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Resum

En aquesta tesi s’investiguen cél-lules solarsniggas basades en semiconductors de petita
molécula. En particular, les cel-lules solars oip#es d'aguesta tesi han emprat

tetraphenyldibenzoperiflanthene com material donafid- leré Go com material acceptador.

En la primera part d'aquesta tesi, ens centrena @nfluéncia de la densitat d'estats de la capa
donadora en els parametres caracteristics de ldsle® solars. Més endavant, es presenten
cel-lules solars organigues amb una estructura, @it la capa intrinseca s'obté per I'evaporacio
conjunta del donador i 'acceptador. S'analitzanfluencia del gruix de la capa intrinseca de la

cel-lula solar p-i-n en la caracteristica de lalak solar.

En la segona part, es presenta un circuit equivpkana les cel-lules solars organiques. S'afegeix
un nou terme en el model estandard que repressf@rdues de recombinacié a la capa activa
del dispositiu. L'analisi de les caracteristigues cbrrent — tensi6 mesurades a diferents
intensitats de llum permeten l'estimacio del tedaeecombinacié. El model separa clarament
les guestions tecnologiques (resistencies en seneparal-lel) dels efectes relacionats amb la
fisica del dispositiu (perdues de recombinacié)nb@ permet I'obtencié d’'un producte de la

mobilitat - temps de vida efectiu a la capa aatighdispositiu a ser determinat, la caracteritzacio

del seu estat de degradacio.
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Abstract

This work deals with the research on organic satatls based on small-molecules
semiconductors. In particular, organic solar celld this thesis have been used

tetraphenyldibenzoperiflanthene as donor matendlfallerene G as acceptor material.

In the first part of this thesis, we focus on thtuence of the density of states of the donordaye
on the characteristic parameters of solar cellgthEy, organic solar cells with p-i-n structure are
presented, where the intrinsic layer is obtainedcbgvaporation of donor and acceptor. The

influence of the thickness of the intrinsic layertbe p-i-n solar cell characteristic is analysed.

In the second part, an equivalent circuit for orgaolar cells is presented. A new term is added
to the standard model representing recombinatisae® in the active layer of the device. The
analysis of the characteristics of current - vadtageasured at different illumination intensities
allows the estimation of the term recombinatione Tihodel clearly separates technological
issues (series and parallel resistance) from affeetated to the physics of the device
(recombination losses). It also allows obtaining edfective mobility-lifetime product in the

active layer of the device to be determined, charaing its state of degradation.
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1. Introduction

1.1 Motivation

Organic electronics is a division of materials sce which deals with electrically-conductive
semiconductors based on polymers and small-molecliles called organic electronics because
these polymers and small-molecules are carbon-b&segdnic electronics devices have attracted
much attention during last decades due to theiergi@l advantages. Devices using organic
semiconductors should be cheaper and easier tofatime than the corresponding ones based
on inorganic semiconductors. Among them, organghtliemitting diodes (OLEDs) [1-2],
organic thin film transistors (OTFTs) [3—6] and angc solar cells (OSCs) [7-9] are rapidly

developing towards commercial applications.

OLEDs are used to create digital displays and ilnghapplications, in devices such as mobile
phones and portable digital media players, caosadnd digital cameras among othé&3.FTs
have already been demonstrated in applicationsskkesors [10—-11], memory devices [12-13],
flexible displays [14-16] and radio frequency idication tags (RF—IDs) [17-18]. Another
application of organic semiconductors is in thddfief photovoltaic solar cells, emerging as
alternative of traditional photovoltaic technologid his thesis is focused on the interesting field

of solar cells based on organic semiconductors.

Today, the photovoltaic market is dominated by rsalalls based on crystalline silicon.

Photovoltaics modules based on crystalline silipaggsent efficiencies on the order of 15-20%;
nevertheless it is the price what has pulling up tBchnology on top. Photovoltaic modules
based on crystalline silicon costs about 0.5-0n&&/peak, making this technology competitive

with other renewable sources.

However, research laboratories are looking for neehnologies that could lower down these
prices. The most promising technological alternatives #ma films for photoactive layers and
solar concentrators. In addition, they are lookimgproducts that could overcome some of the

1



Chapter 1 Introduction

limitations of crystalline silicon in terms of fldility and weigh. In this sense, during the last
decade, many efforts have been focused on thecé#diom of solar cells based on organic
semiconductors. Organic semiconductors can be gsedeat near ambient temperature over

large area, opening the possibility to fabricatgdaarea devices on flexible substrates.

Light’s ability to generate electric current wasfiobserved in 1839 by A. E. Becquerel when he
discovered the photoelectrochemical process [18fn€eforth, different technologies have
emerged in photovoltaic solar cells. Figure 1.1vahthe evolution of the best power conversion

efficiency for each solar cell technology duringtldecades.

The best efficiency reported for a monocrystalkiigcon solar cell is 25% [20—-21] getting quite
close to the “practical” limit of around 26% [2Zlthough efficiencies of solar cells based on
monocrystalline silicon are very high, it is vergportant to keep an eye on solar cells based on
multicrystalline silicon, since today 5 out of 10Id& solar cells are manufactured using this
material. Multicrystalline silicon is cheaper tharonocrystalline silicon, but unfortunately has
also a lower optoelectronic quality due to a higlanount of crystal defects and metal
impurities. Currently, the record efficiency in matystalline silicon solar cell is 20.4% [23].

Thin film solar cell is the alternative technolotty the predominant crystalline silicon and its
market-share has been increasing in recent yeambonit 9% of worldwide photovoltaic
production in 2013 [24]. Thin-film technologies tex® the amount of active material in a cell,
having a film thickness from a few nanometres tstef micrometers. Thin-film solar cells are
usually categorised by the photovoltaic materialchwithey are made of. Cadmium Telluride
(CdTe), Copper Indium Gallium Selenide (CIGS) agdrbgenated amorphous silicon (a-Si:H)
are thin-film materials with long research traditiand modules based on these materials are
well established. Currently, the module marketgwiof these technologies are quite similar and
slightly lower than c-Si solar modules, 0.46-0.68&t peak. OSC, Dye-Sensitized Solar Cells
(DSSC) (this type of solar cell was invented by Miel Gratzel and Brian O’Regan [25] and are
also known as the Gratzel solar cell), Quantum (@) solar cells, Copper Zinc Tin Sulphide

(CZTS) solar cells have also emerged in the frafriio film technology.
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Chapter 1 Introduction

The last group of solar cells (OSC, DSSC, QD, ad@d € solar cells) belongs to what has been
called third generation solar cells. The physichiitd their working principles are not well
established and some technological issues, maaggrding its time stability, have limited its
influence to the research labs. Although some caomegasuch as DyeSol or Heliatek, start to
produce some of these solar cells (DSSC, OSCY, tigher prices and poor stability, compared

to the crystalline silicon counterparts, has limiies wide spreading [26—-27].

In 2014, researchers at the Zentrum flr Sonnenenergl Wasserstoff Forschung (ZSW) in
Stuttgart achieved a certified 21.7% conversior mta CIGS thin-film cell [28]. On the other
hand, the best CdTe solar cell efficiency has reda@1.5% by First Solar [29].

Recently, a new actor has made act of presencénancompetitive world of solar cells
technologies: perovskites-based solar cells. Avskite solar cell is a type of solar cell which
includes a perovskite structured compound, mostneonty a hybrid organic-inorganic lead or
tin halide-based material, as the light-harvestintive layer. The properties that make this type
of solar cell very attractive are: controllable egyebandgap by the halide content [30-31] and
long diffusion length, for both holes and electron§ over one micrometre [32]. Solar cell
efficiencies of devices using these materials hageeased from 3.8% in 2009 [33] to 20.1%
achieved by the Korean Research Institute of Chaimiechnology (KRICT) in 2014 [34],
making this the fastest advancing solar technotogiate.

Figure 1.2 compare the evolution during last thdeeades of record efficiencies for various
promising third generation solar cells with thenstard a-Si:H solar cells. Perovskites solar cells
efficiencies are also included. DSSC and a-Si:Hrscélls (pink and blue curves) do not shown
significant improvement in power conversion effresg during last two decades. Actually, the
best efficiency is 12.3% for DSSC obtained in laory by Ecole Polytechnique Fédérale de
Lausanne (EPFL) [35] and 13.4% for a-Si:H solatscedached by LG Electronics [23]. On the
other hand, the record power conversion efficiedfc®SCs (red curve, for small area; and green
curve for larger than 1 cihhave shown exponential increase, mainly sincé 2B@wever, this
tendency seems to have stopped in 2012, when wasted the highest power conversion
efficiency of OSC with 12%, achieved by Heliatekn@many and using triple tandem solar cell
geometry [36]. It is worth to mention that mosttloé research labs working on dye and organic
solar cells have shifted its activities to perotekitechnology. This is especially true for dye

solar cells, since technology processes are quiias for both technologies.
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Figure 1.2 - Evolution of efficiencies from emergisolar cells (source: http://www.orgworld.de)

Traditionally, the study of semiconducting orgamaterials focused on small organic molecules
in the crystalline state, such as: anthracene, thaf@me or copper phthalocyanine [37-39].
Research activities were concentrated on phenonasaciated with charge transport in
individual molecules; in general they showed panigonducting electrical characteristics, and
during many years few papers arise on this topicwever, this situation start to change when in
1977, Alan J. Heeger, Alan MacDiarmid and Hideki ir&kawa reported high electrical
conductivity in oxidized iodine-doped polyacetylefidney claimed that polyacetylene halides
could be the forerunners of a new class of orgpaigmers with electrical properties which may
be systematically and controllably varied over a@evrange by chemical doping [40]. For this
research, they were awarded with the Nobel PrizE€hamistry in 2000 “for the discovery and
development of conductive polymers”. The breakthroof the thin film organic solar cell was
made in 1986 by Ching Tang, when reported a poweversion efficiency of 1% [41]. Tang’'s
cell comprises a bilayer structure of a donor arkeptor materials (copper phthalocyanine and
perylene tetracarboxylic derivative) and demonsttdhat the properties in the interface region
are primarily responsible for the photogeneratidrclmarges.The efficiencies of the reported
organic solar cells did not exceed 1% for many gelar 1992 Hiramotet al published the bulk
heterojunction solar cell by mixing donor and acoematerials in a blend layer [42]. The use of

bulk heterojunction in active layer allowed a higle&citon dissociation and as a consequence
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higher power conversion efficiency. Further impnments in solar cell performance were

achieved by the introduction of organic doped mal®{43] and the use of p-i-n concept [44].

The huge diversity of organic molecules (and polsghend the possibility of tailoring the
material properties using chemistry processes altber synthesis of new semiconductor
compounds with specific properties, such as thealpgap or the photoluminescence.

Methods from organic chemistry allow the fabricatmf customised solar cells, as well as multi-
colour and semi-transparent solar cells [45-46]e Tow material consumption during the
fabrication process and the light weight devicesdeen expect low costs for production of
OSCs. The possibility to deposit on plastic sules;areplacing the conventionally used rigid
glass substrates, and on large area attracts témtian of the photovoltaic industry. However,
the current challenges on the way to cost effecthass production are the low solar cell

efficiencies as well as the short lifetimes.

1.2 Objective of this Thesis

The objective of this thesis was the fabricatiorsofar cells based on organic small-molecule
semiconductors deposited in a high vacuum systdm.structural and optoelectronic properties
of the deposited thin-films were correlated witk thptoelectronic performance of the fabricated

solar cells.

All the solar cells were fabricated on glass swes with a pre-patterned indium tin oxide (ITO)
layer. The device structure was: glass / ITO / smalecule / metal, where small-molecule
corresponds to the active layer. The fabricatiors warried out in the Centre for Research in
NanoEngineering (CRnE) of the Universitat Politeenile Catalunya (UPC).

The research in Micro and Nano Technologies (MNDug is focused on understanding how
advanced electronic devices work and how they paidiace can be improved. Group facilities
include a Clean Room with main silicon processimgigment. The group have a strong
experience in photovoltaics solar cells, reachinghhpower conversion efficiency (22%) in
crystalline silicon (c-Si) solar cell and (18%) Heterojunction with Intrinsic Thin layer (HIT)

silicon solar cell.

Ten years ago, the MNT group started a new resdimeliocused on the fabrication of organic

devices based on small-molecules organic semicooducThe research started with the

6
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fabrication of OTFTs using a basic evaporator witb sources for organic materials. Later on,
MNT group acquired a glovebox to fabricate orgasutar cells. The glovebox is equipped with
two evaporator systems: one dedicated to the depaginic molecules (home-made) and the
other for metals. At the beginning of my thesis, wyrk was focused on the preparation and
calibration of the organic evaporator. The fabraabf organic solar cells complement the other

photovoltaic technologies carried out in the group.

In the scope of this thesis, the materials useccanemercial; however it was also explored the
feasibility of new organic compounds provided byiclistry groups in the frame of collaborative

projects.

On the other hand, OTFTs were also fabricated terohene the electrical properties of organic
molecules. The electrical measurements of OTFwall®e determination of the electrical field-

effect mobility and density-of-states (DOS) of argasemiconductor.

In order to understand the electrical behaviousmll-molecule organic solar cells, such as
recombination losses or influence of the electritiald effect, additional optoelectronic
characterisation of the solar cells was performéatiable Illlumination Measurements (VIM)

was be useful to study the recombination procedggahan analytical model.

1.3 Structure of this Thesis

The thesis is organised as follows. The Chaptercludes the motivation, the objective and the
structure of this thesis. In Chapter 2 some insighbout the properties of organic
semiconductors are reviewed. In Chapter 3 desctheprinciples of organic solar cells. The
experimental materials and methods, especiallyidation tools and characterisation of OSCs
are explained in Chapter 4. In Chapter 5 the imiteeof the DOS on the open circuit voltage in
the organic solar cells is discussed. The influemicearrier bimolecular recombination is also
studied. On the other hand, in Chapter 6 are dutlie monomolecular recombination losses in

the active layer using an analytical model.

The Appendix | contains additional information (natluded in the respective chapters for
clarity reasons), such as the fabrication of OTEd the determination of carrier mobility and

density of states of localised states.
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2. Organic Semiconductors

In this chapter the basic chemical and physicalgamies of organic semiconductors are
introduced, as they are required for understandimg results presented in this thesis. First, the
formation of molecular orbitals theory is discusskdter, electrical and optical properties of
organic semiconductors materials are describedyall as charge transport mechanism in
organic materials.

2.1 Introduction

Organic semiconductors are promising materialsofganic electronics due to their favourable

properties, allowing them to be utilised in highotlghput and low-cost fabrication methods.

Organic semiconductors are carbon-based compousdslly also composed of other element
atoms such as oxygen, nitrogen or sulphur, withis@mducting properties. The commonly used
organic semiconductors can be categorised as ofigonismall-molecules) or conjugated
polymers. Small-molecules have low molecular weight contrast, polymers, at least in
principle, consist of a nearly unlimited numberepeatable monomers and have long molecular

chains. Figure 2.1 and Figure 2.2 depicts the mestl as absorbers in organic photovoltaics.

An important difference between small-molecules aotymers lies in the way how they are
processed to form thin-films. Whereas small-molesubre usually deposited via thermal
evaporation or sublimation under ultra-high vacuoonjugated polymer are generally deposited
using solution-processed methods, such as spimgaink-jet printing or doctor blade

techniques.
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Small-molecules are very attractive for applicationsolar cells because they have several

advantages versus polymers such as:

e Short synthesidess than five steps are usually needed to sgiztheéhe compound. Its
well-defined chemical structures make them synthéti well reproducible.

» Higher purity small-molecule materials have well-defined molacwveights, allowing
for straightforward separation of the host from itn@urities. They are easily purified by

re-crystallization and/or sublimation.

» Bettercontrol on the structure and morphology the deposited film; depending on the
growth parameters (substrate temperature, pressside the deposition chamber and
deposition rate) the deposited film can be polystaline or amorphous in nature.

» Solvents (potentially toxic) are not needed.

* Multilayer devicesThe preparation of well-defined multilayer struesirsuch as tandem
solar cells, is comparatively easy because of thral of the layer thickness on the

nanometre scale.

2.2 Molecular Orbital Theory

There are a large number of binding configuratiohgarbon (several millions of compounds
were reported). A carbon atom has six electronsitanground state configuration is?2s?2p?,
where s orbitals are fully occupied and two of thrpg py, p; orbitals are occupied by one
electron. When carbon atom makes a bond with aneaitoen, hybridization occurs betwesn
andp orbitals. The hybridizatiosp® occurs when a carbon atom connects via four singhels
to other atoms bg-bonds, such saturated compounds are good elééirstdators (Figure 2.3).

Examples of this binding configuration are alkanes, saturated polymers such us

polyethyleng(- CH, — CH, -)n, polystyrene or polypropylene.

s Zp,+ 2, +op, 4 sp? orbitals

Figure 2.3 - Hybridizatiosp®.
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On the other hand, molecules containing doubleigletbonds are more complex and interesting
from the point of view of the optical and electfipaoperties, for instance ethylene;G+CH..
In this case carbon atoms exhibis@ hybridization which means that oserbital and twop

orbitals are combined. Figure 2.4 depg&péhybridization.

7t bond
8 e
/ { ,
o o bonds o o bonds
it bond

Figure 2.4 sp-hybridization of the valence electrons of two carlatoms lead to molecular ands-bondings.

In each carbon atom, threg? hybrid orbitals are arranged in a trigonal plagaometry (120°
between them), while the non-hybridizedg, 2emain perpendicular to this plane. The
combination of onesp? orbital from each carbon atom gives two orbitaighie final molecule
known ass andc*. The side-by-side overlapping of botp,2rbitals also results in two orbitals
in the final moleculer andzn*. These orbitals are ordered from lower energkitiher energy as
follows: o, &, ©*, o*. The orbitalst ando are filled with electrons and constitute the deutdnd
(strongerc bond and weaker bond). The energetically highest occupied molecataital is
called HOMO. On the other hand, the energeticalydst unoccupied molecular orbital is called
LUMO. Comparing to inorganic semiconductors, it gldobe noted that HOMO is the analogue
of valence band and LUMO is the analogue of condncband. In the case of ethylene
molecule, ther orbital is the HOMO meanwhile the is the LUMO (Figure 2.5).

I c* anti—binding
% molecular orbitals
ok
optical
excitation
T \L T binding
molecular orbitals
T o

Figure 2.5 - Energetic diagram of molecular orkitafl an ethylene molecule
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The HOMO-LUMO is the lowest electronic transitiomhe difference between then*
molecular orbital is called energy band g&g)(and confers the optoelectronical properties of a

semiconductor.

