser= 13 nm).

Table 3.1 Summary of the optical and electrochemical prbpgnof PTzBDT-1 and PTzBDT-2.

Solution Thin-film
Polymer E\QBZ PDI Amax  Aonset Eg(%?opt Amax  Aonset Eg(%?opt E[Z(iy]o E[:ih/ﬂ]o
[nm]  [nm] [eV] [nm]  [nm] [eV]
PTzBDT-1 20.2 4.40 5559% 633 1.96 552:; 646 192 -594 -3.25
PTzBDT-2 41.7 2.53 55373 605 2.05 55?;3% 636 195 -586 -3.21

a) Determined by GPC relative to polystyrene standasilsg 1,2,4-trichlorobenzene as eIud{x)tEgapOpt =

1240/ onset

The energy levels of the two polymers were measuttedugh Square Wave
Voltammetry (SWV) using the electrochemical oxidatiand reduction peak values,
respectively for the HOMO and LUMO levels, whileetferrocene/ferrocenium (Fc/Bc
was used as reference system in the relatigguén umo = - (Eox/rep + 5.13) to calculate
the correct values. PTzBDT-1 reported HOMO and LUMels located at -5.94 and -
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3.25 eV, respectively. Similarly, PTzBDT-2 showée two frontier orbitals at -5.86 and
-3.21 eV, respectively for HOMO and LUMO (Tabld 3.

Note that the number of alkyl chains linked to #tematic side groups of the polymers
are not expected to significantly affect thelectron density distribution and thus the
energetic properties of the two polymers, howehergubsequent different organization
at the solid state might be the main factor resipbmgor the observed variation of the
HOMO and LUMO energy levels, which is in perfectegment with the different optical
properties. Interestingly, the deep HOMO energiedah polymers would result in
devices with a high Voc, according to the differehtJMOA-HOMOp. Good air-stability
is also expected from these polymers as suggegtateiy relatively deep HOMO level.
On the other hand, the relatively high lying LUMévé&l for both polymers is likely
ascribed to the weak electron deficient naturehef Tz moiety. It should be noted that
there is a certain discrepancy between the enexgydgrived from electrochemical and
optical measurements. This incongruence can bebadcto the difference in the two
characterization methods. Indeed, in optical meamants, the excitation of the polymers
lead to opposite charges still electrostaticallyurmb (excitons) while, during the
electrochemical measurements, the polymer is imrizéd staté® In addition, the
quality and the solid state organization of theypwric film are known to influence the
absorption characteristics. Differently from the saiption measurements, in the
electrochemical analysis the film is prepared ovke electrode surface. As a
consequence, the self-organization and hence theqres of the film can be likely
influenced as well as a possible energy barri¢ghatelectrode surface/film interface can
be present in the electrochemical analysis.

In order to understand the impact of the differalklyl side chains on the photovoltaic
performance of the two polymers, PTzBDT-1 and PTZBDwere used in BHJ solar
cells as electron donor materials usings# M as acceptor counterpart. For the relative
solar cells a standard configuration consistinglass/ITO/PEDOT:PSS/PTzBDT-1: or
PTzBDT-2:PG:BM/LiF/Al was adopted and, in order to exploit thetimal photovoltaic
response, the two active layers based on 1:2 (WPWtBDT-1:PG,BM and 1:1 (wt/wt)
PTzBDT-2:PG:BM, were deposited by spin coating from 1,2,4-tacbbenzene (TCB)
and 1,2-dichlorobenzene (0-DCB) solutions, respebti The different optimal
processing conditions were the result of a diffecdraracter of the two polymers in terms
of solubility and film forming (Table 3.2 and 3.3)he photovoltaic parameters of the

relative solar cells are shown in Figure 3.8. Aporéed, PTzBDT-1 based devices
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showed relatively low performance with a Voc = 0¥7Jsc = 7.6 mA/cfhand FF =
64% resulting in a PCE of 3.3% (Table 3.2). On toatrary, PTzBDT-2 based cells
exhibited a PCE of 4.7% resulting from a Voc = O\8@)sc = 8.6 mA/cfhand FF = 64%.
Jsc and Voc were the main parameters responsiblethi® different photovoltaic
responses of PTzBDT-1 and PTzBDT-2 based cellsjewthie identical FF (64%)

indicated suitable charge transport characterisfitse two active layers.
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Figure 3.8. Average J - V plot of BHJ solar cells based on PDZH:PG;BM (black) or PTzBDT-
2:PG;BM (red) active layer. In bracket, the donor:acoepatio in wt/wt is reported for each BHJ film.

Table 3.2 Photovoltaic characteristics of optimized PTzBDPG,BM and PTzBDT-2:PgBM based

devices. The reported results are averaged oveastt4 devices.

D:A ratio Solvent Thickness Annealing Jsc Voc FF PCE

[wt/wt] [nm] [°C] [mAcm?] [V [%]  [%]
PTZBD[Tl'.lz:]P ©BM 1 100 116 76 067 64 33
PTZBD[Tl’_zl:]P GBM  obce - 86 086 64 47

¥ annealing time: 10 min.
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Table 3.3: PV characteristics of optimized PTzBDT-148M and PTzBDT-2:PgBM BHJ devices using

different donor:acceptor ratios and processing itimms.

D:A

. . Solvent  Annealing Jsc Voc FF PCE
Active blend ratio @ 2
°C % %
(W] [°C] [mA/cm’] V] [%0] [%0]
PTzBDT-1: 1:1 TCB - 8.0 063 42 2.1
PG:BM 1:1 TCB 11¢° 7.4 0.66 62 3.0
) 1:1 o-DCB 11 8.3 0.84 60 4.2
PTzBDT-2 1:2 o-DCB - 6.6 0.87 65 3.7
PC,;BM
1:2 o-DCB 11 4.7 0.85 60 2.4

3 additional solvents have been also tested for gmapimer, however the resulting films were not
homogeneous and showed a poor morphology. Forrédison BHJ Devices were not fabricat&d;

annealing time: 10 min.

Passing from PTzBDT-1 to PTzBDT-2, an increasehi Yoc of 0.19 V was observed
despite the lower lying HOMO level of PTzBDT-1 poigr. This difference was likely
ascribed to the different alkyl side chains bouwd the thiophene substituent. In
particular, the influence of the n-octyl side chlsaion the solubility and film forming
properties of the polymer was likely the cause pladicular molecular aggregation and
phase separation in the BHJ film which slightly nfied the interfacial energy between
the components, strongly related to the device ¥%bdhe improved Jsc<(15%) for
PTzBDT-2 based cells can be ascribed to the diifesptical properties of the two active
films (Figure 3.9a). Therefore, despite the simghape of their absorption spectra, the
polymer content in the PTzBDT-2:REBM was two times higher than that of the
PTzBDT-1:PG:BM film since they presented the same thickness @mtentration of
the initial solution. This results in a higher ambwf solar photons which can be
harvested by the PTzBDT-2 based devices and, asnseqguence, possibly converted in
excitons and free charges.

Interestingly, the absorption spectra of the twbovaclayers presented similar features
observed for pristine materials (Figure 3.7b). dididon, the relative absorption maxima
for PTzBDT-2:PG:BM film were accordingly blue-shifted if compared those of
PTzBDT-1:PG:BM film, whereby confirming that the twisted strucal conformation of
PTzBDT-2:PG:BM at the solid state was maintained even in m&tuith PG,BM.
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A. — PTzBDT-1: PCsBM (12) B . PTzBDT-1 : PCiBM (12)
0,8- ——PTzBDT-2: PCoiBM (1:1) 80+ PTZBDT-2 : PCo:BM (1:1)

60

4
o
1

EQE %

40

Absorbance

o 2
N »
1 1

20+

0,0- T T =T 0 T T T T
400 500 600 700 800 400 500 600 700 800

Wavelength (nm)

Wavelength (nm)
Figure 3.9.UV-visible absorption (A) and external quantum @ffincy (EQE) (B) spectra of PTzBDT-1
(black) and PTzBDT-2 (red) based solar cells.

These results suggest that the presence of diffatkyl side chains plays an important
role for the photovoltaic response of a polymedeked, the slightly different solubility
and film forming properties of PTzBDT-2 in compamsto PTzBDT-1, not only allowed
for a higher polymer content in the active blendicihwas responsible for more light
absorption, but also seemed to be relevant forkinetics of film forming which
presented a strong impact on the phase segregatcbmorphological organization of the
active blend reflected in the higher photovolta@sponse.

The greater performance of PTzBDT-2¢§M devices was previously ascribed to more
efficient processes of excitons formation and 8spgt while the similar FF of the
PTzBDT-1:PGBM and PTzBDT-2:PgBM solar cells suggested similar charge
transport properties. As a confirmation of this diyyesis, EQE spectra were measured for
both the optimized solar cells. As shown in FigBu@b, besides the typical double peaked
band between 500 and 600 nm, the EQE spectra vegrgistent with the absorption
spectra of the corresponding active films alscemmts of relative intensity. In particular,
the EQE response of PTzBDT-1:2BM based devices reached maximum values around
55% (at 546 nm) while PTzBDT-2:RBM cells around 64% (at 536 nm) with the
integrated currents calculated from the EQE pldiglvresulted, within the experimental
error (10%), perfectly in agreement with the Jsurfrthe J-V plot. This indicates that
similar processes of charge collection occur ahewavelength albeit a different amount
of charges are produced by the two different device

To further investigate the solid state phasesilligion, AFM images were taken on the
final devices (Figure 3.10). Their surfaces resu#ikghtly different in terms of roughness
and domain distribution, with the PTzBDT-1:BM-based film characterized by a

relatively featureless and rougher (RM3.5 nm) surface (Figure 3.10a) different from
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that of PTzBDT-2:PgBM-based film (Figure 3.10b) which resulted monaistured and
smoother (RMS: 0.5 nm) thus indicating a higher donor-acceptterimixing and finely
ordered domains in agreement with the improved qaodtaic performance. However,
the better self-organization of the PTzBDT-2;H based blend is in contrast with the
intrinsic structural features of the polymer whehe double side chains are likely
responsible for the partial structural twisting tok polymer backbone. The enhanced
solubility however promotes the quality of the désg thin flms demonstrating that the
nature and number of side chains play a crucia tol reach the best compromise
between solubility and molecular packing at thedsstate for this class of polymers, key

factor for the photovoltaic response in BHJ sokllsc
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Figure 3.10.AFM images (5 pm x 5 pm) of optimized BHJ blendsdzhon PTzBDT-1:P&BM (A) and
PTzBDT-2:PG,BM (B).

3.3 Electron acceptor materials

The turning point for the OPV technology was theelepment of the BHJ concept. The
main limitation of the organic materials in ternfseacitons dissociation was overcame
via their combination with materials showing enougécebn affinity to allow a photo-

induced charge transfer process. As a result, thgke of conjugated polymers as
electron donors was synthesized and developed Har &oplication. While less efforts
were devoted to the acceptor counterparts thanktsetdiscovery of fullerene derivatives
which, besides a relatively complex chemistry, irdrately showed advantageous
properties and dominated the OPV research for @scathe recent achievement of
device efficiencies over the commercialization stibme due to the development of well
performing donor polymers pushed the intensificataf the research on new (non-

fullerene) acceptor materials (small molecules polgmers) in order to overcome some
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limitations of the fullerene based acceptors towdamver expensive, more stable and

potentially more efficient solar cells.
3.3.1 General overview

So far, the most employed accepting component igaroc BHJ solar cells is
buckmisterfullerene and its derivatives. The disegwf fullerenes occurred in the 1985
when, purely accidental, a cluster of carbon ateras detected by evaporating graphite
in dense helium flow under laser irradiation. Th@imization of the process led to a
specie consisting of 60 atoms of carbon arrangeadspherical structure with a diameter
of ~ 0.7 nm. The sphere was demonstrated to be compmseqt hybridized carbon
atoms, which confer aromatic character to the siracthanks to a sea af electrons
flowing in the inner and outer surface. At the vélgginning, fullerene was believed a
highly stable structure, inert and difficult to fimctionalized. However, the Sprbitals,
which are forced to be curved, generate angle dassivhich confer a certain grade of
reactivity to the structure making fullerenes pblysfunctionalized to obtain soluble and
processable materials. Thanks to the peculiar m@estructure, fullerene can generate
stable anions with the ability to take up to 6 #&l@ts in reversible way. In addition,
charge transfer processes take place with effi@endose to unit and, furthermore, the
spherical shape facilitates the migration of chargeough the fullerene layer. These
properties reflect the huge potential of fullerespecies and explain the reason of its
success as acceptor component in organic solatCell

The era of fullerene for photovoltaic devices begaith the discovery of the
photoinduced electron transfer from MEH-PPV. Tharseries of fullerene derivatives
soluble in organic solvents were designed and sgithd to suitably meet the energy
requirements for BHJ applications. The successfbutlin BHJ solar cells occurred with
the development of methano fullerenes, in particuldh the introduction of a phenyl
butyric methyl ester functionality through a cyadlopane methano bridge. The
introduction of the functional group to the carbzage, not only made the carbon cage
soluble in organic solvents, but even resultedcéiffe to break the electron conjugation
and rise the LUMO level, desirable to increasediéace Voc. The result was the phenyl-
C61-butyric acid methyl ester (RBM) compound (Figure 3.11), soluble in organic
solvents, with HOMO and LUMO levels lying around ad -4 eV, showing electron
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mobility in the order of 18 cnf/V-s and endowed with the ability to aggregate dthb

pure and mixed domains of appropriate length in8HJ

Aromalic
phenyl ring
—_— Butyric alkyl

atom ——

group

PCBM

Figure 3.11.Molecular structure of fullerene derivatives.

PG:BM is currently a reference as electron acceptoterred for BHJ solar cells.
Nevertheless, it has some drawbacks. For instamces characterized by a weak
absorbance in the visible region, which limits thi potential of the device since does
not contribute to the light harvesting. Fullerengish higher molecular weight were
demonstrated to have a significantly larger absompand, in this view, a PCBM with a
cage of 70 carbon atoms (RBM) was developed and readily led to higher effitisolar
cells. Indeed, despite its absorption is typicalby very strong, it extends up to 750 nm.
The use of fullerenes with higher molecular weititan PG,BM did not contribute to
further improvements to the device performance. tha reason, to expand the optical
properties until the infrared region, the energyels of PCBM need to be modified. In
this perspective, new fullerene derivatives werevettgped. Particular interest was
addressed to PCBM adducts as indesgbBadduct (ICBA, Figure 3.11), which revealed
a LUMO level as high as -3.74 eV, resulting in mhvaftaic devices with higher V¢!
Besides the advent of ICBA, the typically difficeéxtension of the fullerene conjugation
hinders a finely tuning of the frontiers energy dsl®? Moreover, the synthetic
procedures of fullerene derivatives result gengrallpensive (especially for RBM)
and, furthermore, their easy aggregation to formgregates under heating typically
affects the device stability.

For these reasons, much research efforts wereetbt@the development of new electron
acceptor materials and recently non-fullerene camgde have been effectively
introduced. These new acceptors consist in smaleente$™ or polymer§*¥ (Figure

3.12), which offer the great advantage to be easpared. Moreover, their properties
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can be tuned through fine structural modificatigiging the opportunity to suitably
modify both their electrical and optical characBds, thus allowing for a possible
contribution to the light harvesting and the photoent generation of relative solar
cells’®! Moreover, the possibility to tune the energy lepekitioning led to devices
showing Voc > 1V and allowed the achievement of ad@mble PCEs approaching
10%!°®! These results are particularly interesting if édesng that the replacement of
fullerene derivatives potentially reduces the faiiora of aggregates in the active layer
during operating conditions and, accordingly, mighhance the lifetime of organic solar
cells.

However, despite the attractive features of theslof materials, some issues need to be
addressed. Non-fullerene acceptors are indeed athaw@ed by a poor ability to form
ordered domains in the BHJ active layer which re@nés an important limitation in terms
of charge transport properties. As a result, a far@ meticulous morphological
optimization is often required for an efficient ogiton of the BHJ blend.
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Figure 3.12.Molecular structure of some representative norefahe acceptof¥’

Despite the promising results of non-fullerene ptmes, PCBM still represents an
effective and consolidated reference system for Baldr cells, which can offer room for
further improvements. In this contest, a contribatio the search of methods to tune the
energy levels of PCBM and to evaluate their effect the OPV properties of

corresponding devices is hereafter presented.
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3.3.2 Tuning the electron-acceptor properties of [@fullerene by tailored

functionalization for application in bulk heterojun ction solar cells

Part of this paragraph is adapted with permission from:
M. Cristofani, E. Menna, M. Seri, M. Muccini, M. Ba, S. Antonello, M. Mba, L. Franco, M. MaggiAsian J. Org.
Chem. 2016 5, 676.

Researchers tried for long time to find a validdiéne-based compound which would
additionally benefit the device performance bywing a high Voc. In sight of this, the
introduction of different functionalizing groups ahe carbon cage was attempted with
the aim of raising the LUMO energy level. This waddressed by the development of
polyadducts such as ICBA. However this approacbftsn detrimental for the electron
mobility because of the increased molecular bulsnéd second method could be the
introduction of electron withdrawing or donatingbstituents on the fullerene cage. In
this case, a fine balance in the number and diroerdi the functional groups is required
to optimize the device performance. Alternativedyyl groups directly bound on the
fullerene cage were demonstrated to induce anabdiiift with an effective change in the
Voc of the relative solar céf®! Furthermore, the presence of electron-donating
substituents as methoxy groups in ortho positiothefaryl showed an influence on the
fullerene orbitals by means of a through-spaceacteon!®

In this view, a series of 1,2-hydrofullerenes and-diaryl fullerenes were investigated
(Figure 3.13).
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Figure 3.13.Molecular structure of the investigated 1,2-hydHefienes (5 and 6) and 1,4-diaryl fullerenes
(1-4).

As shown in Figure 3.13, the structures 1-4 radek,#i-diaryl fullerenes with a cage of 60
carbon atoms. In particular, the compound 1 wastgubed with two di-methoxy phenyl
groups; the compounds 2 and 3 were similar to &trecl but, to increase the solubility
of the fullerene compound, the functionalizatiomstioe aryl substituents were different;
while, the compound 4 presented one di-methoxy ylhesubstituent and one
chlorophenyl group with the electron-withdrawindazine atom instead of the electron-
donating methoxy groups which characterized thepmmds 1-3. Structures 5 and 6
refer to 1,2-hydro fullerenes where the carbon sghevere functionalized with a single
aromatic ring and an hydrogen atom which breakstbetron conjugation of the carbon
cage. While the compound 5 presented, as subsgtatiomatic ring, a di-methyl amine
phenyl group, the compound 6 was functionalizedh aitri-methoxy phenyl group.
Electrochemical analyses (cyclic voltammetry) weesried on all the compounds to
investigate their redox behavior and estimate #multing energy levels. Indeed, the
different nature, position and number of groupsrabio the fullerene sphere were
supposed to differently influence the energeticrabi@ristics of the compounds. As

reference system, RBM was used for all the measurements.
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Table 3.4.LUMO energy values of fullerene derivatives in AGNICB 1:4 with Bu4NPF6 (0.1 M) or

theoretically calculated.

Compound ELUM{;\f]eXp-) ELUM[Z \g]calc.)
PCs1BM -4.20 -3.53
1 -4.15 3.4
2 -4.13 333
3 -4.11 392
4 -4.17 -3.39
5 -4.18 3.45
6 -4.19 -3.50

For all the derivatives, the LUMO energies resulEss negative than those of {BM
which indicate higher levels (Table 3.4). Despimoeparison is difficult for the different
experimental conditions, the shift in the LUMO agies appears more pronounced in the
1,4- than 1,2- functionalizations. In addition, ttesults confirm that the methoxy group
in ortho position of the phenyl substitution effeety influences the energy levels. The
deviations in the correlation between theoretical experimental values may result from
specific solvent effects in some of the fullereeehtives.

The behavior of these electron acceptors at thd stdte and also in BHJ films using
P3HT as electron donor was investigated using liglduced electron paramagnetic
resonance (LEPR) spectroscopy, time resolved EFREPR) and Density Functional
Theory (DFT) calculations. LEPR measurements shaweckfficient photogeneration of
radical anions from all the blends indicating thltthe derivatives can be used in BHJ
solar cells. The TREPR detection of short-lived tplgenerated polaron pairs in
P3HT:1,4-fullerene derivatives suggested a decdedseding energy of the initially
generated charges favorable for a more rapid chdiggociation. For a more detailed
analysis and discussion on the mentioned reswgtsplrefer to ref-,

The promising characteristics of the fullerene \d#ives allowed the investigation of
their potential as acceptor materials in BHJ schllts. P3HT was used as benchmark
donor polymer in single junction standard architeetas described in Chapter 2. Because
of the limited solubility of the compounds 1, 4, &d 6 [< 15 mg/mt in o-
DCB/chlorobenzene (CB) v/v = 1:1] it was not pobsito prepare homogenous films
with these derivatives. For this reason, only thetpvoltaic performance of compounds
2 and 3 were tested. For comparison, BHJ solas baléed on P3HT:RMBM were used

as reference system. Devices with the new compowsde fabricated following the
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processing conditions used for the benchmark P365BM blend (except the thickness
and the total concentration of the initial BHJ $i@in) which were likely not the optimal
processing parameters if considering the diffepgaperties of each fullerene. However,
the optimization of the photovoltaic performancesvieeyond the aim of this work thus
leaving room for improvements.

The devices based on the compound 3 showed a mieHesit 42% likely ascribed to a
morphology which needs to be improved in terms elf-grganization and phase
segregation of the donor and acceptor materialoraer to limit the bimolecular
recombinations and maximize the charge transpogpepties of the BHJ (Figure 3.14 and
Table 3.5). To minimize the deleterious effect lod sub-optimal morphology, relatively
thin active layers were used: (170 nm instead ok 300 nm of the reference
P3HT:PG.BM active layer) and, as a consequence, the degitesed a reduced Jsc of
5.6 mA/cnf ascribed to the limited harvesting capability ké &ctive film. Interestingly,
despite an average PCE of only 1.5%, the devicgdaging the compound 3 showed an
improved Voc of 0.63V which resulted 70 mV highkan that of the reference system
(0.56 V). This is consistent with the higher LUM@vél of the fullerene derivative as
compared to that of PCBM and pushes for furthemupation and investigation of this
class of acceptor materials.

In contrast, the use of compound 2, containingethtylene glycol chain instead of an
alkyl group, did not give any photovoltaic resparBeis is likely ascribed to the presence
of long chains with hydrophilic character on thédtene derivative which leads to poor
nanoscale distribution of the active materialshatgolid state. This correlates with some
reports which highlight the role that the subsitia$¢ on the fullerene cage have on the
physical parameters, precipitation kinetics, misityp with the donor polymer and

nanomorphology of the active bleHg!
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Figure 3.14.J - V plot, under standard illumination, of P3HHE3d P3HT:PBM BHJ solar cells.

Table 3.5.0PV characteristics, under standard illuminatidrP®HT-based BHJ solar cells.

D:A ratio Jsc Voc FF PCE
[wt/wt] @ [mA/c?] [V] [%] [%0]
P3HT :2 (1:1)® No photovoltaic response
P3HT :3(1:1)© 5.6 0.63 42 1.5
P3HT : PGBM (1:1)@ 8.5 0.56 63 3.0

@ Annealed at 110°C for 10 minuté¥;(170 nm:© (170 nm;® 300 nm.

The absorption characteristics of P3HT:2 and P3HBEs were investigated and
compared to the P3HT:RMBM reference. As shown in Figure 3.15, the absorpti
profiles were similar for all the blends with thgical double peaked absorption band
between 500 and 600 nm which is ascribed-td transitions and a shoulder at around
600 nm arising from the inter-chain interactionsespite there were not evident
differences between the three systems, it is worthyote that a lower absorbance at
around 400 nm characterized the BHJs based on ¢le follerene derivatives as
compared to P3HT:REGBM. As this absorption feature is typically duethe absorption
of PG;:BM, a reduced light harvesting in that region iefheed the new fullerene
compounds. This is likely one of the causes theaiged charge photogeneration in
P3HT:3 based solar cells. However, the very low iRfficates that the main loss
mechanisms arose from a sub-optimal morphologydedun the BHJ by the compound
3.
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Figure 3.15.Absorption spectra of P3HT:2 (black line), P3HTr&8d line) and P3HT:Fs,:BM (blue line)
BHJ films.

The surface morphology of the different active dienwere investigated by AF
measurements. As shown Figure 3.16, the structured surface of the P3HT:3 f
characterized by defined domains (R 16.5 nm) well correlates with the photovolt
responseof the relative device as similar featurwere present in the referen
P3HT:PG:BM surface (RMS~ 16.7 nm) (Figure 3.16aYhis suggests a relatively go
phase separation of the BHJ components with thendton of bicontinuous ar
organizedpercolation paths. According to the lack of phottio response of th
P3HT:2 solar cells, the relative topographic in (Figure 3.16b) shoac a smooth and
almost featureless surface with large and poorfyndd domains (RM& 14.1 nm) whict

explain tke inefficient BHJ morpholog

100

50
nm

Figure 3.16. AFM images (5 um x 5 um) of BHJ film based on P3Pds1BM (A), P3HT:2 (B) anc
P3HT:3 mixture (C).

The results clearly indicadethat the lateral solubilizing chains on the fullezeare
probably the maircontributors to th morphology of the blends amay an importan
role, along with theslectronic effects, tdefine theoverall efficiencies of the BHJ sol

cells. Accounting for the optimization process &dwone, the interesting improvement:
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the device V¢, with respect to P§&BM, using the fullerene derivative 3 represents a

promising result towards the achievement of moréop@ing organic solar cells.

3.4 Morphology control of the bulk heterojunction

Besides the chemical nature and the energy levatipoing of the donor and acceptor
materials, their distribution and organization la solid state is of relevant importance
for the performance of organic solar cells becafshe intrinsic limitations in terms of
excitons lifetime and charge transport. In thisteah the BHJ concept aims to maximize
the yield of exciton splitting through a fine im@&xing of the donor and acceptor
materials. However, a BHJ blend can be characttrizg a multitude of possible
combinations of pure or mixed domains of the etectlonor and acceptor compounds
with crystalline or amorphous phases (Figure 3.Bj).analyzing the representative
scenario reported in Figure 3.17, the possibildyhave pure PCBM in contact with
crystals of polymer (domain type 1) is minimal @nsidering well performing solar cells.
In addition, since pure amorphous polymer phasekeainterface with small molecules
are thermodynamically not allowed, the domain typesd 3 are scarcely possible. As a
result, the dominating phases in BHJ active lageesmixed domains with some amount

of aggregates and crystals of polymer or PCBM (17, 4-6§-°?

——— (1) Pure PCBM/
———  polymercrystal
.,:
(2) Pure PCBM/ (5) Pure PCBM/
pure amorphous mixed domains
polymer

: ,((\ (3)Mixed domains/
) }‘.J,", pure amorphous
? <7 polymer

(4) Mixed domains/
polymer crystal

(6) Within mixed
domains

i

Figure 3.17.Possible domains and interfaces between polymerP&BM in a BHJ blend. Reproduced

with permission from Ref!%.

