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Abstract

The aim of this thesis is to explore the performance improvement of organic solar cells via
tuning the e�ciency of exciton Intersystem Crossing. The potential control of the exci-
tonic spins is approached, on the one side, via the temperature-resolved study of a novel
heavy element-containing spin-orbit coupling-enhancing macromolecule. Moreover, its
performance in various types of solar cells is investigated. On the other side, exciton spin
rephasing in solar devices is attempted via introduction of superparamagnetic nanopar-
ticles. The in�uence of the nanoparticle coercive �eld on the solar cell performance is
parametrized for di�erent concentrations. Moreover, the in�uence of additional external
magnetic �elds is investigated. We �nally characterize the e�ect of the nanoparticles on
the aging behavior of modi�ed cells via advanced scattering techniques. In particular, the
link between material morphology and device performance is addressed.

Zusammenfassung

Das Ziel dieser Dissertation ist es, die Leistungsverbesserung von organischen Solarzellen
mittels Anpassung des exzitonischen Intersystem Crossing zu erforschen. Einerseits wird
die potenzielle Kontrolle der exzitonischen Spins durch die temperaturau�ösende Studie
eines Makro-Moleküls, das aus Spin-Bahn Kupplung verstärkenden schweren Elementen
besteht, addressiert. Auÿerdem wird dessen Leistung in verschiedenen Solarzellenarten
erforscht. Andererseits wird das exzitonische Spin-Rephasing in Solarzellen durch Einfü-
gen von superparamagnetischen Nanopartikeln getestet. Der Ein�uss des Nanopartikel-
Koerzitivfeldes wird für verschiedene Nanopartikel-Konzentrationen parametrisiert. Der
Ein�uss von zusätzlichen externen Magnetfeldern wird auÿerdem erforscht. Wir charak-
terisieren abschlieÿend den E�ekt von Nanopartikeln auf das Degradierungsverhalten von
modi�zierten Solarzellen mittels fortgeschrittenen Streuungstechniken. Insbesondere wird
der Zusammenhang zwischen Materialmorphologie und Solarzellenleistung untersucht.
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Chapter 1

Introduction

Our ever-ongoing process of industrialization, automation and electri�cation is resulting
into a steadily-growing demand for energy that is not reaching saturation in the foresee-
able future. The usage of energy has become engine and proxy of our economic activity
and growth. Currently, a large share of our energy demand is still met by fossil or non-
renewable sources. In particular, fossil fuels represent above 80 % of our energy mix. [1]

Not only the fact of being limited is a drawback for fossil resources, but also they are
linked to the rise of high environmental hazards, such as acid rain, air and water pollu-
tion, thermal pollution or the emission of greenhouse gases.

One of the current main alternatives to fossil fuels are renewable energy sources. Renew-
ables currently account for approximately 11 % of the total energy mix, and are experi-
encing a swift increase. [1] In the end of the year 2016 the International Energy Agency
forecast a substantial increase the renewables growth for the years 2017-2021 in light of
the key political support in several countries and substantial cost reductions. [2] Currently,
roughly three quarters of the produced renewable energy come from hydropower, amount-
ing to approximately 0.5 TW worldwide. [1] Nevertheless, most of the viable locations for
hydropower have been already exploited, limiting the growth capacity of this technology.
Some prospects point to a plateauing value of � 1 TW. [3] Another signi�cant renewable
technology is wind energy. Wind energy has developed very rapidly within the last couple
of years, pro�ting from cutting-edge technological advances that dramatically increased
e�ciencies at the same time that lowered the costs. However, even though the amount
of energy available in the form of wind would be enough for satisfying the global energy
demand, this technology is expected to reach a limit of around 6 TW. [4] In a similar way,
prospects of geothermal or tidal power generation establish power capacity ceilings of
around 1 TW and 0.2 TW, respectively. [5,6] Overall, these renewable technologies named
above, plus the contribution of some other sources, like biomass, are expected to end up
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summing around 8 TW, falling far short of the forecast 30 TW energy demand by 2050. [1]

The only known renewable source able to close the gap between forecast demand and
renewable generation is solar energy. Indeed, taking the average solar irradiance striking
the earth, rough calculations considering a land mass surface coverage of 1 % and a pru-
dential 12 % average device power conversion e�ciency (PCE) estimate a yield of around
34 TW electrical power output, enough for meeting the estimated 30 TW demand by 2050.

Currently, the photovoltaic market is dominated by silicon in its three main device forms:
monocrystalline, polycrystalline and amorphous (c-Si, p-Si and a-Si, respectively). Other
commercially available technologies are cadmium telluride (CdTe) and copper indium gal-
lium diselenide (CIGS). In decreasing module e�ciency order, c-Si is the leader, followed
by p-Si, CIGS, CdTe, and a-Si. [7,8] Nevertheless, other parameters need to be considered
when addressing commercial viability. For instance, a-Si and CdTe are thin �lm technolo-
gies, which drastically reduces the transport and installation costs and, in turn, reduces
payback times and makes them �nancially attractive.

Other novel approaches, like dye-sensitized solar cells (DSSCs) and organic solar cells
(OSCs) are currently close to commercial relevance. Organic photovoltaics (OPV) is
a thin-�lm technology and, as opposed to most traditional inorganic technologies, they
present several advantages, like light-weight, semi-transparency, mechanical �exibility,
and comparatively better performance under indirect light conditions or partial shadowing. [9]

OSCs present a low cost per kWh and are compatible with simple, scalable and cost-
e�ective fabrication processes, like roll-to-roll printing. OSCs have experienced a tremen-
dous boost in e�ciencies within the last few years, from the state-of-the-art 4 % in the
beginning of the 2000's to today's values of 12 % PCE. [10] With increasing presence in
industry, they arrive to open new uses of photovoltaic energy, and to add the yet missing
degree of versatility that the traditional PV industry, based on massive and heavy rigid
panels, is lacking.

Two of the main challenges that still remain for OPV are closing the PCE gap that still
exists between OPV and its aforementioned competitors, and improving the device ser-
vice life in order to make it comparable to inorganic technologies. Many estimates set
the commercial competitiveness threshold for OPV at 7 % e�cient modules with life-
times beyond �ve years. [11�13] So far, these e�ciencies have been achieved and surpassed
in lab-scale devices, whereas commercial OPV modules still lie a long step behind. [7] As a
common denominator for overcoming both challenges, further fundamental understanding
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1 Introduction

of devices and the materials and layers composing them is needed.

The goal of this thesis is to explore the room available for device PCE increase via one
particular mechanism. This mechanism is the switch of the excitonic spins, known as
Intersystem Crossing (ISC). The majority of the excitons excited in the active layer of an
OSC are singlet excitons. Since the ground state of most organic molecules is a singlet,
singlet excitons rapidly decay again to the ground state via �uorescence. Nevertheless,
ISC favors triplet spin switch, thereby reducing the e�ciency of the radiative decay and,
consequently, elongating the average exciton di�usion length. Longer exciton di�usion
lengths result in reduced device charge carrier recombination, which reverts positively
on the OSC performance. The rate of ISC can be controlled via magnetic e�ects in the
photoactive materials of the solar device. The main approaches consist of the control of
the molecular spin-orbit coupling, which blurs the distintion between triplet and singlet,
and the use of external magnetic �elds, which through the Zeeman e�ect induce excitonic
singlet-to-triplet spin rephasing.

To address the in�uence and potential of the mentioned ISC-control pathways, two main
approaches are presented in the present thesis. On the one hand, the properties, poten-
tial and device behavior of a chemically-tailored heavy element-containing macromolecule
(poly-(3-hexyl-2(3-(4-hexylthiophene-2-yl)-4,5-butylselenophene-1-yl)-5-(4,5-butyltelluro-
phene-1-yl)thiophene), PBST3HT) are tested. On the other hand, a strategy based on
the introduction of superparamagnetic nanoparticles (NPs) in OSCs yields signi�cant
device improvements. Our work about the e�ect of NPs in enhancing OSCs e�cien-
cies,"improved power conversion e�ciency of P3HT:PCBM organic solar cells by strong

spin-orbit coupling-induced delayed �uorescence" [14], published in the beginning of 2015,
was pioneer in the �eld and constituted the �rst comprehensive report on NP-assisted
OSC e�ciency enhancement.

In-depth study of the in�uence of the NPs on the OSC aging behavior yields comprehensive
insight into the di�erent phases of device degradation. The research outcome highlights
the in�uence of the materials' and layers' morphology in the device performance, a topic of
paramount signi�cance in OPV that is present throughout the whole thesis. In this regard,
the use of high-resolution morphology-tracking techniques enabled the observation of the
"codependence between crystalline and photovoltage evolutions in P3HT:PCBM solar cells

probed with in-operando GIWAXS" [15], or the in-situ tracking of the "bandgap-tuning in

triple-chalcogenophene polymer �lms by thermal annealing" [16], which are presented and
discussed in detail within this thesis. The logic behind the presented work as a whole and

3



the interrelations between topics are graphically summarized in �gure 1.1. In this regard,
some of the questions addressed in this thesis are:

Figure 1.1: Graphical abstract of the present thesis. The central idea of the thesis is the improve-

ment of the device power conversion e�ciency through elongation of the average exciton di�usion length.

This is accomplished via adjustment of the ISC of the exciton spin statistics. First, characterization of

chemically-engineered ISC-favoring materials yield striking morphological/crystalline properties that af-

fect and allow control of their energetic and optoelectronic landscape, and, in turn, of the resulting device

properties. Despite their promising behavior, device implementation requires further technology maturing.

Thus, we pursue the same e�ect through easier, industry-friendlier processes, involving superparamagnetic

nanoparticles. OSC modi�cation and related tests are successful and yield signi�cant performance im-

provement. Finally, deeper research into the e�ect of nanoparticles during device functioning leads to

real-time investigation of the structure-performance relation via in-operando methods. Interesting insight

into the morphology-performance relation in device functioning is gained, which connects again with the

morphology-performance link of the initial stage. Adapted from references r14s, r15s and r16s. Central

image by Christoph Hohmann, Nanosystems Initiative Munich (NIM).
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1 Introduction


 Does PBST3HT present advantageous morphological and optical properties for use
in OSCs?


 Does PBST3HT help in bringing heavy period-�ve (semi)metals close to application
in polymer-based OSCs?


 Can super-paramagnetic nanoparticles lead to a simple pathway to achieve enhanced
ISC in photoactive systems that avoids the natural bottlenecks of engineered chem-
ical synthesis?


 Does nanoparticle addition have an impact on the degradation of solar devices?


 How do morphological changes in the photoactive layer a�ect photovoltaic param-
eters?

The work included in this thesis is structured as follows. Chapter 2 collects the main the-
oretical background behind the current work, including the introduction of main concepts
of polymer thermodynamics, solar cell functioning, exciton spin tailoring and x-ray scat-
tering. Chapter 3 describes the characterization methods used in this thesis, their working
principles as well as the technical details and parameters adjusted for our particular se-
tups. Chapter 4 describes in detail all the materials and protocols of sample preparation
used in the fabrication of samples, including substrate cleaning, �lm deposition, and full
solar cell assembly. The band gap-tuning and device behavior of PBST3HT is discussed
in chapter 5. Chapter 6 describes in detail the e�ect of superparamagnetic NPs on poly(3-
hexylthiophene-2,5-diyl):phenyl-C61-butyric acid methyl ester (P3HT:PCBM) OSCs, the
gain in e�ciency, as well as the e�ect of additional external magnetic �elds. The in�uence
of the NPs in the degradation behavior of the OSCs and their active layers, as well as
the fundamental in-operando observation of the above-mentioned structure-function link
is presented in chapter 7. Finally, chapter 8 collects the main conclusions and future
prospects of the presented work.
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Chapter 2

Theoretical background

The most relevant theoretical concepts for understanding the scienti�c content of this the-
sis are presented and discussed in this chapter. Advanced readers in search for discussion
in greater detail are referred to the external sources provided throughout the discus-
sion. Being consistent with the previously presented link between materials' structure
and device performance, a signi�cant part of the theoretical discussion is centered in the
characteristics, thermodynamics and behavior of polymers, as well as their study using
scattering techniques. Moreover, the working principle, layout, working regimes and loss
mechanisms of organic solar cells are introduced, along with the theoretical background
and physical channels approaching ISC control and exciton spin tuning.

The chapter opens with section 2.1 about basic concepts of polymers, including de�nition
and characteristics, as well as a brief discussion of the main thermodynamic models de-
scribing phase separation and aggregate formation. Section 2.2 introduces the formalism
describing conductivity in polymers, featuring band formation, charge carrier and conduc-
tion mechanisms in organic media. Moreover, the main steps of photon-to-charge-carrier
conversion in OSCs (exciton formation, transport, separation, etc.) are described. The
section includes a brief discussion on the working regimes of OSCs and the main device
loss mechanisms and degradation pathways. The theoretical background of the core work
of this thesis is described in section 2.3, which discusses the most relevant features of
exciton spin and its tailoring through increased ISC, as well as possible mechanisms to
achieve it. Lastly, section 2.4 discusses in detail the fundamentals of scattering, as well
as it presents the mathematical and physical frameworks of the methods used.
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2.1 Basic concepts of polymer physics

2.1 Basic concepts of polymer physics

Over the past years polymers or macromolecules have become a topic of increasing inter-
est due to their widespread range of applications, such as in plastics, �bers, electronics
or food industry; as well as owing to their practically unlimited potential of tuning their
physical and chemical properties. Polymers can be custom-tailored in an extensive variety
of features like e.g. hardness (compare carbon �ber vs. glue), electrical conductivity or
heat-response.

Polymer industry as such can be considered to have started in the middle of the 19th
century with the vulcanization of rubber by Charles Goodyear. However, it was not until
1907 that Bakelite appeared. Bakelite is considered to be the �rst completely synthetic
polymer ever manufactured. Nowadays, 110 years later, polymers are present in our
daily lives, in �elds such as the car or packaging industries, food, medicines, cleaning and
cosmetics, amongst many others.

2.1.1 De�nitions and characteristics

Figure 2.1: Chemical formulae of a)

styrene and b) polystyrene

Polymers are constructed as a concatenation of
monomers, featuring mainly carbon and other light
atoms, such as hydrogen, oxygen or sulfur. The
monomers are small molecular units which are
linked together via covalent bonds. Polymers fea-
ture a backbone chain, which constitutes the core of
the molecule, attached to which are the side groups,
as it is the case for the phenyl ring in polystyrene,
depicted in �gure 2.1. The amount of monomers
chained together determines the degree of polymer-
ization. The degree of polymerization depicts the

ratio between the molecular weight of the macromolecule and that of the monomer, to
account for the amount of chained monomers units. Large molecular weights give rise to
polymers, whereas short macromolecules are called oligomers. Generally, as a thumb rule,
a molecular weight of 10 kg{mol � 10 kDa is taken as the threshold between oligomer and
polymer. The main di�erence between them consists of the fact that in the mathematical
parametrization of polymers the e�ect of chain ends, which are chemically di�erent from
the rest of the monomers, can be neglected. This way polymers with large molecular
weights behave in general in accordance with the used thermodynamic models. In the
case of oligomers, due to the higher relative importance of the chain ends compared to the
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2 Theoretical background

whole, the quality of the agreement between experiments and polymer models is generally
lower.

The process of attaching monomers to fabricate polymers is named polymerization. Poly-
mers usually present a molar mass distribution, rather than a unique molar mass, i.e. a
unique chain length. Therefore, polymers are normally characterized by a number average
molar mass, given by:

Mn �
» 8

0

ppMqMdM (2.1)

and a variance:

@
∆M2

D � » 8

0

ppMqpM �Mnq2dM �
» 8

0

ppMqM2dM �Mn
2

(2.2)

The remaining integral in equation 2.2 normalized to the number average molar mass is
called weight average molar mass :

Mw �
³8
0
ppMqM2dM³8

0
ppMqMdM

(2.3)

and allows for writing of the variance calculated in equation 2.2 as x∆M2y � Mw Mn �
Mn

2
, which allows for calculation of the polydispersity index (PDI):

PDI � 1� x∆M2y
Mn

2 � Mw

Mn

(2.4)

ranged between one and in�nity. Usually, polymer samples used for industrial applica-
tions present high polydispersity indexes, yet low production costs. On the other hand,
for scienti�c purposes, in which narrow mass distributions and precise parametrization
are generally required, polydispersity indexes generally present lower values.

Polymerization is usually conducted by two main processes, step polymerization and chain
polymerization. The former class consists of attaching already linked monomer groups,
whereas in the latter reactive centers that react exclusively with monomers are shifted
to the new end of the chain as the number of attached monomers increase. These two
polymerization routines lead to di�erent polymer mass distributions. In the step poly-
merization approach, the resulting distributions are normally broad, whereas chain poly-
merization usually yields narrow weight distributions. Figure 2.2 exemplary displays the
Schulz-Zimm and the Poisson polymer mass distributions associated to step and chain
polymerization processes, respectively.

9



2.1 Basic concepts of polymer physics

Figure 2.2: Exemplary mass distributions for a) step and b) chain polymerization methods. Figure taken

from r17s.

The mass (and mass distribution) of polymers has a strong in�uence on their thermo-
dynamic, mechanical and electronic properties. Another feature of polymers that has
a strong in�uence on the mechanical properties of polymers regards the arrangement of
the side groups along the backbone chain. This feature is known as tacticity. Tacticity
is de�ned by the International Union of Pure and Applied Chemistry (IUPAC) as "The
orderliness of the succession of con�gurational repeating units in the main chain of a reg-
ular macromolecule, a regular oligomer molecule, a regular block, or a regular chain". [18]

Depending on the arrangement pattern of the side groups in the polymer they are clas-
si�ed in isotactic, syndiotactic, atactic and eutactic. These di�erent con�gurations are
achieved via di�erent polymerization procedures. In isotactic polymers, the side groups
are positioned in the same side with respect to the backbone along the whole chain, as it is
schematically depicted in �gures 2.3a and b for the case of poly(vinyl chloride) (PVC). In
the case of syndiotactic polymers (�gure 2.3c) the side groups are alternatively distributed
along the backbone chain, whereas in atactic polymers (�gure 2.3d) the arrangement of
the side groups is random. In eutactic macromolecules, the substituents occupy speci�c
(although potentially complex) sequences of positions. Hence, isotactic and syndiotactic
polymers are particular cases of the more general family of eutactic polymers.

Tacticity of polymers is of special importance in vinyl polymers of the type �H2C �
CHpRq� and it has a major e�ect in properties such as crystallinity. Whereas isotactic
and syndiotactic polymers are in general partially crystalline due to the high degree of
order within the chains, the random arrangement of side groups in atactic macromolecules
causes them to be generally amorphous. Tacticity also determines some further polymer
properties, such as miscibility, glass transition temperature or phase behavior, amongst

10
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others. [19,20]

Figure 2.3: a) 3D representation of an isotactic PVC chain. Blue spheres represent carbon atoms,

whereas gray and red balls represent hydrogen and chlor atoms, respectively. Natta representations of a)

isotactic, b) syndiotactic and c) atactic PVC.

Another property of polymers that has also major impact in polymer aggregates, such as
crystallinity or conjugation length, is the regioregularity. The regioregularity refers to the
tendency of the polymer chains to be formed from the same isomer. Polymers with high
indexes of regioregularity are desirable in applications like OSCs, since regioregular macro-
molecules present more favorable rates of light absorption and charge transport. [21,22] In
the particular case of thiophenes, the asymmetry of the 3-substituted monomers results in
three possible coupling modes between linked units, provided that they link in the 2- and
the 5- positions. These possible coupling modes are named 2, 51, or head-tail (HT) cou-
pling, 2, 21, or head-head (HH) coupling, 5, 51, or tail-tail (TT) coupling. Thus, the relative
presence of each of these monomer coupling modes de�nes the overall regioregularity of
the polymer chains. Figure 2.4 depicts the four possible triads resulting from the possible
couplings between the 3-substituted thiophenes. Generally, very high regioregularities are
desired in polymer-based optoelectronic applications.

2.1.2 Polymer blends and the semicrystalline state

Not only in the �eld of OSCs, but in general, polymer blends are of capital interest,
since they enable the combination of di�erent material properties in one single composite.
They can for instance combine sti�ness with resistance to fracture, two properties that
are normally hard to implement a homopolymer material, since, in general, an increase
in sti�ness (Young modulus) implies also an increase in brittleness. Likewise, in some
applications related to organic electronics, such as OSCs, an e�cient device functioning
is guaranteed through the blend of the so-called donor and acceptor materials.
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Figure 2.4: Possible atttaching con�gurations of three thiophene units. For long polymerized chains,

the di�erent con�gurations give rise to di�erent regioregularities. a) head-to-tail-head-to-tail (HT-HT),

b) HH-TH, c) HH-TT, d) TT-HT.

Moreover, and especially in the case of OSCs, the understanding and eventual control on
the demixing behavior of polymer blend is of paramount importance. Therefore, insight
into the conditions necessary for polymer blends to either form homogeneous mixtures or
form two-phase structures is of special interest.

2.1.2.1 Flory-Huggins theory and phase diagrams

The Flory-Huggins theory is a thermodynamic model that describes the mixing and
demixing behavior of polymer blends or of molecules in solution. The model takes as
main parameters the size of the modeled molecules, i. e. the degree of polymerization of
the corresponding chains in the case of polymers, and the volume fractions of the species
present in the mixture. As a result, we obtain an expression for the molar Gibbs free

energy of mixing, denoted as ∆Gm:

∆Gm � �T∆Sm �∆Hm (2.5)

where T∆Sm accounts for the molar entropy of mixing and ∆Hm is a molar enthalpic
contribution that accounts for the interactions between molecules of the same and of dif-
ferent species in the mixture.

Although the model is in general able to deal with either monomer-monomer interactions,
as well as with monomer-polymer and polymer-polymer interactions, we will focus on the
latter case. The model provides basic understanding of polymer blend phase diagrams
as a function of the molar masses and of the temperature. Although we will make some
simplifying assumptions, it yields useful information for interpreting experiments and for
understanding the behavior of polymer mixtures in general terms.
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Figure 2.5: Schematic representation a

polymer mixture for construction of the

Flory-Huggins formalism. The dimension

and arrangement of the lattice de�nes the

coordination number z.

For the calculation of the term corresponding to
the entropy of mixing T∆Sm we imagine that our
monomers are placed in a lattice, like it is shown
in �gure 2.5 for the case of polymers, in which each
monomer of the chain is sitting on one position of
the bidimensional lattice. For the calculations that
follow, besides assuming that we deal with a mix-
ture of two monomers (for the simplicity of the cal-
culations without any loss of generality), we make
three assumptions: there is no interaction between
particles, it is not allowed to have two particles in
the same lattice position, and it is as well forbid-
den to have empty positions in the lattice (so that
n � n1 � n2). Thus, the increase in entropy of
the mixture ∆S � S12 � pS1 � S2q is calculated via
the Boltzmann's entropy formula. Given that the
separate subsystems 1 and 2 can only access one
microstate (and, therefore, S1 � S1 � 0), we have:

∆S � S12 � kB ln Ω (2.6)

where S is the entropy, kB the Boltzmann constant, and Ω the total number of microstates
that our system can access. In our case:

Ω � n!

n1!n2!
(2.7)

where n accounts for the total number of molecules, whereas n1 and n2 denote the amount
of molecules of the two di�erent organic species present in the system. We shall now
merge the equations 2.6 and 2.7 and rewrite them without factorials using the Stirling
approximation:

lnn! � n lnn� n (2.8)

Assuming exact equality of expression 2.8 and that the monomers of both species occupy
the same volume, the entropic contribution to the Gibbs free energy of mixing can be
written as follows:

∆S � kBpn1 lnn� n2 lnn� n1 lnn1 � n2 lnn2q (2.9)
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Now we introduce the expressions for the volume fractions φ1 and φ2 of the two species:

φ1 � n1

n1 � n2

φ2 � n2

n1 � n2

(2.10)

Yielding an expression for the entropy of mixing of one mol of particles mixed in ideal
conditions that depends only on the volume fraction of the two species:

∆Sm � �Rpφ1 lnφ1 � φ2 lnφ2q (2.11)

where R � NAkB is the ideal gas constant. The case presented above corresponds to
the easiest scenario in which the molecules being mixed are just monomeric. However,
more elaborated cases covered by the Flory-Huggins theory comprise also the monomer-
polymer and the polymer-polymer interactions (polymer in solution and polymer blends,
respectively). In these cases the possible arrangements of the monomers of the same type
are less, since they are chained to one another due to the polymerization process. In these
cases, the calculation of the entropy of mixing deals as well with the coordination number
of each proposed lattice and the availability of lattice positions as a virtual polymerization
reaction goes on. For the polymer blend case (polymer-polymer interaction, see �gure
2.5) the �nal expression of the entropy of mixing also includes the respective degrees of
polymerization of the two species N1 and N2. It reads:

∆Sm � �R
�
φ1

N1

lnφ1 � φ2

N2

lnφ2



(2.12)

As it can be seen, the entropic term of the Gibbs free energy of mixing is always negative
and therefore always favors mixing. For the case of polymer mixtures, the entropic term is
strongly reduced in modulus due to the polymerization process. This latter consideration
accounts for the fact that long chains have lower entropy of mixing and therefore demixing
or phase separation is more likely in long polymerized chains.

We also need to consider the enthalpic contribution to the Gibbs free energy of mixing
(equation 2.5). This contribution ∆Hm parametrizes the di�erent interactions present in
the mixture, between either molecules of species 1 or 2 between themselves, or between
molecules of species 1 and 2 (not the covalent bonding, but the interaction between dif-
ferent chain sections). We generally represent these interactions by the coe�cients ω11,
ω12 and ω22. Unlike for the entropic contribution to the Gibbs free energy of mixing, the
enthalpic part can either favor mixing or demixing, depending on the nature of the dif-
ferent interaction coe�cients. In general, for van der Waals forces, attractive interactions
between monomers of the same species are stronger than those between monomers of type
1 and 2, thus favoring demixing. [17] Since each of the interaction coe�cients increases at
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expenses of the average of the remaining two, the increment in energy per interaction
between monomers of di�erent species is:

∆ω � ω12 � 1

2
pω11 � ω22q (2.13)

If we now account for all the interactions in the system we come to a total increment in
enthalpy of:

∆H � pz � 2q∆ωN2n2φ1 (2.14)

where z is the (virtual) lattice coordination number and, therefore, z�2 are the available
positions around the monomer to potentially be �lled by the opposite species. Hereby, the
volume fraction of the species φ1 indicates the probability for the z�2 available positions
around the type 2 monomers to be �lled with type 1 molecules assuming homogeneity in
the mixture. According to:

N2n2φ1 � N2n2N1n1

N2n2 �N1n1

� nφ1φ2 (2.15)

we can rewrite equation 2.14 in its molar version as:

∆Hm � RTχp�pφ1φ2 (2.16)

where now χp�p is the so-called polymer-polymer interaction parameter. The interaction
parameter compares the energy gained by the interaction with monomers of either the
same or the opposite species to the thermal energy. Its formal expression reads:

χp�p � pz � 2q∆ω
kBT

(2.17)

Finally, by introducing the equations 2.12 and 2.16 in 2.5 we come to a �nal expression
for the molar Gibbs free energy of mixing:

∆Gm � RT

�
φ1

N1

lnφ1 � φ2

N2

lnφ2 � χφ1φ2

�
(2.18)

Besides the formal expression for χp�p presented in equation 2.17, approaching the values
of χp�p that successfully reproduce the entropy of mixing of two particular materials
follows diverse pathways. When dealing with polymer solutions, the interaction parameter
can be estimated from the Hildebrand solubility parameters δ1 and δ2: [23]

χp�p � Vseg pδ1 � δ2q2
RT

(2.19)

where Vseg stands for the volume of a polymer segment. For polymer solutions, the
dependence of the interaction parameter with the temperature as χp�p91{T is generally
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su�cient. Nevertheless, when dealing with more complex scenarios, like polymer blends,
solvation, D-A complexes, etc. some corrections in the interaction parameter need to be
made. The "Tanaka modi�cation", the "model of Bawendi and Freed" [24] or the "model of
Mumbi and Sher" are just few examples of models deploying more complex descriptions of
the interaction parameter χp�p. These feature in some cases χp�p9T or demixing at both
low and high temperatures, amongst others. A deeper treatment of the Flory-Huggins
theory and more detailed calculations are presented elsewhere. [17,25,26]

2.1.2.2 Blend demixing: phase diagrams and decomposition mechanisms

Figure 2.6: Sketch of the mixing-demixing behavior of a polymer mixture in an a) stable and b) unstable

regions of the phase diagram. In the stable region, the energy of the mixed phase is lower than for the two

separate components. In the unstable region, the systems accomodates at lower overall energy by demixing

into two phases.

In general, systems remain in the minimum of their Gibbs energy of mixing. Thus, the
demixing of the two phases will not occur if the Gibbs energy of the mixture is lower than
the Gibbs energies of the two single components weighted by their relative amounts α and
β:

∆Gm pφq   α∆Gm pφaq � β∆Gm pφbq (2.20)

where φ corresponds to the composition of the mixture in terms of a and b and φa and
φb the pure phases. This phenomenon is schematically depicted in �gure 2.6, in which
the red lines indicate the Gibbs free energy of the mixtures as a function of the volume
ratios of the a and b components, and the blue lines the averaged contributions of the
two components to the Gibbs free energy in a demixed state. In the case of �gure 2.6a
the Gibbs free energy of the mixture is convex. In this case, we say that the solution is
stable, since demixing would increase the Gibbs free energy of the system, and therefore
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it does not occur spontaneously. On the contrary, �gure 2.6b depicts the case of an un-
stable solution, in which the Gibbs free energy curve for the mixture is concave. Hereby,
demixing of the blend components leads to a more favorable energetic state and, thus,
the system undergoes phase separation.

Figure 2.7: a) Gibbs free energy as a function of

the polymer blend composition for di�erent tem-

peratures. The temperature increases from T1 to

T5. b) Temperature phase diagram for di�erent

blend compositions obtained from the �rst and

second derivatives of the Gibbs free energy func-

tion for multiple temperatures. The upper critical

point is obtained through the third derivative.

In general, these diagrams of Gibbs free en-
ergy of mixing as a function of the compo-
sition of the mixtures are a key feature for
constructing the phase diagrams of polymer
mixtures. An example of the construction
of a polymer blend phase diagram using the
Gibbs free energy ∆Gm of mixing for mul-
tiple temperatures is displayed in �gure 2.7.
The maxima and the minima of the ∆Gm

as a function of the blend composition de-
�nes stable, metastable and unstable regions
of the phase diagrams, meeting at the bin-
odal and spinodal lines, repectively (see �g-
ure 2.7b). In the stable region we �nd a sin-
gle phase corresponding to the mixture of the
two polymers, whereas in the unstable region
the two polymers demix into two phases. In
the metastable region, phase separation does
not occur spontaneously but it needs a nu-
cleation step, usually triggered by the pres-
ence of impurities. In general it is possible to
obtain analytical expressions for the binodal
and the spinodal lines. [17] Finally, the point
of the phase diagram in which binodal and
spinodal lines meet each other is called crit-

ical point. This point of the phase diagram
depicts a second-order transition and corre-

sponds to a phase-separated state of the mixture in which each of the two components
form a continuous structure. [17]

Phase diagrams of polymer blends allow for anticipation of sample morphologies, which
is of capital importance for each desired application. Furthermore, the decomposition
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mechanism triggered in the system also depends on the region of the phase diagram the
system is at, and it also a�ects the sample morphology. Two of the main decomposition
mechanisms for polymer mixtures are known as nucleation and growth and spinodal de-

composition.

The former arises when a temperature change shifts the system from homogeneous mix-
ture to the metastable region of the phase diagram (see �gure 2.7). In this case, the
system remains stable against small concentration �uctuations. However, when concen-
tration �uctuations or even impurities are big enough they bring the system out of its
metastable equilibrium, so that the new phase grows around the original nucleus and,
hence, it is called nucleation and growth. On the contrary, when a jump in temperature
brings the mixed system into the unstable region of the phase diagram, it becomes au-
tomatically unstable, so that any small �uctuation in concentration leads automatically
to a scenario in which the system phase-separates into two phases, each of them with the
composition corresponding to the two nearest minima of the ∆Gm pφAq curve. Unlike in
the case of nucleation and growth, in which diverse lengths are present in the system,
in spinodal decomposition only a rather narrow gap of concentration �uctuation length
scales survives, since long �uctuation length scales imply transporting material through
long distances and short �uctuation wavelengths trigger a severe energy penalty due to
strong composition gradients. As a result, systems that demix through a spinodal step
present a bicontinuous interpenetrating matrix of the two phases displaying a narrow
range of typical size scales.

In organic electronics in general, and OSCs in particular, the morphology and length
scales present in demixed polymer blends are of capital importance, as it will be discussed
in the following. In spin coated �lms, the development of the morphology freezes prior
to reaching thermodynamic equilibrium. This has as well an e�ect on the performance
of subsequent devices, and several treatments (thermal and solvent annealing, solvent
additives, etc.) are used for achieving optimal blend morphologies.

2.1.2.3 Formation and growth of polymer aggregates

Besides the behavior of polymer mixtures regarding phase separation, which plays a deter-
mining role in the performance of the �nal organic semiconductor devices, other features
that drastically condition their functioning are the amount, size, orientation, etc. of the
crystalline regions within the polymers composing the OSC. One of the most accepted
models explaining polymer crystallization, featuring the formation of nucleation centers,
followed by thickness and lateral growths, is the multistage model proposed by Strobl.
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The reader is referred to the literature for comprehensive discussion. [17,27]

Owing to their morphology, featuring entangled chains and a mesh-like structure, poly-
mers usually exist in a semicrystalline state. This means that polymer samples present
crystalline regions separated by amorphous regions of the same material. The reason for
this is that complete crystallization is associated to the high entropic cost of disentangling
chains. Moreover, in the process of aggregate formation, other features that hinder crystal
formation are expelled into the amorphous phase, like impurities, chain ends and other
defects.

The �rst stage in the crystallization of polymers is the formation of nucleation centers.
These are small regions of high inner order formed due to thermal �uctuations. Depending
on their size, they either disappear again or stabilize into a nuclei, from which the crystal-
lization starts. The crystallization rate is proportional to the volume of the crystallizable
region, and it is an exponential function of the temperature. [28,29] Two main mechanisms
assist the intial aggregate nucleus stabilization and growth: intramolecular crystalliza-
tion, a fast process in which one single chain folds, forming the nucleus of the polymer
aggregate, or intermolecular crystallization, in which di�erent chains are involved in the
initial thermal �uctuation and stabilization, featuring much slower nucleation rates. [30]

Once the nucleation centers are formed, they start to grow forming crystalline regions.
The aggregate formation is pictured as forming from the crystalline core towards the out-
side. In the framework of the multistage model, di�erent phases are considered, each of
them associated to a control temperature. The control temperatures very much de�ne
the �nal thickness of the crystalline domains. However, the lateral growth, characterized
by the merger of crystalline blocks, is, in principle, unlimited.

The formation and development of crystallites and polymer aggregates regions plays an
important role in the performance of OSCs, since they strongly in�uence parameters
such as the e�ciency of charge carrier transport or the shape of the molecular density of
states (DOS). Greater insight on the link between crystallinity and device perormance is
provided in chapter 7.

2.2 Organic semiconductors and solar cells

In this section, we �rst discuss the main features participating in the electrical conduc-
tivity of polymers and, more generally, organic materials. The formation of delocalized
conducting states and their packing in pseudo-bands is discussed together with the most
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relevant aspects of exciton and charge carrier transport in organic media. Secondly, the
working principle of organic solar cells and their main operation features are discussed,
including charge carrier generation, transport, operation regimes and main recombination
mechanisms.

2.2.1 Conducting polymers

2.2.1.1 Band formation in organic semiconductors

In spite of the broad versatility of polymers with regard to mechanical and thermody-
namic properties, polymers have traditionally been regarded as generally good insulators.
However, the chemical composition of some polymers enables charge transport under cer-
tain conditions. This was �rst observed in the simple polymer polyacetylene (PA) by A.
Heeger, A. MacDiarmid and H. Shirakawa in the year 1977. They observed an increase in
electrical conductivity of seven orders of magnitude upon exposure of PA to iodine vapor,
reaching conductivity values comparable to many semiconductors. For this contribution
the three scientists were awarded with the Nobel prize in chemistry in the year 2000.

The simple chemical structure of PA makes it a useful case study for understanding the
more general properties of conducting polymers, as well as which are the main features of
charge transport in organic media. It is the presence of so-called conjugated bonds that
confers polymers semiconducting properties.

The process of hybridization in carbon yields three co-planar sp2 orbitals, whereas the
original 2pz orbital remains unchanged. Thus, carbon atoms with sp2 hybridized orbitals
come together, forming strongly localized σ bonds between the nuclear centers, giving
rise to a long chain-like macromolecule. The remaining non-hybridized pz orbitals overlap
above and below the carbon chain, forming so called π bonds. This repeated overlap of π
bonds along the chain gives rise to delocalized electronic probability waves through which
electric charges can be transported over long distances. These delocalized electron prob-
ability clouds over many units of a hydrocarbon chain are called conjugated bonds, and,
although the actual carbon-carbon bond distance in such conjugated systems lies between
that of the single and the double bonds, in the Lewis representation they are depicted
as a chain of alternating single and double bonds. As a result of the long sequence of
conjugated bonds, a 1-dimensional crystal is obtained in which each carbon atom con-
tributes with one electron to the π delocalized cloud. The binding between each pair
of carbon atoms gives rise to a lower-energy bonding (π) and a high-energy antibonding
(π�) molecular state. Thus, the chaining of multiple carbon atoms leads, in the limit of
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in�nite chained atoms, to a quasi-continuum of energy states, as schematically depicted
in the upper half of �gure 2.8. In the polymerization process the number of available
states doubles the number of contributed electrons in the π conjugated orbitals. Thus,
the formed energy band is �lled up to the half, as highlighted in red in �gure 2.8.

Figure 2.8: a) Energy diagram of a per-

fect one-dimensional lattice. The red sec-

tion of the line indicates the �lled states

up to the Fermi energy. b) According to

the Peierls theorem, such unstable struc-

ture distorts, enlarging the size of the unit

cell. This reduces the size of the �rst Bril-

louin zone and induces the appearance of

an energy gap, reducing the overall energy

of the crystal.

According to the Peierls' transition theorem, a
one-dimensional equally spaced chain with one
electron per ion is unstable. Such a 1D
crystal undergoes a distortion along the chain
by a magnitude δ, as depicted in the lower
panel of �gure 2.8. This distortion dou-
bles the size of the unit cell. Accordingly,
the size of the �rst Brillouin zone shrinks
by half, whereby the energy function Epkq
at the edges of the new �rst Brillouin zone
plateaus. This leveling o� causes small en-
ergy savings in the vicinity of the edges of
the new �rst Brillouin zone |k| � �kF �
�π{2a (compare the �lled states in both cases
depicted in red in �gure 2.8). Hereby, the
overall energy of the crystal is reduced, mak-
ing the distortion energetically favorable. At
the same time, this induces the appearance of
a band gap in the material, which will con-
form the base of the semiconducting proper-
ties of the polymer. This e�ect is com-
monly referred to as metal-insulator transi-

tion.

The appearance of the band gap de�nes, in anal-
ogy to classical inorganic semiconductors, two en-
ergy bands. According to the theoretical bench-
mark of the Linear Combination of Atomic Or-
bitals (LCAO), the overlap of each two pz orbitals
yields two di�erent solutions to the corresponding
Schrödinger equation, called bonding (π) and anti-
bonding (π�), as discussed above (n=1 case in �gure
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2.9). As the process of polymerization proceeds, each carbon atom undergoes this process
twice, once for each of the two neighboring carbons. Consequently, the number of states
double that of the contributed electrons by each carbon atom. As the number of chained
units increase, a sequentially closer-packing of bonding and antibonding states separated
by a gap forms (compare increasing n cases in �gure 2.9). The π electrons occupy the
lowest energy states, i.e. the bonding states located below the gap. Consequently, the
energetic states located immediately below and above the gap are referred to as Highest
Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital (LUMO),
respectively. As the polymerization proceeds to very large numbers of chain monomeric
units, the energy states eventually become so closely packed that appear like a quasi-
continuum of occupied states below the gap. Similarly, an empty energy band of states
above the band gap Eg appears, analogous to inorganic semiconductors.

Figure 2.9: The Schrödinger equation for two bound carbons (n=1) yields two solutions, a bonding pπq

and an antibonding pπ�q one. The addition of further carbon atoms yields more allowed energy states,

de�ning the HOMO and LUMO levels. In the limit of n Ñ 8, they form a quasi-continuous band of

allowed energy states with a forbidden gap in between Eg.

Modeling of the band formation in organic media through formalisms like the metal-
insulator transition or the LCAO framework provides good understanding of the basic
physics involved. However, organic media present very substantial di�erences compared
to inorganic environments, like being mechanically less rigid, presenting lower dielectric
coe�cients, or being structures formed on the basis of covalent but not metallic bonds.
These and further features introduce qualitative di�erences related to e.g. material en-
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ergetic landscape or charge carrier formation and transport that do not allow physical
treatment based on conventional, crystalline inorganic semiconductor physics.

2.2.1.2 Charge carriers and transport in polymers

The natural appearance of charge carriers in polymers featuring conjugated bonds is
mainly based on the presence of bonding irregularities, kinks, chemical defects, etc. An
example of this natural occurrence of charge carriers in polymers is usually depicted with
the case of PA, although the principle is as well valid for all polymers featuring conjugated
backbones, such as those used in this thesis.

PA consists of a conjugated chain with two energetically equivalent ground state con-
�gurations. The switch between the two is generally thermally excited. When the two
con�gurations meet within the same chain, the carbon atom at the junction is bound to
its two neighboring carbon atoms and to one hydrogen. This requires three out of the
four carbon valence electrons, thereby leaving an unpaired valence electron, as depicted
in �gure 2.10. Thus, this unpaired radical possesses a spin and an electric charge, and
is able to move along the chain, creating a deformation in the chain in its path. This
combination of radical and the associated deformation forms a quasi-particle known as
neutral soliton (S0). Energetically, the neutral soliton is an exicted state and, according
to the SSH theory (named after Su, Schrei�er and Heeger), its energy level lies within the
bandgap, increasing the overall conductivity of the polymer. [31] The neutral soliton does
not have a charge (since the negative charge of the radical plus the positive charge of the
corresponding carbon nucleus cancel out) but has spin 1{2, the spin of the unpaired elec-
tron. Removal of the unpaired electron by e.g. an oxydizing agent leaves in the polymer
chain a net positive charge with no spin (since there are no unpaired electrons remaining).
This is knwon as positive soliton (S�). Similarly, the reunion of a neutral soliton and an
additional unpaired radical (from another neutral soliton or provided by a reducing agent)
results in a negative soliton (S�), which also has spin zero. On average, the mass of a
soliton is around six time the mass of the electron, and due to the low soliton activation
energy (2 meV    kbT ) they are widely present at room temperature (RT). [31]

Figure 2.10: Lewis representation of the formation of a neutral soliton via junction of the two degener-

ated ground states of a PA chain.
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As solitons move through the polymer chain, they can combine with each other, forming
another quasi-particle called polaron. In contrast to solitons, polarons can only be either
positive (P�) or negative (P�), formed by the combination of a neutral soliton with a
positive or negative one, respectively. Both types of polarons P� and P� have spin 1{2
(see �gure 2.11). Furthermore, same-charge polarons can merge forming the third kind
of charge carrier in polymeric media, the bipolaron. Bipolarons are also always charged
(B� and B�) and have spin zero. A graphical representation of the whole quasi-particle
zoo, their energetic location in the material and their spins can be found in �gure 2.11.

Figure 2.11: Summary chart of the main charge carriers present in organic semiconductors, including

their composition, electric charge, spin and energetic position within the band gap. Extracted from r32s.

Solitons, polarons and bipolarons travel along polymer chains carrying signi�cant chain
deformations. For this reason, amongst many others, it is complicated to describe the
transport of charge carriers in organic media using mathematical formalisms of inorganic
solid state physics. Typically, solitons formed in a PA chains span over several carbon
atoms for polymer segments displaying long conjugation lengths.

In general, charge carriers in polymeric environments need to be transported along one
chain as well as between di�erent chains, i.e. both inter- and intra-chain transport occur.
Band-like transport along conjugated polymer backbones and ordered crystals is success-
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fully described by the SSH model, in which higly delocalized quasi-particles move freely.
Similarly to the case of inorganic semiconductor, the e�ciency of this type of transport
mechanisms decreases with temperature, as the interactions between the charge carriers
and the phonons (lattice vibrations) disturb the coherent transport, giving rise to phonon
scattering events and reducing the quasi-particle delocalization.