If the molecule presents an alternation of simpid double bonds over a planar segment the
system is said to be-conjugated. This system can be presented in n@amnysf as well as small-
molecules, conjugated polymers or molecular crgstebr each double bond a new pairpi*
orbitals appear in the energetic diagram of orbitl the final molecule, and the gap between
occupied and empty states in thessystems becomes smaller. In this kind of molegules

*

molecular orbitals, from lower to higher energye:a,..., on, T, ..., Tn, T, ..., On .

If carbon atoms form larger molecules, typicallyttwbenzene rings as the basic unit, the
HOMO-LUMO gap becomes so small that the HOMO eterdrcan overcome this energetic
barrier in such way that they do not belong tormlsi bond or atom, but rather to a group of
atoms. Ther-bonds become delocalised and forme-system which often has the extensions of
the molecule. Figure 2.6 depicatselectrons moving along the conjugated chain alpéidp

between single and double bonds.

CeHs

|
Benzene Kekulé Structures H Flanar Hexagon
Molecular formula (Isomers) Bond Length 140 pm

Sigma Bonds
sp® Hybridized orbitals

< delocalized pi Benzene ring
6 p. orbitals system Simplified depiction

Figure 2.6 - Scheme of electron delocalization beazene ring.

The ionization potential (IP) is the minimum amowhtenergy required to extract an electron
from the molecule. On the other hand, the electffimity (EA) is defined as the amount of
energy released when an electron is added to acaieldn this work, we set HOMO equal to
the IP and the LUMO to the EA.
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Due to a small molecular interaction (overlappirfgtiee n-orbitals) in the organic solid, the
charge carrier transport level for holes (HOMO)asly weakly broadened. The LUMO

corresponds to the electron transport level in migsolids.

The value of the HOMO level is often determined fmgans of cyclic voltammetry and
photoemission yield spectroscopy techniques, wih&e value of the LUMO level is usually
measured by cyclic voltammetry (CV) or calculatgddalding up the measured HOMO level
and the measured optical bandgap. CV allows thmaton of the energetic levels from liquid
solutions; in contrast, the technique used to nreaie HOMO level in thin films is ultraviolet
photoelectron spectroscopy (UPS) (or inverse pmoiggon spectroscopy (IPES) in the case of
the LUMO level).

2.3 Optical properties

Optical density (OD) is the amount of attenuation gradual intensity loss) that occurs when
light passes through an optical component. Optatéénuation may result from not only
absorption of light but also from scattering othligHigher OD values indicate a higher level of
blocking. The OD can be calculated from opticahsraission ) measurements (Eg. 2.1):

The optical density of a material relates to theygish tendency of the atoms of a material to
maintain the absorbed energy of an electromagmedice in the form of vibrating electrons
before reemitting it as a new electromagnetic distnce. When the material is more optically
dense a wave will move slowly through the mateffdde OD depends on the material and its
thickness.

On the other hand, the optical absorption coeffic{e) determines how far into a material light
of a particular wavelength can penetrate befoie @bsorbed. The absorption coefficient only
depends on the material and on the wavelengthgbf ivhich is being absorbed. In a material
with a low absorption coefficient, light is only @iy absorbed, and if the material is thin
enough, it will appear transparent to that wavelleniporganic semiconductor materials have a
sharp edge in their absorption coefficient, singktlwhich has energy below the band gap does
not have sufficient energy to excite an electrdo he conduction band from the valence band.

Consequently this light is not absorbed. The alignroefficient for hydrogenated amorphous
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silicon (a-Si:H), crystalline silicon (c-Si) and miacene semiconductors materials is shown

below (Figure 2.7).

/ - - ¢S
pentacene

10'1 [ 1 1 | 1 1 1 1 | 1 1 1 1 | 1
1,0 15 2,0

Energy (eV)

Figure 2.7 — Optical absorption coefficients fdifefient thin film semiconductors.

The Figure 2.7 shows that, even for those photdmshwhave energy above the band gap, the
absorption coefficient is not constant, but stdpdnds strongly on wavelength. The probability
of absorbing a photon depends on the likelihoodading a photon and an electron interact in
such a way as to move from one energy band to andfor photons which have energy very
close to that of the band gap, the absorptionlaively low since only those electrons directly
at the valence band edge can interact with thegohitmt cause absorption. As the photon energy
increases, not just the electrons already havimgggnclose to that of the band gap can interact
with the photon. Therefore, a larger number of teters can interact with the photon and result

in the photon being absorbed.
The absorption coefficient, is related to the extinction coefficieRt,by the following formula:

_47Tk 2.2)
o= pl :
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wherel is the wavelength. [ is in nm, it is necessary to multiply by 1@ get the absorption

coefficient in units of cm.

Organic semiconductors are characterised by highrabon coefficients which make it possible
to manufacture thin film devices. The use of suaim tayers reduces the amount of active
material required and also makes light-weight.ddigon, this allows the production of flexible

devices, and even the realization of semitranspaselar cells which can be integrated into

windows and glass facades.

2.4 Charge Carrier Transport

Due to the weak electronic coupling in organic semductors, the charge carriers can be
effectively localised on a single molecule. Disaostk molecular solids exhibit generally an
inhomogeneous energy distribution of their localigeansport states. Therefore, the charge
carrier transport between adjacent molecules isthiy activated and the mobility increases
with increasing temperature [1]. This kind of thetly activated charge carrier transport is
known as hopping transport. The mobility due tarnhadly assisted hopping is many orders of
magnitude lower than that due to band transpor. difarge transport mechanism via a localised
hopping mechanism is characterized by a radicalti@t polarizes the surrounding neutral
molecules. The rate of this hopping process mayekgressed with Marcus theory [2-3].
Sometimes the ensemble of localised states withgertain energy range is called band. It is
stated here, that the term band in this contextniodising to do with energy bands in an ideal

crystal.

In contrast, band-like conduction can occur in argasemiconductors if its structure is well
organised like in the case of organic crystals. ilBmto inorganic semiconductors, the
conductivity in very pure and highly ordered orgasblids is limited by scattering processes
with phonons [4]. In contrast to the hopping tramgpthe conductivity is increasing with

decreasing temperature due to a reduction of Syertive scattering probability.

It can be summarized, that in well-organized orgamistals the charge transport is based on
polaron bands, while the hopping transport previailgolycrystalline and amorphous materials.
Next, the most used charge transport models innizgsemiconductors are briefly exposed.
However, it is important to note that a full compeasive theory to describe the charge transport

in organic semiconductors is still lacking.
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Hopping Mechanism

A theory involving electron transfer based on okm@a— reduction reactions assuming very little
spatial overlap of the electronic orbitals of tveacting molecules was introduced by Marcus in
1956 [5]. The charge transport can be describenhasdving a self-exchange electron (hole)

transfer from a charged molecule to a next newtnal by hopping of charges. According to this
theory, two major parameters determine self-excaaates [2] [6]:

i.  the electronic coupling between adjacent molecwg;h needs to be maximized.
ii.  the reorganization energy, which needs to be simadfficient charge transport.

Here the reorganization energy corresponds bagittathe sum of geometry relaxation energies
switching from the neutral state to the chargetestad vice versa. All this elucidates the strong
importance of intermolecular interactions on thigcefncy of charge carrier hopping and their

related mobility since they are directly related.

Multiple Trapping and Release Model

Introduced originally to description of the low nilly of hydrogenated amorphous silicon
devices [7], in the Multiple Trapping and Relea®&a' R) model the charge carriers are assumed
to travel in narrow, delocalised bands and intevaith a high concentration of localised trap
levels. Further adapted by Horowitz et al. [8—93 thcalised trap levels are believed to arise
from defects and impurities in both the moleculad arystal structure. In the decentralised band
the charge carriers have a band mobjigybut interact further by trapping and detrappirithw
localised states. The trapping and release mechanietermines the overall mobility and the
thermally activated behaviour. The trap distribnt{@®ensity of States (DOS) within the gap) is
believed to be exponentially shaped. Also, theroftbserved gate voltage, i.e. electric field,

dependence of the charge carrier mobility can Isertd®ed with this model.

2.4.1 Determination of the charge carrier mobility

The charge carrier mobility characterises how dgyiek charge can move through a metal or

semiconductor. The term carrier mobility referganeral to both electron and hole mobility in

semiconductors. The charge carrier mobility of agaaic material can be determined from

different approaches. The charge carrier mobiliiEsrganic materials greatly vary depending

on the kind of charge carriers, namely, whethey @ire holes or electrons, molecular structures,

and materials morphologies. Due to the fact thattiobility depends on several parameters, the
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measuring conditions have a strong impact on thgltee In some cases device stacks have to be
made which differ compared to a typical solar s¢dick. The morphology which could depend
on the layer device stack influences on the mgbiitommon methods are now considered, with

focus on the field effect transistor which is ugethis work.

Time of flight method

Time of flight (TOF) is one of the most establishedperimental techniques for mobility
measurements in organic disordered systems. Thisoehés a rather simple and direct approach,
shown by Warta and Karl [10] for naphthaline andakiura et al. [11] for the molecule CuPc.
The TOF method is based on the measurement ofatmeictransit time ), namely, the time
required for a charge carriers photo-generated orearof the electrodes by a short intense light
pulse to drift across the layer with a well-knowickness to the other electrode under an applied
electric field. Samples used for the measurememtcansisting of organic layer sandwiched

between the two electrodes, where one of whictarssparent for light pulse.

In the case of measuring a hole drift mobility, th@nsparent electrode is held at a positive
potential with respect to the ground, while theeotbne is grounded through a resistance which
has a much smaller resistance than the sample. |dhds to an applied potential V in the
material. Hole charges are generated by photoaianit of the film through irradiation with a
short pulse laser (the wavelength of which depemdthe absorption band of materials). One of
the advantages of using TOF technique is that tle and electron mobility can be studied

separately.

For the mobility calculation the thicknest the applied voltage V, and the transit time
between the optical excitation and the arrivalha tharges at the electrode have to be known
(Eq. 2.3):

(2.3)

Space charge limited current

The theory of space charge limited current (SCLE&Ween plane parallel electrodes was first
given by Mott and Gurney (1940) [12]. Later, in 996t was also applied in organic

semiconductors [13].
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The current flow is limited either by barriers detelectrodes (injection and extraction) or
through transport in the organic layer. To get SGi@nic contacts are required. Then, the
current flow is limited by the charge carrier mail An additional requirement is that only one

kind of charge carriers is injected and the other 8 blocked. This can be realized by choosing
a suitable stack design (e.g. electron- or holg dalices [14-15]).

The carrier drift mobility measured by SCLC methsdased on the analysis of current density
(J) — applied voltage\) characteristics in dark. Generally, theV characteristics are linear at
low drive voltages, showing ohmic behaviour. Athigpplied voltages, th&-V characteristics
become space-charge limited because of the infectfocharge carriers from one electrode.
When the contact between the electrode and theniarégyer is ohmic, the current is transport
limited instead of injection limited. In the caseSCLC, the current-voltage characteristic does
not satisfy the ohmic law any longer and showspesinear behaviour 02 and is described in
the absence of any trapping effects. The spacegeHamited current] is given by Eq. 2.4,
which is known as the Mott-Gurney law:

jzguee()IZ—: (2.4)
wherec is the dielectric constany, the applied voltage, aridthe thickness of the semiconductor

material.

The interpretation of-V curves becomes more complex in the presence of.tiHmey first

exhibit a linear regime, where transport is injectlimited, followed by a sudden increase for an
intermediate range of applied biases; finally, Welependence of the trap-free SCLC regime is
reached. The extent of the intermediate region asemed by the spatial and energetic

distribution of trap states.

Organic Field Effect Transistor (OFET)

An OFET is a three terminal device in which an oaigaemiconductor is placed on a dielectric
and connected to the source and drain electrodes.OFET electrical characterisation is a
common method used to determine the charge camaduility of organic materials [16-17],
which can measure the average charge carrientiftity per unit electric field. It is a measure
of how easily charge carriers can move in the devidis method has been used in MNT group
since ten years ago, further details about theutatlon of charge carrier mobility from OFET

characterisation can be found in Appendix I.
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Expressions derived for inorganic-based transistotbe linear and saturated regimes prove to
be readily applicable to organic transistors (OBHIS8]. These expressions read in the linear

regime (Eq. 2.5):
w
Isp = T nC Vg — V) Vsp (2.5)
and in the saturated regime (Eq. 2.6):

w
Isp = 5L # C (Vg — Vp)? (2.6)
Where,lsp andVsp are the current and voltage bias between sourdedaain, respectivelye
denotes the gate voltagé; is the threshold voltage at which the currenttsttar rise,C is the
capacitance of the gate dielectric, andand L are the width and length of the conducting

channel. From these expressions carrier mobilitylEaestimated.

Transport is affected by structural defects wittiie organic layer at the interface, the surface
topology and polarity of the dielectric, and/or fresence of traps at the interface (that depends
on the chemical structure of the gate dielectrifa®e). Also, contact resistance at the source and
drain metal/organic interfaces plays an importalg.rThe contact resistance becomes gradually
more important when the length of the channel duced and the transistor operates at low

fields. Its effect can be omitted via four-probeasgrements [19-20].

The charge mobilities extracted in the saturateginre are generally higher than those in the
linear regime due to different electric-field distrtions. The mobility can sometimes be found
to be gate-voltage dependent [21]. This observasiaften related to the presence of traps due
to structural defects and/or impurities (that thHearges injected first have to fill prior to
establishment of a current) and/or to dependendeeafobility on charge carrier density (which
is modulated byc) [22].

Comparisons of mobilities measured by differentiods

One of the important differences between the dfiermobility measurement methods is the
geometry of the sample in which the charge mobisitgharacterised. The thickness of samples
for the measurement is different depending upomikéehod. In TOF and SCLC, the sample is
sandwiched between two electrodes and the conduofidhe charges is perpendicular to the

substrate plane. By contrast, in a FET the chargjgility is characterised within the plane of the
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substrate. The analysis of SCLC curves for speatificdesigned single carrier devices or time
of-flight experiments are some alternatives. Howetlezse methods very often lead to incorrect
results as analytical expressions are not validmast of the cases involving organic

semiconductors [23].

Nonetheless, it is important to note that this getiwal difference is irrelevant when one study
the charge transport properties in an amorphougrmhtut becomes fundamental when the
material present some molecular organisation swchigaid crystal materials or crystalline

materials.
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3. Organic Solar Cells

A brief introduction to organic solar cells is given this chapter. Firstly, an equivalent
electrical circuit, useful to characterise any typlesolar cell, is presented. Following, the
working principle of the organic solar cells istiatluced with special attention to its
peculiarities, such as the creation and dissocratd excitons, the origin of the open circuit
voltage as well as the recombination processesallinthe most used architectures in organic
solar cells are detailed.

3.1 Solar Cells Characterisation

A solar cell is a device that converts directly tight into electricity. The standard parameters
used to characterise the performance of a solamaceldescribed briefly in this section. These
parameters will be useful to compare the electripaiformance of different solar cells.
Moreover, its analysis allows a deep understandihghe physics governing its electrical

behaviour.

3.1.1 Current - Voltage characteristics

When a solar cell is measured in dark, the cumdensityvs. voltage §—V) characteristic shows
the typical diode characteristic. Under illuminatiocthe darkJ-V curve is shifted towards
negative currents because of the generated phototuiFigure 3.1). Photocurrent density is
defined as the photocurrent generated per unit @en The electrical power generated by a
solar cell can be identified by the area enclosethé fourth quadrant of th&-V curve under
illumination. Short circuit current densitysg), open circuit voltageMoc) and fill factor FF)
values are the main parameters that characterssdaa cell. These three parameters determine

the power conversion efficiency of a solar cg)l (
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Figure 3.1 J-Vcurve of a PV cell under illumination (blue lingnditions. The open circuit voltagédc) and the
short-circuit currentJsg are shown. The maximum power output is givenhgyred square (current density in
maximum power point}er) and voltage in maximum power poiiiee).

Open Circuit Voltage

The voltage between the two terminals of a soldir weder illumination at which no current
flows through the device is called the open cirmaittage Yoc). Vocis the maximum voltage
that the photovoltaic cell can provide to the exaé¢circuit. Likewise Voccan also be thought of
as the point at carrier generation and recombinagi@ctly balance each other and no net current

exists at any point inside the device.

Short Circuit Current Density

When there is not voltage applied only short-cirauirrent densitylsc flows through the solar
cell terminals.Jsc is the maximal current density the photovoltaidlscean provide to the
external circuit. In ideal solar cell (without psitéc resistances), th&c will be the same as the
Jer. Thus, for monochromatic exposure the spectraédeépnce of the charge carrier generation

can be measured.

Fill Factor

Fill factor is one of the key parameter to evaluat performance of a solar cell. The maximum
power point MPP) of a solar cell can be measured in the fourthdcarat of theJ-V curve
(Figure 3.1). The fill factor of a device is defthas the ratio between the maximum power
delivered to an external circuit and the productVed andJsc (Eq. 3.1). Graphically, the FF is a
measure of the “squareness” of the solar cell aralso the area of the largest rectangle which

will fit in the J-V curve.
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— MPP — JuppVvep
JscVoc JscVoc

FF (3.1)

Because of the diode behaviour and the presenoesistances and recombination lossksr|

andVwpp are always lower thadsd andVoc, respectively.

Power Conversion Efficiency

Power conversion efficiency) is defined as the percentage of incident illuhora powerP,
that is converted into electrical output power @ dalculated from the maximum power at the
MPP over the incident light poweb [1].

,7 - ‘JMPPVMPP - FF‘]SCVOC
I:)O I:)O

(3.2)

To certify reliable comparison of different solalls standard test conditions are used. Thereby,
incident solar power densityP§) standards have been defined. National Americarie8ofor
Testing Materials (ASTM) standard E948 and Inteamatl Electrotechnical Commission (IEC)
standard 60904-1 specifies a set of common testitoms and methods to measure the
electrical performance of photovoltaic cells. Thag named the Standard Testing Conditions

(STC) and are defined as follows:

1. Temperature of the device under test (DUT) is t@be+ 1°C;
2. Spectral distribution of the light is to be AM1.225%;
3. Irradiance measured at the plane of the solaistdl be 1 sun + 2%

The spectrum standard is the AM1.5 which can beagghed by commercial solar simulators
(Figure 3.2). AM is the air mass coefficient definey direct optical path length through the
Earth’s atmosphere, expressed as a ratio relativeéhe path length at the zenith. AM1.5
atmosphere thickness corresponds to a solar zangle of z = 48.19°. Therefore, AM1.5 is

useful to represent the overall yearly averagerfio-latitudes.
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Figure 3.2 - Spectral irradiance of the AM1.5 (eeda) solar spectrum up to 2600nm.
3.1.2 Equivalent circuit for solar cell

The current — voltage characteristic of an idedarscell can be defined as the sum of the
Shockley equation (Eq. 3.3) that describes thetrdat behaviour of the diode in dark
conditions [1] with an added terrdgn, corresponding to the photocurrent provided bydioele
under illumination conditions (Eq. 3.4):

eV
JV) = Jo[e”"BT —1} (3.3)
JV)=-3,, (3.4)

whereJ is the current densitylp reverse bias saturation current dengitys the diode ideality

factor, kg is the Boltzmann constant, amds the absolute temperature.