Despite the BHJ concept appears characterized bmglythree possible types of
domains/interfaces, variations in the film composis of 10-20% are demonstrated to
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affect charge mobilities by orders of magnitude,asda consequence, favor bimolecular
recombination$? In addition, despite phases of electron donor pelydirectly mixed
with the electron acceptor are known to potentialppress charge recombinations, an
excess of mixed phases can reduce bicontinuouswagsh likewise increasing
bimolecular losses; on the opposite, crystallinasgls are preferred to reduce the optical
band gap for a better light harvesting as well @simprove the charge transport
properties. These represent just few examples noodstrate the key role of the BHJ
composition/organization on the device operationsight of this, a fine control of the
materials intermixing at the nanoscopic scale tssokcessary, and hence effective
methods to manipulate the materials intermixing afe fundamental importance.

Hereafter, some of the most relevant methods/giiegt@re discussed.

Role of the processing solvent

Typically, the electron donor and acceptor materake dissolved in the same solution
and then deposited to form the BHJ active layerth&sdissolution process is controlled
by the interactions between the materials and eheest, a solvent with suitable polarity
is necessary. However, the solubility of each commgoin the solvent is not only
important for the initial solution but results alseterminant for the BHJ formation.
Indeed during the film formation, as the solvenmwates, the materials start to
precipitate and aggregate as a function of thdubslty. In particular, the material with
lower solubility starts to aggregate when the otisestill dissolved, thus favoring the
formation of separate domains. In sight of thig thssolving solvent should provide
similar solubility for both the components to eresarsuitable degree of phase separation.
Nonetheless, the process of film forming is alspetelent on the evaporation time of the
solvent. A slow evaporation rate, typically favorey the use of high boiling solvents,
prolongs the solid state formation. As a resul, rtinaterials remain longer in solution so
to promote the maximization of the interactions,andaccordance, the reduction of the
potential energy of the system. This could allo@#ht stacking of polymeric chains as
well as the formation of bicontinuous phases.

On the contrary, the BHJ morphology can be kin#éjickozen by accelerating the
solvent evaporation. This limits the interactioméi among and within the materials thus
leading to a system with higher potential energg. aéAresult, the phase separation is

typically limited with a consequent increase of tlumor/acceptor interfaces.
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This means that, on the basis of the chemical palproperties of the dissolving solvent,
a fine balance between the kinetics and thermodigsamspects involved during the

drying process (film forming) can be achieved fdJ blend.

Use of processing solvent additives

A recent approach to further modulate the BHJ maligefy consists in the use of solvent
additives into the initial active solution. As prewsly discussed, the solvent used to
dissolve the donor and acceptor materials typicpatigsesses good solubility for both
compounds. However, during film forming, the ag@tean tendency of the two organic
materials can differ determining a sub-optimal ghasparation. The introduction of a
solvent additive was demonstrated to optimize kine-film quality. Note that the use of
an additive is not generally effective for the peniance of the resulting solar cells as it
strongly depends on the nature of the BHJ compsndypically, the solvent additive
possesses) a higher boiling point than the host solvent uadthe solution andi) a
preferential solubility to one of the BHJ comporser{generally for the fullerene
derivatives)!® In sight of this, during solvent evaporation, fR€BM stays longer in
solution because of the lower surface tension efatiditive, which allows the polymer
compound to crystallize. As a result, the BHJ imposed by a higher degree of phase
separation, which favors the optical and chargesprart properties of the active lay&r’

In other studies, where the two components of thd Bhowed a poor degree of phase
intercalation, the use of solvent additives was alestrated to increase the solubility of
PCBM resulting in a better miscibility with the dompolymer. As a result, the formation
of smaller D:A domains resulted in better perforgngolar cells due to the increased
interfaces for the splitting of the excitoh®! Among all the additives investigated for
BHJ solar cell application, 1,8-diiodooctane (DIQ)38-octanedithiol (ODT) and 1-

chloronaphtalene (CN) are the most employed.

Donor: Acceptor blend ratio

A fundamental parameter for the solar cell operaisothe ratio (weight/weight) between
the donor and acceptor materials. This indeed enftes the size and distribution of the
domains at the solid state thus affecting the djperaf the BHJ. The optimal blend ratio
is difficult to predict as several parameters saslthe nature and molecular weight of the
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polymer, the size of the fullerene acceptor as wasgltheir aggregation tendency play a

simultaneous role.

Concentration of theinitial solution

The initial concentration of the BHJ solution is emportant parameter for the active
layer morphology since the kinetics of film formidgpends on the interactions between
the solvent and the compounds. Typically duringabigve layer processing, in relatively
concentrated solutions, the solvent remains trappgde the polymeric chains causing a
slow drying of the deposited film. On the contradiluted solutions allow a faster
evaporation of the solvent determining a rapid4ieg of the BHJ morphology®” These
should be considered as general considerations dime processing technique and
parameters have a strong impact on the kinetifithofirying as well.

Recently, an additional impact of the initial sadat concentration on the final BHJ
morphology was reported. The aggregated stateeoinitial solution was demonstrated
to partially entangle the polymeric chains and @res a certain degree of organization
after the film formation. This results from the lew degrees of freedom of the
components that, with a reduced possibility of wdifbn during drying, lead to more
ordered BHJS®! In sight of this, a concentrated initial solutisnpreferred to increase
the chains interaction. Then, without perturbing slolution, further solvent can be added

to reach the optimal concentration for the filmgassing.

Role of the deposition techniques

A determining factor for the BHJ morphology is repented by the processing conditions
of the BHJ solution. Several techniques and metlcadsbe adopted to form a solid film
and all of them require a meticulous optimizationabtain an efficient active layer.
Among the most employed deposition techniquessfiie coating allows the formation
of thin films by spreading, through centripetal @lecation, a relatively small amount of
the initial solution over a small-sized substraitie morphology of the final layer
depends on the characteristics of the solutionanthe spinning conditions such as the
speed (rounds per minute, rpm), acceleration (rparid time. An alternative processing
method, conceptually similar to roll-to-roll whileleveloped for laboratory scale
depositions, is the doctor blading. Here, the digjposprocess consists in the formation
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of a meniscus of the initial BHJ solution betweemaving blade and the substrate. As
the blade passes over the entire substrate, thierga@vaporates forming the active layer.
The film forming characteristics depend on tfeblade speedii) elongation of the
meniscusjii) amount and characteristics of the BHJ solution ighdemperature of the
hot plate over which the substrate is placed. Degpe multitude of parameters which
simultaneously influence the film thickness and phmalogy, this technique results
efficient in terms of film quality and hence devie#iciency.

Further details on these deposition techniquesegrarted in Chapter 2.

Post-processing treatments

As the BHJ film is formed, the morphology and domaomposition can be still tuned
through post-processing methdts) Among them, the most employed consist of thermal
treatment or solvent annealing over the solid layeparticular, as part of the processing
solvent remains inside the BHJ film after the déjpms by heating the sample, the small
amount of solvent starts to evaporate allowingréigdae-organization of the materials at
the solid state towards the maximization of thenattions. This typically results in the
formation of partially crystalline domains espelgiah film previously amorphous. In this
way, the optical properties as well as the chargesport are often improved through a
better polymer packing, responsible for enhancedcdeperformance. An alternative
method is the use of solvent vapors over the Bldil fThis slows the drying process thus
promoting the formation of continuous and homogesetomains.

Several other post-processing methods have beezloged over the years such as the
solvent treatment of the BHJ surface. Howeverthedlprocesses aim to obtain a suitable
ordering of the donor and acceptor phases throyggstamodification of the kinetics and

thermodynamics of film formation.
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Chapter 4

Stability investigations on complete devices

4.1 General review of the principal degradation agas

The last decade showed the exponential evoluticorgdinic photovoltaics. Through the
development of novel materials, the optimizatiorthef processing methods and a deeper
understanding of the device physics, continuousavgments in terms of performance
were achieved. Despite the efficiencies of orgaoiar cells went beyond the marketing
threshold of 10%, relatively poor attention wasated to the device reliability over time,
which is of fundamental importance for the techgaial deployment. Economic
assessments demonstrated that a module with a ®4P€dmpetitive if a lifetime of 5
years is attained® However, organic materials are by nature susdeptip ambient
factors. As a consequence, many agents can induecpl chemical modifications in
the device during operating conditions whereby raudetrimental effects on the device
performance. In this context, the limiting factdos the solar cell lifetime are manifold,
both intrinsic and extern&f-"

As intrinsic limitation , the BHJ morphology is itself a representativenepie. Indeed,
the morphology which ensures optimal device openatis generally not at
thermodynamic equilibrium. The best compromisehef phases distribution in terms of
charge transport, optical and electronic propersety/pically not correspondent to the
minimum potential energy of the system. As a restiie BHJ nano-domains can
rearrange over time towards more stable but |dgsegft morphologies, which influence
the device stability. Careful investigations on téeolution of the BHJ morphology
allowed the understanding of some general causesetd-stability. For instance, the use
of high boiling solvent additives, if still preseas$ residual traces in the active layer after
device fabrication, might confers some degreessgfdom to the polymeric chains, which
could partially reorganize over time. Similar preses occur in BHJs where the donor
polymer has a glass transition temperature (Tgdvibehe operating temperature. The

thermally-induced physical mobility of the polymeghains can lead to modifications of

81



Chapter 4 — Stability investigations on completeicks

the domains composition during device operatiors thmiting the performance of the
corresponding devices.

These specific cases represent just few exampledegfadation pathways, however
manifold are the intrinsic mechanisms of degraaatidich can occur within the active
layer. A general concept to stabilize the activentlis to reduce diffusion processes of
the BHJ componentsia the physical stabilization of the morphology. Thian be
obtained for instance by) avoiding the presence of residual solvents aftevice
processing,ii) increasing entanglements between polymer chamsi)o using cross
linkable materials.

Except the BHJ, internal degradation can also ofraum the diffusion of atoms or ions
from the adjacent buffer layers or electrodes o dhtive layer. As the diffused species
typically act as recombination centers for chargeiers, the functionality of the resulting
solar cells is therefore affected. For instances tise of water-processed layers as
PEDOT:PSS can leave some residual traces of watheilayer, which can diffuse in the
device or, at the same time, as a consequenceeaddidic character of the PSS, can
promote the diffusion of Indium atoms from the I'B@ctrode. This phenomena become
negligible if a thermal annealing treatment is perfed after PEDOT:PSS deposition.
This highlights the importance of) the nature of the selected materials andthe
optimization of the material processing in ordefitait the migration of species into the
active layer, thus preserving the initial devicefpenance.

The investigation on the causes of the BHJ morgholdynamism and the diffusion
mechanisms greatly contributed to limit the intiindegradation processes, enhancing the
device lifetime.

Nonetheless, somexternal factors are also detrimental for the solar cell operation

(Figure 4.1). Ambient agents as oxygerd_moisturare the most common. The diffusion

of oxygen or humidity at the electrode/active lageelectrode/buffer layer interfaces can
oxidize the low work function electrode with thebsequent formation of an oxide layer,
which represents an electrical barrier inside teeiak. Oxygen can also give rise to
photo-oxidation processes of the active materialsch likely induce a modification of

their optoelectronic properties or even allow thenfation of new species, which act as
recombination centers for charges. Similarly, tifusion of humidity into the device can

cause physical and chemical defects, thus redubmghotovoltaic performances of the

solar cell.
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To preserve the initial device operation, the usanoinverted device configuration where
the low work function electrode is not exposed #emal environment is a fruitful
strategy to avoid oxidation processes. Howevelint the harmful effects caused by the
external diffusion of oxygen and water, the mosicessful method is the encapsulation
of the device. The solar cell is indeed laminatetiveen two rigid (glass) or flexible
(plastic) barriers sealed by specific epoxy resiks.a result, by a proper packing, the
diffusion of external agents is demonstrated tgplhgsically blocked thereby preserving
the device performance over time.

Despite the great improvements by using encapsglaystems, BHJ devices are still

susceptible to additional external factors inclgdiprolonged illuminationand the

subsequent solar heatingight can cause polymer degradation such as ch@ssion,
ring opening, cross links formation or, more getgrahe modification/reduction of the
n-delocalization along the polymer backbdHé. In addition, light can be eventually
harmful also for additional layers present in th¢JRlevicé!*?

On the contrary, heating is mainly a trigger fdfudiive processes as migration of species
from electrodes/interlayers or the morphologicabmangement of the BHJ with the
subsequent reduction of the device performance.

Diversely from other external agents, degradati@cmanisms due to light exposure and
heating cannot be eliminated as they represent aperational conditions for a
photovoltaic device. Furthermore, as they are Wguaterlinked it is difficult to discern
among them. In sight of this, the degradation pathwas rationalized in three general
categorie$*! The first typically occurs in the initial 200 hsuand mainly arises from
light induced traps, which exponentially reduce thexformance of about 20%. The
second category accounts for a linear degradatientane and is the less known. While,
the third mechanism comprises a thermal induced-byrwhich is characterized by an
initial efficiency drop that stabilizes over time.

However, deeper analyses are necessary in ordanethbct and eventually improve the
light and thermal stability of organic solar cells.

Despite the multitude of degradation factors (idic and external), flexible devices can

be also subjected to a mechanical str@sshey can be repeatedly stretched, bent or

twisted!** Here, efficiency losses mainly occur through threrfation of cracks/fractures
in some layers of the device or from decohesioafdalation between adjacent layers
which cause the formation of defects at the inter$a Moreover, the occurrence of

similar processes in the encapsulation systemitite the ingress of harmful agents
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(e.g. oxygen and water) inside the solar cell. By enhrapthe polymer entanglements,
optimizing of the layer/layer adhesion and using plymeric electrodes, great

improvements can be obtained in terms of mechastaaility of flexible solar cells.

Water
Irradiation
& [ (ﬁk 1 b
-
\./)/ ¢ ) &y, "
Mechanical i
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C

Figure 4.1.Representation of the main external harmful agiemtsrganic solar cell$*

Since in a complete device a multitude of degradaprocesses simultaneously occur
(Figure 4.1), to proper evaluate the effects agighom individual agents, the scientific

community developed testing protocols where theicgesgtability is classified on the

basis of the degradation conditions appltéd.The aim is to avoid inconsistency in the
stability tests reported in literature thus allogvifor a rational comparison among the
different materials, device configurations and #asdtures employed. A summarizing

overview of the different types of testing protacqroposed during the International
Summit on OPV Stability (ISOS) is given in Figur 4

As the unsolved issues mainly concern the degi@aati organic solar cells arising from

thermal stress and the prolonged illumination, aendetailed analysis is given hereafter

through the discussion of scientific results.
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Three levels
Basic {Level 1) “Hand held” measurements using the simplest equipment and few conditions
Intermediate { Level 2) Fixed conditions and protecols suited for most labs
Advanced {Level 3) Standardized tests applied in cerntified labs. Extended range of parameters to monitor, efc
Test type Dark Outdoor
Test ID BES-0-1 Shelf 1505-0-2 High temp. [508-0-3 Damp 1505041 1505-0-2 150%-0-3 Outd oor
storage heat Outdoor {Ou tdosor

Light source Naone Naone None Sunlight Sunlight Sunlight
Temp.* Amhient 6585 65 /B5°C Ambient Ambient Ambient
Relative nmidity (RH.)"* Ambient Ambient (low) BS% Ambient Ambient Ambient
Environment* Ambient Owen Env. chamber Outdoor O tdonr O tdonr
Characterization Bght Solar simulator ar Solar simulator Solar simulator Solar simulator  Sunlight Sunlight and solar

5 0Urce sunlight simmulator

Open circult Open circuit Open cireult MPP ar open MPFP ar open MPP
circuit circuit
Test type Laboratory weathering testing Therma cyding
Test iD [05-1-1 Laboratory  B0S-1-2 Laborarory  1505-L-3 Laborarory  1905-T-1 Thermal 1505-T-2 Thermal 150% T-3 Thermal
weathering weathering weathering cycling oycling cycling
Light source Sinnu lator Slmulator Simulator None Hone None
Temp.* Ambient G585 C G585 "C Between room temp.  Between mom temp -0 o +85 °C
and 6585 'C and 65/85 C

Relative bumidity Ambient Ambient Near 5% Ambient Ambient Near 55%

(RHJ
Environment/setup Light anly Light & Temnp. Light, Temp. and RH. Haot plate/oven Ovenfeny. chamhb. Env. chamb.
Characterization Solar simulator Solar simulator Solar simulator Solar simulator or Solar simulator Solar simulator

light source sunlight
Load® MEP or open circuit - MPP or open circuit MPP Open cincuit Open circuit Opan ciruit
Test type Solar-thermal-humidiy Cyding
Test ID [S065-LT-1 solar-thermal cycling 15005-LT-2 solar-thermal-humiding 15051 T-3 solar-thermal-burnidiry-freeze

cycling cycling
Light source Simulater Simulator Sirmulator
Temp. Linear or step ramping between mom temp. and  Linear mmping between 5 and 685 °C  Linear ramping between - 25 and 65 °C
65°C
Relative umidity (RH.)  Monitored, uncontralled Monitored, conmolled ar 50% beyond  Monitored, controlled ar 50% beyond 40 °C
40T
Environment/satup ‘Weathering chamber Enw. chamb. with sun simulatan Er. chamb. with sun simulaton and
freezing

Characterization Bght Salar simularor Solar simularor Solar simularar

5 BUroe
Load” MPP or open circuit MPPor open circuit MPP or open circuit

* The amblent conditions are defined as 23 "C{50%RH in general and 27 C/65%RH accepted in tropical countries according o 150 2910 2008): Phstics—Standard
atmospheres for conditioning and testing.
® Open druit refers to a simply disconnected device or device connected to a sourcemeter set to O cument

Figure 4.2. Overview of the different testing protocoproposed in ISOSReprinted from Ref™®],

Copyright 2011, with permission from Elsev

4.2 Thermal degradation

4.2.1 General overview

During outdoor applications, organic solar cells aubjected to thermal heating due
the intense illumination which results temperatures estimated in the range ¢ - 85
°C. Despite the relatively high temperatures, oiganaterials are not expected
degrade as their degradation usually occurs atehiggmperatures. However, a reduct
of the device efficiency can arisrom physical degradations of the Bl

As above mentioned, within the active layer the&# of physical modifications due

thermal heating are manifoli) re-organization of the BHJ morphologii) formation of

85



Chapter 4 — Stability investigations on completeicks

aggregated domains of the fullerene derivativesrgstallization of the polymeriii)
segregation of the polymeric phase towards onerebs iv) doping of the BHJ with
diffusing species/ions from adjacent layers. Irs tbontext, the pathway of degradation
depends on the interplay of thermodyndhit and kinetic factor§!” While the
thermodynamic derives from the nature of the mal®grithe kinetic depends on their
distribution. According to that, both the comporgeahd the morphology of the BHJ are
of extreme importance since determine the initredrgy of the system and the activation
energy barrier for physical modifications of theiae layer.

Typically, if the Tg of the BHJ materials is belailve operating temperature, some
degrees of freedom are provided to the system,hwtém reorganize to some extent by
following the thermodynamic pathway. This meand tha phases re-distribute with a
subsequent change in the polymer/fullerene intedfaand domains composition, which
typically affect the photovoltaic efficiency. Ingéit of this, materials with high Tg are
preferred for their use in the active layer of PS&&n though the thermal behavior of an
optimized BHJ blend is often more complex than thaticated from a sensitive
parameter such as the measured Tg of a single&demdterial**®

Concerning the kinetic processes in view of a tladiynstable BHJ morphology, the
activation energy needs to be higher than the thlkeemergy supplied to the system. This
can be obtained bincreasing the height of the energy barrier. Irs thpproach, the
degrees of freedom of the BHJ components can bgetinby introducing physical
constrains such as chemical cross-linking withia BHJ nano-domains, light induced
PCBM oligomerization, the addition of fullerene dimars, etc.. Other physical constrains
include the chemical-physical interactions at therfaces between the BHJ components
and adjacent layers. For instance, the use ofrdiifesubstrates was demonstrated to
strongly influence the thermal stability of theiaetlayer because of the limited diffusion
and aggregation of the fullerene derivatives ardréduction of the amount of nucleation
centerg!*’!

A kinetic alternative to the reported approachethésobtainment of a BHJ morphology
characterized by low potential energy and high phaitaic efficiency at the same time.
This is quite challenging because the minimizatiérihe energy between the two BHJ
components at the solid state (absolute minimunrggnepoint A in Figure 4.3) is
detrimental in terms of photovoltaic performancsstlze two materials usually tend to
form pure and separate phases, which result in geaice efficiency. Indeed, the most

performing BHJ morphology typically differs from éhmost stable. However, by
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exploring the potential energy surface of the Btdéye is the possibility to find a local
energy minimum which is sufficiently efficient irrms of light-to-charges conversion
and that is surrounded by energy barriers high @mothat the system results
energetically trapped (Figure 4.3 — point C). Thgans that part of the maximum
exploitable PCE (Figure 4.3 — point B) is sacrifidcewards a better thermal stability.

In this sight, a meticulous tuning of the BHJ marlalgy is necessary to find an optimal
initial position of the system over the whole paiaginenergy surface. In this view, both
the BHJ solution and the processing conditions @freextreme importance as they
determine the resulting BHJ morphology. In thedaiing section, a study on the BHJ

tuning in view of thermal stable PSCs is provided.

Energy

el

.

Geometric Coordinate 2

Figure 4.3. Schematic potential energy surface (PES) with telative (B and C) and an absolute (A)
minimum points. To note, this PES is only repreativé and does not depict a real BHJ PES.

4.2.2 Role of the processing solvent

Part of this paragraph is adapted from:
M. Bolognesi, M. Prosa, M. Tessarolo, G. Donati,T8ffanin, M. Muccini, M. Seri,Sol. Energy Mater. Sol. Cells

2016 155, 436, with permission from Elsevier.

Over the years, the best performing PSCs were ramaithrough a meticulous
optimization of the BHJ materials intermixinga a fine modulation of the initial BHJ
solution properties and the processing conditibmghis context, the choice of the solvent
used to dissolve the active materials is of paldicimportance as it strongly determines
the final nanoscale distributidi” The effect of the solvent on the device perfornesisc
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typically investigated for outcoming polymers inewi of exploiting the maximur
potertial of the BHJ and, as a result, relevant breakighs in terms of device efficien
were obtained over the years. However, additioffelces or benefits of this approa
were scarcely investigatedror instanc, poor attention was devoted to the el of
processing solvent on the thermal stability of P

In this sight, a mixture of a benchmark donor payrcoded as HB-1) and P(;BM
was dissolved and processed fro-DCB or oxylene with the aim to investigate not ol
the impact on the initial &iency but also on the thermal stability of thesulting BH.

deviced?!

Figure 4.4.Schematic representation of the H-1:PG;;BM-based device.

As depicted in Figure 4,4an inverted device configuration glass/ITO/Zn@xec
layer/MoGy/Ag was employed. The reproducible and scalableéoddadading depositio
was used for the deposition of all the layers ekdkp top contact(MoOs/Ag). The
selection of thdvest processing conditions for H-1:PG;BM wascarried out using th
following dissolving solventsi) 0-DCB, ii) o-DCB + 2.5% (v/v) of DIO,iii) o-xylene
andiv) o-xylene +2.5% (v/v) of DIO. The relative devices wandividually optimized in

order to compare the best performing solar «

Table 4.1.Photovoltaic performance of optimized H-1:PG;;BM based solar cells processed fr

different solvents. The reported data are averaged5 different cell:

Donor:acceptor Processinc DIO  Thickness Voc Jsc FF PCE
ratio [wt/wt] Solven [viv] [nm] V] [mA/cm?]  [%] [%6]
- 290 0.79 10.9 71 6.1
o-DCB
HBG-1:PG;BM 25% 290 0.72 10.1 59 4.3
[1:2] - 260 0.79 5.5 51 2.2
o-xylene
25% 260 0.78 11.7 68 6.2
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Voltage (V)

—s— ODCB

—s— ODCB + 2,5%DIO
—a— o0-Xylene

—e— o-Xylene +2,5%DIO

]

Current density (mA/em?)
A
|
\
| v

b 4

Figure 4.5.J - V plots measured under standard illuminatioh,HBG-1:PG;BM based solar cells
processed from 0-DCB (blue), 0-DCB + 2.5% DIO (B)ao-xylene (green) or o-xylene + 2.5% DIO (red).

As summarized in Table 4.1 and Figure 4.5, theetbffit solvents employed for the active
layer deposition strongly influenced the photoviclt@sponse of the resulting devices. In
particular, solar cells processed from 0-DCB showeemarkable PCE of 6.1% with Voc
of 0.79V, Jsc of 10.9 mA/chand FF of 71%. The good Jsc and FF indicate a gebid
organization and phase segregation of the BHJ caes at the nanoscopic level which
likely promote a good charge generation yield ahdrge transport within the active
layer. In agreement to that, AFM topography revea@eegular surface characterized by
fine and continuous nanostructures (Figure 4.6#) wirelatively low roughness (RMS =
1.8 nm).

Figure 4.6. AFM images (size: 5 um x 5 um) of HBG-1:HBM based solar cells processed from: a) o-
DCB (RMS = 1.8 nm), b) 0-DCB + 2.5% DIO (RMS = Xf), c) o-xylene (RMS = 5.1 nm) and d) o-
xylene + 2.5% DIO (RMS = 2.9 nm)

The introduction of DIO to the o-DCB solvent resdldetrimental for the performance of
the corresponding BHJ devices. Indeed, a reduciahe PCE from 6.1% to 4.3% was
observed. This was mainly due to a drop of Voc fl@OV to 0.72V and a consistent
reduction of the FF from 71% to 59%. The self-oigation of the BHJ blend was likely
limited by the presence of DIO which induced thanagation of relatively large and
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poorly defined domains as suggested by the cornebpg AFM image (Figure 4.6b).
This well correlates with the reduction in the satell Voc and FF, both related to the
phase-segregation of the active layer.

The electrical response of analogous BHJ cellsqased from pure o-xylene showed a
PCE of 2.2% with a Voc of 0.79 V, Jsc of 5.5 mAfcamd FF of 51% (Table 4.1). These
results could be related to the formation of a gptimal thin-film morphology as a
possible consequence of the poorer solubility tdiefene derivatives, combined to the
faster evaporation rate of o-xylene compared toGBPwhich can determine a drastic
phase segregation of the donor and acceptor miaterithe cast film. This consideration
is clearly supported by the corresponding AFM imégigure 4.6¢), which revealed the
formation of regular unconnected grains, accomphig a higher surface roughness.
This kind of morphology is expected to result iefficient exciton separation and lacks
of the bicontinuous interpenetrating pathways nemss for the charge transport, in
agreement with the relatively low Jsc and FF.

The introduction of DIO to the o-xylene based soluggreatly enhanced the performance
and the nanoscale morphology of the resulting HB®Z4;BM film. The presence of the
small amount of solvent additive likely enhance@ #olubilization of the fullerene
molecules and prolonged the drying time of the fithus promoting an appropriate self-
organization of the BHJ components. Figure 4.6dfioos the formation of fine
nanustructures characterized by an optimal donme@or intermizing and continuous
domains, in agreement with the more than doubledtqaurrent and PCE (6.2%)
compared to cells processed from pure o-xylene.