In contrast to the band-like transport, characteristic of intra-molecular transport or mo-
tion of carriers in highly-ordered aggregated polymer regions, inter-molecular charge trans-
port in amorphous polymer regions is dominated by the so-called hopping transport, which
sets to a large extent the conductivity bottleneck for most organic materials. Hopping
transport becomes the main mechanism as soon as the static disorder (i.e. localized charge
carriers) has an important contribution to the description of the energetic landscape of the
material, as it is the case for polymer amorphous regions, or regions concentrating high
densities of defects, chain ends, etc. In these cases, the energetic landscape of the pho-
toactive medium is characterized by locally-de�ned HOMO and LUMO energetic levels,
varying from spot to spot depending on chain features like crystallinity, defect concentra-
tion, local ring coplanarity, etc. This results into a Gaussian distribution of isolated yet
close energetic states. When moving throughout the material, carriers need to overcome
small energetic barriers in order to hop from state to state. Hence, this kind of transport
is known as hopping.

Figure 2.12: Left: Density of states of an organic molecule presenting energetic Gaussian disorder. The

blue-shaded area represents the occupied states compared to the available total. Right: Relaxation and

transport of a photogenerated polaron via hopping. The red path depicts a relaxation to the bottom of the

band pT � 0q. The green path, at T ¡ 0, possesses su�cient energy for granting spatial transport.

Hopping is based on the tunneling probability between energy states, which is in turn
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determined by the strength of the thermal �uctuations. The probability of hopping be-
tween energetic states is parametrized via a so-called hopping rate ν, �rst introduced by
Marcus. [33,34] Miller and Abrahams proposed a similar approach: [35]

νij � ν0e
�2γ∆Rij

#
exp

�
� εj�εi

kbT

	
; εj ¡ εi

1 ; εj ¤ εi
(2.21)

Hereby, amongst other factors, the hopping probability scales with the negative expo-
nential of the spatial distance between hopping sites Rij. It can be seen that between
sites featuring increasing energy (εj ¡ εi) the tunneling probability increases with tem-
perature. In contrast, the downward hopping rate (εj ¤ εi) is independent of the tem-
perature. Therefore, in the case of hopping transport, the conductivity increases with
increasing temperature. For low temperatures charge carriers relax to the bottom of the
DOS, where they become trapped. In contrast, higher temperatures increase the tunnel-
ing probability due to a higher overlap of the wave functions of the individual states. This
aids the hopping between energetic states and drives the macroscopic transport through-
out the material. The macroscopic transport of charge carriers via hopping is commonly
described by the Bässler model. [36]

2.2.2 Light absorption, exciton generation and di�usion

In order for a photon to be absorbed, its energy must be larger than energy of the band gap
of either of the components of the photoactive layer Ephoton ¥ ELUMO�EHOMO, whereby
in the mixture P3HT:PCBM the main absorber is P3HT. The wavelength-dependent light
absorption of polymer �lms is described by the Lambert-Beer law (see section 3.2.1). For
a photon of su�cient energy interacting with the absorbing material, the excited elec-
tron experiences a vibronic transition. Vibronic transitions are simultaneous changes in
electronic and vibrational levels, and the intensity (probability) of their occurrence is
described by the Franck-Condon principle. [37] This model was explored particularly in
depth for H-aggregated polymers by Frank Spano. [38�41] The Franck-Condon principle as-
serts that, during the electronic transition upon photon absorption, the overlap between
the initial vibrational wave functions of the ground and excited states determines the
likelihood for transition between speci�c vibrational levels. Thus, despite the fact that
the con�gurational order of the polymeric chain changes upon photon absorption (it was
discussed in the previous section 2.2.1.2 that charge carriers in organic media carry signif-
icant deformations of the polymer chains), the intensity of a speci�c vibronic transition
depends on the initial overlap of vibronic wave functions. This occurs due to the fact that
the absorption of the photon happens at a much shorter time scale than the modi�cation
of the con�gurational coordinate, i.e. the relative spatial arrangement between electronic
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orbitals. This is schematically depicted in �gure 2.13.

Figure 2.13: Schematic representation of the Franck-Condon pinciple and the formation of absorption

and emission bands. a) The two electronic states, represented by the two parabolas, depict a �ne structure

of vibronic states, whose overlap determines the probability of transition. b) The resulting transition

probabilities give rise to stronger or weaker absorption/emission bands. c) Representation of the energetic

broadness W of each vibronic level.

Thus, the obtained absorption spectrum results from the superposition of the intensities
(probabilities) of all allowed vibronic transitions/bands. The vibronic transitions in the
absorption spectrum present a so-called exciton bandwidth (W), which is a measure for
the degree of polymer aggregation, since the sharpness of the vibronic transitions is deter-
mined by the degree of energetic disorder. Since the disorder a�ects all transitions to the
same extent, all vibronic transitions present the same broadness. For the case of P3HT,
Frank Spano suggested a relation between the 0 Ñ 0 and the 0 Ñ 1 transitions that allow
calculation of W :

A0�0

A0�1

� n0�0

n0�1

�
1� 0.24W

Ep

1� 0.073W
Ep

�
(2.22)

where ni�j indicates the refractive index of the material at the wavelength of the corre-
sponding transition, and Ep is the energy of the vibrational ground state of the harmonic

27



2.2 Organic semiconductors and solar cells

oscillator, which for P3HT is Ep � ~ω0 � 0.2 eV . Upon promotion of an electron to the
LUMO excited state, the ground HOMO is left with a missing electron, hence displaying
a net positive charge. This is described as a so-called hole. In organic semiconductors the
excited electron and the hole are coulombically bound, forming an exciton. The binding
energy of an exciton in a speci�c environment depends upon the material's dielectric con-
stant as Ebind91{ε2r. Hence, in inorganic semiconductors, where the dielectric constants
are high (εr,Si � 11.68) the electrical screening is e�cient and, thus, the excitons, with a
large exciton radius, can be splitted by thermal energy at RT (� 25 meV ), [42] immediately
turning into separated free charge carriers. These are known as Wannier-Mott excitons.

In contrast, the low dielectric constants of most organic media (εr,org � 3 � 4) render
the photoactive medium limited electrostatic screening properties. Thereby, excitons in
polymeric environments, known as Frenkel excitons, require the energy level o�set present
at the donor-acceptor (D-A) interface in order to split. As it happens for all excited states,
excitons present a certain lifetime after which they recombine, decaying again to the
ground state. Thus, depending on their lifetime and their mobility within the material,
excitons have a characteristic di�usion length. The average exciton di�usion length in
organic materials lies in the order 10 nm. [42�44] After exciton recombination, the energy
of the incoming photon is again irradiated and cannot be used for electricity generation.
For this reason, parameters like the exciton di�usion length or the D-A demixing scale
are of paramount importance in the performance of photovoltaic devices.

2.2.3 Exciton splitting and polaron transport

As discussed above, once formed, excitons need to di�use to a D-A interface in order to
split, given that the average thermal energy is not enough for overcoming the exciton
binding energy Ebind. When an exciton reaches the interface between the donor (D) and
the acceptor (A) phases, the negative polaron is transferred to the acceptor and the over-
all exciton energy decreases. Due to deeper electron a�nity of the acceptor, the negative
polaron �nds in the acceptor a more favorable energy state. In contrast, the shallower
ionization potential of the donor makes the positive polaron to stay at the donor's HOMO.
This lower-energy exciton in which each polaron is in either of the pohotoactive phases is
known as charge transfer exciton (CTE) or exciplex. Subsequently, the two components
of the exciton at the D-A interface experience electrical forces in opposite directions due
to the strong local electric �eld present as a result of the sharp gradient between energy
levels. If the electric forces associated to this energy HOMO/LUMO o�set between D
and A phases are large enough to overcome Ebind, the exciton splits and gives rise to
two separated and opposedly charged polarons. The process of exciton dissociation is
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described by the Braun-Onsager model. [45]

Figure 2.14: Representation of the exciton generation, di�usion and splitting, and of the subsequent

drift of charge carriers in an OSC heterojunction.

Once the exciton is split, the two polarons live in the corresponding material phase of the
photoactive layer, where they are majority carriers. The polarons need to be subsequently
transported to their correspondent device electrodes. Hereby, the macroscopic transport
is not only driven by di�usion, as it was the case for excitons, since they are electrically
neutral. In contrast, polarons also respond to drift forces in the material, a�ecting the
system di�erently depending on the spot of the current density-bias (J-V) curve at which
we are at, i.e. depending on the bias the device is subjected to. The process of exciton
di�usion, separation and polaron transport is schematically depicted in �gure 2.14.

2.2.4 Organic solar cells: energy picture and device working prin-

ciple

After the exciton is split into two independent polarons, they need to be transported
throughout the device to the corresponding electrode or transport layer. Under operation
of an OSC the prevailing transport-driving forces are di�erent depending on the external
bias. Thus, the di�erent points of the J-V curve are associated with di�erent transport-
driving mechanisms and di�erent energetic equilibrium.

When all the layers composing the OSC are stacked together and the device electrodes
are connected through an external circuit, the device is at the short-circuit position of
the J-V curve (�gure 2.15a). In this scenario, the now externally connected OSC elec-
trodes with di�erent work functions align in order to keep one Fermi energy throughout
the whole device. This creates an internal electric �eld Eint that makes the HOMO and
LUMO energies to depend on the especi�c spatial position between the electrodes, making
the energy bands to "look bent" when moving from anode to cathode (see �gure 2.15a).
As a result, the photogenerated charge carriers being released at the D-A interface are
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transported by two forces acting simultaneously upon them. On the one hand, the electric
�eld Eint generated by the energy alignment of the two electrodes and the D-A energetic
o�sets generates a drift current that drags the polarons in opposite directions, as they
have opposed charges (see �gure 2.15a). Moreover, the high concentration of polarons
at the interfaces compared to the bulk of each of the two photoactive phases causes the
polarons to move due to the strong gradient in chemical potential, thereby giving rise to a
di�usion current. In short-circuit both current contributions point in the same direction
and result macroscopically in a combined reverse current.

If now a bias starts to be applied in the forward direction, the electric �eld generated
within the device by the external bias acts against Eint, �attening the energy bands. At
some point the system reaches the �at-band condition, in which the di�erence in work
function of the device electrodes is compensated by the external bias (�gure 2.15b). In
this situation, the drift current is suppressed, and the motion of the polarons is di�usion-
driven. Thus, all charge carriers arriving to the device electrodes in �at-band conditions
are photogenerated. In BHJ cells, since the di�usion current pushes the polarons away
from the interfaces, but there is no force pointing them speci�cally towards the electrodes,
the device is especially sensitive to recombination at this stage. In �at-band condition,
the outcome of the competition between di�usion and recombination currents is of major
importance determining the ideality factor, i.e. the "squareness" of the J-V curve and,
hence, has a major impact on the device �ll factor pFF q.

Further appliance of forward bias leads to a bending of the energy bands in the reverse
direction (�gure 2.15c). From this point on, the drift and di�usion currents �ow in op-
posite directions, reducing the current outcome continuously as the external bias grows.
Moreover, the strong reverse bending of the energy bands narrows the energy barrier for
the charge carriers in the electrodes to penetrate again in the photoactive medium and
move dragged by the net electric �eld. Consequently, the charge carrier tunneling proba-
bility from the electrodes to the active layer increases, giving rise to an injection current
of both, positive and negative polarons, that adds up to the drift current. For a certain
bias conditions all the currents present are exactly compensated, giving a nil outbound
current density. This position of the J-V curve is known as the open-circuit, and the bias
at which this happens is called the open-circuit voltage.

Further discussion on how the mentioned stages a�ect the J-V curve and the associated
parameters, as well as on how to use particular spots of the J-V curve to calculate e.g.
e�ciencies or characteristic resistances are provided in section 3.2.3.
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Figure 2.15: Energy level diagrams of a bi-component OSC for di�erent bias conditions. a) Short-circuit

condition. b) Flat-band condition. c) Open-circuit condition.

2.2.5 Organic solar cells: recombination and degradation

In order to have better understanding of the operation of OSCs, it is useful to shortly
revise some of the factors that can hinder their performance. In this section we mostly
focus on charge carrier recombination (either exciton decay or recombination of separated
polarons). Di�erent cases of charge carrier recombination are listed according to the na-
ture of their occurrence or the region of the device in which they take place.

a. Decay of an exciton within its lifetime. In order to generate an electric current out
of every photon absorbed by the material, the exciton needs to meet a D-A interface
within its di�usion length. Otherwise the excited state relaxes back to the ground
state and the energy provided by the photon is radiated away (�gure 2.16a).

b. Recombination of dissociated or dissociating excitons. This type of recombination
event is generally subdivided in two di�erent cases. On the one hand, an exciton
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that has arrived to the D-A interface starts the splitting process by forming a CTE.
As a result, a polaron forms at each of the photoactive phases. If the rupture of the
Coulomb bond between the two polarons by the electric �eld at the D-A interface
is not fast enough, the polarons recombine. This recombination process is known as
�eld ionization of the geminate CTE, or geminate recombination for short. On the
other hand, two already separated polarons dragged through the device by di�usion
or drift forces can hit a D-A interface and fortuitously meet a polaron of opposite
charge. This second case is called non-geminate recombination of the CTE or just
non-geminate recombination. Non-geminate recombination is a bi-molecular pro-
cess, since it happens between already independent positive and negative polarons.
Thus, as illumination increases, chances for polarons of pairing with polarons of op-
posite charge grow quadratically with polaron population, becoming an important
recombination route. In contrast, in geminate recombination, exciplex separation
has not yet occurred and each positive polaron is linked to its unique negative coun-
terpart. Hence, geminate recombination grows linearly with polaron concentration.
Both processes are represented by �gure 2.16b.

c. Polaron spatial con�nement. Especially in the case of BHJ active layers, some
regions of photoactive material form islands lacking percolation pathways that ulti-
mately connect them to an electrode or transport layer, hindering their extraction.
Polarons accumulate in these islands, acting as recombination centers (�gure 2.16c)

d. Polaron recombination at the wrong electrode. Strong di�usion forces can force
polarons to move against the electric �eld, eventually making them reach the wrong
electrode, recombining with an opposite charge carrier. Usually, polaron di�usion
against the electric �eld is only signi�cant when working close to �at-band condi-
tions. Therefore, this mechanism has an in�uence on the diode region of the J-V �ll
factor, but does not signi�cantly a�ect the curve throughout the entire bias range.
Morevoer, this recombination path can be hindered to a large extent through the
use of blocking layers (�gure 2.16d). Further insight into this mechanism is provided
in r46s.

e. Trap states. Impurities, chemical and physical defects of the materials composing
the OSC can induce the appearance of so-called trap states, i.e. states lying deep
within the material band gap, spatially and energetically isolated, thereby hinder-
ing the hopping to neighboring states. This e�ect can usually happen between
crystalline and amorphous polymer regions, at the D-A interface or at the organic-
metal interface. This latter case is particularly known as surface recombination and
detailed discussion can be found in r47s.
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Figure 2.16: Illustration

of the main recombination

mechanisms in a BHJ OSC.

Electrodes are depicted in

gray, donor material in or-

ange and acceptor material in

brown. The di�erent listed

types of recombination events

are labelled from a to e.

The recombination mechanisms present in an OSC de-
pend mainly on the materials chosen, the fabrication
route and the BHJ morphology. In addition, the
materials forming the OSC and the layer stack itself
degrade during operation. Some degradation mecha-
nisms regard the physical and or chemical deterioration
of the device metallic contacts, such as the oxidation
of the metallic cathode in non-inverted OSCs, or the
fracture of brittle transport conducting-oxide layers, like
indium-doped tin oxide (ITO. See section 4.2) in �exible
devices. [48]

Other important degradation pathways are related to the
chemical degradation of the materials composing the photoac-
tive layer, often referred to as photobleaching. Polymer pho-
tobleaching is triggered by light, although atmospheric agents
such as oxygen or water content can substantially acceler-
ate the process. While P3HT is reported to be relatively
resistant against each of these factors separately, their com-
bination seem to have a signi�cant worsening e�ect on the
material degradation. [49�56] Photobleaching in P3HT leads to
absorbtion-reducing e�ect, such as the reduction of the poly-
mer conjugation length, or the detachment of light units, like
C-S units or hexyl chains. [57]

Moreover, device aging is as well closely linked to physical degradation of the active
layer. Especially under exposure to elevated temperatures and prolonged illuminations,
physical degradation of the bulk heterojunction (BHJ) can appear in the form of D-A
domain coarsening, or disintegration of polymer aggregates. Coarsening of the active
layer morphology at the mesoscale was thoroughly investigated by Scha�er et al. [58], and
the relation between crystallinity and device performance during aging experiments will
be discussed in chapter 7. More comprehensive discussion on degradation mechanisms in
OSCs is provided in references r59s, r60s and r61s.
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2.3 Intersystem crossing tailoring

In this section we discuss the theoretical aspects of the core of this thesis. They mainly
correspond to exciton spin con�guration, its statistics, its e�ect on exciton lifetime and
on the exciton di�usion length. Moreover, the theoretical background behind the ways
explored in this thesis to approach its tuning are also discussed.

2.3.1 Intersystem crossing via spin-orbit coupling

As discussed previously in section 2.2.5, the need for excitons to reach a D-A interface
in order to dissociate makes the exciton relaxation one of the main mechanisms of OSC
performance loss. In order to improve that, many research e�orts focus on the tuning
of the D-A demixing morphology, trying to tune it down to the nanometer scale. This
is approached via several pathways, including nanostructuring, solvent annealing, or use
of solvent additives. [44,62�64] Nevertheless, tuning the BHJ nanomorphology at such small
length scales is challenging, and the desired scales of the order of 10 nm are still very dif-
�cult to achieve in a tailored way. Hence, the reverse approach has been gaining interest,
namely attempting to elongate its lifetime and, consequently, its di�usion length within
the material. [65,66] This can be achieved by controlling the spin state of the photogener-
ated excitons within the device, as explained in the following.

The ground state of most molecules is electrically neutral and with all spins in the molec-
ular orbitals paired, i.e. of singlet spin con�guration. Thus, in systems where spin-orbit
coupling is negligible, photon absorption can only excite singlet excitons. Upon absorption
of a photon with energy in the visible range by an atom, the wavelength of the incoming
radiation is signi�cantly larger than the size of the atom itself. This makes the atom
to experience a directional uniform electric �eld that induces a dipolar redistribution of
charge. Hence, the process of absorption of visible light is usually treated in the frame of
the dipolar approximation.

Calculation of the electric dipole matrix element yields transition probabilities depending
on the n, l and ml quantum numbers. Under the dipole approximation, the electric dipole
matrix elements vanish under some conditions determined by the parity of the involved
quantum numbers n, l and ml. Consequently, calculation of the electric dipole matrix
elements yields some constraints on the changes in quantum numbers that lead to allowed
transitions, known as selection rules. In the particular case of the dipole approximation:

∆l � �1 ∆ml � 0,�1 ∆ms � 0 (2.23)
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In this case no operators appear that can change the spin. Therefore, the spin angular
momentum must be conserved ∆ms � 0. This means that a dipolar electric �eld does
not couple with magnetic moments. Thus, it implies that, upon absorption of a photon
by an atom, which is mainly governed by the electric dipolar order of the electromagnetic
�eld, a change or �ip in electron spin is forbidden or, for real systems, very unlikely.

Figure 2.17: Jablonski diagramm of the

vibronic transitions in organic semicon-

ductors. The label subindices indicate ex-

cited states, with S0 as the ground state.

The vibronic states are grouped laterally by

spin multiplicity. 1) Absorption. 2) Fluo-

rescene/phosphorescence. 3) Internal con-

vertion and vibrational relaxation. 4) Non-

radiative relaxation. 5) Intersystem Cross-

ing. 6) Delayed Fluorescence (Intersystem

crossing).

Similarly to the presented case of the hydrogen-
like atom, a spin-�ip is also forbidden upon
photon absorption in chromophores of light el-
ements (C, S, H), as it the case for most
organic molecules. The hamiltonian under
consideration in this case is not that of
a single electron in an atom, but rather
the hamiltonian of an exciton. Both pos-
itive and negative polarons are follow the
Fermi statistics and have spin s � 1{2.
Within the exciton, their spins are coupled
via exchange interaction. Thus, the cou-
pling of the two fermionic spins yields four
exciton spin states, one singlet and three
triplets.

According to the previously introduced spin selec-
tion rules, radiative recombination as a decay mech-
anism is only e�cient (formally: electric dipole
spin-allowed) if it starts from the singlet excited
state. Thus, if triplet photogenerated excitons
could be obtained, these would present longer life-
times and, thus, longer di�usion lengths. Experi-
mentally, singlet excitons present reported lifetimes
in the range of 400 ps, corresponding to a di�usion
length of less than 10 nm. In contrast, triplet ex-
citons present much longer lifetimes, yielding e�ective di�usion lengths in the order of
100 nm. [67�71] When referring to materials or macromolecules, the highly e�cient radia-
tive recombination process that does not require spin �ip is known as �uorescence, whilst
phosphorescence accounts for the radiative decay from the triplet excited state to the
singlet ground state. This decay mechanism requires a spin �ip and is, therefore, much
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less e�cient, yielding excited states, like excitons, of much longer lifetimes. Other inter-
nal exciton conversion processes are of importance, such as delayed �uorescence. Delayed
�uorescence corresponds to singlet excitons that decay on signi�cantly longer timescales
compared to prompt �uorescence, since they can elongate their average lifetime through
the facilitated access to the triplet spin manifold, allowing back-and-forth conversions.
These and other internal exciton processes are summarized in �gure 2.17.

So far we have referred to electrons experiencing central nuclear potentials. In order to
approach the real atomic or molecular energetic landscapes, in which the spin selection
rules can be violated, we need to take into account several corrections that are applied
to the system Hamiltonian and their mathematical and quantum-mechanical implemen-
tation. This is of special interest in the case of multielectronic atoms or, as it is our case,
positive-negative polaron pairs in organic molecules. In multielectronic atoms, the actual
Hamiltonian of the system reads:

H0 �
Ņ
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whereby me � 9.1093826 · 10�31 kg indicates the electron mass and ~ is the reduced
Planck constant ~ � h{2π � 1.054571800 · 10�31 Js{rad. The Hamiltonian features a nuclear
potential based on two components. The �rst term of the potential
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depicts

the summed interaction between the electrons and the charged nuclei, whereas the second°
i j

e2

rif
indicates the electric interaction between electrons. Except for some special cases,

the existence of the second term implies the non-centrality of the potential. Nevertheless,
the real Hamiltonian 2.24 is in most of the cases not analytically solvable, and it is
approximated. Indeed, a common approach is the central �eld approximation. We consider
an e�ective potential:

Veff prq � �Ze
2

r
� Fprq (2.25)

that includes the interaction with the nuclei and an e�ective function Fprq, which accounts
for the radial part of the interaction between electrons. Thus, the Hamiltonian of each
electron within the system reads:

Heff � � ~2

2me

∇2 � Veff prq (2.26)

And the Hamiltonian of the system is composed of the sum of each individual electronic
Hamiltonian:
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HIEApx1, ..., xnq �
Ņ

i�1

Heff pxiq (2.27)

This is known as the independent electron approximation (IEA), and the di�erence be-
tween HIEA and the real Hamiltonian H0 is given by:

Hre � H0 �HIEA �
Ņ

i�1

�
�Ze

2

ri



�
¸
i j

e2

rif
�

Ņ

i�1

Veff priq (2.28)

Hre is the main correction to the central �eld approximation (electrostatic correction).
The correction for spin-orbit interaction is also one the most important ones, and the
formalism used for describing its contribution to the system Hamiltonian depends on the
relative magnitudes of Hre and HS�O. The spin-orbit term of the Hamiltonian reads:

HS�O �
Ņ

i�1

ξpriqli · si ξpriq � ~2

2m2
ec

2

1

r

dV

dr
(2.29)

where c is the speed of light in vacuum c � 2.99792458 · 108 m{s. In light atoms or
molecules, Hre ¡¡ HS�O, i.e. the spin-orbit coupling, is a weak e�ect. Therefore, the
system is described by the Schrödinger equation in the electrostaic approximation, with
Hamiltonian HES � HIEA � Hre. In this case, since the Hamiltonian does not contain

spin-orbit terms, it commutes separately with ~L2 �
�°

i
~li

	2

and ~S2 � p°i ~siq2, indi-
cating that the total spin module ~S (singlet or triplet in the case of our polaron pair)
is a constant of motion in the absence of external torque, magnetic �elds, or multipolar
transitions, i.e. stays unchanged. Afterwards, the contribution to the Hamiltonian of the
spin-orbit interaction HS�O is applied as a perturbation in the basis of the eigenstates of
HES. This approach is known as L-S coupling or Russell-Saunders approximation.

In heavy atoms the spin orbit interaction is much more important than the electrostatic
correction (HS�O ¡¡ Hre). Hence, the independent particle model Hamiltonian ĤIEA is
constructed as the sum of the individual Hamiltonians, each of which include the contri-
bution of the spin-orbit interaction between each electron's orbital and spin momenta:

ĤIEA �
Ņ

i�1

Heff�lspxiq (2.30)

Heff�lspxiq � � ~2

2me

∇2
i � Veff priq � ξpriq~li · ~si (2.31)
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In this case, the Hamiltonian depends explicitly on the product ~l ·~s. Therefore, ~L2 and ~S2

do not commute with the Hamiltonian. The individual orbital and spin angular momenta
are �rst coupled together, yielding an electronic total angular momentum p~ji � ~li � ~siq,
afterwards combining in ~J � °i

~ji. The resulting scheme displays a total angular momen-
tum ~J , and ~J2 does commute with the Hamiltonian. In this scenario the once degenerated
energy levels split according to their J value, each of them degenerated in MJ . Thus, the
transition between electronic states with equal MJ (but not necesarily equal spin) can
happen without energy cost. This is known as j-j coupling.

In other words, in heavy atoms the wave function spinors and spheric harmonics are mixed
together due to the strong interaction between orbital and spin magnetic momenta. In this
case, the distinction between triplet and singlet is signi�cantly blurred. As an example,
the energetic contribution of the L-S interaction to the Hamiltonian in monoelectronic
atoms reads:

ES�O � Z4α2

2a3
0n

3

�
jpj � 1q � lpl � 1q � sps� 1q

2lpl � 1{2qpl � 1q



(2.32)

where a0 � ~{mecα �� 5.2917721067 · 10�11 m is the Bohr Radius and α the �ne struc-
ture constant α�1 � 137.035999139. It can be seen how the strength of the interaction
grows with Z4, but only with n3. Thus, as discussed before, the spin-orbit interaction is
signi�cantly larger for atoms that are located further down a speci�c column of the peri-
odic table. Generally, pure L-S or pure j-j couplings are uncommon. Most atoms present
intermediate couplings as combination of both schemes. Carbon (Z=6) is well described
by L-S. Lead is well described by j-j (Z=82). The splitting of the 1P and 3P terms for
the carbon group is depicted in �gure 2.18 and shows the transition between coupling
regimes. Te (Z=52), the heteroatom responsible for the spin-orbit coupling-enhancing
molecule tested in this thesis, is expected to present a decently relaxed spin selection rule,
thereby substantially enabling ISC.

2.3.2 Magnetic �eld-assisted intersystem crossing

According to the quantum mechanical model presented above, in absence of spin-orbit
coupling, ISC is forbidden. It is worth noting that this is an approximation. For real
systems based on light atoms, ISC is just an ine�cient mechanism, yet the transition
probability is not exactly zero. The reason is that the spin-orbit interaction is not zero
and, moreover, other weaker contributions, like dipolar interactions, spin-spin coupling
or hyper�ne coupling, have been neglected in the presented mathematical treatment. In
the following we discuss the in�uence of external magnetic �elds that couple to polaronic
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Figure 2.18: Con�guration of the 1P and 3P terms for the carbon group. Extracted from r72s

spins and can favor ISC. Essentially, the argument is that signi�cant inhomogeneities in
magnetic �ux density over the extent of an exciton can make the two polarons precess at
di�erent Larmor frequencies, thereby inducing a singlet-to-triplet spin rephasing.

The evolution of a single spin under an homogeneous external magnetic �eld ~B is described
by the Schrödigner equation:

i~
Bψ
Bt � �gµB

~
~B · ~Sψ (2.33)

where ~S is the electron spin ~S � ~
2
~σ and ~σ the Pauli matrix. The solution to equation

2.33 is ψptq � Uptqψ0, where Uptq is a rotation operator:

Uptq �
�
cospωLt{2q � ibzsinpωLt{2q pibx � byqsinpωLt{2q

pibx � byqsinpωLt{2q cospωLt{2q � ibzsinpωLt{2q

�

ψptq describes a rotation of the electronic spin within the Bloch sphere about the direc-
tion of ~B with the Larmor frequency ωL � gµB | ~B|

~ , and being bi � ~B · î{| ~B| the projection
of the magnetic �eld along each corresponding Cartesian direction. If now a pair of
spins subjected to di�erent magnetic �elds is considered, the Hamiltonian reads (omit-
ting higher-order contributions, such as spin-spin coupling ~s1 · ~s2):

Hmag � �µBg
~

�
~B1 · ~s1 � ~B2 · ~s2

	
(2.35)

which can be rewritten as:
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Hmag � �µBg
2~

��
~B1 � ~B2

	
· p~s1 � ~s2q �

�
~B1 � ~B2

	
· p~s1 � ~s2q

�
(2.36)

Similarly to the case in the previous section 2.3.1 of strong spin-orbit coupling (j-j cou-
pling), now coupled �eld-spin scalar products appear in the Hamiltonian. Therefore,
~S � ~s1 � ~s2 is not a motion constant. Regarding the probability of transition between
singlet (S) and triplet (T), the interest lies on the second addend on the right side of
equation 2.36

�
~B1 � ~B2

	
p~s1 � ~s2q. The reason is that the second addend has an antisym-

metric contribution to the transition probability integral xT |Hmag|Sy. Combined with the
fact that T is spin-symmetric and S spin-antisymmetric, it follows that only the antisym-
metric part of Hmag yields a non-zero contribution once integrated over the whole space
(symmetric range).

The solution to the corresponding Schrödinger equation for two spins yields as well a rotat-
ing solution for each spin. Thus, the two-spin time evolution operator UTot is constructed
as the direct product of each of the rotation operators:

UTot � U1 b U2 (2.37)

We start with an initial singlet spin con�guration |ψ0y � 1{?2p|Öy�|×yq and construct the
initial density matrix ρ0 � |ψ0y xψ0|. Thus, we can calculate the time-dependent density
matrix for the two-spin system:

ρptq � UTotρ0U
:
Tot (2.38)

With this we are able to calculate the probability for the two-spin system to be in a
singlet state as a function of time PSptq � TrrQSρptqs, where QS is the singlet projection
operator QS � 1{4 � ~σ1 · ~σ2{4. The resulting time-dependent singlet probability reads:

PSptq �
�
cospωL1t{2qcospωL2t{2q �

~B1 · ~B2

| ~B1|| ~B2|
sinpωL1t{2qsinpωL2t{2q

�2

(2.39)

It can be seen from equation 2.39 that when ~B1 � ~B2, PSptq � 1 for all times, indicating
that an homogeneous magnetic �eld cannot induce spin rephasing and, consequently, ISC.
In order for ISC to happen, the two spins need to accumulate a phase shift of 180 °. This
happens in a time τISC � π{∆ωL. Using a semiclassical approach and taking into account
that within an exciton the Landé g-factors of the positive and negative polarons di�er,
an ISC transition rate can be obtained: [73]

τ�1
ISC �

µB
π~

pB∆g � g∆Bq (2.40)
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being g the Landé g-factor , and µB � 9.274009994 · 10�24 J{T the Bohr magneton. This es-
timation of τISC is accurate under the consideration that other magnetic coupling e�ects,
like exchange interactions between polarons, spin-orbit coupling, or dipolar interactions,
can be ignored. A treatment in full detail is provided in references r74s and r75s.

Thus, in order to improve the ISC rate τ�1
ISC it is important to implement a �eld gradi-

ent between the two components of the exciton, as opposed to coupling to an external
constant �eld. In an exciton, the average rephasing rate τ�1

ISC , displayed in equation 2.40,
shows two main sources of phase shift. One of the sources scales with the di�erence in
magnetic �ux density for the two polarons ∆B, and the other comes from the intrinsic
di�erence in Landé factors for positive and negative polarons ∆g, and scales linearly with
the �eld intensity. In organic molecules, ∆g typically amounts to � 10�3. [76] More specif-
ically, positive and negative polarons present g-factors of 2.0017 and 1.9996 in P3HT and
PCBM, respectively, according to light-induced and transient paramagnetic resonance
experiments. [77,78] Thus, taking a ∆g � 10�3 and a �ux density of 1 T, the obtained
rephasing time is 3 · 10�8 s. [73] Compared to the much shorter singlet exciton lifetimes in
the range of 400 ps, [79] it follows that the term ∆gB alone is insu�cient for signi�cantly
improving ISC in organic systems.

When looking for physical e�ects that can take advantage of the term g∆B of equation
2.40, the main e�ects that can carry out the described spin rephasing are the Zeeman
e�ect and the hyper�ne couplings. [80�84] The hyper�ne coupling is a weak e�ect and, in
absence of external �elds, it is the main responsible for the existing low rates of ISC,
mixing the four possible spin states together. [73] The hyper�ne interactions of the elec-
trons with the surrounding nuclei can translate into �ux densities of 0.1 to 3 mT, leading
to mean transition times of τISC � 10�6 � 10�8 s. [73,85] As in the previous case of the
∆gB term of equation 2.40, the resulting transition time due to hyper�ne interaction is
generally insu�cient compared to the short singlet exciton lifetimes. In contrast, strong
magnetic �eld gradients can be achieved with magnetic NPs. NPs cause strong �eld
inhomogeneities over nanometric distances due to their round shape and small size. In
particular, simple calculations show that the inhomogeneities in �ux density produced by
some magnetic nanostructures can surpass those created by hyper�ne �elds by up to two
orders of magnitude.

Thus, a rephasing of a singlet spin pair into a triplet can be induced if the local �eld
intensities (and, hence, the Larmor rotation frequencies) di�er for each of the polarons
forming the exciton. If the applied external �eld is deployed along the z-direction, the two
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2.4 X-ray scattering

spins will display a relative phase shift, inducing a S�T0 transition. Moreover, signi�cant
magnetic �eld components in the x- and y- directions can induce s1 spins turning into
s2 and vice-versa, thereby enabling the S � T�1 and S � T�1 transitions. In particular,
in systems like P3HT, triplet exciton energy lies below the singlet one (spin-spin, dipo-
lar, exchange interactions considered). [86] Thus, the energy level splitting induced by the
Zeeman e�ect caused by the �eld generated by the NPs shifts the T�1 upwards. Hereby,
the energetic overlap between the S and the T�1 increases and, with it, the likelihood of
S � T�1 transition upon magnetic �eld components in the x- and y- directions.

2.4 X-ray scattering

Previously, the importance of the morphology of polymer phases and of its characteri-
zation in organic electronic devices, and specially in OSCs, has been discussed. Most
imaging techniques allow morphology characterization only of the sample surface or o�er
only local information. Further characterization of the sample bulk often imply some
degree of destruction or irreversible manipulation of the samples under investigation.

X-ray scattering allows by-passing of such setbacks, since they o�er morphology infor-
mation averaged over large sample areas at the same time that they non-destructively
probe the whole sample volume. X-ray scattering techniques achieve Angs-trom resolu-
tions, only comparable to some highly complex microscopy techniques, such as scanning
tunneling microscopy (STM) or atomic force microscopy (AFM) in very special cases,
such as 2D materials, highly ordered monolayer arrays, under high vacuum and with
monoatomic-sharp measuring tips. Hereby, nevertheless, the problem of locality inherent
to microscopy techniques cannot be overcome.

In this section we discuss the fundamental physics of elastic x-ray scattering. The
presented techniques allow for characterization of structures ranging in size from few
Angstroms to hundreds of nanometers both in bulk samples as well as in thin �lms. First,
section 2.4.1 discusses fundamental aspects such as the de�nition of elastic scattering or
the formation of scattering contrast. Afterwards, sections 2.4.2 and 2.4.3 present and
discuss in detail the theoretical formalisms used for understanding the formation of scat-
tering/di�raction patterns in both small and large outbound q regimes. Subsequently, the
physical and mathematical treatment for scattering experiments suited for thin �lm in-
vestigation is presented. X-ray re�ectivity as a specular technique is introduced in section
2.4.4 and subsection 2.4.5 will discuss the adaptation of the di�use-scattering formalisms
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introduced in section 2.4.2 and 2.4.3 to thin �lm geometry.

2.4.1 Basic concepts

X-ray scattering techniques reveal physical material information such as morphology, crys-
talline structure, or even dynamic phenomena, like di�usion coe�cients or relaxation
timescales.

In the present thesis, we focus on elastic scattering, in which the kinetic energy is con-
served, i.e. in which the module of the scattering wave vectors ~kf and ~ki remains un-
changed. The incident photons propagate with a wave vector ki �

���~ki��� � ��� ~kf ��� � 2π
λ
, where

λ is the wavelength of the radiation. In its time-independent form, the electric �eld ~Ep~rq
associated to the propagating radiation can be expressed as a plane wave:

~Ep~rq � ~E0e
i~ki ·~r (2.41)

where ~E0 describes the amplitude and the polarization of the beam. The electric �eld
expressed as in equation 2.41 is the solution of the time-independent wave equation, which
mathematically can be expressed as a Helmholtz equation:

pO2 � k2n2p~rqq ~Ep~rq � 0 (2.42)

where np~rq is the refractive index of the medium in which the beam propagates. In
attenuating media, the refractive index can be described with a real and an imaginary
part, corresponding to the dispersion and absorption of the material, respectively. In the
range of energies of x-rays and extreme ultraviolet, the refractive index deviates slightly
from unity and has a real part smaller than one. Therefore, for x-rays, the complex
refractive index is generally de�ned as: [87]

np~rq � 1� δp~rq � iβp~rq (2.43)

where the dispersion and absorption parts are respectively given by:

δp~rq � λ2

2π
reρp~rq

Ņ

j�1

f 0
j � f

1

jpEq
Z

� λ2

2π
ρp~rq (2.44)

and:

βp~rq � λ2

2π
reρp~rq

Ņ

j�1

f
2

j pEq
Z

� λ

4π
µp~rq (2.45)
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being re=e2{p4πε0mc
2q the Lorentz radius, Z the total electron number, and f

1pEq and
f
2pEq the real and imaginary corrections to the atomic scattering length, respectively. [88]

ρp~rq indicates the electronic density distribution and µp~rq the mass absorption coe�cient
of the material under investigation.

In order for scattering to occur it is required that the beam experiences changes in the
optical density of the medium. More speci�cally, the quantity with which the scattered
intensity in an experiment scales is called scattering contrast and it is given by:

∆δ2 �∆β2 � pδ1 � δ2q2 � pβ1 � β2q2 (2.46)

whereby the subscripts 1 and 2 denote the two phases between which scattering occurs.

2.4.2 Small-angle x-ray scattering

Greater insight into the contents of this section is provided in references r88s and r89s.

In elastic scattering, incoming photons interact with strongly-bound electrons without
experiencing any energy transfer. The electrons coherently oscillate with the frequency
of the impinging radiation and the scattered intensity distribution is recorded on the
detector. The distribution of scattered intensity is studied as a function of the momentum
transfer ~q to which, for a particular experimental setup, a given spot on the detector
corresponds to. In SAXS experiments, the momentum transfer on the detector plane
measured from the direct beam qr �

a
q2
y � q2

z relates to the outgoing radiation angle via:

qr � 4π

λ
sinpψ{2q (2.47)

where ψ corresponds to the exit angle of the scattered radiation measured in relation to
the incoming radiation. In the regime of hard x-rays the fundamental magnitude that
summarizes the interaction between matter and radiation and describes the scattered
intensity distribution is the scattering cross section. It essentially describes the likelihood
of a scattering event for a given set of materials and radiation parameters, yielding as
well the angular distribution of scattered intensity. We assume our system to contain Np

domains, each of them containing Ni nuclei. We can de�ne the position of each atom in
the material ~rij with respect to the center of the domain it belongs ~rij � ~Ri� ~Xj, whereby
~Ri is the center of each domain. Thus, the cross section can be expressed as:

dΣ

dΩ
p~qq � 1

V

C�����
Np¸
i�1

exp
�
i~q · ~Ri

	 Ni̧

j�1

bijexp
�
i~q · ~Xj

	�����
2G

(2.48)
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where V is the scattering volume and bij the coherent scattering length of the j th atom
in the ith domain. The second summation over j on the right member of equation 2.48
represents the sum of the contributions of all Nj atoms in a domain i, and it allows us to
de�ne a property of each domain:

Fip~qq �
Ni̧

j�1

bijexp
�
i~q · ~Xj

	
(2.49)

Equation 2.49 is called the form factor of the domain. As we can see, this factor describes
each individual domain in the sample, since it is constructed from each of the Ni individual
atoms within one domain, the scattering length and the respective con�guration of the
atoms within the domain. In its integral form:

Fip~qq �
»
i

d~rpρip~rq � ρmqexp pi~q ·~rq (2.50)

where ρip~rq is the scattering length density (SLD) of the domain, ρm the SLD of the
medium, and the integral extends to the volume of the ith domain. ρip~rq � ρm corre-
sponds to the above-mentioned scattering contrast, in our case in which light absorption
is neglected. The form factor, thus, accounts for domain properties related to its shape,
size and composition, and its contribution to the scattering cross section scales with the
di�erence in SLD between the domain and its environment. If we now re-write the cross
section by inserting equation 2.49 in 2.48, we obtain:

dΣ

dΩ
p~qq � 1

V

C
Np¸
i�1

Np¸
i1�1

F �
i1 p~qqFip~qqexp

�
i~q · p ~Ri � ~Ri1q

	G
(2.51)

where now the summations cover all possible pairs of domains i and i1 within the sam-
ple. Hereby, F �

i1 p~qqFip~qq � F p~qq2, and the remaining contribution to the cross section in
equation 2.51:

Sp~qq � 1

Np

C
Np¸
i�1

Np¸
i1�1

exp
�
i~q · p ~Ri � ~Ri1q

	G
(2.52)

is a factor that accounts for the relative distances and arrangements between domains Ri

and Ri1 . This factor is known as the structure factor and it is the second main player in the
description of the formation of scattering patterns. Thus, the scattering cross section can
be expressed as a combination of the squared form factor F p~qq2, the density of scattering
domains Np{V and the structure factor Sp~qq:

dΣ

dΩ
p~qq � Np

V
F p~qq2Sp~qq (2.53)
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2.4.2.1 Polydispersity for characterization of organic systems

Organic systems, such as polymers, often correspond to systems in which scattering do-
mains as well as their arrangement are irregular. Theferore, the main parameters de-
scribing the system introduced above need to be treated as distributions with certain
deviations from their mean values. If we consider a system with irregularities or a distri-
bution of form factors, equation 2.51 is not evaluated according to the product F �

i1 p~qqFip~qq
but according to its expected value. Therefore:

dΣ

dΩ
p~qq � 1

V

C
Np¸
i�1

Np¸
i1�1

xF �
i1 p~qqFip~qqy exp

�
i~q · p ~Ri � ~Ri1q

	G
(2.54)

where the expected value xF �
i1 p~qqFip~qqy can be expressed as:

xF �
i1 p~qqFip~qqy �

�@|F p~qq|2D� |xF p~qqy|2� δii1 � |xF p~qqy|2 (2.55)

If now equation 2.55 is introduced in equation 2.54 we obtain an expression for the cross
section:

dΣ

dΩ
p~qq � Np

V

�@|F p~qq|2D� |xF p~qqy|2�� Np

V
|xF p~qqy|2 Sp~qq (2.56)

that di�ers from the equation 2.53 not only in the fact that the squared form factor is re-
placed by the square of its expected value, but moreover an additional term independent
of the structure factor appears, contributing to the cross section with increasing poly-
dispersity. Generally, organic systems do not grant the condition |xF p~qqy|2 � @|F p~qq|2D.
Thus, a new parameter βp~qq � |xF p~qqy|2 { @|F p~qq|2D is de�ned to tabulate the deviation
of the system from ideality. Hereby, we can re-write the cross section as:

dΣ

dΩ
p~qq � Np

V

@|F p~qq|2D r1� βp~qq � βp~qqSp~qqs � Np

V

@|F p~qq|2D r1� βp~qq pSp~qq � 1qs
(2.57)

whereby P p~qq � @|F p~qq|2D is the new form factor (decoupling approximation [90]) and
S 1p~qq � 1�βp~qq pSp~qq � 1q is an apparent interparticle structure factor. Thus, in the cross
section described for the polydisperse system the domain morphology-related term is not
the squared form factor, but its expected value, given the fact that in polydisperse sys-
tems F p~qq becomes a distribution. The factor βp~qq, initially de�ned for parametrizing the
deviation from ideality of the form factor, enters the structure factor of the polydisperse
system as a q-dependent term between 0 and 1 that dumps the oscillations of the "true"
structure factor. Note that the apparent structure factor S 1p~qq � 1 � βp~qq pSp~qq � 1q
becomes the regular Sp~qq of the monodisperse system in case βp~qq � 1, i.e. in case
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@|F p~qq|2D � |xF p~qqy|2. Finally, the cross section for polydisperse systems can be summa-
rized:

dΣ

dΩ
p~qq � Np

V
P p~qqS 1p~qq (2.58)

in analogy to the monodisperse example. In this case, the di�erences between
@|F p~qq|2D

and |xF p~qqy|2 arise from the variance of the distribution fp~rq and their calculations are
given by:

@|F p~qq|2D � »
V8

|F p~q, ~rq|2 fp~rqd~r (2.59)

|xF p~qqy|2 �
����
»
V8

F p~q, ~rqfp~rqd~r
����
2

(2.60)

whereby the integrals, extended to the whole space, equal in case fp~rq � 1, in accordance
to the Cauchy-Schwarz inequality.