Assuming a generation rate of charge carriers iexeégnt of the applied voltagéand adding
up Eg. 3.3 and Eq. 3.4, current density of a smircan be expressed as:

eV
J(V) = Jo[e”"BT —1} -J, (3.5)

Eq. 3.5 defines the characteristic of an idealrsoddl. Eq. 3.5 leads to the equivalent electrical

circuit depicted in Figure 3.3.
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J
1o |J, o
O X/ v

Figure 3.3 - Ideal solar cell consisting of a catreource and an ideal diode in parallel.

As mentioned above, the Shockley equation (Eq. 8a6) only be used for describing the
electrical behaviour of ideal solar cells. In relavices, additional parallel resistané®)(and

series resistanc®$) must be taken into account.

e Parallel resistance (R: also known as shunt resistBgn. It is due to shunt currents

through shorts or pin-holes in the device.

e Series resistance R represents Ohmic losses in the front and reastreldes mainly

due to the contact resistances.

Considering the effects & andRs the equivalent electrical circuit becomes (FigBu®):

TJph lJo l Jieak
VAL

Figure 3.4 - Equivalent circuit of a solar celllinding an additional shunt resist@s as well as a series resisids

Solving the equivalent circuit, the electrical chaeristics of a non-ideal solar cell can be

described by the following equation [1-3]:

€V-RJ)
V-RJ
J(\/):J{e e —1]—Jph+ R, (3.6)
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3.1.3 Spectral Response of solar cell

The spectral respon&R()) is an important way to characterise the optieaponse of the solar
cell and, in general, is a powerful tool to optieitheir performance. The spectral response
represents the current per irradiated light poweA/M for a certain wavelengtl&R (1) can be

expressed as thleH per incident power (Eq. 3.7):

_ ‘]ph(A)

PO (3.7)

SRA)

Furthermore, the External Quantum Efficien&QE) of a device determines the conversion
efficiency of an absorbed photon into a free chargeier (extracted electron-hole pair) and
depends on wavelength (Eg. 3.8).

N of electrons of external circuit

EQE =
Q N of incident photons (3.8)

The EQE can be derived from the spectral response corisgltrat the energy of a phot&p =
hc/ 4 with h being Planck’s constant,the speed of light anglthe elementary charge using the
following (Eq. 3.9):

EQE(A) = SR(A)E (3.9)
gA

The short-circuit current density expected undéglat source can be estimated from BQE
and the spectral irradiance of the light sourceirttggrating the product of thEQE and the
photon flux density (Eq. 3.10):

S A
Jso = [, GEQE(A) L€ **dA (3.10)

where EAAM]“Sis the spectral irradiance of the AM1.5 spectrum.

The EQE can be converted into the internal quantum eflicye(QE) if only the fraction of the
actually absorbed photons is considered (Eq. 3.11):

EQE (1)

(3.11)
1-R(A)-T(A)

IQE (A) =

whereR(}) is the reflected light an@(l) is the transmitted light.
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3.2 Working principle of Photovoltaic Solar Cells

In this section, the physics behind the workinghg@iples of organic solar cells will be briefly
described. To understand the physics behaviourgsmic solar cell requires a deep knowledge
of the working principle of a photovoltaic solatdlc&/e review in the following the fundamental
principles for photovoltaic effect. A general apgeh is introduced to describe solar cells in
terms applicable to all possible device structunetuding p-n homo- and heterojunction cells
(i.e., Si, CIGS, CdTe), bulk heterojunction deviges., organic solar cells), or nanostructured

photoelectrochemical cells (i.e., DSCs)[4-5].

1. Any photovoltaic device requires a light absorbwattconverts electrons from thermal
equilibrium into an excited state upon absorptibmplwotons (Figure 3.5). Upon photon
absorption, an electron is excited into an eleatrcatate at higher energy, leaving a

positive charge behind at low energy.

energy

Figure 3.5 - Ideal structure of a photovoltaic deviThe currents are driven by the gradient oftedebemical
potential. On the left hand side the holes arekddcwhile on the right and side electrons are kdddoefore
reaching the contacts. Figure adapted from [6].

2. Either this excited state is metastable by itselfttee electron is transferred into a
metastable, high-energy state while the remaingjtipe charge gets into a metastable

low-energy state.

3. A transport mechanism is necessary to bring elestto a high electron energy contact
or (negative potential), while the remaining pegticharge needs a driving force to
achieve the low energy contact [4]. Currents ofctetens and holes respectively are

driven by gradients of their electrochemical patdnt

4. The contacts have to show some selectivity for gdnagollection such that positive
charges cannot recombine with electrons from tlgh-Bnergy contact, while electrons

from the high energy-state should not reach thedaergy contact.
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The selectivity of the contacts can be achievedgudifferent approaches. The simple way is to
add a thin layer with a strong selectivity charadfer holes or electrons). These layers are
usually called Hole (or Electron) Transport Lay®&tT(, ETL). A HTL should be inserted
between the donor and the anode electrode, whidredsSTL should be placed between acceptor
and cathode electrode.

Examples of materials used as HTL in organic dev{celuding OLEDs and TFTs) are:

« Transition Metal Oxides (TMOs): molybdenum oxided®) [7], vanadium pentaoxide
(V20s) [8], tungsten trioxide (W€) [9-10], rhenium dioxide (Ref)[11], nickel oxide
(NiO) [12].

» Solution processed organic materialpoly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT-PSS) [13], triindoles, triazatnuggTAT), and N-trimethyltriindole
(TMTI) [14].

» Carbon-based nanostructure€arbon nanotubes (CNT) [15] and Graphene oxide (GO)
[16-18].

As ETL the following compounds have been reportedave good selectivity for electrons:

e Lithium fluoride (LIF) [19], calcium (Ca) [20], bhocuproine (BCP) [21],
bathophenanthroline (BPhen) [22], 1,3,5-tris(2-Nsipyibenzimidazolyl) benzene (TPBI)
[23], zinc oxide (ZnO) [24], titanium oxide (TiOXR5], caesium carbonate (£30s)
[26].

The concept of the selectivity contacts was finstaduced some years ago by some authors (see
for example: Peter Wirfel [5] and Juan Bisquert]J2AIthough for many years this approach
was used to describe the electrical behaviour gamic and dye sensitized solar cells, its
simplicity and powerfulness it has caused that nam& more authors use it as the theoretical
framework for explaining the photovoltaic workingneiple of other types of solar cells; as well
as crystalline silicon solar cells [28-29].

This definition is useful to describe any kind dfgpovoltaic solar cell, and can be easily applied
to cells with an intrinsic absorber sandwiched lestavan n- and p- doped layers (n-i-p or p-i-n).
Electrons are excited into some electronic statdénconduction band (CB), directly followed

by phonon emission such that electrons decay tdotiem of the CB, which is the metastable

high-energy state. The electric field across thensic layer provides a driving force for electron
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and hole transport toward the respective contactleva doped n- and p-type layer close to the
high- and low-energy contact provides the requiradsport selectivity due to a valence band
(VB) offset that creates a barrier for hole tramsgoward the cathode, and a anode offset

between the absorber and the p-type layers bldekgr@ns from recombining at the anode [30].

Organic solar cells operate very similar to p-ieti<with the difference that the metastable high-
energy state corresponds to the LUMO level of teeptor while the HOMO level of the donor

defines the low-energy state. Photovoltaic actiop-n homojunction silicon solar cells is often

entirely attributed to the built-in electric fielthat provides a driving force for holes and
electrons toward the cathode and anode, respectidelvever, selective charge collection at the
cathode is at least as important to achieve higlvesion efficiencies.

While the above principles are basic requirememt$¥ action, they do not say much about the
efficiency of the process. For the developmentfiiient single-junction solar cells, additional

criteria have to be fulfilled:

* The energy bandgap of the absorli&t) (should be in the range between 0.9 and 1.7 eV
(absorption onset between 1380 and 730 nm), forclwhihe detailed balance limit
predicts a theoretical efficiency limit above 30%his bandgap estimation take into
account that photons with sub-band-gap energy a@ralmsorbed (h< Eg) while only a
fraction of the photon energy¥é / hv) above the band gap is converted into electric
power while the fraction ¢th— Eg) / hv is mostly converted into heat.

+ The inverse absorption coefficient® should be shorter than the minority carrier
diffusion lengthLp. This criteria is a rather rough statement sayivag within a minority
carrier diffusion length, most of the photons skiobke absorbed in order to provide
diffusion as a transport mechanism to reach thpewtwe contact. This statement is
useful for the development of new absorber matermcause: ! as well asLp are
material properties and can be characterised wittioel need to produce the whole
device. However, this criteria neglects additiopatameters that can cause a gradient of
the minority carrier quasi-Fermi leve{which is the driving force minority carrier), suc

as the electric fields, gradients of the electrdfiniy, and band gap or band

1 Quasi Fermi level is a term that describes the |adiom of charges separately in the conduction bamdalence band, when
their populations are displaced from equilibriurhisTdisplacement could be caused by the applicati@n external voltage, or
by exposure to light.
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discontinuities. In contrast to the diffusion lemgthese parameters are defined by the

device structure and can only be characteriseccongplete solar cell.

e During the transport from the absorber to the higihd low-energy contact, the loss of
energy due to discontinuities of the valence ordhmeduction band has to be minimised.
As the previous point, this parameter is defineddByice structure, which provides a

general guideline for the band structure of a sodéir

3.3 Working principle of Organic Solar Cells

At this point, it is worthwhile to note that, in mast to inorganic semiconductors, the term
donor and the termacceptorare used in relation to organic solar cells. Traugjonor can
describe a molecule (material) which transfers lecten to another molecule. Therefore, an

acceptor can describe a molecule (material) wheckives an electron from another molecule.

Another important difference of organic versus garic semiconductors is the existence of the
exciton. The exciton is an electron-hole pair, vehelectron and hole are bound by Coulomb
force (Eq 3.12).

2
F. :LQ_Z (3.12)
ArEe, 1
wherer is the distance between the two chargeso is the vacuum permittivity and the

permittivity of the organic medium.

In organic semiconductors the formed excitons arenkel type, whereas in inorganic
semiconductors (like crystalline silicon) they uspare Wannier Mott-type. The latter are often
thermally dissociated at room temperature, whichasthe case in a Frenkel exciton where the
binding energy is ten times greater. Due to thé kiiglectric constant the Wannier Mott exciton
has a radius larger than the lattice spacing; imtrast, Frenkel excitons tend to be small, of the
same order as the size of the unit cell becaug@eofow dielectric constant values found in
organic semiconductors. This aspect is of esseitipbrtance to describe the operation of
organic solar cells, as discussed below.

Due to the low dielectric constant permittivityanganic materials~3) photoexcitation leads to
a strongly bound exciton, which needs (in the aafssolar cells) to be dissociated into free
electrons and holes (carriers) [31]. The dissommtiakes place at the donor/acceptor (D/A)
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interface. Once the exciton is dissociated, electiod hole, diffuse up to the corresponding

electrodes, where they are collected and givirgjgtosan electric current.

Exciton dissociation is energetically favourableewhthe energy of binding excitoig) is
larger than the difference between ionization pidénf the donorIfPp) and the electron affinity
of the acceptorfAn) [32-33].

Eg®> IPp — EA (3.13)

If the difference is not sufficient the exciton wiecombine (geminate recombination) without
contributing to the photocurrent. Exciton dissdoiat can also occur at the organic

semiconductor/metal interfaces or in presence plties (e.g. oxygen) [34].

Organic solar cells are generally fabricated im thim form of donor D) and acceptorA)
materials, with suitable energy levels matchingyeen two electrodes. One electrode must be

transparent to allow the incident light reaching finotoactive materials.

The conversion of the photon energy into free ahar@riers in an organic solar cell could be

explained in the follow simplified steps (Figuré&3.

1. Light absorptionof the photon in one of the respective absorbgria(shown here for a

donor layer anexciton creation
2. Exciton diffusiorto the donor/acceptor interface.

3. Charge transfer stateexciton gets separated due to a favourable eneffget

overcoming the exciton binding energy [35-36].

4. Charge transport:free charge carriers are generated and transpdhexigh the

respective layer.

5. Collection of the chargeat the electrodes.
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Figure 3.6 - Diagram showing the photogeneratioorganic solar cell: from photon absorption to fcegriers.

Light absorption

The first step in the photovoltaic process consisthe absorption of the light. In most organic

solar cell only a small percentage of the incidighit is absorbed. Principal reasons are:

* Thickness of photoactive materiakhe organic layer is too thin. Low charge carrier
mobilities and the low exciton diffusion lengthgjuére layer thickness between 20 and
100 nm. Fortunately, the high optical absorptioaficients (e.g. > 10cni™?) of organic
semiconductors allow that organic solar cells caumtatk with a layer thickness of a few
tens of nanometres.

* Semiconductor bandgap too highith typically values about 2 eV. Besides the high
absorption coefficient, only a small portion of timeident light is absorbed because of
higher bandgap values.

When the electron is excited by the light absorptam exciton is created. For most organic
semiconductors permittivity values) (ies between 1 and 6 [37] which is quite low camga to
the permittivity of inorganic semiconductors (ag fostance silicon) which exhibits = 12.
Excitons in inorganic semiconductors are usually\Mannier-Mott type. Their radius is in most
cases larger than the lattice spacing and the ebame quasi-free. In contrast, the attractive
force between electrons and holes in organic soMigre the exciton is initially localised in one
molecule, is much higher and the binding energgomsparably strong. Such strongly bound

excitons are called Frenkel excitons [38].
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Exciton diffusion

After the generation of excitons, they diffuse thgh the donor or acceptor phase and dissociate
into free charges at the D/A interface or recombwasting the photons. Ideally, all photoexcited
excitons should reach the D/A interface, but dugh® small exciton diffusion length some
excitons recombine before to reach the D/A intexfalthe exciton diffusion lengthL§) can be
estimated by (Eq. 3.14):

L, =+/7,D (3.14)

whereg is the lifetime of the exciton and is the diffusion coefficient. In literature, exmit

diffusion lengths can vary from 1 nm to more th@m®n, depending on the material [39—-41].

Due to their electrical neutrality, exciton movermeas not affected by electric field, and
consequently, they diffuse through the organic senductor isotropically. This diffusion is
usually described as a Forster-type incoherentggrteansfer process [42] and typically acts to
lower the energy of the exciton. The diffusion @& can result in trapping of the exciton in
states originating from aggregates or defects. dls¢ates give rise to the tail of the density of
states [43].

Only the excitons which are able to reach the Diterface can contribute to the photocurrent.
Exciton diffusion lengths have strong influencetbe device design, because of the trade-off
between light absorption and recombination. As eqnence, the active layer thickness must be
tuned to absorb light and to allow the excitongaah the D/A interface.

Charge transfer state

At the D/A interface, strongly bound excitons mighssociate, contributing to charge carrier
generation. The dissociation of the exciton happesmsn intermediate state, a so-called charge
transfer (CT) state. The electrons will be transférto the electronegative acceptor, provided
that the exciton binding energfEf™9 is overcome by this charge transfer process. This
requirement is often satisfied by an energeticedfietween the donor and acceptor LUMOSs. If
the electron is transferred from the LUMO of thendoto the LUMO of the neighbouring
acceptor the charge transfer (CT) exciton is fornwdtere the resulting electron-hole pairs still
experience Coulombic attraction because donor acéptor phases are physically close to each
other at the interfaces. Then, in this intermedstge the two charges are located on separate

neighbouring molecules [44-45] (Figure 3.7). Thediig energy of the CT stat&sl") was
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reported to be in the range of 0.1-0.5 eV [46—48lich is significantly larger than the thermal

energy at room temperature (~25 meV).

LUMO :
EBeXC$ _ \LUMO$ -
,,”iii@;} -------------- g
g/®i ///CT state
HOMO
§ HOMO
Donor Acceptor

Figure 3.7 - Scheme of the creation of exciton emarge-transfer states. The energy of this stagiertks upon the
Coulomb attraction of the electron and hole andetioee their separation as illustrated by the dbé&i#ipsoid. For
simplicity, the binding energies are shown relativéhe LUMOs.

Charge Transport

Once the charge carriers are separated, the elsctn@ in the acceptor phase whereas hole
remains in the donor phase. Free charges musahgpwrted from the D/A interface through the
organic materials towards the respective electromegroduce photocurrent. The charge
transport in organic materials can be describea wppping mechanism [49], instead of band
transport. In the case of solar cells, the driioige is mainly the gradient of electrons and holes
concentration. Thus, the free charges (electronshares) diffuse to corresponding electrode.
Currents of electrons and holes are driven by grdadiof their electrochemical potential. The
only possible loss mechanism in the charge tramsparecombination between electrons and
holes during the journey to the electrodes (bimdbac recombination). Nevertheless, this
process is known to be very efficient and fast. @émmon measure for charge transport
efficiency is the mobility-lifetime 4z) product, which expresses the average distandea@e
carrier travels at a fixed electric field beforerécombines. Further analysis and experiments

have been done abqut product in Chapter 6.

Collection the charges

An efficient collection of charges at their respestelectrodes requires that the charge must
overcome the potential barrier of organic/metaérfsice [50]. This can be realised by using

doped layers to create selective contacts. Thepsgmeable contacts let the collection of one
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kind of charge carriers through and block the otbee. There is only a direct loss path if

contacts are not selective and a charge carriehesathe “wrong” contact, where it recombines.

External Quantum Efficiency

Each of these steps of conversion of photon enetgyfree charge carriers occurs with a certain
efficiencysn. TheEQE of organic solar cells can be expressed multiglylrese efficiencies (Eq.
3.15):

EQE=#anepb nectce (3.15)

wherea is related to the photon absorption efficiengsyp to the exciton diffusion efficiency,
nct to the charge transfer efficiency, apst to the carrier collection efficiency. Thyep restricts
the EQE, because of the exciton diffusion length has \almethe range of nanometres. The
distance an exciton is able to travel during itstiime has strong influence on the design and

optimisation of materials and devices (i.e. thekhesses of active layers).

From the spectra of theQE, photocurrent contribution of a limited wavelengégion can be
studied. Hence, the contribution of each matedahte photocurrent can be obtained, since the

different photoactive materials absorb in differepéctral regions.

3.3.1 Carrier Recombination

Recombination processes are mechanisms lossedeti@ase the power conversion efficiency
of the solar cells. There are two types of recomtdm in organic solar cells: geminate and

nongeminate recombination.