Besides the evaluation of the initial photovolteesponse, the diversely processed solar
cells were subjected to prolonged heat stress vestigate eventual effects of the
processing solvent on the thermal stability of tbsulting devices. As the cells differed
only for the solvent used to process the activendyleeventual differences in the
degradation could be ascribed exclusively to tleegssing solvent. The thermal stability
was investigated only for the best performing desjce. the solar cells processed from
0-DCB (named device 1) and o-xylene + 2.5 (v/ivp#D (hamed device 4). However, to
understand the differences in terms of resistancthérmal stress, it is fundamental to
first analyze the shelf life of the solar cells, ander to exclude eventual additional
degradation pathways. In this sight, identical refiee devices were left at room

temperature (25°C) for 150 hours in inert atmosgpliglove-box).

90



Chapter 4 — Stability investigations on completeicks

As shown in Table 4.2, both the differently pro@eksolar cells showed a similar drop in
PCE of 5% which evidenced an optimal shelf-lifeteé devices. In sight of these results,
eventual differences of the photovoltaic parameadtey the thermal test can be ascribed

exclusively to degradation processes induced by¢ag stress.

Table 4.2.Photovoltaic responses of solar cells processad fi-DCB or o-xylene + 2.5% (v/v) of DIO,

freshly prepared or stored for 150 hours at roamperature in inert atmosphere.

D:A Ageing

ratio Proces. Ageing time Jsc Voc FF PCE
° ) 0 0
wtwi] Solvent T [°C] thours] [mA cm?] V] [%] [%]
- - 10.9 0.79 71 6.1
0-DCB
HBG-1: 25 150 108 78 1imp 8 58 (5%
PC..BM (-1%) (-3%)
1 : 117 0.78 68 6.2
(1:2)  o-xylene e -
+ DIO ' - -19 _504 )
25 150 op  OTTCI% oo 59(5%)

@l'in brackets the loss percentages of the photdegii@rameters relative to the corresponding pararset

at time 0.

According to the 1ISOS-D-2 standard testing prota¢ogure 4.2), the solar cells were
kept for 150 hours at 85°C in inert atmosphere \gibox). Although the initial
efficiency of devices 1 and 4 was comparable, @dyibited a different thermal stability
(Table 4.3 and Figure 4.7). In particular, whilevide 1 showed a reduction in PCE of
49%, the PCE of device 4 dropped of only 19%. Tddhiced photovoltaic efficiency for
device 1 included a drop in all the main parameters (-28%), Jsc (-12%) and Voc (-
19%). As evidenced by the shape of the J - V cuovekevice 1 (Figure 4.7), it is evident
that the drop of FF and Voc after thermal ageing mainly due to a consistent variation
of the internal resistances within the active laygnich can be related to an increase of
charge recombination processes resulting from eéagile demixing of the BHJ
components. On the contrary, device 4 showed orignided drop in the photovoltaic
efficiency after the thermal stress. All the phatlba&ic parameters were slightly affected,
however limited below 9% of difference than thdialivalues. This clearly demonstrates
the improved resistance of device 4 to prolongeting compared to device 1. As above
mentioned, the two types of solar cells differetiydar the processing solvent to deposit
the active layer. Hence, despite the similar ihip&otovoltaic responses, the BHJ

components likely presented different self-orgatmraas cast, which suggests that the
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potential energy surface was characterized by teiatp similarly efficient in terms of

light-to-charge conversion but surrounded by défgrenergy barriers.

Table 4.3.Photovoltaic responses of devices 1 and 4, frestdpared (data from Table 4.1) and aged for

150 hours at 85°C in inert atmosphere. The repatédd are averaged over 5 different cells.

0SC _
(Procesiing Aging Voc Jsc FF PCE
. 2 ) ’
solvent) conditions [V] [mA/cm’] [%] [%]
Device 1 fresh 0.79 10.9 71 6.1
(from o-DCB) aged 0.64 (-199%) 9.6 (-12%¥ 51 (-28%) 3.1 (-49%5
Device 4 fresh 0.78 11.7 68 6.0
from o-xylene +
( DIO))/ aged 0.73(-6%)  10.9 (-7%y 62 (-9%§ 5.0 (-19%

¥ in brackets the loss percentages of the photdegarameters relative to the corresponding paramrseit
time 0 (fresh device).

Voltage (V)
0.0 0.3 0.6 } 0.9
0 | o 4 o
—e—Device 1 Fresh /
3 - —o—Device 1 AGED
B —e— Device 4 Fresh /

—o— Device 4 AGED

-9

Current density (mA/cm?)
&

-12

Figure 4.7.J-V plots of device 1 (blue) and device 4 (redppestively processed from o-DCB and o-

xylene + DIO, fresh (filled circles) and after IS@&2 thermal stress (empty circles).

For a deeper investigation of the variations on termal stability of the described

devices induced by the different processing sobjetiie local micro and sub-micro

morphology was investigated on fresh and aged soédls through laser scanning

confocal microscopy (LSCM) and laser scanning ptwtieent microscopy (LSPM).

LSCM provides images of photoluminescence (PL)hef &ctive blend. Despite most of
the photoexcited states of the BHJ components @adped due to electron transfer and
charge generation processes typical of BHJ solds, sme residual PL arising from

unquenched photoexcited states of the donor orpamcelomains is still possible to

collect. The lateral resolution of the images obtoluminescence is in the order of

hundreds of nanometers (sub-micron) as it is styotgpendent on the laser wavelength
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(488 nm). Detailed analysis on the physical natbfremitting species can be obtained
through emission spectra at local point of the Béldlistinguish between polymer- or
fullerene-rich domains.

LSPM similarly exploits the advantages of a confarmécroscope allowing to record
images of local photocurrent. Indeed, it is an egaiis of the laser-beam induced current
(LBIC)1*?? with the advantage of a higher resolution. WhiBQM allows to visualize
selectively the morphology of the active layer && tPL comes from the BHJ
components, LSPM can be considered complementathy5@M because includes the
electrical contribution from all the layers of teelar cell. As a result, a map of the short
circuit photocurrent is obtained and, if compam@dhte image of LSCM on the same area,
the local photovoltaic response can be correlatelddal features of the active layer or
the contacts of the device. Further details argigeal in Chapter 2.

As shown in Figure 4.8, the LSCM images of freshiice 1 (Figure 4.8a) and device 4
(Figure 4.8c), in the area outside the top metettedde, exhibited almost featureless
morphology at the instrumental resolution whichigates similar and optimal self-
organization in accordance with the AFM images (Fég 4.6a and 4.6d, respectively)
and the photovoltaic response reported above (Talile After the thermal stress, the
morphology of the BHJ films in the area outside titye electrode drastically changed for
both devices (Figures 4.8b and 4.8d) with the faioneaof large rod-like aggregates in the
order of several micrometers even confirmed by AlRMges on aged devices (Figures
4.8b2 and 4.8d2).
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AFM
a. DEVICE1 b. DEVICE 1-AGED l . DEVICE 1 - AGE

[from ODCB) {from OBCB}

-
d2. DEVICE 4 - AGED
OUTSIDE THE rom xyl+DID) {from D) (frerem o+ GG

Tor ELECTRODE

- Bo
Figure 4.8.Left: Representation of the area of the devicestigated. RightLSCM images (size: 50 um x
50 um) in the area outside the top electrode ahfidevice 1 (a), aged device 1 (b), fresh devi¢e) 4nd
aged device 4 (d); AFM images (size: 20 um x 20 pfrgged device 1 (b2) and device 4 (d2) in thaare

outside the top electrode.

The LSCM images of aged devices 1 and 4 showed mopeneous background,
reflecting the initial blend morphology with weltermixed BHJ components, and the
presence of bright aggregates with rod-like shagech indicate a suppression of the
charge separation in that region. In sight of tli&, spectra localized on the bright
(spectrum A, black line) and background (spectrurmrnge line) regions of Figure 4.8b
were registered (Figure 4.9a). As shown, the twecsp were characterized by similar
spectral shape and differed only in terms of intgn$his means that they arose from the
same emissive specie, which corresponds to the HEBGlymer as confirmed by the
same spectral emission of the pristine HBG-1 (Fegu®a, red line). Moreover, PCBM
emission cannot be detected as this specie scaabslyrbs at the employed excitation
wavelength and because of the very low emissiomtgoa yield. As a result, brighter
regions are ascribed to polymer enriched domaingevthe darker background arises
from a finely intermixing between the BHJ comporsenthis reveals a consistent de-

mixing of the donor and acceptor phases of the BHJs
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——HBG-1
Device 1 out of the elecirode, A

——Device 1 oul of the eleclrode, B
——Device 1 under the electrode, C
Device 1 under the electrode, O
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Figure 4.9.Localized emission spec (a) measured on the bright ashark spots bor outside (b) and under
the top electrode (c). Regiolsand C refer to brighter spots while regioB andD to darker spots of

device 1. The emissiagpectrum ca film of pristine HBG-1 is reported as red line.

Despite aged device 4 showsimilar micro-sized and rolike features Figures 4.8d and
4.8d2), the amount of aggregates appeared reducednipared to aged device It may
be surprising that such drastic morphological cleangccurring with thermal ageing
not correspond to drasally reduced OPV performances of the solar (Table 4.3).
However, 1 is worthy to note that the presence of cher-physical interactions at tt
BHJ/contact interface could stabilize the morphglofithe active layer and influence t
re-organizéion during aging through th¢confinement effect”.To clarify the rea
correlation between the micrometric morphologicabtéires with the drop of tl
photovoltaic response of the aged deviLSCM images were similarly measured un
the top electrodeyhich is the area leading to the photovoltaic respoof the device:
Fresh device 1Higure 4.1ia) and device 4 (Figure 440showed featureless LSC
maps according to the images taken outside theslegtrod: (Figures 4.8a and 4.8c).
However, imagesf aged device 1Figure 4.10b) and device &igure 4.1d) under the
top electrode resulted consistently different frahe LSCM maps outside the t
electrode (Figures 4b8and 4.d). The BHJ morphology of aged device 1 showec
inhomogeneous distribwtn of micro and st-micro-sized bright aggregates which like
indicate a partial desixing process of the polymer and fullerene phe«uring thermal

degradation. Thissiconfirmed by thdocalized emission spect(&igure 4.9 measured
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on bright (Figure 4.9c, point C) and dark (Figur@c4 point D) spots and is in agreement
with the significant reduction of the device FF arat (Table 4.3).

a. DEVICE1 b. DEVICE 1- AGED
(from ODCB) {frem ODCB)

BHJactive layer

ITO electrode €. DEVICE4 d. DEVICE 4 - AGED
LSCM UNDER THE {from xyl+DIO) (from xyl+DIO)
Top ELECTRODE

Figure 4.10.Left: Representation of the area of the device stigated. RightLSCM images (size: 50 pm
x 50 pm) in the area under the top electrode ahfigevice 1 (a), aged device 1 (b), fresh devife 4nd
aged device 4 (d).

Concerning aged device 4, LSCM images under theleqrode (Figure 4.10d) resulted
almost featureless with a morphology similar to iim@age measured on the fresh solar
cell (Figure 4.10c). This fully correlates with tineodest variation of the photovoltaic
response of the device after thermal aging. Sirm@all reduction in the OPV parameters
after the heat stress was observed (Table 4.3grtalpre-organization of the BHJ or
eventual degradation at the interlayers or contacssipposed to occur at the scale lower
than the instrumental resolution.

It is worth mentioning the marked difference betwéee images, of both aged device 1
and 4, in the areas outside (Figures 4.8b and 4&d)under (Figures 4.10b and 4.10d)
the top metal electrode. This evidences the fundgaheole of the top electrode in
stabilizing the BHJ sub-micro morphology. This pberenon is due to the interactions at
the BHJ/metal oxide/metal interfaces, which appgeabe stronger than the de-mixing
tendency of the BHJ components thus hindering eh@dition of the rod-like aggregates,
which would be otherwise favored.

In order to shade light on the effect of the preso&s solvent on the stability of BHJ solar
cells, LSPM maps of both freshly prepared and adedices were measured as
complementary characterization method to LSCM. Ascdbed above, LSPM allows to
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directly correlate the local morphology of the aetiayer with the corresponding local
photocurrent response of the device since LSPMuded the contribution in terms of
photocurrent from all the layers. When comparedL8CM maps, it is possible to
distinguish whether eventual features induced ly tthermal stress arise from BHJ
aggregation or from contacts degradation.

It should be noted that Laser Scanning photoVoltslggroscopy (LSVM) would have
been more suitable for the analysis of the morphiodd changes in the devices after
thermal stress. Indeed, the photovoltaic parametéich changed most during
degradation was Voc (Table 4.3). However, LSPM B8Y¥M on the same area reported
similar images while higher resolution was obtaimedhort circuit rather than in open
circuit conditions, therefore LSPM was preferred.

According to the LSCM analysis under the top etesr (Figures 4.10a and 4.10c), the
LSPM images of fresh device 1 and device 4 (Figyrdda and 4.11c, respectively)
revealed a finely structured sub-micro morpholodyy. the case of device 1, the
morphology evolved towards a much coarser one plithse segregated domains after
thermal aging (Figures 4.11a and 4.11b) in accareavith what observed in the LSCM
images recorded under the electrode (Figures 4t6at.10b). On the contrary, device 4
preserved a finely structured morphology of the Bitthd even after the thermal stress
(Figure 4.11c and 4.11d), which well correlatedhwite LSCM analysis (Figure 4.10c
and 4.10d).

Figure 4.11.LSPM images (size: 50 um x 50 um) of fresh (a) aged (c) device 1, fresh (b) and aged (d)
device 4.
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In view of understanding the role of the BHJ preoeg solvent on the thermal
degradation of the corresponding devices, the cosgpaof LSCM and LSPM images
(measured on the same area) in aged cells allowsstimguish between the thermally-
induced features ascribed to the BHJ layer andethaisbuffer layer/electrodes. As
previously discussed, the LSCM image of aged deVi¢eigure 4.10b) showed partially
de-mixed phases with an inhomogeneous distributadn micrometric and sub-
micrometric brighter aggregates corresponding tgrper rich domains of the BHJ layer.
Figure 4.12a shows the same image where blue iml#icate those aggregates. The
correspondent circles in the LSPM image (Figure2l)1 comprise dark areas
characterized by lower photocurrent. This confitimet the phase segregation process of
the BHJ blend occurring with the thermal ageingesponsible for the observed lowered
photovoltaic performance of the device as a coreecgl of polymer aggregates which
limit the charge formation process in that regidn. addition to the BHJ blend
reorganization, the thermal stress partially aéddhe buffer layer/electrodes as revealed
by the presence of micro-sized spots with low pbwtent, evidenced by the red arrows
in Figure 4.12b, which do not have correspondeatufes in the LSCM image (Figure
4.12a). A similar degradation ascribed to the otstavas reported in the case of device 4
where little spots, highlighted by the red arrowsre present only in LSPM images
(Figure 4.12d) thus confirming the effect of praded thermal stress on the device
contacts. On the contrary, the BHJ appeared fdasgdoth in LSCM and LSPM maps
(Figures 4.12c and 4.12d) in accordance to the stodmluction of the photovoltaic
performance of device 4 after thermal aging (Tabh®). Only one micro-sized spot is
showed inside the blue circle (Figure 4.12c an@d)1which reveals a defect likely
occurring during the BHJ film processing.
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a. DEVICE 1 - AGED
(from o-DCB)
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DEVICE 4 — AGED
(from o-Xyl + DIO)

53.4

Figure 4.12.LSCM and LSPM images of aged device 1 (a and Ipecs/ely) and device 4 (c and d,
respectively). The red arrows indicate contact asfevhile blue circles highlight defects in the Bleyer.

This image is only a reproduction of Figures 4.1080d, 4.11b and 4.11d.

These techniques demonstrate the possibility tectdyr correlate the photovoltaic

performance with the local morphological changesiganic solar cells. Importantly,

they allow to visualize the evolution of the morfdgy with thermal stress thus

evidencing the effect of the processing solventrenmorphology of the BHJ. It is worth

to note that, because of the complementaritiesdEtvi.SCM and LSPM, it is possible to
discern the effects of thermal stress on the mdogjyoof the BHJ and on the eventual
degradation of the contacts, effect that is notetated to the processing solvent of the
active layer. Furthermore, a great advantage ddrlasanning microscopy over other
characterization techniques consists in the pdagido study working devices and

investigate crucial areas unlike accessiblg. inder the top electrode).

In conclusion, concerning the BHJ processing, thelene was here demonstrated an
effective solvent to obtain a thermally stable ninmpgy of the active layer without

sacrificing the photovoltaic performance of theresponding BHJ solar cells.

In general, the use of solvents with different clwadaphysical properties than the

common chlorinated ones can represent a powerfuhodeto further explore the

potential energy surface of the BHJ towards stabtehighly performing PSCs.
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4.3 Light degradation

4.3.1 General overview

Despite the presence of light is a key factor fog bperation of organic solar cells, it
represents one of the main triggers for device atdggion. Indeed, organic compounds
are susceptible to prolonged illumination, whichn gasult in chemical and physical
degradation of the active layer, buffer layersndeiifaces. In sight of this, the active layer
represents the part of the solar cell most suddept» photo-degradation processes.

In this context, the presence of oxygen plays &ialuole in the photo-stability of the
device as a plethora of oxygen dependent photdioeaccan take place. Nonetheless,
degradation processes might occur even in totadrades of oxygen through photolysis
processes, which involve chemical structure modliitns.

Concerning thedonor polymer, the molecular structure can be subjected to
rearrangements, chain scissions, cross-linking botgoxidation reactions, which
determine the reduction of the device performatc€?¥ In detail, the modification of
the chemical structure through scission of the pelychains affects the light-absorption
of the material as, by interrupting thheconjugation, the energy gap is raised while the
extinction coefficient is lowered” As a consequence, a smaller amount of excitons is
generated in the active layer. In addition, thespnee of new species leads to the
formation of sub band-gap levels which can genetatp-state recombinations in the
active layer or energetic disorder with influenaes the charge mobility and built-in
potential. Furthermore, the modification of the rgyelevels influences the energetic
alignment among the different materials with poesilimitations in terms of device
operation*¥ These processes of degradation are strongly deperh the polymer
structure. As reported by Manceaual., the differences in the chemical structure and,
more precisely, in the backbone side chains cafises)stance, lower photo-stability of
MDMO-PPV if compared to P3H{!

It is worthy to note that the photo-degradationcesses occurring in inert environment
are notably slow as evidenced by the 10000 hourBuofination furnished to P3HT to
observe a reduction of 20% of the absorbance. @rcontrary, the presence of oxygen
during illumination has a detrimental effect asadgcelerates and introduces additional

degradation processes. The stability of P3HT isictamably reduced and the oxidation of
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the side-chains starts a radical reaction whicliged the photobleaching of the polymer.
Figure 4.13a reports the degradation mechanism3bfTPwhere the abstraction of the
allylic hydrogen is followed by a photo-oxidatiomraction of the side-chain. This
stepwise radical processes end up in compounds avithgher oxidation state. The
occurrence of radical reactions is strongly depehda the stabilization of the radical
specie and, depending on the nature of the polyotleer photo-degradation mechanisms
can become predominant. In this context, reactmoseeding via sensitized pathways
through the highly reactive singlet oxygen simytai¢present major mechanisms of light-
induced degradation. Here, the photo-excited potydeads to the formation of
superoxide radical anions £Q or singlet oxygen(,), which cause oxidation processes.
Which of the two pathways of reaction is predomtnamlifficult to predict. It depends on
the degradation conditions, the characteristicthefpolymer and its physical state. For
instance, the degradation mechanism of P3HT intisolunvolves singlet oxygen while
thin films of P3HT are subjected to chain radicabation processes.

In this context, the presence follerene is relevant as it can sensitize the production of
reactive oxygen species thus contributing to thedaiion processes (Figure 4.13Db).
Despite several stability studies focused on fibhgristine polymer, it is worthy to note
that the contribution from the aggregation state e presence of the electron acceptor
material in the BHJ is not negligible. According toe degradation mechanism of
polymer via oxygen reactive species, photo-excitigiterenes are similarly able to
transfer energy or electrons to molecular oxygenfoion reactive specid&® This
increases the probability of formation of harmfahgounds, which elucidate the reason

of the still limited stability of BHJ solar cells.
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Figure 4.13.a) Radical photo-oxidation mechanism of P3¢fT:reprinted from Reft**® with permission

from Elsevier; b) Singlet oxygen formation mechamig film of pristine polymer (blue solid arrowshc

in BHJ (blue dashed arrows). Adapted from &% with permission of The Royal Society of Chemistry.

Furthermore, fullerene derivatives can be objegbludto-dimerization processes, which
are reported to be the responsible for the “bufridas of device efficiency in the first
part of the degradation pathway. Despite the measharof dimers formation is not
clarified yet, Heumuelleet at.**” demonstrated the dependence of the Jsc drop during
light illumination to the formation of fullerene rders. In this context, the BHJ
morphology is crucial as it determines the proxynat fullerene species and hence their
probability to react. Nevertheless, the presendeltdrene in the BHJ revealed also some
beneficial effects to the device stability. Insthe BHJ, fullerene acts a3:light screener
towards polymer thus reducing the amount of incgmildV photons;ii) radical
scavenger, which suppresses the harmful radicalesp@i) beneficial agent to limit the
formation of fullerene aggregates upon heatingh&spresence of dimers revealed to
prevent their formation.

The dual role of fullerene in stabilizing/destahitig the BHJ and the variety of possible
degradation mechanisms highlight the complexityhed type of studies and confirms the
importance of the nature and morphology of the BEtive layer.

In this context, the presence of some reside@lent additive in the active layer
represents another possible source of degrad&@mment additives are typically used to
improve the BHJ morphology and hence the devicefopaance. As previously
discussed, they are characterized by a relatively boiling point which prolong the
drying time primarily of the fullerene derivatividowever, this might leave some residual
solvent additive in the active film which, due tetpresence of the top electrode, remains

trapped inside the device. Despite the detrimeetdct in terms of device lifetime
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previously mentioned, the presence of residualtagdmight have detrimental impact
also in terms of light stability. Indeed, the usk amlditives such as DIO, which is
characterized by the presence of the light-lab#éoden-carbon borf leads to the
formation of radical species which can react whle polymer and the fullerene thus
affecting the device operatiéfi! The presence of DIO was demonstrated to be removed
by thermal or vacuum treatments of the active filefore the deposition of a capping
layer*®¥ However, the effect of DIO on polymers, which areinsically not very stable
like the class of the PTB7 derivatives, was fouadbe particularly detrimental as it
contributes to the degradation of the active filerewithout a top layet>*

This demonstrates that the chemical structure ef ghlymer has a relevant role in
determining the stability of the BHJ under prolotiggradiation. In sight of this, some
general design rules were developed in order tadave use of light-sensitive chemical
groups. While aromatic polycyclic groups are sutggb$or the backbone because of their
good photostability, the use @f exocyclic double bonds in the main backbong,
functional groups containing quaternary sit@s, cleavable bonds such as C-N or C-O,
should be avoided because destabilize the actyes.|l€oncerning the side-chains, £R)

OR and H are progressively considered more licgiet*>®!

Despite the relevant role of the nature, morpholaggf composition of the BHJ on the
stability of solar cells under prolonged light sseother parts of the device need to be
carefully considered in this context. The invedima of the active layer/electrode
interface revealed the important effect of thierlayers on the device stability. In detall,
Williams et al.**® showed that the direct contact of the electrodkh wie active layer
results in a pronounced degradation of the relatesce when compared to similar cells
endowed with electrode interlayers. This highligis role of buffer layers in the device
stability and evidences the complexity of the ddgt@n processes occurring in organic
solar cells.

During the PhD project, a contribution to the coeffansion of the light stability of push-
pull polymers and ZnO derivatives used in PSCspragided and hereafter discussed.
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4.3.2 Light stability of photoactive materials

Part of this paragraph is adapted from:
D. Gedefaw, M. Tessarolo, M. Prosa, M. BolognesHénriksson, W. Zhuang, M. Seri, M. Muccini, M. Radersson,
Sol. Energy Mater. Sol. Cells 2016 144, 150, with permission from Elsevier.

The chemical and physical stability of the BHJ \atiayer is one of the most critical
aspects. Despite the advantages in the use of padyare manifold, one of the major
issues associated with their application concehesr tvulnerability under operation
conditions.

In this context, several studies focused the attenbn the stability of various donor
polymers under prolonged illumination. In most le¢n, the UV-visible photo-bleaching
is monitored, under ambient conditions, as a famctf the degradation time. However,
the degradation processes which change the polgroperties are significantly fastened
in air. Moreover, further light-induced processesuw in presence of oxygéli® As
previously described, the polymer stability and tla#e of degradation are strongly
dependent on the structural properties of the nahtéfor instance, the number, size and
nature of the polymer side chains, which are furetaal to tune properties such as
solubility, processability, energy levels, strueluconformation and physical-chemical
interactions, have crucial role for the polymer fghstability. To generate knowledge and
guidelines in view of designing stable chemicaustures, the effect of side chain
manipulation on the prolonged illumination staliliof the relative polymers was
investigated and then correlated with the phot@aolperformance and lifetime of the
corresponding BHJ solar cells. In detail, during #hD program, a specific study on a
series of polymers based on a quinoxaline (FQ)mocainit combined with differently
substituted benzodithiophene (BDT) or an unsulstituthieno[3,2-b]thiophene (TT)
(Figure 4.14) was carried odt”) The polymers were compared in terms of optical,
electrochemical and photovoltaic properties in ortte investigate the impact of the

structural modifications on the photo-stabilitytbé resulting pristine or blended films.
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P(2)-PFQBDT-TROR

CaHo
CeHiaz

P(3)-PFQBDT-TR P(4)-PFQTT
Figure 4.14.Chemical structures of P(1), P(2), P(3) and |

The first polymer PFQBD-OR (named P(1)) veabased on the BDT unit functionaliz
with electrondonating alkoxy groups -ethylexyloxy) which wee replaced in PFQBL-
TROR (named P(2)) with all-oxy-alkyl substituted thiophene (&ityloctyloxybuty-
thiophene) side chain conjugated polymer). PFQBI-TR was characterized by
linear octylsubstituted thiophenes (named P(3)) while in thst [@olymer (PFQTT,
named P(4)the BDT unitwas replacé by an alternative unsubstituted thieno-
b]thiophene (TT) cononomer. The synthesis of P(3) is described inezipus worl®,
while the synthetic routes and detail on the charatics of P(1), P(2) and P(4) ¢
reported in the referenég”’.

The purified polymers exhibited comparable molarsses Table 4.) and good
solubility in the organic solvents typically useat tlevice fabrication (> 15 mg/mL ir-
DCB) due to the presence of suitable side chamsedl to the polymer backbone.
note, in P(4) the phenyl rings linked to the quialaxe moiety were c purpose
functionalized with branched alkoxy side chainstéad of linear octyloxy chains,
compensate the reduction in solubility inducedhmyuse of unsubstituted TT grot
Figure 4.15shows the optical absorption spectra of the pespolymersP(1)-P(4) in
dilute chloroform solutionFigure 4.15a) and thin films (Figure 4d)5They all exhibitec
a higher energy absorption band between 380 andn#80assigned to localizet-n*
transitions, and a lower energy band between 500780 nm (up tc 750 nm for P(4))
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arising from the inter-molecular interactions betwehe polymer chains and from intra-
molecular charge-transfer-like interactions betwtenelectron rich (BDT or TT) and the
electron poor (FQ) moietiéS® While for P(4) the vibrational structure of thevienergy
band was well resolved showing two peaks &30 nm and~ 670 nm respectively, for
the other polymers the two peaks were not disckrnibhe different position of the
absorption bands for all the polymers, both in 8oluand at the solid state, arose from
the different chemical structures of the polymétsr instance, the replacement of the
alkoxy chains of the BDT unit (P(1)) with thiophebased side groups (P(2) and P(3))
extends ther-conjugation resulting in a red-shifted absorptwnfile. As expected, the
increase of the donor-acceptor behavior of the melythrough the use of the electron
richer TT unit (P(4)) instead of BDT (P(1)-P(3)ill® a further red-shif60 nm) of the
absorption spectrum.

