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1 Introduction

“Our dependence on fossil fuels amounts to global pyromania, and the

only fire extinguisher we have at our disposal is renewable energy.”

Heermann Scheer, initiator of the “Erneuerbare Energien Gesetz”

The burning of fossil fuels emits CO2 (carbon dioxide) which is the main reason for

climate change due to the greenhouse effect. Nowadays the largest share of the world’s

energy production comes from carbon based fossil fuels like coal and oil. This will

change in the foreseeable future, either because we run out of easily accessible de-

posits of fossil fuels, or because of their rising costs. No matter whether it will be di-

rect production costs or the cost of the environmental impact, that we cannot afford

any more. This is illustrated in Figure 1.1. The usage of carbon based fossil fuels is

a “short-term” intermediate chapter when compared to centuries of human develop-

ment. Large-scale consumption did not start before the early 20th century. And even

the most optimistic predictions do not see the deposits lasting for several centuries to

come. We can therefore simply divide the time axis in pre- and post-carbon age. It is

thus essential to shift our energy production to renewable energy resources. Especially

direct sun-to-electricity conversion is the method of choice among sustainable energy

sources. Compared to the world’s energy demand, the sun offers an almost infinite

supply of free energy.

Figure 1.1: Usage of fossil fuels over time. The consumption period of carbon based fossil
fuels is short, compared to centuries of human development. Sustainable energy
resources need to be developed to lead humanity into the post-carbon age.
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1 Introduction

As for solar cell technology, mainly three basic numbers are used for description:

power conversion efficiency (PCE), module lifetime and costs per Wpeak. Over the last

half century there has been a race for even higher efficiencies and cheaper production

lead by inorganic solar cell technologies. The best solar cells to date even reach a PCE

of over 40 % [1]. However, this point of view does not consider that most solar cell

technologies are dependent on scarce materials. When upscaling production to the

terawatt scale needed for global supply, the available technologies would hit a natural

resource limitation which might hold back their contribution to the energy produc-

tion [2]. Therefore the cheapest or most efficient technology is not automatically the

best choice for widespread adoption. Instead, the technology that can be upscaled the

best will have a serious impact on energy production in the long run. This is where or-

ganic photovoltaics (OPV) come into play. The PCE of this technology still lacks behind

considerably in comparison to commercial silicon based modules – the OPV record just

topped 12 % PCE (Heliatek GmbH press release, jan. 2013). Also, availability, module

lifetime and costs need improvement for a relevant market share. Despite these short-

comings the technology offers great opportunities for up-scaling. The light-absorbing

materials are carbon-based and the solar cells themselves can be processed on cheap

plastic foil in a role-to-role printing process [3]. Until now the production of this type

of solar cells usually involves the need for indium-doped tin-oxide (ITO) as transpar-

ent anode and a metal back contact, which are again potentially limited materials. But

recent developments point towards the possibility to produce completely metal-free

organic solar cells, substituting mentioned limitations [4, 5, 6]. There is still a lot of

fundamental research necessary to enable OPV to supply a substantial amount of en-

ergy production, but the outlook for this young technology is promising [7].

The method of electron paramagnetic resonance (EPR) and related techniques have

proven extremely effective to study fundamental processes in organic solar cells. This

is the case because most of the key processes that take place in an organic solar cell

en route to photocurrent involve spin-carrying particles that can be directly addressed

using spin-sensitive techniques. Also aging and loss-mechanisms, like energy loss via

triplet excitons or oxygen induced degradation of the absorber materials can be char-

acterized. At the same time not only dynamic processes are addressable, but the spin

itself can be used as a measuring probe for its molecular environment.

For this thesis, advanced EPR methods were established in a newly found EPR re-

search group at the chair for energy research (Experimental Physics VI) at the Univer-

sity of Würzburg. Two EPR spectrometers were constructed in the X-band (9.4 GHz)

and Q-band (34 GHz) frequency range and especially the X-band machine was heav-

ily upgraded with further equipment. In addition to the continuous wave operation
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(cwEPR), the time-resolved analogue trEPR and the extremely sensitive method of op-

tically detected magnetic resonance (ODMR) were implemented.

With this diverse instrumentation, fundamental processes in OPV absorbers were

studied in great detail. Especially solution-processable light-absorbing conjugated poly-

mers, fullerene derivatives and their excited states in solar cell blends were investi-

gated. Apart from the common fullerene PC60BM, a lot of attention was given to C70-

derivatives because most of the best-performing organic solar cells to date incorporate

this molecule class. Yet, little was known about the spectroscopic signatures of C70 and

the specific differences to C60-based molecules.