* Geminate recombinatiomakes place when a coulombically bound electrole-lpair
(exciton) generated from the absorption of a sipdieton recombines before the electron
and hole are separated into free charge carrietee probability of geminate
recombination is independent of carrier density @edninate losses happen within
nanoseconds of absorption [51-52].

* Nongeminate recombinations the recombination of free charge carriers and
encompasses both trap-assisted (Shockley-Read-ldatl) bimolecular mechanisms
(Langevin). Nongeminate recombination losses argietadensity dependent and
typically occur after micro to milliseconds wheturhination conditions are comparable
1 sun [53-54].
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Geminate recombination

Onsager was the first to described quantitativedynigate recombination [55]. His model
calculates the probability that a coulombically bdwelectron-hole pair will escape its Coulomb
attraction and generate free charges. The competitetween dissociation of CT state and its
recombination to the ground state depends upomémmnitude of the coulombic attraction felt
by this CT state (Figure 3.8). In particular, Oreyagroposed a definition for a Coulomb capture
radius (alternatively called the Onsager radiug)define the distance at which the Coulomb
attraction energy equals the thermal endgJy If the thermalisation length is greater than the
Coulomb capture radius, the charge carriers are considered to be fuligatiiated. If, however,
the thermalisation length is smaller thanthen the dissociation of the CT state into friearges
occurs with a certain escape probability, while gete recombination occurs with a

complementary probability.

LUMO <
kT

LUMO

dissociation

\/recombination

photon

HOMO @)

HOMO

Donor Acceptor

Figure 3.8 - Electron thermalisation leng#) Yersus coulomb capture radiusg)(

Nongeminate recombination

Direct nongeminate recombination refers to the mdmaation of a free electron with a free hole
in the semiconductor. Most often, nongeminate rdaoation takes place via defect states in the
gap (Shokley-Read-Hall), where a free electron Hole) is captured by a trapped hole (or
electron). Nongeminate recombination is usuallyemefd in the literature as bimolecular
recombination, in the sense that the electron avld that recombina come from different

dissociated excitons.
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3.3.2 Parameters characteristics of Organic Solar €lls

In the next paragraphs théc, Jsc, parasitic resistancesd, Rs) and FF will be analysed in

detail for the case of organic solar cells.

Open Circuit Voltage

The Voc is related to the splitting of the quasi-Fermidisvof hole and electron in the active
layer under steady-state illumination at the anadd cathode (Figure 3.9) [56]. Under this
condition, carrier generation and recombinationctiyebalance each other and no net current

exists at any point inside the device.

LUMO

HOMO

Figure 3.9 - The open circuit voltage in organitasaells is related to the difference between HOM@I of the
donor and LUMO level of the acceptor.

Many reports have shown that in organic solar c¥lis is linearly correlated to the difference
between the HOMO level of the donor and the LUM@eleof the acceptor (Eq. 16) [57-58],

and it does not depend on the work functions okleetrodes [59].
Voc = (1/9) (|[EHomo,p| -|ELumo a| - 2) (3.16)

where q is the elementary char@gowmo,p is the HOMO level energy of the donor dadmo,a

is the LUMO level energy of the acceptor. One tlestited work was done by Brabec et al. in
2001 [57]. They synthesized a series of fullereagvdtives with different LUMO levels and
blended them with a common donor poly(2-methoxy®;{0-dimethyloctyloxy)- 1,4-
phenylenevinylene) (MDMO-PPV). In their experimentsc was always linearly dependent on
the LUMO level of the acceptor. While the work ftina of the cathode varied in the wide range
of 2.87 eV (Ca) to 4.28 eV (Au), the variation\@c was comparatively very small (<0.2 V). In

2006, Scharber [58] carefully studied a seriesrghnic solar cell devices (26 polymer donor
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materials with different HOMO levels blended withcammon acceptor), and proposed an
empirical value of 0.3 fo¥Woc losses. It should be noted that We: loss of 0.3 eV is obtained
from experimental data, and it is not based onr#temml background. A similar relation was
reported by Veldman et al. [60] based on a detalealysis of the charge transfer emission in
polymer/fullerene blends. A number of studies sgtgpk that the physical reasons of this 0.3V
loss factor limiting the maximum achievabllec in organic solar cells could be related to the
effect of disorder [61—-62]. Durrant and co-workf3—64] analyse the impact of charge carrier
recombination and the donor acceptor microstructuregheVoc of bulk polymer solar cells.
They developed a comprehensive model describingv/#laeof bulk heterojunction solar cells
device based on transient optoelectronic analyBesy found for different polymer-fullerene

solar cellsVoc losses in the range of 0.225-0.435V.

Although the origin of the losses has been disaclsgeely no clean conclusions have been
established. Anyhow, there is a consensus the nh@gses resulting in a decreaséec are

related to the disorder in organic semiconductés$ fnd non-geminate recombination [66].

Materials for organic solar cells are soft mataridburing the film preparation, interactions
between molecules, kinks in the polymer chains, ted degrees of crystallinity of organic
semiconductors can all introduce disorder into $lgstem. Furthermore, the regioregularity,
molecular weight, and purity variation are all imjamt causes of disorder. The control of film
deposition is an important subject in the fieldajanic solar cells. Thus, disorder should also be
taken into consideration when discussing origivef in organic solar cell.

As consequence of disorder and defects localisatésstappear within the bandgap of the
semiconductor. Similar to the well-studied inorgahydrogenated amorphous silicon (a-Si:H)
semiconductor, disorder induces band tails statdsdaep traps in the electronic structure. The
distribution in the gap states downshifts the etectquasi-Fermi level and upshifts the hole
quasi-Fermi level, which obviously reduc®¥sc. For the same reason, disorder in organic
materials plays a role in bringing the electron sipkermi level down away from the LUMO
level of the acceptor, and lifting up the hole gudgermi level away from the HOMO level of the
donor, and consequently reduce Y. The distribution of density of states (DOS) i tail
can be approximated as a Gaussian or exponergml ty

Nongeminate recombination in organic solar cellsilaitates carriers and hence causes energy
loss, reducing/oc as a result. AYoc photo-generated carriers remain and accumulaitgeinise

device, thereby bimolecular mechanism governse¢bembination.
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The influence of the DOS on tMacin small-molecule organic solar cells is discusseskction
3 of Chapter 5.

Short Circuit Current

TheJscin organic solar cell is ideally proportional teetabsorbed photons and dependent on the
free charges carriers to reach the electrodes.nlingber of photons absorbed depends on the
absorption coefficient of the material and the dewarchitecture, as well as the thickness of the

active layer or reflecting back electrodes [1].

The major loss oflsc is leaded by monomolecular recombination, whengieza recombine

through a trap or a recombination centre.
Parasitic Resistances

e Parallel resistance (Rp)in organic solar cellfkp is mainly attributed to recombination

of charge carriers near the donor-acceptor interfac

« Series resistance (Rdn organic solar cellsRs considers conductivity i.e. mobility of
the specific charge carrier in the respective partsmedium. For example, mobility of
holes in a p-type material. The mobility can besetiéd by space charges and tr&sis
also increased with a longer travelling distancehaf charges in i.e. thicker transport

layers.

Fill Factor

The value ofFF depends mainly on parasitic resistances. Typiakles forFF are 0.65 to 0.85

for good organic solar cells.

3.4 Device architecture

In the following a brief summary, including theestgths and weak points, of the four most used

architectures of organic solar cells is given:

Single layer cellSingle layer structures consist of only one semmictor material between two
electrodes (Figure 3.10). Single layer cells aredadten referred to as Schottky type devices or
Schottky diodes since charge separation occurbeatedctifying (Schottky) junction with one

electrode. The other electrode interface is suppdsebe of ohmic contact [67—70]. The
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structure is simple but the absorption is usually Lsing a single type of molecule. Since both
positive and negative charges travel through thmesanaterial, recombination losses are

generally high.

Active Layer

Figure 3.10 - Diagram of single layer organic saiait.

Bilayer cell This kind of solar cell contain two layers sancled with the conductive electrodes

(Figure 3.11).This structure benefits from the sefmml charge transport layers that ensure
connectivity with the correct electrode and give sieparated charge carriers only little chance to
recombine with its counterpart. The principal draak is the small interface area that allows

only excitons to reach it and get dissociated.

This architecture has an important limitation whiekates to the exciton diffusion length in the
organic materials. The exciton diffusion lengtldépendent on the exciton lifetime and is in the

-

Acceptor

range of 10—-40 nm.

Donor

| Anode

Figure 3.11 - Diagram of bilayer organic solar cell

Bulk Heterojunction cell A mixture of donor and acceptor materials is sdoded between
anode and cathode (Figure 3.12). The strong pdirthis type is the large interface area,
allowing high molecular mixing and, thereforen, mescitons can reach the D/A interface. This
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accounts for the intrinsically low exciton diffusidengths and allows for more generated
excitons to be separated into free charge cartitogever, the charges have to be transported to
the electrodes via closed and short percolatiohvpags. Otherwise transport losses by trapping
or recombination may occur. Hence, the connectwit the correct electrode is the big weak
point of this structure. As a result, the photoeuntris usually higher in bulk heterojunction than

in at heterojunction solar cells [71-72].

Active Layer

Figure 3.12 - Diagram of Bulk Heterojunction orgasolar cell.

p-i-n cell This type represents the successful attempt ity uhe advantages of the two
structures described previously. The photoactiveodacceptor heterojunction (intrinsic layer)
is sandwiched between semipermeable layers, whithas selective membranes, facilitating

charge transport to the respective contacts (FigLr®).

The semipermeable layers can be formed either mgu$oped wide-gap materials or charge
(hole and electron) transport layers. In this thesansparent materials with wide band gap are
used as semipermeable layers. Charge separatiamsogt the intrinsic layer and charge
transport can only occur via the corresponding sppart layer. In Chapter 5, we study the
influence of the thickness of the intrinsic layertbe performance of the solar cells.

Additionally, the electron transport layer alsotpats the active layer against damage due to the
metal deposition [73]. BCP (2,9-dimethyl-4,7-diplgkh,10-phenanthroline) and BPhen
(bathophenanthroline; 4,7-diphenyl-1,10-phenanthedlare typical molecules used for electron
transport layers. On the other hand, TransitionaViéxides (TMOs) and PEDOT:PSS can be
used as a hole transport layers. In this thesidyidienum Oxide (Mog) and BCP are the

materials employed as hole and electron transpgetr$ respectively.
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Active Layer

] Anode

Figure 3.13 - Diagram of p-i-n organic solar cell

Tandem CellsOrganic tandem solar cells were first introducedHinamoto et al. in 1990 [74].
Tandem solar cells with organic semiconductors amdar cells with multiple D/A
heterojunctions made of different semiconductoremals. Ideally, each D/A heterojunction will
produce electric current in response to differergvelengths of light; thereby a broader
harvesting of the solar spectrum is achieved [FTBgrmal evaporation processing allows an easy

stacking of organic layers to form multiple hetergjtions.

The tandem solar cells concept is particularlyregg@ng in the case of small-molecule solar cells
with p-i-n structure. The single p-i-n devices teatgood device performance with higk and
high Internal Quantum EfficiencylQE). Nevertheless, to achieve high power conversion
efficiencies botHQE and the total absorption need to be high. Thelesipg-n cells suffer from
too low absorption in two aspects. Firstly, theapton spectra of the photoactive layers do not
cover the complete range of the sun spectrum. diitiad, the photoactive layers have to be thin
enough to avoid recombination losses and spacgehianitation of the current flow. Therefore,
they are optically thin even at the absorption mmei

An approach to overcome these problems is to stagkral junctions with either identical or
complementary absorption spectra on top of eachroitheVoc is then given by the sum of the
open circuit voltages of the individual cells. Thaw of photocurrent in stacked junction cells
requires easy recombination of charge carriers l@ithenergetic losses at the interface between
the individual cells. For that reason, each D/Aehgtnction is separated by a thin layer as

recombination zone, shown in Figure 3.14 [76].

Today, this architecture combined with p-i-n sulsckhs achieved the world record efficiency in

organic solar cells.
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Sub Cell 2

Recombination Zone

Sub Cell 1

Figure 3.14 - Diagram of tandem organic solar cell.
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4. Materials and Experimental Methods

This Chapter presents the materials used in thasithto fabricate the solar cells. Additionally,
the thin film deposition techniques and the expenital set-up used for solar cell deposition and
characterisation are explained in detail.

4.1 Materials
The chemical structure and the main optoelectrpnaperties of the organic semiconductors

used in this work are presented in this section.

Tetraphenyldibenzoperiflanthene

Tetraphenyldibenzoperiflanthene (DBP) is a p-typenisonductor (donor electron material).
DBP molecule has a symmetrical structure (Figudg.4DBP molecule is only composed of

carbon and hydrogen atoms.

Figure 4.1 - Structure of Tetraphenyldibenzopenifiene (DBP)

Numerous donor materials have been developed indEsades. DBP is a promising electron
donor material for photovoltaic applications and h&en used in many laboratories around the
world since 2009 [1-6].

The principal advantages of DBP in applicationdtascells are the high optical absorption and
the high HOMO level. High optical absorption valw@®w a reduction in the thickness of the
active layer, which is a favourable condition foe texciton to reach the donor — acceptor (D/A)
interface. The HOMO energy level of DBP is estimate be around -5.5eV [1], which makes
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DBP suitable for employment with fullerene acceptdrhe high HOMO energy leads to a high
open circuit voltageMoc) because the difference between the HOMO energdlieoflonor and

the lowest unoccupied molecular orbital (LUMO) eqyeof the acceptor is proportional Yac

[7].
Fullerene Go

A fullerene is any molecule composed of only carlaboms in the form of a hollow sphere,
ellipsoid, tube, and many other shapeg € the fullerene molecule consisting of 70 carbon
atoms. It is a cage-like structure which resemhlesigby ball, made of 25 hexagons and 12
pentagons, with a carbon atom at the vertices ol @alygon and a bond along each polygon
edge (Figure 4.2).

Figure 4.2 - Structure of fullereneC

Cro was discovered in 1985 by Robert Curl, Harold Krahd Richard Smalley [8]. They found
Cn clusters (for even n with n > 20) using laser @vapon of graphite of which the most
common were 6 and Go. They were awarded the 1996 Nobel Prize in Cheynistr their

discovery of fullerenes.

Crois used as electron acceptor and electron tratisganolecule. The energy levels ofdGre
-6.1eV for the IP and -4.0eV for EAz&can forms brownish crystals with a bandgap of V7

[9].
Molybdenum oxide Mo

Molybdenum oxide is a transition metal oxide (TM®jevious works presented transition metal
oxides such as X0s, WOz, and MoQ as conducting p-type materials, with the electéimity

and ionization energy of MaQin the order of 2.3 and 5.3-5.4 eV, respectivel9—-{11].
However, it has been recently demonstrated witbctliand inverse photoemission spectroscopy
measurements that Ma@xhibits a high electron affinity (EA) of 6.7 eVvidimay consequently
be used as p-type dopant for materials with deepdBQevels. MoQ as well as other similar

transition metal oxides are n-type materials eximbivery deep lying electronic states and more
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commonly used as hole transport layer [12—15].i¢ufe 4.3, a schematic energy-level diagram
of several TMOs and organic semiconductors. Thestosthhaded regions represent the valence
bands and the upper shaded regions represent tigleictmn bands. The dashed lines indicate
the position of the Fermi level for each oxide. d®s with their Fermi levels close to the valence
band are p-type semiconductors, and oxides witin Beemi levels close to the conduction band

are n-type semiconductors [16].
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Figure 4.3 - Schematic energy-level diagrams oséakeral transition metal oxides and (b) severgdoic
semiconductors. Figure obtained from [16].

MoOs is one of the most commonly used transition metgide in organic electronics
applications, because it is evaporated at relatil@l temperature (~ 400 °C). Hence, it can be
easily deposited in vacuum from a crucible. In castt the evaporation temperatures Oy

and WQ are significantly higher.

MoOs layer has been used in OLEDs to improve hole figacfrom the anode to the organic
emitters. Moreover, it has been reported that d@svoontaining Mo®@are more stable in the air
than those fabricated using alternative hole traridpyer (like PEDOT:PSS) [17]. Metal oxides
interlayer has also been used in organic photoeottells. Enhancement in power conversion
efficiencies was observed. In particular, the us®0Os interlayer between the ITO anode and
the donor layer in small-molecule solar cells erdeatte fill factor due to the reduction in series

resistance, which improves the power conversianieffcy [14].
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Bathocuproine BCP

Bathocuproine, 2,9-dimethy-4,7-diphenyl -1,10-phbkraine (Figure 4.4), also called BCP, is a
well known material used as electron transport rlageapplications such as organic light-

emitting diodes [18] and organic solar cells [19+-2he appearance of BCP is white or yellow
crystalline powder. BCP is soluble in organic sabtgesuch as nitrobenzene and insoluble in

water.

Figure 4.4 - Chemical structure of bathocuproin€ R,

BCP is a wide-gap electron transport material. idle of BCP layer inserted between active
layer and aluminium contact in organic solar cels investigated by Vogel et al. [20]. In that
work, BCP dramatically improves electron transpaut of the Go film into the aluminium
electrode. Consequently, BCP buffer layer redueaasigate recombination of excitons at the
C60-Al interface. For that reason, the BCP layersisd to make a selective cathode. In addition,
it prevents damage to the active organic layer ey inetal deposition. The optimal BCP

thickness for application in organic solar cellbé&ween 8 and 10 nm [21].

4.2 Experimental Methods

The fabrication process of organic solar cellsataded in this section. Substrate preparation,
organic and metal depositions are described. Aettteof the chapter, specifications of electrical

set up used for devices characterisation are egpose

The fabrication and characterisation of the devfethis thesis has been carried out the Centre
for Research in Nanoengineering (CRnE) and in teancroom facilities of the Departament
d’Enginyeria Electronica (DEE) from Universitat Rétnica de Catalunya. MNT group has a
long experience on the fabrication of solar celsdal on inorganic semiconductors (silicon).
Clean room facilities (located in the basementhef DEE, Campus Nord) used for fabrication

and characterisation of solar cells are detailédvine
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Facilities at the Clean Room of the DEE

There are several deposition systems in the cleam of UPC: one evaporation system based on
electron beam and Joule effect, another evaporatistem based on magnetron sputtering and a
Plasma Enhanced Chemical Vapour Deposition (PEC8B)em devoted to the deposition of
hydrogenated amorphous silicon and alloys. In amditthermal ovens are utilised to perform
annealing, doping diffusion processes and to graniton dioxide on crystalline silicon wafers.
Moreover, two photolithographic systems with resolu around one micrometre are used. In
order to measure the film thickness there are &l@mweter and an ellipsometer. The last is used

to measure the thickness and index of refractiomhio dielectric films.