The discussed general formalism holds for characterizing many scales of our sample. Small
and Wide-Angle X-ray Scattering (SAXS or WAXS) refer to the broadness range of this
exit angle. SAXS is used for studying the morphology of samples in the poorly ordered
mesoscale (few to few hundreds of nm), where domain sizes are broadly distributed and
the arrangement among them is usually described with paracrystalline lattices. In our
case, samples characterized with SAXS were �tted with the form factor of a spherical
domain with a Gaussian size distribution, meaning:

fp~rq � fpRq � 1

σ
?

2π
exp

�
�pR �Ravgq2

2σ2



(2.61)

being Ravg the mean domain size of the distribution. Given the highly unordered nature
of oligomeric and polymeric samples, data �tting was done in the limit of low domain
concentration, whereby the structure factor S 1p~qq � Sp~qq � 1 (Guinier limit).

2.4.3 Wide-angle x-ray scattering

The contents of this section are discussed in greater detail in references r91s and r92s.

WAXS, due to its experimental arrangement, enables study of samples in the sub-nanometer
scale, accessing the aggregated polymer regions, where the degree of molecular order is
generally higher and the scattering is dominated by the periodicity of the lattice. In these
regions, polymers are su�ciently ordered in their packing for featuring lattice distances
and crystalline grain sizes. Thus, the presented WAXS formalism applies to systems with
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translational symmetry forming a lattice. For such systems, only speci�c ~q vectors com-
plying with certain conditions of the lattice yield scattering peaks, being its amplitude
zero for all other values. The complete set of wave vectors that yield scattering is known
as the reciprocal lattice, which is the Fourier transformation of the direct (real-space)
crystal lattice.

Crystals in real space can be described using their translational symmetry. In the recipro-
cal space this is done by the primitive vectors of the reciprocal lattice, ~bi, ~bj and ~bk. With
this set of primitive vectors, we can move to any node of the reciprocal lattice by building
a vector ~G so that ~G � h~bi � k~bj � l ~bk, where h,k and l are the integer Miller indices. ~G
vectors are the reciprocal lattice vectors and their module is |~G| � 2πn{dhkl, being dhkl
the distance between scattering planes along the (h,k,l) direction.

Upon elastic scattering the direction of the wave vector of the incoming x-rays changes
and gives rise to a momentum transfer vector ~∆k � ~k1 � ~k. In order for constructive
interference to occur and, thus, to obtain a Bragg Peak, ~∆k must coincide with a recipro-
cal lattice vector ~G. This is generally referred to as Laue condition or di�raction condition.

In a crystal, the incoming and the scattered beams acquire upon scattering a certain
di�erence in optical path that may or may not give rise to constructive interference. We
can generally calculate the amplitude of the scattered wave F via:

F �
»
V

dV ρp~rqexp
�
ip~k � ~k1q ·~r

	
�
»
V

dV ρp~rqexp
�
i ~∆k ·~r

	
(2.62)

where the concentration of electrons ρp~rq � ° ~G ρ ~Gexp
�
i ~G ·~r

	
is a periodic function with

the periodicity of the lattice. By plugging ρp~rq into equation 2.62 the scattering amplitude
becomes:

F �
¸
~G

»
V

dV ρ ~Gexp
�
ip~G� ~∆kq ·~r

	
(2.63)

where the integral extends to the whole scattering volume. exp
�
ip~G� ~∆kq ·~r

	
is a phasor

that cancels the integral for ~∆k vectors signi�cantly di�erent from ~G. For ~∆k = ~G ñ
F � V ρ ~G, resembling the Laue condition. By taking equation 2.62 and setting ~∆k = ~G,
the amplitude of the scattered wave becomes:

F �
»
V

dV ρp~rqexp
�
�i ~∆k ·~r

	
� N

»
Vcell

dV ρp~rqexp
�
�i ~G ·~r

	
� NS ~G (2.64)

48



2 Theoretical background

where S ~G � ³
Vcell

dV ρp~rqexp
�
�i ~G ·~r

	
is called the structure factor and it depicts the

contribution to the scattering amplitude of one cell of the crystal.

Within the unit cell, the electronic distribution at each point ~r can be understood as the
sum of the contributions of each jth atom within the cell to ~r. Therefore, we can express
the electronic density as ρp~rq � °j njp~r� ~rjq. By introducing this into the expression for
structure factor we obtain:

S ~G �
¸
j

»
Vcell

dV njp~r � ~rjqexp
�
�i ~G ·~r

	

�
¸
j

exp
�
�i ~G · ~rj

	 »
Vcell

dV njp~r � ~rjqexp
�
�i ~G · p~r � ~rjq

	 (2.65)

The atomic form factor is de�ned as the Fourier transform of the electron density:

fj �
»
Vcell

dV njp~r � ~rjqexp
�
�i ~G · p~r � ~rjq

	
(2.66)

It describes the electron contributions of each atom in the unit cell to each of its inner
points. Therefore, the structure factor can be written:

S ~G �
¸
j

fjexp
�
�i ~G · ~rj

	
(2.67)

As it was the case in section 2.4.2, it can be seen how the form factor fj is a property
of the scattering object. In this case it is a combination of the atomic properties of the
scattering atoms within the unit cell. In contrast, in the structure factor the geometric
arrangement of the atoms within the cell plays as well a role in shaping the scattering
intensity distribution.

In general the Laue condition can be expressed as ~∆k � ~G ñ ~k � ~G � ~k1, whereby for
elastic scattering |~k| � |~k1|. By squaring each side of the equality, we obtain |~k|2 � |~G|2 �
2~k · ~G � |~k|2. With it we obtain another expression for the Laue condition with a simpler
geometric interpretation (depicted in �gure 2.19a):

2~k · ~G � |~G|2 (2.68)

This new form of the Laue condition can be re-written as ~k · p ~G{2q � | ~G{2|2, which means
that every wave vector ~k that goes from the origin pointing to any point of a bisecting
plane of any vector of the reciprocal lattice ~G satis�es the Laue condition. We can further
develop equation 2.68 by explicitly calculating the dot product:
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2.4 X-ray scattering

1

2
|~k||~G|cospφq � 1

4
|~G|2 ñ |~k|cospφq � 1

2
|~G| (2.69)

By recalling that |~G| � 2πn
dhkl

and |~k| � 2π
λ
, and by taking θ � 90°� φ we obtain:

2dhklsinpθq � nλ (2.70)

Equation 2.70 is known as Bragg's law, and it predicts the positions of the scattering
maxima for a particular crystalline family (h,k,l). As mentioned before, the di�erence
in the directions of the incoming and the scattered beams introduces a certain di�erence
in the optical path ∆λ between di�erent regions of the beam's wavefront. Bragg's law
establishes that when ∆λ is a multiple of the wavelength, constructive interference occurs.
A schematic depiction of Bragg's law is presented in �gure 2.19b. In the analysis of
scattering data, Bragg's law is used in its q-form (by introducing equation 2.47 in 2.70)
for reading out the lattice distances of the di�racting crystalline families.

dhkl � 2πn

q
(2.71)

Figure 2.19: a) Every wave vector going from the origin to any point of the bisecting plane of a vector of

the reciprocal lattice satis�es the di�raction condition (reciprocal space. See equation 2.69). b) Schematic

depiction of the Bragg's law (real space). The incoming beam scatters at a plane ph, k, lq with an angle θ.

The optical path di�erence between two regions of the beam ∆λ is highlighted in red. c) Construction of

the Ewald's Sphere (reciprocal space). Red momentum vectors satisfy the Laue condition.

The elastic nature of the scattering |~ki| � | ~kf | allows us to de�ne a sphere, called the
Ewald's sphere, within which every single possible pair of vectors |~ki| and | ~kf | of equal
module in the reciprocal lattice are inscribed (see �gure 2.19c). By taking their di�erence,
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which equals to the momentum transfer ~q � ~kf� ~ki � ~G, we de�ne the set of all accessible
momentum transfers with a given wavelength λ. All these vectors ~q have their start and
their end at some point of the sphere's surface. However, the Laue condition establishes
that only those ~q that coincide with a vector of the reciprocal lattice ~G will indeed
yield scattering (highlighted in orange in the example of �gure 2.19c). This allows us
to reformulate the di�raction condition by saying that "only the intersection between
the Ewald's sphere and the reciprocal lattice is resolvable for a given setup". Thus,
the ~q vectors satisfying the di�raction condition ~q � ~G will generate a Bragg peak, in
accordance with equations 2.71 and 2.67.

2.4.3.1 Finite crystallite size in polymer systems

In contrast to a theoretical in�nite crystal or to macroscopic monocrystalline materials, for
which the above-discussed formalism would determine at which ~q-position and with which
intensity would in�nitely sharp Bragg peaks appear, in organic materials, like polymers,
which are just semi-crystalline and feature crystallites of few nanometers size, Bragg peaks
present a certain broadness. This allows for estimation of the crystallite size L with aid
of the Scherrer equation:

Lhkl � Kλ

βθ,hklcosθhkl
(2.72)

where L is the mean size of ordered crystalline domain and K is the so-called shape factor

that accounts for the degree of spherical symmetry of the crystallites. θhkl is the Bragg
angle in radians for a given family ph, k, lq and βθ,hkl is the corresponding peak broadening
at half intensity (FWHM) after subtracting the instrumental broadening. In its q-form,
the Scherrer equation reads:

Lhkl � 2πK

βq,hkl
(2.73)

where β,hkl is the FWHM expressed in inverse distance. It is worth noting that the Scherrer
equation reveals a lower limit of Lhkl. More comprehensive treatment of di�raction in
amorphous systems and imperfect crystals can be found in the literature. [93]

2.4.4 Re�ectivity

As discussed in section 2.4.1, in the x-ray regime the real part of the refractive index for
all materials is smaller than one. Thus, taking into account that the refractive index of air
(or vacumm) is exactly one, it follows, according to Snell's law, that there is an angle of
incidence below which the beam will become totally re�ected, thereby enabling the total
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2.4 X-ray scattering

re�ection from air to a material, known as total external re�ection. This contrasts with
the total internal re�ection with visible light, in which the re�ection only occurs going
from a medium into vacuum or air. According to Snell's law:

cospαiq � nmatcospαtq (2.74)

being αi and αt the incident and transmitted angles with respect to the media interface,
respectively. nmat is the optical density of the probed material. For an incident angle
equal to the critical angle of the material an evanescent wave parallel to the surface of
the material is formed, ergo cospαt,critq � 1. Therefore:

cospαcq � nmat (2.75)

with αc as the critical angle of the material and nmat � 1� δ   1. By developing cospαcq
in Taylor series:

cospαcq � 1� α2
c

2
� ... � 1� δ (2.76)

It follows the approximation of the critical angle αc:

αc �
?

2δ (2.77)

The total external re�ection in x-rays is very important because it enables the study of
polymer thin �lms in re�ection con�guration. An important application of such a physical
property is the technique x-ray re�ectivity (XRR).

XRR is a specular scattering technique (αi � αf ) and the beam is always in the vertical
plane formed by the incident beam and the direction perpendicular to the sample surface
(ψ � 0). Thus, the q-vector of the recorded signal contains exclusively vertical component
(|~q| � qz), given by: [94]

qz � 4π

λ
sinpαiq (2.78)

Therefore, the information accessible with this technique corresponds to structures along
the vertical direction of the sample, i.e. perpendicular to the sample plane, such as �lm
thickness, roughness or vertical composition gradient.

The incident beam arrives at the interface between two phases, e.g. air and polymer
�lm. It becomes partially re�ected and partially transmitted. The amplitudes of the
transmitted and re�ected parts of the electromagnetic wave can be calculated via the
Fresnel coe�cients: [87]
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tF � 2sinpαiq
sinpαiq �

a
n2 � cospαiq2

(2.79)

rF � sinpαiq �
a
n2 � cospαiq2

sinpαiq �
a
n2 � cospαiq2

(2.80)

The re�ectivity is de�ned as RF �
��rF ��2 and can be expressed as: [87]

RF � pαi � p�q2 � p2
�

pαi � p�q2 � p2�
(2.81)

whereby:

p2
� �

1

2

�b
pα2

i � α2
cq2 � 4β2 � pα2

i � α2
cq



(2.82)

Modeling of �lms in XRR requires consideration of at least two interfaces, the air-�lm
and the �lm-substrate interface, which will according to their respective properties yield
an overall re�ectivity pattern, featuring so-called Kiessig fringes that allow for thickness
determination. [95] In practice, however, �lms peresent certain vertical composition inho-
mogeneities or gradients, and �ner description of polymer �lms requires modeling of a
stack of several layers with optical densities njpzq and thicknesses dj. Parrat developed
a recursive formalism featuring these calculations, in which each interface of the stack is
characterized by the ratio between re�ectivity and transmittivity as calculated for each
layer from the Fresnel coe�cients Xj � Rj{Tj: [96]

Xj � Rj

Tj
� exp p�2ikz,jzjq rj,j�1 �Xj�1 exp p2ikz,j�1zjq

1� rj,j�1Xj�1 exp p2ikz,j�1zjq (2.83)

whereby:

rj,j�1 � kz,j � kz,j�1

kz,j � kz,j�1

(2.84)

being kz,j � kpn2
j � cospαiq2q1{2 the z-component of the wave vector in the layer j. Fur-

ther approximation in the description to real systems includes taking into account the
roughness between two layers j and j � 1, parametrized as:

σrms �

gffe 1

Nσrms

Nσrms¸
i�1

∆z2
i (2.85)

The e�ect of the roughness of each interface is accounted in the model by adding a
correction in the calculation of the optical density of each layer, which ultimately results
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2.4 X-ray scattering

in a correction in the Fresnel re�ection coe�cient, and thus in the re�ectivity. This
correction function is known as the Névot-Croce factor, and it is described in the literature
in greater detail. [97]

2.4.5 Grazing-incidence x-ray scattering

In the previous sections we have introduced di�use scattering techniques that allow char-
acterization of bulk samples in transmission, as well as a specular technique suited for thin
�lms that allows sample study along the vertical direction (XRR, section 2.4.4). Other
techniques that o�er comprehensive thin �lm characterization present features of both of
the already presented types. [94,98,99] Amongst the most powerful, grazing-incidence x-ray
scattering (GIXS) techniques have proven to be best suited for thin �lms. They are dif-
fuse scattering techniques, like those presented in sections 2.4.2 and 2.4.3, that scatter on
thin �lm-samples by impinging with an x-ray beam under very shallow angles, taking ad-
vantage of the introduced total external re�ection phenomenon present in x-ray energies.
Moreover, small incident angles ensure large footprints on the sample, granting statistic
data averaged over large sample areas, as well as they provide high-intensity signals due
to large sample scattering volume despite nanometric �lm thicknesses. The theoretical
background for GIXS is analogous to that discussed in sections 2.4.2 and 2.4.3 in terms of
generation of a contrast, de�nition of a scattering cross section, as well as regarding the
di�erent treatments associated to semi-ordered scattering phases and highly crystalline
regions, or the extra considerations added for polydisperse or partially crystalline systems.
However, in contrast to the bulk samples studied in SAXS and WAXS (sections 2.4.2 and
2.4.3) the thin �lm fashion of GISAXS and GIWAXS samples will make the theoretical
formalisms to require of some elements of XRR (section 2.4.4), like the concepts of critical
angle of the Fresnel coe�cients.

In GIXS experiments, the isotropy and the spherical symmetry observed for SAXS and
WAXS is broken due to the presence of a preferential direction introduced by the plane of
the sample substrate. This symmetry breaker allows, in general, di�erentiated study of
patterns and features parallel and perpendicular to the plane of the sample substrate, as
well as it allows study of the orientation of sample elements with respect to it. In grazing-
incidence con�guration, the expression that establishes the relation between q-values and
the real-space exit angles reads:

~q � 2π

λ

�
�� cospψf qcospαf q � cospαiq

sinpψf qcospαf q
sinpαiq � sinpαf q

�
�
 (2.86)
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2.4.5.1 Grazing-incidence small-angle x-ray scattering (GISAXS)

As it was the case for SAXS (section 2.4.2), GISAXS is best suited for exploring thin
�lm structures in the mesoscale, especially lateral structures within thin-�lm samples.
These usually feature heterojunction demixing at the nanometer scale and up, material
clustering, �lm roughness, etc. Generally, the GISAXS setup implies large sample-to-
detector distances (SDD), which translates in small exit angles. This allows for small-
angle description of ~q. By approximating the sine and cosine functions in equation 2.86
to their Taylor development to �rst order, it becomes:

~q � 2π

λ

�
�� 0

ψf

αi � αf

�
�
 (2.87)

This approximation allows for establishment of a bijective dependence between real-space
and q-directions, being qy and qz clearly separately identi�able as the horizontal and
vertical directions on the detector. Hereby, in GISAXS experiments, the qx component,
perpendicular tot he detector plane, is always negligible [98,100]

One major di�erence in the conformation of the scattering data introduced by the presence
of the substrate is the variety of types of scattering events. Indeed, in grazing-incidence
con�guration, four di�erent types of scattering events are accounted (see �gure 2.20b): (1)
x-ray scattering on the bulk sample material, (2) re�ection on the sample substrate prior
to scattering, (3) scattering followed by re�ection on the substrate, and (4) a combination
of the two last points featuring a re�ection on the sample substrate, followed by scatter-
ing and followed by another substrate re�ection. Mathematically, this is modeled in the
frame of the distoted-wave Bron approximation (DWBA), where the incoming radiation is
a superposition of direct and re�ected waves and the outgoing radiation is a combination
of directly scattered and re�ected waves, giving rise to the introduced four terms. DWBA
is a �rst-order perturbation theory that takes a perfectly �at layer as the unperturbed
system, and the roughnesses between layers are added as the corresponding perturba-
tion. Simulation of GISAXS patterns in the frame of the DWBA is resource-demanding.
Therefore in this thesis, a further approximation is used. It is called the E�ective Inter-

face Approximation (EIA) [98,100] and it consists of disregarding vertical correlations in the
�lm. Hereby, lateral GISAXS cuts are �tted considering only the �lm lateral structure.
Within the DWBA, the scattering cross-section can be approximated as:

dΣ

dΩ
p~qq � Aπ2

λ4
p1� n2q|tFi |2|tFf |2Pdiff p~qq (2.88)

being A the illuminated sample area, |tFi | and |tFf | the Fresnel transmission coe�cients
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Figure 2.20: a) Schematic depiction of the GISAXS and the GIWAXS setups. The di�erence in SDD

allows for access of di�erent length scales. The incoming beam impinges under a shallow angle αi. The

scattered beam subtends from the detector an horizontal angle ψf and a vertical angle αi. b) Exemplary

depiction of the four types of scattering events accounted in the DWBA.

for the incoming and the scattered beam, respectively, and Pdiff p~qq the di�use scattering
factor. [100] Both |tFi | and |tFf | reach a maximum at the critical angle of the probed material,
hence giving rise to a material-sensitive intensity maximum, which is known as Yoneda
Peak. [101] Since the Fresnel coe�cients top at the Yoneda position, GISAXS lateral cuts
are usually performed there, given that at this position the scattering between domains
in heteromixtures is dramatically enhanced.

The di�use scattering factor Pdiff p~qq is, as seen for regular SAXS (see section 2.4.2) a
combination of a form factor, parametrizing the scattering centers, with an assumed ho-
mogeneous electronic density, and a structure factor that describes their arrangement
(Pdiff p~qq 9F p~qq2Sp~qq). However, as in section 2.4.2, the polydisperse nature of polymer
systems turns Pdiff p~qq into a combination of size distributions. There exists several ap-
proaches to account for the cross-coupling between di�erent structures. One of the classic
treatments is the decoupling approximation [90], where all domains scatter with all others
regardless of the size. This approach shows good behavior for spherical systems with
low polydispersity. However, the model presents also breakdowns. [89] Another common
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approach is the Local Monodisperse Approximation (LMA). The LMA assumes regions in
which domains of the same size are spatially grouped together. Hereby, only scattering
from domains of the same size is allowed, and coupling between di�erent structures is
disregarded. [102] In this work, multiple form factors and their corresponding structure fac-
tors based in the LMA are assumed. Owing to the e�ect of polydispersity, the form and
structure factors are assumed to be Gaussian-distributed and to span over and beyond
several tens of nanometers. Hereby, the scattering intensity is modeled as the incoherent
superposition of the local monodisperse domains:

Pdiff p~qq9
¸
k

NkPkp~qqS 1kp~qq (2.89)

whereby Pkp~qq �
@|Fkp~qq|2D as it was the case for SAXS. Details on the nature of @|F p~qq|2D

and S 1p~qq are discussed in detail in section 2.4.2.

In the present work, domain modeling of GISAXS data is performed with standing
cylinder-shaped form factors: [102,103]

Fcylp~q, R,Hq � 2πR2H
J1pqrRq
qrR

sin

�
qz
H

2



exp

�
iqz
H

2



(2.90)

where R and H are the radii and heights of the cylinders, respectively, and J1pqrRq is the
�rst kind Bessel function of �rst order. Neverhteless, within the EIA, in which the vertical
structure of the scattering domains is neglected, the expression for a cylinder-shaped form
factor breaks down to :

|Fcylpqy, Rq|2qz�0 �
�
R
J1pqyRq
qy



(2.91)

Regarding the arrangement of the cylindrical form factors, the description in polymer
�lms often consists of a one-dimensional paracrystalline lattice (1DDL), i.e. a semi-
ordered structure with in-plane isotropy featuring a Gaussian distribution of inter-domain
distances with average value d and standard deviation σ: [102�104]

Spqy, dq|qz�0 � 1� exp ppπpσdqyq2q2q
1� exp ppπpσdqyq2q2q � 2exp ppπpσdqyq2qq cospqydq (2.92)

Hereby, the standard deviation σ induces Spqyq|qz�0 to lose de�nition with increasing qy,
thereby decreasing dramatically the long-range order of the domain arrangement. This is
a characteristic feature of paracrystals.

A very comprehensive review on the theoretical background as well as the technical and
analytical details of GISAXS is provided in r102s.
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2.4.5.2 Grazing-incidence wide-angle x-ray scattering (GIWAXS)

In the wide angle regime, the small-angle approximation is no longer valid, and we recover
the expression for ~q given in 2.86. In this case, it can be seen how the di�erent angles
of the outgoing radiation are no longer decoupled from each other along the di�erent
~q-directions. Basically, for the large q-values aimed to be observed in GIWAXS, the cur-
vature of the Ewald's sphere with respect to the �at ph, k, lq crystalline planes cannot be
neglected, which is precisely the assumption made in the small-angle approximation that
leads to the GISAXS description of ~q (equation 2.87).

A schematic 2D example is shown in �gure 2.21a. As discussed in section 2.4.3, the
Ewald's sphere is formed with center at the ~q-position of the scattering event, and only
those vertices of the reciprocal lattice cut by the surface of the Ewald's sphere can con-
tribute to the obtained scattering intensity, highlighted in green in �gure 2.21a. As it
is shown in the example of the wave vector ~q, displayed in red, all momentum transfer
vectors that accomplish both conditions for observable scattering, i.e. 1) having its start
and its end on the surface of the Ewald's sphere, which means being resolvable for a
given wavelength, and 2) having its start and its end on two green vertices, which means
satisfying the Laue condition ~q � ~G, have at least two non-zero components within its
overall ~q. The red ~q vector in �gure 2.21a shows that even for its most vertical position
it has a non-negligible qx component. If we now resemble all possible orientations of this
q-value, which means rotating the vector ~q about the ~ki axis (which gives the dotted circle
highlighted in green), we obtain for each orientation a vector with a certain balance of qy
and qz components, for none of which qx is zero or negligible.

After the scattering event, the scattered x-rays hit onto a �at detector perpendicular to
~ki, what allows us to distinguish between the qy and qz directions, but both with a certain
qx contribution in them. Therefore, the GIWAXS image obtained on the detector is not
directly a ~q map, since it contains a distortion originated by the con�ict between the
spherical and �at hypersurfaces of the Ewald's sphere and the �at crystalline planes. For
displaying a ~q map, only one of the three q-directions can be decoupled from the other
two, and usually it is qz the one that is shown independently in qz vs. qr maps, where
qr �

a
q2
x � q2

y. The situation is equivalent to that of projecting maps of the earth on �at
canvaes. Further details on the nature of this so-called χ-correction can be found in the
literature. [32,105]

An exemplary GIWAXS ~q map after the reshaping is shown in �gure 2.21b, in which the
impossibility of observing ~q vectors with less than a certain qx-component induces the
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Figure 2.21: a) Example of a scattering event.

The incoming x-ray scatters at one vertex of

the reciprocal lattice, giving rise to the Ewald's

Sphere. The momentum transfer ~q � ~G, in red,

satis�es the Laue condition and gets projected

onto the detector. b) Exemplary ~q map of a GI-

WAXS measurement. The χ-correction enables

qz vs. qr representation and causes the appear-

ance of the central missing wedge.

appearance of the central black missing
wedge. Comparing �gures 2.21a and 2.19, it
can be geometrically seen that the minimum
observable polar angle is again the Bragg's an-
gle θhkl, which is given by:

θhkl � arctan

�
qza

qxpqzq2 � qypqzq2

�

� arctan

�
qz

qrpqzq

 (2.93)

where the particular dependence of qrpqzq is
determined by the speci�c geometry of the
reciprocal lattice and of the Ewald's sphere.
On the other hand, decoupling qz from the
other two momentum transfer directions en-
ables something very important, which is the
di�erentiation of scattering vectors according
to their orientation with respect to the sam-
ple substrate, the system's symmetry breaker.
The example of �gure 2.21b shows the GI-
WAXS pattern of a P3HT:PCBM BHJ. On
the one hand, a ring-shaped feature at a q-
radius of about 15 nm�1 can be seen, corre-
sponding to PCBM and representing aggre-
gation with a certain degree of crystalline or-
der, but with no preferred orientation with re-
spect to the substrate. On the other hand, we
can see at the two sides of the missing wedge
several footprints of vertically-oriented Bragg

peaks, corresponding to crystalline P3HT. Study of the crystallite orientation with re-
spect to the substrate is very important in polymer science and, especially, in organic
electronics, provided that the electrical conductivity in organic crystals is usually highly
anisotropic. This way, for some applications, such as for organic �eld-e�ect transistors
(OFETs), a high degree of horizontal conductivity along the sample plane is desired, in
contrast to, for example, some types of OSCs. Further discussion on the study of crystal-
lite orientation is provided in section 3.1.4.
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Besides of the above-discussed χ-correction, extraction of reliable intensity distributions
and comparison of absolute intensities require other corrections, some of them again re-
lated to the geometry of the experiment setup. The most important of the additional
corrections feature the e�ciency corrections (photons scattered to detector pixels away
from the direct beam experience a longer air path and, consequently, more air absorp-
tion, yielding lower intensities), the solid angle correction (the solid angle subtended by
detector pixels located at the edge is smaller compared to pixels closer to the spot of
the direct beam) and the polarization correction (the strongly polarized synchrotron light
favors scattering with a certain crystallite orientation to detriment of the rest). These
and further corrections are discussed in the literature in greater detail. [106,107]
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Chapter 3

Characterization methods

One main focus of this work is the attainment of a deeper understanding of the link
between morphology and performance of solar devices. To achieve this goal, informa-
tion from both sides, structural and electronic, is necessary in order to achieve a broader
overview and, with it, a more comprehensive understanding.

The following chapter introduces the characterization methods employed for conducting
the research presented in the present thesis from a technical point of view. The description
of the methods is divided in two main groups: spectroscopic/optoelectronic and struc-
tural methods. The spectroscopic methods feature the characterization of absorption and
emission properties of the investigated materials as well as the behavior of complete solar
devices. The structural methods feature microscopy and scattering techniques suitable for
the characterization of both bulk and thin �lm samples. Recent innovations in the sam-
ple characterization associated with in-situ sample and device tracking using scattering
methods are discussed as well.

3.1 Structural characterization methods

The morphological arrangement of thin �lms composing organic electronic devices deter-
mines their behavior and properties to a great extend. In the following, we introduce
the characterization methods that have helped to picture both the surface and the inner
morphology of the studied systems, as well as the e�ect of the conditions they were ex-
posed to. They feature real space (SEM) as well as reciprocal space (XRR, SAXS/WAXS,
GIXS) techniques.
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3.1.1 Scanning electron microscopy

Scanning electron microscopy (SEM) is indicated for measuring the surface of solid-state
samples with sub-nanometer resolution. This improved resolution compared to classical
optical microscopy stems from the wave-particle duality �rst introduced by De Broglie
in the beginning of the 20th century. In microscopy, the resolution is limited by the
wavelength of the beam impinging on the sample. According to the particle-wave duality,
electrons present for the same energy much shorter wavelengths than photons, thereby
providing a much lower limit for the spatial resolution. Moreover, the resolution can be
further tuned with the electron accelerating voltage. The wavelength of the electrons can
be expressed through the De Broglie relativistic wavelength as:

λe � h

mev
� hcapV eq2 � 2mec2V e

(3.1)

where V is the accelerating voltage.

An SEM is basically composed of an electron source, a set of electromagnetic lenses and
an electron detector. The electron beam is focused on the sample surface, which emits
secondary electrons detected by the detector. The number of electrons detected depends
on the changes across the sample surface, thereby enabling the reconstruction of the sur-
face topography.

According to the wave-particle duality, the theoretical spatial resolution of an electron mi-
croscope is unlimited, whereby practically resolutions are limited to the Angstrom scale.
Limitations in resolution appear due to technical constraints related to the lens systems.

SEM measurements shown in this thesis were carried out on an NVision40 �eld emission
SEM from CarlZeiss AG, located at the Zentrum für Nanotechnologie und Nanomateri-

alien of the Technical University of Munich.

3.1.2 X-ray re�ectivity

XRR is a scattering technique used to investigate the vertical structure and composition
of thin �lm samples in re�ection geometry. In an XRR experiment, the incoming x-ray
beam impinges onto the sample under an incident angle that always equals the measuring
exit angle (αi � αf ). The setup is schematically depicted in �gure 3.1a. Hence, XRR is
a specular scattering method. Once the incident angle is above the critical angle of the
sample material, the x-ray beam starts penetrating the �lm. There, the x-ray radiation
experiences multiple re�ections and refractions at di�erent heights inside the �lm sample,
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giving rise to an overall re�ectivity pattern.

The internal vertical structure of the probed �lms can be modeled as a stack of layers,
each of them with its characteristic dispersion δpλq and absorption indices βpλq, and,
therefore, its characteristic complex refractive index and critical angle αcpλq. This de-
�nes di�erent Fresnel re�ection and transmission coe�cients (rF and tF ) at the interfaces
between these stacked layers, according to which (and to the di�erently transmitted and
re�ected intensities at each interface) an overall re�ectivity pro�le arises. The resulting
re�ectivity function depends on all features along the z-direction (vertical, perpendicular
to the sample surface) such as layer thickness, vertical composition gradients, enrichment
layers, roughness, etc.. Discussion on the theoretical aspects of XRR is provided in section
2.4.4.

Figure 3.1: a) Schematic setup of scattering in re�ection geometry with incident and scattered beams ~ki

and ~kf . Both beams lie throughout the whole scattering event within the XZ plane. In the case of specular

scattering, like in XRR, αi � αf . b) Exemplary XRR curve of a PBST3HT �lm on a Si substrate,

showing the critical angles for PBST3HT and Si, as well as the Kiessig fringes, which allow for �lm

thickness determination.

XRR measurements are carried out at RT at a Bruker D8 ADVANCE di�ractometer.
In order to measure the specularly re�ected intensity, measurements are performed in a
coupled θ�2θ con�guration, where the sample remains on an horizontal holder, whilst
both the x-ray source and the detector move along a circumference (with the center at
the sample) keeping the same angle with the plane de�ned by the sample (αi=αf ). The
x-ray beam is generated at a copper cathode (Cu-Kα line, λ � 0.1541 nm). The beam is
monochromized and focused with the help of a Goebel mirror and further shaped with
slits placed before the sample. The sample lies right under a knife edge that avoids
over-illumination at shallow angles due to large footprint sizes and thereby protects the
detector from saturation. Organic samples for XRR characterization are fabricated on
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precleaned silicon substrates.

XRR data are �tted with the software packageMotofit for IGOR Pro (byWavemetrics

Inc.). [97] Samples are modeled as multilayers and their thicknesses, SLDs and roughnesses
are �tted. The combination of the resulting SLDs for each sublayer resembles the sample
SLD pro�le, and the Kiessig fringes (see �gure 3.1b) present in the XRR measurement
provide information on the total �lm thickness, given by:

d � 2π

∆qz
(3.2)

3.1.3 Small/wide-angle x-ray scattering

Further comprehensive description of polymer systems requires as well characterization
of lateral structures. Information only about the vertical direction is not enough for pro-
viding comprehensive insight into the sample's morphology. In contrast to XRR, where
only the specular scattering along the vertical direction with respect to the sample surface
can be probed, other x-ray scattering methods additionally provide access to the lateral
information of bulk samples.

SAXS/WAXS methods are non-destructive and indicated for the characterization of bulk
samples. They provide lateral-structure information of samples in the meso- and nanoscale
with good sample statistics. With adjustment of the measuring parameters, such as the
SDD, we can access real-space data of domains and crystalline structures with sizes rang-
ing from several nanometers all the way down to the upper Angstrom threshold. SAXS
and WAXS are also elastic scattering techniques. However, in contrast to XRR, SAXS
and WAXS measurements are performed in transmission (i.e. the beam impinges perpen-
dicularly onto a thick �lm of several µm and is elastically scattered in the �lm volume).
In this con�guration there is no re�ected beam and, thus, no specular scattering. The
scattered intensity forms usually symmetric ring-shaped maxima (in absence of preferred
orientation within the sample) that are azimuthally integrated, yielding lateral cuts that
provide information on the relevant length scales and can be interpreted with appropriate
models (discussion in greater detail is provided in section 2.4.2).

In the analysis of the obtained SAXS radial cuts, the curves are usually described with
models that account for the shapes, sizes and arrangement of the scattering objects
present. These models usually consist of the convolution of two real-space terms: one
is called the form factor, which accounts for the shape and the size of the scattering
objects as well as for its size distribution. The second is called structure factor and de-
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scribes the arrangement (distances between neighbors, lattice type) in space between the
scattering objects. The model is further re�ned with scaling parameters related to the
concentration of scattering domains or the contrast between scattering phases. A more
detailed discussion on the nature of the modelling as well as of the nature of scattering
pattern formation is given in section 2.4.2. This allows us to model the data and to ex-
tract the relevant system information. In this work, SAXS modeling consists of spherical
scattering objects (see section 2.4 for further details).

WAXS probes wide exit angles, which translates into shorter SDDs. The technique can
access data regarding crystalline structures, lattice distances and crystallite grain sizes,
thus covering a size range from a few nanometers to the Angstrom regime. WAXS data
usually present Bragg peaks that can be �tted with mathematical (Gaussian, Lorentzian,
etc.) distributions, whose properties (center, full-width-at-half-maximum or relative cen-
ter positions between higher orders) allow for the extraction of crystallite parameters such
as lattice distances, grain sizes and crystalline structures (see section 2.4 for further de-
tails).

Figure 3.2: Lab-scale Ganesha 300XL SAXS-WAXS instrument (SAXSLAB).

In the present thesis, all SAXS and WAXS measurements are performed at a Gane-
sha 300XL SAXS-WAXS system (SAXSLAB ApS, Copenhagen, Denmark; shown in �g-
ure 3.2). The whole system (x-ray source, sample stage, detector) is kept in vacumm
(10�3 mbar) to avoid air scattering. The x-ray source consists of a Cu anode (λKα � 1.542

Å) operated at 50 kV accelerating voltage and a current of 0.6 mA. The bulk samples are
sandwiched between two mica windows, sealed in a Linkam holder (shown in �gure 3.3)
and put into the Linkam stage. The stage o�ers full sample temperature control (via a
temperature-controlled air �ow) ranging from approximately -20 °C to 150 °C, if assisted
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by active liquid N2 cooling.

Figure 3.3: Open Linkam holder for SAXS and WAXS characterization. Thick �lms are fabricated

between two mica windows and laterally contained by the rubber ring. Afterwards, the sample is sand-

wiched between the two screwed metallic parts which, when pressed against the ring, ensure an air-tight

environment.

Before each scattering measurement, the total sample transmission is measured using a
pin diode, and the transmission reference measurement is done by measuring the empty
beam. The scattered beam is recorded on a Pilatus 300K detector with a pixel size of
172 � 172 µm2. During the scattering measurements, the direct beam is blocked with a
circular beamstop to avoid saturation of the detector. The available SDDs range from
101.35 mm to 1501.35 mm.

Prior to the azimuthal averaging about the direct beam position, unwanted areas of the
2D data �les, like the inter-modular gaps of the detector or dead pixels, are masked out.
The masking is done with the help of the software Fit2D. After the masking, the azimuthal
integration of the 2D �les is performed and the resulting curves are ready for �tting or
modeling. Measurements accessing di�erent q-ranges are recorded via di�erent SDDs.
Generally, these are merged together to yield master curves that account for the sample
under study for the whole available q-range.

3.1.4 Grazing-incidence x-ray scattering

GIXS techniques represent a combination of some of the principles seen for SAXS/WAXS
(section 3.1.3) as well as for XRR (section 3.1.2). They present a set of advantages. Sim-
ilar to XRR, GIXS techniques are suited for the investigation of thin �lms, since they
make use of the grazing incidence principle, which drastically increases the scattering
volume compared to regular transmission measurements, as seen in section 3.1.3. Besides
being able to probe the whole sample volume and not only the surface, the methods are
non-destructive and they o�er information statistically-averaged over large sample areas.

Unlike in XRR, GIXS methods are based on di�use scattering, like SAXS/WAXS. The
specular scattering is typically hidden behind a beam stop in order to avoid detector
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saturation. In GIXS, as it was the case for the transmission con�guration, the accessible
q-range and, therefore, the resolvable length scales are determined mainly through the
SDD. In the following, the GISAXS and GIWAXS methods are introduced. As it happens
for regular SAXS and WAXS, the main di�erence between GISAXS and GIWAXS is the
length scales they can access. GISAXS is indicated for sample characterization in the
mesoscale, while GIWAXS allows for probing of sub-nanometric crystalline phases. The
theoretical physical background behind these two methods can be found in section 2.4.5.
A detailed description of the main GIXS techniques and their advantages can as well be
found in the literature. [108]

The data presented in this thesis were obtained in experiments performed at either the
beamline P03, PETRA III of the Deutsches Elektronen Synchrotron (DESY) in Hamburg,
Germany [109,110] or a the AUSTRIAN SAXS beamline of the Elettra Sincrotrone in Trieste,
Italy.

3.1.4.1 Grazing-incidence small-angle x-ray scattering (GISAXS)

GISAXS features SDDs between about 1.5 to 4 m, thus operating in the low q-range (for
hard x-rays), which confers it resolution of structures between approximately 1 nm and 1
µm. The recorded di�use scattering allows for the study of both vertical (along the direc-
tion perpendicular to the sample substrate) as well as lateral (parallel to the substrate)
structures within the �lm. A schematic depiction of the GISAXS setup can be found in
�gure 2.20.

The GISAXS measurements discussed in this thesis correspond to experiments conducted
at DESY (see details above). The x-ray beam energy was 13 keV. The incident angle was
0.35°, which is above the critical angle of the probed materials to ensure the full penetra-
tion of the �lm with a footprint smaller than the sample size. The SDD was 2.55 m and
the signal was recorded on a noise-free Pilatus 1M Detector by Dectris, with a 981� 1043

pixel array and a pixel size of 172 � 172 µm2. The direct and specular re�ections were
shielded behind beamstops to avoid the saturation of the detectors.

The GISAXS data analysis is mainly based on the �tting of the so-called out-of-plane

cuts, i.e. horizontal cuts characterizing lateral structures along the direction parallel to
the sample substrate. The cuts are performed at the Yoneda position of the investigated
materials. The cuts are performed with the software DPDAK. [111] As explained in section
2.4.5 in greater detail, GISAXS lateral cuts are �tted within the DWBA and the EIA,
following a combination of form factors of cylindrical shaped based on the LMA. The
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scattering centers are located on a 1D paracrystal. Both cylinders' lateral sizes as well
as neighboring distances along the paracrystal are Gaussian-distributed. The number
of di�erent form and structure factors required depends on the exact case, whereby in
the presented cases the amount is two or three. A Lorentzian resolution function always
accounts for the resolution limit of the experimental setup.

3.1.4.2 Grazing-incidence wide-angle x-ray scattering (GIWAXS)

As explained in greater detail in section 2.4.5, GIWAXS accesses thin �lm information
in the sub-nanometer scale, like crystalline lattice distances, crystallite grain sizes, or
crystallite orientation. As explained in the theoretical part, the symmetry break in GI-
WAXS experiments allows for the determination of crystallite orientation with respect to
the sample substrate, which is of high importance for optoelectronic devices. [32] Bragg
peaks from oriented crystallites appear along the direction connecting coherent scattering
planes, extending along one direction for highly oriented crystals, and yielding ring-like
maxima for random crystallite orientation. A visual explanation is depicted in �gure 3.4,
as extracted from reference r32s. A schematic depiction of the GIWAXS setup is displayed
in �gure 2.20. Further details on GIWAXS can be found elsewhere. [99,112]

Figure 3.4: Qualitative example of the GIWAXS pattern obtained depending on the mean crystallite

orientation. a) random orientation. b) preferential vertical lamella stacking. c) preferential horizontal

lamella stacking. Figure extracted from r32s.

In GIWAXS the incident angle is chosen to be between the critical angle of the probed
materials and below the generally higher critical angle of the sample substrate. This way
crystalline contributions of the substrate to the overall GIWAXS signal can be avoided,
since the beam will experience total re�ection at the sample-substrate interface. Unlike
in GISAXS, where the substrate does not contribute due to the scattering intensity lack
of any lateral structures, in GIWAXS the crystalline structure of the substrate can give a
strong contribution if measuring above its critical angle. Moreover, amorphous substrates
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eventually add large backgrounds.

In this work, GIWAXS experiments were conducted both at DESY and Elettra syn-
chrotrons (see details above). In DESY experiments, the incident angle was set to 0.15°
and the SDD to 153 mm. The beam energy was 13 keV and the signal was collected on
a Pilatus 300K by Dectris (487 � 619 pixel array, pixel size 172 � 172 µm2). In Elettra
experiments, a beam energy of 8 keV was used. The SDD was set to 244 mm and the
grazing-incident angle to 0.44°. The signal was recorded on a Pilatus 1M Detector (Dec-
tris. Pixel array 981� 1043. Pixel size of 172� 172 µm2).

In the analysis of GIWAXS data, two main types of cuts are performed. On the one hand,
sector cuts, i.e. azimuthally-integrated cuts for a certain angle range, are performed along
di�erent orientation with respect to the sample substrate in order to determine lattice dis-
tances and grain sizes (see section 2.4.5). Sector cuts are performed between the χ angles
1° and 11° for examining the P3HT face-on orientation and between 85° and 95° for the
edge-on orientation, unless explicitly stated otherwise. Note that 90° � θB is the z-most
resolvable direction (highlighted in purple in �gure 3.5a. Detailed explanation in section
2.4.5). The intensity-versus-q pro�les resulting from the azimuthal integration of the per-
formed sector cuts (�gure 3.5b) are subjected to a background subtraction of the type
bgpqq � aq�b � c. The resulting �at-background intensity pro�les (�gure 3.5c) are �tted
with Gaussian curves to extract lattice distances and crystallite sizes, according to the
formulae introduced in section 2.4.5.