The thesis is organized as follows: First the basics of organic semiconductors and the

working principle of organic solar cells are explained in Chapter 2. Then the theoretical

background of EPR is introduced and the observed spectral features of excited states

in OPV-materials are explained in the context of EPR theory (Chapter 3). Chapter 4

describes the experimental details of the used EPR spectrometers and related equip-

ment. The main results are presented in Chapter 5, divided into four parts addressing

different topics of this thesis. In 5.1 the spectroscopic signatures of polarons in poly-

mer:fullerene bulk-heterojunctions are studied and – for the first time – the EPR sig-

nature and NIR-absorption band of the negative polaron localized on C70-fullerenes

are described. This research enables the directed study of the charge separated states

in this class of OPV materials. This knowledge is used in 5.2 to resolve the minuscule

energetic differences for an electron being localized on either C60 or C70 in a ternary

OPV blend of a polymer with different fullerene dervatives. This material combination

could help to make organic solar cells cheaper while maintaining maximum efficiency.

The next part (5.3) deals with the light- and oxygen-induced degradation of the poly-

mer P3HT. With the help of spin-sensitive methods, an important degradation path-

way, involving triplet excited states of the polymer, could be identified. At last (5.4) the

evolution of charge separation at the polymer:fullerene interface in an OPV blend is

studied with time-resolved EPR. New insights into this process could be derived from

the temperature dependence of the charge separation, suggesting a suppressed gener-

ation of free charge carriers at cryogenic temperatures.
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2 Organic Semiconductors for
Photovoltaics

This Chapter gives a general overview of organic semiconductors. The origin of the

semiconducting properties of this material class and of the band-gap is explained. Ex-

cited states such as singlets, triplets and polarons are described in the context of or-

ganic solar cells. In the end, the materials that are the basis for this work and their

properties are characterized. The more detailed discussion on the topic can be found

in reviews by e.g. Deibel et al. [3] or Brabec et al. [8].

2.1 Organic Semiconductors

Organic semiconductors are carbon hydrates and can be divided into two main cat-

egories: molecular crystals and conjugated polymers. The first category consists of

small molecules such as pentacene or fullerenes. Functional layers of these materials

are often produced by thermal vapor deposition. They can form highly crystalline films

with good electrical conductivity. The second category – conjugated polymers, are syn-

thesized from repeating monomer units. Due to their size (typically >10 g/mol), they

cannot be evaporated and are processed from solution. The results are mostly amor-

phous films with low conductivity and thus completely different electrical characteris-

tics in comparison to the molecular crystals. What all of these materials have in com-

mon is a conjugated π-electron system. The carbon backbone of the molecules con-

sists not only of single bonds, but also contains double or even triple bonds. The sp2-

hybrid orbitals form σ-bonds while the additional non-hybrid pz-orbitals of neigh-

boring carbon atoms overlap and form delocalized π-bonds. These delocalized bond-

electrons are the origin of conductivity in organic semiconductors. Since the π-bond is

weaker than the σ-bond, a band-gap opens between the highest occupied molecular

orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). Typical band-

gap values are in the range of 1 to 3 eV, which covers the visual spectrum for photonic

transitions. The electronic characteristics can be influenced by varying the chemical

structure of backbone and side-chains. For example, variations in the spatial extent of
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2 Organic Semiconductors for Photovoltaics

the π-conjugation change the optical band-gap, while the solubility and crystallinity of

polymers can be influenced by aimed modifications of the side-chains. These exem-

plary modification are not necessarily straight forward, but they should demonstrate

the vast possibilities to chemically engineer materials for their intended application.

2.2 Excited Singlet and Triplet States

When an incident photon with an energy larger than the band-gap is absorbed by an

organic semiconductor, an electron is excited from the HOMO to the LUMO. The cor-

responding hole remains in the HOMO. The result is a bound electron-hole pair with

singlet multiplicity (S = 0). In organic semiconductors, excitons are highly localized

particles that are usually confined to one molecule or monomer (Frenkel exciton). This

process is also described as an excitation from the molecule’s singlet ground-state (S0)

to a singlet excited state (S1 or higher) as shown in Figure 2.1. Higher singlet excitations

(S2, S3,. . . ) are omitted in this picture. Excitations to higher vibrational energies will

relax fast to the lowest singlet energy by internal conversion (IC). This process is non-

radiative and occurs on a fs time scale. Excited singlet states can radiatively recombine

by emitting photoluminescence (PL) within typical time constants in the order of 1 ns.

Higher vibrational energies of the ground-state can be involved yielding a red-shift of

the emitted photons’ wavelengths in comparison to the absorbed photons.