At the moment, MNT the research activities basednanganic solar cells include: crystalline
silicon solar cells with interdigitated back cortaslectrodes (maximum efficiency 22%),
Heterojunction with Intrinsic Thin-Film (HIT solasells, with 18% efficiency). Besides, MNT

group is also fabricating porous silicon for therptwtovoltaic applications.

As it mentioned in the Chapter 1, the MNT groupMirDEE proposed to fabricate organic solar
cells about ten years ago. In 2002, the MNT graapted a new research line focused on the
fabrication of organic devices based on small-mdés semiconductors. The objective was to
widen up the technology know-how of the group. Bos purpose, the group acquired a new
deposition systems based on two Joule-effect eatqrsr (Oerlikon). The MNT group acquired

the organic evaporator UNIVEX 300 from Leybold Syst (Figure 4.5). The group began the
research in organic electronics with manufacturmnganic field effect transistors (OFETS) to

study the electronic properties of organic semicwmtals. Metal contacts were deposited using
the evaporator from Edwards. The need to avoid emymcorporation during the device

fabrication pushed the group to be equipped withew evaporation system integrated in a

glovebox.

59



Chapter 4 Materials and Experimental Methods

Figure 4.5 - Organic Evaporator UNIVEX 300 (left)side view of the chamber with two crucibles fergmd n-
type respectively (right). In operation since 2006.

The glovebox MB200B from the company MBraun allawdabricate the whole devices in an
inert atmosphere (Figure 4.6). The glovebox is goed with two evaporation systems: one is
devoted to the deposition of organic semiconduchois the other one is used evaporate metals
to deposit the electrodes. Thus, the complete degan be fabricated in inert atmosphere.
Hence, the semiconductor materials properties ateafiected due to contact with oxygen or

moisture.

At the beginning of this thesis, my work was foalige tune-up the equipment to fabricate
organic solar cells. The organic evaporator wasgded by the MNT group. The parts

composing this evaporator were purchased to diffempanies. Vacuum chamber was

designed in collaboration with the Spanish compdmyos Vacuum [ttp://www.vacuum-
projects.ned. The adaptation of a vacuum deposition systethd@alove box cannot be done in
a straightforward way. The system is equipped Vit organic sources provided by Creaphys

(http://www.creaphys.coj// This system enables to coevaporate up to fivierdnt organic

molecules (two of them simultaneously) (Figure 4T#)is allows fabrication of intrinsic layers
(mixture of donor and acceptor molecules) or domnggnic semiconductors. The temperature
at the crucible is controlled by two PID controfleGSubstrate temperature is also controlled by

heater (Figure 4.8).
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Figure 4.6 - Glovebox MB200B from MBraun with meéadaporator in 2010, before the installation ofamig
evaporator.

Donors

Acceptors

Figure 4.7 - Top view of organic evaporation soardeach organic source is equipped with a shuttart(olled
externally). Moreover an additional shutter is kecbbehind the holder substrate.
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Heater 1 Shutter 1 /

Figure 4.8 - Schematic of organic chamber withdtienections between the three temperature consallith five
evaporation sources and substrate holder.

The metal evaporator uses Joule-effect to evapdhatefiims onto a given substrate. It can
deposit materials with a specified thickness of tap1500 nanometers. Deposition rate is
controlled by the use of a quartz crystal monitiowas programmed to evaporate with a suitable

rate in order to not damage the organic layersallyinthe glovebox was ready to fabricate
organic solar cells in 2012 (Figure 4.9).

Figure 4.9 - Glovebox MB200B from MBraun with ousrhe-made organic evaporator in 2012.

In the following paragraphs, the facilities distribd between CRnE and DEE used for the
characterisation of films and devices are exposed.
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CRnE facilities

Purification System

High material purity is one critical aspect to fls@ctioning of organic electronic devices. It is
possible to aim for purities > 99.9%, typically ave> 99.99% independently of the initial purity
of the raw material. A purification organic semidostor leads to higher power efficiency and
longer lifetime of the devices. The optimised pssean get a material yield of about 20%. The
Tube-based Vacuum Sublimation System (CreaPhys Gnmublides the means to purify
organic volatile compounds by gradient thermal isodfion in vacuum. The DSU-05 has a
nominal capacity of 5 g, which are, however, stigrigpendent on the material properties like
density, sublimation and melting behaviour. Theteysfeatures a three zone gradient oven.
Figure 4.10 shows the result of sublimation Cutially, the aim of DSU-05 system was to
purify organic compounds provided by chemist labmras specialized in synthesis.
Nevertheless, the system has not been used very ddie to the low yielding.

Figure 4.10 - Purification of CuPc molecules.

Focused lon Beam

The Zeiss Neon 40 combines the imaging and analytiapabilities of a high resolution
Scanning Electron Microscope (SEM) with a FocusedBeam (FIB) column (Figure 4.11). In
addition, this cross-beam system has a multi-cHagageinjection system (GIS) for deposition of
metal and insulating layers, and can also perfonimeced and selective etching. This cross-
beam workstation is used for sample observatiomectee milling and deposition, 3D
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tomography, Transmission Electron Microscopy (TEsinella preparation, microfabrication
and elemental analysis.

Figure 4.11 - Cross-beam workstation Zeiss Neon 40

Atomic Force Microscope

In this thesis, the Atomic Force Microscopy (AFMgshbeen used to measure the topography of
the organic thin-films in tapping mode. In factethasic technique of AFM, which is contact
AFM, is not well adapted to examine such surfaaes @ problems of friction and adhesion.
Therefore, the tapping mode of operation was dgesloto overcome drawbacks of contact
mode [22]. This mode uses oscillation of the cewm#l tip at or near its natural resonant
frequency while allowing the cantilever tip to ingbdhe target sample for a minimal amount of
time. This intermittent contact lessens the damdgee to the soft surface and to the tip,
compared to the amount done in contact. Hence rdggthg forces during scanning are greatly
reduced [23]. Moreover, during oscillation, the gpes through both the attractive and the

repulsive regions of the tip-sample force field.

The Dimension 3100 Nanoman AFM from Veeco (Figurg2) provides a variety of high
resolution surface imaging techniques, such asniatéorce microscopy, in tapping and contact
mode or Kelvin probe or surface potential microscfioPM) among others.
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Figure 4.12 - Atomic Force Microscope Dimension @Nanoman from Veeco

Spectrophotometer

This equipment allows complete characterisatiothefoptical properties of thin-film layers; in
particular allows the measure of optical density-WUsible-NIR Spectrophotometer (Shimadzu
3600) has UV-probe software for photometric analyggisolid and liquid materials in the 185 to
3300 nm range (Figure 4.13). It is equipped witR IEL00 integrating sphere and transmission

liquid sample holder.

Figure 4.13 - UV-visible-NIR Spectrometer. Shima&a00.

Profilometer

Thicknesses of thin film layers were determinedsid-by Veeco DEKTAK 150 profilometer
(Figure 4.14). The profilometer measures the vartdepth of a material across a specified
horizontal length. The profile is displayed on amrical interface. Uses for this equipment
include measuring etch depth, deposited film théday and surface roughness. The resolution of

a step to determine the film thickness is abowt tdmanometres.
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Figure 4.14 - Veeco DEKTAK 150 (right) with DEKTAStylus (left)

4.2.1 Fabrication process for Organic Solar Cells

Organic solar cells fabricated in MNT-UPC are pssesl by thermal evaporation in high
vacuum conditions, which is the most generally usethod for depositing low weight organic
compounds [24]. The use of this technique has smmantages over solution — processable thin
films in the application of organic optoelectromevices. Higher control of the structure and
morphology of the films is possible because solveate not required, leading to a high
reproducibility of device fabrication. The flexilhy in device design (i.e. layer thicknesses,
multilayer structure, materials selection) is atrimsic attribute of dry processing techniques
such as thermal evaporation. In this work, thecstme of the fabricated organic solar cells
consist of a glass substrate with a transpareotretée acting as the anode, the organic films and
the top metal contact acting as the cathode.

Vacuum deposition Systems

Vacuum deposition is a family of processes usedefmosit layers of material atom-by-atom or
molecule-by-molecule on a solid surface. The depddayers can range from a thickness of one
atom up to millimetres. When the vapour sourceliguad or solid the process is called physical
vapour deposition (PVD), on the other hand if therse is a chemical vapour precursor the
process is called chemical vapour deposition (CVIHe vacuum environment in thermal
evaporation reduce the particle density, hencentean free path for collision is long and

reducing the particle density of undesirable mdiesor atoms (contaminants).

Three types of flow are mostly encountered in vatuechnology: viscous or continuous flow,
molecular flow and Knudsen flow at the transiti@tveeen these two. A backing pump, working
in viscous flow, is needed in a high vacuum systemstart turbomolecular pump, since

turbomolecular pumps usually work in the pressegian below 1§ mbar. In this thesis, the
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high vacuum systems used to evacuate the evapocktambers are comprised by a

turbomolecular pump and an oil-sealed rotary pump.

Thermal evaporation process consists on the sutiimaf a compound from a resistively
heated crucible or boat (source) in vacuum frorff h@bar to 10'° mbar onto a substrate [25].
Hence, a molecular beam is created from the bodhdosubstrate. This molecular beam is
defined by the elongated shape of the boat. Thenrfrea path of the molecules evaporated in
the vacuum chamber is usually longer than theddizbe chamber. Consequently, the molecules

can travel from the source to the substrate witlkeoliide with other molecules in the chamber.

The limitation in the deposition rate is fixed lnetescape rate of the molecules from the solid or
melt phase into vacuum, since molecular transgodugh vacuum is almost immediate. The
deposition rate is controlled by the source tentpeea Using shutters for substrate and sources,
which can interrupt the molecular beam, allow naewencontrol of film thickness.

The quartz crystal microbalance (QCM) coating thass gauge (thin film controller) utilizes
the piezoelectric sensitivity of a quartz osciltagmonitor crystal) to measure the supplied mass
on the gauge. This property is utilised to montter deposition rate and film thickness during
vacuum coating. A very sharp electromechanical masoce occurs at different discrete
frequencies of the voltage applied. Resonance &mcyuis reduced when a quantity of mass is
added to the surface of the quartz crystal oskiliain resonance. This frequency shift is very

reproducible.

Fabrication process

Preparation of the substrates is very importanbroter to obtain reproducible results. All the
solar cells presented in this thesis are fabricatedlass coated with the transparent conductor
indium tin oxide (In03:.SnNQ, ITO) (Luminescence Technology Corporation). Glagbstrates
with pre-patterned ITO have a sheet resistance20fslj and a thickness of 120 nm (Figure
4.15).
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ITO
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Figure 4.15 - Geometry of ITO patterned substrate.

The ITO surface is cleaned in an ultrasonic bath acetone (15 min) and isopropyl alcohol (15
min) and dried with nitrogen flux. Finally, the sitates are treated in ultraviolet/ozone for 30
min. This treatment increases the work function][26d removes any remaining carbon

residues.

Once substrates are cleaned, they are transfartedhe vacuum system for film deposition.
Organic layers were deposited by thermal evaparatioder a base pressure of approximately
107 mbar at a rate in the range of 0.1-0.2 A/s. Thstsate temperature is a crucial parameter
for the morphology of the film. For that reasonbstnate temperature was controlled during the
organic deposition molecules. In Chapter 5, a thtavork about the influence of the deposition

substrate temperature on the optoelectronic pnegest the donor material is presented.

The crucible or boat, holding the evaporation maleis at the core of the evaporation process.
A conical alumina (AO3) boat is used in this work (Figure 4.16). The dharboat can achieve
high temperatures, above 500°C. The maximum teryereeached in this thesis was 350°C, to

evaporate fullerene/

Figure 4.16 - Alumina boat (left). Alumina boatiths the heater system equipped with shutter (right)

Glove box MBraun200B has integrated the vacuum siépa system MB-EcoVap which

allows evaporating metals (Figure 4.17). The eqeipinincludes several recipes programmable
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PLC control to evaporate different metals. There &wo evaporation sources controlled
independently. This double source setup allowsethaporation and co-evaporation of different
metal layers without break the vacuum with nitrag&rstructure to hold the mask with 9 solar
cells substrates were designed and adapted in MB-HT system. Moreover, there is an
automatic mechanism with electro-pneumatic valedgttthe chamber.

Figure 4.17 - MB-EcoVap (left); inside view withIder for mask (right).

The metal used as the cathode in the organic s@bs was aluminium. Aluminium was
presented in form of pellet. The metal was depdsite thermal evaporation on organic layers
through metallic shadow mask to give an activecdr@ 075 cm (Figure 4.18). Deposit rate was
below than 0.2 A/s during first 20nm and 1 A/s opreéquired thickness. Since the evaporated
material reaches the substrate mostly from a sidigéetion, during the evaporation process the

samples rotated at 30 rpm to obtain a uniform layer

Figure 4.18 - Shadow metal mask for evaporatidit){lgeubstrate with four organic solar cells, itdiae area is
0.075 cm(right).
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Metal deposition is an extremely critical point anganic small-molecules solar cells. Metal

atoms may diffuse though organic layers; this ¢ffan short the device.

Figure 4.19 shows a typical SEM image of the csesdion of an organic solar cell based on
CuPc and 6. In this case, the structure of the solar cell glass/ITO/CuPc/C60/Ag. The cross-
section was obtained by using a FIB process. Thserobd layer thicknesses are in agreement
with profilometry measurements. In addition, thgels are uniform and no shortcircuits are

visible.

200 nm Mag= 8451 K X Signal A=InLens FIE Lock Mags = No Stage at T= 540 ° System Yacuum = 1.15e-006 mbar
FIB Mag = 1482 K X Stage al 7=44 668 mm  FIB Gun Pressure = 9.726-009 mbar
WD = 48 mm Brighiness = 488 % b b 0KV:10 ph  TrackZ=OF Gun Vacuum = 4.632-010 mbar
= - = L - - . 0.
mﬁ E"éeé?ézﬁm 34BN EHT = 5.00 kY Contrast = 31.3 % FIB Imaging = SEM Tilt Corrn. = On 11:58:22 27 Feb 2012
Height = 2 662 pm Aperture Size = 30.00 pm High Current = Off FIE Scan Rot= 0.0° Tilt Angle = 36.0° File Mame = CuPCcE0bepAg-09.tif

Figure 4.19 - Cross-section of organic solar cell.
4.2.2 Characterisation of Organic Solar Cells

Electrical characterisations of all devices wergied out in nitrogen ambient using a plastic
prototype (Figure 4.20), specifically designed tomimise oxygen and humidity degradation.
This prototype allows the measurement of 4 diffesrbstrates with 4 cells in each substrate in
nitrogen atmosphere. Metallic tips contact all a®ednd cathodes of solar cells. There are two
selectors that allow selecting one solar cell frarspecific substrate. The prototype has been

fabricated by the company microLIQUID.
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Figure 4.20 - Prototype to measure organic solés tenitrogen atmosphere.

Current — Voltage Measurement

The most important characterisation is the measeméwf the current-voltage characteristics (I-
V curve), delivering the power conversion efficignthe basic parameters of I-V characteristics
are discussed in Chapter 3. Devices were meastn@ba temperature in the dark and under
AM 1.5G conditions using a solar simulator (NewpOriel Instruments Model: 94061A Class

ABB (Figure 4.21).

Figure 4.21 - Solar simulator Newport Oriel ModdD81A Class ABB.

lllumination source uses a Xenon lamp and a pragwyefilter to meet Class A performance
parameters without compromising the one sun oyipwier in 6 x 6 inch area (Figure 4.22). The
overall illumination intensity is calibrated withpgranometer prior to each measurement run.
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Figure 4.22 - Spectral output of Solar Simulatathveitandard AM1.5G filter (Newport).

The measurements were carried out applying biasrescatding the current using a HP 4142B
DC Source measurement unit. A Matlab interface wsed to control the source meter and

record the I-V curves.
External Quantum Efficiency Measurement

The External Quantum Efficienc¥QE) of a solar cell is given by the extracted electhmle
pairs per incident photon&QE measurements of photovoltaic cells were performétd a
guantum efficiency integrated system, model QEXRU Measurements, Inc.), under standard
measurement conditions using a 150 W xenon lampleduwvith a slit monochromator (Figure
4.23). The intensity of incident monochromatic tigias calibrated with a Si photodiode. The
QEX10 spectral response system uses an adjustagleamical chopper to modulate the light at
rates between 4 Hz and 200 Hz, chopping frequenayg fixed at 66 Hz to avoid any

perturbation from light ambient. The measuremerdggevearried out in the wavelength range of
300 nm to 800 nm at resolution of 5 nm.

Figure 4.23 - Quantum efficiency integrated systeradel QEX10 (PV Measurements, Inc.).
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Variable Intensity Measurement

The solar cell performance is dependent on ligtanisity. Measuring th@-V curve over a wide
range of illumination levels, rather than at a €ixéumination level of 100 mW/cf can be
obtained additional information about the devicégenance. We call this method the Variable
lllumination Measurement (VIM) method. From theV measurements at different illumination
levels, a model of an organic solar cell can beaiokd. In this thesis, a study about the

recombination of organic solar cells is detailecCimapter 6.

The VIM measurements were carried out in DepartandenFisica Aplicada i Optica of the
Universitat de Barcelona (UB) (Figure 4.24). THaenlination level can vary from 10 mW/ém

(0.1 suns) to 200 mW/cm(2 suns) by means of neutral grey filters to pnesehe spectral

distribution of the incident light (Figure 4.25).

Figure 4.24 - Image of characterisation setup fariadble Intensity Measurements.

Filter No. 1 Filter No. 2

3:': Fiber optic
Light
source {}
T PV device
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Conditioning B
electronics

Figure 4.25 - Scheme of Variable Intensity Measumetm
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5. Organic Solar Cells based on DBP and
fullerene Go

The main results obtained on the characterisatibarganic solar cells based on small-
molecules tetraphenyldibenzoperiflanthene (DBP) faldrene Goare presented and discussed
in this chapter.

In the first section, the electrical performancebd@yer solar cells is analysed. In particular we
will focus on the influence of the deposition stdiettemperature of the donor material on the
performance of the solar cells.

In the second section, the influence of the deosilycalised states in the band gap of the donor
layer on the open circuit voltage 4¥%) of the solar cells will be discussed.

Finally, using the optimised deposition parametakar cells with p-i-n structure will be
fabricated, where the intrinsic layer is obtainegthe coevaporation of donor and acceptor. The
influence of the thickness of the intrinsic layep@a-n solar cell will be studied.