By comparing the solution and solid state speairaeich polymer, the similar features
and the 10-20 nm of red-shift in the onset of thia film spectra suggested a partial
aggregation of the polymer chains at the solidest@ihe onset values of the thin film
absorptions were used to estimate the optical gapdf the polymers (Table 4.4).

The blue-shift of the maximum of absorption for PPY3) when passing from solution to
solid state (Table 4.4) arose from the inversionthe relative intensities of the two
vibrational transitions of the low energy band. Whn solution the most intense peak of
the vibrational structure was the lower energy @tehe solid state the most intense was

that at higher energy (Figure 4.15).

Table 4.4.Molecular weights, optical and electrochemical mies of polymers P(1)-P(4).

polymer M, M2 . Solutlzn . Th|n-f|im Egapb Evovo Evomo
[kDa] [kDa] MAX ONSET MAX ONSET [ev] [ev] [ev]

[om]  [om]  [nm]  [nm]

P(1) 32 82 602 693 595 702 1.77 -5.74 -3.50

P(2) 24 54 622 705 607 720 1.72 -5.84 -3.56

P(3) 37 133 614 710 610 726 1.71 -5.89 -3.61
629, 629,

P(4) 19 53 669 740 676 750 1.65 -5.64 -3.45

¥ in brackets the loss percentages of the photdugirameters relative to the corresponding parersett
time O (fresh device}? Optical Bap= 1240/ onser-
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Figure 4.15.Normalized UVvis absorption spectra of pristine polymers in tdilchloroform solution (¢

and thin films (b) depositean glass from chloroform solution (thicknex 80 nm).

As shown in Table 4,4P(2) and P(3) were characterized by similar HOand LUMO
energies (estimated B§WV)™"! while the analogous P(1) presena slightly higher
HOMO which arge from the more electron donating effect of thexa} chain bond t
the BDT unit. Similarly, the electron rich TT ofehP(4) raised both the HOMO and -
LUMO compared to the other polymeand resulted in a smaller energy gap. This |
agreement with other studies as the reduction efbdnd gap is a consequence of
increased pushull character of the chemical structi**¥ Interestingl, all the P(1)-P(4)
polymers showed relatively deep HOMO levels whiakior high values of device V«
according to the energy difference LUl, — HOMO; and are in the ideal range
ensure a good astability**%!

To note, the electrochemical band gaps resultegetathan the corresponding opti
gaps. This arises from the differen in the measuremenf§! Indeed, after ligh
absorption, excitons are formed in conjugated pelgnOn the contrary, ionized sta
are created during electrochemical measurementsedver this latter measurement
subjected to interface barrier at the polymerimfélectrode which might influence t
measurement. Finally, the nanomorphology and theltieg energetic distribution of tt
states is strongly dependent on the processinditions and hence a film prepared o
the electrode or over a flat substrate could sicgmitly differ.

The photochemical stability of P-P(4) polymers was investigated by depositing fi
of neat polymer on glass substrates and then kgeffiem under standard lig
illumination in air.

Figure 4.16 shows the evolution of the -vis absorption profiles « P(1)-P(4) as a
function of the irradiation time. The general temcke was similar for all polymers, wi
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the magnitude of the peaks decreasing over timet¢-bleaching). Despite the differe
rate of the photdleaching as a function of the polymer cture, itwas evident that,
concerning the low energy band transi, the absorption of the Ic-energy peak
decreased, for all the polymeric films, faster thdne higher energy one duril
illumination. This resulted in a change of the apson profiles whichwas ascribed to a
reduction of thet-conjugation length as a result of saturation/opgwinthex-conjugated
units or chain scission reactions caused by [-induced oxidation of the polyme. To
evaluate the photodegradation of I-P(4), the evlution of the absorption profiles wi
monitored for 72 hours by focusing on the reductower time ofthe peak at higher

energy of the lonenergy absorption banFigure 4.16).
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Figure 4.16.UV-vis absorption spectra of P-P(4) neat polymeric film§from chloroform, thicknes= 80
nm) measured over time (up to 72 hours) during i It illumination in air. The blue arrows indiesthe

absorption peak taken as reference for the absarggcay of each polymeric fil

The remaining absorption peintensity (Rmgs) as a function of the ageing tinwas
used to quantify the photodegradation of the polyerféms. Rmags was calculate using

the equation:
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Rmyps (%) = % x 100 4.1

where Auax (1) is the residual absorbance after a specifiet (5, 30, 45 and 72 hour
extrapoléed from the UM-vis spectra in Figure 4.16, whilepAx (to) is the initial
absorbance of the freshly processed f

Figure 4.17reports the trend of Rags for all the neat polymer films over irradiatit
time.

While P(2), P(3) and P(4) showed similar degradatimte resulting in a final value
absorbance close to 60% of the initial intensit{i)presented a faster ph-bleaching
since after 5 hours of illuminion a drop of about 15% of the initial intensity v
reported. Then, the trend was similar to the othesfinally reaching a value of 45%
the initial intensity. This indicad the poor photstability of P(1) in these conditiorif
compared to P(2),(B) and P(4) which resulted in higher final ags values after 72
hours, respectively 63%, 65% and 7:
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Figure 4.17.Evolution over illumination time of the residualghier energy peak intensity (fags) of the

lower transition band extracted from 1UV-vis absorption profiles of P(1{4) neat polymer film

As previouslymentioned, the polymer structure and in particthiar nature, number ar
length of the side chains bond to the polymer bankbstrongly influence the phe
chemical stability of ta resulting films. By analyzing the chemical stues, P(1
contains alkoxy side chains where the oxygen ataraslinked to the BDT monom
which are easily cleavable under illumination thatarting the polymer degradatic
Indeed, the resonance stizing effect of the oxygen atom is known to weakbe
energy of the G4 bond of the adjacent (; group @ position) thus favoring th
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hydrogen abstraction by a free radical leading fosside chain oxidation and then to the
subsequent stepwise oxidations as similarly ab@geribed for other polymers (Figure
4.13a). For P(2) and P(3), the replacement of thygen atoms with aromatic units
(thiophene) significantly improved the resultingopttchemical stability. Interestingly,
the nature of the residual alkyl-oxy-alkyl or alk§or P(2) and P(3), respectively) portion
of the side-chain bond to the thiophene ring reaatah negligible impact on the
degradation rate of the corresponding neat fild) M(here the BDT was replaced with
an un-substituted TT unit showed the best stalititgrolonged illumination in the series.
These results are in agreement with other repbrs highlighting that the absence of
substitutions on the polymer backbone enhanceligttiestability of the structure.

It is noteworthy that the photo-chemical stabilitypolymer films is generally not only
related to the intrinsic properties of the diffarstructural motifs and energy levels but
also to the self-organization and of the polymeaich at the solid state as, for instance,
the polymer packing, the void fraction, etc. Indetis would result in a different rate of
oxygen diffusion inside the layer thus inducing rual differences in terms of the light-
degradation rate. Besides that, the obtained sestfiér useful indications and guidelines
to further clarify the structure-photostability agbnship for this class of polymer in
agreement with other repoft&

The reported polymers were used in combination Ri&kBM as active layers for PSCs
with the conventional structure: glass/ITO/PEDOTSRigtive layer/LiF/Al. All the BHJ
layers were processed by blade-coating in air feBICB solutions without any further
post-processing treatment. The corresponding OPltee measured under standard

illumination are summarized in Table 4.5 and the/Jlots are shown in Figure 4.18.

Table 4.5.Photovoltaic results of freshly prepared BHJ saielts based on P(1)-P(4):R8M films as
active layer. The data are averaged over 5 cells.

Polymer:PCs;BM  Thickness Voc Jsc FF PCE
i m] M [mAem?] (%] [%]

P(1) 90 0.77 7.7 68 41

P(2) 115 0.85 7.6 58 3.8

P(3) 105 0.81 10.2 63 5.2

P(4) 110 0.65 9.2 64 3.8

3 As cast BHJ films with polymer:REBM ratio 1:1 (wt/wt).
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Figure 4.18.J - V plots, under 1 Sun illumination, of optimized Bhsdlar cellsbased on P(1)-
P(4):PG.BM active layers.

The different solar cells showed remarkable phdtauowresponses for all the polyme
The best result was obtained using P(35:BM as active blend which reached a PCE
5.2% with Jsc = 10.2 mA/c® Voc = 0.81 V and FF = 63%, in agreement wit
previously published wor®! Concerning P(1pased solar cells, the P of 4.1%
resulted consistent with the values reported fonilar system{** Slight discrepancie
arcse from little differences in the chemical struetor in the values of molecular wei¢
and PDI of the polymer.

All P(1)-P(4):PG:BM solar cells were characterized by Voc valuegreat correlation
with the differences in the HOMO levels of the dommlymers as Pg:BM is the
acceptor for all the BHJs. In detail, the -lying HOMO (= -5.8 eV) of the BD-
endowed polymers resulted in higher V= 0.8 V) if compared to the Voc of F)-based
device (0.65 V), where the PFQTT polymer is chamazed by a relatively highe
HOMO level (-5.64 eV).

The FF seems to follow a trend with a certain ddpane on the complexity of tl
polymer chemical structures. Indeed, FF of 68%, 6886l 58% \ere respectively
reported for P(1), P(3) and P-based solar cells where the polymers are charaetehy
the BDT unity substituted witki) alkoxy, ii) alkyl-thienyl andiii) a longer akyl-oxy-
alkyl-thienyl side chain, respectively. On the contraing different chemical structure
P(4) where ursubstituted TT replaces the BDT unit, cannot beetated with the othe
structures. The FF of 64% suggests a proper phageegation and int-chain
interactions likely promoted by the planar TT mupit

The Jsc generated by P-P(3):PG:BM based cells varies betwe~ 7.6 mA/cnf, for
P(1) and P(2), and 10.2 mA/?, for P(3). Since the three polymers presented airbiV-
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vis absorption profiles in the same spectral rafiggure 4.16 and Table 4.4), the
variations in Jsc are likely due to different marjdgical organization of the
corresponding BHJs. For instance, the absorptitensgity of P(2) doubled that of P(1)
(Figure 4.16a and 4.16b) despite their resultingioge Jsc were very similar. This is
ascribed to a reduced amount of split excitonsclwtian be associated to a different
organization of the respective BHJs at the sobdeslikely due to differences in the
molecular weight of the respective polymers. Simdansiderations involve P(4)-based
solar cells that, despite the red-shifted absompsipectrum of P(4) compared to that of
the other polymers (Table 4.4), showed a compargef 9.2 mA/crh

Beside the evaluation of the initial photovoltaierformance, the photo-stability of the
resulting P(1)-P(4)-based solar cells was investdjan order to identify eventual
correlations of the intrinsic properties of the yoers with the stability of complex
systems (BHJ devices) where several factors simedtasly play a role. A meaningful
comparison is ensured by the use of an identicaicdestructure for all the different
polymers. To simulate the degradation processesriogg in operating devices, the
freshly prepared solar cells were illuminated unidert atmosphere (analogously to an
encapsulated system). As during prolonged illunmatthe devices are typically
subjected to light-induced heating, an additiordlc$ identical devices was fabricated as
control and, entirely masked using black tape, waposed to the heat stress from
irradiation (Figure 4.19a).
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Figure 4.19. Evolution of thenormalized OPV parameters from P@E(4):PCBM based solar cells o\
illumination time. a) Heat stress refers to fullypvered devices under illumination heatir= 50°C); b)

devices undeprolonged illumination (both heat and light stre

The control devices exposed to heat stress exdilstmilar and satisfying therm
resistancewhich resulted in photovoltaic efficiencies close~ 90% of their initial
values after the thermal tetHowever, an exception concerns the solar cellsdhask
P(2), whose efficiencies dropped of about 30% after 7@rh@f aging. Thiwas likely
due to thermallyinduced morphological modifications of the BHJ aggested by th
reduction in Jsc and FF ovtime. Indeed, e presence of relatively long and branc
side chainscauses steric hindrance in solid fi, which mightincreasethe interchain
distances and in turgeneree some void fractions at the solid statkis might facilitates,
under thermal stresshe diffusion of PCBM molecul, which would promote th
formation of aggregates/clusters in the BHJ blemtilzence limit the OPV performar.

These results suggest that, except the case of B{2ntual reductions of devi
efficiency during lght soaking can be mainly ascribed to I-induced degradation sin:
the contribution of the thermal stress is comparalnld not substantial for the other ce
As shown in Figure 4.18 the degree of device ph-degradation is remarkably differe
among the polymerd.he decrease of the PCE was generally caused bygraate in F
and Jsc, whereabe Voc was more or less stable during the 72 holirmeasuremen
except the case of P(4) based cells. Note that,Vibe loss during photoinduce

degraddbn has been recently demonstrated to become rglé@&vaamorphous materia
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as a result of a redistribution of the charges ibreader density of stat€4? The
amorphous character of the P(4) based blend mightelated to the relatively low
molecular weight of the polymer (v 19 kDa and PDI = 2.8).

Besides the comparison of the individual light-sémnces within P(1)-P(4)-based solar
cells, it is similarly important to analyze thefdiiences of stability trend passing from the
application of the polymers in solar cells to filmg neat polymer (Figure 4.19b and
4.17). Indeed, contrarily to the stability of tredative neat films, solar cells based on P(1)
and P(3) resulted the most light stable by presgrvi85% of their initial performance
with reduction only ascribed to the FF. While, P&d P(4) based cells exhibited the
greatest degradation showing a decrease in PCB &p56% and 42% of their initial
photovoltaic efficiency, respectively. To note, tpaf the degradation for P(2)-based
devices arises from thermally induced effects,rasipusly described. The divergence of
stability trend between neat polymer films and twmresponding BHJ solar cells
highlights that the photo-chemical degradation lnes several processes, which cannot
merely ascribed to the polymer structure.

An additional analysis revealed that the absorpsipectra of P(1)-P(4):R¢M blends,
before and after light stress, were almost unchéifdata not shown), which suggest the
negligible differences in the BHJ morphology. Thisnfirms the complexity of the
scenario about the causes of light-induced degmadahd demonstrates that the presence
of PCBM in the BHJ partially preserves the photeaghing of the active layer and
mitigates the rates of photo-degradation. Despigeinivestigation of neat polymer films
provides precious information on the stability b tchemical structures, this results
rather inconclusive in terms of stability assesdnodrthe corresponding OPV devices.
Indeed, the presence of internal interfaces, PCBdleaules or the differences in terms
of processing, fundamental for the optimizatiortha initial device performance, induce
different morphological distribution of the polymehmains and hence of the resulting BHJ
photo-stability where the intrinsic polymer lighgsistance is one of the fundamental
requirements but not enough to predict the behafiarcomplete device.

To conclude, in this work, the polymer structuresviiemonstrated to play an important
role on the photodegradation of the correspondeeg films. In detail, the use of alkoxy
side chains on the BDT unit in P(1) showed a reddyi faster degradation while the use
of an unsubstituted TT comonomer in P(4) resulteel most light-stable neat film.
Despite that, a different trend was found for tharesponding BHJ solar cells.

Interestingly, the best candidates resulted P(d)R(8), which showed great initial device
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efficiency as well as remarkable light stabilityeasdenced by retention of about 85% of
the initial performance after ageing. If comparedhe poor stability of P(2)-based cells,
this demonstrates the beneficial role, in termdigift resistance of the corresponding
polymer, of using relatively short side chains. sTeuggests that the use of relatively
compact substituents on the BDT unit improves tgbt Istability as a consequence of
enhanced inter-chains interactions and reduced fraictions in the BHJ films. The

relatively high performance of blade-coated solaliscbased on P(1) and P(3) in
conjunction with the great light stability repreteera guideline to further explore the
potential of this class of polymers, which seennuising candidates for the development

of efficient, light and thermally-stable polymers OPV applications.

4.3.3 Light stability of interlayers: impact of the Al-doping on the ZnO properties

Part of this paragraph is adapted with permission from:

M. Prosa, M. Tessarolo, M. Bolognesi, O. Margeat@@defaw, M. Gaceur, C. Videlot-ackermann, M. Rdéusson,
M. Muccini, M. Seri, J. AckermanmACS Appl. Mater. Interfaces 2015 8, 1635. Copyright 2016 American Chemical
Society.

In order to optimize the charge collection of origasolar cells, interlayers are typically
inserted at the BHJ/electrode interface to reduc®lecular recombinations and improve
the ohmic contact. Over the years, the developn@ninew materials and their
optimization clearly contributed to push the effincies of PSCs. Typically, high work
function materials such as PEDOT:PSS or Ma€ used as hole transporting interlayers
(HTLs) at the anode while low work function matésitike (PFN)*Y polyethylenimine
ethoxylated (PEIEY¥? TiO[*% or Zzn3*¥ are used as electron transporting layers (ETLSs)
at the cathode.

Among ETLs, ZnO is one of the most attractive beeanf its electron conductivity, low
work function, good optical transmittance, non tityi and low cost*® In addition, the
possibility to be synthesized in the form of nantipkes (ZnO NPSs) results in solution
processable ZnO inks which generate films with leghductivity and without the need
of additional post-treatments?!

Despite the attracting properties of ZnO for phottaic applications, one limitation
concerns its oxygen susceptibility. Indeed, the domtivity of ZnO is negatively
influenced by chemisorbed oxygen which capturestelas from the conduction band

thus creating a depletion region with high resisti#**'**®! This process is physically
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reversible and, if ZnO is irradiated with ultravablight, chemisorbed oxygen molecules
are released from the ZnO layer thus restoringctreductivity of the materidt*” 148!
Although light irradiation could restore the contiuty of ZnO, prolonged illumination
could induce irreversible degradation. Indeed, Ujtitlsoaking in the presence of oxygen
triggers the formation of “chemical defects” whiaduce the reduce the n-type behavior
of the ZnO. These are likely p-type defect of thttide structure that induce an increase
of the ZnO e work functiof#1S0ILsHI152]

As a consequence, the presence of oxygen duringfiin@rocessing could represent an
issue for the photostability of solar cells. In didd, since the adsorption of oxygen is a
surface-related phenomenon, structures with a $ugtace-to-volume ratio, as in the case
of films of ZnO NPs, might be particularly senséito light exposure if processed in air.
In this context, a deeper investigation on the oblikght soaking on solar cells containing
a layer of air-processed ZnO NPs is of particuiéerest.

Despite the above-mentioned suitability of ZnO ftiotovoltaic applications, the use of
undoped ZnO for large scale production of optoebeit devices could be challenging in
term of processing. Indeed, in industrial fabricafirelatively thick layers in the order of
100 nm are preferred to ensure a complete subsiwatzage avoiding the risk of defects.
Since the conductance of such thick layer of ZnQuldianot be sufficient to ensure
efficient performance of the relative devit&! ZnO is usually doped with small amounts
of metal ions such as Al, Ga, etc. Among them Ahwmi-doped ZnO (AZO) is one of
the most studied for photovoltaic applicatiétié. Indeed, similarly to ZnO, AZO can be
processed in the form of solution-processable MiRs and, besides showing the same
advantages of ZnO in terms of work function, tramepcy and processability, it is
characterized by a conductivity which is three orofemagnitude highet>! Therefore,
AZO is introduced to facilitate the use of ZnO-lthseaterials in industrial processes like
roll-to-roll.

Roll-to-roll industrial coating processes mostlidglace in ambient conditions and the
effect of air as well as light soaking of undopedCZis known to be detrimental.
Therefore, it is crucial to understand the effadt@rolonged illumination on solar cells
based on air-processed AZO films.

To this end, during the PhD program a series ofitgmi-processable ZnO-based NPs
were investigated) pristine,ii) 0.03 at.% (AZQoy), iii) 0.37 at.% (AZQ37) andiv) 0.8
at.% (AZQyg) Aluminum-doped*? Figure 4.20 shows their optical and morphological

properties and the relative energy levels. In tietia?@ morphology of the corresponding
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thin films deposited over ITO resulted homogeneeith surfaces relatively smooth

revealed by a roughness of 8, 6, 4 and 4 (RMS) for ZnO, AZCp o3 AZOg 37 and
AZOg g film, respectively. All the Zn«-based layers showesimilar UV-vis spectra
(Figure 4.2@) characterized by an optimal transmittance higfn@n 80% over the enti
visible range with an absorption peak at 345 nne €hergy levels of the valence ¢
conduction bands resulted similar for allO (-7.7 eV and 3.6 eV, respectively) ar
AZOy (-7.8 eV and 3.7 eV, respectively) films which would favor a go@nergy
matching with he adjacent materialFigure 4.26). The great optical, morphological a
energetic properties make the repoiZnO/AZQOy suitable for their incorporation as E”
in PSCs. To note, the Aluminum concentration inis did not influence the propert

of the AZQ, with respect to ZnO as confirmed by the similarmganies of all the inks
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Figure 4.20.AFM images (5um x 5 pm) recorded in tapping mode of ZnO (a), 103 (b), AZOy 37 (C)
and AZQy (d) deposited on glass/ITO substrates. The surfaoghness of the corresponding lay
(RMS) is 8, 6, 4 and 4 nm, respectively. e) Tratismce spectra of the reportfilms and f) energy leve

diagram of the materials used in PS

A set of solutionprocessed PSCs was fabricated using a newly syrd¢igdepolymel
PFQ2T-BDT (namedP(1l) as electron donor materiaFigure 4.2a) of the BHJ in
conjunction with PGBM as eectron acceptor. Details on the synthesis, optcal

electrochemical properties of P(1) are reportetthénreferenc 2.
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In view of stability tests under prolonged lightests, the inverted device geometry was
preferred (Figure 4.21b) in order to minimize ewahtcontributions to degradation
arising from sensitive electrodes/interfatéd.

The thickness of all the different ZnO/AZ@Ims was intentionally fixed around 40 nm
in order to avoid electrical differences arisingvieen doped and undoped NPs. The
reported formulations were processed by spin cgatither in air or in inert atmosphere
(N2 environment) and successively annealed at 140f@Saninutes to remove eventual
water content adsorbed on the solid structure amdihe case of air-processing,

immediately transferred inside a glove box to miggmmoisture contact.

PFQ2T-BDT (P1)

Figure 4.21.a) Chemical structure of PFQ2T-BDT (named P(1)teten donor polymer; b) representation
of the inverted device configuration of the singlaction PSCs fabricated using the different ZnODyZ

NPs as ETL and P(1):RBM as BHJ.

Freshly prepared PSCs based on ZnO (Device A), Ad@evice B), AZQ 37 (Device
C) and AZQ s (Device D) showed nearly identical photovoltaicfpemance (Table 4.6
and Figure 4.22) with PCEs over 4%, Jsc=d8.7 mA/cnf, Voc of ~ 0.87 V, FF ofx
55%, and series @Rand shunt (R) resistance of 11 Q cn? and~ 680 Q cnt,
respectively. Hence, the OPV parameters of fresBsP8ere not influenced by the Al
doping level in ZnO as expected from their similaoperties. Furthermore, the
processing environment of the ETLs did not reveay affect on the photovoltaic

response of the corresponding devices.
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Table 4.6.0PV responsef freshly prepared PSCs. All the OPV parameteesaaeraged over 10 samp

and mean values are reported with their standarigititen.

ETL Jec R<
. » Voo FF  PCE Ren
PSCs ETL procgs.mg [mA/cm V] %] [%)] [Q . Qo
environ. ] cnf]
+ + + +
N, ge+03 087 S alx 115+ oh10
Dev. A 710 0.003 2 0.1 0.1
' ) 0.87+ 55+ 42+ 10.8 =
Air 88+03 oo 1 o1 0q 670%10
N, 87401 087+ 55+ 42+ 108% 680 + 10
Dev.B  AZQ, 0.003 1 0.1 0.1
' 03 A ggs0g 087% 54x 4lx 113 o
R 0.006 2 0.1 0.1 -
+ + + +
N, g7+03 087 5% 42x 110+ 0010
Dev.C  AZO, 0.004 2 0.1 0.1
' 37 A 87403 087%f 55 42% 115% o o
e 0.005 2 0.1 0.1 -
+ + + +
N, 8.6 +0.2 086+ 56+ 4lx 105 690 + 10
Dev.D  AZO 0.005 1 0.1 0.1
' 8 A ggs0p 086% 54x 4ls 102% o o
R 0.009 1 0.1 0.1 -

3 R, was calculated as the slope of the tangent lirtheot-V curve at V > Voc? Ry was calculated as the

slope of the tangent line of th-V curve at V = 0.
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Figure 4.22.J-V plots of fresh (filled symbols) and illuminatéat 40 h under AM1.5G simulated sunlic
(empty symbols) solar cells based on: ZnO (red)Qq.0z3 (black), AZQ 37 (blue) and AZG g (green) ETL.

The plots refer to devices in which the z-based ETLs are processed in inert atmosphere (a)air (b).

Z
P,

The black arrows highlight the transition of tl=V curves when passing from fresh to degraded és

To investigate the effect of prolonged irradiation on #tability of the reported sol:
cells, all devices were kept for 40 hours undenddad AM1.5G illumination in inel
environment and their \J-plots were measured at defined time intervalscoiding to
their initial OPV responses, all the aged solarscelith ETLs processed in, showed

similar J-V plots Table 4." and Figure 4.22 Despite the devices resulted less effici

119



Chapter 4 — Stability investigations on completeicks

they degraded in similar way and independently lo@ type of ETL. In detail, Jsc
dropped to= 7 mA/cnf, Voc to= 0.81 V, FF tox 45% and PCE from about 4% to 2.5%.
A partial degradation was expected since prolonthaahination is known to reduce the
performance of the BHJ active layer. Indeed, avipusly discussed, light catalyzes
processes such as photobleaching, morphologicalgelsa etc. which are complex and
eventually interlinked. However, since the reporsedar cells differ only for the ETL
and, moreover, the OPV parameters of fresh and dgettes resulted similar, it is
reasonable to assume that light-induced processesrog in device A, B, C and D were
not influenced by the nature of the ZnO-based NRsnaprocessed in inert environment.
On the contrary, the degradation trend of cellsetbasn air-processed ETLs resulted
considerably different as reveled by the correspahd-V plots and OPV parameters
(Figure 4.22 and Table 4.7). In particular, devicevhere the ETL is based on undoped
ZnO exhibited the lowest performance after prol@hg&umination; device B using
AZOpozas ETL resulted the most stable and interestiaghybited the same photovoltaic
response irrespectively on the processing enviromnaevices C and D, respectively
using AZQ37 and AZQ g as ETLs, were less stable compared to device Bsbilit
showed an enhanced photostability with respectetdicéd A. Despite the processing
environment did not revealed any effect on the agaion trend of device B, devices A,
C and D were found to be less stable when the sporeling ETL were processed in air
rather than in inert atmosphere. This indicates ZIm®, AZQ, 37 and AZQ g layers were
affected by light stress depending on their praogsgnvironment. To identify the
possible causes of the difference in stability iofpaocessed ZnO and AZCETLS, the
trend of decay of the OPV parameters during ligiposure was analyzed (Figure 4.23).
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Table 4.7.Photovoltaic response of aged PSCs (40 hours uxidé&r5G illumination in inert environment)
using ETLs based on ZnO, AZ@, AZO, 37 or AZO, g and processed in inert environment)(Nr in air.