Figure 2.1: Absorption of photons creates singlet excitons that relax via internal conver-
sion (IC) and subsequent photoluminescene (PL). Alternatively intersystem crossing
(ISC) to the triplet state is possible.

A competing process is the transition to the triplet state with spin S = 1. The spin-

forbidden transition between the singlet and triplet manifolds is called intersystem

crossing (ISC). Due to spin-orbit coupling effects the spin is no exact quantum number

in organic semiconductors and ISC is partially allowed. The lowest triplet state T1 is al-

ways lower in energy than the lowest singlet S1 because of the Pauli-principle. Higher
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2.3 Organic Solar Cells

vibrational energies will again relax via IC. Triplet states in organic semiconductors are

extremely long-lived and have typical lifetimes in the µs to ms range. The recombi-

nation is usually non-radiative, while radiative triplet recombination is referred to as

phosphorescence.

2.3 Organic Solar Cells

In inorganic semiconductors excitons are delocalized states (Mott-Wannier exciton)

with a Coulomb attraction of electrons and holes in the order of the thermal energy at

room temperature (kB T = 25 meV). The main reason is the large dielectric constant of

this material class (εr ≈ 12 for Si and GaAs). In this case the optical absorption leads

directly to free charge carriers, which can be extracted as photocurrent from a solar

cell.

In organic semiconductors, εr is between 3 and 4. Consequently excitons are highly

localized particles that are usually confined to one molecule or monomer (Frenkel ex-

citon) and have a Coulomb attraction of around 0.5 eV. In order to split them into sep-

arate charge carriers, the help of a material with higher electron affinity is necessary.

The energy levels need to be aligned in a way that it is energetically favorable for the

singlet exciton to split at the interface of these two materials. They are usually referred

to as electron donor and electron acceptor.

The following part is focussed on solar cells consisting of conjugated polymers as

electron donors and soluble fullerene derivatives as electron acceptors. However, many

of the discussed aspects are similar for other OPV approaches.

Because of the short singlet lifetime (∼ns) and resulting limited diffusion range, the

next available donor:acceptor interface needs to be in the range of several nm. Other-

wise the exciton will most probably recombine and its energy will be lost. For conju-

gated polymers, this is realized by the concept of the bulk heterojunction (BHJ) solar

cell. The conjugated polymer and soluble fullerene-derivative are blended in solution

and deposited together. The phases of both materials separate on a nm-scale and form

an interdigitated network with an extremely large interface area. Percolation paths en-

able the charges to reach the electrodes. Because of the high optical absorption coef-

ficients (typically >107 m−1), thin layers of the order of 100 nm are sufficient to absorb

the incident light.

The absorption coefficient of conjugated polymers is much higher than for fullerenes,

therefore the excitation usually takes place on the donor, as shown in Figure 2.2a. The

singlet exciton will then diffuse randomly in the donor phase. When it reaches the

donor:acceptor interface within its lifetime (∼ns) it will undergo charge transfer (CT)
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2 Organic Semiconductors for Photovoltaics

and an electron is transferred from the donor LUMO to the energetically favorable

acceptor LUMO. If a photon is absorbed by the acceptor material as depicted in Fig-

ure 2.2b, a similar process takes place: After the singlet excitation and diffusion to the

interface, a hole is transferred to the donor HOMO. Both processes take place on an ul-

trafast timescale within tens of fs. The result is the same with the hole being localized

on the donor HOMO and the electron on the acceptor LUMO.

(a) donor excitation (b) acceptor excitation

Figure 2.2: Light absorption creates singlet excitons, which can undergo charge transfer
(CT) at the donor:acceptor interface. Excitation of (a) the donor or (b) the acceptor
material yield the same result.

After the charge transfer, electron and hole are not necessarily free non-interacting

particles. For many material combinations a charge transfer complex (CTC) is formed

as depicted in Figure 2.3a. Electron and hole remain closely bound across the donor:

acceptor interface, but might be separated by an externally applied electric field that

overcomes their Coulomb attraction.

(a) charge transfer complex (b) photocurrent

Figure 2.3: Light-induced charge transfer may yield a charge transfer complex (a). If the
charges separate they can be extracted at the electrodes as photocurrent (b).
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2.4 Used Materials

The charge carriers in organic semiconductors are also referred to as polarons. They

are quasi-particles of the charge and its polarized molecular environment that diffuse

together. The transport of polarons is a thermally activated hopping process from one

molecule or polymer chain to the next one. In a solar cell configuration with anode

and cathode the positive and negative polarons can be extracted as photocurrent (see

Figure 2.3b). An extended discourse about transport phenomena and recombination

kinetics is omitted here as these aspects of organic semiconductors are mostly irrele-

vant for this work.