5.1 Bilayer Solar Cells based on DBP and %
5.1.1 Introduction

Solar cells based on bilayer structure (donor/accemvere presented in Chapter 3, section 3.3.
This structure allows higher control of the film rpbology of the donor and the acceptor
material during the deposition process. As we atemtioned, the optimum geometry for high
efficiency organic solar cells would be the p-itrusture, where the intrinsic layer is composed
of donor and acceptor material (bulk heterojunctapproach). Contrary to the situation of
solution processed bulk heterojunction solar ceéls approach is not easy to optimise when
cells are based on thermal evaporated small-maedhle coevaporation of two compounds in a
controlled manner is not easy. Since the sublimatgmperatures usually are different for each
compound, the deposition rates should be stabilssgghrately, making the fabrication of the

solar cell a complex process. Moreover, depositates depend on the amount of material
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present in the crucible, adding more uncertaintythan control de deposition rates when both

compounds are sublimated simultaneously.

For all these reasons, our approach started wétlophimisation of the optoelectronic properties
of a solar cell with bilayer structure. The fabtioa of organic solar cells involves the
optimisation of different layers, each of them wigry low thickness (tens of nm). In the case of
a multilayer structure composed of individual sexgbmpounds allows us to optimise separately
each of the layers of the solar cell having a gomatrol of the thicknesses (usually in the range
of tens nanometres) of each layer. Moreover, th@ach allows us to be more confident with

the measured experimental data and extract comelgsinclusions.

Our experimental deposition set-up allows the digjposof thin-film layers with good thickness
control over an area of around diameter of 5 ingvesiation of 5% between the maximum
(central part) and minimum thickness (external )pa@onsidering this, our holder 10 cm x 10
cm allows to deposit simultaneously over 9 subssrgfl cm x 1 cm). As mentioned before
(Chapter 4) each substrate allocates 4 solar CHilis. allows us to fabricate 36 organic solar
cells in a single run process. The reproducibibfythe optoelectronic performance of the
fabricated solar cells is not very high, includisglar cells measured on the same substrate.
Therefore, obtaining conclusive results is basedhentrend observed on the evolution of the
solar cell performance with its structure/geomednd the deposition parameters used when

processing.

The basic structure of our solar cell consists dmlayer structure of the donor and acceptor
materials sandwiched between a Hole Transport L&YEL) in contact with the anode electrode
and an Electron Transport Layer (ETL) in contacthwhe cathode electrode. In our case, we
have used molybdenum trioxide (MgCas HTL and BCP as ETL. The structure of the solar
cells studied in this Chapter is glass/ITO/MAIBP(10nm)/Go(40nm)/BCP(8nm)/Al(150nm).
Glass substrates with prepatterned ITO were supplelLuminiscence Technology Corporation
(Lumtec Taiwan). ITO thickness was 1200~1600A, véteheet resistance of 9~Osq and a
maximum of optical transmission of 84% at 550nme DBP, Go, MoOz and BCP compounds
were purchased from Sigma Aldrich. The absorbing pathe solar cell is formed by DBP

acting as a donor andr§as an acceptor.

The substrate temperature is one of the depogiwameters that have strong influence on the
performance of thin-film solar cells. Previous werkave reported the influence of substrate

temperature on the morphology of amorphous silitoin films and its influence on the
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optoelectronic properties [1-3]. In this sectiorg study the variation in performance of bilayer

organic solar cells where the donor material wamdited at different substrate temperatures.

Fullerenes and its derivatives are the most comusea electron acceptor materials to fabricate
organic solar cells due to its excellent electrgaperties. Although different electron acceptor
materials have been used in solar cell technollikgy perylene derivatives, its performance was
clearly lower when compared with fullerenes demxeg. Main advantages of fullerene

derivatives are its deep-lying LUMO energy leveB.8-4.2 eV) for effective charge separation

at D/A interface and its high electron mobility.

Contrary, there are a vast number of electron domaterials. Among them, DBP has recently
emerged as a promising donor material for photawokpplications [4-9]. The most important
advantages of DBP in application to solar cellsierdigh optical light absorption and its deep
HOMO level position. High optical absorption valugfow a reduction in the thickness of the
layer, which is a favourable condition for the e@anito reach the donor — acceptor (D/A)
interface. The HOMO energy level of DBP is estidate be 5.5eV [4], which makes it
appropriate to combine with fullerene acceptorse Télatively deep HOMO level of DBP can
help to obtain a highWoc. It has been reported thdbc is related to the difference between the
HOMO level of the donor and the LUMO level of thezaptor [10].

3nm 10nm 40nm 8nm

ITO MoO, DBP  C;0 BCP Al
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Figure 5.1 - Energy levels (eV) of the differentdes comprising the bilayer solar cell.
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The electrical properties of Mahave been presented in Chapter 4. This matereh is-type
semiconductor exhibiting very deep lying electrosiates [11-14]. Recent investigations have
led to a reinterpretation of the electronic struetaf MoQs/semiconductor interfaces. The hole
injection mechanism is considered via electronaetton from the HOMO through the MO
conduction band [15].

5.1.2 Electrical Characterisation

The photovoltaic performances of bilayer solarsethere the DBP was deposited at different
substrate temperatures are presented in this se€iist, the main photovoltaic parameters from

J-V characteristic are exposed. Following, spectralyemes of bilayer solar cells are discussed.

)

1
N

Current Density (mA/cmz)

1
(@)

0,0 0,2 0,4 0,6 0,8 1,0
Voltage (V)

Figure 5.2 - Current — Voltage measurements of/bil@ells under one sun illumination with DBP lageposited
at different temperatures.
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The J-V characteristics of bilayer solar cells are showifrigure 5.2. Frond—V characteristics
have been estimated the main photovoltaic parametgra function of the DBP deposition
temperature. Results are summarised in FigureTh&.device with a DBP layer deposited at a
substrate temperature of 30 °C showeldae 5.29 mA/cm, Voc = 0.79 V andFF = 46% for a
PCE = 1.9%. The besVoc andFF values were obtained for a substrate temperatué® 6C
during DBP deposition, leading to a maxim&®@E of 2.5%. Particularly, this device achieved a
Voc = 0.89 V,FF = 58% and only thdsc= 4.79 mA/cm was slightly reduced with respect to
the reference device fabricated at 30 °C. Substesgperatures higher than 60 °C resulted in

lower solar cell performance, basically due torédbuction ofJsc
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Figure 5.3 - Photovoltaic parameters of organiarsoélls versus DBP substrate temperature.

The Optical Density (OD) of the photoactive matisriaBP and Gsingle layers and in a bilayer
structure are shown in Figure 5.4. Thicknesseshef@BP and & were 10 nm and 40 nm

respectively. The donor DBP presents different giigm bands in the visible region around
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330, 550 and 600 nm. The acceptesshows a strong absorption band at 350 nm and aé&roa
band in the region of 450 nm. The OD of the DBR/Milayer structure is significant from 300
nm to 700 nm. The higher OD of the device with Ddé#posited at 30 °C agrees with the highest
Jsc value obtained for this device. As the depositemperature increases, the actual thickness
of the DBP layers could be slightly reduced becaidselower sticking coefficient of the organic
molecule on the substrate. This effect could expiae reduction in the OD at higher substrate

temperatures and the decrease oflfaeralues observed in Figure 5.3.

DBP Substrate temperature
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—7—60°C
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c
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300 400 500 600 700 800

Wavelength (nm)

Figure 5.4 - Optical density of the active layessdi for the fabrication of bilayer solar cells.

The spectral dependence of photocurrent generatidncollection was analysed by measuring
the EQE curves (Figure 5.5). ThEQE curves were quite similar for all the solar cellsh a
slight reduction on devices incorporating DBP déedsat higher temperatures. This behaviour
reproduces the trend observed in the measuremetite ©D (Figure 5.4). ThEQE curves also

evidence a good correlation with the values measured for these devices.
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Figure 5.5 EQEof bilayer solar cells in which the DBP layer veleposited at different substrate temperature.
5.1.3 Morphology analysis

The effect of the substrate temperature on theg@miy of the DBP films was studied by
Atomic Force Microscopy (AFM). For that purposesaies of DBP films with a thickness of 20
nm were deposited on crystalline silicon substrategure 5.6 shows the top view AFM images
(1 x 1um? scanning square) for four samples deposited afifferent substrate temperatures. It
can be observed that pillar-like grain structuresrencreated as the substrate temperature
increase. The density and size of these pillar® alsem to increase with the substrate

temperature during the deposition of the DBP.

10.00 nm

0.00 nm

Figure 5.6 - AFM images of DBP thin films depositgdifferent substrate temperatures:

a) 30 °C b) 60 °C ¢) 90 °C d) 120 °C
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The roughness values were estimated by using seftteehniques and its dependence with
substrate temperature is shown in Figure 5.7. Tinace of the films prepared at 30 °C and 60
°C was relatively smooth with roughness values matdu35 nm. A sharp increase of the surface
roughness is observed for the films deposited at®@nd 120 °C. This modification of the

surface morphology with substrate temperaturettserasimilar to that reported by other groups

(Zhou et al. [16]).
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Figure 5.7 - Root-mean-square roughness of DBPfithis as function of the substrate temperature.

The nanostructure of the 20nm DBP layers on.SiGbstrates were also analysed by X-Ray
Diffraction (XRD) spectroscopy. The absence of rdiftion peaks indicates the amorphous
nature of the samples (Figure 5.8). Therefore, aadc expect that transport properties, and

particularly carrier mobility, are rather isotropicthese films.
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Figure 5.8 - XRD of DBP thin films deposited atfdient substrate temperature.

5.2 Influence of the Density of States in the open ciuit voltage
5.2.1 Introduction

The optoelectronic properties of thin-film devidegsed on disordered semiconductors depend
largely on the distribution of localised statestlme band gap of the semiconductor. This is
especially true in the case of organic solar cellsvhich thicknesses of the different layers
composing the device are very thin, a few tenthsmof It is rational to assume that by lowering
the Density-of-States (DOS) in the band-gap of gamiconductor would improve the device
performance, since defect states act as traps enmmbination centres in the active layer. In
particular open-circuit voltages are strongly defsr on the DOS of the active semiconductor
material. Open circuit voltages are proportionahte difference between the quasi-Femi level of
electrons and holes. Therefore, separation betwpesi-Fermi levels will be lower for
semiconductors with high level of localised states, recombination centres. Experimental
information on the distribution of defects cann@ bbtained in a straightforward manner.
Different techniques have been proposed to obtdormation about the energy distribution of
the DOS in thin-film semiconductors. These includéraviolet photoelectron spectroscopy,
Kelvin probe force microscopy, electron spin resmeaspectroscopy, space-charge-limited-
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current spectroscopy, deep-level transient spestipys photoconductivity measurements and
impedance spectroscopy [17-23]. Alternatively, dfeffect structures such as thin-film
transistors (TFTs) can be also used to obtain mm&bion regarding the energy distribution of
trapped charges. Thin film transistors (TFTs) héwesn extensively used to determine the
density of localised states in the band gap ofganic semiconductors, such as polycrystalline
silicon or hydrogenated amorphous silicon [24], andre recently in the study of organic

semiconductors [25].

The presence of carrier traps in organic semicailmtdsicecessarily affects the performance of
electronic devices, and particularly solar cellshigher DOS distribution causes more charge
trapping and a reduced carrier mobility, which laadetrimental effect in the charge carrier
collection that degrades tlec andFF values [26]. On the other hand, the influencenefDOS
distribution on theéVoc has been also widely discussed in relation todiserder of organic
semiconductors [27]. Under some assumptions analy@xpressions have been proposed to
guantify the loss iVocdepending on the particular DOS distribution [28-d2%ese models are
based on the calculation of tMc values from the separation of the electron ane lwider
illumination. Then, a higher density of localisddtes reduces the separation of the quasi-Fermi

levels of electrons and holes and results in |oVigervalues.

The effect of the carrier mobility in relation tbetVoc value is more complex, since in open-
circuit conditions there is no direct current egtran. The carrier mobility can have influence in
the recombination mechanism, which in open-ciranidl steady-state conditions must equal the
generation rate. This recombination is typicallysiaeed to be dominated by bimolecular
mechanisms around open-circuit conditions [28], iehér instance the Langevin model
considers a mobility-dependent prefactor [29]. Heeve many reported studies using a variety
of different techniques have found bimolecular rebmation rates far below the Langevin
formulation [30-34]. Hence, the influence that armobility has in thé/oc is still unclear and
needs further investigation as there can be diftermobility-dependent recombination
mechanisms [33-34]. Nonetheless, in many practesks disorder induces a broader DOS
distribution that causes a decrease of carrier Iplowing to charge trapping. Then, thec
drops because of a higher DOS along with 3wand FF values due to the decreased carrier
mobility. In this section, the performance of DBR/@rganic solar cells is correlated with the

DOS distribution of the donor material.
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5.2.2 Mobility and density of states of donor DBP

To study the influence of substrate temperatur¢herelectronic properties of DBP, a series of
OTFTs were fabricated at different substrate teatpee. As mentioned before, OTFTs are a
good tool to get information about the electricedperties of the charge carrier. In particular,
field-effect mobility can be easily estimated froiime analysis of the transistor electrical
characteristics. However, as shown in Appendix étaded analysis of the electrical

characteristics of TFT measured at different teaoee allows to get more basic information of
the electronic structure of thin-film semicondustom particular, from the transfer electrical

characteristics measured at differed temperatutleeatimation of the density of localised states
within the band gap of the semiconductor can beainbd. A detailed description of the

methodology used to determine the mobility anddbesity of localised states can be found in
Appendix I.

Figure 5.9 shows the output characteristics of Ob&$ed on DBP (20 nm thick) deposited at
substrate temperature of 60 °C. The thicknesseoSit» dielectric was 100 nm. The transistor
exhibits the expected behaviour for a p-channdd feffect transistor. A linear dependence

between ps andVps is observed for lowps voltages. At highe¥ps voltaged ps saturates.

0,0

-2,0x10°

-4,0x10°

-6,0x10"

Drain Current (A)

-8,0x10°

Drain - Source Voltage(V)

Figure 5.9 - Output characteristics of a DBP ba@&#T with a SiQ gate dielectric.

Figure 5.10 shows the hole mobility as a functibthe substrate temperature for two series of
DBP transistors with different active layer thickses (20 and 50 nm). The field-effect mobility
values are of the order of ¥0cn?/V-s and show a similar dependence with the sulestra

temperature. The highest field-effect mobility v@uwere obtained for devices deposited at 60
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°C, which agrees with similar experiments reporntefb]. The highesVoc andFF values were
routinely obtained when substrate temperature wasl fat 60 °C during the deposition of the
DBPIlayer (Figure 5.3). This correlation between siodar cell performance (in particul®obc
andFF values) with the field-effect mobility has alreaodgen reported for thermally evaporated

small-molecule organic solar cells [35].
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Figure 5.10 - Hole mobility of DBP as a functiontbé substrate temperature.

In order to determine the DOS, transfer charadtesisvere measured under vacuum conditions
at different temperatures. Detailed information wththe procedure to determine DOS can be
found in Appendix I. Figure 5.11 shows an examgighe transfer curves measured in the
temperature range from 300 to 360 K in steps dk1h this example, DBP active layer was 20
nm thick and deposited at substrate temperatuBd%. We observe that for negatives (ON
region), Ips increase with temperature. Whereas for positi¢e (OFF region),lps shows no

dependence with the temperature.
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Figure 5.11 - Transfer characteristics of a DBReHaSTFT measured at various temperatures (forea fiks = -
20V). DBP thickness was 20 nm and was depositedtztrate temperature of 30°C.

Figure 5.12 shows the DOS of localised states ametion of Fermi level position for DBP
transistors, 20 nm-thick, deposited at differerisétate temperatures (30, 60, 90, 120 °C).
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Figure 5.12 - Density of states of DBP as functibthe substrate temperature.

Charge transport properties in thin-film small-nmlle organic semiconductors can be described
by an effective transport level and a distributidrirap states below this transport level [36—-37].
This description is similar to the mobility edgectpire developed for amorphous inorganic
semiconductors, especially hydrogenated amorphaicors in which the mobility edge
separates extended states from the localised ®hesdistribution of traps below the transport
level is believed to be exponentially shaped [38]analogy to inorganic semiconductors, this
exponential region of the DOS can be assumed i@ Iband tail of localised states induced by
structural disorder (Eg. 5.1).

Ne(E) = Noe ) (5.
whereNp is a prefactor that defines the concentrationadfstates per unit volume and energy
interval (cm’eV?) at the valence band edge. The slope of the taiingby kT, measures the
extent of the distribution of localised states;oither words, it is an indirect measure of the
disorder in the semiconductor. Figure 5.12 shoveg th all the samples the DOS increases
exponentially up to 13 cni® close to the valence band ed§eRomo< 0.2 eV). However, the
tail of localised states is clearly reduced for shenple deposited at 60 °C compared to the other
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substrate temperatures. The presence of thesetatgs in the band gap of the semiconductor
could act as traps and recombination centres aréftire could affect the position of the quasi
Fermi level position for holes in illumination [39The origin of these electronic trap states is
diverse and is still the subject of many investma and discussions [36], [40], [41]. Some traps
(extrinsic) are related to contaminants and chendefects with composition different than the
organic semiconductor and are associated with atsnimpurities in the source material.
Another source of defects is related to the cheémigstability inherent in many organic
compounds. It is well reported that organic molesudre reactive with oxygen and water [42].
Finally, some defects are associated with struktdissorder (intrinsic traps) and are primary
introduced by the growing conditions [41], [43].

As has been mentioned before, in organic solas,céllhas been shown that the maximum
achievable value d¥oc is determined by the energy offset between the OJM the acceptor
and the HOMO of the donor [44]. Experimentally,hias been found for a wide range of
materials the relationshipgc = HOMObonor —LUMOAaccertor— A [45]. The loss termA) has
been related to the exciton binding energy of tadkeor non-radiative recombination of polaron
pairs [47-48]. Despite the physical mechanismsrimritng to the loss term are still under
discussion, there is also a consensus that thebdisbn of localised states plays an important
role when determininioc values [48]. The presence of tail states (bro&d2%) causes a lower
effective energy gap and therefore a reductiomeibc. In the particular case of a DBP donor,
photogenerated holes will prefer to occupy taitesarather than energy states in the HOMO
level, leading to a higher hole quasi-Fermi levesipon and, as a consequence, bringing the

average energy of electrons and holes closer tegeth

This phenomenon has already been studied in orgatar cells, both from the viewpoint of

numerical device simulation and experimental meaments. Blakesley et al. studied the
influence of energetic disorder on thlec using numerical simulation [49]. They found that a
large increase of energetic disorder, or in otherds broader DOS, causes a significant

reduction inVoc. Meanwhile, bothlsc andFF also drop along witNoc.