Figure 3.5: a) Example of a GIWAXS ~q map. The violet slice represents a sector cut along z-most

resolvable direction, forming an angle θB with the perpendicular to the substrate. b) azimuthally-integrated

1D pro�le prior to background subtraction. c) Background-subtracted cut and Gaussian �t. Figure taken

from r15s.

On the other hand, tube cuts, i.e. radially-integrated cuts for a certain q-range, are
performed in order to study the ratio of the edge-on to face-on orientations. Tube cuts
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are performed for various q-values and generally for the whole accessible χ range (0° to
90°� θBragg). The face-on to edge-on ratio is determined by comparing the lateral to cen-
tral integrated intensities on the performed tube cuts. Multiple interval choices are taken
into account in order to guarantee independence of the obtained results of a particular
interval choice.

Aside from the cuts, a certain set of corrections needs to be done on GIWAXS raw
data in order to obtain ~q maps with reliable intensities, as explained in section 2.4.5. The
corrections and the cuts have been mostly done with help of the software GIXSGUI. [106,107].
Cuts have as well been performed with self-written Genplot macros. [113]

3.1.5 In-situ & in-operando grazing-incidence x-ray scattering

One important feature of synchrotron radiation compared to in-house x-ray devices is the
much higher intensity of the x-ray beam, i.e. the much higher photon density. This fea-
ture brings along an important advantage about performing experiments at a synchrotron,
which is a much higher time resolution. Actually, the time resolution for synchrotron
GISAXS and GIWAXS experiments is already high enough that it enables characteriza-
tion of physical phenomena in-situ or in-operando, meaning the tracking of one or multiple
system parameters with time resolutions better than one second. This opens new ways
of understanding how polymer systems and devices behave, since it is now possible to
observe in real time how �lms behave upon various tailored conditions, like temperature,
atmosphere composition, ultra-violet (UV) radiation, etc. Some examples are already
available in literature. [15,58]

Figure 3.6: a) In-operando setup placed in the beamline. Close to the exit window of the chamber an

illuminated area indicates the place where the sample and the measurement pins are mounted. b) Sample

holder and measuring pins seen through the exit window without the Kapton® foil �xed. Figure taken

from r15s.
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In the present thesis, one major in-operando experiment was performed, based on the
observation of full OSCs during operation with GIWAXS. Hereby, the evolution of the
crystalline behavior at the same time as that of the solar cell parameters was tracked,
providing insight on the causes of device degradation. The in-operando GIWAXS mea-
surements were performed at the AUSTRIAN SAXS beamline at Elettra. Further details
on the obtained results are presented in chapter 7.

Figure 3.7: Sketch of the sample holder as seen along the

direction of x-ray propagation. Figure taken from r15s.

In order to allow for simultaneous GI-
WAXS and optoelectronic characteri-
zation, an in-operando chamber was
designed by J. Schlipf. The chamber,
as shown in �gure 3.6, enables paths
for x-rays and GIWAXS characteriza-
tion through two large Kapton win-
dows along the beam propagation di-
rection. The large Kapton exit window
allows for an exit angle of up to 55°
(see �gure 3.6b), thereby enabling the
tracking of the main crystalline families
of a vast variety of polymer systems.
The �oor of the chamber is equipped with a quartz window to allow illumination of the
sample from below with a solar simulator through a 45° mirror placed below the entrance
quartz window (compare �gure 3.6a, also inset, and �gure 3.7). The entrance illumination
window at the �oor of the chamber is made of quartz to ensure that the window itself
does not absorb the UV radiation of the incoming simulated solar spectrum. Inside the
chamber, the sample is mounted on a holder consisting of two copper plates at the sides
of the quartz window (enabling a path for the solar radiation to reach the sample lying
on top) whose temperature can be read out and actively controlled by means of Peltier
regulators. The sample is placed on top of the copper holder and the solar cell contacts
are contacted from above with gold-capped test pins. The solar simulator consists of a
Perkin Elmer PX5 150 W lamp. A picture of the sample holder is shown in �gure 3.6b
and a schematic depiction of all parts is displayed in �gure 3.7.

The OSCs were tracked for approximately 20000 s (5.5 h). For the photovoltaic charac-
terization, current-bias (I-V) curves were continuously swept and recorded every 16 s with
help of a Keithley SourceMeter. Further details on I-V characterization are provided in
section 3.2.3. In contrast, x-ray probing was discrete, in order to ensure that no radiation
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damage a�ects the sample. During the �rst 4 min, one GIWAXS pattern was taken every
30 s. Afterwards, one GIWAXS image was recorded every 60 s up to 15 min after the
start. From 15 to 26 min, one GIWAXS pattern was taken every 120 s, and, subsequently
and until the end of the experiment, one further GIWAXS image was obtained every 600 s,
since all tracked parameters reached a stable regime. Characterization of the solar device
in-situ during illumination is completed with a control experiment in the dark. This is
performed in absence of both illumination and I-V sweeps. The control experiments help
to ensure that all crystalline changes observed for the functioning are indeed related to
the functioning of the OSC during illumination. Moreover, monitoring of the GIWAXS
intensity in control experiments help to guarantee that the samples do not experience any
x-ray radiation damage. For each of the experiments the GIWAXS measurements were
performed at the same sample spot to ensure that the intensity changes observed did not
correspond to local heterogeneities of the �lm.

One big issue with which in-operando device tracking experiments always confront is the
preliminary degradation to which the devices are subjected in the process of transport-
ing the �nished devices from the fabrication laboratory to the synchrotron beamline, a
process there is not straight-forward way to avoid. [58] In our case, this process from fabri-
cation to actual measurement can take up to few days. For transporting, the samples are
individually sealed in small air-tight KF �ange steel containers. The process of sealing is
carried out at a glovebox under N2 atmosphere to ensure absence of oxygen and water.
Nevertheless, long-time storage of the OSCs within the small gas-tight environment has
after few days a negative e�ect on the J-V characteristics of the device, especially a�ecting
the short-circuit current density JSC and the �ll factor FF .

3.2 Spectroscopic and optoelectronic characterization

methods

The investigation of the electrical and optical properties of polymeric materials as well
as a deeper understanding of their role in devices require spectroscopic and electronic
characterizations. The study of material intrinsic properties, such as light absorption or
emission, allow for understanding the e�ect of treatments, dopings or system modi�ca-
tions on the polymer behavior. Similarly, they provide optoelectronical information with
which the anticipation and understanding of the behavior of the resulting full devices are
facilitated. In the following, three methods will be presented. Two of them, UV/Vis and
photoluminescence spectroscopy, describe the intrinsic interaction of matter with light
and give some hints on the system's crystalline structure and energetic landscape. Fi-
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nally, the characterization of complete solar devices themselves is introduced.

3.2.1 UV/Vis spectroscopy

UV/Vis spectroscopy is used to study the absorption of light by polymer �lms with wave-
length resolution. A monochromatic beam of a controlled wavelength is sent to the thin
�lm sample. Incoming photons with an energy higher than that of the optical band gap
of the respective material interact with it and are absorbed, promoting valence electrons
to excited electronic, vibrational and rotational states. Photons with an energy below the
optical band gap will just travel through the sample without interacting with it. For each
wavelength of the incoming light, matter and radiation interact to a di�erent degree, i.e.
the absorption of light for each wavelength is intrinsically di�erently intense. Hereby it is
possible to extract information on the energetic landscape of the probed material.

In polymer �lms, the absorption is described with the help of the so-called Lambert-
Beer Law. According to it, the di�erential light intensity lost by the beam when passing
through a material depends on a few intrinsic parameters of the system and the total light
intensity at that point:

dIpλq � �αpλqIpλqdx (3.3)

If we take the integral form and perform the calculation for a �lm of total thickness d, we
obtain:

IT pλq � I0pλqe�αpλqd (3.4)

where I0pλq and IT pλq are the total and the transmitted light intensities, respectively,
and αpλq is the absorption coe�cient which, as it can be seen from equation 3.4, is
the only parameter that describes the intrinsic behavior of the probed material, since it
is decoupled from the measurement setup and �lm thickness. Further development of
equation 3.4 allows for the calculation of αpλq:

log10

�
IT pλq
I0pλq



� log10pT pλqq � �αpλqd log10peq ñ αpλq � �1

d

log10pT pλqq
log10peq (3.5)

Introducing the absorbance Apλq � �log10T pλq, which is a magnitude commonly used
by spectrometers, we can express the absorption coe�cient either as a function of the
absorbance or the transmission:

αpλq � 1

d

Apλq
log10peq �

�lnpT pλqq
d

(3.6)
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where ln indicates the natural logarithm.

The measurements presented in this work where carried out on a Lambda 35 spectrome-
ter by PerkinElmer. The spectrometer is controlled by the software UV-Winlab, as well
developed by PerkinElmer. The spectrometer consists of two lamps: a tungsten halogen
lamp covers the near infrared and the visible spectrum range, and a deuterium lamp covers
the UV range. Overall, the spectrometer is capable of accessing wavelengths from 190 nm
to 1100 nm. The generated beam passes an optical grating, thereby becoming monochro-
matic. The monochromatic beam is subsequently divided with aid of a half-mirror. One
of the resulting beams will be used for probing the sample, whilst the other one will serve
as reference measurement. The measurements are performed in transmission. Therefore,
samples for UV/Vis spectroscopy are fabricated on glass substrates. The beams trans-
mitted through the sample and through the reference are individually detected by two
photodiodes. Thus, the data obtained by the photodiodes correspond to I0pλq and IT pλq,
and thereby, calculation of T pλq, Apλq and αpλq is enabled. The UV/Vis measurements
were conducted with a slit width providing a wavelength resolution of 1 nm and a scan
speed of 120 nm{min.

3.2.2 Photoluminescence spectroscopy

Another important indicator of the energetic landscape of a material is given by its pho-
toluminescence (PL) response. PL refers to the capacity of a given system to emit light
(luminescence) after being excited by incoming electromagnetic radiation (photoexcita-
tion). In PL measurements, materials are excited with photons capable of being absorbed
by the sample (usually speci�c absorption transitions are targeted, for which the exci-
tation is slightly more energetic than the corresponding absorption maximum). In the
simplest cases, the PL intensity obtained for a given energy is generally interpreted as
the amount of incoming radiation exciting a transition in the material with the given
energy. While this is generally true for simple systems, like atoms or small molecules
in the gas phase, the PL response of complex environments, like macroscopic crystals,
polymers or, in general, many-body systems include other phenomena and can be at least
partially approached by the semiconductor luminescence equations. [114,115] In these more
complex sample environments the PL signal also develops as a result of additional e�ects,
like charge carrier-phonon interaction or the in�uence of dielectric environments, amongst
others.

Two main photoluminescence mechanisms are distinguished: �uorescence and phospho-
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rescence. The prior is usually a fast process in which a portion of the absorbed energy is
released prior to the photon emission via non-radiative mechanisms, such as energy trans-
fer between ions, phonon relaxation in crystalline regions, and more generally eventually
fracton relaxation. [116] This process induces energetic relaxation down to the edge of the
optical band gap and, as a result, the emitted photons are red-shifted (have lower energy)
compared to the excitation. Phosphorescence, on the other hand, implies a change in
the spin multiplicity of the generated excitons, which undergo ISC, usually to a triplet
state. Phosphorescence displays much longer decay times to the ground singlet due to the
low e�ciency of the decay mechanism imposed by the quantum selection rules (detailed
discussion in section 2.3). In general, PL measurements on BHJs of photoactive materials
help gaining insight on the recombination rate, since less PL emission corresponds to a
higher exciton quenching, which usually correlates with higher rate of exciton separation
into charge carriers (polarons).

Unlike for UV/Vis measurements, samples for PL are generally fabricated on silicon
wafers, since glass presents itself a PL contribution in the visible range due to its boron
content. The PL measurements presented in this thesis are conducted on a LS55 �uores-
cence spectrometer by PerkinElmer. The illumination is provided by a Xenon discharge
lamp with a pulse FWHM shorter than 10 µs. The signal is detected with a Hamamatsu
R928 photomultiplier under an angle of 90°. The spectral scan speed is set to 500 nm{min

and the slit width resolution to 10 nm. The setup is controlled by the software FL-Winlab,
developed by PerkinElmer as well.

3.2.3 Current-bias solar cell characterization

Aside from the di�erent approaches to characterize the outer and inner �lm structure as
well as the optoelectronic properties of materials used for organic solar cell fabrication, an
important approach is the probing of the solar cells themselves. Solar cells are composed
of many layers (more details in section 2.2), amongst which the most important one
is the photoactive layer, generally in the form of a BHJ. The BHJ is composed of two
materials, identi�ed as donor and acceptor, according to their relative ionization potential
and electron a�nity. The fact that they are composed of a bicontinuous D-A mixture
resembles in a way the inorganic P-N junction. Thus, organic solar cells present as well a
diodic behavior. The current �owing through the device in the dark as a function of the
applied bias is, ideally, well described by the Schockley diode equation:

JDpV q � JS

�
e

eV
nkBT � 1

	
(3.7)
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Figure 3.8: Dark (blue solid line) and light (red

solid line) exemplary J-V curves of a solar cell. The

JSC , VOC and MPP points are indicated. The FF

corresponds to the ratio between the green and orange

higlighted areas.

where JS is the saturation current den-
sity in reverse bias and n the diode ideal-
ity factor. Under illumination, the pho-
togenerated charge carriers add up to
those electrically pulled in and out of
the device. Thereby, in the easiest level
of description, the J-V curve experiences
a shift and can be described by:

JIpV q � JS

�
e

eV
nkBT � 1

	
� Jph (3.8)

where Jph indicates the photogenerated
current. Both the dark and the illumi-
nated cases are indicated in �gure 3.8 by
the blue and red lines, respectively. Un-

der illumination, the point at which the J-V curve meets the current density axis (V � 0)
is called short-circuit current density (JSC):

JSC � JIpV � 0q � �Jph (3.9)

whereas the intersection between the J-V characteristics under illumination and the bias
axis is known as open-circuit voltage (VOC):

VOC � V pJI � 0q � kBT

e
ln

�
1� JSC

JS



(3.10)

This way, each point of the J-V curve under illumination located between the JSC and
the VOC corresponds to the power density (P � V · JI) that the solar device is able to
yield under illumination for the corresponding bias (compare �gure 3.8). Thus, at least
one of the points along that section of the curve displays a maximum power output. This
generic point is called maximum power point (MPP) and its associated power output
is indicated in �gure 3.8 by the green-colored area. The ratio between that maximum
yielded power and the theoretical maximum withdrawable power (indicated in �gure 3.8
by the orange-colored area) is as well an important photovoltaic indicator, known as the
�ll factor (FF):

FF � PMPP

Pideal
� JMPPVMPP

JSCVOC
(3.11)

Thus, by dividing the maximum power yielded by the real solar device through the irra-
diated power, we obtain the power conversion e�ciency (PCE):

76



3 Characterization methods

PCE � PMPP

Pirr
� JMPPVMPP

Pirr
� FF

JSCVOC
Pirr

(3.12)

In the data presented in this thesis Pirr � 100 mW{cm2, in reproduction of the most com-
mon calibration conditions, the global standard spectrum (AM1.5g).

The diode equations presented so far correspond to an ideal solar cell. However, a de-
scription closer to a real OSC requires additional ideality-breaking components, which
account for recombination processes or, more generally, losses taking place in actual de-
vices. One common approach is to complete the description of the ideal OSC with two
additional resistances: one parallel shunt resistance (RSH) and a series resistance (RS).
The corresponding equivalent circuit is depicted in �gure 3.9. RS accounts for the resis-
tivity experienced by the charge carriers in the di�erent materials composing the device,
such as the resistivity of the device contacts, or low conductivities of polymeric materials.
RSH describes the leakage currents that appear in devices. These can correspond e.g. to
partially short-circuited electrodes or charge carrier recombination at an interface. All
these e�ects prevent the current �ow through the branch of the equivalent circuit con-
taining the diode (see �gure 3.9). Inclusion of both resistances in the model leads to a
more developed device equation:

JIpV q � JS

�
e
eV�RSJI
nkBT � 1



� V �RSJI

RSH

� Jph (3.13)

Equation 3.13 is transcendental and thus cannot be solved algebraically, but is generally
solved numerically. Both resistances RS and RSH can be obtained from the slope of the
J-V curve at the VOC and the JSC points, respectively:

RS � dJ

dV

����
�1

V�VOC
(3.14)

RSH � dJ

dV

����
�1

J�JSC
�RS (3.15)

Experimentally, the illumination of the solar cells is carried out with a solar simulator
Solar Constant 1200 from K. H. Steuernagel Lichttechnik GmbH. Its lamp is halide-based
and contains rare earth metals. The light of the lamp is directed with help of parabolic
re�ectors and passes through a borosilicate di�user prior to arriving at the sample in order
to ensure a spatially homogeneous illumination. The sample lies around 32 cm above the
di�user. To grant constant illumination throughout time, the solar simulator is switched
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Figure 3.9: Equivalent circuit of a solar

cell with series (RS) and shunt (RSH) re-

sistances.

on, set to AM1.5g and heated up for about 45 min.
Prior to the sample characterization, the spectrum
is �rst calibrated to AM1.5g with two di�erent
reference silicon photodiodes, WPVS RS-ID3 and
WPVS RS-ID-4 with a KG5 �lter, both by CalLab-
Fraunhofer ISE. The samples are measured through
a voltage sweep from �1.0 V to �1.0 V (irrespec-
tive of the sweep direction) with a voltage step of
0.01 V carried out with a Keithley 2400 SourceMe-
ter. The setup is controlled with the Labview-based
software Testpoint V6 (CEC Capital Equipment).

The program governs the Keithley, o�ering the possibility to tune all the above-mentioned
parameters, as well as programming continuous loop measurements with waiting times
that allow the study of time-dependent e�ects, e.g. device degradation.

One part of the present work consists of the study of the e�ect of magnetic �elds on
the OSC performance. To enable this sort of characterization, two di�erent setups were
designed and constructed. For low and �nely-adjustable �elds, a double coil mounted on
a holder that �ts the solar simulator measuring slot is constructed. For testing the e�ect
of high magnetic �elds, a sample holder for contacting the solar cells was designed, which
allows the placement of a cuboid neodym permanent magnet. Detailed description of the
two magnetic �eld-generating setups, of their construction, assembly and calibrations are
provided in the appendix A and in the reference r117s.

78



Chapter 4

Materials and sample preparation

The present chapter gives information about the main materials used, as well as the pro-
cedures followed for fabricating the samples characterized in the multiple experiments
carried out in the frame of this thesis. In the �rst section, the main materials used are
presented and their main properties are discussed. In a subsequent section, the types
of substrates used to fabricate thin �lm samples are introduced, as well as their corre-
sponding cleaning procedures. Afterwards all the steps followed for fabricating thin �lms
are described in detail. Finally, the construction of organic solar cells as an assembly of
several layers is described.

4.1 Materials

In the present section the main organic materials along with the nanoparticles, of capital
importance in the present work, are introduced. The materials presented here constitute
the main components of thin �lm samples or solar cells, featuring photoactive materials,
as well as blocking layers/electrodes, or the solvents needed for enabling solution process-
ing.

4.1.0.1 Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)

PEDOT:PSS is a polymer mixture of two ionomers (see �gure 4.1), commonly used in
organic electronics for its advantageous properties, like high electrical conductivity, trans-
parency and ease of processing. PEDOT is the conducting component, consisting of a
polythiophene-based conjugated polymer backbone that o�ers high values of electrical
conductivity for positively-charged polarons. Especially after treatment of �lms with a
variety of chemicals, PEDOT:PSS has shown conductivities on the same order of that of
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4.1 Materials

traditional inorganic transparent electrodes, such as ITO. For this reason PEDOT is being
established as prominent low-cost option for transparent, �exible and cheap electrode ma-
terial in organic electronics. [118,119] PSS is the constituent that provides water-solubility
to the mixture and makes it processable in solution via the sulfonyl groups, which tend
to deprotonate and become negatively charged sulfonates.

Figure 4.1: Chemical structure of PEDOT:PSS.

In standard OSCs, PEDOT:PSS is used
as an electron blocking layer, preventing
negative polarons to reach the device an-
ode. The PEDOT:PSS mixture used in
this work is PEDOT:PSS PH1000 by Os-
sila Ltd. (She�eld, UK). The water-based
solution contains 1.3 to 1.7 wt.% of PE-
DOT:PSS, both components mixed at a 1:2.5
ratio. The mixture is stored at low tem-
peratures below 6 °C and protected from
light.

4.1.0.2 Poly(3-hexylthiophene-2,5-diyl)

(P3HT)

P3HT constitutes a cornerstone of the study
of OSCs, being the main contributor to charge carrier generation in P3HT:PCBM devices
and, together with PCBM, by far the most studied and well-characterized photoactive
material for OSCs. P3HT is a conjugated polymer displaying conductivity for positive
charge carriers along with other interesting properties for devices, like comparably high
crystallinity and good processability in a wide range of organic solvents. Typically, P3HT
presents a HOMO at around -5.0 eV and a LUMO at about -3.0 eV. Thus, it presents an
optical bandgap of 2 eV, which yields and absorption onset at around 650 nm and and
absorption maximum at about 500 nm. The P3HT used in this work is purchased from
Rieke Metals, Inc., with a molecular weight of MW � 53 kDa, regioregularity index of
92% and PDI � 2.3, according to the manufacturer. The chemical formula of P3HT is
displayed in �gure 4.2a.
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Figure 4.2: Chemical structure of a) P3HT. b) PCBM.

4.1.0.3 Phenyl-C61-butyric acid methyl ester (PCBM)

PCBM is commonly used as electron acceptor in combination with P3HT and other donor
polymers. It is a fullerene derivative of the C61 buckyball, showing electron accepting
behavior and negative polaron conductivity. The geometry of the buckyball yields a
highly delocalized π-orbital structure over all of its surface. It usually displays values for
the electron mobility in the order of 103 cm2{Vs and HOMO and LUMO levels around -6.5
ev and -4 eV, respectively, thereby presenting light absorption mainly in the UV range.
Furthermore, its solubility in most organic solvents is of great importance for printable
electronics device fabrication. PCBM from two di�erent manufacturers is used in the
scope of this thesis. On the one hand, PCBM is purchased from Nano-C Inc., with a
purity >99.5%. On the other hand, >99% purity PCBM is supplied by Ossila Ltd. The
chemical structure of PCBM is displayed in �gure 4.2b.

4.1.0.4 Poly-(3-hexyl-2(3-(4-hexylthiophene-2-yl)-4,5-butylselenophene-1-yl)-

5- -(4,5-butyltellurophen-1-yl)thiophene) (PBST3HT)

Figure 4.3: Chemical structure of PBST3HT

PBST3HT is a hexylthiophene-based conju-
gated oligomer with alternatively inserted bu-
tylselenophene and butyltellurophene units in
the repeating unit. Its chemical structure is
displayed in �gure 4.3. The material presents
a band gap at RT of around 2 eV, though
it displays band gap-switching behavior when
treated with temperature. The embedded se-
lenium centers serve the purpose of drastically
reducing the band gap, while the tellurium heteroatoms increase the degree of spin-orbit
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coupling in the delocalized π-bands. PBST3HT is a novel material in organic electronics
and it is still not commercially available. The PBST3HT used in this work was syn-
thesized by Prof. Eric Rivard's group at the University of Alberta, Canada, featuring
a molecular weight of around MW � 4 kDa. [120,121]. More detailed characterization of
PBST3HT follows in chapter 5.

4.1.0.5 Iron(II,III) oxide nanoparticles (Fe3O4 NPs)

In the frame of the present thesis the e�ect of heavy metal nanoparticles and that of
magnetic stress on OSCs is investigated. To address these issues, superparamagnetic
iron(II,III) NPs are used. The NPs are purchased from Sigma Aldrich. They present a
diameter of 10 nm with a size distribution of 10� 1 nm, according to the supplier). The
NPs are purchased in toluene solution at 5 mg{mL. They are capped with oleic acid (OA)
in order for them to be compatible with organic solvents (<1.0% stabilizing ligands).
Further information related to the NPs can be found elsewhere. [122,123] The Fe3O4 NPs
solution is stored in the fridge at temperatures below 6°C.

4.1.0.6 Solvents

Figure 4.4: Structures of: a)

toluene. b) chlorobenzene.

The solvents used for processing of photactive material
and, therefore, for assisting the fabrication of active lay-
ers are toluene (TL. Figure 4.4a) and chlorobenzene (CB.
Figure 4.4b). Both organic, colorless, �ammable and water-
insoluble solvents are purchased from Carl Roth GmbH with
a purity ¥ 99.5%. At 20 °C toluene has a density of 870 g{L
and chlorobenzene 1126 g{L. The boiling temperature for
toluene is 111 °C, whilst for chlorobenzene it is 132 °C.

4.2 Substrates: types and preparation

This section introduces the types of substrates used to meet di�erent experimental require-
ments. Moreover, the modi�cation and cleaning procedures to which they are subjected
are described in detail. Particularly complex is the ITO substrate patterning, which is
necessary in order to comply with technical requirements of the solar cell layout.

4.2.1 Subtrate types

In the course of the investigations presented in this work, a variety of substrates were used.
The use of one or another type of substrates stems from the nature of the samples that are
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built or the methods that are used for characterization. For example, SEM and PL require
conducting and non-�uorescent substrates, respectively. This usually means that samples
fabricated for this characterization techniques are fabricated on silicon wafers. On the
other hand, measurements like UV/Vis spectroscopy in transmission require transparent
substrates, for example glass. The use of ITO-coated glass substrates is a requirement of
the fabrication of solar cells, at least in the frame of the present thesis.

4.2.1.1 Glass slides

Glass slides are a common substrate and are mainly used for absorption measurements and
for some of the scattering experiments, as indicated. 1 mm thick 26�75 mm2 microscope
slides are cut into the desired sizes. The microscope slides are purchased from Carl Roth
GmbH. The required cleaning process prior to sample fabrication is described in detail in
section 4.2.2.

4.2.1.2 Silicon wafers

In this thesis, p-doped silicon wafers are used as substrates for PL and SEMmeasurements,
as well as for GIXS experiments. Round-shaped wafers with a diameter of 10 cm are
purchased from two di�erent suppliers: Silicon Materials Inc. (Thornburg, USA) and
SiMat (Kaufering, Germany). The wafers are polished on one side and the polished side
coincides with the x100y crystal direction. The wafers have a thickness of around 500 µm
and a roughness of σRMS   0.5 nm. Wafers are cut with a diamond pen into the desired
samples sizes followed by a cleaning procedure (detailed in section 4.2.2) prior to �lm
deposition.

4.2.1.3 Indium-doped tin oxide-coated glass slides

For OSC fabrication, ITO glasses are used. They are purchased from SOLEMS (Palaiseau,
France) already cut in 22 � 22 mm2 squared substrates. The ITO layer is around 80 nm
thick and presents sheet resistances of 25 to 35 Ω{l. The ITO work function lies around
-4.7 eV, matching the HOMO of P3HT and the polaron extraction energy of PEDOT:PSS
(about -5 eV) very well. Prior to use in solar devices, ITO glass slides need to be patterned
to successfully accomplish their role as electrode. Details on this patterning process and
the subsequent cleaning procedure follow in section 4.2.2.
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4.2.2 Substrate preparation

4.2.2.1 Cleaning of glass and Si substrates

After cutting the substrates (glass slides or silicon wafers) to the desired sample size,
the substrates need to undergo a cleaning procedure that ensures complete removal of
impurities. Substrate cleaning is very important and has a strong in�uence on the sub-
sequent �lms, since their morphology is sensitive to many substrate conditions that can
be adjusted with cleaning procedures, like substrate hydrophobicity or the presence of
organic residues. Therefore, e�cient cleaning procedures ensure reproducibility of the
experiments and thereby enable systematic research.

For ensuring complete removal of organic traces, substrates are cleaned with an acid bath
that resembles a modi�ed piranha bath. The cleaning procedure is based on the ionic
cleaning SC-2 step of the RCA silicon wafer standard cleaning protocol, common in semi-
conductor industry. [124] Prior to that, the substrates are rinsed with DI-water while held
on an acid-resistant polytetra�uoroethylene (PTFE) holder. The holder with the sub-
strates is then submerged for 15 min in a bath consisting of deionized water (DI-H2O),
hydrogen peroxide (H2O2, 30%) and concentrated sulfuric acid (H2SO4, 96%), mixed at
a volume ratio of 16.1:25:58.9. The corresponding quantities of the di�erent agents are
poured in the mentioned order into a clean beaker that is held at constant 80 °C temper-
ature. After the 15 min, the substrates are transferred to a pure DI-water bath, and after
5 min more, the latter step is repeated. From the second DI-water beaker the substrates
are extracted one by one, thoroughly rinsed with DI-water and dried with N2.

Besides of the surface cleaning, the acid bath has an additional e�ect on silicon substrates.
Silicon has a strong tendency to oxidize. This happens when soaking it in H2O2, which is a
strong oxidant. When both are in contact the oxidation of silicon induces the appearance
of a silicon oxide layer, the thickness of which depends on the time of exposure. The
reaction driving the Si oxidation (2H2O2+Si Ñ 2H2O + SiO2) is carried out in an acidic
medium provided by HCl. The acidic medium assists the protonation of the dangling
oxigen bonds in the outer silicon oxide layer. OH groups are more stable than charged
O�1 atoms and, therefore, the sulfuric acid speeds up the reaction, acting as a catalyst.
On the other hand, all traces of organic materials in contact with the cleaning medium
are also heavily oxidized, thereby becoming soluble in water or being released in the form
of CO2.
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4.2.2.2 Patterning and cleaning of ITO glasses

The preparation of substrates for fabrication of solar cells is more complex. Solar cells
are built as a stack of layers, with the topmost being the cathode, which in this work
will be made of aluminum. Finished solar cells need to be contacted with metallic pins
than can present sharp edges and, therefore, penetrate through the whole layer stack.
Hence, this generally requires the ITO not to cover the whole substrate in order to avoid
short-circuits. In this regard, prior to the cleaning procedure, the substrates for solar
cells (ITO glasses, see above in section 4.2.1) are patterned to have the right shape for
matching a certain device layout. The ITO areas of the substrate that are to be main-
tained are protected with scotch tape and the remaining areas are covered with a paste
made out of deionized water (DI-H2O) and zinc powder (Zn) mixed at a 1:1 volume ratio.
Once applied, the water from the paste evaporates rapidly, leaving a thick and compact
Zn layer on the ITO. Subsequently, hydrochloric acid (HCl, 37%) is mixed as well at
a 1:1 volume ratio with DI-H2O and the mixture is applied on the zinc, triggering the
catalytic reaction that etches the ITO away. The samples are subsequently soaked in a
DI-H2O bath and thoroughly rinsed with DI-H2O to remove all possible acid traces before
removing the tape in order to avoid contamination of the underlying ITO.

In the work presented here, two di�erent solar cell layouts are used, with 8 and 4 de-
vices on each substrate, respectively. Figure 4.5 summarizes each step of the ITO etching
process. Figure 4.5f displays only the patterned substrates with the corresponding OSC
layout for showing how the �nal device array looks like. The OSC active areas under the
cathodes for each corresponding layout are highlighted in orange. Further discussion on
the solar cell assembly and the contact deposition is provided in section 4.4.

After removing the tape from the substrates, the patterned substrates are rinsed tho-
toughly with DI-H2O again and are subsequently subjected to a four-step-solvent cleaning
procedure based on ultrasonication. The substrates are put into a PTFE holder, soaked
into a water-based solution of Alconox® (16 g{L, Sigma Aldrich) and are subjected to
10 min ustrasonication. The step is repeated for the solvents ehtanol (C2H6O, ¥ 99.8%,
Carl Roth), aceton (C3H6O, ¥ 99.9%, Carl Roth) and, �nally, isopropyl alcohol (C3H8O,
¥ 99.8%, Carl Roth), in the given order. Alconox® is used for removing oleaginous
residues, ethanol for dissolving hydrohobic impurities, aceton dissolves tape glue traces,
as well as residues from ethanol, and, lastly, isopropanol is used for removing aceton
residues. Between two ultrasonication steps, a rinsing step with the outbound solvent
followed by rinsing with the next one is inserted. After the last 10-minute ultrasonica-
tion, the substrates are thoroughly rinsed with 2-propanol and dried with N2. The �nal
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Figure 4.5: ITO etching process. a) Initial ITO-coated glass slide. b) Scotch tape is applied to protect

the wanted areas. c) The remaining areas are covered with Zn. d) The ITO under the Zn is removed with

aid of HCl. e) The substrated is bathed in DI-water and thorougly rinsed. The tape is removed and the

etching process is complete. f) Example of the resulting OSCs layouts and device active areas for each of

the ITO patterns. The top and bottom sequences correspond to the two layouts used in the present thesis.

step of the ITO cleaning procedure consists of an oxygen (O2) plasma treatment. The
plasma treatment consists of a high radio frequency that excites the O2 gas at low pres-
sure. When the O2 molecules relax, the vacuum ultraviolet (VUV) radiation breaks very
e�ectively most of organic bonds (i.e. C-H, C-C, C=C, C-O and C-N), thereby cleaning
the substrates of any last organic trace from 2-propanol. The plasma cleaning is carried
out at a Plasma-System-Nano device by Diener electronic GmbH for 10 minutes at a gas
pressure of 0.4 mbar and a power or 240 W.

4.3 Fabrication of thin �lms

After substrate cleaning, the fabrication of thin �lm samples follows. Polymer thin �lms
are usually processed from solution, meaning that they are dissolved and subsequently
deposited on the clean substrates, in the case of the presented work, via spin coating or
drop casting. In the following, the preparation of polymer solutions for di�erent purposes
is explained along with the description of the spin coating procedure. Lastly, the process
of thermal deposition of the solar cell aluminum pixels is described along with the general
annealing procedure of polymer thin �lm samples.

4.3.1 Solution preparation and deposition

The process of solution preparation and deposition for the di�erent needed materials is
described in the following.
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4.3.1.1 Ultrasonication and �ltering of PEDOT:PSS solution

PEDOT:PSS (introduced in section 4.1), purchased already in the form of a water-based
solution, is stored in a fridge at a temperature below 6°C and protected from light. PE-
DOT:PSS tends to form large aggregates, reason for which prior to its spin coating it
needs to be subjected to a puri�cation process. For this purpose, PEDOT:PSS solution
is poured into a welted glass and the solution is subsequently ultrasonicated in a water
bath at RT for 15 min in order to break the eventually formed aggregates. Afterwards,
the ultrasonicated solution is put into a syringe and �ltered with a poly(vinyldi�uoride)
(PVDF) �lter with a pore diameter of 0.45 µm. The PEDOT:PSS solution is afterwards
ready for deposition. PEDOT:PSS solution (120 to 150 µL for a 22 � 22 mm2 standard
size substrate) is spin coated at 3500 revolutions-per-minute (r.p.m.) for 60 s time (ac-
celeration parameter: 9, meaning 6 s ramping-up time). More details on the spin coating
process are provided in section 4.3.2.

4.3.1.2 Organic solutions

As main constituent materials of OSCs photoactive layers, P3HT, PCBM (and blends
of both) and PBST3HT �lms are especially closely studied. In the frame of this work,
solutions of these materials are made with either CB or TL as a solvent (introduced in
section 4.1). First, a welted glass along with a stirring bar is cleaned with the solvent in
use and dried with N2. The glass with the stirring bar in it and its cap is placed on a
0.01 mg-precision scale (BP210D by Sartorius) and their tare is subtracted from the total
weight. Subsequently, the needed amount of solid-state polymer is put in the welted glass
with a lab spatula cleaned with ethanol and dried with N2. Subsequently, the weight of
the polymer phase is controlled and the volume of solvent required for achieving a de-
sired concentration is mixed in the welted glass. In the presented thesis, P3HT, PCBM
and P3HT:PCBM solutions were prepared at a concentration of 16 mg{mL unless stated
otherwise. PBST3HT solutions are prepared at 18 mg{mL for spin coated thin �lms and at
50 mg{mL for drop-cast thick �lms.

Once the components of the solution (polymer and solvent) are mixed, the solutions are
sealed with Para�lm® and the glasses are placed on an magnetic stirrer in order to improve
the dissolution of the organic phase. Solutions are generally stirred for a period of time
between 2 and 3 hours. In the case of CB-based P3HT, PCBM or P3HT:PCBM solutions,
the stirring happens at RT. In the case of TL-based P3HT, PCBM and P3HT:PCBM so-
lutions, due to the lower solubility of the organic phase, the solution is stirred while placed
in a sand bath at a constant temperature of 45°C.
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After the stirring time is over and the solution turns clear (though colored) and homoge-
neous, it is deposited onto the clean substrates. P3HT:PCBM solutions are spin coated
(120 to 150 µL for substrate) at 2000 r.p.m. for 30 s (acceleration parameter: 9). Spin
coated PBST3HT �lms are deposited at 1500 r.p.m. as well for 30 s (acceleration param-
eter: 9). Drop-cast PBST3HT thick �lms for SAXS/WAXS transmission measurements
are fabricated by depositing 50 mg{mL PBST3HT solution onto a mica window and let
it dry in air atmosphere at RT for approximately 3 hours. In the case of P3HT:PCBM
solutions, both P3HT and PCBM solutions are stirred under the above-mentioned solvent-
dependent conditions for a time between 1 and 2 hours. Afterwards, the solutions are
mixed at a 1:1 ratio and the resulting mixed master solution is sealed again in its glass
with Para�lm® and further stirred for the remaining time.

Many experiments in the presented work discuss the e�ect of small superparamagnetic
iron(II,III) oxide NPs (introduced in the materials section 4.1) on the performance of
P3HT:PCBM OSCs. The NPs are purchased in TL solution. Hence, these studies are
done with as well TL-based P3HT:PCBM solution. In order to incorporate the NPs into
the master solution, the Fe3O4 NPs solution is �rst ultrasonicated for 10 min at RT for
ensuring homogeneous disperson of the NPs in the solvent. Afterwards, the NPs solution
is added stepwise to the P3HT:PCBM master solution prior to the spin coating of each
desired NP wt.% sample, whereby the samples are spin coated in increasing order of
NP concentration. The deposition starts with a known amount of P3HT:PCBM master
solution, to which the corresponding amount of NP solution to achieve the desired NP
wt.% is added. This already modi�ed master solution is ultrasonicated again for 30
to 60 s to further ensure homogeneous distribution of the NPs in the master solution.
Then, the sample is spin coated according to the above-mentioned parameters, and, with
the (known) remaining amount of master solution and its current NP concentration, the
complementary amount of NPs is added to achieve the next higher desired NP wt.%. The
newly modi�ed P3HT:PCBM master solution is ultrasonicated for between 30 and 60 s
again, and the new sample is spin coated. This process is further repeated for all desired
NP concentrations.

4.3.2 Spin coating

Spin coating is one of the most used coating techniques for lab-scale thin �lm fabrication.
It enables attainment of homogeneous �lms with thicknesses of up to 1 µm. A substrate is
placed on a rotatory plate, to which the substrate is generally �xed via vaccuum pulling
from the back side through a pipe along the rotational axis of the plate. The whole
substrate is covered with solution, and the rotation starts immediately thereafter. In
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4 Materials and sample preparation

the beginning of the rotation, the excess solution is expelled from the substrate through
centrifugal forces. The �lm forms assisted by convection, whereby the solute starts ad-
hering to the substrate and accumulating. Finally, a homogeneous thin �lm forms and
the remaining volatile solvent evaporates.

The thickness of spin-coated polymer �lms can be parametrized with the Schubert equa-
tion as long as the viscosity of the solution can be neglected: [125]

d � A

�
1950 min�1

ω


 1
2
�

c0

20 mg mL�1


�
Mω

100 kg mol�1


 1
2

(4.1)

where ω corresponds to the angular velocity and c0 to the concentration of the polymer
in solution. A is a scaling parameter that depends on constraints like the speci�c spin
coater used, or environmental factors, such as temperature or moisture. The spin coated
�lms reported in this thesis are fabricated with a Delta 6 RC TT device by Süss MicroTec
Lithography GmbH.

4.3.3 Thermal deposition

In the fabrication of solar cells the deposition of a back electrode (in the case of our work,
where all solar cells are made in standard, non-inverted geometry, a cathode) is required.
The cathode is pure aluminum and, hence, di�cult to process and apply from solution,
as opposed to previous layers. Therefore, Al contacts are deposited on the OSC layer
stack directly from the gas phase via physical thermal deposition. Cathode evaporation
is carried out at a custom-made evaporation setup designed by Robert Meier. [126] The
setup consists of a closed evaporation chamber, at the bottom of which a tungsten boat
(BD482000-T tungsten boats by Leybold Oerlikon) is �xed between two electrodes. This
tungsten boat is subsequently �lled with the required amount of aluminum, in our case
100 to 150 mg. Afterwads, an evaporation mask is placed about 30 cm above the boat.
The masks contains eight slots for placing substrates upside down, and the �oor of the
mask has at each of the slots the desired OSC layout carved in it. Once the substrates
are placed, the chamber is closed and the cathode deposition is carried out at a pressure
of 1 to 3 · 10�5 mbar. An electrical current is forced to �ow through the tungsten boat
until the generated elevated temperatures induce the evaporation of the aluminum, which
ultimately adheres to the sample through the mask, thereby yielding the desired contact
layout. The two layouts used in the present thesis are schematically depicted in �gure
4.5f. The �nal contacts have a typical thickness of 60 to 100 nm.
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4.3.4 Thermal annealing

Thermal annealing is an important processing step in the fabrication of OSCs. Annealing
provides the polymer �lms su�cient energy for allowing them to relax to an equilibrium
state, since �lms are not in equilibrium after the spin coating. This has in general an e�ect
on the nanomorphology and on the crystallinity of the materials, also for P3HT:PCBM
blends for OSC active layers. [127�129] Moreover, in the case of PEDOT:PSS �lms, anneal-
ing is key for extracting all remnant water stored in the �lm prior to deposition of another
polymer �lm, making this an important impact on the performance of a �nal device. An-
nealing helps as well providing an improved contact between polymer �lm and aluminum
layer after cathode deposition. Annealing is carried out at a RCT basic heat plate by IKA
Werke GmbH & CO. A copper plate that ensures homogeneous temperature distribution
is mounted on the plate. Active temperature control is enabled via a contact thermometer
inserted into the copper block.

4.4 Assembly of solar cells

Figure 4.6: Lab-scale OSCs fabricated on

ITO glasses with a four-device layout.

OSCs feature the most complex type of sam-
ples fabricated in the frame of this thesis,
since they are composed of several layers fol-
lowing di�erent fabrications procedures. The
fabrication of OSCs gathers most of the pro-
cedures introduced along the whole chapter
4.

As previously stated, the stack of organic layers
that builds up the solar cell needs to be fabri-
cated on top of a transparent electrode, which in
the case of our standard geometry OSCs serves
as an anode. This anode needs to be transpar-
ent, since the sunlight �rst passes this layer be-
fore reaching the photoactive layer. In our work,
ITO-glass slides are chosen. The substrates are
generally of 22 � 22mm2 size and, in order to
avoid short-circuit contacts between anode and
cathode when characterizing them at the very end, the ITO coating is patterned according
to the desired �nal cathode layout. The patterning is done via an acid etching process,
driven by a catalytic reaction between zinc and hydrochloric acid (the devices are a couple
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hundreds of nm thick, therefore the contacting with test pins could drill though the whole
stack, leading to short-circuited contacts). The substrates are subsequently cleaned in a
four-step-solvent process and a 10-minute plasma treatment. Detailed description on the
process of ITO-glass patterning and cleaning is provided in section 4.2.2.

PEDOT:PSS solution is ultrasonicated and �ltered during the last cleaning step of plasma
treatment and spin coated on the clean ITO substrates (details on PEDOT:PSS solution
preparation and spin coating in section 4.3.1. Details on spin coating as deposition method
in section 4.3.2). The PEDOT:PSS �lms are afterwards annealed in air atmosphere for 10
minutes at 140°C (details on annealing in section 4.3.4). During the annealing, the sub-
strates are partially covered in order to avoid dust particles adhering on the PEDOT:PSS
�lm, but not completely covered in order to avoid the creation of a humid environment
out of the water released by the �lm during the heating.