All the OPV parameters are averaged over 10 sangpidsmean values are reported with their standard

deviation.
ETL Rs
_ Jsc Voo FE  PCE Re,
PSCs ETL processing > 0 0 [Q b
environ. (mAVen] V] el DAl cn”]? [ enf
N, 72403 O08LE 43,4 25% 186x 510010
0.005 01 01
Dev. A Zn0O
Air 75401 000f ooy L7E 31TE 40010
2 =0 0,002 =+ 01 01 =
N, 69+05 O81* ,e.q 26% 165+ o00i10
Dev.B AZO, 0.004 02 01
' 03 A 73403 081+ 43+ 25+ 17.1% 320 + 10
=*0S 9005 01 01 01 *
+ + +
N, 70402 081 4a,q 24% 196% S50 i10
0.007 01 01
Dev.C AZQs 0.72 + 20+ 205+
Air 6902 o0 40x1 ‘O S 0T 27010
+ + +
N, 60403 82 g.q 25% 195% 45510
0.005 01 01
Dev. D AZQys 0.72 + 20+ 224+
. . 72+ L, 20% 2241 .
Air 6801 oo 41x1 5 “07% 280:10

3 R, was calculated as the slope of the tangent liteeof-V curve at V > Vo Ry, was calculated as the

slope of the tangent line of the J-V curve at V.= 0
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Figure 4.23.Normalizedevolution over illumination time of Jsc (a), Voo (FF (c) and PCE (d) for devit
A (red triangles), B (black circles), C (blue sqesgrand D (green rhomboid

As shown in Figure 4.23which exclusively refers to «processed ETLs, the J
decreased with a similar line trend for all devices (Figure 4.23a)hi$ reduction it
ascribed to degradation mechanisms common toakdhar cells and that likely affed
in similar way the atve layer or the BHJ/interlayer interfaces. Divady, the decrease «
Voc (Figure 4.23b), FRAigure 4.2c) and PCE (Figure 4.23d) waonsiderably differer
within the four types of device and consistentlyaier for device B. The degradati
trend ofVoc and FF for device A, C and was characterized by an initial drop afte
hours of illumination whichwas followed by a smoother decrease up to 40 h
Interestingly, the differences among the degradatiends of the devicewere observed
only in the first few hours; then, both the Voc and FF dasd in a similar and gradui
way for all the solar cells. Sincdevices A, B, C and D with aprocessed ZnO/AZ,
differed onlyfor the nature of their ETLs, the differencin the overall ligh-stability is
likely ascribed to a lightrduced and a-dependent degradation process occurring ir
first few hours. Furthermore, as Voc and FF de@d with a similar trend for all device
it is reasonable to suppose that their decay ataelto the sameegradation proces

To validate the major role of the -processed ZnO/AZLOETLs on the ligh-stability of
corresponding solar cells, similar devices wereifalted using a different BHJ acti
layer based on polythieno[-b]-thiopheneeco-benzodithiopkne (PTB7):PCBM. Th

resulting devices were characterized and then kager AM1.5G illumination for 2.
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hours in inert atmosphere. As shownFigure 4.24 the degradation behavior resul
similar to that of P(1):PCB-based cells (Figure 4.23b) with AZQ-based cells more
stable than the other devicwhile the cells using ZnO resulted the most degrac
Moreover, the trend of the normalized Voc overnilnation proceeded in a similar w
compared to that of P(1):PCBM BHJ cells thus higiiling the susceptibility of the ce
in the first few hours of illumirtion. This confirms the role of ZnO and Ax on the
light-stability of solar cells when the ETLs are procdsseair. To note, as active laye
based on PTB7:PCBM are typically affected by a stest ligh-induced degradatiol

P(1):PCBM was selected " a systematic and detailed investigation.

1,0 %
0,9
0,84

0,7+

Normalized Voc
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Figure 4.24. Evolution of normalized Voc over illumination tim@4 hours in inert atmosphere) 1
PTB7:PCBM BHJ solar cells using ZnO (red triangles] O, o3 (black circles), AZ( 37 (blue squares) and
AZOy g (green rhomboids) as ETLs. All the ETLs were preedsin air while the BHJ active layer w

processed in inert environme

Typically, the degradation processes occurrindi@ETL of organic solar celmay have
influences on the bulk conductivity aon the charge selectivity of the selective layei
the first case, an increase of the series resistahthe relative device would be expec
while, in the latter process, the charge selegtiwiould be compromised and hence

overall shunt resistee of the solar cell would reduce. In both ca#ies,FF would bt
affected. However, in the case of a reduction oargh selectivity, bimolecul:
recombinations would result in a negative impasbabn the device Voc. From the
considerations, the ses (Fs) and shunt (R3hresistance of fresh and aged devices A
C and D using aiprocessed ETLs were comparTable 4.6 and 4)7 In detalil, a sligh
increase in Rsvas observed after prolonged li-exposure for all the solar cells, w
only degradd device A showing a relatively higher value (3R7%n?) if compared to
the others# 20Q cnf). On the contrary, shwas considerably different within degrac
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devices A, B, C and Dr@ble 4.). In particular, Rsh of device B which inclhd AZOQg o3
was the less affecteahile for device A, C and D, Rsh was consideralffgced thus
indicating a limitation of the charge selectivity the ETL with subsequent Vc
reduction. To further analyze the electrical préiperand behavior of the differerolar
cells, dark Jv¥ curves of fresh and aged devices based -processed ETLs are repori
in Figure 4.25.
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Figure 4.25.Dark J-V plots $emilogarithmi) of fresh (filled symbols) and aged under prolongdjgtit
stress (empty symbols) devices A (red triangles)(bkack circles), C (blue squares) and D (gr
rhomboids). The black arrow indicates the transitd the -V curves from fresh to degraded dess. In

the inset, a zoormn of the range betwee-1 and 0.5 V is shown for fresh (right) and aged (leftyides.

Aged solar cells, in theoltagerange from +0.5 V to0.4 V of the dark -V curves
(Figure 4.2%, showed the characteristics of an ohresistor. The highest dark current
reverse bias was measured for device A; intermedialues were reported for device
and D while device B was characterized by the Idwlesk current. This means that f
diode behavior of the cells based on /£y37, AZOg s and especially undoped Znwas
poorer than the cell based on Agos In addition, by observing the forward bias rec
(ranging from -0.4 V to:.3 V), the small slope of the curves referringdavices A, C
and D between -0.5 V and.0 V (Figure 4.25 inset) reflectea diode ideality numbe
greater than £°¢ This behavior in forward bias is indicative of a n-ideal
recombination of injeted charges due to the presence of shunts inThs, ih agreemer
with the lower R, values reported iTable 4.7.

It was demonstrated that organic solar cells camgi ZnO as ETL, which has be

previously UVsoaked in dry air, suffer of shulossed!®” Indeed, the UV treatment
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the oxygen present in the dry icauses the introduction of interstitial oxygen asoim
the ZnO lattice which act as-type defects with the subsequent decrease of tl@

Fermi level®*®** This promotes the extraction of holes from the HOM@el of the
BHJ donor material and hence a raising of the dankents in reverse bi*™®"! In

addition, a reduction of the Voc is expected aenle] for the case of device A, C anc
(Table 4.7. It is reasonable to assume the-processing of ZnO/AZ, interlayers favors
the chemisorptions of oxygen on the NPs su, which results detrimental for the devi
Voc and FF during the prolonged illumination asoasequence of the formation ole

aforementioned shunts. Since the amount of adsarkygken on the ETLs is limited, ti
related degradation procewas evident only in a fixed time interval (few houn$

irradiation). This likely explains the fast redwetiof Voc and FF of devices A, and D

in the first hours. Moreover, the formation of shumoints also elucidates tl
simultaneous degradation trend of FF and \

To validate this hypothesis on the UV/oxygen depemdlegradation of ZnO/AZ-

based solar cells, all the devices emplg airprocessed ETLs were subjected to a |

test using UVAltered AM1.5G illumination. Indeed, since oxygeran degrade th
ZnO/AZOx films only in the presence of UV light, the use of aefilshould hinder th
described shunting formation. For ttreason, the J V plot of all devices with a-

processed ETLs was measured before and afte-filtered prolonged illuminatiol

(Figure 4.26).
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Figure 4.26.J-V plot of devices A (red triangles), B (black ceXl C (blue squares) and D (gre
rhomboids)using air processed ETLs. Filled symbols referréslti devices while empty symbols to ¢
after UViltered AM1.5G illumination in inert atmosphererfé0h. the black arrow highlights the transit

of the JV curves from fresh to aged devic
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Interestingly, the J - V curves of all aged devicesulted identical. Device A, which was
affected by a substantial degradation during AM1Glonged illumination, matched
the response of aged device B thus showing the sstatmlity under UV-filtered
prolonged irradiation. This suggests that, as thggen cannot interact with the
ZnO/AZO, NPs, all the devices were equally degraded bys#mee processes, which are
not related to the nature of the ETLs and are resdy ascribed to light-induced
degradation of the active layer. Accordingly, itsmareviously demonstrated that BHJ
devices based on a series of similar donor polywere characterized, under prolonged
illumination, by photo-bleaching of the active fdnwith subsequent reduction of the
device performance (Figure 4.19).

It can be concluded that the different behavioiZo©D, AZQy 03 AZOp37 and AZQy s
under prolonged irradiation, was due to the adswmpdf molecular oxygen on the NPs
during processing which resulted in the formatioh harmful species under UV-
illumination. The clear effect of the Al doping @mO properties revealed the possibility
to fully recover the loss in photovoltaic perfornsarof air-processed ZnO-based devices
after prolonged light soaking by doping the ZnO N#th a small amount of Aluminum
(0.03 at. %). Higher concentrations of Al dopingtoeed the oxygen-related light soaking
instability of undoped ZnO. To note, even thouglotpdegradation still occurred for
higher Al doping concentrations, the stability afZ®@y 37 and AZQ g based devices was
improved in comparison to the analogous devicedasaindoped ZnO.

The origin of the improved light stability for AZQETLs is ascribed to several reasons. It
is kwon that the presence of a thin Al layer on Zm®vents the Voc losses of the solar
cells under prolonged illuminatidi® This is attributed to the Al induced shift of the
Fermi level towards the ZnO conducting band whintreases the photo-stability of the
resulting devices. Similarly, the here reporteddaping of ZnO NPs leads to an
improvement in the ETL conductivity and a passwatf defect states.

Furthermore, oxygen typically chemisorbs on ZnQ@dtrral point defects, in particular
Zn vacancie§®” As Aluminum can fill in Zn vacancies becauseAbns have larger
nuclear charge and smaller atomic radius thafi,Znis reasonable to suppose that the
number of Zn vacancies decreases by doping ZnO Mitiminum thus limiting the
oxygen adsorptioH®M162I83] This means that Al dopants modify the surface dbtyn

of ZnO leading to a reduced amount of adsorbed exygolecules on the ETL during

air-processing and hence a greater stability oktiar cells.
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Both the effects may contribute to the improvedtpksiability of the corresponding air-
processed BHJ devices. It is still unclear why desibased on ETLs with higher Al-
doping levels (AZQ37 and AZGQg) were less photostable than those based onyAZO
One possibility could be that at higher doping lsva@uminum species able to interact
with the oxygen are generated at the AZO surfakelylinducing new defect states under
prolonged UV exposure. This may lead to transpartiérs probably responsible for
increased charge recombinations processes in tly #Zand AZQ g-based devices.

This confirms that AZQ NPs represent an excellent class of charge-setentaterials
for roll-to-roll processing because, aside from goed electrical conductivity, they lead
to clear improvements in the UV stability of aimpessed organic solar cells.
Interestingly, despite AZg)s NPs contain only a small amount of Al, the phatbgity

is not influenced by the contact with oxygen dumprgcessing. This, in conjunction with
the electrical conductivity of the resulting filmgshich is three orders of magnitude
higher than the analogous undoped ZnO layers, makdsactive and suitable for thick

film processing on large-scale in view of real wlaapplication of PSCs.

In conclusion, in this Chapter, the solvent usedtocess the BHJ active layer was
demonstrated to be relevant for the stability ad torresponding PSCs under heating
stress. Interestingly, the use of processing stdvevith slightly different chemical-
physical properties than the common ones represeni@ternative approach to obtain
thermally stable solar cells without sacrificin@ithphotovoltaic performance.

To note, the development of a non-invasive advanckdracterization technique,
operating on complete solar cells, allowed to dateethe photovoltaic response to the
photo-physical properties of the device componeiiisis represents an interesting
breakthrough for the selective analysis of the Biddrphology evolution and the
degradation of the interlayers/electrodes ovetdkng period.

The investigation of the light stability on filmsf gristine polymers and on the
corresponding BHJ solar cells provided guidelirmsards the development of efficient
and light-stable PSCs. In particular, a comparastuely on polymers characterized by
similar chemical structures revealed the benefiige short and relatively compact side
chains substituents on the polymer backbone to amgpthe resistance of BHJ active
layers to prolonged illumination. Moreover, the estigation of the light resistance of
solar cells using different ZnO NPs as ETLs rewdde great advantage to use the class

of Aluminum-doped ZnO NPs for an enhanced lighbisity of air-processed PSCs.
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Chapter 5

Organic tandem solar cells

5.1 General overview

Over the last years, organic solar cells progredgivaised their performance resulting
more than ever promisintf*! Despite some fundamental thermodynamic losses fimi
energy conversion of the photovoltaic devices (F@gb.la), solution-processed single-
junction OSCs have reached power conversion effotés over 11948ILe6I167]
Nevertheless, there is still significant room tetlier enhance the device performance,
which is one of the key requirements for the conamadization of this technology.
Hereafter, a brief overview of the main thermodyialimitations introduces the possible

approaches to further improve the solar cell efficy.
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Figure 5.1.a) Losses and energy conversion fractions in plodtaie devices as a function of the absorber

band-gap; b) main losses mechanisms in solar sgilsband gap irradiation (top panel) and therratibn

(bottom panelf*®

As demonstrated by Shockley and Quei§$8ra single layer of semiconducting absorber
is typically subjected to different intrinsic engrdosses due toi) photon energy
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mismatch,ii) Carnot mechanismiji) Boltzmann processes and) emissive/radiative
recombination pathways.

The first type of losses is related to an energynmaitch between the solar photons and
the band-gap of the absorbing material. Photonsh weibergies smaller than the
semiconductor energy-gap cannot be absorbed andraaremitted through the active
layer (Figure 5.1b, top panel). This means that phthe solar energy cannot contribute
to the energy conversion of the solar cell. Ondtatrary, photons with energies equal or
higher than the semiconductor band-gap are typiasorbed. However, an excess of
energy above the band-gap would be dissipatedem#h energy (thermalization) and
would not be useful for the energy conversion (Fegb.1b, bottom panel). Similarly to
the transmission, thermalization losses are reletedmismatch between the energy gap
of the absorber and the solar photons. It is not#wdhat, despite the extra-energy of the
excitons appears useless in terms of photovoltartversion because dissipated via
thermalization mechanisms, a possible beneficialtrdmution to the process of free-
charges formation is still debateg!1*70lt71]

Other losses concern the Carnot process whereaa cgll is considered as an engine
which absorbs thermal energy from the sun to w8rkce the origin of the energy flow
arises from the temperature difference, this pm&eaccompanied by a loss in the device
Voc.

Another thermodynamic loss arises from the irrabées generation of entropy
(Boltzmann process).

Finally, a minor mechanism, which still limits tleinlight conversion in free charge
carriers, is the recombination of excitons via tharor radiative decay.

Considering these main limitations and also acaongrior the relatively low dielectric
constant of organic semiconductors, their typicdbyy mobility and the additional
recombination pathways that can take place in a,Baficiencies around 15% are
predicted for single-junction organic solar celss@aming a donor band-gap of 1.45 eV,
an EQE of 80% and a FF of 75%.

In this scenario, as shown in Figure 5.1a, the rsigsiificant losses arise from the energy
mismatch between the incident photons and the hbsoband-gap. Indeed,
thermalization and transmission of solar photonsoawnt for the major part of solar
energy not converted in electricity. A possible @agh to minimize this loss consists in
the introduction of more photoactive componentshiea BHJ in order to harvest more

sunlight. Indeed, because of the nature of orgamaterials, semiconducting polymers
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with different energy-gaps (and absorption spectieg available for photovoltaic
applications. Hence, two complementary absorbimgtedn-donors are typically mixed
with an electron acceptor exploiting the so catkthary concept to better match the solar
spectrunt!’?72 73] Interestingly, the approach of a three componBhts solar cell led

to impressive device efficiencies approaching IZHESISIN Similarly, the
effectiveness of the use of four components BHJsneeently demonstratéd®/i’”]

As alternative approach to the use of multi-comptsactive layers, the solar cell can be
divided into sub-cells where each active layer dixs@hotons in a limited interval of
energy and transmits the rest to the other sub-¢Eigure 5.2a). In this architecture,
called multi-junction, the sub-cells are stacked ainsingle device and electrically
connected through intermediate contacts. By namguhe absorption range of each sub-
cell and increasing the amount of junctions, méshe solar photons can be absorbed by
the entire stack (Figure 5.2b) thus drasticallyumag the thermalization processes since
the light passes photoactive layers with a progrebs smaller energy gap (Figure
5.2q) "8

a) b)
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Figure 5.2.a) Representative example of the light-absorptioa b-junctions solar cell; b) Illustrative part
of solar spectrum absorbed by a multi-junctionisotdl as a function of the number of sub-cellp (p@anel)
and the relative efficiency from ideal solar céli®ttom panel). Reprinted by permission from Maémil
Publishers Ltd: Naturé’, copyright 2012.

Despite infinite junctions would be theoreticallyeferred to enhance the device
efficiency (Figure 5.2b, bottom panel), the useachultitude of layers introduces issues
in terms of fabrication. An optimal trade-off igoresented by the use of double-junction

131



Chapter 5 — Organic tandem solar cells

or tandem devices where only two sub-cells with complementrgorbing active layers
are monolithically stacked in a single device (Fé&g5.3)**% Following this approach
and assuming EQE and FF values of 80% and 75%sgctegply, for each sub-cell, lat
al.*" predicted the possibility to reach efficienciestap21% for organic tandem solar
cells, using active layers based on donors with6 eV and: 1.2 eV of energy-gap.

In this architecture, the sub-cells of the tandeswick can be either connected in series
(2-terminal) or in parallel (3-terminal) (Figure3a. and 5.3b, respectivelyf When
connected in series, the flowing current in stesidye conditions is constant throughout
the tandem device, while the voltage is the surtho$e generated by the sub-cells. On
the contrary, in the parallel connection, the tamdghoto-current is the sum of the
currents of the sub-cells while the voltage is tamsand limited by the sub-cell with
lower Voc.

When both sub-cells show the same electrical ptiggerboth types of connection were
demonstrated to potentially lead to the same paidoce. Besides, when the performance
of the sub-cells is different, a series connectisnpreferred in the case of large
differences between the Voc of the sub-cells wpaeallel connection is favorable for
differences in their Jsc. However, concerning the IBwer values are usually reported
for series connection rather than parallel. ThisiMcsuggest that the use of a parallel
connection would generally allow for higher perfamse of the tandem devité&"
Nevertheless, this connection requires the ushrettexternal terminals for the electrical
connection of the entire stalf? Since the two sub-cells are monolithically stagkéds
would result in a more complicated fabrication, @hexplains the prevalent investigation
of series-connected organic tandem cells over ¢cent years. In this sight, solution-
processed and series-connected organic tandemcetilare mainly discussed hereafter.
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Figure 5.3.Tandem organic solar cells with series- (a) or lelrgb) connected sub-cells; c) representative

complementary absorption spectra of the sub-cells.

Working principle and limitations

According to Kirchhoff's law, the series connectiomplies that the Voc of the tandem is
the sum of the sub-cells’ Voc. For an effectivaeseconnection, opposite charge carriers
coming from the bottom and the top sub-cells showdttombine through an
interconnecting layer (ICL) which acts as an intedmte contact (also called
recombination layer). However, if the sub-cells photo-generate différamounts of
charges at a fixed voltage, unbalanced recombimataxcur. This means that charges
accumulate inside a sub-cell with subsequent gaarraf recombination regions, which
detrimentally influence the quality of the overaelarge collection processes inside the
tandem device. This is indeed of relevant imporafor the efficiency of the tandem,
highlighting the strong dependence of the tanderfopaance on the Jsc and FF of the
sub-cells.

In a simplified view, considering differently perfoing sub-cells, two extreme cases can

be consideref®
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- the combination of a bottom sub-cell charactetibg low Js¢ and high FI;, and a top
sub-cell with low FE and high Jsc(Figure 5.4a);

- the combination of a bottom sub-cell limited bpa FFR, and low Jsg while a top sub-
cell showing both high FFRand high Jsc(Figure 5.4b).

As the current flowing in a tandem architectureahe same throughout the device, an
horizontal line can be drawn at each point of theVJplots of the sub-cells in order to
obtain the J - V response of the resulting tandewice. As shown in Figure 5.4a, when a
sub-cell with low Jscand high Flcis combined with a second cell having high, Jstd
low FF, the Jsc of the resulting tandem is limited by dkg while the FF is similar to
that of the first sub-cell (Rl On the contrary, in the second case (Figure)5thke use
of a sub-cell with low FFand Jsg strongly affects the FF of the tandem which, hasve
shows a high Jsc arising from the remarkable dsd FF; of the second sub-cell.

In this sight, the incorporation of two solar ceNgh complementary absorbing active
layers in a double-junction architecture is not ufisient condition to obtain well
performing tandem devices. Indeed, to fully explbé potential of the double-junction, a
fine balance of the sub-cell characteristics iglede

Moreover, as polymer-based BHJs are typically attared by broad absorption
spectra, a partial overlap of the absorption oftibéom and top sub-cells is expected.
This reduces the amount of solar photons reachegtap sub-cell thus limiting the
tandem OPV response. In this view, an optimizabbrthe optical propertiese@. the
BHJ thickness) of each sub-cells is also requif@oimputational methods represent a
powerful tool to provide precious information orettandem Jsc as a function of the BHJ
thickness (and spectral response) of each sub-eslbiding a large systematic
experimental work. Nonetheless, it is worthy toentitat the modulation of the optical
properties on a sub-cell has also an impact oerldéstrical properties since an eventual
reduction or increase of the BHJ thickness to titmeptical absorption, also influences
the size and composition of the BHJ nanodomainsiceleproperties such as charge
photo-generation and transport across the BHJulrgeguently modified.
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Figure 5.4. Schematic J - V plots of two potential sub-celld aof their incorporation in tandem
architecture; two extreme cases are reported. ®epeal from Ref*®® with permission of The Royal

Society of Chemistry.

The interconnecting layer

In an organic tandem device, the two monolithicgliled sub-cells are electrically
connected through the insertion of an intermediatgact (ICL). This ensures the series
connection through the recombination of oppositargé carriers coming from the two
sub-cells.

In the first studies on organic tandem devicedjia fayer of an evaporated metal was
used as ICI*®* Since the solar photons transmitted from the botsab-cell should pass
through the ICL and reach the top sub-cell, thekimess of the metal was limited to few
nanometers to ensure a moderate transmittancemétadlic behavior of the ICL offered
a good electrical connection between the sub-cells.

However, an important issue was related to the #ckharge selectivity of the metal
determining the recombination of most of the chargenerated in the proximity of the
ICL, with subsequent reduction of the photovol&diiciency.

In sight of this, charge selective ICLs were introéd. A typical ICL is composed by, at
least, two layers which selectively extract oneetyyg carriers from each sub-cell thus
favoring an effective recombination of opposite rges (Figure 5.5}%18 |n this
approach, an electron (n- type) and a hole (p-typ&)sporting layer are typically
sandwiched in order to form a narrow and bent depleregion which favors the

transport and recombination of charges at the iiérface. Following this approach, the

135



Chapter 5 — Organic tandem solar cells

effective operation of the ICL allowed the fabricatof tandem solar cells with a PCE up
to 12.79%* the highest value reported for the OPV technology.
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Figure 5.5. Schematic energy level diagram of a tandem solfirateopen circuit conditions using a

double-layer as interconnecting layer (IC!

Despite the necessity of a good charge selectntytransparency, the ICL should fulfill

additional requirements for its incorporation itaadem architecture.

A summary of the main requirements for the ICL gnédion in series-connected tandem

solar cells is given hereatfter:

the quasi-Fermi levels of the HTL and ETL shouldatigned in order that their
contact acts as a charge recombination zone;

the ICL should be characterized by low electrieglistance to minimize potential
losses;

the transport and thus the recombination of oppadiairges should be balanced to
avoid charge accumulation;

the ICL should be highly transparent to not hantperlight harvesting in the top
sub-cell;

the optical spacer effect of the ICL should be aered to further enhance the
light distribution inside the tandem architecture;

the HTL and ETL should be chemically/physicallyrinend robust to protect the
underlying layers against the damage from furthgelds deposition;

the ICL processing should be compatible with thessnaroduction€g. roll-to-
roll, R2R) requirements, such as solution-depasjtiow-temperature processing,
environmental resistance, layer thicknes)0 nm, etc.;

the ICL should be stable under prolonged lightftedr stress to ensure good
reliability and lifetime of the corresponding tamdeevice.
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Despite the aforementioned requirements are géyewdld for series-connected tandem
solar cells, the nature and the processing comditiof the ICL need to be carefully
considered and evaluated for each individual systeaeed, depending on the device
configuration, further limitations may be imposedthe ICL. For instance, in a standard
configuration, the use of PEDOT:PSS as HTL needbketaarefully considered as the
typical acidity of PEDOT:PSS solution can be degnirtal for the underlying layee.g.
ZnO) &8l

Considering the device stability, the inverted devconfiguration is usually preferred.
Despite the following works focus on inverted cguofiation, for the sake of
completeness, both the standard and inverted aoatigns of tandem organic solar cell

architecture are reported in Figure 5.6.

Top
| Lowband-gap sub - cell
I,, 7- S \
" Bottom P
==  sub-cell
| Bottom electrode ’ e ¥ ’
Substrate Substrate
Standard configuration Inverted configuration

Figure 5.6.Standard (left) and inverted (right) configuratidas organic tandem solar cells.

Because of the multitude of requirements for aeatiVe interconnection of the tandem
sub-cells, the ICL is one of the most critical paof multi-junction devices, which still
requires deeper investigations.

In this context, during the PhD project two commms$ive studies on this topic were
carried out and hereafter discussed. In particolae, work concerns the issues related to
the nature and processing of the ICL, while a sé&ndy focuses on the ICL physics by

facing the electrical problems affecting its oprenat
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5.2 Optimization of the interconnection layer by slvent treatment of
PEDOT:PSS

Part of this paragraph is adaptedwith permission from:
M. Prosa, M. Tessarolo, M. Bolognesi, T. Cramer, ZetGIA. Facchetti, B. Fraboni, M. Seri, G. Ruani, Muddini,
Adv. Mater. Interfaces 2016 3, 1600770.