5.3 p-i-n Organic Solar Cells based on DBP:&

The p-i-n organic solar cell structure is presente@hapter 3, section 3.3. In this section, the
results obtained from the characterisation of psplar cells are presented. The intrinsic layer (i-

layer) is composed by the coevaporation of donat aoceptor (at ratio 1:1). The i-layer
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thickness in p-i-n solar cells has strong influemcéhe performance. Increasing the thickness of
intrinsic layer can increase the efficiency causgdhigher absorption; however, excess of
thickness reduce the efficiency due to recombinatiosses of free charge carriers. The
optimisation of active layer thickness taking iccount the trade-off between absorption and
recombination is the objective of this section.ufeg5.13 shows the structure of the solar cells.

BCP 8nm

DBP: C70 (1:1)

Figure 5.13 - Structure of p-i-n solar cell whetayer is coevaporated at ratio donor — acceptdr) (1

As previous section, the donor is DBP and the @ocePr. In order to facilitate holes and
electrons collection, Moghas been used as hole transport layer and BCReetsogl transport
layer inserted between the active layers and el@es. The detailed configuration was
ITO/MoO3(3nm)/DBP:Go(1:1)(x nm)/BCP(8nm)/Al(150nm). The thickness dayer (x) varies
from 30 nm up to 70 nm. Figure 5.14 show¥ curves of p-i-n cells with different i-layer
thickness. The substrate temperature during coeaapo of donor and acceptor were fixed at
60 °C due to it is the optimum temperature for lovaal of DOS of DBP as demonstrated in
section 5.2.
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Figure 5.14 J-V Curves of p-i-n cells for different i-layer thickss.

The main photovoltaic parameters as a functionlayer thickness are summarized in Table 5.1
and shown in Figure 5.15. Following, the influerafei-layer thickness in each parameter is

discussed.

Table 5.1 — Measurement results of the devices watltous DBP: G thicknesses

Thickness (nm PCE (%) FF (%) Jsc(mA/cn?) | Voc (V)
30 1.76 39 -6.2 0.73
40 2.82 36 -11.2 0.71
60 3.12 33 -14.1 0.65
70 2.90 27 -17.8 0.61
90 1.90 37 -8.4 0.61
100 1.01 27 -6.6 0.57
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Figure 5.15 - Photovoltaic parameters of p-i-n aig&olar cells versus i-layer thickness.

Short Circuit Current (0

It was found that thdscof p-i-n solar cells was increasing while the timeks of i-layer is
increasing up to 70 nm, indicating an efficient rgjea generation for this thickness. The
enhancing ofisccould be explained due to the increment of the gitiem and the higher donor-
acceptor interface. On the other hand,Jqestarts to decrease when the thickness is higher th
70 nm. Thelsc reduction could be attributed to geminate recosauioom of the excitions due to
the short exciton diffusion length. As a residshas the highest value at 70 nm (17.84 mA&jcm

and the lowest value was reached with thicknesate@®nm (6.19 mA/cR).

Open Circuit Voltage ()

The Voc value is falling whereas i-layer thickness is higtlean 40nm, wheVoc reaches the

highest value. As explained abo¥ec value is related to the separation of the elecaimwh hole
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quasi-Fermi levels under illumination. The reconabion in open-circulit is typically assumed to
be dominated by bimolecular recombination. The @ighlayer thickness also implies higher
bimolecular recombination since the free chargeierar (electrons and holes) must to travel
longer distances up to the electrodes. Consequevily decrease because of the higher

bimolecular recombination.

Fill Factor (FF)

The FF of p-i-n cells seems to decrease when i-layer ttesk increase. However, no clear trend
is observed. This phenomena could be explained usecaf FF is affected by both
recombination mechanisms of organic solar cell® aximumFF value is 39%, achieved by
i-layer thickness of 30 nm, and the lowést value is 27%, reached by i-layer thickness of 70

nm.

Power Conversion Efficiency (PCE)

The PCE of solar cells is influenced B, Voc andJsc The optimum p-i-n solar cell based on
DBP:Co (1:1) has been obtained for i-layer thickness. litgher values of i-layer thickness the
PCE decreases, mainly leaded by the diminutiovibef The performance of p-i-n solar cell with
i-layer thickness of 40 nm idsc = 11.20 mA/cm, Voc = 0.81 V,FF = 0.43 and PCE of
3.93%.The PCE could be improved by optimising tldume ratio between the donor and
acceptor, most likely with higher a concentratidéthe@ acceptor &, since the exciton lifetime in

fullerene domains is higher than in DBP domains [8]

External Quantum Efficiency (EQE)

The spectral analysis of p-i-n cells from waveléngf 300 to 850 nm was examined by
measuring th&QE curves (Figure 5.16). THeQE curves keep a good correspondence with the
Jsc values measured (Figure 5.15). The highest ardeQ# belongs to p-i-n cell with i-layer
thickness of 70 nm, which has also the higldestConversely, the lowest area belongs to p-i-n
cells with 30 nm and 100 nm of i-layer thicknesbeTsc of both cells are similar which are
about 6.19 mA/crhand 6.57 mA/crh
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Figure 5.16 EQE curves of p-i-n solar cells with different i-laydricknesses.

Furthermore, the peak around 350-400 nm can b&deta the G absorption; on the other
hand, the peaks around 550-650 nm belong to DBér@in. The curve of p-i-n cell with 60

nm of i-layer thickness has tendency almost flabparing with other cells.
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6. Model for charge carrier collection
efficiency in Organic Solar Cells

In this Chapter, an equivalent circuit for orgarsolar cells is presented. It is based on the
classic combination of a diode with an exponentiatent—voltage characteristic, parasitic
series and parallel resistances, a photogenerateceat source, plus a new term representing
recombination losses in the active layer of thaaevihe model clearly separates technological
issues (series and parallel resistance) from edfeefated to the physics of the device
(recombination losses). It also allows an effectiweroduct in the active layer of the device to
be determined, characterising its state of degreuat

6.1 Model for Organic Solar Cell

The use of equivalent circuits is a convenient waydescribe the electrical behaviour of
electronic devices. Therefore, an equivalent cirauodel is helpful in the understanding and
optimisation of solar cells by providing a quaritita estimate for losses in the device. The
conventional circuit model developed in the conteikphotovoltaic solar cells is presented in
Chapter 3 and shown in Figure 6.1[1]. Accordinghis equivalent circuit, thd-V characteristic
can be expressed by an implicit equation (Eqg. @js model essentially consists of a current
source shunted by a diode. These two elementsspame to generation and loss of photocurrent
in the device. The resistancBs and Rr can be considered to be “parasitic” circuit eletagn
introduced to describe the behaviour of real soddlis with their technological limitations. This
model has been used to interpret results obtainddonganic solar cells as well [2—4]. In view
of the fact that photovoltaic response in orgaoiarscells is considerably different from that in
inorganic solar cells, the modification of conventl solar cell circuit model is discussed in this

Chapter.
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Figure 6.1 - Equivalent circuit for standard saial.
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6.2 Introduction to the Variable Illumination Measurement method

The standard equivalent circuit superposes a phott source on the electrical characteristic
of the dark diode. Nonetheless, it is importanhdte that the photogeneration of electrons and
holes within the solar cell will change the cargencentration at every point. Thus, in principle,

a new solution for the drift-diffusion differentialquations throughout the whole device would

be required. However, such a simple superpositfan aark diode and a photocurrent source is
indeed valid and can be theoretically justified doystalline solar cells, consisting of pn-diodes.

The theoretical justification [5] is based on tlme&r form of the drift-diffusion differential

equations for minority carriers, within the p- otype bulk regions of the pn-diode.

However, it is well known that the main part of fhigotovoltaic generation in solar cells with a
p-i-n structure occurs in the active i-layer, aghia case of amorphous silicon solar cells. As a
striking example, the curves for different illumiia levels usually all meet at a single point in
the first quadrant [6], which has been called @biten voltage Yc). This fact can only be
reconciled with the simple equivalent circuit ogF6.2 by including an additional loss term,
which increases strongly with the forward voltageich a loss term takes into account the
recombination losses in the active layer of thei@evlhen, this term has to be considered in the
implicit equation (Eq. 6.2). In this section, weopose a method to gain valuable information
about the device operation and, in particular, theombination term. The basic idea is to

measure thd(V) curve over a wide range of illumination levelshex than at a fixed level of
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one sun. For that reason, we have called it theaklar lllumination Measurement (VIM)

method.

VvV <_+
1wDR@® Y Zw v

\
\ ’
\ /

Figure 6.2 - Equivalent circuit for solar cell witbcombination term.
V-RJ V-RJ
J==J,,*+J, ex;{—&]—l +—R$+Jrec (6.2)
n\, R,

6.2.1 Parameters of the model

We have used the standard characterisation proeddusolar cells that consists of measuring
the curve at a given illumination level as it shoimnFigure 6.3. The resulting data may be

condensed into the six characteristic parametershvdre:
1) the short circuit currerkc;
2) the open circuit voltag¥oc;
3) the fill factorFF;
4) the efficiencyr,

5) the “open circuit resistanc&oc, which at a high illumination level may be relatedhe

series resistance ;

6) and the “short circuit resistancBsc, which at a low illumination level may be related
the parallel resistance

The latter two parameters are key parameters pthsent treatment; they are defined as the

reciprocal slopes of th&V curve.
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Dynamic resistances:
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Figure 6.3 -J-Vcurve of a p-i-n solar cell. Apart from the stariphotovoltaic parameterdsg Voc andFF), we
also consider the dynamic resistance of the deasieduated at short-circuit and open-circuit cotisi Rsc and
Roc).
The logarithmic variation on the illumination intty can be classified in five distinct levels,

each one of them with a characterigi¥) curve (Figure 6.3):

——+ | i T

sRalwErdlra

Rsc = Roc = Re Rsc=Rp J(V) # f(RscRoc) Roc = Rs Roc = Rsc =Rs
Figure 6.4 - Five illumination levels used in thtWmethod, where Level €1 sun. Figure adapted from [7].

Level A) At very low illumination levels, thd(V) curve is completely shaped by the
parallel resistancBp, which determines the values of b&c andRoc. The value oRe

limits theVoc the FF is equal to a minimum 0.25.

Level B) By increasing the illumination, thep still determines thdRsc value, which

shapes the short circuit region of the measurenidm@.J(V) curve at forward voltage is
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already shaped by the physics of the device. BothVbc and theFF progressively

increase.

Level C) In this regime, thé(V) curve is not affected by neith& nor Re but by the
physics of the device. TheF reaches a maximum and the device is at its optimum

operating point<1 sun).

Level D) Further increasing the illumination levehe Roc vale equals the series
resistanceRs, which begins to shape the open circuit regiothef](V) curve, while the
rest remains shaped by the physics of the deviddleWhe Voc still increases, th&F

starts to decrease.

Level E) At very high illumination levels th&V) is completely shaped by tlirs value,

which determines botRsc andRoc. At this level,Voc reaches a maximum while tié¢

is again at a minimum 0.25.

6.2.2 Assumptions for the model

A few assumptions and modelling simplifications &&tfone, many of them based upon the

experience in amorphous silicon solar cells, bsb @&xtendable to organic solar cells with p-i-n

structure:

a)

b)

Charge collection in p-i-n solar cells is mainlydaft-driven process, while diffusion
plays a minor role [8]. This assumption is partly true around the short circuit

condition, as it has been justified in the literat[9—10].

Several works also support that theV curve is affected by a first-order recombination
process from the short-circuit condition to arouhd maximum power point [11-12].
Recently, this behaviour has been explained consgla monomolecular recombination
process through localised states near the intebbat@een donor and acceptor domains
[13-14].

The electric fieldt is constant through the intrinsic layer. This @mmnation has been

widely used to describe the behaviour of inorgathim film solar cells based on

amorphous silicon due to the low fixed charge dgrisi their intrinsic active layers [8,

15-16]. Although the relevance of fixed charge dessin organic semiconductors is

still subject of discussion [17-18], a constantcle field approximation is often

assumed in the literature considering the rathier dbtive layer of these devices (<100
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nm) [9, 19]. The electrostatic potential on theivactayer is given by the difference
between the built-in voltage across the electrqife$ and the applied voltagé. Thus,
the intensity of the electric field within the aatilayer of thicknest can be calculated

as:

(6.5)

6.2.3 Effective mobility-lifetime product (uzei) of charge carriers

Under the previous assumptions (drift-driven cdlte;, monomolecular recombination and
constant electric field), a compact analytical eggion for the current density near the short-

circuit condition can be used [8] (Eq. 6.6):

L
] =qGl. |1 —exp (— l—)] (6.6)

whereq is the elementary charge a@dthe effective generation rate of charge carriersymit
volume, which considers only those excitons which affectively dissociated. A constant
generation rate is a good approximation for thecslfy thin active layers of p-i-n solar cells
illuminated under the AM1.5 spectra. The collectiengthlc in Eq. 6.6 is defined as the sum of
the corresponding drift lengths for electrohs= untn E) and holeslf = upp E), that is,lc = le +

In. The collection length is interpreted as the maximdistance these charges separate apart

driven by the electric field before recombining.

Then, by introducing an effectiverer product and taking into account Eq. (6.5), thdeoblon
lengthlc can be written as:

Vyi =V
L

le = (UeTe + W T )E = UTerr (6.7)

whereuteft = pntn + Uptp.

The validity of Eqg. 6.6 is limited to small appliewltages, since it does not consider charge
carrier injection by the electrodes. This means tha contribution of the diode term and shunt
resistance to the current density must be much ridhven the total photogenerated current

density reduced by the recombination term:

] = ]ph — Jrec (6.8)
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Anyhow, Eq. 6.6 indeed describes tleV curve under illumination at moderate applied
voltages. For long collection lengths compared lie tctive layer thickness, it can be
approximated by:

Ly
J ~ qGL (1 . 2) (6.9

Le

where we can identify the photogenerated currensite /,,, = qGL, that we would obtain if all

the charge carriers were collected in the extecalit. Eq. 6.9 can be particularised at the

short-circuit condition to obtain an expressionJjes

L/2
Isc = Jpn (1 - > (6.10)

e,

where we have introduced the short-circuit coltattiengthlco = uzett Vi / L, that is the
collection length given by Eq. 6.7 evaluated abzapplied voltage. According to Eg. 6.9, the
collection efficiency at moderate applied voltagaa be calculated as:

L

/2 (6.11)

77621—T

Eq. 6.11 states that the fraction of the photogsedrcurrent that recombines into the active
layer is given by the ratio df/2 tol.. This result can be physically interpreted considpthat
the mean distance that charge carriers have to inaw&ler to reach its corresponding electrode
is actually half of the thickness of the active dayThen, we finally obtain an analytical

expression for the recombination term valid for exade applied voltages:

L/ 12
=7 [£2) = /2 6.12
]rec - ]ph < lC ) - ]ph MTeff (Vbl . V) ( : )

Finally, according to definition oRsc, by evaluating the derivati®,../dV|. we obtain the

following expression foRsc

20Tor Vi \Vii V.
R, = (—“ eff bt _ )ﬂ < (6.13)

LZ ]SC _]SC

This last equation gives a direct relation betwé®n collection voltage/c and the physical

mechanisms governing charge carrier collection:[20]
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L,
Ve = <% - 1) Vi (6.14)

6.3 Results for p-i-n small-molecule solar cells basemh DBP/Cro

The VIM method has been used to study the qualfith® intrinsic layer of organic solar cells
with pin structure. The solar cells used in thisidgt have the following structure:
glass/ITO/MoGQ/DBP:Cro(X nm)/BCP(8 nm)/Al(150 nm). The i-layer (DBP/} thickness was

30nm and 40 nm for two different devices.

BCP 8nm

DBP : C70 (1:1)

Figure 6.5 - Structure of p-i-n solar cell used VoK analysis.

A simple graphical interpretation for the collectigoltage is obtained when analysing #{¥)
curves for the different illumination levels applito the solar cells under study (Figure 6.6). The
Vc value can then be obtained as that single poietevhll 1Rsc slopes meet when extrapolated
into thex axis. This fact also implies that, under reverses lmonditions, the short-circuit current

approaches the total photogenerated curdests Jpn) [21].
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Voltage (V) Voltage (V)

Current Density (mA/cmz)
Current Density (mA/cmz)

Figure 6.6 <J -V curves for the p-i-n organic solar cells measuwrigd VIM method. The collection voltagé: is
obtained by the x-axis intersection of th&si/slopes. i-layer thickness of 40nm (left) and 3Qmight)

After extracting the/c value from experimental VIM data (Figure 6.6) amhsidering tha¥hi =
Wanode — Weathode= 0.7 V, theurert of each solar cell can be calculated (Table Ghgse values

are comparable to those reported in the literdtursimilar devices [13][22—-23].

Table 6.1 Values for the carrier collection procastined from the VIM analysis.

i-layer thickness| Vc HTeft lc Jrec
(nm) V) | (cm®Vv) | (nm) | "€ | (mA/cn?)
40 3.07|3.07x10° | 173.5/ 88%| 1.46
30 1.42] 3.56x10" | 50.6 | 70%| 2.60

These results give us an insight on the carrierspart process in the active layer, which can be
related to its quality. For the device with a 40 tinick i-layer, the highenzess value indicates
lower recombination losses and a better currentaetion into the electrodes. Namely, the
collection length (at short circuit conditions)abknost 4 times larger than the active layer. This
leads to a carrier collection efficiency of 88%,anmg that only 12% of the photogenerated
current is lost because of recombinatidgc). On the other hand, for the 30 nm thick i-laybg
lower uzert value indicates a poorer carrier transport quaditythe device. Consequently, the
collection efficiency is limited to a value of 708&cause of the higher recombination term. Note
that the collection efficiency depends on the a&ctayer quality but also on its thickness, which
influences the strength of the electric field. Bytrast, theuwzes value is only characteristic of the
active layer quality. The differences observed leetwthese two devices, fabricated under very

similar deposition conditions, could be relatedthe fast degradation of non- encapsulated
devices in ambient.

109



Chapter 6 Model for charge carrier collection eféacy in Organic Solar Cells

6.4 Degradation of p-i-n Organic Solar Cells

One of the main drawbacks of organic solar cellth& they are prone to degradation in the
presence of oxygen and humidity, making necesshey éncapsulation under transparent

polymer membranes or glass to maintain their edeatrproperties.

An insight on the causes of solar cell degradati&m be obtained by applying the VIM method
for a long time after the fabrication. SinRe Rp anduresr are related to specific quality aspects
of the cell, a distinction can be made between at¥agion of the i-layer and other parts of the

cell, such as the metal contacts.

For an organic p-i-n solar cell with the following structure:
glass/ITO/MoQ/DBP:Cro(30nm)/BCP(8nm)/Al(150nm), VIM measurements werenal@fter
cell fabrication and every 5 hours. The cell reradirunder nitrogen atmosphere, in a fixed
position and under dark conditions between thesesorements. Table 6.2 shows the

performance parameters for one measure of the \4td.d

Table 6.2 Main performance parameters of p-i-n wigyaolar cell based on DBP:(L:1) with i-layer thickness of
30 nm at t=0 h and t=30 h.