Afterwards, the active layer of the OSC is deposited on top according to section 4.3.1.
The Al back contacts are subsequently evaporated (section 4.3.3). Finally, after deposi-
tion, the layer stack is annealed at 140°C for 10 minutes in a glovebox (N2 atmosphere,
< 0.1 ppm H2O and O2). After the annealing step, the OSCs are ready for subsequent
I-V characterization (details in section 3.2.3).

Solar cells are contacted with specially designed holders (details in appendix A) featuring
gold-capped test pins that grant homogeneous contact throughout all the OSCs fabricated
on one substrate, which are contacted simultaneously. Homogeneous electrical contact is
provided by the springs to which each test pin is attached. OSCs not measured using the
mentioned holders are characterized using adjustable-height electrical pin holders, which
contact each OSC individually and sequentially. In this cases, homogeneous contact is
guaranteed by the use of conducting silver paste.
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Chapter 5

Heavy-chalcogenophene-based oligomer

for solar cell applications

Hereby, we open the results part of the present work, done within the framework of
the broader topic of improving organic solar cell performance via control of the exciton
di�usion length. The present chapter discusses the temperature-resolved characterization
of a novel chemically-engineered heavy chalcogenophene-based oligomer. This material is
designed in pursuit of tuning the charge carrier statistics, for ultimately improving device
performance. The material presents an interesting behavior featuring a varying material
band gap depending on the processing temperature. Furthermore, the �rst attempts to
incorporate this oligomer as photoactive material in organic solar cells are presented, as
well as the study of its behavior and properties within a real device. The article Band

gap-tuning in triple-chalcogenophene polymer �lms by thermal annealing, published and
cited in this thesis as reference r16s, contains parts of the data discussed in this chapter.

5.1 Introduction

OSCs present many advantageous mechanical, optoelectronic, and even cost-related prop-
erties as compared to traditional inorganic counterparts. These have turned out not to be
enough for warranting deployment of such technologies at an industrial and commercial
level. As previously discussed, two of the main weak points are short device lifetimes
and still relatively low e�ciencies (champion lab devices surpassing 11 % and operational
modules yielding around 10 % [8,130]). These bottlenecks hinder the spread of OPV despite
a low price per kW and short payback times. [7] Hence, further breakthroughs in boosting
e�ciency values while keeping potentially competitive costs are the focus of numerous
research groups.
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5.1 Introduction

One of the most important aspects to consider when approaching the increase in e�-
ciency is the in�uence of the morphology of the layers composing the device. Especially
to that of the photoactive layer. The introduction of the BHJ concept meant already a
signi�cant step forward compared to single-material or �at-interface OSCs. [131,132] In this
con�guration the donor and acceptor molecules of the device photoactive layer are mixed
in solution yielding a nanoscale bicontinuous blend. However, the intermixing between
donor and acceptor phases still sets a bottleneck on subsequent device performances, since
the exciton di�usion length determines the optimal mean distance between donor (D) and
acceptor (A) that ensures maximum splitting rate. The exciton di�usion length for model
systems like P3HT lies somewhat below 10 nm. [43,44,133]

This has lead considerable research e�ort towards optimization of the D/A morphol-
ogy, featuring various approaches to ensure exciton di�usion length-compatible D-A mor-
phologies. Some of them include nanostructuring, tuning of the solvent composition, or
introduction of solvent additives for morphology control, such as, e.g., diiodooctane or oc-
tanedithiol, amongst others. [62,63,134�140] Nevertheless, most of these techniques su�er from
diverse setbacks. On the one hand, morphology-tuning approaches do not generally have
direct control over the morphology, but rather try to improve it by trial and error, based
on yet poorly understood physical and chemical processes. On the other hand, as is the
case for nanostructuring, they face the technical challenges derived from trying to directly
tailor the morphology at such short length scales, e.g. the fabrication of nanostamps. [63]

Consequently, the opposite approach has been recently hauling increasing interest, i.e. to
tune the exciton di�usion length to aid it matching a given active layer morphology.

Adjustment of the exciton di�usion length requires tuning of its lifetime. Its core idea is to
in�uence the exciton spin statistics, taking advantage of the quantum selection rules. The
aim is to favor the ISC of the excited singlet excitons into the triplet manifold, thereby
lowering the decay rate. The recombination from the triplet excited state to the singlet
ground is, in principle, forbidden, making phosphorescence a low-e�ciency decay mecha-
nism. The physical principles behind it are introduced and discussed in detail in section
2.3.

In practice, this is generally achieved with small organic molecules that contain heavy
metallic atoms, and the process is long-known and established in organic light-emitting
diode (OLED) research. They are commonly known as triplet emitters. OLEDs present
exactly the opposite problem than OSCs. In order to illuminate featuring the highest
e�ciency possible, OLEDs try to maximize the recombination of positive and negative
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5 Heavy-chalcogenophene-based oligomer for solar cell applications

polarons that are electrically pulled from the outside into the active layer. However, in
the case of OLEDs, since the carriers are not optically excited, their distribution of spins
follow the regular statistics: 75 % triplet and 25 % singlets. As previously discussed,
only the singlet excitons are allowed to recombined radiatively, feature that limits the
theoretical OLED e�ciency to 25 %. Therefore, triplet emitters are incorporated into
OLEDs to allow the rate of radiatively recombining excitons to exceed one quarter, via
increasing the e�ciency of the phosphorescence decay mechanism (see section 2.3 for the
theoretical discussion).

Thus, the same principle is considered for OSCs in order to solve the opposite problem,
i.e. to induce ISC from the singlet to the triplet manifolds of the 100 % singlet photo-
generated excitons. This approach has been already used in OSCs, featuring modi�ed
active layers with low weight percentages of doping molecules that have yielded satis-
factory results. [141�143] However, as mentioned above, phosphorescent agents successfully
incorporated into OSCs are mainly featured by small molecules with coordinated heavy
metallic atoms. These small molecules are used as dopants of OSC active layers otherwise
fabricated with regular and well-known photoactive materials. Whilst their incorporation
demonstrably contributes to the reduction of the device polaron pair recombination and
to the elongation of excitons lifetimes, the desirable goal on a longer run is rather to
achieve such e�ects in long macromolecules featuring high molecular weights. Thereby,
instead of having sparsely distributed ISC-centers in organic devices, we can aim for long
conjugation lengths with nanoscopic intra-molecular transport of triplet polarons. So far,
partially successful work has been done in this area of introducing heavy main group ele-
ments in polymers, featuring mainly metals or metalloids from the groups 13 to 15 of the
periodic table. So far these have mainly been germanium (Ge), tellurium (Te), tin (Sn)
and gallium (Ga). Hereby, to date BHJ OSCs with active layers containing Ge and Se
have delivered successful results, featuring e�ciencies ranging from under 1 % up to 8.20
% in the case of Ge-containing macromolecules, and between 2 % and 4.5 % for Se-based
polymers. All of them after device optimization and eventual use of solvent additives. [144]

Nevertheless, Ge is still light compared to the metals that are known to carry signi�-
cant degrees of L-S coupling. [145] In the longer run, attainment of macromolecules with
transition-metal heteroatoms of the periods �ve or six is desirable, as it is currently the
situation for triplet-emitting small molecules, which mostly present iridium (Ir) or plat-
inum (Pt) metallic heteroatoms.

In pursuit of this goal, in the present chapter we study fundamental and operational
properties of the novel triple chalcogenophene-based oligo poly-(3-hexyl-2(3-(4-hexylthio-
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phene-2-yl)-4,5-butylselenophene-1-yl)-5-(4,5-butyltellurophene-1-yl)thiophene), or PBST-
3HT for short. Te is a metalloid of the period �ve, situated already at the right height
of the periodic table. Moreover, Te is about 76 % heavier than Ge, thereby presenting
expectedly much higher rates of L-S coupling. PBST3HT consists of a repeating monomer
formed by a hexylthiophene-butylselenophene-hexylthiophene-butyltellurophene sequence,
featuring molecular weights in the oligomeric range. This feature, combined with the high
ring coplanarity associated to polyselenophenes, enables potential for building long intra-
molecular π- conjugated bands, along which triplet polarons (ISC-crossed due to the pres-
ence of tellurium along the conjugated backbone) are transported. Spectroscopic as well
as morphological characterization in section 5.2 reveals versatile band gap-adjusting prop-
erties as well as potential control of the material packing. Hereby, and in order to better
understand the intrinsic molecular behavior, we combine the analysis of the morphological
and crystalline evolutions with computationally optimized models that provide further in-
sight into energetically favorable morphologies. Section 5.3 presents the �rst attempts to
incorporate PBST3HT into organic solar devices. The main challenges still presented by
the material will be identi�ed from in-device performance, along with interesting aging-
related e�ects that set possible benchmarks for further research on PBST3HT.

5.2 System characterization

PBST3HT presents heavy chalcogen atoms in a long conjugated backbone, i.e. in the
region of most e�cient charge transport. Selenium (Se) and tellurium (Te) heteroatoms
contribute with various advantages that are expected to increase OSC performance. [146]

On the one hand, polyselenophenes present generally narrower band gaps than the more
common and far better characterized poly-(3-hexylthiophene-2,5-diyl) (P3HT), with the
lighter chalcogen sulfur (S) as heteroatom. This comes as a result of the lower ionization
potential of Se compared to S, as well as of a higher ring coplanarity, which allows π-
delocalization over larger molecular regions. The two e�ects lead to narrower band gaps
that result in improved light absorption properties. [120,147,148] On the other hand, tellurium,
which is a semimetal, provides PBST3HT with organometallic properties, through e.g.
metal-to-ligand bonds, which increase the spin-orbit (L-S) coupling in the delocalized
π regions and, consequently, the ISC. Hereby, presence of Te helps tuning the average
exciton lifetime through tailored spin statistics, arguably leading to a higher rate of triplet
excitons. This approach aids the tuning of molecular singlet and triplet yields and is
explored already for long time in OLED research. [149�152] The physics governing such
phenomena are discussed in detail in section 2.3.

96



5 Heavy-chalcogenophene-based oligomer for solar cell applications

5.2.1 Spectral response of thin �lms to temperature

Figure 5.1: 3D representation of a BST3HT

monomer displaying an energetically-optimized

con�guration according to MM2 force �eld cal-

culations. The di�erent colors represents di�er-

ent atomic species: yellow:S, orange:Te, red:Se,

gray:C. H atoms are omitted for clarity of the pre-

sentation. Figure taken from r16s.

Figure 5.1 displays an energetically optimized
arrangement of the PBST3HT monomer, ac-
cording to simulations performed at the MM2
Force Field level of theory in the gas phase
(simulations have been carried out by Prof.
Alex Brown at the Chemistry Department of
the University of Alberta, Canada). The re-
sults show the emergence of a dihedral angle
θ between the central thiophene, with the S
heteroatom displayed in yellow, and the se-
lenophene, with the Se atom in red. This
tendency is con�rmed by further calculations
performed at other levels of theory, like for the
Universal Force Field (UFF) and the Density
Functional Theory (DFT) frameworks. Be-
sides the fact that the di�erent formalisms
yield di�erent values for θ (θMM2 � 50°,
θUFF � 110°, θDFT � 69°), the repeated at-
tainment of a non-coplanar monomer poses
questions on the availability of long delocalized π-conjugated regions. This twisted mor-
phology could, moreover, clash with the highly attractive Te�Te interactions of the tel-
lurophene units. [153�155] Thus, the potential competition between these e�ects adds uncer-
tainty on the direction of the evolution towards equilibrium of the material morphology
upon temperature treatment. Consequently, the characterization of PBST3HT is done
with respect to temperature. Moreover, temperature-resolved characterization is impor-
tant, since temperature is a key parameter in the OSC production process.

PBST3HT characterization is partly performed on thin �lm samples, since the solar de-
vices are composed of stacked thin �lms. For their study, thin layer samples were fabri-
cated according to the details given in sections 4.2 and 4.3. The absorption response as
a function of the temperature of 60 nm-thin PBST3HT �lms has been investigated. The
UV/Vis experiments are carried out with in-situ varying temperature, from RT to 150 °C
and back to RT in steps of 10 °C.

Figure 5.2 displays the obtained optical behavior. The obtained absolute absorbance val-
ues are displayed in �gure 5.2a. Figure 5.2b displays the absorbance curves arti�cially
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shifted along the ordinate axis for clarity of the presentation. The absorbance presents an
onset at around 650 nm and two additional transitions at 460 and 500 nm. The absorp-
tion spectrum remains unchanged up to approximately 80 °C, presenting the mentioned
absorption onset that corresponds to a band gap of around 2 eV, giving the samples their
characteristic red color.

Figure 5.2: a) Absorbance evolution with temperature of a PBST3HT thin �lm. The color gradient

depicts the evolution from RT to 150 °C and back. b) Shifted spectra from bottom to top for clarity of the

presentation. Dashed lines display the absorbance curves at the two transition temperatures, 90 °C and

130 °C. Figure taken from r16s.

At around 90 °C the spectrum begins to change. It features an hypsochromic shift. This
is an indicator that the optical band gap increases. The process of blue-shifting spans
over approximately 40 K range, and ends at approximately 130 °C. Once the shift is com-
pleted the absorption onset lies at around 530 nm, corresponding to a larger optical band
gap than before. Optically, the samples display a yellow color after the annealing. The
observed shift in the absorption onset is ascribed to a reorganization process induced by
self-assembly of the tellurium units. In the new state, the earlier soft transition at 460
nm becomes nearly invisible due to merging with the shifting main absorption feature.
The spectra remain further unchanged upon cooling back to RT.

The relatively slow and traceable transitioning process observed in the absorption spec-
trum allows a certain degree of control of the absorption onset, and, consequently, the �nal
material band gap. The combination of absorbance and thickness data allows for determi-
nation of the absorption coe�cient αpλq, which at the same time allows for construction of
the so-called Tauc plots pαpλqEqn vs. E, where E is the energy of the incoming photons.
The process of calculation of the absorption coe�cient is described in detail in section
3.2.1 and greater insight on the Tauc plot is provided in the literature. [156�158] The Tauc
plot allows estimation of the optical band gap through interpolation to no-absorption of
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the

Figure 5.3: Exemplary Tauc plot (black points) and

the corresponding �tting of the absorption onset (red)

line that allows for determination of the material op-

tical bandgap.

αpλqE onset. An example of the Tauc
plot and the corresponding �tting of the
absorption onset for PBST3HT at RT is
displayed in �gure 5.3. Figure 5.4 shows
the optical band gap obtained for PBS3HT
as a function of temperature. At RT the
band gap is estimated to be slightly above
2 eV. At 90 °C, the temperature that marks
the beginning of the transition tempera-
ture range (indicated on �gure 5.4a by the
orange box), the band gap shows a strong
increase, indicating the beginning of the re-
organization process. The process ends up
with an optical band gap of approximately
2.35 eV. The temperature step between 110

and 120 °C features the most abrupt band gap change, featuring by itself already a change
of about 0.2 eV. The overall change in band gap, blue-shifting the overall absorption spec-
trum can as well be observed by naked eye in the color change of the deposited thin �lms
(see �gure 5.4b).

Figure 5.4: a) Evolution with temperature of the PBST3HT optical band gap, according to the Tauc

plot extrapolation obtained from UV/Vis data. The orange box depicts the temperature transition range

between 90 and 130 °C. The red dashed line represents the transition between heating and cooling protocols.

b) Color change of PBST3HT homogeneous �lms after annealing at di�erent temperatures. Figure adapted

from r16s.

Studies on polytellurophenes report that the energies of their molecular orbitals (and
consequently, the absorption onsets and band gaps) can be controlled via coordination
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chemistry on Te centers, e.g. by exposure to Br2. [154] Hereby, Br2 molecules coordinate
around the Te centers, forming TeBr2, drastically altering the HOMO and LUMO levels
of the materials, and thereby allowing control of its optical properties. [159�161] Thus, the
presently observed e�ect is not related to the presence of Br2 and seems more related to
the material morphology. This can be the tendency of Te atoms to coordinate via strong
Te�Te intra- and/or intermolecular interactions, that have an in�uence on the overall
solid-state morphology and cause the observed change in the material band gap.

5.2.2 Morphological changes in thin �lms upon annealing

Temperature [°C] σRMS [nm]

RT 0.6�0.1

40 0.6�0.1

60 0.4�0.1

70 0.5�0.1

90 0.4�0.1

100 0.5�0.1

130 0.4�0.1

Table 5.1: Root mean squared rough-

ness (RRMS) values of PBST3HT �lms

annealed at di�erent temperatures.

The �lms, presenting thicknesses of around 60 nm,
are measured with XRR (details of the measure-
ment method in section 3.1.2). The obtained XRR
data as well as the parameters and SLD pro�les ex-
tracted from the corresponding �ts are displayed in
�gure 5.5. The samples were annealed at di�erent
temperatures and scanned at RT. The modeling of
the vertical SLD pro�le is done by assuming a main
central bulk phase and two much thinner interfacial
layers at the polymer-substrate and the polymer-
air interfaces. The measurements at various tem-
peratures present Kiessig fringes, indicating smooth
sample surfaces. The root mean squared roughness

(RRMS) values for the top interface obtained from the �ts are summarized in table 5.1.
Fitting of the XRR curves provides as well information on the vertical SLD distribution,
which is displayed in �gure 5.5b. All samples display approximately the same bulk SLD
of around 1.3 · 10�5 Å. By increasing temperature, the SLD of the thin top layer seems to
decrease, from starting values of almost 1.5 · 10�5 Å for non-anealed (RT) samples down
to values below 13 · 10�6 Å for samples annealed at 130 °C. On the other hand, the thin
layer modeled close to the silicon substrate does not seem to follow a clear trend.

High resolution SEM measurements (details of the method in section 3.1.1) are as well
performed on the thin �lms to characterize potential morphology changes appearing upon
temperature treatment. For SEM measurements, the �lms are spin coated on clean, non-
etched ITO substrates (details in chapter 4).
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Figure 5.5: a) PBST3HT XRR curves obtained for samples annealed at di�erent temperatures. Colored

circles correspond to the data whilst orange lines indicate the �t. b) Resulting SLD pro�le obtained from

the �ts to the XRR data. The origin of the x-axis correspond to the PBST3HT-air interface. Figure

taken from r16s.

The SEM pictures are shown in �gure 5.6. They show a drastic change in morphology
in agreement with the UV/Vis data. At low T , a rather homogeneous morphology is
obtained, with small and weak lighter regions assumed crystalline, and featuring as well
some darker spots. Above 90 °C, the morphology displays a qualitative change. The
contrast between the di�erent phases in the �lm increases. The darker spots grow in
size up to some tens of nm, and the assumed crystalline lighter regions grow for high
temperatures, featuring sizes of up to several hundreds of nm, even reaching the µm
range. Similarly to XRR, SEM samples were annealed by the temperatures indicated in
�gure 5.6 and afterward scanned at RT.

5.2.3 Morphological and crystalline development in the bulk

The observed changes in PBST3HT absorption spectrum involve a change in the material
band gap, presumed to be morphology-related. After this correlation with the morphol-
ogy has been observed from SEM measurements, the changes in the inner morphology
of the material upon thermal annealing are recorded as well. This is accomplished via
SAXS/WAXS transmission measurements in vacuum. Like in the UV/Vis characteriza-
tion, SAXS/WAXS is performed with in-situ control of the sample temperature. The
measurements are carried out on drop-cast thick �lms, starting at 25 °C and subsequently
from 30 to 150 °C, with 10 °C step between measurements. Once the heating protocol is
completed, the process is repeated in reverse down to 25 °C. The combined SAXS/WAXS
q-range spans from 5 · 10�3 Å�1 to 2 Å�1. This allows for characterization of structures
with sizes or characteristic distances ranging from few Angstroms to tens of nanometers.
The obtained data sets and the corresponding �ttings
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Figure 5.6: Top-view SEM images for di�erent magni�cations of PBST3HT samples annealed at dif-

ferent temperatures. Figure taken from r16s.
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are presented in �gures 5.7 and 5.8. Details on the models used for the �tting are available
in sections 2.4.2 and 2.4.3.

SAXS sections of the data are �tted, on the one hand with a Porod decay (IPorod9q�4)
that accounts for the intensity contribution of big objects not resolvable with the used
setup (below q � 10�2 Å�1 in the main panel of �gure 5.7). On the other hand, for low
temperatures (  90°C) the �tting includes as well an Ornstein-Zernike term with a size
of 39.6 � 0.9 Å. At 100 °C a remarkable feature appears in the q-range of 2 � 3 · 10�2

Å�1, indicated by the large arrow in the main panel of �gure 5.7. It develops further for
increasing temperatures, even developing a second-order shoulder, which indicates well-
de�ned domains. Modeling of these domains has been attempted with form factors of
di�erent shapes, mainly cylinders, spheres and, �nally, lamellae. The modeling has been
only successful with spherical form factors, which indicates a certain degree of 3D isotropy
in the domain formation.

Figure 5.7: SAXS/WAXS integrated data curves for in-situ annealing PBST3HT samples during the

heating protocol. The green and yellow insets depict the WAXS region with greater detail. Points corre-

spond to the data while the lines indicate the �t. Curves are vertically shifted for clarity. Figure adapted

from r16s.
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The change in mesomorphology of PBST3HT upon thermal treatment happens along
with changes in the crystalline arrangement of the material as well. Both yellow and
green insets in �gure 5.7 display the WAXS sections of the x-ray scattering data for the
heating run.

A crystalline structure featuring sharp Bragg peaks at 4.86 � 0.02 Å and 5.60 � 0.02 Å
are present (indicated by the two black arrows on the 25 °C curve). These persist for
the complete heating run. However, at 130 °C, observed as the end of the temperature
transition range observed in UV/Vis, two new peaks appear, indicating the transition to
a new crystalline phase.

Figure 5.8: SAXS/WAXS integrated data curves for in-situ annealing PBST3HT samples during the

cooling protocol. The green inset depicts the WAXS region with greater detail. Points correspond to the

data while the lines indicate the �t. Curves are vertically shifted for clarity. Figure taken from r16s.

Figure 5.8 shows the datasets obtained in the subsequent cooling procedure. The thermal

104



5 Heavy-chalcogenophene-based oligomer for solar cell applications

annealing has brought the system to a more stable morphology. Therefore, the meso-
morphology data obtained from SAXS remains constant for the whole run. Regarding
the crystallinity of the �lms, when cooled below 140°C, the crystalline phase originally
present during the heating cycle from 25°C to 130°C, represented by the two Bragg peaks
at 4.86� 0.02 Å and 5.60� 0.02 Å disappears completely. This indicates the completion
of the irreversible crystalline transition.

Figures 5.9 and 5.10 display the summary of the obtained parameters in the SAXS/WAXS
�tting. Figure 5.9 summarizes the emergence and development of the spherical domains in
the mesoscale (SAXS) introduced above. As mentioned, the objects appear at 100 °C and
grow in size and concentration up to a temperature of approximately 130 °C, after which
both trends plateau. The obtained SLDs associated to the domains and to the polymer
matrix are 1.89 · 1011 cm�2 and 1.265 · 1011 cm�2, respectively. The starting value for the
�tting of the SLDs of the polymer matrix was obtained from XRR measurements. Hereby,

Figure 5.9: Evolution with temperature of the mesostruc-

ture growth in PBST3HT samples. The gray box depicts

the temperature transition range between 90 and 130 °C.

The red dashed line represents the transition between heat-

ing and cooling protocols. Figure adapted from r16s.

the �nal SLD value obtained for
the matrix is lower than the start-
ing one, and the �nal SLD of
the spherical domains is about a
15% larger than the starting value
obtained from XRR, thereby es-
tablishing a good agreement with
XRR data. Moreover, the ob-
served morphology transformation is
as well in good accordance with
the SEM investigations (see section
5.2.2), which show remarkable mor-
phology changes from 90 °C on, dis-
playing large structures of up to
µm-size embedded in the PBST3HT
�lms.

The evolution of the crystalline Bragg peaks observed in the WAXS segments of the data
curves are summarized in �gure 5.10. The crystalline peaks are �tted with Lorentzian
curves, out of which the corresponding lattice distances can be estimated (theoretical de-
tails in section 2.4.3). The crystallites present sizes of few tens of nanometers and, at RT,
two Bragg peaks are visible, displaying lattice distances of 4.86� 0.02 Å and 5.60� 0.02

Å, indicated in �gure 5.10 by the black and red hollow symbols.
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Figure 5.10: Evolution with temperature of the

Lorentzian �ts to the WAXS crystalline peaks. The gray

box depicts the temperature transition range between 90

and 130 °C. The red dashed line represents the transition

between heating and cooling protocols. Figure adapted

from r16s.

With increasing T, the intensities of
both peaks decrease until approxi-
mately 40 °C, where they level o�.
The beginning of this previously spot-
ted transition temperature range (90
°C, indicated by the gray box in �g-
ure 5.10) is marked by an intense jump
in crystalline intensity, and subsequent
decrease further until 150 °C, while the
material band gap widens, as observed
in the UV/Vis experiments. This sud-
den transition at 90 °C is as well in very
good agreement with the SEM observa-
tion, in which for samples annealed at
90 °C already a very di�erent morphol-
ogy was observed, as compared to the
original one obtained after �lm deposi-
tion at RT.

At the end of the crystalline transition (130 °C) a new crystalline phase appears, rep-
resented by two sharp peaks at 3.69 � 0.01 Å and 3.09 � 0.01 Å (blue and green solid
symbols in �gure 5.10). These newly appeared phase coexists with the previous one in
the temperature range 130 °C - 150 °C, making this temperature range the one with
highest crystallinity. When the cooling starts, the original crystalline phase completely
disappears at 140 °C. The two new peaks are ascribed to π � π interactions coming from
reorganization of the tellurophene units. Their lattice distances lie within twice the van
der Waals bond lengths for carbon (1.77 Å), selenium (1.90 Å) and tellurium (2.15 Å), in
agreement with the hypothesis of π � π coupling. Furthermore, Te-Te distances between
3.80 and 4.04 Å have been observed already in 3,4-dimethoxytellurophene, as well ascribed
to π � π interaction. [159] This new crystalline phase appears exactly when the band gap
widening process observed in UV/Vis is completed, at 130 °C, and it stays upon cooling
back of the system down to RT.

5.2.4 Modeled behavior

Computational studies have as well contributed to understanding the reaction of PBST3HT
to temperature treatment. Experimentally, the absorption pro�le of PBST3HT presents
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a main broad feature centered roughly at 400 nm, plus two additonal sharper transitions
at 460 nm and 500 nm. Each transition cannot be individually ascribed to any of the
particular chalcogenophene units. For this reason, monomeric as well as dimeric and
trimeric units of PBST3HT are further simulated. The absorption energies are simulated
using DFT, whereas the geometry optimization is carried at the MM2 and UFF levels of
theory. [162] Calculation of the absorption energy for a monomer unit yields an absorption
feature approximately at 340 nm, red-shifting to about 410 nm and to 450 nm upon simu-
lation of longer units, i.e. upon switching from monomer to dimer and to trimer. [16] This
suggests that the observed absorption pro�le might correspond to di�erent PBST3HT
phases presenting di�erent average conjugation lengths, i.e. degrees of order, and that
annealing of the system acts to the detriments of the longest segments.

Figure 5.11: 3D representation of the energetically-optimized structure of a BST3HT trimer (tri-

BST3HT). The calculations are done within the UFF level of theory in the gas phase. The alterna-

tively colored regions indicate segments of the conjugated backbone eventually separated due to the severe

backbone twists. Figure adapted from r16s.

On the other hand, and as mentioned in the beginning of the present characterization
section 5.2, it is worth noting that in simulations of the PBST3HT monomer there is al-
ways a dihedral angle appearing along the backbone. MM2 geometry optimization yields
a twist angle of 50°, whilst for UFF calculation the angle reaches 110°. This demonstrates
the sensibility of this conjugation length-breaking parameter to the theory used for ge-
ometry optimization, as well as to the environment experienced by the molecule itself.
Moreover, even though the particular choice of a force �eld (e.g. MM2 vs. UFF) can
lead to di�erent end angle values, the appearance of such a twist along the PBST3HT
chain is recursive and irrespective of the chosen computational framework. Figure 5.11
displays the example of a energetically-optimized BST3HT trimer (tri-BST3HT), showing
a backbone with repeated twists, thereby compromising the length along the backbone of
π-delocalized regions.
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Simulations suggest a morphology with twisted backbone for various levels of theory.
Combined with the experiments, it all suggests a temperature transition featuring an
energetic optimization of the system. This happens through an increased π � π stacking,
occurring to detriment of the conjugation length. Hence we observe a blue-shift in UV/Vis
spectrum. The strong coordination tendency of tellurophene units is arguably the driving
force behind the recrystallization process, and it presumably occurs through backbone
twisting or folding, since simulations appoint θ as a �rm candidate for crystallinity-driving
parameter.

5.3 Behavior in devices and test solar cells

Fundamental characterization of PBST3HT in light of its promising properties compared
to P3HT reveals interesting behavior, featuring strong changes in mesomorphology and
crystallinity upon thermal treatment. These come along with drastic changes in its opto-
electronic properties, like the observed optical bandgap. As discussed in the introduction
of the present chapter, PBST3HT is expected to bring advantages related to light absorp-
tion and exciton/charge carrier transport derived from the presence of heavy chalcogen
heteroatoms. In the following we discuss the results obtained from the �rst attempts of
embedding this novel macromolecule in complex multilayer solar devices.

5.3.1 PBST3HT as electron donor and active layer

Amongst many, one of the advantages of substituting the sulfur heteroatom in a regular
thiophene by a heavier chalcogen atom, like selenium, lies in the modi�cations that it
brings to the overall material energy levels. Due to the higher ionization potential of
Se as compared to S, the LUMO of the associated polymer is expected to lie at lower
energies than in sulfur-based polymers. On the contrary, the similar electronegativities
of the two heteroatoms lead to expectation of similar HOMO levels. In BHJ OSCs, the
open-circuit voltage (which is one of the main bottlenecks of OPV technologies and will be
discussed in detail in chapter 7) results primarily from the di�erence between the HOMO
of the donor material and the LUMO of the acceptor. Hereby, the expectation is that the
substitution of P3HT with PBST3HT in a conventional P3HT:PCBM BHJ device, which
contains 25% more selenophene units than regular P3HT, will lead to a similar photovolt-
age and, at the same time, increase the amount of charge carriers, due to the improved
absorption capabilities associated to its narrower band gap. This strategy, combined with
the potentially elongated exciton lifetimes provided by the Te centers along the polymer
backbone, makes PBST3HT an interesting candidate for improving performance of OSCs.
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Therefore, we �rst attempt to fabricate PBST3HT:PCBM devices in order to quantify the
magnitude of this expected advantages in real operating device environment. The solar
cells were prepared by the standard procedure as described in chapter 4.

Figure 5.12: Bias-current density (J-V) characteristics of

P3HT:PCBM (warm colors) and PBST3HT:PCBM (cold

colors) BHJ OSCs. Left red ordinate axis corresponds to

P3HT:PCBM cells. Right blue ordinate axis corresponds to

PBST3HT:PCBM cells.

The results obtained in the I-V char-
acterization of the OSCs are sum-
marized in �gure 5.12. Several J-
V curves of both PBST3HT:PCBM
cells as well as reference P3HT:PCBM
OSCs manufactured simultaneously
are displayed. Warm-colored J-V
curves correspond to the reference
P3HT:PCBM solar cells (and the
corresponding current densities refer
to the left red y-axis). In total,
eight P3HT:PCBM J-V curves are
displayed, presenting an average ef-
�ciency of (2.7 � 0.3) %, featuring
standard values of VOC , but slightly
low values for JSC and FF , thereby
yielding e�ciencies below state-of-the-art values. On the other hand, cold-colored I-V
curves indicate the seven PBST3HT:PCBM cells (their current densities refer to the right
blue ordinate axis). The averaged e�ciency amounts to (0.0016 � 0.0011) %. At �rst
sight, a clear non-diodic behavior is recognized from the new system, eventually reveal-
ing important degrees of exciton and/or charge carrier recombination. This gives rise to
extremely low shunt resistances of (2.8 � 0.6) Ω · cm2, i.e. almost no resistance. This
reduces the �ll factor down to around 25 %, which is characteristic of a straight J-V line
(blueish curves in �gure 5.12), and with it depicting a more linear rather than a diodic
behavior.

Another feature worth noting is the low JSCs achieved by the PBST3HT:PCBM devices,
displaying currents about 20 times lower than the reference P3HT:PCBM devices (com-
pare the two ordinate scales for the two material systems). This is arguably related to a
low intrinsic material conductivity. It is as well possible that the device recombination is
so high that it suppresses an intrinsic good electrical conductivity. However, low conduc-
tivities for non-doped similar polytellurophenes have already been reported. [161,163]
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Figure 5.13: Black: J-V characteristics of a PBST3HT

single-component OSC. Blue: J-V characteristics of a BHJ

PBST3HT:PCBM OSC for reference.

In a similar way, the as well low
VOCs delivered by PBST3HT:PCBM
OSCs likely arise from elevated re-
combination rates. One hint in this
regard is that, independently of the
material intrinsic band gap or the ac-
tive layer optical band gap in com-
bination with an acceptor molecule,
alone the work function (WF) dif-
ference between the two device elec-
trodes amounts to WFAl�WFITO �
0.5 eV . Thus, a device VOC in this
range is what should at least be ex-
pected from a non-ill functioning, not

recombination-governed OSC. On the other hand, low VOC values can as well arise from
an unfavorable match of HOMO and LUMO levels between donor and acceptor, as well
as between active materials and blocking layers and electrodes.

In order to gain further insight on potentially de�cient exciton and/or polaron transport
properties of
PBST3HT, OSCs with PBST3HT as the only photoactive material are fabricated. Fur-
thermore, study of PBST3HT-only devices help understanding the high recombination
presented by PBST3HT:PCBM devices that results in low currents and photovoltages.
Figure 5.13 shows an exemplary I-V curve of a PBST3HT-only device. On the one side,
and regardless of the current ordinate scale, a better diodic behavior can be observed,
indicating that, to some extent, the assumed recombination in PBST3HT:PCBM devices
arises from incompatibilities in the partnership with PCBM. Moreover, the obtained VOC
in this case lies around 0.44 V, still inferior to the standard proxyWFAl�WFITO � 0.5 eV

and to standard P3HT:PCBM OSCs, but notably better than for BHJ PBST3HT:PCBM
cells.

However, PBST3HT-only devices allow for better recognition of the expected problem
of de�cient exction/polaron transport within PBST3HT. As observed in �gure 5.13, the
current density scale is tuned to µA/cm2, thereby yielding JSC values somewhat four
orders of magnitude lower than for reference P3HT:PCBM devices, or two orders of mag-
nitude less than PBST3HT:PCBM cells. Hereby it is concluded that in the case of BHJ
PBST3HT:PCBM OSCs most of the polaron-transport was carried out by the PCBM.
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Overall the e�ciency of this device amounts to 0.00015 %. Thus, we gain certainty about
the main disadvantage observed for PBST3HT, i.e. low electrical conductivity. Studies
on similar polytellurophenes or even macromolecules with alternating tellurophene and
selenophene or thiophene units report almost insulating properties of the materials in
their natural state. However, according to these, conductivity values can be improved
upon I2 uptake. [161,163]

Besides the performance of PBST3HT-only OSCs, observation of their time evolution
in the �rst stages of device functioning, yields interesting results. Figure 5.14 displays
the �rst 15 minutes of evolution of the main photovoltaic indicators of a PBST3HT-only
device. Interestingly, the PCE delivered by the device shows an improvement during the
�rst minute of work.

Figure 5.14: Time evolution of the PCE, FF, VOC andJSC for a PBST3HT-only OSC.

It can be seen how this improvement is driven by an increase in the device photovoltage.
An explanation for this e�ect is related to the already observed reorganization and re-
crystallization process of PBST3HT upon thermal exposure, in this case provided by the
heat produced by the UV radiation from the solar simulator. In the case of PBST3HT,
we see how the exposure to heat can lead to a widening of the bandgap, which in turn
leads to a broader optical bandgap. More generally, VOC-increasing heat-triggered e�ects
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associated with the crystalline evolution of the active layer of solar devices have been
observed as well. They are studied in the frame of device aging studies in P3HT:PCBM
OSCs and will be discussed in detail in chapter 7. On the other hand, FF and JSC show
a monotonous decrease, indicating worsening performance conditions. These are ascribed
to the aging resulting from prolonged contact with air and UV radiation.

Despite the low conductivity of PBST3HT and, thus, the low e�ciencies yielded by its
associated devices, the interesting "recovering" behavior observed in time-dependent mea-
surements poses the question whether this e�ect can be of use, maybe within di�erent
devices layouts. Following the presented experiences we experiment with incorporation of
PBST3HT as third component in P3HT:PCBM solar cells. The goal is to take advantage
of the interesting observed morphological, crystalline properties of PBST3HT as well as
of its time-dependent behavior in devices. Hereby the time evolution of P3HT:PCBM
devices is improved, in the �rst place regardless of the absolute performance values ob-
tained.

5.3.2 PBST3HT as photoactive third component

In order to accomplish that, we prepare multiple P3HT:PCBM OSCs with di�erent con-
centrations of PBST3HT, ranging from 0 wt.% up to 30 wt.% in steps of 5 wt.%. We look
�rst at how PBST3HT a�ects the absolute performance of P3HT:PCBM solar devices, as
well as its e�ect on individual device parameters. Afterwards we will similarly compare
the evolution of those in time for di�erent concentrations of PBST3HT.

Figure 5.15 depicts the evolution of PCE, FF , VOC and JSC with PBST3HT concen-
tration. The initial reference P3HT:PCBM solar cells present a rather sub-standard
performance, owing mainly to a low short-circuit current density JSC . Moreover, the
inclusion of PBST3HT a�ects negatively the absolute performance of ternary devices,
as it is indeed expected, given the observed low PBST3HT intrinsic conductivity and
the high device recombination introduced in partnership with PCBM, arguably owing to
unfavorable HOMO/LUMO match. By 5 wt.% PBST3HT concentration, the PCE has
fallen to approximately one third of the initial value. By 15 wt.% the PCE lies around
0.1 %, and the decrease proceeds up to 30 wt.%, where the performance falls one further
order of magnitude. Unsurprisingly, the FF follows a similar evolution.

Furthermore, the evolution of the device photovoltage is of special interest. The photo-
voltage, as it was mentioned previously and will be discussed in greater detail in chapter
7, is intimately related to the recombination in the device. Interestingly, we see in the
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Figure 5.15: PCE, FF , VOC and JSC measured for P3HT:PCBM solar cells with di�erent concentra-

tions of PBST3HT. Solid squares represent the data points. Black solid lines are a guide to the eye. For

the VOC the red solid line depicts the linear �t indicated by the function VOCpcPBST3HT q.

present set that the decrease of the VOC depicts, to a very good level, a linear relation
with the wt.% of PBST3HT, thereby further supporting the hypothesis of increasing re-
combination due to important mismatches between PBST3HT HOMO/LUMO levels and
the relevant energy levels of the other layers composing the stack. On the other hand,
observation of the evolution of JSC also allows drawing of some hypotheses. Unlike VOC ,
the JSC decreases rapidly for the �rst 10 wt.% concentration range. By 10 wt.% the JSC
has decreased already to a 17 % of its initial value. This suggests that PBST3HT possibly
enriches at some height in the device, thereby blocking the e�ective charge carrier collec-
tion due to its intrinsic low conductivity. If PBST3HT were distributed homogeneously
within the active layer, it would be expected that the charge carriers were able to �nd
percolation pathways to the electrodes within the P3HT (PCBM) phase.

Regardless of the absolute performance values obtained for di�erent amounts of PBST3HT
within the active layer, it is interesting to see whether this novel triple chalcogenophene
improves the device resistance to aging by comparing the evolution of the main photo-
voltaic parameters to the initial ones. In this regard, �gure 5.16 displays the evolution of
PCE, FF , VOC , JSC for di�erent PBST3HT concentrations, all normalized to the corre-
sponding value at time t � 0.
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Figure 5.16: Time evolution of the PCE, FF , VOC and JSC for di�erent concentrations of PBST3HT

in ternary P3HT:PBST3HT:PCBM solar cells. The solid squares represent data points. The solid lines

are a guide to the eye.

Clear qualitative changes in time-dependent behavior appear beyond a certain concen-
tration threshold. In an attempt to establish comparisons with the previous case of
PBST3HT-only cells, we can take a closer look at the VOC of the ternary devices. As it
will be presented and discussed later in chapter 7, the VOC of regular non-encapsulated
P3HT:PCBM devices can hold at higher than 90 % of the initial value for several hours
under operation. In the present case, and after the �rst seconds of operation that show
an improvement, the decrease rate of VOC accelerates until its fastest rate at 15 wt.%
PBST3HT. The nature of this early behavior will be as well addressed in detail. Approx-
imately after this concentration an improvement in the aging behavior can be observed.
Either in the form of a more prominent improvement in the initial "burn-in" phase and/or
as a decreased rate of VOC decay (compare the cases of PBST3HT concentrations of 15
and 25 wt.%). It is not until the highest concentration of 30 wt.% that, after some oper-
ation time, improved VOC values compared to the starting ones can be �rst observed.

Similarly, the short-circuit current density JSC decreases at its fastest at a PBST3HT con-
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centration of 10 wt.% in the initial seconds of the burn-in phase. For higher PBST3HT
concentrations it shows more stable development compared to the starting values within
the �rst seconds. Again, it is at a PBST3HT concentration of 30 wt.% that the JSC shows
improvement upon functioning compared to the initial value.

The FF is the parameter which shows the most interesting time development, since al-
ready from 5 wt.% PBST3HT concentration the degradation pro�le after the �rst minute
shows qualitative di�erences compared to the reference P3HT:PCBM devices. Indeed,
for all devices containing PBST3HT in the active layer, the FF decays until around 50 s

operation time, threshold after which the FF start either showing an improvement of
staying relatively stable at the value reached after these 50 s. For 30 wt.% the FF after
that 50 s threshold show clear improvements by up to over 20% compared to the initial
FF .

As a combination of all studied parameters, the PCE evolution presents for almost all
PBS3HT concentrations a qualitatively very similar degradation pro�le, featuring the
same decay rate after the fast initial burn-in phase. This initial burn-in phase is especially
severe for the device containing 15 wt.% PBST3HT, mainly driven by the degradation in
JSC . As it happens for all other parameters, at a PBST3HT concentration of 30 wt.% the
PCE starts improving continuously after the initial burn-in phase, reaching improvements
of up to 30 % compared to the initial performance.

5.4 Conclusions and outlook

In the present chapter we conducted an exhaustive analysis of some fundamental proper-
ties of a novel and custom-synthesized triple-chalcogenophene oligomer named PBST3HT.
Preliminary tests in real solar cells for assessment of main bottlenecks and for identi�ca-
tion of the material's main potentials have as well been conducted.

The triple chalcogenophene combination is expected to bring along varied advantages
due to the presence of Se- and Te-based units. On the one hand, narrower bandgaps
as compared to standard P3HT provide improved light absorption and, with it, higher
exciton/polaron density. Moreover, Te is known to contribute to improved ISC in the
system, which results in a higher share of triplet excitons and, thereby, longer average
exciton di�usion lengths.

The fundamental characterization of PBST3HT shows interesting bandgap-adjusting prop-
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erties upon thermal treatment, featuring tunable bandgaps from 2 eV up to 2.35 eV. These
are accompanied by signi�cant changes in morphology and crystalline arrangement, ex-
pectedly induced by the high coordination tendency of tellurophene units. The combina-
tion of optoelectronic and morphological characterizations with simulations suggest that
temperature triggers the development of a more stable system morphology. It features
enhanced π � π stacking to detriment of the polymer conjugation length, thereby also
inducing the observed widening of the band gap.

Implementation of PBST3HT in solar cells yields still unsatisfactory device performance
as compared to the reference P3HT, arguably related to two main features of PBST3HT.
The �rst one is its extremely low electrical conductivity in its natural state. This feature
has been reported already multiple times for very similar systems, like polytellurophenes
or selenophene/tellurophene copolymers. [161,163] In these mentioned cases, the conductiv-
ity improves signi�cantly upon exposure to I2. In this regard, measurements of electrical
conductivity or even characterization of PBST3HT-based OSCs in presence of I2 gas could
help �nding a way to dramatically improve PBST3HT performance in devices.