Aiming to the mass production of organic tandenmassaklls, an ICL compatible with
R2R processing is necessarily required. As abovetiored, the use of the inverted
device configuration is preferred even though tregemals selection as ICLs is strongly
limited to few options. Among them, the best caatid are PEDOT:PSS and ZnO,
respectively as HTL and ETEN9Y |ndeed, both materials can be processed from
solution at relatively low temperature, showing da@ectrical and optical properties in
agreement with the aforementioned requirementariaffective ICL!*%%

Despite the promising properties of the selecteternads, the use of an inverted tandem
configuration requires the deposition of the HTlepthe bottom BHJ layer. In this kind
of configuration, one of the main challenges ie$tablish a reproducible procedure for
the deposition of a smooth and homogeneous filMPBDOT:PSS on the top of a
hydrophobic organic layer. PEDOT:PSS is indeed temdispersion characterized by
high surface tension that typically exhibits a paa@ttability over organic surfaces. To
overcome this issue, one possibility is to modifg surface properties of the BHJ layer.
However, post-processing methods applied to thveadhyers €.g. solvent washing,
plasma treatments, etc.) can compromise their Gperand, in addition, are often poorly
compatible with processing techniques for largdesgaoductior2®¥*%! Furthermore,
these methods are typically developed for a spe8HJ blend and hence not generally
optimized for all the active layefS* On the contrary, a more general approach is the
surface tension modification of the PEDOT:PSS iitke addition of alcoholic co-
solvents such as isopropanol to the pristine PEPSSE: dispersion was demonstrated to
lower its surface tension from70 mN m* to~ 20 mN m'.*%! However, large dilutions
(typically over 60% v/v of co-solvent in PEDOT:PS&E required and, to achieve the
correct film thickness, several consecutive depmsstcould be necessary. Moreover, the
use of high concentrations of co-solvents can cagggegation in some PEDOT:PSS
formulations and, in addition, the surface tenssdithe modified ink can still result not
suitable to properly wet the organic 1ay8P*%! As a result of these limitations, this

method cannot be considered generally applicalite amy BHJ.
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As alternative approach, the introduction of a attdnt into the initial PEDOT:PSS ink
(hereafter named m-PEDOT:PSS for simplicity) iselyddemonstrated in literature as an
effective method to deposit the PEDOT:PSS oveattie layer for single-junction (SJ)
architecture§°! The benefit to use surfactants over co-solventsassmall amounts of
surfactant (even less than 1% in weight) are tylyicafficient to tune the PEDOT:PSS
surface tension with a negligible dilution of thek.i In this approach, the PEDOT:PSS
covering the active layer typically acts as tocetme and hence highly conductive inks
are preferred. Similarly, for the fabrication of U€ for tandem devices, low sheet
resistive (or high in-plane conductive) formulasomave been widely adopted’
However, the high in-plane conductivity is not reqd for the formation of a quasi-
ohmic contact between PEDOT:PSS and ZnO therefiereige of highly conductive inks
are unnecessary for the ICL of a tandem solar"@8llMoreover, low-conductive
PEDOT:PSS i(e. Heraeus Clevios P VP Al 4083) when compared tcerotiighly
conductive PEDOT:PSS formulationse( PH500 or PH1000), besides a slightly lower
leakage current, has lower viscosity which fadiéisathe processability into smooth and
homogeneous film&%2%! However, the use of m-PEDOT:PSS has been suctgssfu
reported exclusively with an additional layer oistine PEDOT:PSS inserted between m-
PEDOT:PSS and ZnE’ The absence of the additional layer typically tedtandem
solar cells with limited photovoltaic performart®!?°? pue to the presence of the
surfactant, a morphological rearrangement of thB®E and PSS chains inside the film
is known to occur during dryinfg™ In detail, the phase separation between PEDOT and
PSS increases and a PSS-rich layer forms on thefttpe film, even for PEDOT:PSS
formulations with low PSS content. This morphol@adicearrangement, acting similarly
to a Schottky barrier, while enhancing the electtdacking properties of the m-
PEDOT:PSS by limiting the leakage current and fater recombination in single-
junction architectures with standard geom&#), could be detrimental for the
functionality of the ICL of inverted tandem solalls.

In this sight, the origin of the resulting electidosses were analyzed on solution-
processed inverted polymer tandem solar cells parating an ICL based on ZnO and
low-conductive m-PEDOT:PSS, where 1% v/v of nontoftiiorosurfactant (Zonyl FS-
300, Chapter 2) was added to the pristine PEDOT:irRBE%! As alternative method,
following the literature procedure, the pristineIRET:PSS formulation was diluted with

various amount of IPA. However, the IPA-modified IRET:PSS solution led to films
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with poor quality, after the deposition on the aetiayer, and not working devices were
obtained, thus this method was not further consiler

For the fabrication of the tandem solar cells,ghtbhand-gap polymer, HBG-1 (provided
by Merck)?2%! yas used as electron donor material for the bosiabrcell while a
low band-gap polymer, PMDPP#f!' was chosen for the top sub-cell. The absorption
spectra of the resulting polymer:PCBM blends angoreed in Figure 5.7a while the
device structure is showed in Figure 5.7b.
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Figure 5.7.a) Absorption spectra of HBG-1:R8M (blue) and PMDPP3T:PEBM (red) films used as
active blends respectively of the bottom and tdp-ceil of tandem devices; in the inset, their EQEctra

in single-junction architecture is reported; b) regentation of the inverted tandem PSCs; c) simeglif
schematization of the m-PEDOT:PSS used in the I6fltke reported tandem cells, not-treated (tandém A
or surface washed with IPA (tandem B); J-V plotsted bottom (blue) and top (red) sub-cells in ®Agl
junction architecture and the response of the tandells using treated (black) or not-treated (gyaan
PEDOT:PSS in the ICL.

The relatively low overlap between the absorptiegions of the two active layers, in
conjunction to the large red-shifted spectrum efMMDPP3T:P&BM blend, resulted in
a wide spectral absorption of the tandem strudillosving an optimal exploitation of the
incident sunlight. This was also confirmed by tH@HEeprofiles of the reference sub-cells

in single-junction architecture reported in theeinsf Figure 5.7a.
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All the devices were fabricated, except the togtetele, by blade coating under ambient
conditions. The ICL was optimized in the range bickness compatible to mass
production £ 100nm) and using moderate processing tempergtai@3°C). The optimal
thickness in terms of photovoltaic performancetfer bottom and top active layers was
found to be 240 nm and 120 nm, respectively. Thaesghicknesses were used to
fabricate reference solar cells in single-junctiwaohitecture (SJ). In detail, for the bottom
and top sub-cells, the device structures ITO/ZnQA-IBPG:BM/m-PEDOT:PSS/Ag
and ITO/ZnO/PMDPP3T:PEBM/MoOs/Ag were, respectively, used. Figure 5.7d and
Table 5.1 show their photovoltaic response.

Table 5.1.Photovoltaic parameters of reference SJ and tamiig#@s averaged over 18 devices.

. \]SC VOC FF PCEAV PCEMAX
Device L mAlcm?d V] oo %] (%)

0.77

Bottom SJ - 10.4+0.6 0.02 62+2 49+0.2 51
0.58 +

Top SJ - 149+05 0.01 62+2 53+03 5.6
1.25 +

Tandem A m-PEDOT:PSS/ZnO 82+0.2 0.03 45+5 45+04 49
IPA-treated m- 1.34 +

Tandem B PEDOT-PSS/ZnO 95+0.1 0.01 60+2 7.6+0.2 7.8

The reference SJ devices showed good photovoleafonmnance with an average PCE of
4.9% and 5.3% for the bottom and top sub-cell, eeSpely. Despite that, the
corresponding tandem device showed relatively l@sfggpmance with a PCE of 4.5%
(Tandem A, Figure 5.7c and Table 5.1). In particulae resulting Voc of 1.25 V, lower
than the sum of the Voc of the two sub-cells (0/7# 0.58 V = 1.35 V), and the poor FF
(45%) indicate that the efficiency is limited byetm-PEDOT:PSS/ZnO ICL, as similarly
reported in literatur&°2°? |ndeed, the corresponding J - V curve (Figure bshmwed

a S-shape, characteristic of charges which accueutathe ICL and only partially
recombine at the m-PEDOT:PSS/ZnO interface. Thikedy ascribed to the typical
vertical phase segregation induced by the surfactecurring inside the m-PEDOT:PSS
film upon drying, which leads to the formation ofP&S-enriched capping layer where
ZnO is then depositd®*?°* Because of the poor conducting properties of 88,Rhis
layer acts similarly to a Schottky barrier thusatieg a capacitive (rather than ohmic)
interface between m-PEDOT:PSS and ZnO in the IGhicvalso explains the poor FF

of the tandem cells.
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In this context, several studies demonstrated tbssipility to modify the surface
morphology and composition of polymeric films thgbu post-processing
methodd?®®2%% |n particular, by treating PEDOT:PSS films with Ilgo solvents, a
modification of the surface distribution of PEDOAdaPSS chains was obsen/gg#

In sight of this, different solvents were here usedwash, by blade-coating, the m-
PEDOT:PSS surface. We found that the use of higblgr alcoholic solvents such as
methanol and ethanol led to macroscopic crack fooman the PEDOT:PSS layer, while
the less polar IPA did not macroscopically altee film surface. However, multiple
washing steps with IPA led again to macroscopicatges of the m-PEDOT:PSS film. As
a result, IPA was selected as potential good camelidor the washing procedure,
representing also a non-toxic, environmentallyrfly and inexpensive solvefit?
Remarkably, the tandem solar cells where the m-PEBSS was treated with a single
IPA treatment (Tandem B, Figure 5.7d), exhibitestrangly improved efficiency (over
50% compared to the tandem device with untreatddEDOT:PSS (Tandem A, Figure
5.7d)), reaching a PCE up to 7.8%. In detall, tloe Y1.34 V) approached the theoretical
value while the high FF of 60% and Jsc of 9.5 mA/cesulted comparable to the values
reported by the limiting sub-cells (single-junctiarchitecture).

Considering that all the layers of the tandem devi& and B were processed under the
same conditions, the strong efficiency improvemesnt be ascribed to the enhanced
performance of the ICL obtained through the IPAtngent.

For a deeper investigation on the properties ofl@les based on untreated and IPA-
treated m-PEDOT:PSS, the ICL was inserted in dewdgth specific structures:

- Structure 1 (ITO/ICL/AQ): to investigate the elecél properties, the ICL is
comprised between two electrodes;

- Structure 2 (ITO/ZnO/Active layer/ICL/Ag): the IChcts as a buffer layer of
single-junction devices. This architecture is afeafve sub-structure of the
tandem stack, which is useful to provide detail@@rimation on the overall ICL
operation.

As shown in Figure 5.8, the electrical responseIplot) of the devices with Structure 1,
containing untreated m-PEDOT:PSS, revealed an feshaurve typical of a diode-like
behavior. On the contrary, when the m-PEDOT:PS$aserwas treated with IPA, the
devices showed an ohmic behavior where the S-kinkhe I-V plot was completely

eliminated.
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Figure 5.8.1 - V response of devices with structure 1, consigethe thickness of the layers, where the m-
PEDOT:PSS of the ICL is untreated (green line)wfexe-treated using IPA (red).

Considering the Structure 2, the HBG-1:fM active layer was investigated using the
ICL either with or without the IPA post-treatmemnt the m-PEDOT:PSS (Table 5.2). The
resulting response was compared to the singleipmeeference bottom cell (Bottom SJ,
Table 5.1) from which differed for the presenceaaofadditional selective layer of ZnO
between the m-PEDOT:PSS and the silver electrode device performance from
Structure 2 are expected to be similar to thodbefeference cells only if the ICL acts as
a selective and ohmic contact. This means thatshatel electrons should efficiently
recombine at the m-PEDOT:PSS/ZnO interface of t@B& Ihus avoiding charge
accumulation.

In detail, devices using the ICL without any pasiatment (device, structure 2) showed
a S-shaped J-V plot with Jsc of 9.4 mAfcra low Voc of 0.65 V and a FF of 48%,
resulting in a poor PCE of 2.9% (Figure 5.9 andl@d&b2), in agreement with the OPV
response of the corresponding Tandem A (Table 5.1).

On the contrary, the analogous device containifgtieated m-PEDOT:PSS in the ICL
(deviceb, Figure 5.9 and Table 5.2) resulted in a highefopmance compared to device
a, with a PCE passing from 2.9% to 4.1%. The greatiyroved FF (from 48% to 60%)
and Voc (from 0.65V to 0.77V) values clearly dentaate the positive effect of the IPA
treatment on the ICL behavior. To note the resglphotovoltaic response of devibe
even if slightly lower, was comparable to the refere single-junction solar cells (Bottom
SJ, Table 5.1). The main difference was indeedesgmted by the partial reduction of the
Jsc, likely ascribed to the different optical prdjgs and light distribution within the two

stacks, due to the presence of an additional iayeeviceb.
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The benefits arising from the IPA treatment on thePEDOT:PSS were generally
validated by using a different active layer in 8ieucture 2. To this end, the benchmark
blend P3HT:P&BM was selected (Figure 5.9 and Table 5.2). Agaimje devicec with
untreated m-PEDOT:PSS gave a low PCE of 2%, deViebich contained IPA-treated
m-PEDOT:PSS showed a PCE improvementI80%, reaching a PCE of 2.5% (Figure
5.9), in agreement with the OPV response of aicgssed P3HT:PCBM solar cells
reported in literatur&*®!

o —=—Device a
£ —o—Device b
L —e—Device c
< ——Device d
£ 0
2
7]
=]
0
=]
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=
g
5
o -10- T T T T T T
0.0 0.2 04 0.6 0.8
Voltage (V)

Figure 5.9. J-V plots of devices with structure 2 using HBGQBM (black, devicesa and b) or
P3HT:PCBM (red, devicesandd) as active layer. The devices present untreatexddela and device) or
IPA-washed (device andd) m-PEDOT:PSS in the ICL.

Table 5.2.Photovoltaic parameters, averaged over 18 dewiée®lls using structure 2.

SJ devices using structure 2: ITO/ZnO/active ldgarAg

Active J V FF PCE PCE
Ia er SC ocC -AV. MAX
yer  Dev. IcL mAlcm?  [V] o6 (%] (%]
HBG-1- a m-PEDOT:PSS/ZnO 9.4 +0.3 065+0.2 48+1 29+0.1 3.0
' IPA-treated
POBM b npepoTPSSIZNO 87 %03 07701 60x2 41x02 43
c m-PEDOT:PSS/ZnO 7.9+0.3 0.54 46+3 2.0x0.1 2.1
P3HT; ' T 0.01 - T '
PG:BM IPA-treated 0.55 +
d M-PEDOT-PSS/Zn0 8.3+0.2 0.01 55+2 25+0.2 2.6

To shed light on the morphological modificationsatved in the PEDOT:PSS layer by
the surfactant and IPA-treatment, the surface naoggly of the different films was
investigated through AFM measurements. As PEDOT :@8Sists of an intermix of hard

144



Chapter 5 — Organic tandem solar cells

PEDOT-rich grains and soft PSS-rich chains, themdins can be distinguished in the
AFM phase images. In particular, while PEDOT regiappear as bright areas, the PSS
segments result in darker areas.

By comparing the surface morphology of pristine andPEDOT:PSS films deposited on
ITO, it was evident the different PEDOT and PSSritlistion (Figure 5.10). Indeed the
surfactant, by screening the Coulombic interactioesveen the S{Ogroups of PSS and
the PEDOT backbone, favors their phase segregatibith causes a stretching of the
PSS macromolecules and the formation of elongatggtegates of PEDOT chains
randomly dispersed in the layer. Moreover, becauisés nature, PSS remains solvated
longer than PEDOT during drying and hence the nreely-moving PSS chains emerge
on the film surface thus forming a PSS-enrichedpirap layer?® To note, while this
process led to a slightly decrease in the sheettaese of the m-PEDOT:PSS film as
reported in literature, it was almost ineffectiveterms of bulk vertical conductivity as
measured in hole-only devices using the structdr®@/PEDOT:PSS/Au or ITO/m-
PEDOT:PSS/Au which respectively resulted 1.6 (3 8.20°S cm*and 1.8 (x0.2) x 10

6 g ot [224]

5.0eV

5.3eV

Figure 5.10.AFM topography, phase and KPFM images of m-PEDO%:RE b and c, respectively) and
pristine PEDOT:PSS (d, e and f, respectively) dipdover a glass/ITO substrate.

The IPA treatment on the m-PEDOT:PSS layer detexchian increase of the surface
roughness from 3.5 nm to 5.7 nm (Figure 5.11a ahdlly and a concomitant reduction
by~ 10% of the film thickness (from 100 + 4 nm to 9@ fim). As already demonstrated

in previous works on PEDOT:PSS, post-processinghaust using alcoholic solvents
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over PEDOT:PSS partially remove the excess of aigyg PSS phase at the top of the
film while favoring a morphology reorganization tdie remaining PEDOT-enriched
layer!?'% Here, this process was confirmed by the AFM pliaseges of untreated and
IPA-treated m-PEDOT:PSS films, where a differestritbution of the PEDOT and PSS
phases was observed (Figure 5.11c and 5.11d).

It is noteworthy that despite the clear effectsha IPA washing on the m-PEDOT:PSS
phase distribution, no relevant modifications irnte of thickness (40 + 2) and
morphology (RMS= 7 nm) occurred on the over-deposited ZnO film.sT$uggests that
the aforementioned morphological rearrangementhef m-PEDOT:PSS layer was the
main responsible for the improved m-PEDOT:PSS/Zni®rfacevia the reduction of the
electrical resistance induced by the insulating B&$ping layer. This is reflected in an
improved operation of the ICL which led to greavide performance not only for the
device structures 1 and 2 but also for the cormeding tandem device B (Table 5.1).

| 5.0ev (g)
80 —rpoTrss
+ m-PEDOT PSS
60/ * m-PEDOTPSS+IPA §
3
3o A
Z L") . '.
= I &
p It
0- - k J 1- L
5.0 51 52 53
S3eV Work function (eV)

Figure 5.11.AFM topography (a) phase (c) and KPFM (e) imagesdé?EDOT:PSS. AFM topography (b)
phase (d) and KPFM (f) images of IPA-treated m-PEIR3S; g) histogramof workfunctions measured on
pristine PEDOT:PSS (green), untreated m-PEDOT-RSEH(IPA treated m-PEDOT:PSS (blue).

To further deepen the understanding on the filmspasition, ATR-FTIR spectra of
untreated and IPA-washed m-PEDOT:PSS films weresured and compared to those of
the pristine PEDOT:PSS and pure fluorosurfactangjufle 5.12). The most intense
absorption peak of the fluorosurfactant was cedtate1150 cni and was attributed to
the C-F stretching vibrations. This peak was detéeis a shoulder in the spectrum of the
m-PEDOT:PSS while it almost disappeared in thatP#-treated m-PEDOT:PSS film
(inset in Figure 5.12). This result clearly indesitthat the superficial IPA treatment
removes a consistent amount of fluorosurfactarttedwl, upon drying, the concentration
of fluorosurfactant likely increases on the toptloé layer to mediate between the film
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bulk, enriched with the hydrophobic PEDOT phasel e film surface, enriched with
solvated PSS molecules.

In parallel, the peaks at 1133, 1038 and 1009 attributed to S@ stretching vibrations
and the peak around 1240 ¢mwhich gets contributions from both PSS and
fluorosurfactant, reduced their intensity when pag$rom untreated to the IPA-treated
m-PEDOT:PSS films. These observations confirm émeaval of the fluorosurfactant and
the depletion of PSS, occurring with the washiegtment, from a superficial layer of the
m-PEDOT:PSS film, both processes contributing teelothe electrical resistance of the
HTL at the interface with ZnO in the ICL, improvinig functionality and enhancing the
performance of the corresponding tandem device.

A further confirmation of the partial removal of 88hains with the IPA surface washing
arose from the absorption spectra (seel?®). The intensity of the absorption peaks at
195 and 220 nm, attributed to PSS! decreased when passing from the untreated to the
IPA-washed m-PEDOT:PSS films. On the contrary, gpectrum in the infrared region,
characteristic of the PEDOT phase absorpfithremained constant in intensity for both
films. It is worth mentioning that the enhanceddtimnality of the ICL and the relative
improved photovoltaic performance of the tandentsaabtained after the IPA treatment
were not related to optical effects induced by thiekness variation (optical spacer
effect) of the m-PEDOT:PSS and of the relative I@Ideed, additional devices similar to
Tandem A were fabricated using different thicknestee the ICL (in particular for m-
PEDOT:PSS). However, in all the cases the devic& P&ulted lower than that of
Tandem B.

All these findings confirmed that the removal o¢ tftuorosurfactant and the depletion of
PSS occurring with the IPA treatment were the rasfme for the lower electrical
resistance of the m-PEDOT:PSS layer and for therdoweu interface with ZnO,
enhancing the ICL functionality and thus the oeparformance of the corresponding

tandem solar cells.
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Figure 5.12.ATR-FTIR spectra of films of pristine PEDOT:PSSgegn), m-PEDOT:PSS (red), IPA-treated
m-PEDOT:PSS (blue) and pure fluorosurfactant (hlatke most relevant absorption peaks are indicated
as follows: 1240 ch (+), 1133, 1038, 1009 ¢h(*). Inset (a): zoom on the absorption at 1150'ahall

the films except that with fluorosurfactant.

The change of the morphology and composition ofthRBEDOT:PSS surface with IPA
treatment is expected to affect also the work fionc{WF), which is crucial for the
functionality of the PEDOT:PSS/ZnO interface in efficient ICL. KPFM provides
information about local changes in WF at the m-PEER3S surface. Figures 5.11e and
5.11f show the KPFM images of m-PEDOT:PSS and lieated m-PEDOT:PSS films,
respectively, acquired in parallel to the corregpog topography and phase images,
while the distribution of the relative WF values shown in Figure 5.11g. For
comparison, the WF distribution obtained from KPHMeasurements in pristine
PEDOT:PSS deposited on a glass/ITO substrate vgasphbtted. The latter served as
reference (WF of PEDOT:PSS = 5.20 eV, as calculfated the peak value) to determine
the offset in the conversion from KPFM contact ptisd difference to WF. From the
analysis on these data, it was observedi)hidte treatment with the fluorosurfactant led
to a broadening of the WF values distribution camebiwith a slight shift of the peak WF
(WF of the m-PEDOT:PSS = 5.23 eV as calculated ftbenpeak) (Figure 5.10f , 5.10c
and 5.11g) and) the washing with IPA shifted the peak WF to lowalues (WF of IPA-
treated m-PEDOT:PSS = 5.08 eV, as calculated filugnptak) and narrowed again the
WEF distribution, which became similar to that oispine PEDOT:PSS.

We believe that the inhomogeneous distribution loé tsurfactant within the m-
PEDOT:PSS layer cannot significantly contributetite shift of the WF. Rather, the
concentration gradient of PSS from the bulk to sheface of the m-PEDOT:PSS film
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induced by the surfactant, acting similarly to aatvesurface dipol&2% can be
responsible for the observed slight shift (by 003 of the peak WF. In addition, the
redistribution of PSS and PEDOT phases when pa$song pristine PEDOT:PSS to m-
PEDOT:PSS caused the observed broadening of thieale levels with energy around
the WF, leading to the observed weak performancthefcorresponding ICL. On the
contrary, the IPA treatment restored a narrower dgfribution with a shift of the peak
towards lower values by 0.15 eV. The shift wasilaited to three main effects) the
partial removal of the excess of PSS phase onoh@ftthe m-PEDOT:PSS filmi) the
morphological reorganization of the PEDOT and PB&rs andiii) the removal of the
superficial fluorosurfactarftt/1z171218l

Interestingly, the WF shift induced by the washwigh IPA brought closer the WF of
treated m-PEDOT:PSS (5.08 eV) and ZnO (3.9 eV)riag the charge recombination at
the HTL/ETL interface through the formation of aagitohmic contact, in agreement
with the electrical characterization (both subdutes and tandem cells) previously
described.

The improved ICL operation was also favored byeahbanced electrical behavior of the
m-PEDOT:PSS after IPA treatment as revealed bydibled vertical conductivity,
which passed from 1.8 (+ 0.2) x i® cmi for the untreated m-PEDOT:PSS to 3.6 (+
0.2) x 10° S cm® for the IPA-treated m-PEDOT:PSS. This arose frben partial PSS
removal and the subsequent reorganization of tHie@@PEchains into a more ordered and
conductive conformation, which contributed to irage the vertical conductivity of the
corresponding film.

The presented results confirm that by simply waghire surface of the m-PEDOT:PSS
layer with IPA, morphological and compositional obgas in the m-PEDOT:PSS film
occurred. In particular, the partial dissolutiontleé PSS superficial insulating chains, the
removal of fluorosurfactant and the conformatioredrganization of the PEDOT and
PSS chains led to a strong improvement of the fonality of the resulting m-
PEDOT:PSS/ZnO ICL by a combination of factors: tdpimization of the WF match
between the HTL and the ETL, the

formation of an ohmic contact at the HTL/ETL intesé and the improvement of the HTL
vertical conductivity. The ICL with enhanced furaetality led to the improved efficiency
(approaching 8%) of the HBG-1:RBM/PMDPP3T:PG:BM-based tandem devices,
completely deposited (except the top electrode)dbgtor blade in air, whose m-
PEDOT:PSS layer of the ICL was post-processed \Rith
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In conclusion, we successfully demonstrated a daaild scalable method based on a
simple surface washing procedure with IPA to imgralie performance of a solution-
processed ICL. The resulting robust ICL based oREDOT:PSS and ZnO nanoparticles
had a total thickness of 140 nm, was environmegntddble and needed a low annealing
temperature for optimized performance, thus meetimeg requirements for large scale

production.

5.3 Investigation of the electrical losses in ICLBy photocurrent and

electroluminescence analyses

In tandem solar cells, a fine balance between pitiead and electrical properties of all the
layers is the core of a proper device operationvéler, the complexity of the device
structure makes this process complicated. Whildinpireary information on the BHJs
properties, for their integration in a tandem dinoe, are usually obtained on the basis of
optical simulations and from the OPV response imglstjunction architecture, the
optimization of the ICL operation is usually a treand error process developed in the
complete tandem device. In sight of this, the pedion of well performing tandem cells
is usually an elaborated procedure consistingersistematic fabrication of different and
numerous devices.

Despite a consistent amount of studies focuseth@®hGLs of multi-junction solar cells, a
clear illustration of the processes involved in tiermediate contact is still
lacking!18°12191%0l1186] This demonstrates the need of a deeper understarafi the
physics of the system, which would be beneficighbio terms of device processing and
photovoltaic efficiency. The main limitations ariBem the position and role of the ICL
within the tandem architecture, which make difftcarh individual analysis of the ICL by
neglecting the contributions from the rest of tlegide.