Time | PCE | FF Pmax Jsc Voc | Dioden

%) | (%) | (mWicn?) | (mAcm?) | (V)

Oh | 1.60| 38 2.1 7.77 0.70 1.41

30h | 0.66| 35 0.86 3.60 0.68 1.40

Even though the cell was kept under &dimosphere and it was only illuminated every 5rbou
during data acquisition, the decrease in the camwerefficiency is substantial (59%). The
largest degradation comes frondsz drop of 54%, whilé=F drops only by 7% and there is also
a very slight decrease in tMac. This is consistent with experimental results regmb by [24],
where similar losses ilsc andPCE occurred when measuring the cell under ambienditons.
Almost no change was observed in the ideality fact@lthough reported degradation tests have

signalled an increase as a possible reason foofas§iciency [25].

Analysis of the series resistanBe shows an important increment, somewhat explairirey

decrease ifrF (Figure 6.7). This is attributed to degradatiotsaile i-layer, such as corrosion or
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delamination of the contacts, leading to a dropanductivity and a change in the work function.

This effect has also been reported in previousasy@6].

w
(0]
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w
o
—

=
o
—

0 5 10 15 20 25 30
time (h)

Figure 6.7 - Evolution of serig€sistancef p-i-n solar cells based on DBP#{1:1)

Figure 6.8 shows howresralso decreases with time, clearly representativa tfss in carrier
mobility and/or lifetime. Following the same expdion as in [13], the larger than expected
drop inJsc and FF cannot attribute to the decreaseu@dir (Figure 6.8), indicating that some
other factor (different frorgc) contributes to the drop of the power conversiffitiency. This
major degradation could be due to a loss of optibabrbance in the active lay@r) a loss in

the exciton diffusion capability;€p), or a loss in the exciton transfer into carrieksr).
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Normalized values

Figure 6.8 - p-i-n solar cells based on DBR:@:1) performance parameters across 30 h (norethtiz initial
values). Solar cells were undes &tmosphere.

This last possibility seems probable, and it hasnbexplained by [24] as the formation of a
space-charge region within the active layer dup-tiping by oxygen. This effect shields the
electric field inside the active layer and inhibitsarge carrier extraction, which leads to a drop

in Jsc

It is worth noting that a fraction of the degradatisuffered by the organic materials has been
reported to be of reversible nature, wile partially recovering after a short annealing pe b
140 °C [24].
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7. Conclusions and Outlook

Organic solar cells have gathered much attentisindecades, mainly since 2005 when its record
efficiencies have increased exponentially. Howevkeir interest seems to have diminished
since 2012, when was reported the highest powerersion efficiency of OSC with 12%. It is

worth to mention that most of the research labskiagron dye and organic solar cells have

shifted its activities to perovskites solar cells.

This thesis deals with the research on organicrsckdls based on small-molecules
semiconductors. Organic solar cells were fabricétedhermal evaporation on glass substrates.
All the fabrication process were done in inert doods. The materials used in this thesis were

tetraphenyldibenzoperiflanthene as donor matendlfallerene G as acceptor material.

In the first results of this thesis, we focus oa thfluence of the density of states of the donor
layer on the characteristic parameters of organlarscells. For that reason, a study of the
variation in performance of solar cells where tlena material was deposited at different
substrate temperatures were done. This work demadedt that the optimum substrate

temperature for this kind of solar cells was 60 S{dce the tail of localised states is clearly
reduced for the sample deposited at 60 °C comparéide other substrate temperatures. This
effect leads to an enhancement of the open civoltiage in the solar cell. Further, organic solar
cells with p-i-n structure, where the intrinsic éayis obtained by coevaporation of donor and
acceptor, were analysed. This work demonstratedttigaoptimum thickness of the intrinsic

layer of the p-i-n solar cell based on DBP andefiglhe Gois 40 nm.

In the second part, an equivalent circuit for orgasolar cells with a new term representing

recombination losses in the active layer of theanigsolar cell is considered. The model allows

obtaining of an effective mobility-lifetime produah the active layer of the device to be

determined, characterising its state of degradafitve degradation of p-i-n organic solar cells

based on DBP andz€were analysed. The main factor of the degradaifosolar cells was not

its intrinsic layer, indicating that some otherttaccontributes strongly to the decrease of the
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power conversion efficiency. Due to the incremeinseries resistance, the degradation of this
kind of solar cells could be attributed to the emts.
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APPENDIX I: Electrical Characterisation of
Organic Semiconductors from OTFT

In this appendix detailed information about fabtioa and characterisation of organic Thin-
Film Transistors (OTFTs) can be found. In the fraragk of this thesis, OTFTs have been used
to characterise the electrical properties of thgamic semiconductors used in the fabrication of
the organic solar cells. In particular, we focusaulthe determination of the field-effect mobility
and on the estimation of the density of states (DiDf#calised states in the band-gap of the
semiconductor.

A_1.1 Introduction

First OTFTs were based on polymers like polyacewl¢l-2] and polythiophene [3], these
transistors had very low mobilities, below than’@®¢/Vs. First OTFT based on polymers with
high mobility (« = 0.2 cni/Vs) was reported by Fuchigami et al. in 1993 pi]f with low ON-
OFF current ratio. On the other hand, the firstlsmalecule OTFT based on sexithiophene was
reported in 1989 and had a mobility in order 024002 cn?/Vs [5]. Further improvement in
performance was achieved in 1997 with first vaciaublimed pentacene molecule OTFT, with
mobility of 0.7 cn?/Vs [6]. Alternatively, the first OTFT based on stibn-processed conjugated
polymer (P3HT) was reported in 1998, having withhhimobility (0.1 cr¥Vs) and high ON-
OFF current ratio [7].

Tuning of molecular structure it is possible toiopse a determinate function and achieve a
performance enhancement. In addition, OTFTs aredas naturally abundant and sustainable
elements. On the other hand, the fabrication psbgssolution-processing is compatible with
large area and flexible devices. These advantaig€d BTs lead an increasing interest to use it
for applications such as smart cards, identifica{i®) tags and flexible displays [8]. However,
the goal of use OTFT in this thesis is to charasgerlectrically organic semiconductor
molecules for its use in small-molecule solar cehsllowing, the fabrication process and

characterisation details are exposed.
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A 1.2 Fabrication of OTFT

OTFTs were fabricated using the same experimemtals used to fabricate the solar cells.
Since we want to correlate the properties of TFTth WSC, the parameters to deposit organic
semiconductor were the same than the used for sel&s fabrication. Electrical properties
obtained when measuring TFT corresponds to lonigigidplanar) conductivity between two
electrodes (drain and source). Of course, thisoistime ideal situation to compare with solar
cells, in which conductivity of the carriers betweslectrodes (anode and cathode) is essentially

transversal.

The structure of the fabricated TFT is shown inuFggA 1. An inverted-staggered (top contact,
bottom gate) geometry was choose. Crystallineasiliwas used as a substrate. Thermally-grown

silicon dioxide (SiQ) 100-nm thick was used as a dielectric.

Top contact geometry is preferred to the bottomtamingeometry, due to the easiness when
contact electrodes. Moreover, it has been repdhadin top contact geometry devices perform

better due to lower contact resistance betweenretbrs and conductance channel.

Au
Drain & Source Organic semiconductor

electrodes /
Sio, A

Insulator

a2

W
c-Si (Gate electrode)

Figure A 1 - Inverted-staggered (top contact) OTFT

Crystalline silicon is commonly used as a substaat a gate electrode for OTFTs and leads the
great advantage of easily growth of silicon oxi8&%) as insulator (Figure A 2), which has well
known dielectric properties in the field of micreetronics and its flat surface ideal to deposit
organic layers. The thermal oxidation of silicomsists in a chemical reaction of surface of the
silicon wafer and an oxidant. The oxidant couldolggen (dry oxidation) or water vapour (wet
oxidation). To facilitate the reaction should wavkh furnaces at high temperatures in the order
of 800-1100°C, depending on the speed and thickiesised. Thermal oxidation was carried
out in clean room facilities of Universitat Politeca de Catalunya inside a furnace at 1000°C

with oxygen as the oxidant.
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' S

Figure A 2 - Silicon wafer with Si©100-nm thick used as dielectric.

Organic semiconductor and gold electrodes (Draid 8ource) were deposited in different
vacuum chambers in order to avoid cross contanoinaiViagnetic shadow masks were used to
define the area in both cases (Figure A 3 - Magr&tadow mask for OTFT.Figure A 3). The
use of magnetic shadow masks provides better amthésithe surface, thus increasing edge
definition of the electrodes. Shadow masks comgjstif electrodeposited nickel on lithographic
pre-patterned copper surfaces were fabricated ass glubstrates (acting as sacrificial substrate).
Nickel layer (50 microns thick) provides the magmgbroperties and desired mechanical
properties, like flexibility. This process has aakition up to +1Qum and it also carried out in
the clean room facilities of Universitat Politéaide Catalunya. The drain and source gold
electrodes used in this thesis defines geometchahnel lengthL() and width YW) of 80 um and

2 mm, respectively.

Figure A 3 - Magnetic shadow mask for OTFT.
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A 1.3 Characterisation of OTFT

The fabricated OTFTs were characterised in the dak under moderate vacuum conditions
(10! mbar) to minimise oxidation effects during thectlieal characterisation process. The
electrical characteristics were measured using gitedt 4156C parameter analyser. The device
temperature was varied from 300 to 390 K by med&msmdMMR Technologies controller (model
K-20).

A_1.3.1 Determination of Mobility u

A brief review of different methods to determineeticharge carrier mobility of organic
semiconductors can be found in Chapter 2, sectidn Rere, it is detailed the methodology

followed in order to determine the mobility froneetrical characterisation of OTFT.

The current between source and dreindepends on the mobility of the charge carriers
geometry of device: channel lendthand widthW, capacitance of the oxide per unit af&g,
gate voltageVe, source-drain voltag®sp, and the threshold voltagérn which is required to
create the channel.

The following Eq. A.1 defines the drain-source euatrin the linear region for a Thin-Film

Transistor:

Ips = B ox WLCox (Vas —Vru — %) Vbs (A1)
In saturation regimeMVgs — VtH < Vbsg), the induced charge carriers limit the curreriveen
source and drain, thereforgs is constant independently of the increasing velthgtween the
electrodes. The current flow depends onlyMgnand the parameters of the transistor. Applying
the condition Yes — Vrn = Vps) to Eq. Al, thelsp for this regime can be expressed as Eq. A2,

which depends quadratically on the gate voltage:

1 w
Ips = EMT Cox (Vgs — VTH)Z (A-2)

The mobility can be determined from equation Eq.bA2plotting the square root &dp versus
Ve. Fitting a straight line to the square root of theasured drain current yields the field-effect
charge carrier mobilityt and the threshold voltagé. Eq. A3 shows the steps to determine the

equation for the linear fit.
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1 W uWwec /,uWC
VIps = \/E#Tcox (Vs — Vrn)? = \/Tox Ves — oL = Vry (A.3)

Using the expression of linear fit & Ax — B) (Eq. A4):

PW Cox W Cox
2L ’ T o

Finally, the expressions to determinate jihendV~ are:

= B
# w Cox VTH - Z (AS)

It is important to note that, as mentioned abokie, mobility is not a constant parameter as it
depends on th¥es Hence, the Eq. A5 is estimation and the obtawesdes must be treated as

such.

If Ves is equal toVps we ensure that the device is in saturation regifee.carry out the
saturation characteristi¢tsp is measured by a sweep of voltag¥ss(= Vbs) from very low
conduction to high conductionVds | >> | Vrw |). This measurement shows an exponential

characteristic as depicted in Figure A4.

2,5x10°

2,0x10° F

1,5x10° |
Ax-B

sqgrt (Ids (A))
<
1

1,0x10°

5,0x10"

TH
0,0 1 1 1 1 1 1 1 1 -
-50 -40 -30 -20 -10 0

Gate Voltage (V)

Figure A 4 - Linear fit in saturation measurementg-type OTFT.
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A _1.3.2 Determination of Density of States (DOS)

The optoelectronic properties of the devices depargely on the density of states (DOS) in the
band gap of the active semiconductor layers. D@8ildution in semiconductors determines the
electrical transport, photosensitivity, doping e@fncy and, at the end, impairs the device
performance (traps and recombination centres).réig illustrates how the energy spectrum of
amorphous semiconductors differs from that of @ysémiconductors in the presence of density
“tails” of electronic states that penetrate thergnegap.

' CONDUCTION BAND CONDUCTION BAND

ENERGY
ENERGY

VALENCE BAND
log Density of States log Density of States

Figure A 5 - (left) Ideal semiconductor (Crystadlimaterials (silicon). Well defined valence & cootion bands.
No states in the middle of the gap. (right) Amonpdand polycrystalline semiconductors. States éntid gap.

Experimental information on the distribution of éetis cannot be obtained in a straightforward
way. Different techniques for extracting informatiabout the energy distribution of the DOS in
thin-film semiconductors: ultraviolet photoelectrospectroscopy, Kelvin probe force

microscopy, electron spin resonance spectroscqmgescharge-limited-current spectroscopy,

deep-level spectroscopy, photoconductivity measargés|9—-14].

In this thesis, we estimate the DOS distributionomganic semiconductor thin-films from
electrical measurements performed at different sratpres on OTFTs. This measurements will

provide information about the thermal emission gpelistribution of trapped charges.

The multiple trapping and thermal release model RYI'Ehould describe charge transport in
disordered small-molecule organic semiconductof. [IThe trapping and release mechanisms
determines the overall mobility and the thermatifiaated behaviour. The trap distribution DOS
within the gap is believed to be exponentially ssthprherefore, a crucial feature for the MTR

model is the determination of the DOS in the gathefsemiconductor.
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The position of the Fermi level provides extensifermation about the electrical characteristics
of the semiconductor material, such as the dewn$ityap states in the bandgap or the distribution
of states in the band tails.

It has been observed that the behaviour condugctiw)tin thin-film organic semiconductors is
thermally activated, following the Arrhenius modEh A6):

=

0 = 0y e(kBT (A. 6)

whereEa, is the activation energkg the Boltzmann constant, the temperature in K angh a
constant of the materiaka can be considered a measure of the distance tenfrérmi level
(Er) position to the transport band edge. In consecpiea is Ea = Ec - Er for n-type
semiconductors angh = Er - Ey for p-type.

On the other hand, from the experimental data nbthfrom the characterisation of OTFTs, the
conductivity can also be calculated from the-Vps curve, as expressed in the following
expression (Eq A7):

wdil
g = _bs (A.7)
Lp Vps
Applying Eq A6 in Eq A7 can be obtained (Eq. A8):
Lp —Eq —Eq
IDS ZWVDsao e<kBT) == IO e<kBT) (A 8)

Thus, iflspis measured at two different temperatures wittkedfVes = Vps, we obtain (Eq. A9):

_E,\ /—E,N -E,/1 1
In(Ips,) = In(lps, ) = (kB TZ) N (kB Tl) = kg (T_Z N T_l) (A9

From Eqg A9, it can be easily extracted the valuExadf the conductivity.

On the other hand, Fermi level position in the semductor can be varied with tNMes voltage.
When applying &/csVvoltage, more charge is accumulated in the comdrichannel of the Thin-
Film Transistor. For a n-type semiconductor apyapositive voltage in the gate will induce
more negative charge (electrons) to be accumulatéde channel, whereas the application of
positive Ves will empty the channel from electrons. Since theoant of charge accumulated in
the channel depends on the position of the Ferm@lleehangingVss shifts the Fermi level

position inside the band-gap of the semicondudiorthe case of n-type semiconductor, a
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positive Vs will shift the Er to the LUMO level (conduction band in the caseirairganic
semiconductors), whereas a negaitvenill shift Er towards the middle of the gap (in an n-type
semiconductoEr lies close to LUMO level). A similar descriptioarc be made in the case of p-
type semiconductor. In this cads; lies close to the HOMO level, and the applicatidra Ves
voltage will shiftEr to the HOMO level for a negatiwéss and to the middle of the band-gap for
a positiveVgs

The transfer characteristic of the device is neargst® be measured at different temperatures to
achieveka.

The transfer curve was measured several times jplyiag heating and cooling cycles until the
results were stable. Since the transfer charatitsriare measured at a fix&@s voltage, the
drain current is proportional to the channel codnce for eacNgs voltage. An Arrhenius plot

of the channel conductance gives evidence of andlgr activated behaviour.

E .)))))))))))))
Sy
7

10°

10
. —0—310K
< Lt 320K
810 f —0—330K
340 K
[ O 350K
10 F —o—360k
F —0—370K
10-12 1 L 1 L 1 L 1

-30 -25 -20 -15
V_ (V)
GS

Figure A 6 - Transfer characteristic of TFT meadurem 300 K to 370 K with step of 10 K.
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Figure A 7 - Arrhenius plot of drain-source curranfunction of temperature.
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Figure A 8 - Activation energy of TFTs, where tlersconductor layer were deposited at different sabs
temperature, in function of gate-source voltage.

The rate at whiclka varies withVes indicates how easily the Fermi level can shifbtigh the
DOS distribution in the gap of the organic semiagstdr. A fast variation oEa with Vgs takes

place if a low density of localised states hasddiled by trapped carriers. In contrast, a high

DOS in the gap results in slower variationgEgvith Vgs
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This method to extract the density-of-states insideband-gap in thin-film semiconductors has
been applied to hydrogenated amorphous silicon:(-SGlobus et al. [16] using the transfer
characteristics measured at different temperatofesSi:H TFTs derived an estimation of the
distribution of localised states. Recently, the hoethas been also successfully used to extract
the DOS of organic semiconductors, such as pentaaet PTCDI-g[17-19].

Following this method the DOS in the gap of the isemductor can be estimated from the

derivative ofEa with respect t&/cs

¢, 1
DOS(E) = o TiE A 10

whereE, is the energy measured from the valence band &igethe capacity of the dielectric
per unit areag is the elementary charge aingd the thickness of the accumulation channela# h
been reported that the accumulation channel of @TiETformed within the first monolayers
near the dielectric interface [20-22]. Therefone,the calculations we have considered an
accumulation channel of thicknessl0 nm. Using Eq. A10, we can estimate the distigiouof
localised states in the region from the valencelleige to approximately the middle of the gap
(Figure A 9).

DOS

F, A A4

)L )) deep states
"/, occupied // /| emply

A2

Ea

Figure A 9- Schematic diagram of DOS as a funatibB, for a p-type semiconductor. Applying a negates the
Er shifts closer to the HOMO level. Deep states ledan the forbidden band gap and shallow statestdolccloser
to the HOMO are indicated.
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