The second noteworthy drawback presented by PBST3HT is an eventually unfavorable
energy level match with the standard acceptor PCBM. This prevents the right-away sub-
stitution of P3HT in solar devices. One of the original purposes of substituting sulfur
with selenium is the fact that the resulting polymer can present lower LUMO levels with
relatively unchanged HOMO energies, thereby increasing the e�ective light absorption
without important losses in device VOC . However, the introduction of tellurophene units
presumably distorts this strategy, since the study of PBST3HT:PCBM and PBST-only
devices shows very signi�cant levels of charge-carrier recombination when in combination
with PCBM. Likewise, combination of PBST3HT with P3HT is not expected to be bene�-
cial, since it would mean the combination of two p-conducting polymers within a BHJ. In
this regard, comprehensive ultra-violet photoelectron spectroscopy (UPS) measurements
at di�erent temperatures can reveal HOMO and LUMO positions at di�erent stage of
band gap switching, allowing for better allocation of proper n-conductive photoactive
partners for OSCs. The search of proper photoactive partners of PBST3HT can be fur-
ther complemented by the tuning of the intrinsic PBST3HT HOMO and LUMO levels
allowed by the presence of Te-based units. This can be achieved by e.g. bromination,
i.e. exposure to Br2 vapor, as reported for similar materials. [161] Br2 coordinates with Te
centers forming TeBr2. This produces major changes in the material HOMO and LUMO,
mainly narrowing the material optical band gap. Therefore, potential experiments with
Br2-exposed OSCs could help �nding out if a more bene�cial HOMO/LUMO combination
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can be achieved by such procedure, and/or if this approach allows for enough energetic
adaptability of the material, so that it can partner with a broad range on n-conducting
molecules. Nevertheless, technical and health concerns related to Br2 exposure need to
be taken into serious account. Bromine is volatile, releases su�ocating vapors, is very cor-
rosive to skin, tissue and metals, is highly toxic, accelerates the burning of combustible
material and reacts in contact with water forming highly-corrosive hydrobromic acid HBr.
Therefore, special precautions, technical challenges and security protocols must be fore-
seen and planned when engaging with such a line of research.

One further noteworthy feature of PBST3HT is related to the challenging synthesis of
Te-based macromolecules. Most of Te-based macromolecules present very low degrees of
solubility. This, combined in some cases with slow reaction kinetics decreases the e�-
ciency of the polymerization process, generally leading to polytellurophenes presenting
only low molecular weights, and thereby limiting the attainable narrow band gaps. [163,164]

In the case of PBST3HT (MW � 4kDa) the narrowest band gaps obtained lie around 2 eV,
very similar to standard P3HT and, hence, the potential advantages of narrow band gap
polymers cannot be fully exploited. However, some novel reports present already synthesis
routes delivering polytellurophenes with molecular weights as high as MW � 25kDa. [164].
In any case, the observed morphology transitions in PBST3HT that happen to detriment
of the longest conjugated units may make the degree of polymerization not the main con-
cern in the attempt of achieving low-band gap Te-based polymers.

On the other hand, inclusion of PBST3HT in P3HT:PCBM solar cells has yielded inter-
esting results. Regardless of a worse absolute performance, the presence of PBST3HT
induces an improvement in the aging behavior of PBST3HT:P3HT:PCBM ternary solar
cells compared to initial values, showing even improvement during functioning for high
loads of PBST3HT (30 wt.%). Further research as the proposed above, aiming to in-
crease the electrical conductivity as well as to tuning the PBST3HT HOMO and LUMO
levels in order to better partner with P3HT and PCBM, could eventually lead to bet-
ter absolute performances in ternary P3HT:PBST3HT:PCBM devices while still taking
advantage of the "recovery" properties observed upon inclusion of PBST3HT. This ef-
fect of improving OSC performance is arguably related to a heat-triggered morphological
and crystalline reorganization, as observed for neat PBST3HT. Upon heating of the sys-
tem due to exposure to sunlight, the system moves towards an equilibrium state for the
P3HT:PBST3HT:PCBM ternary system, inducing a di�erent equilibrium con�guration
and, hence, a di�erent time evolution for di�erent PBST3HT concentration.
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Further study of the recovering of PBST3HT-based solar devices can as well yield substan-
tial fundamental knowledge that can eventually help better understanding and avoiding
OSC aging. However, the particular use of PBST3HT as OSC third component seem
yet far from application, and the use of iodine or bromine for eventually tackling some
of its bottlenecks poses some important technical, health and security challenges. In the
following, we will explore new approaches to improve OSC e�ciency through improved
exciton spin statistics, lifetime and di�usion length.
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Chapter 6

Superparamagnetic Fe3O4 nanoparticles

in P3HT:PCBM organic solar cells

The content of this chapter features the �rst comprehensive morphological as well as op-
toelectronic characterization performed on P3HT:PCBM BHJ OSCs modi�ed with Fe3O4

NPs. Morphological as well as optoelectronic characterization of thin �lms and full solar
devices suggest an extension of exciton lifetime on the basis of an increased ISC, ultimately
leading to an enhanced device e�ciency. Furthermore, the in�uence of a magnetic �eld
on the performance of the modi�ed devices is investigated. The article "Improved power

conversion e�ciency of P3HT:PCBM organic solar cells by strong spin-orbit coupling-

induced delayed �uorescence", cited in this thesis as reference r14s, has been published
as a result of part of the work presented in the following. Parts of the work discussed
in this chapter are originally presented in the master thesis "Enhancing triplet exciton

population in organic solar cells" by Florian Dreher. [117]

6.1 Introduction

In the previous chapter we studied the properties of PBST3HT, as well as assessed its capa-
bilities in solar devices in its natural, non-doped state. PBST3HT constitutes one further
attempt in the yet rather immature �eld of combining triplet-emitting properties with
high-molecular-weight macromolecules. In this regard, we have developed PBST3HT-
based solar cells. To the best of our knowledge, the PBST3HT-based OSCs presented
and discussed in the previous chapter are the �rsts successfully fabricated with a Te-based
oligomer. Despite the fact that the results of the �rst experiments are promising, in the
case of the used PBST3HT system, as discussed at the end of the previous chapter, still
some bottlenecks need to be addressed in order to unlock attainment of high-performing
OSCs. These bottlenecks prevent immediate substitution of P3HT with PBST3HT in
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BHJ OSCs. The remaining challenges are mostly related to a de�cient electrical conduc-
tivity of Te-based polymers in their natural state. Hereby, study of the e�ect of doping,
iodination, bromination, etc. as well as further innovation in the �eld of synthesis can
show the correct path to keep up the good progress. Moreover, PBST3HT has shown band
gap-adjustment behavior upon exposure to di�erent temperatures, eventually allowing for
HOMO and/or LUMO change during OSC fabrication process. Similar to the issue of
low conductivities, this can be addressed via multiple synthesis and/or device fabrication
procedure approaches (see section 5.4).

Hence, we develop in parallel further approaches to increase the exciton di�usion length
in common and well-known systems. An interesting approach consists of the addition of
NPs. In general, inorganic nanoparticles have proven to provide multiple advantages that
can be used in photovoltaic technology, such as surface plasmon resonance, band gap-
tuning in hybrid PV systems, acceleration of exciton splitting in the case of nanocrystals,
modi�cation of work functions for improved carrier-blocking properties, or improving in-
terlayer contacts, amongst others. [165�168] Furthermore, NPs can be used for increasing
the ISC in the solar device photoactive medium. The NPs used for this purpose are su-
perparamagnetic and feature small remanent magnetizations. These create small local
magnetic �elds in their vicinity, increasing the ISC in the neighboring molecules, given
that the magnetic �eld induces spin rephasing (see section 2.3 for detailed discussion on
the corresponding theoretical background).

The current approach involving NPs presents some advantages. In contrast to the ap-
proach presented in the previous chapter, introduction of superparamagnetic NPs is a
more straight-forward method for a handful of reasons. On the one hand, control and
parametrization of BHJ morphologies upon NP addition is generally a better-studied and
accessible area, making this approach more immediately usable. Furthermore, synthesis,
functionalization and inclusion of NPs in solar devices is a by far cheaper method than
custom-engineering novel macromolecules, in which the aimed properties generally im-
ply low-e�ciency synthesis routes or require full development of new synthesis strategies.
This makes the approach with nanoparticles commercially attractive, especially, taking
into account that they can be easily implemented in otherwise well characterized pho-
toactive systems.

This way of approaching exciton di�usion length elongation is still relatively novel, as
there exist just few reports on improved PCE via this method. [14,169,170] In 2011, Zhang
et al. suggested that this e�ect is achieved by the introduction of superparamagnetic
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Fe3O4 NPs, reporting devices e�ciencies improved by about 18% in a study based ex-
clusively on analysis of device performance. [169] Our work, presented in this thesis, was
the next one building on top of that �rst report, with results in very good agreement
with the work of Zhang, [169] improving e�ciencies by up to 11 %. [14] Moreover, our study
was the very �rst one featuring comprehensive investigations on the e�ect of NP addition
on the system performance in devices, mesomorphology, crystallinity and optoelectronic
response, supporting the argument of elongated exciton lifetimes, and o�ering broader in-
sight on the NP-assisted increased ISC for the �rst time. Shortly thereafter, further work
by Jaramillo et al., featuring more developed approaches with core-shell Fe3O4@ZnO NPs
reported e�ciency improvements of by up to 25 %. [170]

In the present chapter, we study the e�ect of Fe3O4 NPs in the otherwise well-characterized
active layer system P3HT:PCBM. [171] The presented research features more detailed mor-
phological and optoelectronic characterization of the many e�ects that the presence of
NPs could have in OSCs, compared to the just preliminary device comparison reported
by Zhang et al.. First, the e�ect of NPs in the performance and other device parameters
is examined. Afterwards, morphology changes upon NP addition are cross-checked to
conclude which and to which extend of the observed e�ects can be explained by morpho-
logical/crystalline arguments. Finally, we estimate exciton lifetimes via PL spectroscopy.
Overall, the whole picture supports the hypothesis of an elongated exciton di�usion length
by the ISC enhancement induced by the NPs.

In the second part of the chapter, the e�ect of additional external magnetic �elds on the
performance of solar devices is explored. The presence of external �elds further magne-
tizes the NPs beyond their remanence, thereby having a further in�uence on the device
performance. Indeed, our study with additional magnetic �elds yield further improve-
ments in PCE and, under some conditions, on FF . These indicate a further reduction in
the charge carrier recombination. The attainment of the setups necessary for generating
the required magnetic �elds and to accommodate the characterization of the investigated
solar devices required itself some technical developments. In this regard, the setups used,
their layouts, construction, calibration and features are described in the appendix A at
the end of this thesis.
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6.2 In�uence of nanoparticles on P3HT:PCBM bulk

heterojunction solar cells

The work starts by attempting to improve the PCE via the inclusion of NPs, whereby
studies of the device performances are carried out. Upon attainment of reproducible
PCE improvements at low Fe3O4 concentrations, in-depth structural characterization
is performed in order to ensure non-changing morphology. Moreover, optoelectronical
characterizations of NP-modi�ed photoactive thin �lms lead to estimates on the variations
of exciton lifetimes, providing greater insight into the reasons for PCE improvement.

6.2.1 OSC e�ciency improvement

Following up the study �rst reported by Zhang et al. [169] several OSCs are built with di�er-
ent concentrations of Fe3O4 NPs. The preparation routes are described in chapter 4. The
resulting devices are measured under an AM1.5g illumination with an irradiation density
of 1000 W{m2. The obtained device PCEs and the corresponding FF s are displayed in
�gure 6.1. The presented parameters are calculated using the software IValuator, based
on the formalism described in section 3.2.3. The mean values and their corresponding
standard deviations are calculated from the results obtained from the multiple OSCs fab-
ricated on each substrate (see section 4.4).

Figure 6.1: a) PCE and b) FF of the fabricated P3HT:PCBM OSCs expressed as a function of Fe3O4

NPs weight percentage. Dashed lines are guides to the eye.

The devices show a consistent increase in performance upon inclusion of the NPs only up
to low NP concentrations. The data are in good agreement with the previous report by
Zhang et al., who reported a PCE increase by a factor of up to 1.18 compared to the
non-modi�ed reference devices. They reported attainment of the maximum e�ciency at
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NP concentrations of 1 wt.%, although their study presented coarser Fe3O4 concentration
steps. [169]

In our investigation, we study the evolution of the OSC parameter with Fe3O4 conce-
trations up to 4.0 wt.%. The devices present as well a monotonous increase in PCE

up to 0.6 wt.%, thereby yielding an 11 % improvement compared to unmodi�ed OSCs
(starting from 3.05 % up to 3.37 %). The evolution of the PCE is closely related to
that of the FF , displayed in �gure 6.1b. The PCE and the FF show the same trend,
whereby a maximum FF is observed for a concentration of 0.8 wt.% with a corresponding
FF improvement factor of 1.12 compared to the reference device (from 56.5 % to 63.5 %).

Figure 6.2: a) JSC and b) VOC of the fabricated P3HT:PCBM OSCs fabricated with di�erent concen-

trations of Fe3O4 NPs expressed as a function of Fe3O4 weight percentage. Dashed lines act as guide to

the eye.

The apparent con�ict between the maximum performances of PCE and FF , which do not
happen at the same wt.%, is caused by the other OSC parameters. Figure 6.2 displays
the dependence of the JSC and the VOC with the NP concentration. JSC (�gure 6.2a)
shows a mild decrease of around 1 mA{cm2 in the range from 0 to 0.8 wt.%, which causes
the disagreement between the PCE and FF . Beyond the 0.8 wt.% threshold, JSC shows
a dramatic decrease. Similarly, the VOC , which up to a NP concentration of 1.05 wt.%
showed consistent yet slight improvement, drops suddenly for higher Fe3O4 NP weight
percentages. The sudden drop in VOC , coincident with an as well dramatic decreases
in both JSC and FF , depicts a signi�cant enhancement of leakage currents throughout
the device. This fact is as well con�rmed by the notable drop in shunt resistance RSH .
An overload of Fe3O4 NP within the system is the reason for this behavior. Fe3O4 is a
strong electrical conductor that displays conductivity values up to six times higher than
just regular hematite (Fe2O3). This enhanced conductivity comes as a result of electron
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exchanges between Fe3� and Fe2� centers. [172] Therefore, higher concentrations of Fe3O4

enable alternative percolation paths throughout the device for charge carriers. Strong
increase in conductivity in polythiophene �lms introduced by OA-capped Fe3O4 NPs was
already observed in literature. [173]

Figure 6.3: a) RS (solid circles) and RSH (hollow circles) resistances of the P3HT:PCBM OSCs

fabricated with di�erent concentrations of Fe3O4 NPs expressed as a function of Fe3O4 wt.%. Dashed

lines act as guide to the eye. b) Simulated exemplary set of o�setted (indicating illumination) ideal diode

J-V curves. The curves have been generated with the insetted ideal diode equation by tuning the ideality

factor n between 1 and 2. An increase in FF without modi�cation of RS and RSH is depicted. The

forward bias region is divided in three regions: I: shunt region, II: diode region, III: series region. The

blue arrow indicates the location of the region III between the diode region and the VOC .

The evolution of the RS and RSH resistances is displayed in �gure 6.3a. Both RS and RSH

stay constant during the concentration range of device improvement, i.e. up to 0.8 wt.%.
It is important to note that, in general, not all variations of FF can be directly ascribed to
a reduced charge carrier recombination, since variations in e.g. RS due to the resistance of
the contacts can as well modify the FF by changing the slope at the open-circuit region of
the diagram (see region III in �gure 6.3b). [174] Thus, the fact that the FF improves with-
out major variation of both RS and RSH is of capital importance, since it displays that the
increase in FF must happen in the so-called diode region (region II in �gure 6.3b). As an
illustration, a simulation of ideal diode J-V curves with constant RS (RS � 0 Ω cm2) and
RSH (RSH � 8 Ω cm2) but with di�erent ideality factors is displayed in �gure 6.3b. The
two extreme cases correspond to an ideality factor n � 1 on the one hand, corresponding
to a device completely governed by di�usion current, and on the other hand n � 2 dis-
plays a device where the J-V curve is dominated by recombination. [174] Similar to what
happens for our Fe3O4 NP-modi�ed devices, J-V simulations on �gure 6.3b show how all
changes in FF due to a lowered ideality factor, i.e. a reduced recombination, happen
in the region II with no e�ect of both resistances. Hereby it can be concluded that low
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concentrations of Fe3O4 NPs induce a lowering of the recombination current in the device.

Figure 6.4: OSC performance indicators of the optimized P3HT:PCBM OSCs fabricated with di�erent

concentrations of Fe3O4 NPs expressed as a function of Fe3O4 weight percentage. Dashed lines act as

guide to the eye.

Further tests and batches of OSCs following the same procedures yielded optimized de-
vices. These are summarized in �gure 6.4. Hereby, the overall performances are signi�-
cantly improved, displaying PCEs over a 0.5 % better. The qualitative behavior remains
essentially unchanged, further con�rming the reproducibility of the results obtained. PCE
increases in the range of low Fe3O4 load, mainly driven by increasing FF , whereas in the
same wt.% range the photovoltage VOC and both the RS and RSH resistances remain
fairly constant. The PCEs improve from a starting average value of 3.72 % to a maxi-
mum average value of 3.95 %, reached at Fe3O4 NP concentrations of 0.6 wt.%. Similarly,
the FF as well reaches at 0.6 wt.% NPs its maximum, with a value of 59.5 %.

Unlike in the previous case, here both the PCE and the FF reach their maximum at
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the same Fe3O4 concentration. This is due to the fact that for these optimized OSCs,
the short-circuit current density JSC shows as well an improvement in the region of light
NP incorporation, reaching improvements of by up to 4 % at concentrations of 0.8 wt.%
NPs. This e�ect follows directly from the reduced device recombination, due to which
the density of charge carriers is increased. Moreover, this e�ect has been as well observed
and reported in similar experiments, featuring P3HT:PCBM OSCs modi�ed with super-
paramagnetic NPs, as well reaching maximum values for NP loads of slightly under 1
wt.%. [169,170] Both the RS and RSH resistances behave as in the �rst OSC sets, showing
the same qualitative behavior and taking the same absolute values, which reinforces the
reproducibility of the research.

Thus, the repeatedly observed reduced recombination displayed by improvements of the
device FF in the diode region in combination with slightly improved JSCs, yield im-
proved PCEs. This is attributed to the sought enhancement of triplet exciton population,
brought by the higher degree of ISC introduced in the photoactive medium by the NPs.

6.2.2 Structural characterization

The study of the solar cell behavior upon addition of Fe3O4 NPs shows an improvement
in performance through a reduced exciton recombination. This reduction complies with
the hypothesis of the work, by which the inclusion of NPs induces an enhancement of
ISC, which in turn elongates the average exciton lifetime and thereby its di�usion length.
Nevertheless, to ensure comprehensiveness and to avoid misinterpretation, other poten-
tial changes in the OSC upon introduction of the NP need to be discarded. In particular,
the incorporation of third components in BHJ blends is expected to alter the demixing
behavior and, potentially, as well the arrangement scale. [175,176] It is obviously of impor-
tance to discard this factor, since an altered demixing scale and, consequently, a di�erent
mean distance between D-A interfaces can as well a�ect the exciton splitting rate. In this
regard, GISAXS experiments (details in sections 2.4.5 and 3.1.4) are conducted in order
to probe the �lm structure. The probed sample area is approximately of the same size
as the device area, allowing for a direct comparison between the inner �lm structure and
the electrical device function. [108] Figure 6.5 displays the 2D GISAXS patterns obtained
for P3HT:PCBM BHJ �lms with Fe3O4 NPs concentrations between 0 and 4.0 wt.%.
The specularly-re�ected intensity is shielded by a round-shaped beamstop to protect the
detector electronics. The black stripes at qz � 1.2 nm�1 and qy � 0.4 nm�1 correspond
to the horizontal and vertical inter-module gaps of the Pilatus 1M detector, respectively.

From the 2D patterns it can be seen how the contrast along the vertical direction is
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Figure 6.5: 2D GISAXS patterns of P3HT:PCBM BHJ thin �lms with di�erent concentrations of

Fe3O4 NPs: a) 0.0 wt.% b) 0.1 wt.% c) 0.6 wt.% d) 0.8 wt.% e) 1.05 wt.% f) 2.0 wt.% g) 3.0 wt.% h) 4.0

wt.%. The round beamstop protects the detector from specularly-re�ected x-ray radiation. Black stripes

at qz � 1.2 nm�1 and qy � 0.4 nm�1 are the inter-module gaps of the Pilatus 1M detector.

continuously lost with increasing Fe3O4 concentration, whilst lateral structures appear.
At around qz � 0.5 nm�1 the horizontal signal extends into higher qy values, and from
1.0 wt.% NPs (�gure 6.5e) on the formation of small localized lateral structures becomes
prominent.

Deeper insight into the e�ect of the NPs on the blend morphology is gained through anal-
ysis of the horizontal line cuts performed at the Yoneda peak position (further information
in sections 2.4.5 and 3.1.4). The horizontal cuts provide information about the lateral
structures within the �lm, such as domain sizes and neighbor-to-neighbor distances. The
cuts are subsequently �tted following the protocols and models described in section 2.4.5.
In the present case, four di�erent sets of form and structure factors are required, whereby
one of them refers to the NPs and the other three serve the reconstruction of the D-A
inner �lm morphology. The cuts and the corresponding �ts are displayed in �gure 6.6a,
whereby the Fe3O4 NP concentration increases from bottom to top, from 0.0 to 4.0 wt.%.
From the horizontal line cuts already some structures can be recognized as shoulders or
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Figure 6.6: a) Horizontal line cuts performed at the Yoneda peak position of the 2D GISAXS patterns

with di�erent Fe3O4 concentrations (increasing from bottom to top). Gray lines indicate the model �ts.

Cuts are shifted vertically for clarity of the presentation. b) Linear regression of the intensity of the

GISAXS NP form factor versus the NP concentration. Black dots correspond to the data and the solid

line indicates the linear �t.

peaks. In particular, the lateral structure already visible in the 2D patterns becomes
prominent beyond 1.0 wt.% and can be seen as a growing peak at around qy � 0.6 nm�1.
The data obtained from the �tting clearly supports the assumption that it originates
from the NPs (see section 2.4.5 for details on the �tting model). On the one hand the size
parameters required for �tting the assumed NP structure, e.g. radius p4.9� 0.3q nm, are
in very good agreement with the size provided by the supplier (p10 � 1q nm diameter).
On the other hand, the intensity of the form factor needed for �tting the peak grows
linearly with the NP concentration. As discussed in section 2.4.2, in the current grazing-
incidence geometry the absolute value of the scattering cross section depends linearly on
the concentration of scattering domains (see equations 2.53, 2.53 and 2.57). Therefore,
assuming constant form and structure factors (which seems a reasonable assumption for
almost monodisperse, solid NPs), an increase in scattering cross section and, hence, in
scattering intensity, follows from an increase in concentration of scattering centers. More-
over the hypothesis of constant form and structure factors is supported by the values
obtained through the �t, which stay nearly constant for the whole concentration range.
Thus, the linear co-dependence between the recorded scattering intensity of the form fac-
tor and the NP concentration allows identi�cation of NPs in the horizontal cut. The linear
co-dependence and the respective regression is shown in �gure 6.6b.
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Figure 6.7: Mean a) domain radii and b) inter-domain distances between organic domains as a function

on NP concentration. The values are extracted from the �ts. The dashed lines are a guide to the eye.

Figure 6.7 displays the evolution of the remaining three form and structure factors describ-
ing the intermixing of P3HT and PCBM with Fe3O4 concentration. The biggest domains
identi�ed for the reference sample (0.0 wt.% Fe3O4) present sizes of p120 � 20q nm. The
domain size decreases with increasing NP concentration, to p80 � 8q nm for a concen-
tration of 4.0 wt.%. Similarly, the associated structure factor decreases over the same
concentration range from initial values of p240� 40q nm to p160� 30q nm. The variation
occurs with a very large overlap of the associated error bars, making it di�cult to clearly
identify the decay. Moreover, the large-sized domains formed are not expected to play
any important role in the exciton separation, since the singlet exciton di�usion length is
still far below the obtained values.

The medium and small scattering objects present only small-to-no variations in either
size or neighbor-to-neighbor distances upon addition of NPs. The medium-sized domains
change from p48 � 4q nm (0.0 wt.%) to p35 � 4q nm (4.0 wt%) in domain radius and
from p90� 20q nm to p60� 15q nm over the same concentration range in center-to-center
distance. The change occurs within error bar overlap of the intermediate points. Hence,
the changes observed are negligible.

The small domains remain practically unchanged over the whole range (from p5.0�0.8q nm
to p6.0� 1.0q nm in radii and from p10.0� 0.5q nm to p10.0� 1.0q nm in structure factor).
These small objects are regarded as PCBM domains, and they represent the closest mix-
ing between P3HT and PCBM, being in a size range relevant for exciton dissociation. [171]

Thus, it is concluded that the improvements observed in device functioning upon addition
of NPs cannot be explained by changes in the sample morphology, since the P3HT:PCBM
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intermixing at the relevant exciton splitting scales do not show any prominent alteration.
Moreover, the trend of slight changes observed in whichever size range does not correlate
with that of the e�ciency of any other photovoltaic parameter.

6.2.3 Spectral behavior

Following the morphology investigation carried out through GISAXS experiments, it is
concluded that the improvement seen in OSC performance cannot be attributed to changes
in the intermixing between donor and acceptor phases (section 6.2.2). Study of the J-V
curves shows that the improvement in device performance is linked to a decrease in the
device recombination (see section 6.2.1). It is anticipated that the reduced recombination
arises from an extended exciton di�usion length introduced by the Fe3O4 NPs that en-
hance the ISC in the system. The correctness of this hypothesis can be tested through
time-resolved PL measurements. When excited, the samples emit �uorescence (prompt
or delayed) and/or phosphorescence signals. As the e�ect of the excitation disappears,
the system response decays gradually with a certain timescale. Therefore, if the ISC in-
deed plays an active role in the exciton dynamics, longer exciton lifetimes are expected
to increase the average decay timescale of the overall �uorescence signal. In other words,
when the average exciton lifetime becomes longer, the ratio delayed-to-prompt �uores-
cence signals (DF-to-PF) increases.

Thin �lm P3HT:PCBM BHJ samples with di�erent concentrations of Fe3O4 NPs are spin
coated on Si substrates following the cleaning and deposition procedures described in chap-
ter 4. The samples are excited with a wavelength of λ � 485 nm, slightly more energetic
than the P3HT absorption's maximum (the mixture's main absorber). The photolumines-
cence response of the system is recorded between 600 and 850 nm. Five measurements are
done on each sample: one prompt �uorescence (PF) measurement (recorded immediately
after excitation) and four delayed �uorescence (DF) measurements with time delays of 10,
20 30 and 40 µs (gate time� 10 µs, �ash count=1, cycle=20), whereby the measurements
with 40 µs displayed again no intensity. All the signals are clearly identi�ed as DF and
not as phosphorescence due to the same spectral pro�le as the prompt �uorescence. [67]

The obtained results are depicted in �gure 6.8.

In �gure 6.8 each point of both signals, PF (hollow squares) and DF (solid squares),
corresponds to the integrated intensity over the whole scanned range (600 to 850 nm).
In the case of DF, the measurements that yield a signal are as well combined. First of
all, it can be already seen from the integrated PL intensities that the overall PL signal
consistently decreases in the concentration region of improvement of OSC performance,
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both for PF and DF. This higher level of quenching indicates a reduced recombination,
since less intensity means less exciton decay per unit time.

Figure 6.8: Integrated PF (open symbols) and DF (full

symbols) for di�erent Fe3O4 concentrations.

In order to gain insight into the un-
derlying mechanisms of this reduced
recombination, �gure 6.9a shows the
evolution of the ratio of DF-to-PF
signals. The enhanced DF-to-PF
ratio in the range of low NP con-
tent indicates, as discussed earlier, a
higher degree of ISC. Thus, the elon-
gated overall lifetime is related to the
triplet-shifted exciton wave function,
as discussed above in the beginning
of the present section 6.2.3. Another
way to see it is that the overall exci-
ton lifetime is elongated through the
contribution of those excitons that,

once excited, migrate to the triplet manifold for later jumping back to the singlet ex-
cited state via triplet-triplet annihilation (TTA) prior to the radiative decay (details are
provided in section 2.3). The DF-to-PF ratio is enhanced for low Fe3O4 NP concentrations
with respect to the unmodi�ed reference values (slightly above 0.84). Beyond 1.5 wt.%
the ratios are back to the initial values and below. Moreover, since the DF measurements
are performed with four di�erent delay times, the signal decay in time is modeled as an
exponential decay and can be used to extract a time constant. Despite the low time
resolution of our experiment we are able to obtain an indicator related to the exciton
lifetime τeff . Thus, the τeff value for each Fe3O4 NP concentration is calculated from the
exponential �tting of the integrated PF and DF intensities:

Iptq � I0e
� t
τ ñ lnpIq � lnpI0q � 1

τ
t (6.1)

We can �t the logarithm of the decaying intensity with a linear regression y � ax � b,
where y � lnpIq, b � lnpI0q and a � � 1

τ
. Consequently, the error in τeff is derived from

the error associated to the slope of the linear regression. The error of the slope a reads:

δa � δyreg

c
N

∆
(6.2)

where N is the number of �tted points, ∆ � N
°
i x

2
i � p

°
i xiq2, and δyreg is the standard

deviation of each point of the �t:
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Figure 6.9: a) Delayed-to-prompt �uorescence ratio and b) τeff versus NP concentration. Black squares

are data points. Dashed lines are a guide to the eye.

δyreg �
d

1

N � 2

¸
i

pyi � paxi � bqq2 (6.3)

Once the uncertainty associated to the slope is calculated, propagation of errors yields
the uncertainty on τeff :

δa � Ba
Bτ δτ �

1

τ 2
δτ Ñ δτ � τ 2δa (6.4)

Therefore:

δτeff � δa

a2
(6.5)

The evolution of τeff with the NP concentration is displayed in �gure 6.9b. The error
associated to each point is extracted from the �tting.

As it can be seen from �gure 6.9b, τeff increases by more than 34 % at NP concentra-
tions between 0.6 and 0.8 wt.% compared to the reference values (from 4.9 to 6.6 µs).
It is noteworthy that τeff does not depict the intrinsic exciton lifetime. τeff , the time
constant obtained from the exponential decay �tting, depends on a bunch of parameters
combined together, such as the above-mentioned PL measurement protocol itself, or to
recombination mechanisms that do not correlate with the exciton lifetime, like the non-
geminate recombination (non-geminate recombination does not depend on the exciton
dynamics since it happens between already independent polarons. See section 2.2.5 for
further discussion). As a result of all these factors combined we obtain τeff and, although
conclusions on the absolute time values obtained are not to be drawn, the study allows
for comparison between samples where the measurement protocol has been kept constant
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throughout the whole sample batch (as it is the present case) and throughout which the
D-A morphology remains statistically unchanged. This last condition is con�rmed by the
GISAXS measurements.

The results obtained from the PL measurements support the hypothesis of extended
average exciton lifetimes as origin of the observed improved OSC performance. Shorter
exciton lifetimes as consequence of higher recombination rates have been already reported
for small molecule BHJ OSCs, an e�ect that plays against the extraction of charge carri-
ers in a solar device. [177] Besides of the evidence obtained from optical investigation, the
improvement in OSC performance cannot be ascribed to morphology issues.

The decrease in DF-to-PF ratio and, consequently, in τeff for higher NP concentrations
is ascribed to an increase in the rate of TTA events and, thereby, recombination. TTA
is the primary decay mechanism for triplet excitons in organic media. In this recombi-
nation process two triplet excitons meet and, as a result of the annihilation process, one
exciton comes out following spin statistics (meaning it will be a triplet exciton 75% of the
times and a singlet the remaining 25%), whereas the second one decays non-radiatively
to the singlet ground state, therefore, resulting in at least the net loss of one triplet
exciton. [178,179] The e�ciency of the TTA mechanism grows quadratically with the popu-
lation of triplet excitons. [179] Thereby, at high NP concentrations, the magnitude of this
mechanism is already expected to be signi�cant, inducing a rapid destruction of the gen-
erated triplets and forcing one quarter of the remaining excitons back into the singlet
manifold within short time scales. Hence, arguably shortening the overall decay time
observed in PL measurements. [179,180]

6.2.4 In�uence of P3HT crystallite behavior on short-circuit cur-

rent density

To complete the characterization performed on P3HT:PCBM BHJ thin �lms with dif-
ferent concentrations of Fe3O4 NPs, GIWAXS experiments are performed. The inclusion
of NPs could alter the crystalline phase in OSC active layers, thereby a�ecting device
parameters such as the electrical conductivity. In this regard, GIWAXS allows us to track
the sample's crystalline evolution. GIWAXS measurements are performed at the P03
beamline, at the PETRA III storage ring at DESY, Hamburg (DE). The x-ray energy
is 13 keV, the incident angle 0.15° and the SDD 153 mm. The scattering signals were
recorded on a Pilatus 1M detector. The collected 2D patterns for P3HT:PCBM blends
with varied Fe3O4 NP concentrations are displayed in �gure 6.10.
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Figure 6.10: 2D GIWAXS patterns of P3HT:PCBM BHJ thin �lms with di�erent concentrations of

Fe3O4 NPs: a) 0.0 wt.% b) 0.1 wt.% c) 0.6 wt.% d) 0.8 wt.% e) 1.05 wt.% f) 2.0 wt.% g) 3.0 wt.% h)

4.0 wt.%. Images are corrected for qxy vs. qz representation. Tube cuts in h) indicate the areas selected

for radial integration around the crystalline families (100) and (020) for study of the P3HT crystallite

orientation.

Already from the 2D GIWAXS data the Bragg peak arising from the P3HT π � π stack-
ing is visible at |q| � 17 nm�1. This crystalline family is the (020) (indicated in �gure
6.10h by the outer red ring) and plays an important role in the conductivity of P3HT.
In polymer crystals such as P3HT, the highest conductivity values correspond to the
(h00) polymer backbone direction, followed by the relatively high conductivity through
π�π stacked planes along the (0k0) crystal direction. Here the (020) shows a preferential
orientation perpendicular to the substrate for 0.0 wt.% (along qxy � 0 nm�1). Upon addi-
tion of NPs the vertical (020) feature becomes wider, thereby indicating a more isotropic
orientation of crystallites. The same is observed for the (100) family, which relates to
the backbone spacing within one stacking plane of a P3HT crystallite (inner red ring in
�gure 6.10h). The (100) Bragg peak shows for 0 wt.% NPs strongly-oriented crystallites
both parallel and perpendicular to the sample substrate, for afterwards becoming a more
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ring-shaped feature upon addition of NPs, meaning a more isotropic orientation of crys-
tallites. Moreover, the increase in Fe3O4 NP concentration reveals as well an improved
edge-on orientation (i.e. π � π planes stacked perpendicular to the sample substrate,
while polymer backbones are oriented parallel to it. See section 3.1.4). This is indicated
by the increasing intensity of the (100) higher orders, i.e. (200) and (300). As discussed
above, an increase in edge-on orientation to detriment of the face-on is expected to have
a negative e�ect on the device vertical conductivity, since the polaron mobility across
stacked planes is higher than along hexyl side chains, where the lack of conjugated bonds
makes the conductivity almost negligible. [181,182]

Figure 6.11: a) Tube cuts of the P3HT (100) plotted versus the angle χ. The red areas indicate edge-on

orientation, whereas green areas are considered as face-on orientation. Light- and dark-colored ranges

indicate the tolerance in the de�nition of the di�erent orientations. b) Face-on-to-edge-on ratios calculated

from the (100) tube cuts. The dashed line is a guide to the eye.

Tube cuts along the (100) Bragg peak for all possible crystalline orientations are per-
formed to gain further insight into the evolution of P3HT orientation with Fe3O4 content.
These are displayed in �gure 6.11a, where it can already be seen how the face-on ori-
entation (at the two green sides of the graph) decreases with NP content. By selecting
di�erent angular ranges associated to pure face-on (in green) and edge-on (red) orien-
tations and integrating the corresponding intensities under the curves, we are able to
estimate face-on-to-edge-on ratios. The angle thresholds de�ning which sections of the
cuts are regarded to as face-on or edge-on orientations are multiple, being the broadest
and narrowest cases indicated in �gure 6.11a as lighter and darker highlighted regions,
respectively. This multiple selection on the position of the edge-on and face-on borders
is done in order to ensure that the obtained trends do not depend on a particular choice.
The resulting face-on-to-edge-on ratios are displayed in �gure 6.11b, and the multiple
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choice of orientation threshold provide the error bars associated to each ratio.

As it can be seen from �gure 6.11b, the ratio remains reasonably constant below 1.0 wt.%
NPs, the region of solar cell improvement. This further discards device improvement
due to any modi�cation of the crystalline phase, giving further credit to the anticipated
extended exciton di�usion length that has been already supported by all previous char-
acterization methods. Beyond 1.0 wt.% of NPs the face-on-to-edge-on ratio of P3HT
decreases down to about one third of the initial value for concentrations of 4.0 wt.%. In
addition to a lowered face-on-to-edge-on ratio and a general isotropic crystallite reori-
entation, it can as well be seen from the tube cuts in �gure 6.11a how speci�cally the
edge-on orientation itself broadens with Fe3O4 NP presence, indicating a worsening orien-
tation of stacked planes perpendicular to the sample substrate. For a more quantitative
analysis on this loss of orientation de�nition the edge-on orientation of the tube cuts is
�tted with Lorentzian functions. The results are depicted in �gure 6.12. The loss of
de�nition in edge-on oriented crystals is noticeable from the �tting. The FWHM of the
�tted Lorentzian curves is displayed versus the NP content in �gure 6.12b. It remains
approximately unchanged for low Fe3O4 NP concentrations (below 1.0 wt.%), whereby
beyond this limit the FWHM rapidly increases, surpassing at 3.0 wt.% the double of the
initial value.

Figure 6.12: a) Lorentzian �ts to the tube cuts of the P3HT (100) Bragg peaks plotted versus the angle

χ. b) FWHM of the Lorentzian �ts plotted versus the NP wt.%. The dashed line is a guide to the eye.

Interestingly, it is possible to compare the evolution of the degree of the edge-on orien-
tation with that of the short-circuit current of the resulting solar devices. The inverse of
the FWHM obtained from the �t to the edge-on maxima is plotted versus the NP wt.%
together with the device JSC in �gure 6.13.
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Figure 6.13: Inverse FWHM of the Lorentzian �ts to the

P3HT (100) family along with the device JSC plotted versus

the NP content. Open and full symbols are data points. The

dashed line is a guide to the eye.

The plot of both parameters shows
a good agreement, especially in the
range of low Fe3O4 content. The
relation between active layer mor-
phology and JSC has already been
reported, including as well stud-
ies that suggest that face-on ori-
entation is bene�cial for photo-
voltaic applications. [179,183,184] Given
that the changes in mesomorphology
observed in the present study are neg-
ligible, we ascribe the evolution of the
device JSC to the worsening order-
ing of the P3HT aggregated regions.
This correlation is especially good in the range of low NP content, where below 1.0 wt.%
JSC presents a mild decay. For high concentrations, as discussed earlier, the conductive
paths enabled by the massive presence of NPs are expected to signi�cantly contribute to
the drastic decay in JSC .

6.3 E�ect of additional external magnetic �elds

The investigations presented in 6.2 on the e�ect of superparamagnetic NPs on the perfor-
mance of P3HT:PCBM OSCs yielded striking results, displaying reduced charge carrier
recombination and increasing PCEs in the regime of low Fe3O4 content, up to concen-
trations of 0.8 wt.%. The only appointable reason for this reduction in recombination
is the increase in ISC introduced in the photoactive layer by the NPs. E�ects pointing
to this reduced recombination were directly observed in the behavior of solar devices,
as discussed in section 6.2.1. Moreover, spectral and structural characterization closed
the eventual improvement of OSC performance due to optimized active layer morphol-
ogy, thereby reinforcing the assumption of longer exciton di�usion lengths through higher
triplet exciton population, induced by an increased ISC.

Furthermore, the round-shaped superparamagnetic NPs are further magnetized under the
in�uence of an external magnetic �eld, creating a stronger inhomogeneous �eld distribu-
tion in their vicinity than they have in absence of external �elds. Saturated Fe3O4 NPs
with a size of 10 nm can generate a magnetic gradient of 60 mT{nm, larger than usual
hyper�ne coupling, and much larger than any inhomogeneities that can be generated
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with macroscopic external setups, like coils or permanent magnets. [73] Following this line
of thought, the next step is to explore the e�ects on OSC performance upon additional
magnetization. According to the supplier, the NPs present a magnetization ¡ 45 emu/g
under 4500 Oe at RT [185], and a saturation magnetization of p60 � 25q emu/g, accord-
ing to r186s. Nevertheless, the actual magnetization of the used NPs is expected to be
lower than this latter value, given that the functionalization with OA decreases the overall
saturation magnetization. [187] Thus, if the local magnetic �eld inhomogeneities are induc-
ing the spin rephasing that leads to the improved OSC performance, it is the question
whether this e�ect can be further magni�ed by an additional external magnetic �eld. The
external �eld would bring the NPs towards saturation magnetization, increasing further
the recombination reduction already observed in OSCs. It is noteworthy to mention that,
throughout the thesis, for simplicity purposes, magnetic �eld intensities H are given as
the equivalent magnetic �ux density in vacuum (or air) B, whereby B � µ0µrH. Hence,
the �eld intensity is expressed in mT, whereby the conversion factor to SI magnetic �eld
intensity units reads: 1 mT � 10 Oe � 795.77 A/m. [188]

In the present section we explore the e�ect on device performance of di�erent applied
magnetic �eld intensities. First, a study featuring weak but �nely-adjustable �eld inten-
sities is presented. This is achieved by a Helmholtz coil setup, featuring homogeneous
and practically one-dimensional �elds. Finally, a second setup with a permanent magnet
is presented, in an attempt of reaching saturation magnetization. Thereby, challenges
related to technical implementation and comprehensiveness of the obtained data still re-
main. In this regard, detailed discussion on the setups, their construction, features and
calibration are provided in the appendix A at the end of this thesis.

6.3.1 Weak magnetic �elds

Weak magnetic �elds are generated via a custom-made Helmholtz coil, able to generate
magnetic �elds up to 11 mT. The setup is calibrated to ensure homogeneity of the �eld,
as well as to guarantee that the generated magnetic �elds do not a�ect the surround-
ing electronics or the moving charge carriers outside the solar device, i.e. in the wiring
attached to the OSC during operation. Con�rmation of the �eld one-dimensionality is
important, as Lorentz forces derived from non-parallel magnetic �elds and �ow of charge
carriers could a�ect the current �ow within the cables and, consequently, a�ect the ob-
tained data.

The in�uence of magnetic �elds on the performance of OSCs with NP loads between 0.3
and 0.8 wt.% is studied, given that higher concentrations already did not show an im-
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provement in the absence of �eld. Reference devices without NPs were fabricated and
used as calibration, as these are supposed to remain una�ected given their lack of NPs.
The results corresponding to OSCs without NPs and their use for calibration purposes
are discussed in the appendix A.

The main challenge to overcome was the fact that the non-encapsulated lab devices de-
grade over time, mainly owing to contact with O2 in combination with UV radiation.
Therefore, consecutive measurements of OSCs subjected to di�erent magnetic �eld in-
tensities yield results depicting decreasing absolute performances. The reason for that is
that the improvement due to magnetic �eld is way smaller than the device degradation
between consecutive measurements. Therefore, the improvement in performance provided
by the magnetic �eld cannot be observed directly with the used OSC layout.

Figure 6.14: a) Time development of e�ciencies of OSCs with various NP contents for di�erent inten-

sities of the applied external magnetic �eld. b) Time development of e�ciencies of OSCs with various

NP contents in absence of applied external magnetic �eld for normalization purposes.

Thus, to quantify the in�uence of the magnetic �eld, the measurements performed at dif-
ferent �eld intensities need to be decoupled from their time-dependent degradation. The
workaround employed at this stage is to fabricate identical devices and to subject them
to identical measurement protocols, while keeping the �eld intensity constantly to zero.
The reference devices reproduce the aging behavior between measurements and during
waiting times. Thus, their time behavior is used to normalize the photovoltaic parame-
ters of the devices studied in presence of external �eld. Figure 6.14 exemplary shows the
corresponding sets of data for the evolution of the PCE. Figure 6.14a displays the decay
in PCE with time and �ux density as depicted by the double x-axis. The upper x-axis
shows the �eld intensity at which each measurement is taken. The lower x-axis displays
the elapsed time between measurements, which is intentionally kept constant at 25 s. Fig-
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ure 6.14b shows solely the time evolution of the reference devices, which were fabricated
under the exact same conditions as those in �gure 6.14a, but measured in absence of mag-
netic �eld. It can be seen how the absolute performances of the corresponding data sets
are almost identical, thereby justifying the subsequent normalization, which eliminates
the degradation-over-time dependency. The normalization is done via rpBq � PCEMF pB,tq

PCENMF ptq .
Thus, the obtained normalized photovoltaic indicator depends exclusively on the intensity
of the magnetic �eld, and its evolution can be observed directly.