A possible approach to selectively study the ICthi®ugh an electrical contact with an
external outputi.e. using a three terminal connection for the tandewia®!??% Despite
this method offers the great advantage to seldgtivevestigate the ICL during real
operation, it requires the introduction of an addil conductive layer placed between
the HTL and ETL able to furnish the external elieelr connection. Since the device

structure is adapted to provide an additional etieconnection, the optical and electrical
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processes inside the device may differ from thasmiwing in the “original” tandem cell
(series-connected).

As alternative approach, the incorporation of théole ICL in single-junction
architecture acting as charge selective unit wagpgeed as a simplified method to
investigate the ICL operation (Figure 5.13¥ Indeed, through the OPV response of this
device, information on the ICL operation can beaot#d by avoiding the fabrication of a
complete tandem stack. This type of solar cell banconsidered as a tandem sub-
structure. Indeed, while in a complete tandemJ@ieshould ensure a selective electrical
connection of the two sub-cells, in this sub-suuet the device functioning is ensured
only if the ICL allows the flow of one type of clygr carriers to the electrode,

substantially miming the real operating conditions.
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Figure 5.13.Representation of the complete tandem archite¢keft® and sub-structure (right).

The use of tandem sub-structures results very us®fa preliminary optimization of the
ICL operation. However, several interlinked proesssypically occur in a complete
tandem device during operation. For instance, tlse sub-cells with different
photovoltaic responses might determine a diffedestribution of the electric field within
the structure during operation. In this sight, #malysis of the J-V response of tandem
sub-structures could be not sufficient to study¢bmplex mechanisms occurring in the
ICL of a complete tandem cell.

To this end, hereafter is presented a method deedlaluring the PhD project to
investigate the electrical losses of the ICL, wharke responsible for the reduction of
tandem performance without affecting the photovoltgsponse of the corresponding

sub-structures.
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The approach consists in the analysis of the ppetwrated current of tandem sub-
structures in the region of bias over the device W' quadrant, Figure 5.14), where the

solar cell acts as a light emitting diode.
Theoretical background

The photovoltaic performance of organic solar cells usually analyzed through the
response of the device, in terms of photo-generatent density, to different applied
biases (J - V plot). The analysis of the curremsity as a function of the voltage,
Jium(V), includes all the processes of charge generatixtraction and injection
occurring in the device, thus accounting for bdi# tesponse to the illumination and the
diode characteristics. Hence, the different contrdms can be divided in a photo-
generated current density,{Jdue to the flux of incident photons and a curréensity
arising from the applied bias, which correspondh&oresponse of the device in the dark
(Juar) (Equation 5.1 and Figure 5.145212%]

]illum(V) = ]ph(V) + ]dark(V) 5.1

In reverse bias, injection of charges in the sakll is largely inhibited and the total
current under illumination is mainly determined the extraction of photo-generated
carriers (ilum = Jn) (3% quadrant, Figure 5.14). On the contrary, undewdod bias,
charges start to be partially injected into theicewntil a certain threshold voltage at
which the diode allows the full injection of chasgfom the electrodes Ylquadrant,
Figure 5.14). As a consequence, the processesrogrunside the device drastically
change. Indeed, if illuminating the solar cell laistvoltage regime, injected and photo-
generated charges are simultaneously present iddtiee. While the photo-generated
charges dominate over the injected ones befordirgithe device Voc dm = Jn), by
exceeding the Voc the extraction of photo-generateges is drastically inhibited since
they are forced to recombine each other (OLED regitius canceling their contribution
to the total current density under illuminatiofy ~ Jiark for V >> Voc). It means that,
in this region, the presence of light does not @ay role on the device operation and

hence gh = (Jum - Jar) = 0. The specific point at whichpl= 0 is named compensation
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voltage (M), where the number of photo-generated chargesntedathe amount of

charges injected from the electrodes (Figure 5.14).
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Figure 5.14.Simplified representation ofish (blue), Ja« (red) and g, (green) as a function of the applied

bias. The arrows indicate the voltage thresholel digvice Voc and the compensation voltage V

Despite a solar cell biased at voltages higher tth@n\Voc is not under its working
regime, the investigation of the device operatiorthese conditions can provide useful
information on possible electrical los$&8! The electric field (V > Voc) typically drives
the photo-generated charges towards the electrathese they are minorities (holes
towards the cathode and electrons towards the graue their collection is typically
suppressed by the presence of (buffer) selectirerda(see paragraph 1.2.1). However, an
eventual sub-optimal operation of the buffer layarshis voltage regime would permit
the extraction of photo-generated charges at therfg/ electrodes and, by focusing on
the Jn, a positive current is detected. As a result, ghalysis of the (V) at V > Vg
gives the possibility to visualize eventual elesdti losses in the charge selective
interlayers which would be typically not detectender the standard operation regime
since the internal electric field favors the cotretarge extraction in the solar cell.

To validate the reported concept, inverted singfesfion solar cells based on
PCDTBT:PG:BM as BHJ layer were fabricated using different BTL) no ETL, ii)
ZnQ, iii) PEI oriv) ZnO/PEI (Figure 5.15a). The OPV responses of ésalting devices

were first investigated in view to analyze theirresponding sk (V) behavior.
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Figure 5.15.Device structure (a) and relative J-V plots (b)REDTBT:PG;BM-based solar cells using
different ETLs:i) no ETL (black),i) ZnO (red),ii) ZnO/PEI (blue) oiv) PEI (green).

Table 5.3. OPV parameters of inverted single-junction cellsdosh on PCDTBT:PEBM and using
different ETLs.

. Jsc Voc FF PCE
Active layer ETL [mA/cn] V] (%] (%]
- 6.2 0.59 41 15
ZnO 8.4 0.90 56 4.2
PCDTBT:PG;BM
PEI 6.4 0.88 48 2.7
ZnO/PEI 8.3 0.91 57 4.3

As discussed in Chapter 1, the total absence d&Tdnallows the collection of photo-
generated holes at the interface with the caththes, determining the recombination of
opposite carriers with a subsequent reduction efstilar cell performance. According to
that, PCDTBT:PCBM-based solar cells without any Eduer the ITO electrode indeed
exhibited a poor PCE of 1.5%, as a result of lichilec, Voc and FF (Table 5.3).

On the contrary, the use of a ZnO layer as ETL teedolar cells with performance
comparable to those reported in literattt®®® In detail, a device efficiency over 4%
with a Jsc of 8.4 mA/cfmVoc of 0.90 V and FF of 56% was obtained. By aejslg ZnO
with PEI, an expected reduction of the photovoltditciency (2.7%) was observed. This
may be ascribed to the slightly different properti the PEI (compared to ZnO), which
should be suitably optimized on the basis of theresponding device characteristics.
Indeed, the layer thickness, surface roughnessripohnd homogeneity of the PEI film
are key parameters that largely influence the dewperatio?®®!??®! However, the
achievement of the best device performance is lteybe aim of this work, while

materials showing different electron transport grtips are here preferred.
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Finally, optimal OPV responses were recorded bywgsin additional layer of ZnO
between the PEI and the ITO electrode. The ZnOlryer resulted the most effective
charge selective unit, among the investigated ETdag]ing to solar cells with PCEs up to
4.3%.

Since the reported PCDTBT:RBM-based cells differ exclusively for the type of I§
the observed differences in terms of OPV respomseckearly ascribed to the related
mechanisms of charge extraction within the devices.

While the ZnO or the bi-layer ZnO/PEI appeared tsuee an effective solar cell
operation, the use of an individual layer of PEltloe total absence of ETL drastically
limited the charge collection process of the cgoesling solar cells. In this sight, thg J
(V) of the reported solar cells was measured wdttipular attention on its trend in the
region over \.

Despite g» — V curves can in principle be obtained from tiféecence between the J -V
plots measured under illumination and in dark coods (Equation 5.1), this method is
typically not accurate. Indeed, a mismatch in #rageratures under which.d (V) and
Juark (V) are measured, results in an erroneous estimati Jy, (V).?*? For this reason,
Jon was calculated by measuring EQE spectra at diftexpplied biases. Indeed, when the
device is biased at a defined voltage, the integraof the relative EQE spectrum
corresponds to thegplof the solar cell at that voltage. This arisesifriihe use of a pulsed
light, which induces the device to operate undghtliconditions only at a certain
frequency over time. Through the lock-in amplificatof the proper electrical phase, the
device current density at that frequency is meabut@le the dark current is suppressed.
This corresponds to the differencgn — Jiark Which represents the,pJat a defined
voltage. By integrating the EQE spectra of thersoddl taken at different applied biases,
the $n» — V plot can be created point-by-poffft! To note, a time-step of 175 Hz from a
square wave modulated LED illumination was selestiede demonstrated accurag J
measurements due to negligible thermal contribstiagluring the EQE acquisition
(Chapter 2}??%

To compare thepd (V) characteristics of the different solar celtbeir Jn (V) was
normalized to the maximum photocurrent at -1 V irdes to eliminate eventual
differences related to optical processes in thécdel??®! At this reverse bias, almost all
the photo-generated carriers are collected gad~ JGL, where q is the elementary

charge, G is the generation rate of free carriedslais the active layer thickness.
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Figure 5.16.J,, — V plots for solar cells using different ETLsni ETL (black), ii) ZnO (red), iii) ZnO/PEI
(blue), iv) PEI (green); the curves are obtaineanfthe integration of EQE spectra by biasing théageat

defined voltages. All the curves are normalizethtomaximum photocurrent at -1 V.

As shown in Figure 5.16, thgnJ- V plots of the solar cells at V <p\Mvere consistent
with the corresponding J — V plots measured untgierdard illumination (Figure 5.15b).
On the contrary, the behavior gf &t V >\, resulted rather different. Whilgnanceled
over \, for solar cells using ZnO or ZnO/PEI as ETL, aifwes J,, was observed for
devices without any ETL or containing a PEI layerdetail, solar cells using PEl as ETL
exhibited a g reaching a positivelateau at 0.5 (relative unit) while gWJover 0.8 was
reported from cells lacking of an ETL. It was difflt to measure further values since the
devices degraded due to switching effécts.

The presence of a positivg, &t V > Vo means that charge carriers, which exclusively
originate from light irradiation, are collectedthe electrodes where they are minorities.
This can originate from several causes. Simulatedies showed that injection barriers,
surface recombination velocity, trap states andeseresistance of both the BHJ and
electrodes are parameters that strongly influeneeshape of thgy— V plots!?2412231(228]
However, in this work, solar cells differ only fhre ETL whereas the rest of the device is
maintained constant. This allowed to ascribe tlier@inces in thepd (V) exclusively to
the blocking capacity of the selected ETLs. Foasaklls without any ETL, the lack of
charge selectivity was expected thus explainingpthgtive J, at V > V. In the case of
PEI, the positivep) at V > 4 confirmed the presence of losses in the mechani$ie
ETL operation. These results were in perfect ageggwith the limited OPV response of
the corresponding solar cells (Table 5.3) thus llgbling the effectiveness of thgnJ
analysis at V > Y as method to detect issues related to the operatiB TLS.
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In this context, the process of extraction of phgémerated charges from the electrodes
was described by Petersenal.*®” as a buildup of minority carriers at the electrode,
which causes an alternation of the electric fiedd &iggers the injection of additional
majority carriers from the contact. However, thechmnisms, which cause this process of
charge extraction, are manifold and can arise fitoenpresence of injection barriers, trap
states, reduced selectivity, nature of the ETL, &% However, the aim of this
preliminary work is not the comparison of the diffiet materials or the evaluation of their
properties as ETLs, but rather the validation ef3j (V) analysis as method to detect the
electrical losses eventually present in a chartpetee layer.

To note, in the case of single-junction solar c¢elle analysis of thepy (V) is not
necessary since eventual losses can be simply teétdoom the standard J — V
characterization of the cells. However, the mult&wf parameters governing the J — V
response of tandem solar cells does not allow d#@efamnalysis of the operation
mechanisms. This, in conjunction with the lack ofelective technique for the ICL
investigation, highlights the necessity of charaz&ion methods alternative to the J — V
characteristic. In this sight, the analysis of $he(V) behavior on tandem sub-structures
would represent an innovative approach to individuaventual losses in the ICL

operation.
Investigation of the ICL operation in tandem sub-structures

To further enhance the performance of tandem soddlis towards the theoretical
maximum, limitations arising from electrical lossasthe ICL need to be addressed. In
this sight, a contribution to understand the plg/sa€ operation of the ICL is here
provided through studies on tandem sub-structuasedon PCDTBT:PLBM as active
layer. In detail, four different ICLs were analyzieg combining the following materials:
ZnO and PEI as ETLs while two different PEDOT:P®81iulations, Clevios P VP Al
4083 and HIL3.3N, were chosen as HTLs (Figure 5.1Far the sake of simplicity the
PEDOT:PSS formulations are respectively name4D83 andHIL3.3N.

The incorporation of the different ICLs in tandembsstructures led to similar OPV
responses among the resulting devices (data natrghwith PCEs comparable to single-
junction reference cells (between 3% and 4%). Tihdicated negligible differences

between the ICLs suggesting their similar and agéyr satisfying operation.
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Figure 5.17.Device structure of tandem sub-cells (a) and thative J, — V plots (b) using the following
HTL/ETL bi-layers as ICL: 4083/ZnO (black), 4083/PEed), HIL3.3N/ZnO (blue) and HIL3.3N/PEI
(green). The curves are obtained from the integmatf EQE spectra by biasing the device at defined

voltages. All the curves are normalized to the mmaxn photocurrent at -1 V.

Interestingly, the analysis of thg,d V responses showed relevant differences amang th
reported sub-structures (Figure 5.17b). While dewviasing the bi-layer 4083/ZnO or
HIL3.3N/ZnO as ICL exhibited almost zergy &t V > V, the use of PEI instead of ZnO
led to positive values of,din the same voltage region. The presence of P&hed to
affect the ICL behavior independently from the fatation of PEDOT:PSS employed in
the tandem sub-structures. This was in accordantte the limited OPV response of
single-junction solar cells containing PEI as EFig(re 5.15 and 5.16).

Diversely from the case of single-junction cellgtld electrical issues in the ICL of
tandem sub-structures are typically difficult tswalize in the corresponding standard J -
V response albeit they identified through 3 V measurements. On the contrary, in a
complete tandem architecture, because of the comguhel subtle operation, the full
recombination of opposite charges coming from the sub-cells is indeed fundamental
and hence eventual electrical losses, despite gilelgliin sub-structures even at low
electric field (V= Voc), become relevant in the standard J — V respon

The electrical losses in the ICL with negligibléeet on the OPV responses (standard J —
V analysis) of tandem sub-structures can be posstnlised byi) a behavior as barrier
for the injection of charges without limiting th&teaction process, ar) the presence of
trap states in the ICL.

To distinguish between the two processes, the relaatinescent properties of the
reported devices were investigated. This method mplementary approach to the
investigation of the 1 (V).>1??l |ndeed, while in the , calculated from EQE

measurements, photo-generated charge carriers xdracted from the device, the
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electroluminescence arises from the recombinatfoglextrically generated CT excitons
via injectionof charges into the devi€€? In the latter case, the device is kept under dark
conditions and a voltage higher than the Voc (OLEBIme) is applied in order to inject
charges (@) into the diode.

Compared to a barrier-free system, the presenan adventual injection barrier at the
electrode/BHJ interface would result in the need bfgher bias to electrically induce the
formation of CT excitons in the device. On the cany, the presence of a trap state in the
ICL does not present any effect on the injectioshadrges from the electrodé¥232123]

To note, as the electroluminescence concerns & kghission from the BHJ, a
comparison between the sub-structures was posathtbe BHJ nature and processing

conditions were the same for all the devices.
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Figure 5.18.Electroluminescence as a function of the bias aat#d of thedevice Voc (a) or as a function
of the injected current (b) for the reported tandarb-structures. The number of counts was measired

1000 nm, the maximum electroluminescence for alldavices.

As shown in Figure 5.18a, the sub-structures udid®B/ZnO or HIL3.3N/ZnO as ICL
exhibited electroluminescence (EL) by applying asbimmediately higher than the
device Voc. Similarly, the use of 4083/PEI as I@parted negligible influence on the
electroluminescence response of the relative c@rs.the contrary, devices based on
HIL3.3N/PEI required additional 0.2 V over the Vtx exhibit electroluminescence. In
conjunction with this shift of threshold towardggher voltages, the EL intensity as a
function of the applied bias, EL (V - Voc), showedifferent trend if compared to that of
the other devices (Figure 5.18a). Moreover, as shiowFigure 5.18b, the other devices
exhibited a similar linearity of the EL intensitg a function of the injected current, EL
(inj. current), while the device containing HIL3.8NEl showed a slightly different linear
dependence characterized by a higher resistance. Hlh (inj. current) linearity
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demonstrated a good behavior of the sub-structlicele whereas its lower slope together
with the higher bias threshold and the sub-optitnahd of the EL (V-Voc) analysis
suggested the presence of an energetic barrieth®rcharge injection due to the
HIL3.3N/PEI ICL [2311[232][233]

Concerning the ICL based on the bi-layer 4083/Rtd, results of electroluminescence
demonstrated the absence of issues related tajdwion of charges.

As discussed above, an alternative cause of elactasses in the ICL may be related to
the extraction of minority charge carriers via tsdptes. To evaluate this effect, the Voc
of the sub-structure was measured at different ligtensities. Indeed, the Voc of well
performing devices should theoretically scale agkwith the intensity of the standard
illumination, where k is the Boltzmann constant ahi the temperature (Chapter?).
The presence of traps increases this dependencé wbuld result in a slope higher than
kT/q®" From this investigation, a slope of 1.8 kT/q wasserved for tandem sub-
structures using 4083/PEI as ICL while all the otthevices reported a slope of 1.2 kT/q
(Figure 5.19). This analysis confirmed the presesfceap states in the ICL (4083/PEI)
which explained the extraction of minority chardgesm the device at V > ¥/ (Figure
5.17b).
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Figure 5.19.Voc of the reported tandem sub-structures as atitmof the incident light intensity. The
dotted lines represent the fits of the measurea paints.

Through the combination of extraction and injectroathods performed on tandem sub-
structures, the presence and nature of electrosselk in the different ICLs were here
demonstrated. However, to prove the effectivendéshis approach, the reported ICLs
were introduced in complete tandem cells and theyice performances were analyzed.
In this sight, a BHJ based on PCDTBT#HM was used for the bottom sub-cell while a
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mixture of the low band-gap polymer pDPP5T-2 aral électron acceptor PBM was
used as BHJ blend for the top sub-cell (Figure &.21

It is noteworthy that in the abovementioned analysi tandem sub-structures, the ICL
was inserted between the bottom electrode (ITO) ahd BHJ based on
PCDTBT:PG:BM. However, in the complete tandem device, a BHSebl on pDPP5T-
2:PG.BM was used over the ICL. For this reason, the nteploinvestigations concerning
the Jn (V) behavior of the ICLs in tandem sub-structusesre repeated by using
pDPP5T-2:P&BM as BHJ. These investigations exhibited resuttsagreement with
those previously reported for PCDTBT:RBM-based sub-structures (Figure 5.20),

confirming again the effectiveness of the propasethod to analyze the ICL quality.
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Figure 5.20.J,, — V plots of tandem sub-structures based on pDPPBT;;BM blends using the following
HTL/ETL bi-layers as ICL: 4083/ZnO (black), 4083/PEed), HIL3.3N/ZnO (blue) and HIL3.3N/PEI
(green). The curves are obtained from the integmatf EQE spectra by biasing the device at defined
voltages. All the curves are normalized to the mmaxn photocurrent at -1 V. In the inset, the device

structure is reported.

In the complete tandem structure, to avoid eventmatations due to the deposition of
the water-based PEDOT:PSS ink over the hydroph8bid, a thin layer (5 nm) of
evaporated Mo©was deposited over the bottom BHJ in order tonoige the contact at
the BHJ/ICL interface. The use of Mg@deed provided an optimal connection with the
underlying PCDTBT:Pg;BM BHJ as confirmed by the above reported resutioth
single-junction devices and tandem sub-structurberev the use of MoQOas anode
interlayer did not exhibit any electrical limitatigFigure 5.16 and 5.17b).

The fabrication of complete tandem solar cells gses ICL the four different
combinations of materials led to comparable OPYwases (Figure 5.21b). The similar J
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— V curves reflected the modest differences in seofndevice efficiency (PCEs between
3.2% and 3.5%).
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Figure 5.21. a) Representation of the tandem structure and Y) plets measured under standard
illumination of the relative cells using 4083/Zn®lgck), 4083/PEI (red), HIL3.3N/ZnO (blue) or
HIL3.3N/PEI (green) as ICL.

However, the presence of minor electrical lossdsichvaffect the ICL operation, are
expected to be relevant mainly when the diffusidncbarges dominates over drift
processes. As a result, the OPV response woulchfheemced only when the device
operates in the regime close to its Voc. Accordmghat, the tandem cells using a layer
of PEI in the ICL reported a Voc lower than theestbevices based on ZnO in the ICL.
Moreover, the analysis of the tandem Voc as a fonaf the light intensity reported a
slope as high as 2 kT/q for tandem solar cellsguBil in the ICL while 1.6 kT/q for the
other devices (Figure 5.22), in agreement withtyipécal shunt recombination caused by
the limited ICL operation. This confirmed the trifge recombination behavior of the
corresponding tandem cells, where the ICL was &dteby minor electrical losses, which
confirms the effectiveness of the reported apprdaateveal the issues of operation of a
ICL.

The discussed method represents an elegant andfpbeygproach operating on tandem
sub-structures allowing to visualize and recogmizentual electrical losses, which are of
relevant importance to design and develop advantairials in view of tandem solar

cells approaching the theoretical efficiency.
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Figure 5.22.Voc as a function of the incident light intensity tandem solar cells based on different ICLs:
4083/Zn0 (black), 4083/PEI (red), HIL3.3N/ZnO (bjwe HIL3.3N/PEI (green). The dotted lines représen

the fits of the measured data points.

In this Chapter, the state-of-the-art tandem aechitre of PSCs was investigated in view
of pushing the solar cell performance towards theotetical efficiency and obtaining

devices compatible with large-scale production esses. Particular attention was
devoted to the study of the ICL which currentlynegents the main limitation of solution-

processed tandem polymer solar cells. In detaigcde and versatile approach for the
ICL deposition, fulfilling the R2R requirements, svafficiently demonstrated. Then, an
elegant and innovative method to selectively ingas¢ the operation of the ICL revealed
the great potential to visualize and recognizepttesence of minor electrical losses in the
ICL, which were proved to limit the performancetioé corresponding tandem solar cells.
The combination of an industrial-compatible deposit technigue and a fine

characterization method for tandem architecturpsesents a step forward towards the

massive production of highly efficient PSCs.
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Chapter 6

Environmental impact of organic solar cells

6.1 General overview

The great progress of organic photovoltaics inpast few years heralded this technology
as one of the most promising in the emerging se@nérom one side, the advantages of
using organic compounds allow for an economic lmgge manufacture of light-weight
devices. This reflects into the potential cost-@ffeeness of this technology, from the
production to the installation of the solar modul@s the other hand, the advantage of
avoiding highly toxic substances such as cadmiunh),(€elenium (Se), lead (Pb), etc.,
present in the other technologies, represents dntheo major benefits of organic
photovoltaics in terms of sustainability.

However, OPV is still an evolving technology andspiée the potential cost of solar
modules is predictable from market surveys, theat impact on the environment over the
entire life-cycle is more difficult to estimafé®” Hence the major question to be answered
is how “green” organic photovoltaics can be. “Gresna general term which comprises
different meanings besides the environmental impécta simplified overview, it

includes:

- Sustainability
- Ecological impact

- Bio-toxicology

Sustainability means that the environment, the natural resouaces the biological
systems should be preserved and last for yealeiway that the actual opportunities are
provided to the societies of future generationsré€fore, a sustainable technology should
avoid the use of fossil sources, since their foromails an extremely long process, or the
use of elements with scarce abundance in the Barhist. In this context, new
technologies not only should exploit renewable gnesources but, more importantly,
should use largely diffused and, preferably, realyild materials. However, to safeguard
the integrity of the nature, the influence of teeiinology deployment on the environment

should be considered accordingly. Indeed, duringragmn, elements with_ecological
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impact can be produced and released in the environmeanteder, the production,
installation and disposal are phases of a techgoldgectly correlated with the
environmental safety since each of them consissésmiiltitude of sub-processes.

For instance, the fabrication of organic solar meslincludes the synthesis of materials,
the use of solvents, instruments, etc.. Then,itle module should be transported for the
intended application thus including the processesramsport and installation. During
operation, the module can suffer of material lodsesause of the detrimental external
conditions. Finally, the disposal/recycling andlagement of the module is required. All
these processes include, to some extent, producfiocBO,, pollution formation and
energy. It is indeed important a deep analysis Ibthe individual sub-processes to
accurate evaluate the ecological impact of a tddgyo Moreover, despite that,
additional parameters such as the biological toxicghould be considered in the

evaluation of a technology. This is of relevant artpnce since the prolonged use of a
product can cause unintentional effects as, faaims, the release of elements which can

be harmful for the environment and the mankind.

In this complex scenario, considering that orgasotar cells exploit the solar energy,
which is one of the most promising among renewalilesy can be certainly deemed as
ecologically sustainable. And, because of the gesat easy availability of the solar
energy source all over the world, this technologg the additional advantage to be also
social sustainable. Moreover, the use organic camg® offer several advantages in
terms of processing and properties of the final medwvhich contribute to a further form
of sustainability,i.e. the economical one, of relevant importance to enam economic
growth of the society.

Concerning the environmental impact, one of thenna@ivantages of organic solar cells
over the other photovoltaic technologies is theeabs of highly toxic elements. In
addition, the equivalent CGper functional unit of organic modules produceated per
kWh of energy generated, amounts to 57.55 g, wisial the same range of the other PV
technologies (between 59 and 17 g of equivalens)&8' However, the environmental
impact may arise also from some release of matehiming operation in outdoor
installations. Indeed, some cell components carel@ased with possible consequences
on the environment. This phenomenon is difficult é&stimate and systematic
investigations are still required. However, it skibbhe considered that organic modules

are typically packaged to preserve the operatioth@fcells, and the thin plastic barriers
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used as encapsulation system are properly desigmedoid ingress of water during
operation. Only if the physical integrity of the cude is affected because of impervious
conditions some release may take place. In this, @agperimental results indicate that the
leach out of silver and zinc are the major implmas!**® Studies on their release into
water or soil showed that the Zn concentrationsaloeven exceed the limit for drinking
water thus cannot be considered an issue. On thieacp, more complex is the situation
in the case of Ag since critical values were fotath in water and soil. Parallel studies
estimated the replacement of silver electrodes wattbon-based ones to eliminate any
environmental impact. However, the consistentlyrpoperformance of the carbon-based
electrodes would represent an important limitafi@nmodules operation. Hence, since
silver constitutes a material easily recyclable,ré-use is likely the more advantageous
path to pursu&>!

In this context, the release of compounds in theirenment includes also risks
associated to the biological activity in the aigter, soil or biota (Figure 6.1). In sight of
this, an evaluation of the potential risks wereeased by the consortium of the european
project SUNFLOWER that provided preliminary resutsthe environmental toxicity of
nanoparticulate ZnO and PCBRff While PCBM was not evaluated as potentially
harmful because of its limited water solubilityethnalysis of ZnO nanopatrticles in fish
cells (in vitro) and in zebrafish (in vivo) demorated the induction of the oxidative
stress marker gene catalase despite did not ewdetie presence of any apoptotic

marker gene.
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Figure 6.1. Representative factors which can cause degradatiemganic photovoltaic devices and the

subsequent impact on the environment. Reprinted Ref.[>*, with permission from Elsevier.