Figure 6.15 illustrates the normalized evolution of the main extracted photovoltaic pa-
rameters with magnetic �eld intensity for OSCs with di�erent Fe3O4 concentrations. The
error bars associated to each point are calculated from the distribution of values obtained
from the di�erent solar cells fabricated on each substrate. The green (red) areas indicate
clear improvement (worsening) with respect to the initial values, whereas the yellow areas
mark the uncertainty range associated to each �rst data point, hereby de�ning a region
of ambiguous interpretation.

The evolution of the PCE (�gure 6.15a) depicts an improvement with increasing magnetic
�eld for OSCs with 0.8 wt.% NPs. The increase is monotonous and tops at a �eld of 10.15
mT, displaying an improvement of 2.56 % with respect to the initial reference value. Nev-
ertheless, devices with lower Fe3O4 content do not display any clear trend for increasing
magnetic strength. Given that the improvement expected for these two concentrations
is lower than for the one with 0.8 wt.% (in accordance with the NP concentration) one
possible explanation is that the e�ect generated for the samples with 0.3 and 0.6 wt.% is
too small for the sensibility of the setup. Moreover, very small variations in PCE or any
other OPV parameters due to the e�ect of the magnetic �eld are at risk of getting lost
through the time-decoupling normalization procedure.
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Figure 6.15: Normalized a)PCE, b)FF, c)JSC , d)VOC , e)RS and f)RSH obtained for NP-modi�ed

P3HT:PCBM OSCs as a function of the applied external magnetic �eld. The yellow areas are de�ned by

the error bars of the data points from OSCs measured in absence of �eld. These are taken as the range

for which no parameter change is considered. Green areas indicate improvement, whilst red areas indicate

parameter worsening.
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Similar to the e�ect observed upon incorporation of NPs (section 6.2.1), the normalized
FF (�gure 6.15b) depicts the same trend as the PCE. As discussed earlier in this chap-
ter, an increase in FF combined with a �at development of both the RS and the RSH

(�gures 6.15e and f) indicates that the improved performance owes to a reduced device
recombination. This happens in the case of solar cells containing 0.8 wt.% NPs, where
the increase in FF is as well monotonous, showing an improvement of 2.48 % at a �eld
strength of 10.15 mT, compared to the initial value.

The clear reduction of recombination observed for the sample with 0.8 wt.% Fe3O4 con-
centration is further con�rmed by the mild increase in normalized photovoltage (�gure
6.15d). The VOC features an increase with a certain overlap with the yellow area (im-
provement factor 0.49 %), but qualitatively increasing with �eld strength. Compared to
the reference, the OSCs with 0.6 wt.% NPs present improved normalized VOC for all ap-
plied �elds. The VOC features a maximum for a �eld strength of 4.35 mT, which means an
improvement of 0.68 % compared to the no-�eld case. In the case of samples with a Fe3O4

load of 0.3 wt.% the normalized photovoltage remains rather stable, arguably indicating
that the concentration of Fe3O4 is too low to yield e�ects observable at device scale. The
e�ect of the charge carrier recombination on the VOC are discussed in detail in chapter 7.
Likewise, greater insight into the nature of the VOC and the in�uence of recombination is
provided in the literature. [189,190]

The evolution of JSC does not show any clear trend for any of the investigated Fe3O4

concentrations. Only in the case of 0.3 wt.% NPs a certain increase in JSC is observed,
reaching a maximum at a �eld intensity of 2.3 mT. However, this outcome needs to
be considered with caution, since the evolution of JSC linked to, e.g. a decreasing de-
vice recombination, is not clearly supported by any of the other photovoltaic parameters.
Overall, by comparing the di�erent concentrations for the various tested �eld intensities,
the JSC can be regarded as constant.

Also both the series and the shunt resistances depict no clear trend, and are regarded as
constant, since they mostly pivot around the starting values in absence of magnetic �eld.
Either most of the data points for non-zero �eld stay within the uncertainty of the yellow
area, as it happens for samples with 0.8 wt.% NPs, or present ever-changing behavior,
alternatively better and worse than the staring values, resembling a rather �at behavior.
In any case, no clear and monotonous increase (decrease) is observed in the shunt (series)
resistances, that could refute the observed increase in FF due to a reduction in the exci-
ton recombination.
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Thus, the study with weak magnetic �elds shows further device improvement owing to
reduced device recombination on top of the improvement observed by the simple addition
of superparamagnetic Fe3O4 NPs. Overall, for P3HT:PCBM OSCs the further magneti-
zation of the NPs via a weak external magnetic �eld brought on top of the 11 % PCE

improvement introduced by the sole inclusion of the NPs an additonal increase of over
2.5 %. In the next section, we test the role of the magnetized photovoltaic setup further
towards its limits, featuring �elds roughly forty times stronger than those applied so far.

6.3.2 Strong magnetic �eld

According to Goya et al. [186] Fe3O4 NPs with a diameter of 10 nm present a saturation
magnetization of p60� 2q emu/g, which, according to their hysteresis curves, is achieved
to approximately 90 % at a �eld intensity of 5000 Oe. In the previous section we explored
the e�ect of �nely tunable magnetic �elds, featuring intensities of up to 110 Oe. The
�ne tunability of the setup allows us to recognize e�ects on solar devices related to the
magnetic stress, like the monotonous increase of the FF or of the VOC , which in turn
have obviously an impact on an icreasing PCE as well. However, the �elds used in the
previous section were small compared to the NPs saturation �eld. Hence, their in�uence
made the system to stay in the initial linear segment of the hysteresis curve, which in
turn explains the observed behavior of the tracked photovoltaic parameters.

In this section we discuss the results obtained for the �rst attempts to study the e�ect
of a magnetic �eld intensity of 4400 Oe, much more comparable to the saturation �elds
required by the used NPs. The strong �elds presented in this section are achieved by a
permanent magnet setup. Therefore, the data obtained for these experiments can only
compare �eld to no-�eld cases, thereby making the observation of monotonous trends with
varying �eld intensities impossible. Some technical issues related to this setup have to be
kept in mind: the approximation of one-dimensional magnetic �eld and, consequently, the
no disturbance by the �eld of the surrounding electronics cannot be guaranteed as in the
previous case. Details about the setup and its calibration are provided in the appendix
A.

The procedure used in this case to decouple the time dependence from the e�ect introduced
by the external �eld is the same as the one presented in the previous section 6.3.1. As
in the previous case of weak magnetic �elds, the error bars associated to each measured
parameter are obtained from the distribution of obtained values among the single OSCs
on each substrate. Furthermore, the uncertainties associated to the presented normalized

143



6.3 E�ect of additional external magnetic �elds

parameters PMF

PNMF
are calculated via Gaussian propagation of errors:
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whereby δPMF pB, tq and δPNMF ptq are the uncertainties measured for the corresponding
parameters with and without presence of magnetic �eld, respectively.

The obtained normalized data is summarized in �gure 6.16. The color code used in the
previous case of weak magnetic �elds still holds. Thereby, green bars indicate parameter
improvement compared to the situation in absence of external magnetic �eld, whereas
red bars indicate a worsening. Unchanged parameter behavior is highlighted with yellow
bars. Similarly to the case of weak magnetic �elds, the study is carried out for the NP
concentrations in which previously the sole inclusion of NPs featured an improved device
performance (data corresponding to 0 wt.% and their use for calibration purposes is pre-
sented in the appendix A).

Generally, the e�ciencies of all investigated samples show an increase, irrespective of the
NP concentration. The increase seems to be slightly larger for a Fe3O4 load of 0.8 wt.%,
showing a performance improved by 2.3 % compared to the no-�eld situation. However,
the associated errors bars for all three concentrations make it di�cult to extract mean-
ingful trend-like behavior, as they depict a signi�cant overlap. Regarding the obtained
e�ciencies, the results are unexpected for two reasons: on the one hand, the average
increase in PCE is in the same range as the one obtained in the case of weak magnetic
�elds. On the other hand, no clear unambiguous trend can be observed throughout the
di�erent Fe3O4 concentrations. In principle, both e�ects indicate that, even if according
to their hysteresis cycle the NPs are not yet supposed to have reached saturation, the
e�ect on the device performance of the applied magnetic �eld tops already at lower �eld
intensities. However, all devices showed an improvement in the average PCE upon pres-
ence of magnetic �eld and increase monotonously with NP concentration, a fact which
was expected and proven.

In the present case of strong magnetic �eld, the increase in PCE is clearly linked to an in-
crease in JSC (�gure 6.16c), as high as over 3 % in the case of 0.3 wt.% NP-modi�ed OSCs.
Thereby, no clear correlation with the Fe3O4 concentration is recognizable. Nevertheless,
the increase in JSC (and consequently in PCE) due to a lowered exciton recombination
was observed in section 6.2.1 in experiments without external magnetic �eld, as well as it
is reported in the literature. [169,170]
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Figure 6.16: Normalized a) PCE, b) FF , c) JSC and d) VOC obtained for modi�ed P3HT:PCBM OSCs

for an externally applied magnetic �eld of 440 mT, normalized to the no-�eld case, which is indicated

by the dotted lines. Data points within green bars indicate improvement upon presence of magnetic

�eld. Points in red bars indicate a worsening. Points within yellow bars indicate unchanged photovoltaic

parameters.

The other main OSC proxy for lowered device recombination, the FF (�gure 6.16b),
does not show the expected behavior, i.e. neither does it increase with the intensity of
magnetic �eld nor does it correlate with the evolution of the PCE. The variation in FF
upon presence of magnetic �eld is small: a worsening is found for 0.3 wt.% samples, an
improvement is seen for 0.6 wt.%, and no clear change for 0.8 wt.% is observed. Hereby,
none of the variations exceed 1.3 % in percentage. Similarly, the VOC (�gure 6.16d) shows
a relative improvement only in the case of 0.8 wt.% NP concentration, whereas the other
two concentrations depict a decrease in photovoltage. Nevertheless none of the changes
exceed 1 % with respect to the no-�eld case.

In summary, an increase in PCE is observed upon deployment of a strong magnetic �eld
for all NP concentrations. This increase seems to be driven by an increase in JSC , which
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is in agreement with previous experiments and with the literature. However, the FF
provides an indication for an inverse correlation with the JSC . This stands in contradiction
with the experience gathered in no-�eld or weak-�eld situations. Moreover, it is di�cult to
observe trends amongst the recorded parameters, owing to the fact that the nature of the
setup only allows �eld or no-�eld comparisons, discarding the possibility of performing
�eld-dependent studies in the strong-�eld regime. In order to gain further insight in
the system response to magnetic �elds from no-�eld up to saturation, setups achieving
homogeneous and one-dimensional strong �elds in a continuous fashion are desirable.

6.4 Summary and conclusions

In the present chapter we have explored novel ways to enhance the performance of
P3HT:PCBM organic solar devices through the inclusion of Fe3O4 NPs. The improve-
ment in PCE appears at low concentrations (below 1.0 wt.%), mainly as a result of a
higher FF . The NPs create in their vicinity weak magnetic �elds due to their magnetic
remanence, contributing to the relaxation of the spin selection rule. The resulting exci-
ton spin rephasing leads to an increased ISC. The higher contribution of triplet states to
the average exciton wave function induces a reduction in the e�ciency of the radiative
decay mechanism, as observed in �uorescence experiments (section 6.2.3). Hereby, longer
average exciton lifetimes (τeff ) are observed and, consequently, longer di�usion lengths.
Longer di�usion lengths allow excitons to reach farther interfaces and, thereby, the recom-
bination of excitons which are not reaching an interface within their lifetime is reduced,
improving the e�ciency of the solar device.

The improvement in the FF that leads to enhanced performance happens in the diode
region of the J-V curve. This means a reduction in the device ideality factor without
alteration of the series (RS) and shunt (RSH) resistances. RS and RSH stay constant
throughout the NP concentration range of improved OSC performance. The increase
is directly linked to a reduced recombination in device operation. Moreover, optimized
devices showed as well a monotonous increase in JSC as a result of the lowered recombi-
nation. This e�ect was previously observed by Zhang et al., and posterior experiments by
Jaramillo et al. observed as well an increase in device JSC upon recombination decrease
due to presence of superparamagnetic NPs, [169,170] in good agreement with our observa-
tions.

The optoelectronic characterization shows an improved delayed-to-prompt �uorescence
(DF-to-PF) ratio, supporting the assumption of longer τeff arising from higher ISC for
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NP-modi�ed devices. In this regard, estimation of the decay rate through DF measure-
ments of di�erent delay times show an elongation of τeff by up to 34% as compared to
unmodi�ed P3HT:PCBM reference cells. Comprehensive analysis of the bulk nano- and
mesomorphology via GISAXS and GIWAXS experiments show no prominent changes in
the crystallinity or the D-A arrangement that could explain the observed reduction in re-
combination and subsequent improved performance. Hence, the hypothesis of decreased
recombination as a result of longer exciton di�usion lengths in modi�ed OSCs is reinforced.

For high NP content above 1.0 wt.%, the OSCs present short-circuited behavior. This is
ascribed to shunt paths enabled by the highly conducting Fe3O4, which is supported by
the rapidly dropping device RSH (beyond NP concentrations of 1.0 wt.%). Finally, the
�rst stages of JSC reduction upon low Fe3O4 content show very good agreement with the
loss of order of edge-on-oriented P3HT crystallites, according to GIWAXS investigations.

The e�ect of additional external magnetic �elds on Fe3O4-modi�ed solar cells is addi-
tionally investigated. Two di�erent setups are built, capable of generating two di�erent
magnetic �elds. On the one hand, a Helmholtz coil setup achieves weak magnetic �elds
of up to 11 mT, though, �nely adjustable, homogeneous, and highly one-dimensional. On
the other hand, a permanent magnet setup presents much lower standards in terms of
�eld adjustability and one-dimensionality. However, it is able to achieve �elds of 440 mT,
bringing the NPs close to their saturation magnetization, according to calculations based
on other reports.

For weak magnetic �elds, in the linear regime of the hysteresis curve and far from the
saturation, a monotonous increase with magnetic �eld intensity is found in the PCE for
samples with a Fe3O4 load of 0.8 wt.%. At 10.15 mT the PCE tops at a 2.56 % improve-
ment as compared to the case in absence of magnetic �eld. As in the previous experiments
with NPs and no external �eld, the improvement in PCE is intimately related to the im-
provement in FF , signalizing the desired reduced device recombination. For samples with
lower Fe3O4 content, no signi�cant variations or recognizable trends were observed. This
is ascribed to the fact that the sought e�ects are either too small for the sensitivity of the
setup, or they get lost in the applied normalization, time-decoupling process.

In experiments featuring intense magnetic �elds of 440 mT, increases in e�ciencies by
between 2 and 3 % were found for all NP concentrations. These increases are driven
by the JSC , in accordance with previous experiments and with the literature, supporting
the interpretation of reduced exciton recombination. Nevertheless, in the case of intense
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magnetic �elds, the device FF did not show consistent improvement. This fact is in
contradiction with previous knowledge from the no-�eld or weak-�eld scenarios. In spite
of the promising obtained results, in this case of strong magnetic �elds, parameters of
the setup and of the created magnetic �eld can bene�t from a technical improvement
iteration. Ideally, technical improvements should lead to an enhanced one-dimensionality
of the generated �eld, avoiding feared Lorentz forces in the wiring and circuitry around
the studied OSCs that could eventually a�ect the measurement. Nevertheless, calibra-
tion measurements with NP-free P3HT:PCBM OSCs showed good behavior, making the
obtained results reliable, yet preliminary (more details in the appendix A).

To overcome the challenges met in the implementation of �eld-dependent experiments,
the goal would be to achieve setups technically capable of achieving comparatively high
�ux densities. Flux densities of around 0.5 T in vacuum (air), adjustable in a continuous
manner and featuring high one-dimensionality are desirable. Moreover, better approaches
for eliminating the time-dependency due to device aging need to be found. As an example,
experiments with encapsulated devices could be conducted.

Overall, the experience with PCE improvement and reduced exciton recombination in-
vestigated in this chapter yielded very positive results. Deployment of magnetic �elds
has proven to be able to tune the exciton spin statistics and to revert positively on the
OSC performance. It is noteworthy to mention that the work presented here is pioneer
in terms of its novelty and comprehensiveness. The study of the e�ect of magnetic �elds
on OSC charge carrier statistics and device performance is still a young �eld of research.
Despite the understanding already available, complementary work is intended in order to
gain further insight on the physics governing the device behavior at various �eld intensities.

Regarding its potential for immediate use in industrial applications, we can divide the
presented work in two parts. The �rst one corresponds to the sole inclusion of super-
paramagnetic NPs in device active layers. It is an easy process, and the work carried
out already provides great insight into the understanding of the underlying physical pro-
cesses. Moreover, it grants as well reproducibility at low implementation costs. The
second part corresponds to the further increase in e�ciency through the use of external
magnetic �elds. Hereby, a further improvement is possible. However, the technical re-
quirements for achieving such improvements are considerable (see appendix A), and the
improvement gained is in return moderate (below the increase obtained by only introduc-
ing NPs). Therefore, further study of the e�ect of magnetic �elds will provide valuable
contributions to fundamental knowledge, but is rather unlikely to end up being generally
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cost-e�ective in industrial or daily applications, at least based on the current approach.

Provided that the setting up of massive magnetic �elds around solar cells might not be
pro�table from a large-scale, industrial point of view, in the next section we will investi-
gate the in�uence of NPs on another aspect crucial in regard of commercial pro�tability;
namely, the device lifetime. Material and device aging causes and paces are capital for
determining integrated e�ciencies over large periods of time. E�ciencies considered over
functioning time are signi�cant for deciding to which extend a technology is pro�table. In
this regard, besides of improving device PCEs, we explore whether the inclusion of Fe3O4

NPs has as well an impact on the device degradation. This research will ultimately lead
to deeper fundamental study of the intrinsic behavior of device aging, providing greater
understanding of the physics of OSC device degradation in general, and into the early
"burn-in" aging phase in particular.
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Chapter 7

Device aging of Fe3O4-modi�ed

P3HT:PCBM OSCs

After the investigation of the impact of NPs and of additional external magnetic �elds
on the performance of Fe3O4-modi�ed P3HT:PCBM OSCs, we further explore the e�ect
of such NPs on device aging under exposure to O2 and UV radiation. The study of the
changes in degradation speed as a result of NP inclusion reveals a need for further re-
search about the links between the time-dependent behavior of solar cell operation and
the changes in the crystalline morphology of the device active layer.

The article Codependence between crystalline and photovoltage evolutions in P3HT:PCBM

solar cells probed with in-operando GIWAXS, cited in this work as the reference r15s, has
been published as a result of part of the work presented in this chapter. Parts of the
chapter have been extracted from the master's thesis "Enhancing triplet exciton population
in organic solar cells" by Florian Dreher. [117]

7.1 Introduction

The studies presented in the previous chapters, aimed at decreasing charge the car-
rier recombination via an ISC-assisted elongated exciton di�usion length, have yielded
a promising scope for further research and development. Ambitious approaches involv-
ing polymers with chemically-embedded heavy post-transition elements (PBST3HT, see
chapter 5) presented very interesting properties, including their outlandish response to
temperature. Nevertheless, PBST3HT implementation in OSCs still requires further re-
search iterations. In contrast, alternative approaches taking advantage of magnetic �eld
gradients using Fe3O4 NPs have yielded very positive results (chapter 6). The introduction
of NPs yielded PCE improvements of up to 11 % as compared to unmodi�ed reference
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devices. This represents an easy and inexpensive approach to improve the e�ciency of
known systems, such as the model system P3HT:PCBM. Moreover, further experiments
studying the e�ect of external magnetic �elds on Fe3O4-modi�ed OSCs yielded further
improvements in performance.

The improvements seen in such studies are linked to a reduced charge carrier recombina-
tion. The magnetic �eld gradient created by the NPs facilitates the spin rephasing between
exciton components, thereby increasing the rate of ISC. This can be observed in the evo-
lutions of the device PCE and FF , which increase linearly with the magnetic �ux density
(see section 6.3). This provides valuable insight into the fundamental working principles
of optoelectronic devices under magnetic stress, as well as unveils new potential avenues
to further increase device e�ciencies. Nevertheless, for the studied P3HT:PCBM system,
the PCE improvement at �eld intensities of up to saturation magnetization amount to
� 3 %, compared to the performances in the absence of external �eld. These relatively
humble improvements, compared to the technical requirements necessary to achieve such
�elds, makes such approaches rather unappealing from an application point of view. At
least in their current shape.

Hence, we focus our e�ort on studying the in�uence of NPs on another key parameter
which severely a�ects OSC device device pro�tability: the device lifetime. The device
lifetime quanti�es the OSC's service life, projecting how long devices can operate. This
time-dependent behavior is of paramount importance. Solar devices can turn unpro�table
in a time-integrated calculation of the power generation if their service life is too short,
despite a very high initial PCE. The study and understanding of degradation is of great
interest especially in the case of OPV, since their relatively poor long-term stability is
one of the main barriers to commercial application. [191] According to some studies, OPV
could be competitive upon attainment of modules with service lifetimes ranging from �ve
to ten years. [12,13] The degradation of solar cells arises from a complex interplay of several
factors, such as photochemical degradation, oxidation of the top electrode, and morpho-
logical changes of the individual �lms composing the stack, amongst others. [58,60,192]

In the present chapter we explore the e�ect of Fe3O4 NPs on the device lifetime of lab-scale
non-encapsulated P3HT:PCBM BHJ OSCs. We assess if there is a positive impact on the
device degradation time evolution, in addition to the improvement in the device PCE.
The results of the investigation raise further questions regarding the underlying causes of
material aging and device parameter evolution. The NP-modi�ed devices show a faster
degradation and, in some instances, a qualitative change in the device behavior. This
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ultimately leads to further fundamental exploration of the intrinsic mechanisms behind
device degradation, with focus on the structure-performance relation. This is achieved by
a time-resolved in-operando GIXS investigation. As a result, comprehensive insight into
the relation between the crystallinity of the device active layer and the resulting perfor-
mance is obtained. In particular, the in-operando investigation provides insight into the
decisive early degradation stages, commonly referred to as the burn-in phase.

Figure 7.1: Schematic time development of the

PCE for aging characterization. The early faster

burn-in can be observed. Four key time checkpoints

and their associated e�ciencies are generally used

for describing the OSC aging behavior. pE0, T0q is

the starting PCE. pE80, T80q is the time that shows

80 % of the initial e�ciency. pES , TSq are the times

and e�ciencies displayed by the cell at the end of

the burn-in phase. pES80, TS80q represents the time

at which the device presents 80 % of the e�ciency

displayed at pES , TSq. Reprinted from r193s with per-

mission from Elsevier.

Typically, OSC temporal performance
shows two distinct regimes: an initial
fast decay followed by a linear decrease
of slower pace. These are schemati-
cally depicted in �gure 7.1. The ini-
tial stage is referred to as burn-in. The
rapid decrease in performance is gener-
ally related to intrinsic e�ects of mate-
rial's properties, impurities, blend mor-
phology and of the layer stack. How-
ever, precise understanding of the pro-
cesses governing the burn-in phase is not
yet achieved. [194] Aging experiments per-
formed under standardized laboratory con-
ditions reveal that burn-in generally does
not happen in the dark, pointing to illumi-
nation and/or electrical stress as potential
causes. [194]

In order to quantify the lifetime of a device,
there are several indicators commonly used
in the PCE-vs.-time chart. The �rst one

is the initial device e�ciency E0, which occurs at the initial time T0 � 0 s. The main
indicator of the initial degradation speed associated with this initial performance is the
pE80, T80q point, the time at which the OSC has lost 20 % of its initial PCE. [61] Another
important point in the diagram is the pES, TSq, which is the time threshold at which
the initial burn-in stage is considered to be over. Beyond time t � TS the decrease in
PCE enters the second stage, featuring generally a linear decay with a lower slope, as
compared to the previous burn-in phase. Additionally, there is the pES80, TS80q, where
the device displays 80 % of the e�ciency achieved at the pES, TSq point. These four in-
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dicators allow parametrization of the aging behavior of an OSC in the two main regimes.
These are schematically depicted in �gure 7.1. Due to its slightly arbitrary nature, the
exact location of the pES, TSq point is subjective. However, some groups have suggested
bi-exponential �ttings of the initial burn-in PCE decay, which provide a more objective
de�nition of the decay scale. [194]

In general, device lifetime is not used uniformly in the literature. Often the lifetime refers
to the TS80 time. [195] However, some reports use the T80 time. Some groups suggest more
re�ned lifetime quanti�cation mechanisms, based on �tting parameters that allow more
objective comparisons among time-integrated parameters. One example is the "lifetime
energy yield" suggested by Roesch et al.. [194] They suggest integration of the power de-
livered by the OSC between t � 0 s and TS80 as a device �gure of merit. This seems to
be an intelligent approach to start studying the e�ciencies of OSCs integrated over time.
Nevertheless, this approach is not yet an extended practice.

7.2 In�uence of Fe3O4 NPs on device aging

As discussed in the introduction of the present chapter (section 7.1), we �rst explore the
in�uence of Fe3O4 NPs on the time evolution of modi�ed P3HT:PCBM OSCs degradation.
The devices are built following the standard procedures described earlier in chapter 4,
using the materials presented in chapter 3. As in the study of the e�ect of external
magnetic �elds (section 6.3), the study is conducted for P3HT:PCBM BHJ OSCs with
Fe3O4 loads up to 0.8 wt.%, which are the ones showing an improvement compared to
unmodi�ed devices.

7.2.1 Accelerated burn-in

Characterization of OSCs is carried out with a solar simulator at both ambient tempera-
ture and humidity. The samples were continuously illuminated under AM1.5g conditions
with an irrandiance of 100 mW{cm2. During the parametrization of device aging, one mea-
surement is taken every 157 seconds, whereby the total device tracking time spans up to
700 minutes. The usual photovoltaic indicators are gathered and are studied as a function
of time. To study the relative variations upon degradation, the parameters are normalized
to their initial values. The obtained data are summarized in �gure 7.2.

At �rst sight, a negative impact of the Fe3O4 NPs on the aging time pro�le of the stud-
ied OSCs is visible. The pristine, unmodi�ed P3HT:PCBM OSCs present the longest
T80 time, p370 � 3q min. Unmodi�ed, non-encapsulated P3HT:PCBM cells lose 20 % of
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Figure 7.2: Evolution of the performance indicators of P3HT:PCBM OSCs fabricated with di�erent

concentrations of Fe3O4 NPs expressed as a function of the illumination time: a) PCE, b) FF , c) JSC

and d)RS.

their e�ciency only after six hours of continuous illumination. In contrast, the values for
Fe3O4-modi�ed devices are p18�3q min for a NP content of 0.3 wt.%, p21�3q min for 0.6
wt.% NPs, and p13� 3q min for a Fe3O4 NP load of 0.8 wt.%. This signi�cant di�erence
in aging speed represents an acceleration of the degradation process by approximately a
factor seventeen. Interestingly, this acceleration of the degradation pace occurs mostly in
the burn-in phase (colored in gray in �gure 7.2a). The end of the burn-in phase is taken to
be around 240 min. In the subsequent linear decay phase, all cells present a similar decay
slope. Nevertheless, the aging process still seems to be mildly accelerated with increasing
NP content. At the end of the burn-in phase, the unmodi�ed P3HT:PCBM device has
lost around 18 % of its initial performance, whereas the values are 51 %, 51 % and 58 %
for NP contents of 0.3, 0.6 and 0.8 wt.%, respectively.

Figure 7.2b displays the evolution of the cells' normalized FF . An important di�erence
between the presence and the absence of Fe3O4 NPs in the devices' active layers is visible.
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In absence of NPs, the FF falls to about 95 % of the initial value, whereas for cells with
some NP content this �gure falls to between 70 and 80 %. Similarly to PCE, the largest
erosion in FF occurs in the early illumination stages corresponding to the burn-in phase.
Later on, the rate of FF loss slows and stays comparable to the degradation in unmodi�ed
devices. However, again a mild increase in the degradation speed can be observed in the
linear, post-burn-in phase.

Figure 7.2c shows the evolution of the JSC with illumination time. This is the main fac-
tor that drives the overall decay in PCE. At the end of the experiment, after 670 min,
JSC has fallen to 80 % of the initial value for cells with no NP content, whilst for NP-
containing devices the JSC decays to around 45 to 50 %. Again, the initial burn-in sets
the greatest di�erence between NP-modi�ed and unmodi�ed OSCs. The JSC of the de-
vices containing 0.3 and 0.6 wt.% NPs follow an almost identical degradation pro�le. In
contrast, for 0.8 wt.% NPs, an acceleration of the current density loss can be observed, in
good agreement with the other inspected photovoltaic parameters. A similar trend can
be observed for device RS (presented in �gure 7.2d). While the unmodi�ed OSC shows a
rather steady RS, virtually constant for the duration of the experiment, the cells with NP
content exhibit qualitatively di�erent behavior. In this case, RS increases at a high rate
in the �rst minutes of illumination, afterwards entering a linear regime. Again, a clear
increase of the linear RS growth regime with Fe3O4 NP content can be seen. At the end
of the experiment, cells with NPs depict RS between two to over three times their initial
values.

Overall, it can be seen that the presence of NPs speeds up degradation. Given the com-
plex interplay of several factors, it is di�cult to determine the causes of the increased
rate of degradation upon inclusion of NPs. As mentioned above, it can be seen from
picture 7.2 that the JSC is arguably the main parameter responsible for the accelerated
aging of modi�ed cells. Di�erent reports have addressed the reduction of JSC as a result
of device aging. Amongst others, the main factors proposed are the oxidation and/or
delamination of top metallic contacts, and the physical reorganization of the BHJ within
the device active layer. [48,58] This latter e�ect, of signi�cant importance, attributes the
loss in JSC to a change in the thermodynamic equilibrium of the photoactive components,
thereby leading to changes in the demixing behavior. This has been thoroughly investi-
gated by Scha�er et al., and simulations of domain coarsening reproduce the measured
JSC decay with excellent agreement. [58] Thus, in view of the fact that Fe3O4 NPs turn
the original P3HT:PCBM BHJ into a ternary system (P3HT:PCBM:Fe3O4), the thermo-
dynamic equilibrium point of the new system is anticipated to lie elsewhere in the phase
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diagram. Therefore, the speed at which aging occurs is a�ected. One fact in favor of this
argument is that the parameter evolution for modi�ed and unmodi�ed devices generally
presents qualitative di�erences, whereas the NP-modi�ed devices usually show only small
di�erences between themselves, scaled to the corresponding NP concentrations. This is
particularly clear, for instance, in the evolutions of the FF and the RS, depicted in �gures
7.2b and 7.2d.

To further support the view that the morphological instabilities lead to faster or slower
OSC aging, very insightful work published by Kong et al. demonstrates the major in�u-
ence of chain polydispersity in the time degradation pro�le. [191] Reportedly, polydisperse
PCDTBT is separated in di�erent MW components. On the one hand, PCDTBT:PCBM
devices fabricated with high-MW low-polydispersity PCDTBT lead to almost complete
suppression of the burn-in phase and much slower post-burn-in decay. On the other hand,
devices including low-MW components show more pronounced burn-in phases and, thus,
shorter device lifetimes. Interestingly, low-polydispersity high-MW PCDTBT samples
show almost no morphological changes upon annealing, as compared to as-cast samples.
In contrast, low-MW PCDTBT samples present very signi�cant morphological changes
upon temperature treatment. Thus, they conclude that low-MW components are the
responsible for morphological instabilities leading to marked burn-in phases and fast per-
formance decay rates. [191] In the process of D-A domain coarsening, which assists the
reduction in JSC , an increase of exciton recombination arises. This increase in recombi-
nation contributes to the reduction of the device FF as it was observed by Scha�er et al.
and also in the present investigation (�gure 7.2b). [58]

Another possible cause for accelerated degradation is related to the photo-oxidation of
P3HT. One mechanism responsible for the solid state degradation of P3HT, or poly(3-
alkylthiophene)s (P3ATs) in general, is the formation of strongly-oxidizing singlet molec-
ular oxygen O*2(1∆q), hereafter referred to as 1O*2. 1O*2 interacts with thiophene units
through a Diels-Alder reaction at the thiophene positions one and four, forming endoper-
oxydes. The formed endoperoxydes, besides ending up decomposing into various products
(e.g. carbonyl or ole�nic functional groups), break the conjugated polymer backbone.
This process (schematically depicted in �gure 7.3) disturbs the molecular π-conjugation
and reduces light absorption, which in turn leads to a reduction of the current generated
by the OSC. [55] Molecular oxygen presents a triplet ground state (3O2), and the formation
of excited singlet oxygen is normally achieved by chemical methods (e.g. using sodium
hypochlorite/hydrogen peroxide [55]). However, its formation can also be achieved by en-
ergy transfer from a molecular (P3HT) triplet exciton. Further details are available in
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Figure 7.3: Schematic depiction of the singlet oxygen 1O*2-induced degradation of a) a P3HT chain.

b) An excited 1O*2 molecule undergoes 1,4 Diels-Alder addition, forming an endoperoxyde to detriment

of the conjugated bonding in the thipohene ring. c) The unstable endoperoxyde leads to an ole�nic ring

(ole�nic group highlighted in green) with carbonyl side groups (in red), thereby detaching the original

3-hexylthiophene unit from the polymer backbone, reducing the conjugation length.

the literature. [196,197] This e�ect is generally regarded as unlikely, given the low quantum
yield of triplet formation in regular P3HT (<10�6). [198,199] Nevertheless, the e�ciency of
this oxidation mechanism is arguably increased in our case, given the increased presence
of triplet excitons owing to the presence of Fe3O4 NPs. In addition, 1O*2 interacts with
hexyl side chains, forming carbonyl adducts that results in energetic traps for molecular
singlet excitons, leading to higher rates of non-radiative relaxation. [60,200] Nevertheless,
some experiments based on direct exposure of P3HT to chemically-generated 1O*2 sug-
gest that 1O*2 may not be the main trigger of P3HT photo-oxidation, making the real
role of 1O*2 in �lm aging still unclear. [51,55]

7.2.2 E�ect on photovoltage

Figure 7.4 depicts the evolution with illumination time of the open-circuit voltage VOC for
di�erent concentrations of Fe3O4 NPs. VOC presents, compared to the other parameters
examined, the most outlandish behavior. For solar cells without NPs the VOC evolution
resembles the usual trend also observed for other parameters, mainly characterized by an
initial strong decay in the burn-in phase. Afterwards, it stays stable for several hours at
around 96 % of the initial value. On the other hand, the evolution of VOC of NP-containing
samples feature unexpected behavior even in the burn-in phase. At early times strong
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relative VOC decays are observed, followed by unusual partial recoveries. This behavior
is especially clear in the 0.3 wt.% case, where the VOC hits a minimum of around 96 %
after approximately 20 min, subsequently recovering and stabilizing at a greater value.
Furthermore, it stabilizes at a relative value greater than that of the devices without NPs
after approximately 500 min illumination. This, in spite of the as yet not understood
behavior taking place in the burn-in phase, indicates a bene�cial e�ect on the VOC degra-
dation time dependence upon addition of Fe3O4 for 0.3 and 0.6 wt.% NPs. These being
the NP concentrations at which the overall device PCE is also highest (see section 6.2 for
details). At a concentration of 0.8 wt.% NPs the samples behave qualitatively similar to
the 0.3 and 0.6 wt.% cases, yet the VOC loss in the burn-in phase is much more signi�cant,
dropping to around 82 % of its initial value. Therefore, the 0.8 wt.% sample seems to
set an upper threshold of NP content for potential VOC improvement, in accordance to
what was seen for other photovoltaic indicators (see section 6.2). For all NP concentra-
tions the VOC shows a stable behavior beyond the burn-in phase, thereby highlighting the
importance of the burn-in phase in improving the degradation behavior of modi�ed OSCs.

Figure 7.4: Evolution of the VOC of P3HT:PCBM

OSCs fabricated with di�erent concentrations of

Fe3O4 NPs expressed as a function of the illumina-

tion time.

The behavior of VOC is di�cult to address,
given the intricate nature of the parame-
ter itself, and its multiple dependencies on
several material, layer and device proper-
ties. Often the �ne structure of the VOC
behavior in the burn-in phase is not care-
fully accounted for, and it is often ap-
proximated by a constant. [194] In general,
many reports point to a close relation-
ship between the VOC and the morpholog-
ical/crystalline state of the �lms compos-
ing the OSC, which in turn is a�ected by
multiple factors including fabrication pro-
cedure, temperature, humidity, etc. [201] In
the next section we focus on this structure-
function relation for the active layer of a
P3HT:PCBM OSCs, paying special attention to the behavior of the photovoltage VOC
and to the early burn-in phase. This is achieved via in-operando GIWAXS experiments
that allow us to monitor the evolution of the main OSC photovoltaic indicators simulta-
neously with the evolution of the samples morphology.
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7.3 Structure-function relation in P3HT:PCBM device

aging

In the last section it has been shown that NPs accelerate the degradation of P3HT:PCBM
solar devices. This acceleration happens especially in the burn-in phase, and two potential
reasons are identi�ed. First, the presence of NPs changes the thermodynamic equilibrium
of the P3HT:PCBM system, thereby accelerating the photoactive domain coarsening,
which is one of the main causes of JSC reduction during illumination. [58] Second, it is
argued that the enhanced ISC and the increased population of triplet excitons favors the
appearance of more molecular oxygen in the excited singlet state (1O*2, see section 7.2.1),
which accelerates the physical degradation of P3HT.

In general, all OSC parameters show the most signi�cant changes during the burn-in
phase. In this regard, the behavior observed for the VOC is especially outlandish, since
the introduction of NPs qualitatively alters the behavior of the VOC with time. NP-
containing devices exhibit a minimum in the VOC during the burn-in phase, followed by
a partial recovery. As it is reported e.g. for the JSC and other photovoltaic parameters,
the behavior of the VOC with illumination time is related to morphological and structural
parameters of the layers composing the device. In the present section we take a closer
look at the behavior of the OSC photovoltaic parameters in general, and of the VOC in
particular, along with their relation to the morphological and crystalline parameters of
the active layer system. This investigation is performed in a time-resolved in-operando
GIWAXS experimental campaign, through which we gain further insight into the burn-in
device degradation phase.

7.3.1 The origin of VOC

The device VOC is the result of a complex interplay of several factors, including recombi-
nation rates, the DOS shape and the charge carrier and exciton mobilities, amongst other
factors. [190,202,203] Within this complex interplay, the crystalline state of the active layer is
of special importance. [40,204,205] As an example, a relationship between the charge transfer
energy (and therefore VOC) and the crystalline fraction in a solution of photoactive ma-
terials has been thoroughly studied by Vandewal et al.. [206]

VOC is primarily determined by the energy of the BHJ optical band gap, this is the en-
ergetic di�erence between the donor's HOMO and acceptor's LUMO. The VOC and the
optical bandgap depict a clear linear relation, and, given that the VOC is strongly con-
ditioned by the polaron recombination, it suggests that this recombination must happen
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mainly at the D/A interface. Nevertheless, the HOMO and LUMO levels are not sharp
energy levels, but rather energy distributions. This is due to the nature of polymers
themselves, which in most cases can only achieve semi-crystalline states, showing only
partial aggregation (see section 2.1.2 for further details). This is the result of uneven
conjugation lengths, polydispersity, chemical defects, etc. The corresponding e�ect on
the energy distribution is schematically depicted in �gure 7.5.

Figure 7.5: Schematic representation of the

optical band gap for a BHJ. The blue lines

represent the Gaussian DOS distributions cen-

tered at the EHOMOpDq and ELUMOpAq en-

ergies, respectively. The colored areas corre-

spond to the respective occupied states. σp

and σn indicate the Gaussian energy devia-

tions. EFp
and EFn

indicate the respective

quasi-Fermi energies. The energetic o�set be-

tween the optical band gap and the photovolt-

age qVOC � EFp�EFn is indicated by ∆p and

∆n. Adapted with permission from ref r15s.

Copyright 2017. American Chemical Society.

Usually this e�ect is referred to as Gaussian dis-

order and its broadness is characterized by the
standard deviations σn and σp. [40,190] Further-
more, it is also important to consider the occu-
pation of these Gaussian DOSs. Typically, when
the device is illuminated, the occupied states
lie somewhat two orders of magnitude below
the available states. [190] In �gure 7.5 the occu-
pied states are indicated by the blue- and gray-
colored regions within the LUMO and HOMO
DOSs, respectively. As it can be seen, this ac-
tually leads to a situation in which the mean
energies of the occupied distributions are closer
to each other than the actual energetic distance
between HOMO and LUMO mean energies (the
di�erence between the two magnitudes is indi-
cated by the ∆n and ∆p o�sets). As a result,
under illumination, the occupation of available
energy states is mostly restricted to the DOS
tails. Even at high irradiances, where exciton
and, therefore, charge carrier generation is in-
creased, the situation persists, since the recom-
bination rates increase as well. Especially in the
case of non-geminate recombination the recombi-
nation rate increases quadratically with the car-
rier density (see section 2.2.5). [207,208]

Thus, the resulting device VOC is lower than the voltage associated with the optical
band gap of the BHJ (compare the optical band gap with the photovoltage in �gure 7.5:
BGO � �qVOC � ∆n � ∆p). More comprehensive discussion of the relation between the
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device VOC and the Gaussian disorder is available in the literature. [190,209] Further e�ects
related to the energetic landscape of the active layer and to the stability of the composing
layers have an in�uence on the VOC , such as trap-assisted recombination or failure of the
device electrodes. [48,191,192]

In summary, the VOC scales with the splitting of the negative and positive quasi-Fermi
levels. The balance reached between generation and recombination rates determines the
occupancies and, thus, the o�set between the optical band gap and the actual VOC . In-
terestingly, the dynamics of exciton and polaron transport and recombination, as well
as DOS shapes are closely related to the arrangement of the materials composing the
photoactive BHJ. [40,204,210�212] In this sense, features such as the degree of crystallinity,
crystallite grain sizes and lattice parameters exert an important in�uence on sample prop-
erties, such as conjugation length uniformity (and, therefore, DOS sharpness), exciton and
polaron mobilities and, thus, recombination rates. [203]

7.3.2 In-operando crystalline tracking of device aging

In order to approach the direct observation of the link between the crystalline evolution
of an OSC and the corresponding photovoltaic parameters, in-operando GIWAXS mea-
surements are performed. The real-time measurements follow the crystalline evolution of
the device active layer via scattering under shallow incident angle. At the same time, the
OSC is placed inside a sample environment that allows I-V tracking during illumination.
A detailed description of the chamber and the in-situ GIWAXS experiments is provided in
section 3.1.5. In an attempt to reproduce real working conditions, OSCs are tracked as a
function of time under air atmosphere and with no external control of the device tempera-
ture. However, the evolution of the device temperature with illumination time is recorded.

The device temperature has an impact on charge carrier statistics and, consequently, on
the OSC parameters extracted during I-V tracking. Overall, the heating induced in the
setup and the sample due to the illumination of the portable solar simulator induces a
mild temperature increase from 26 to 32 °C. High temperatures induce re-arrangement of
the organic domains in the active layer, similar to the e�ects observed in PBST3HT homo-
�lms and P3HT:PBST3HT:PCBM ternary �lms (see chapter 5). Similarly, the charge-
carrier statistics is a�ected by temperature, through e.g. heat-induced impurities emerging
in organic chains, formation of fullerene crystals or P3HT "crystallite melting". [127,213]

Figure 7.6a shows the evolution of the temperature of the copper block as recorded during
the in-operando experiment. A Pt100 temperature sensor is embedded in the copper block
(see �gure 3.7 in section 3.1.5) and allows real-time monitoring of the block temperature.
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Figure 7.6: a) Temperature of the copper block as a

function of illumination time. b) Temperature of the

sample as a function of the temperature of the cop-

per block. Black squares are data points. Straight red

lines are linear �ts, whose corresponding temperature

functions are indicated. The blue shaded area indi-

cates the time window of temperature stabilization.

Adapted with permission from ref r15s. Copyright

2017. American Chemical Society.

The temperature is measured in the cop-
per block due to the impossibility of mea-
suring it directly at the back of the sam-
ple, as this would block the path of the x-
ray scattering experiment. Thus, in order
to ascertain the temperature of the sam-
ple, ex-situ calibration measurements are
done. These reproduce the environment
and illumination conditions of the real in-
operando experiments. In this case the
sample is substituted by a glass substrate
with an additional Pt100 temperature sen-
sor. This way, the temperature of the sam-
ple for a given temperature of the copper
block can be obtained. The relation be-
tween the two magnitudes is presented in
�gure 7.6b. The two temperatures depict a
bi-linear relation (r2 � 0.81 and r2 � 0.98

for the �rst and second sections, respec-
tively). The linear correspondence is espe-
cially accurate after the temperature has
initially stabilized. This second stage be-
gins between 500 s and 1500 s after the
start of the experiment, as indicated by the
blue-shaded area in �gure 7.6a. Combina-
tion of the sets of data presented in �gures
7.6a and 7.6b allows us to state that the
temperature rose during the experiment to
temperatures slightly below 32 °C in the
stable regime.

P3HT:PCBM GIWAXS measurements present two main signals. First, a signal related
to PCBM randomly-oriented crystallites, which do not experience changes during the
whole experiment. Second, the GIWAXS signal exhibits a strong P3HT (100) peak, as
is common for P3HT-based systems and has been described previously in section 6.2.4.
These re�ections allow parametrization of the crystalline state of P3HT. [108] As in the
case of �lms formed using most high boiling-points-solvents, most of the (100) intensity
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Figure 7.7: Evolution with time of the edge-on (100)

P3HT crystalline family, both during illumination (black

squares) as well as during the control experiment (red cir-

cles). a) Peak intensity. b) Peak center position. c) Peak

FWHM. The displayed magnitudes are normalized to start-

ing values. The inset in a) depicts a P3HT edge-on-oriented

crystal standing on the sample substrate, indicated by the

underlying gray surface. Adapted with permission from ref

r15s. Copyright 2017. American Chemical Society.

appears along the qz-axis, indicating
predominant edge-on orientation. [214]

In P3HT, the [100] lattice vec-
tor corresponds to the spacing be-
tween adjacent polymer backbones.
In the edge-on con�guration, the
side chains of P3HT are standing
perpendicular to the sample sub-
strate. An edge-on-standing P3HT
crystal is depicted in the inset of �g-
ure 7.7 for clarity. More detailed
general discussion of the morphol-
ogy of P3HT crystals is available
elsewhere. [108]

Figure 7.7 displays the evolution of
the peak parameters extracted from
the Gaussian �ttings of the edge-on
(100) peak. The data are presented
for the case of device illumination as
well as for the control experiment,
in the dark and in absence of volt-
age sweep. The initial stages of de-
vice operation (black squares in �g-
ure 7.7) are marked by an increase in
signal intensity that spans the �rst
15 min, indicating an increase in the
total degree of crystallization (�gure
7.7a). After this initial stage, the in-
tensity reaches a maximum, and the
process starts reversing, indicating a
partial loss of the crystalline phase.
This is directly linked to illumination
from the solar simulator, as the data
associated to the control experiment
remained constant over the course of

the experiment. This is in agreement with the behavior obtained for the edge-on (100)
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FWHM, shown in �gure 7.7c. Similarly, during illumination, the initial stage is charac-
terized by a reduction of the FWHM, which is associated with an increase in the average
crystallite grain size. This process culminates after approximately 15 min, synchronized
with the evolution of the peak intensity. The FWHM of the control experiments stays
constant within the associated experimental errors. Finally, the average edge-on (100)
peak center stays fairly constant in all cases throughout the experiment (shown in �gure
7.7b). This is not surprising, as a generalized change in the packing distance between
P3HT chains due to solar illumination is rather unexpected.

Figure 7.8: Evolution of the a) PCE, FF , JSC and VOC and of the b) RS and RSH of the OSC

characterized in-situ during functioning. Y-axes indicate the variation normalized to the initial values.

Adapted with permission from ref r15s. Copyright 2017. American Chemical Society.

In parallel, the evolution of the device J-V characteristics are tracked. The main OSC
photovoltaic indicators (PCE, FF , JSC , VOC , RS and RSH) are plotted versus the time
and displayed in �gures 7.8a and 7.8b. The device shows a humble initial performance.
The initial JSC amounts to 1.91 mA{cm2, which is about one �fth of the vale expected for a
normal-functioning P3HT:PCBM BHJ OSC. Similarly, the device FF (28.05 %) exhibits
a signi�cant reduction compared to a fresh device. The drastic reduction in FF a�ects
the values of RS and RSH , which amount to 161.2 Ω · cm2 and 218.9 Ω · cm2, respectively.
Nevertheless, the device VOC does not su�er from this degradation process and presents
the same value as a fresh-prepared P3HT:PCBM device (0.60 V). This is particularly
signi�cant in the research presented here, as it will mainly focus on the role of the VOC
and its link with the crystallinity of the device active layer. The observed poor device
performance is a result of transport conditions and the signi�cant time elapsed between
device fabrication and characterization at the synchrotron light source. Further details
are provided in section 3.1.5.
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The PCE decreases with illumination time. The decay is mainly governed by the JSC .
The main causes for the lowering JSC are �rst, the physical reorganization of the bulk,
as �rst observed by Scha�er et al. in in-situ OSC experiments, as discussed previously
in section 7.2.1. [58] Second, the contact of the solar device with oxygen-rich atmosphere
is known to lead to failure of the device electrodes. [48,58] Both e�ects are supported by
the evolution of RS (see �gure 7.8b), which increases with the illumination time, indi-
cating worsening device transport properties. Furthermore, shorter conjugation lengths
and decreasing chain planarity as a result of long exposures to sunlight lead to exciton
and polaron trapping with the residues of the photodegaradation. These phenomenon has
been reported by Deschler et al., also negatively impacting the JSC . [215]

Figure 7.9: First quadrant close-up of 27 time-equidistant

J-V curves between the beginning of the in-situ experiment

and �ve hours illumination. The time gap between two con-

secutive curves is of 13 minutes. The time progress is color-

coded in a red-to-black gradient. Adapted with permission

from ref r15s. Copyright 2017. American Chemical Society.

The early stages of device functioning
show an increase in the device FF by
approximately 10 to 15 %. This indi-
cates a reduction in device recombi-
nation, which is primarily ascribed to
the observed increase in temperature.
In organic semiconductors, due to the
hopping nature of the charge trans-
port, increasing temperature leads to
more e�cient charge carrier mobil-
ity. At the same time, it favors the
appearance of thermal defects, which
ultimately can result in generation of
additional polarons, thereby improv-
ing the device FF . [216] Comparison of
the FF and temperature evolutions
reveals stabilization at similar time
scales (�gure 7.6a). Moreover, the re-
duction in recombination is further supported by the continuously increasing RSH (see
�gure 7.8b). [174]

Nevertheless, another factor might be playing a role in the shaping of the FF time evolu-
tion, namely the already discussed time decay of the JSC , which develops on similar time
scales. As displayed in �gure 7.9, the current density decay happens faster in the �rst
stages (also visible in �gure 7.8a). This decay, combined with a comparatively stable VOC ,
eventually induces an increase in the ideality of the shape of the J-V curve. Therefore,
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a higher ratio pVMPP JMPP q{pVOC JSCq is achieved, despite the fact that the absolute
delivered power decreases with time.

Figure 7.10: Temporal comparison of the recorded de-

vice VOC and a) the P3HT edge-on (100) intensity and b)

the P3HT edge-on (100) estimated crystallite grain size.

Adapted with permission from ref r15s. Copyright 2017.

American Chemical Society.

The device VOC presents roughly a
linear decay, falling to around 93 %
of the starting value after 20000 s.
Nevertheless, a closer examination of
its time evolution yields a tight corre-
lation with that of the observed GI-
WAXS trends. This is summarized
in �gure 7.10. Figure 7.10a compares
the time developments of the P3HT
edge-on (100) intensity with the rela-
tive variation of the device VOC . Both
magnitudes increase in their early
stages with respect to their initial val-
ues. Both reach a maximum at the
same time, for afterwards decaying
linearly. Moreover, �gure 7.10b com-
pares the same time evolution of the
photovoltage with that of the crys-
tallite grain size, showing excellent
agreement. The crystalline grain size
is estimated from the FWHM of the
(100) edge-on P3HT intensity with

the help of the Scherrer equation (see equation 2.73 in section 2.4.3).

The data presented here constitute direct evidence of the co-dependence between the crys-
talline state of the active layer of a BHJ P3HT:PCBM solar cell and the delivered device
photovoltage VOC . With in-situ techniques we are able to directly observe the parallel
evolution of both magnitudes in real time. However, the inter-dependence of these two
magnitudes has been described previously in several ex-situ pieces of research involving
several material and device parameters. Zimmerman et al. reported comprehensive in-
vestigations on the e�ects of di�erent post-treatments on the performance of DPSQ:C60

OSCs, highlighting the capital role of the photoactive layer morphology in the process. [203]

The dependence of the VOC on device morphology can be isolated. In this regard, they
reported that a disordered bulk morphology prevents the overlap of donor and acceptor

167



7.3 Structure-function relation in P3HT:PCBM device aging

molecular orbitals, which has a notable impact in deminishing the non-geminate recom-
bination. However, the exciton transport properties of disordered BHJs are rather poor,
favoring geminate recombination. Contrary to this, highly crystalline phases exhibit good
carrier transport properties, but su�er from increased recombination at D/A interfaces.
The high recombination results from the high degree of D/A molecular orbital overlap
resulting from the high regularity of the interface. Thus, they propose and implement
an optimum morphology, consisting of highly crystalline domain bulk, combined with a
disordered D/A interface. This arrangement combines a low D/A orbital overlap with
good bulk exciton transport properties, thereby favoring the reduction of both types of
recombination (increasing RSH). Consequently, this con�guration yielded the highest VOC
values obtained.

Other studies, like the reported by Vanlaeke et al., study the e�ect of annealing and
blend composition on the crystallinity of neat P3HT and of P3HT:PCBM BHJ �lms.
The crystallinity not only leads to improved spectroscopic properties (which positively
a�ect device performance), but also has a direct impact on the P3HT hole transport
properties. [204] Moreover, thorough work done by Spano, featuring experiments as well
as simulations, provides great insight into the intimate relation between the crystallinity,
lamellar aggregate morphologies, chain correlation lengths and the associated energetic
disorder, impacting the sharpness of the associated UV/Vis transitions. [40,210]

The examples above summarize the research carried out on the interrelations between the
key concepts of polymer system crystallinity, the subsequent e�ect on the energetic dis-
order of the material and, �nally, on the e�ect on the VOC delivered by the corresponding
solar device. This, up to now, patch-wise research involving everything from the nanoscale
morphology of the polymer active layer up to the macroscopic device VOC allows us to
build a framework of parameter interdependence. Nevertheless, the in-situ investigations
provided here allow us to take one step further and gain a more comprehensive under-
standing of the fundamental processes governing device function.

In our in-situ characterization of device aging, we �rst observe a decrease in device re-
combination. This decrease is assisted by the increase in device temperature caused by
the illumination, as it has been shown earlier in the present section. This decrease in
recombination and its link to the evolution of device temperature can be identi�ed from
the time evolution of the FF . Reduced recombination leads to an increasing occupancy
of the DOSs on the two sides of the optical band gap. As discussed in the previous section
7.3.1, this induces a separation of the quasi-Fermi levels, which ultimately leads to the
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initial increase in VOC . In parallel, the increased temperature helps activating polymer
chain mobility, and enables system relaxation towards equilibrium, similar to what usually
happens in thermal annealing processes. [204] Hereby, the aggregation of P3HT improves,
resulting in a higher volume fraction of P3HT (100) edge-on crystallites, as shown by
the increasing GIWAXS intensity (compare the �rst stages of �gure 7.10a). Additionally,
the enhanced crystallinity is displayed by the increase of the crystallite grain size in this
early time evolution phase (�gure 7.10b) and the lowering P3HT (100) edge-on FWHM
values (�gure 7.7c). These two latter parametters also indicate a more even distribution
of backbone spacings and conjugation lengths, arguably contributing to the narrowing
of the HOMO and LUMO energy distributions, which in turn reduce the DOS tails and
improve the charge carrier occupation statistics. [127,217]

After the �rst stage, the system's temperature stabilizes and the crystalline intensity, the
grain size and the photovoltage reach a maximum. This long-term exposure to sunlight
and elevated temperature activates thermal stress, which triggers degradation mecha-
nisms, such as oxidation or photobleaching, amongst others. These phenomena negatively
impact the crystallinity of P3HT, as proven systematically by Hintz et al. in photodegra-
dation studies. [52] The increased chain mobility provided by temperature destabilises the
P3HT aggregates, leading to "crystallite melting". [127] In the GIWAXS data, this can be
observed in both the evolution of the crystalline signal as well as in that of the grain size.
In detailed studies of the e�ect of annealing and, more generally, of elevated temperatures
on polymer �lms, Motaung et al. reported the same trends for P3HT:PCBM blends.
Upon exposure to elevated temperatures, they observe an increase in �lm crystallinity, a
trend which experiences reversion after some time. [127] The destruction of the crystalline
phase after long exposures to heat was con�rmed by Raman and XRD characterizations.
The investigations showed the formation of non-crystalline material, as well as a reduc-
tion in the polymer conjugation length. This last e�ect was also observed in UV/Vis
measurements of P3HT samples. For long annealing times, the samples displayed a blue-
shift, indicating shortening conjugation length for weakly-coupled H-aggregates, such as
P3HT. [218,219] Furthermore, after long times the polymer phase undergoes physicochemical
degradation, featuring the modi�cation of the chemical structure of the molecular chro-
mophores, mainly consisting of the detachment of light units, like C-S groups of hexyl
chains. [57]

The fading of crystallites contributes to an increase in energetic disorder of the photoac-
tive medium. This leads to a broadening of the DOS, allowing the occupation of deeper
energetic states, and thereby reducing the splitting of the quasi-Fermi levels. Beiley et al.
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already highlighted the dependence of trap formation on the morphology of photoactive
PCDTBT �lms, stating that structural defects and disorder contribute to the broadening
of the energetic trap-width. [220] For long illumination times, the splitting (and, thus, the
VOC) is further reduced by the e�ect of additional degradation e�ects, like photobleach-
ing. This reduces the material's intrinsic absorption and, consequently, the concentration
of photogenerated charge carriers, reducing in turn the DOS occupancies. [52] These pro-
cesses take place in parallel with the physical reorganization of the BHJ, which reduce
the amount of D/A interface. With it, the chance for exciton splitting is also reduced,
increasing the geminate recombination and, thus, contributing to a further decrease in
VOC . [58]

7.4 Conclusions and outlook

In the �rst half of this last chapter, in addition to the observed improvement in PCE,
we investigate the e�ect of Fe3O4 NPs on the OSC service life. As in the study carried
out exploring the application of di�erent intensities of magnetic �eld, we focus on aging
of devices containing loads of Fe3O4 that lead to an improvement as compared to non-
modi�ed P3HT:PCBM cells, i.e. between 0 and 0.8 wt.% Fe3O4 NPs. The aging pace
is dramatically accelerated upon addition of NPs. The T80 time falls from p370 � 3q min
for non-modi�ed cells to T80s between p13 � 3q min and p21 � 3q min for NP-modi�ed
cells with di�erent concentrations. The main parameters signaling the accelerated decay
are the FF , the RS and, in particular, the JSC . According to existing investigations, the
decay in PCE responds mainly to failure of the device contacts and the morphological
re-arrangement of the BHJ components, which is in good agreement with the marked
increase in the RS in the early burn-in phase. [48,58]

In some of the tracked parameters (especially the RS and the VOC) a qualitative change
in the time behavior is observed. Moreover, a decrease in cell stability is observed with
increasing Fe3O4 NP content. The main causes of the accelerated aging are, �rst, the
alteration of the thermodynamic equilibrium through addition of NPs, which can induce
the acceleration of the physical BHJ aging. This strong e�ect of the sample morphol-
ogy and composition on thermodynamic equilibrium and its e�ect on device degradation
speed has been reported by Kong et al.. [191] They observed a strong in�uence of polymer
MW and polydispersity on OSC degradation. Accordingly, the observed NP-dependent
degradation speeds for di�erent Fe3O4 loads in P3HT:PCBM BHJ devices highlight the
vital structure-function link that is further investigated in-operando (see section 7.3.2).
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Secondly, the reducing cell stability observed with increasing NP content can additionally
be related to P3HT photo-oxidation through increased presence of singlet excited oxygen
states, resulting from the increased triplet excitons in the organic phases. In order to fur-
ther test the suitability of the hypothesized underlying causes, an in-operando GISAXS
characterization on P3HT:PCBM devices with di�erent NP concentrations would enable
the observation of qualitative di�erences in the domain evolution and/or accelerated do-
main coarsening. The evolution of the mesomorphology should correspond to the observed
accelerated JSC decay, in reproduction of the work carried out by Scha�er et al.. [58] Fur-
thermore, spectroscopic studies of the P3HT degradation products and potential changes
in e.g. composition upon addition of NPs can help elucidate the importance of singlet
oxygen 1O*2 in Fe3O4 NP-modi�ed systems.

Amongst the observed photovoltaic indicators, VOC shows a rather interesting behavior
upon inclusion of NPs. The pristine P3HT:PCBM device shows a strong decay of VOC in
the burn-in phase, while devices containing Fe3O4 feature more complicated time pro�les,
containing early minima followed by partial recoveries. In some cases, the VOC stabilizes
after several hours at higher relative values than in the case of unmodi�ed devices.

It is worth highlighting that the acceleration of degradation mostly occurs during the burn-
in phase for all observed parameters. Moreover, the behaviors observed for the JSC and the
VOC suggest that parameter evolution can be linked to morphological changes. Further-
more, the VOC of modi�ed devices stabilizing at higher values than pristine P3HT:PCBM
implies that NPs change the point of thermodynamic equilibrium of the ternary system as
compared to unmodi�ed P3HT:PCBM, arguably leading to a change in the morphological
evolution. Thus, in the second half of the chapter, to further examine the reasons for the
observed aging, including the burn-in phase, and in order to deepen the understanding of
the VOC , an in-operando GIWAXS characterization is performed.

Interestingly, the device VOC shows a very clear correlation with the evolution of the
crystallinity recorded in GIWAXS. This observation supports the link with �lm morphol-
ogy, anticipated from the VOC behavior observed in the aging experiments with di�erent
loads of Fe3O4 NPs. The photovoltage, similar to the P3HT (100) edge-on intensity and
the crystallite grain size calculated from the same Bragg re�ection, increases in the early
stages of increasing temperature. Upon stabilization of the device temperature, crystallite
intensity, grain size and VOC reach a maximum and the trends revert. In the long run,
degradation mechanisms such as photobleaching and crystallite melting further assist the
decrease in crystallinity, grain size and photovoltage. We argue that the evolution of the
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observed parameters results from the competition of two main mechanisms. First, the
crystallinity enhances in the early stages due to the increasing temperature provided by
the sample illumination. Second, radiation-induced aging leads to losses in crystallinity.
The in�uence of crystallinity in the energetic disorder, DOS shape, material transport
properties and recombination dynamics provides the link between the GIWAXS signal
and the photovoltage.

Determination of the mechanisms behind the behavior of VOC has often been a di�cult
task, especially during the complex initial burn-in phase. In time-dependent aging exper-
iments, the VOC is parametrized as nearly constant, neglecting the outlandish behavior
shown in the �rst operation stages. Even comprehensive models parametrizing the �ne
structure of the aging behavior for other OPV parameters regard the photovoltage as
constant. [194] In this regard, the present research constitutes the �rst direct evidence of
the link between P3HT:PCBM device photovoltage and the crytallinity of its active layer,
achieved with help of an in-operando combination of GIWAXS and I-V tracking. Further-
more, the presented work takes a step further into understanding the nature of VOC and
its evolution during aging. More generally, the knowledge about the device photovolt-
age, its link with system crystallinity and its control grows continuously. As an example,
successful approaches involving ternary active layers that enable control of photovoltaic
parameters (including VOC) through �ne adjustment of aggregation, packing distances
and crystallite orientations are available. [221]

According to the insight gained from the data, the unexpected behavior observed for the
VOC in P3HT:PCBM OSCs upon addition of Fe3O4 NPs is arguably related to di�erent
crystalline developments. Consequently, the VOC stabilizing at di�erent values for di�er-
ent Fe3O4 NP weight percentages is ascribed to di�erent crystalline equilibrium states,
which aligns with the earlier assumption of the NPs altering the thermodynamic equilib-
rium as compared to pristine P3HT:PCBM devices. In this regard, further in-operando
GIWAXS characterization of devices featuring di�erent NP concentrations can con�rm
the presented hypothesis. To further explore the correlation between the crystallinity and
the performance decay in pace and shape, in-operando GIWAXS o�er a perfect follow up
to the work by Kong et al. observing in real time the in�uence of �lm crystallinity on
the already spotted link between the polymer polydispersity and the severity of the PCE
decay within the burn-in phase. [191]

The present chapter sheds light on the e�ect of NP inclusion on P3HT:PCBM device ag-
ing, thereby highlighting the aspects that are as yet poorly understood or require further
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improvement. Moreover, in-operando investigations have proven to be a powerful tool for
providing insight into the nature of the burn-in phase and, in turn, into the nature of rel-
evant photovoltaic parameters, such as the VOC . The high-precision setup combined with
synchrotron radiation allows unprecedented time resolutions, which unveil material and
device behavior even in the very �rst moments of operation Thus, this breakthrough con-
stitutes a great avenue to study the e�ect of NPs on the morphology and thermodynamics
of polymer systems, and to correlate them to OSC performance. Further knowledge on the
factors governing OSC functioning through the link to material morphology can be gained
via in-operando experiments featuring di�erent types and concentrations of NPs and/or
photoactive systems, as well as tailored temperature, pressure or moisture conditions.
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Chapter 8

Conclusions and outlook

The main aim of the broader research to which the present work belongs is to explore
the possibilities of improving OSC performance via a modi�cation of the device charge-
carrier statistics in nominal, relative and time-aggregated terms. The central idea of the
investigated approach is to learn to control the rate of exciton ISC in the photoactive
medium and increase it in a tailored manner. This way, photogenerated singlet excitons
are more likely to shift their wavefunctions towards the triplet spin manifold, thereby
reducing the overall e�ciency of the exciton radiative decay. Consequently, the device
geminate exciton recombination is reduced. This leads to higher exciton di�usion lengths
and, consequently, to higher exciton splitting rates, improving the overall device perfor-
mance. The present thesis approaches this idea from di�erent perspectives.

The �rst approach picks up the principles employed in OLED research, in which triplet
emitters with heavy metallic elements embedded in the chemical structure increase the
rate of ISC. In this sense, we put to test the novel donor material PBST3HT, a thiophene-
based macromolecule including selenophene and tellurophene units, featuring a period-�ve
semi-metal, tellurium. In the e�ort of merging heavy-metal heteroatoms with long molec-
ular weights, which has been and still is an important synthesis bottleneck, very insightful
results are obtained. The temperature response of the material (an important behavior
since temperature is a key parameter in device fabrication) is characterized by a change
in the band gap. This is driven by signi�cant changes in the crystalline packing of the
polymer aggregates and, to a lesser extent, to changes in its meso-morphology. The pro-
cess is arguably driven by the high coordination of the Te atoms. In combination with
temperature, it induces the development of stable crystalline morphologies, featuring an
increased π � π stacking to the detriment of the crystallinity along the backbone.

The band gap-tuning behavior via simple thermal annealing opens the possibility to make
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PBST3HT compatible with a broad range of acceptor materials in devices. Nevertheless,
the immediate substitution of P3HT with PBST3HT in P3HT:PCBM BHJ devices needs
to be improved. The low performances obtained are mainly linked to the low polaron con-
ductivity of PBST3HT in its natural, undoped state, as is common for tellurophenes. In
this regard, further research to implement PBST3HT in devices can involve fundamental
material morphological as well as optoelectronic characterization under exposure to I2.
A study of the OSC behavior in a controlled I2 atmosphere and the possibility to relate
the device behavior to the material morphology is also expected to provide better insight.
Moreover, our investigations on the PBST3HT optoelectronic properties reveal strongly
condition-dependent HOMO and LUMO levels. These are highly sensitive to tempera-
ture and to the halogenation processes (iodination, bromination) related to the needed
increase in the polaron conductivity. Hence, a comprehensive knowledge of the PBST3HT
energetic landscape for di�erent temperatures and halogen exposure treatments will be
of great importance and can be achieved by means of e.g. ultraviolet-photoelectron and
impedance spectroscopy.

On the upside, PBST3HT cells have shown the interesting e�ect of performance im-
provement in the �rst minutes of illumination. This is arguably related to morpholog-
ical changes observed under increased temperature. This structure-relation link can be
further researched, and optimally, controlled. In the present work it has been shown
that this behavior can be transferred into P3HT:PCBM devices by building ternary
P3HT:PBST3HT:PCBM cells. Despite a reduced device absolute performance result-
ing from the poor conductivity of PBST3HT, the result combined with the improvements
in the PBST3HT properties and a better control of its energy levels could lead to e.g. an
improved device aging response of P3HT:PBST3HT:PCBM ternary systems.

The second approach employed in this work to improve the PCE via an increased ISC
relies on the use of small superparamagnetic nanoparticles. The magnetic remanence of
the NPs creates a strong magnetic �eld gradient in the material surroundings of each NP.
The coupling of excitonic spins with the magnetic �eld results in a spin rephasing, which
favors the singlet-to-triplet transition and, thus, the ISC. The incorporation of Fe3O4 NPs
in P3HT:PCBM devices leads to a reduced charge carrier recombination, as observed in
the analysis of the corresponding J-V curves. This behavior is con�rmed by an additional
optoelectronic characterization of photoactive �lms, which in turn allowed for estimation
of the average lifetime. An additional bulk GIXS characterization ruled out the possibility
of signi�cant morphological or crystalline changes in the system which contributed to the
improvement in the device performance.
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Additionally, the performance of OSCs modi�ed with di�erent Fe3O4 contents in the pres-
ence of an additional external magnetic �eld was also studied. In the weak magnetic �eld
regime (linear region of the Fe3O4 NP hysteresis curve) an additional device improvement
related to a lower rate of recombination was observed for low NP concentrations. The
improvement shows a nearly linear growth with the magnetic �ux density. In the strong
�eld regime (close to magnetic saturation) improvements in the device performance were
also observed. Nevertheless, these were not completely consistent in their nature with
those observed with weak or no magnetic �eld. Combined with the impossibility of tun-
ing the �eld intensity with the employed setup, invites to consider these results carefully,
until further tests with more developed setups are possible. The further and more precise
characterization of the in�uence of additional external magnetic �elds along the whole
hysteresis curve can bene�t from a setup capable of generating highly linear and homo-
geneous �elds of up to 0.5 T that allows for continuous or small-step adjustment of the
magnetic �ux density.

In general, experiments with magnetic �elds (NPs or external) have yielded positive re-
sults. The sole inclusion of Fe3O4 NPs in P3HT:PCBM photoactive layers yields PCE
improvement factors of up to 11 %. And the further deployment of external magnetic
�elds showed improvements of up to 3 %. It is worth noting that the work presented in this
thesis is one of the �rst and most comprehensive studies available regarding the e�ect of
magnetic �elds on organic photoactive systems with special attention to its application in
OPV. Compared to the �rst approach, featuring chemically-engineered macromolecules
that include ISC-enhancing heteroatoms, the use of superparamagnetic NPs is a more
industry-friendly approach. It avoids the controlled synthesis of complex novel materials,
it can be applied to a broad variety of photoactive systems, di�erent types of NPs �tting
tailored needs can be used, and the process of incorporation is inexpensive.

Furthermore, regarding industry-friendliness, the research inexorably encountered the is-
sue of device time behavior, an unavoidable aspect when assessing the commercial viability
of OSCs. On the one hand, despite low absolute performances due to the issues discussed
above, PBST3HT-only devices presented a "recovery" e�ect, showing improved perfor-
mance values in the �rst minutes of device functioning compared to the initial values.
A very positive and interesting result obtained is that this observed behavior has been
successfully transferred to P3HT:PCBM devices by using PBST3HT as a third compo-
nent in P3HT:PBST3HT:PCBM ternary-active-layer devices. Hereby, improvements in
relative terms in the aging pro�les compared to pristine P3HT:PCBM cells are obtained.
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This behavior is ascribed to the morphological and crystalline dependence on temperature
observed in the fundamental characterization.

On the other hand, despite the improved PCE and the pursued reduction in exciton recom-
bination, the inclusion of Fe3O4 NPs has had so far a negative impact on the P3HT:PCBM
device service life. The main reasons proposed are the promotion of singlet oxygen and the
accelerated coarsening of domains within the BHJ upon Fe3O4 inclusion. Deeper research
into the causes of accelerated aging led to time-resolved in-operando scattering character-
ization, which provided further insight on the relation between crystallinity and electrical
performance (more speci�cally, the photovoltage VOC). More generally, the link between
structure and function is often one of the common denominators of the understanding of
organic electronic devices. In this regard, GIXS characterization techniques for thin �lms
proved to be a powerful tool in examining the fundamental physics governing material and
device behavior. In particular, measurements employing high-�ux x-ray radiation, char-
acteristic of synchrotron light sources, have enabled the possibility to characterize systems
in real time, allowing for real-time correlation of events and observation of degradation
processes even in the very �rst seconds of device operation. Further research e�orts in
this regard featuring more material combinations and more- and better-controlled sample
environments, amongst other possibilities, will be key in disentangling the complex ins
and outs of the important structure-performance relation.

Overall, the presented work shows that research in OSC performance improvement via
ISC control can be deployed at di�erent, yet parallel dimensions. On the one hand,
applied research closer to direct device implementation can o�er progress in increasing
PCEs by simple methods. For example, inclusion of NPs in photoactive D-A systems.
This approach has proven to be straightforward and to deliver satisfactory results. More-
over, the obtained results still can be further improved by further testing new organic
materials, NPs, fabrication environments, etc. On the other hand, more fundamental,
long-term-oriented and less cost-e�cient research stays one step ahead in the understand-
ing of underlying physical and chemical principles, providing knowledge for subsequent
technological breakthroughts. The promising results obtained in this work regarding band
gap adjustability of PBST3HT and of further PCE improvements under the in�uence of
strong external magnetic �elds generated by expensive and bulky setups are good exam-
ples of promising long-term studies. Overall, the combination of the two approaches allows
for mutual feedback, guaranteeing the introduction of new fundamental knowledge in the
process of novel device design, at the same time that technical progress is underpinned by
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a solid understanding of the underlying physical, chemical and engineering challenges.
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Appendix A

Magnetic �eld-generating setups:

layouts and calibration

In the second half of chapter 6, in section 6.3 the e�ect of external magnetic �elds on the
performance of P3HT:PCBM OSCs modi�ed with Fe3O4 NPs is discussed. In order to
generate the magnetic �elds necessary for carrying out the presented study, two di�erent
setups are constructed. One of them is based on a Helmholtz double coil, capable of
generating very homogeneous and one-dimensional weak magnetic �elds. The second ap-
proach uses a permanent magnet, which generates a magnetic �eld on the probed sample
of about 4400 Oe. In the present appendix, the necessary details about the setups, their
construction and their calibration are provided. The content of this appendix is based on
work presented in the masterthesis "Enhancing triplet exciton population in organic solar

cells" by Florian Dreher. [117]

A.1 Helmholtz coil setup

The Helmholtz coil setup is designed to achieve low but �nely adjustable magnetic �elds.
The core structure of the setup consists of a long varnished copper wire coiled around two
ring-like shells. The shells are as well varnished in order to avoid electrical contact with
the wiring. The copper wire itself has a diameter of 1 mm, whilst the total diameter,
including the varnish layer amounts to 1.1 mm. Each of the coils has sixty-six wire
windings, and an inner and outer diameters of 8 and 11 cm, respectively (R � 4.75 cm).
Their middle planes are 4 cm apart. The double-coil system is �xed on a base consisting
of a 22 � 22 cm2 plate, designed to �t in the measuring stage of the solar simulator (see
section 3.2.3). The plate has two recesses that leave in the middle of the plate a bridge, in
the center of which the OSC sample is placed. The two recesses create the space necessary
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for the two bars that hold the two coils immobile with respect to each other, so that the
sample can be placed in between the coils and equidistant to both of them. Thus, the
sample plane is perpendicular to the magnetic �eld. The system is designed in a way,
that the measured OSC is placed in the region of the most homogeneous magnetic �eld.
A concept-drawing as well as a picture of the real mounted setup are shown in �gure A.1.

Figure A.1: a) Top view of the mounted Helmholtz double-coil setup. The second coil lies below the

plane of the main plate, which occupies the whole picture. The square hole in the geometric center is

designed for placing the sample under investigation in its holder. b) Concept-drawing of the Helholtz coil

setup. The sample under measurement lies in the geometric center of the setup. The space direction along

the axes of the coils is regarded as the z-direction. Figure is adapted from r222s.

When voltage is applied to the setup the current �ow generates a magnetic �eld according
to the Biot-Savart law. The ring-like form of the wound cables generate a straight �eld
parallel to the coil axis. Thus, since the setup consists of the superposition of two straight
equal �elds separated by a certain distance, the setup is able to generate an overall highly
homogeneous and one-dimensional magnetic �eld.

The OSC is held in the center of the setup through a specially-designed PVC holder. The
purpose of the holder (shown in �gure A.2) is to ensure homogeneous contact through-
out all the pixels of a solar cell, and to avoid magnetic distortions of the electric current
�owing through the measuring cables. At one of its ends the holder has the sample stage.
It consists of a pocket carved in a PVC cube with the exact size of one of our ITO sub-
strates. The sample is placed with the pixels facing the interior, and they are individually
contacted by gold-covered test pins. Each pin is partially inserted in an as well gold-
capped capsule, which is contacted to the copper cables in the rear end. The test pins are
pressed against the pixels via a spring (see �gure A.2a), ensuring homogeneous contact.
The substrates are held immobile against the force of the springs with a thin metallic
plate, over which another plate with an illumination mask (a hole with the dimensions
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of one pixel) slides through two guides laterally carved in the PVC block (see �gure A.2b).

At the rear end of the golden measuring capsules, the cables going to the Keithley
SourceMeter are soldered. They are mounted on a long PVC block and kept straight
with silicone within carved rails for 20 cm. This is done to ensure that the charge carriers
extracted from the device travel parallel to the magnetic �eld for a su�cient distance.
This way, potential in�uence exerted by the Lorentz force in presence of the magnetic
�eld is neutralized, and thereby the obtained measurement is not potentially corrupted.

Figure A.2: a) Front view of the sample stage of the PVC holder used in the measurements with the

Helmholtz coil setup. The ends of the eight gold-capped test pins are visible in the center of the picture

b) Detail of the wiring soldered to the rear end of the test pins. The cables are driven straight for 20 cm.

Metallic thin plate for �xing the OSC within the holder, leaving all pixels visible through the sample glass,

and outer sliding illumination mask for pixel selection.

A.1.1 Characterization of the magnetic �eld

The current �owing through the coils is generated with a HQPOWERPS3010 DC POWER
SUPPLY source, with a voltage compliance of 25 V and a current compliance of 7.5 A.
The thereby generated magnetic �elds are measured with an MMZ-2502-UH Hall sensor
for di�erent applied currents. The data readout was provided by a Lakeshore 460 3-
channel gaussmeter. The �eld is characterized for most of the accessible volume between
the two coils, to ensure �eld homogeneity over a large macroscopic space. The obtained
�eld pro�les for various z-points and distances from the coil-system axis are depicted in
�gure A.3 (azimuthal isotropy is assumed).

The high �eld homogeneity can be observed from the color maps. Along the double-coil
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Figure A.3: Magnetic �eld intensity vs. position vs. current obtained in the calibration of the Helmholtz

coil system. a) z-pro�le of the �eld z-component at r=0. b) z-pro�le of the �eld radial component at r=0.

c) radial pro�le of the �eld z-component at z=0. d) radial pro�le of the �eld radial component at z=0.

axis, the z-component of the measured �eld (A.3a) amounts to a maximum of 10.70 mT
and stays constant for a z-variation of 1.5 cm (for comparison, the active layers of the
probed solar cells, which extend along the same direction, present thicknesses in the order
of 100 nm). Along the same z-range, the radial component stays as well constant for most
of the range and depicts a �eld intensity almost 30 times lower. Figures A.3c and A.3d
depict the z- and radial components of the �eld at the z-height of the sample (z � 0).
The �eld is characterized within a circular area of 1.5 cm size (the individual devices
are approximately 2 � 5 mm2). The z-component stays within the regarded area as well
constant, whilst the radial component shows a small intensity increase as the sensor ap-
proaches the wires.

Overall, the largest �eld intensity variation within the probed cylindrical volume happens
for the radial component and amounts to 4 %, whereby the radial component is two orders
of magnitude lower than the z-component. Thus, the homogeneous �eld can be �tted and
described as a function of the �owing current, namely:
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BrpIq �
�p5� 4q · 10�2I

�
mT (A.1)

BzpIq � rp1.45� 0.02qIsmT (A.2)

whereby the current is given in A.

A.1.2 Calibration with non-modi�ed OSCs

Prior to use in experiments with Fe3O4-modi�ed OSCs, proper calibration and test mea-
surements need to be granted in order to ensure that none of the unwanted e�ects regard-
ing Lorentz force or other inductive e�ects appear during device operation. In this regard,
tests and calibration are carried out with non-modi�ed pristine P3HT:PCBM solar cells.
If the setup works properly, they should remain una�ected by the magnetic �eld, since
they do not contain superparamagnetic agents and the measuring circuitry is designed to
stay una�ected by the �eld.

To grant as well independence of the sign of magnetic �ux variation, half of the pixel of
each solar cells are measured from zero to maximum �elds and back to zero, and the other
half are measured in the opposite way. Waiting time between consecutive measurements
is kept constant at the same as for the case with modi�ed OSCs (see section 6.3).

The obtained results are summarized in �gure A.4. Evolution of the PCE, FF , JSC , VOC ,
RS and RSH normalized to the �rst value are shown. The black data set corresponds to
the pixels measured with increasing-decreasing magnetic �ux variation protocol, whereas
the red points indicate the pixels measured in decreasing-increasing mode. It must be
noted that the worsening of the parameters observed arises from the device aging due
to contact with O2 and UV radiation, given that between consecutive measurements a
certain amount of time elapses, i.e. �eld and time axes are coupled.

The corresponding data sets overlap very good for most of the magnetic range, featuring
only small variations on localized graph positions, and only for certain parameters. These
variations between mean values, however, still lie within the uncertainty range de�ned
by the corresponding error bars. Hence, after the successful calibration, we consider the
Helmholtz coil setup to function properly and not to a�ect non-modi�ed devices, as it is
desired.
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Figure A.4: Normalized PCE, FF , JSC , VOC , RS and RSH obtained for the calibration measurements

with non-modi�ed P3HT:PCBM OSCs for weak magnetic �elds generated with the Helmholtz coil setup.

To ensure symmetry with respect to the sign of magnetic �ux variation, one set of measurements is

performed from zero to maximum �eld intensity and back (black data points), and a second set of pixels

is measured following the opposite protocol (red data points). The decrease in performance arises from

the prolonged contact with atmosphere and UV radiation (indicated by the time arrows).
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A.2 Permanent magnet setup

As discussed previously in section 6.3, despite the high homogeneity and one-dimensionality
of the �eld generated by the Helmholtz coil setup, the �eld intensities that the setup is
able to generate are limited. Thus in order to enable the study of the OSC response to
�eld intensities that bring the NPs closer to saturation magnetization, another setup is
required. In order to achieve on the solar device �elds of � 4500 Oe, a setup based on a
strong cuboid neodym permanent magnet is constructed. The magnet (shown in �gure
A.5a) was purchased from magnet-shop.de, its dimensions are 30 � 12 � 12mm3 and has
a magnetization of N52, corresponding to a remanence of 1.42 to 1.47 T.

Figure A.5: a) Permanent cuboid neodym magnet used for the construction of the strong �eld-generating

setup. b) Close-up of the modi�ed empty PVC holder with larger distance between the test pin rows and

two recesses for insertion of the neodym magnet. c) Front view of the assembled holder with the magnet

and without the sample and the illumination mask mounted.

The setup consists basically of a modi�cation of the PVC device holder presented for
the previous Helmholtz setup (displayed in �gure A.5b). In this case, however, the two
rows of gold-capped test pins are further apart from each other, leaving room in between
for inserting the elongated magnet through recesses of the size of the magnet section
(12 � 12mm2) bored on both lateral walls of the holder. The rest of the setup and its
usage regarding to device characterization is identical to the previous mentioned one (see
previous section A.1). As depicted in �gure A.5c, the lower surface of the magnet in the
fully assembled holder lies 1 mm away from the surface of the OSC, generating a magnetic
�ux density in vacuum of 440 mT at the position of the device. Thus, the �eld generated
by this setup cannot be adjusted like in the case of the Helmholtz double-coil.
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Figure A.6: a) Schematic depiction of the magnet-sample relative con�guration within the assembled

holder. Similar to the case of the Helmholtz setup, the z-direction is de�ned as perpendicular to the sample

plane. b) Magnetic �eld intensity vs. x/y-position obtained in the calibration of the permanent magnet

system. Measurements are carried out at a height of z=0, i.e. the distance between magnet and OSC

surfaces is 1 mm.

A.2.1 Characterization of the magnetic �eld

In this case, once the whole system consisting of holder and magnet is assembled, there
are no mobile parts, and the position of the device pixel under characterization is �xed
with respect to the magnet. Hence, the characterization of the magnetic �eld is performed
only for one z-position, i.e. the position of the cell within the holder, 1 mm away from the
magnet surface. Figure A.6a depicts schematically the position of the measured sample
with respect to the magnet and its polarity.

Figure A.6b displays the intensity of the generated �eld as a function of the x and y

positions. The maximum magnetic �ux density achieved amounts to 440.4 mT in air, and
its �eld intensity stays constant within a rectangular area with approximate dimensions of
6� 12mm2. Beyond the limits of this area, the �eld intensity decays down to a minimum
of 434 mT. Thus, the largest percentile intensity variation is only 1.4 %. Hence, an
homogeneous �eld of 440 mT intensity is considered.

A.2.2 Calibration with non-modi�ed OSCs

For the permanent magnet setup, calibration based on the study of the behavior of non-
modi�ed OSCs was as well carried out. Similarly to the previous case, one pristine
P3HT:PCBM solar cell is measured with and without the mounted magnet successively.
Furthermore, an additional OSC containing no NPs is measured, �rst with the magnet
and later without it. The results obtained are summarized in �gure A.8. Again an overall
worsening of the photovoltaic indicators is obtained as a result of the device ageing caused
by the contact with O2 and UV radiation. As before, the time elapsed between measure-
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ments is held by 25 s. In general a good overlap within error bar tolerance is obtained.
In the case of the VOC , the overlap is a bit worse. However, the variations between the
two mean values obtained represents just a 0.2 %.

Figure A.7: Schematic depiction of the �eld gener-

ated by the neodym magnet assembled into the mea-

suring setup. Eventual meeting points between the

recorded electric current and the magnetic �eld with

a non-negligible perpendicular component that could

arguably have an e�ect on the OSC characterization

are indicated in red.

According to the suggested calibration pro-
cedure, the permanent magnet setup can
be considered to function properly, as the
e�ect of the magnetic �eld on non-modi�ed
OSCs seems negligible. This positively
contributes to the meaningfulness of the
results obtained for Fe3O4-containing de-
vices in section 6.3. However, judgment of
the quality of the calibration in this case is
based on very few data points, which still
makes an overall reasonable doubt to re-
main present. It can be argued that, even if
the magnetic �eld generated by the magnet
does a�ect the charge carriers in the wiring
of the measurement setup, this e�ect will
remain the same for all samples. Thus, this
e�ect could lead to a systematic error for
the measurement, which could yield an o�-
set in the obtained data. Nevertheless, a
qualitative comparison amongst di�erently

fabricated devices is still valid. However, the magnetic �eld generated by the permanent
magnet setup must be kept in mind. It shows non-negligible components perpendicular
to the test pins, as depicted in Figure A.7 (contentious meeting spots highlighted in red).
Thus, the charge carrier could be in�uenced. This is an issue that it should be further
looked into.
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Figure A.8: Normalized PCE, FF , JSC , VOC , RS and RSH obtained for the calibration measurements

with non-modi�ed P3HT:PCBM OSCs for strong magnetic �elds generated with the permanent magnet

setup. To ensure symmetry with respect to the sign of magnetic �ux variation, one set of measurements

is performed from zero to maximum �eld intensity and back (black data points), and a second set of pixels

is measured following the opposite protocol (red data points). The decrease in performance arises from

the prolonged contact with atmosphere and UV radiation (indicated by the time arrow).
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