Because of the multitude of parameters to considerder to evaluate how “green” a
technology is, a tool which properly incorporatds the factors at all levels was
introduced. It is called Life-Cycle-Assessment (DG#ad includes the evaluations of all
the processes behind the deployment of a technpfogy the raw materials to the end-
products, comprising a potential recycling of thatenialsi?>> The great reliability of the
LCA analysis has led to a currently use of thisapaater at even the strategic levels, as a
tool to assess the sustainability of a technolagysupport the policies decisions.
However, despite LCA accounts for a multitude sksi associated to the life-cycle of a
product, the eco-toxicity of some compounds, egpigcthose at the early phase of
research, is unknown to the standard databasesaammdt be properly considered. In this
context, the synthetic polymers used in organiarsotlls are among the materials whose
impact is not yet quantified. Moreover, accuratalgses are impossible to provide for all
the myriads of organic compounds. Despite that, Highly degradability of these
materials under ambient conditions drastically tgmihe probability of environmental
risks. On the contrary, the solvents used to pod¢bksse materials are typically very
harmful, yet a detailed estimation of their ecotadjiimpact is mostly unassessable
because of the large variety of solvents, additimad mixtures of them, which are
employed during the testing phase of new matéffildndeed, regarding the active layer
deposition, the viscosity, boiling point (bp) anolgrity of the solvent are properties that
strongly influence the BHJ morphology and the dewperformance as a result. In this

168



Chapter 6 — Environmental impact of organic so&disc

context, the most commonly employed solvents aseda&n halogenated molecules such
as chlorobenzene (CB) and 1,2-dichlorobenzene (B)XXthce they provide an optimal
solubility for both the donor and acceptor matepge¢sent in a BHJ, and show boiling
points that allow to modulate the morphology of #mive blend during processing.
However, the use of halogenated solvents have mali@a impact on the environment
and, furthermore, on human health. They do notterishature and hence are more
expensive to produce. Moreover, their dangeroussigesficantly increases the costs for
safety equipment and waste disposal in large-svaleufacturé®*® The strong need for
greener alternatives led to the search for haldgensolvents with reduced ecological
and human toxicology whereas ensuring an effectolar cell operation. In this context,
one of the main issues concerning the use of ntoglaated solvents is their typically
low solubility for m-conjugated polymers and fullerene derivatives. dRecstudies
however showed that methyl substituted benzenessjM&resent a class of solvents
with good solubility for most polymef&'® In addition, it has been demonstrated that, by
properly adding small amount of solvent additivieg, solubility for fullerene derivatives
can be also improved. This resulted in environmdnendly PSCs showing performance
similar to those of analogous cells processed fr@miogenated solvents and, in some
cases, the use of MBs allowed the achievement e éngher PCES§M241242] A deep
investigation of the effects of non-halogenatedsesals on the BHJ can be relevant in
view of large-scale application for environmentdhgndlier solar cells. In this sight, the
role of an eco-friendly solvent on the performarafeBHJ solar cells is hereafter
discussed through experimental results. Moreovepagllel analysis on the device
stability is also reported since, as demonstratedChapter 4, different processing
conditions can influence the thermal stability dfe tresulting organic solar cells.
Nevertheless, such additional effects induced bgranronmentally friendly solvent are
poorly explored in the literature. For this reasospecific study related to this topic is

presented and discussed in the following paragraph.
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6.2 Effect of environmentally friendly processing on theperformance

and thermal stability of organic solar cells

Part of this paragraph is adapted with permission from:
M. Seri, D. Gedefaw, M. Prosa, M. Tessarolo, M. dplesi, M. Muccini, M. R. AnderssoJ. Polym. Sci. Part A
Polym. Chem. 2016 55, 234.

In view to investigate the properties of BHJs pesesl from a e«friendly solvent, a new
semiconducting polymer was suitably synthesizedus®tl as electron donor compol

in BHJ solar cell¥*! The new material is characterized by two differetectron
deficient units respectively based on a fluorinagedhoxaline (Qx) and an isoindigo (
moiety, and an electron rich benzodithiophene (BRiRjt. Thiophene rings wel
introduced in the structure a-spacers between the electron rich and deficierting

blocks to reduce their steric hindrance and extéimel spatial conjugation. Tt
introduction of several alkyl side chains linkedtihe different structural units ensurec
the polymer a sufficient solubility both in commahlorinated and nc¢-chlorinated
solvents (> 10 mg/mL in ®CB or ¢-xylene), as requirefibr device fabricatio.

The molecular structure of the polymer, named PBK-ii, and the synthetic procedu
are reported in Figure 6\2hile the number (M) and mass (M) average molar mass
are summarized in Table 6.1Further details for the materigbreparatio and

characterizatiomre reported in re 243,

PBDTQx-ii c"‘lisw'ﬂ'
Figure 6.2.Synthetic procedure of the polynPBDTQx-ii.
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Table 6.1.Molecular weight, optical and electrochemical pmbigeof the pristine polymer PBDTQx-ii.

Solution Thin-film
My® M@ opt Eromo  Erumo

[kDa] [kDa] ‘mex fonset ® I Jonser Bgap™ " [ev]  [eV]
[nm]  [nm] eV] [nm]  [nm]  [eV]

Polymer

PBDTQx-ii 214 829 633 740 1.67 640 760 1.63 -5.87 -3.97

a) Determined by GPC relative to polystyrene standasitsg 1,2,4-trichlorobenzene as eIud{x)tEgap0pt =

1240/ onset

The HOMO and LUMO energy levels of PBDTQx-ii, intigated through cyclic
voltammetry, resulted to be -5.87 eV and -3.97 r@gpectively (Table 6.1). If compared
to the similar polymer PFQBDT-TRpreviously reported in literatuf&! PBDTQx-ii
exhibited a lower LUMO energy 6f 0.36 eV (-3.61 eV for PFQBDT-TiRarising from
the strong electron deficient nature of the isandunit where the LUMO orbitals are
localized. On the contrary, the HOMO levels resulggmilar (-5.89 eV for PFQBDT-
TR;) as a consequence of the distribution of the ivaadrbital over the entire polymer
backbone. The presence of a similarly low-lying HOMuggests a high device Voc
when PBDTQx-ii is mixed with PCBM in BHJ solar cgllaccording to the difference
LUMOA - HOMOp. Moreover, the HOMO energy is in the optimal rarigesnsure a
good air stability of the polyméi*¥

Concerning the optical properties, the polymer PBRi showed a relatively broad
absorption spectrum both in dilute chloroform siolutand as thin film (Table 6.1 and
Figure 6.3). This indicates that a consistent parthe solar photons are absorbed and
hence can possibly contribute to the photocurremiegation of the corresponding solar
cell.

Note that, in agreement with the electrochemic#h,die polymer PBDTQx-ii showed a
broader absorption with a reduced optical band @&, ~ 0.1 €V) in comparison
with the above mentioned reference system PFQBD{-TR&nfirming the benefits
arising from the introduction of the isoindigo mién the polymer backbone.

The UV-vis absorption profile was based on two nfaatures: a high energy absorption
region with two bands between 380 nm and 480 nnmi¢hwban be assigned to localized
n-* transitions, and a more intense band at lowergieg, between 500 nm and 700 nm,
ascribed to the intra- and inter-molecular intecans. This intense band arises from inter-
molecular charge-transfer like interactions betwé®sn electron-rich and electron-poor
moieties and from the inter-molecular interactiobstween the polymeric chains.

Interestingly, the absorption spectrum of the payrat the solid state was slightly red-
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shifted than the relative spectrum measured intisoluThe shift of both the absorption
onset £ 20nm) and the maximum: (7) nm suggests a partial ordering at the solitesta

which is favorable for the resulting charge transpeooperties.

4 —— SOLUTION
—— FILM

Normallzed Abs

T g T T T ¥ T ¥ T

400 500 600 700 80O
Wavelength (nm)

Figure 6.3.UV-vis absorption spectra of polymer PBDTQx-ii, malized to the relative maxima, in dilute

chloroform solution (blue) and as thin film (thicss~ 60 nm) deposited from chloroform on glass (red).

In order to investigate the effects of a greenérestt, compared to common chlorinated
ones, on the device operation and stability, @6BHJ solar cells were fabricated using a
mixture of PBDTQx-ii and P§BM as active layer. While o-DCB was used as refegen
processing solvent, o-xylene was chosen as a gredieenative (Table 6.2). The lower
environmental impact arises from the faster evamwrarate of o-xylene which, if
accidentally gets into soil or waters, is fastaskd into air where sunlight converts it into
less harmful chemicals within a couple of days.&bdthse, if trapped, o-xylene can be
broken down by small organisms. Despite the paéemtifect of o-xylene on human
health are still not comprehensive, preliminaryulssindicate negligible effects under
short-term exposure and both the International Agdor Research on Cancer (IARC)
and EPA did not classified o-xylene as a carcinagsolvent2*!!

Besides the great advantages of o-xylene over o-DCErms of ecological impact,
further advantages are provided in terms of ecoocamsustainment. Indeed, the
production costs of halogenated compounds are dipibigher than those of methyl-
benzenes, which can be obtained by simple distilabr solvent extraction from crude
oil. In addition, the toxic chlorination process#eate additional environmental concerns
typically not present in the production of methgrzenes.

Besides the interesting advantages, methyl-bendeneatives exhibit small drawbacks

for BHJ application. Indeed, because of their psalubility towards fullerenes (Table
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6.2), the correspondingdHJ films are typically characterized by a seveleage
segregationyhich is detrimental for the solar cell operatiémthis context, the ration:
analysis of the chemicahysical properties of methydlenzene derivatives led to t
obtainment of PSOwsith promisingperformanc&®® arising from the use of small amot

of additive co-solvent§?el2381247]

Table 6.2.Physicalehemical properties 0l-DCB and o-xylene solvents.

0-DCB [CgH4Cly] 0-xylene[CgHy(]
c UHy
Molecular formula “ /]* ~CFs
s
Molar mass 147.00 g mot 106.17 g mc*
Boiling point 180°C 144°C
Melting point -17°C -25°C
Viscosity 1.324 mPa s 0.760 mPa
Dielectric constan 10.12 2.56
Solubility of fullerene (Cgo) 27.0 mg mif' 8.7 mgm*

To evaluatethe effect of the replacement o0-DCB with oxylene on the devic
properties BHJ solar cell with structureglass/ITO/ZnO/active layer/Mcs/Ag were
fabricated in order to ensure the best performamu stability.All the devices were
fabricated, except the top electrode, by k-coating in air.

The optimal PBDTQ»:PCs:BM blend ratio was found to be 1:@t(wt) both in 0-DCB
and oxylene as processing solv (Table 6.3 and Figure 6.4This was the result of a
meticulous proess of optimization of the active layer thickngsgcessing conditiol
and postprocessing treatments of the BHJ. Both active ldesttbwecthe best results if
processed in presenoé DIO (3% v/v) as solvent additive. However, since DIO is
halogenated cgelvent, we also proved that halo-free additives guarantee compare
benefits in terms of performar.?*®!

Interestindy, the devices where the active layer is depoditath c-xyleneshowed a PCE
of 4.5% in comparison to the 4for the reference 0-DCB processazlls. This is clearl
ascribable to the processing solvent since thecdsvare similar in all the parts &
processing methods. As shownTable 6.3 and Figure 4. while a slight enhanceme
was exhibited in the device Voc from 0.78 V to OM,9major differencesame from the
device Jsc which improved from 8.1 mA/ to 8.9 mA/cm, respectively foo-DCB and
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o-xylene based-cells. Negligible differences weseported for the FF which resulted
maintained at 64% thus indicating an optimal naalesmorphology and charge transport
properties of both PBDTQx-ii:R&BM based cells.

A. B.
":E 03- ——P1 : FCs1BM (1:2) from o-DCB
o ~P1 : PCe1BM (1:2) from o-xylene
<C
E g
z E:
] o
5 2
T <
=
—+—P1:PCsBM (1:2) flom 0-DCB | 2 g
+*—P1 - PCs:BM (1:2) from o-xylene 3
T v T T T 0
uo,ql 06 04 0,2 049
Voitage {V} Wavelength {(nm)

Figure 6.4.J-V plots (a) and absorption spectra (b) of optediPBDTQx-ii:P@,;BM solar cells processed

from 0-DCB (black) or o-xylene (green).

Table 6.3.0PV parameters of optimized inverted PBDTQx-ii:PCBMar cells processed from 0-DCB or

o-xylene. The reported data are averaged overiffereht devices.

Active rla?\;g Process. Thickn. Voc Jsc FF PCE
layer? wtiwi] Solvent [nm] [V] [mA/cm?]  [%] [%]
o-DCB +
12 3% (N) 75 067(?8; 81+03 64+1 4'(32)8 1
PBDTQx-ii: DIO ' '
PG:1BM o-xylene +
0.790 45+0.1
. 9 + +
1:2 3g|g/V) 90 0.004 89+02 64=+1 (4'7)b

2 No annealing; ® Maximum PCE.

The improvement of the performance by using o-xglarstead of 0-DCB as processing
solvent is a remarkable result since highlights tha use of an environmentally friendly
solvent, if properly chosen, might slightly enhatice corresponding OPV response. This
mainly results from the enhanced Jsc 1(0%), which is a consequence of the more
intense absorption profile with respect to thatited 0-DCB based BHJ (Figure 6.4b).
Indeed, the possibility of forming a thicker actiager & 75 and~ 90 nm for 0-DCB and
o-xylene processed films, respectively) withouteefing the excitons formation and
charge transport properties of the active layethircontributes to the light harvesting of
the solar cell (Table 6.3). To note, the use afldéi active blends showed a reduction of

the OPV response for both types of devices asudtresa reduction of Jsc and FF. On
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the contrary, thinner BHJ layers contributed to inorease of the charge transport
properties (higher FF) while considerably reduckd tlsc because of limited light
harvesting capability.

The possibility to have a slightly thicker and ma#icient BHJ using o-xylene as
processing solvent is the result of a fine entangl® and orientation of the polymeric
chains during the drying process accordingly todiganization of the fullerene acceptor
molecules. This improved nanoscale morphology kslyi the responsible for a more
suitable charge transport properties with redueedmbination even for thicker films.

To further clarify the effect of the different selts on the self-organization of the
PBDTQx-ii:PG:BM BHJs, their surface morphology was analyzed uglo tapping-
mode AFM (Figure 6.5). Accordingly to the similaP® responses and FF, the surface
morphology of the films differently processed fraxDCB or o-xylene reported quite
similar features and a proper BHJ morphology. ltailehe defined domains suggest the
formation of relatively organized donor:acceptonostructures, which reflect the optimal
photovoltaic response of the corresponding solds.ddowever, despite the absence of
evident morphological differences, by carefully kowy at the details, additional
considerations can be drawn. Indeed, the topograpliye film processed from o0-DCB
was characterized by a more regular and homogensodace with relatively less
defined domains (Figure 6.5b). This suggests a stoalggregation and ordering of the
polymer chains, which is in accordance with thedneé a slightly thinner film to
guarantee an optimal charge transport within tleadhl On the contrary, the active film
processed from o-xylene showed a relatively rougheface (Figure 6.5b) characterized
by fine and structured domains, which likely indecaa slightly higher degree of
aggregation of the components at the solid staies ihdeed allowed for a thicker film,
which enhanced the light harvesting propertiehefdorresponding solar cell resulting in
a greater PCE. This slightly different structurimigthe nanodomains well correlates with
the relative increase of the device Voc (10 mVaassult of possible changes in the D:A

interfaces, molecular distances, aggregation, taiem of the molecules, etc..
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Figure 6.5.AFM images (size: 5 um x 5 um) of PBDTQx-ii:PCBNhfs processed from 0-DCB (a) or o-
xylene (b). The root mean square (RMS) are resgagtl.2 nm and 1.7 nm.

In sight of these results, o-xylene can be consitlan effective alternative to process the
BHJ blend of organic solar cells since it allows thicker active films with proper
morphology which are beneficial for photovoltaiafpemance in comparison to similar
systems processed from the environmental harmRC8-

Besides the evaluation of the initial OPV respoos®BDTQx-ii:PCBM solar cells, we
further investigated the impact of the processiotyent on the thermal stability by
monitoring the evolution of the photovoltaic perfance during thermal ageing. This is
an innovative study since the stability of the desiis often poorly considered in the
investigation of the effect of the environmentdifiendly solvents on BHJ solar cells.
Nevertheless, it is of relevant importance in vigiwhe technology scale-up. In this sight,
the reported device were left in dark and inertcapiere at 85°C for 100 hours, in
accordance with the 1SOS-D-2 standard testing podft™ Because of the identical
structure of the solar cells, eventual differenaksr the thermal stress can be exclusively
ascribed to the different processing solvent ofBhids.

Simultaneously, the shelf-life was also evaluatgdnionitoring the performance of
identical devices stored in dark and inert atmosphet room temperature for 100
hours??**! A limited drop in PCE (< 3%) evidenced negligitaiffects of the processing
solvent on the shelf-life of both the types of salalls. This allows to consider eventual
reductions of the device responses to degradatmeepses induced by the thermal stress.
As shown in Figure 6.6 and Table 6.4, a nearlytidahdrop in the PCE is reported for
both the type of differently processed solar cdhlsdetail, an initial thermal burn-in is
reflected by a drop of the device performance wistdbilize over time (Figure 6.6a).
After the thermal stress, devices processed fromC8 and o-xylene respectively
exhibited a drop in their PCEs ©f20% andx 24%. This drop arises from a reduction of
Jsc (6-10 %) and FF (14-16%), which is due to amemse of the internal resistances

(increase of the series resistance and reductitimegbarallel resistance) of the solar cells
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as clearly evidenced by their J-V pl&t€! This is likely ascribed to slight morphological
changes of the active blend, which partially reamiges with consequent influences in
terms of charge transport and recombination dynsugi€) with subsequent limitation of
the extracted charges (Jsc).
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Figure 6.6.Evolution of the normalized OPV parameters for PEBdii:PCBM solar cells processed from

0-DCB (black) or o-xylene (green) during thermaéss at 85°C in inert and dark conditions.

Table 6.4.0PV parameters of PBDTQx-ii:PCBM based solar cpilscessed from 0-DCB or o-xylene,
freshly prepared and after 100 hours of thermasstiat 85°C in inert and dark conditions. The regbr
data are averaged over five different devices.

Process. Device Voc Jsc , FF PCE
solvent V] [mA/cm?] [%0] [%0]
Fresh 0.780 + 0.003 8.1+0.3 64+1 40+0.1
o-DCP’ 76+0.5 54 +1 3.2+0.2
Aged 0.78 £0.01 (-6%) (-16%) (-20%]
Fresh 0.790 + 0.004 8.9+0.2 64 +1 4.5+0.1)4.7
o-xylené Aged 0.78 £ 0.01 8.0+0.2 55+ 1 34+0.1
(-1%) (-10%) (-14%) (-24%Y

2 +3% (v/v) of DIO; ° Loss percentage relative to the correspondingnpeter at time a (fresh device).
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To give a deeper insight of the impact of the défe processing solvents on the thermal
stability of the BHJ cells, the relative surface rpfmlogies were investigated through
AFM topography (Figure 6.7). Interestingly, featuiemilar to the relative fresh devices
were exhibited for both types of devices. In detaiter the thermal stress, the cells
processed from 0-DCB reported quite regular anddgemneous surface with apparently
less connected domains (Figure 6.7a - aged), whdesame blend prepared from o-
xylene showed a finer and more textured nanostrest(Figure 6.7b - aged), which are
indication of a slightly increased internal resmsta in the BHJ. However, such discrete
variations and the absence of evident morphologit@inges are consistent with the
observed trend of OPV performance, thus confirntimg good stability of PBDTQx-
ii:PCBM solar cells which are able to retain80% of their initial performance after 4
days at 85°C.

Figure 6.7.AFM images (size: 5 um x 5 um) of PBDTQz-ii:PCBMascacells processed from 0-DCB (a)
or o-xylene (b). A and B images are the same repdrt Figure 6.5 while on the right side the saiimesf
after 100 hours at 85°C of thermal stress are naaneftaged and B-aged. The RMS for both aged fisms
~1.6 nm.

In this work, the effect of an eco-friendly solveoh the performance and thermal
stability of BHJ solar cells is presented by usingroperly synthesized electron donor
polymer. However, a further confirmation of the eetiveness of the o-xylene as
processing solvent is also provided in the pardgraf.2. Indeed, despite not discussed,
the use of o-xylene instead of 0-DCB reported arowgd initial performance and a

178



Chapter 6 — Environmental impact of organic so&disc

dramatically increased thermal stability of theresponding solar cells for a period as
long as 150 hours.

In sight if this, the eco-friendly o-xylene as r@ggment of the common hazardous
chlorinated solvents is here demonstrated to beffactive alternative which confers a
further potential to the entire organic photovataiechnology to succeed. The
improvement in the initial OPV response of o-xylgmecessed BHJ cells, in conjunction
with a thermal resistance comparable or greater ttBCB processed devices, clearly
indicates the benefit of this alternative solvestaaway to further improve the device

sustainability without affecting the photovoltagsponse of organic solar cells.
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Chapter 7

Summary and outlook

This thesis aimed at developing the organic phdtavotechnology through the analysis
of core aspects of BHJ solar cells such as thefopeance, stability and environmental
impact.

Indeed, despite thexploit shown by organic photovoltaics in the last few rgea
fundamental limitations arising from the poor rbllay of the devices still slow the
deployment of the organic photovoltaic technololgythis context, a part of this thesis
was devoted to the investigation of the solar cedlsistance to thermal or light stress.
International testing protocols were followed im@r to provide useful information to the
overall scientific community. In particular, thelgent used to dissolve and process the
BHJ active layer was demonstrated to play a rolthenthermal resistance of the solar
cell. The replacement of the common hazardous sblv®CB with the environmentally
friendlier alternative o-xylene showed a remarkalol@rovement of the thermal
resistance of solar cells after 150 hours at 85RC.this context, an advanced
characterization technique was properly developemtder to selectively discern between
the degradation processes affecting either theeldiyer or the electrode materials. This
technique, based on the use of a confocal micreseegulted very attractive for its non-
invasiveness, the higher resolution if comparedht standard methods present in the
literature, the possibility to operate on completelar cells and to correlate the
photovoltaic response to the photo-physical progedf the device components.

A comparative study where films of pristine donotymers and the corresponding BHJ
solar cells were subjected to prolonged sunlightmination showed that different
degradation processes occur in the two differestesys. In this work, the comparative
investigation of polymers characterized by similahemical structures provided
guidelines for the synthesis of efficient and stadriganic semiconductors. In this sight, a
particularly interesting resistance to prolongddniination was revealed by the use of
short and relatively compact side chains substitu@m the BDT unit of push-push

polymers.
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Further analysis on the light stability of orgaeaar cells focused on the investigation of
the ZnO operation as ETL, upon prolonged illumioati The adsorption of ambient
oxygen on the surface of air-processed ZnO nanofetrevealed a detrimental effect on
the corresponding solar cell under UV exposure. dlternative use of aluminum-doped
(0.03 at. %) ZnO nanoparticles was demonstratedavoid the oxygen induced
degradation of the solar cell under prolonged ilhation and evidenced the potential of
AZO nanoparticles as candidate material for ETL®ashg long light resistance and high
compatibility to industrial processing in ambieonditions.

The important breakthroughs reached in terms ofcdestability, allowed to focus on
other aspects of BHJ solar cells. Preliminary ssidon the chemical structure —
properties relationship of newly synthesized semdewmting polymers and fullerene
derivatives provided guidelines towards the obtantof highly performing PSCs. In
this context, aiming to even more push the devitieiency, a core section of the thesis
was devoted to the investigation of the criticgdeats related to state-of-the-art tandem
devices. In particular, despite the enormous pitieat multi-junction cells arising from
the minimization of unexploited solar photons, sledution-processing of an efficient ICL
over the bottom active layer represents an impoiiauitation. In a thorough analysis on
PEDOT:PSS/ZnO based ICLs, the modification of tHeDBPT:PSS dispersion, to
facilitate the ICL formation, was demonstrated éothe cause of a poor ICL operation. In
this sight, a facile and versatile approach, faltynpatible with the large-scale processing
methods, was effectively developed. This revediedatal restoring of the ICL operation
and an optimal tandem operation. In this contextyview of pushing the solar cell
performance towards the theoretical efficiency, elegant approach to selectively
investigate the ICL operation was effectively depeld. In detail, by analyzing the
photo-generated current of devices under lighttamgidiode regime, minor electrical
losses of the ICL, which affect the operation ofuble-junction architectures, were
visualized and recognized. The innovative approadiich operates on sub-structures,
avoids the elaborated fabrication of complete mjutiction solar cells and hence provide
a powerful investigation of ICL operation lossesiiaig at the design and development of
advanced materials for high performing multi-junatiorganic solar cells.

The great progress in terms of device efficiencyg stability through the here proposed
routes led to the analysis of another importanteetsfor organic solar cells,e. the
environmental impact. Indeed, despite the eco-filiaess is reported as one of the great

advantages of organic photovoltaics over the oteeewable technologies, toxic and
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expensive halogenated solvents are typically usedhfe BHJ processing to ensure a
great device operation. This indeed reduces thengiat of organic photovoltaics as a
green energy technology. In this view, the replaa@nof common halogenated solvents
with the cheaper and environmentally friendlierydexe was effectively demonstrated to
preserve the solar cell efficiency. Interestindlyther investigation of the device stability
under thermal stress revealed a comparable oriaeezased resistance of the solar cells
by using o-xylene as processing solvent of the BHhils represents an example of an
effective path to further improve the device suwshility of organic photovoltaics, an
additional advantage for this technology to succeed

It is noteworthy that, in the reported works, &létdevices were fabricated by solution
and, heading to the industrialization of this tembgy, the requirements of the large-
scale manufacture were considered in the experahpriacedures. The use of processing
techniques such as the doctor blading representonaection point between the
investigation of laboratory-confined devices ane development of methods suitable for
large-scale manufacturing.

The combined analysis of basic research on standeltd and the development of
innovative methods on state-of-the-art devices guresl in this thesis, framed in the
context of a sustainable up-scale of the technglogyresents an effective route towards
high efficient, reliable and sustainable organi@soells.

Finally, the combination of the learnings arisingpni the here presented specific
investigations and the fabrication of larger sizaddules are necessary in view of the
industrialization of this technology. In this siglstability investigations on the state-of-
the-art architectures (i.e. multi-junctions) areaed since the complexity of the structure
could introduce additional degradation mechanisiukareover, flexible substrates
covered by bendable electrodes need to be introdaocd analyzed in order to fully
exploit properties of organic solar cells such adddbility and wearability, not
investigated in this thesis. The replacement ofdfié ITO as bottom electrode would
result in a reduction of the costs. Nonethelesgrrative electrodes likewise efficient
need to be investigated. In this context, detagledlysis on the production of large-scale
solar modules should be carried out both in terfnsosts, eco- and bio-impact of the

final products for real world application.
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