2.4 Used Materials

Conjugated Polymers

The conjugated polymers that are the basis for this thesis are MEH-PPV, P3HT and

PTB7. Their chemical structures are shown in Figure 2.4.

MEH-PPV – or poly[2-methoxy-5-(2’-ethyl-hexyloxy)-1,4-phenylenevinylene] con-

sists of phenyl rings with added side-chains. Along the molecular backbone, the phenyl

rings alternate with ethenyl groups. The band-gap is 2.2 eV and it has been used as a

prototype material for both organic solar cells and light emitting diodes. Its deriva-

tive PPV was the first polymer for which electroluminescence was observed back in

1990 [9]. The material used for this work was purchased from Sigma-Aldrich.

P3HT (poly(3-hexylthiophene-2,5-diyl)) is polymerized from thiophene rings with a

hexyl side-chain attached. It makes a difference whether the side-chain is regularly lo-

cated at the second or third carbon atom or if the location is random. For a random

order of the side-chains the material is classified as regio-random P3HT, which is an

amorphous material with low conductivity. For usage in electronic devices P3HT is

synthesized with all side-chains being attached to the third carbon atom. Hence they

all point in the same direction. This material is called regio-regular P3HT and has a

partially crystalline structure in solution-processed thin films and a much higher con-

ductivity. The band-gap of 2.2 eV is comparable to that of MEH-PPV. The material used

in this work has a high regio-regularity of ≈98 % and was purchased from Rieke Metals

or BASF (product name sepiolid P200).

The polymer PTB7 is a novel low band-gap donor-acceptor copolymer consisting of

thieno[3,4-b]thiophene and benzodithiophene monomers. Its full name is poly[[4,8-

bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)

carbonyl]thieno[3,4-b]thiophenediyl]]. It has a band-gap of about 1.6 eV and can there-

fore absorb a much higher portion of the solar spectrum than P3HT or MEH-PPV.
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2 Organic Semiconductors for Photovoltaics

Solar cells produced from PTB7:PC70BM blends with power conversion efficiencies

of over 9 % have been demonstrated [10, 11]. The used polymer batch was purchased

from 1-Material.

Figure 2.4: Donor-polymers P3HT, MEH-PPV and PTB7.

Fullerene Derivatives

Fullerenes are hollow spheres or ellipsoids composed of carbon atoms that are inter-

connected by alternating single and double bonds. There is a large variety of fullerenes

with different numbers of carbon atoms. However the most common fullerene is the

spherical C60 that consists of 60 carbon atoms. Fullerenes are mostly produced by elec-

trical arc-discharge from graphite electrodes in a helium atmosphere. Thus it is not sur-

prising that they do also occur naturally under similar conditions in outer space [12].

Additionally, fullerenes could be identified on earth in carbon-rich rock [13].

Fullerenes and their derivatives are the best working acceptor material class for or-

ganic solar cells due to several reasons. They are spherical and can therefore accept

electrons from any direction, which makes them ideal for incorporation into a BHJ.

Also, after charge transfer from a donor material, the electron delocalizes over the

whole fullerene and therefore hinders direct back recombination. Additionally the

LUMO level of fullerenes is low enough so that they have a far higher electron affinity

than most donors. Their downside is the low optical absorption coefficient, especially

for C60-derivatives. For fullerenes with lower symmetry the transition dipole moment

is larger, resulting in a stronger absorption. This is the main reason why C70-based

acceptors are used in many of the most efficient organic solar cells.
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2.4 Used Materials

The solubility of raw fullerenes is very limited in most solvents. therefore they can

only be processed by thermal vapor deposition. The addition of side-chains enables

processing fullerenes from solution. The most studied of these soluble fullerene deriva-

tives is PC60BM ([6,6]-phenyl-C61-butyric acid methyl ester), but PC70BM is also very

common.

For this work, a variety of different fullerene derivatives has been investigated. Their

chemical structures are shown in Figure 2.5. PC60BM and PC70BM were purchased

from Solenne B.V. The other compounds are non-commercial and have been synthe-

sized in the group of Nazario Martín in Madrid, Spain.

Figure 2.5: Fullerene derivatives used in this work.

For the new C70-DPM-OE each phenyl group of the diphenylmethanofullerene (DPM)

moiety is decorated with a solubilizing oligoether (OE) chain. For the C70-DPM-OE2

bis-adduct two of these side-groups were attached. The synthesis has been carried out

as reported for related compounds [14]. The fullerene dimers consist of one C60- and

one C70-fullerene (hetero-dimer) or two C70-fullerenes (homo-dimer). They are linked

through a 2-pyrazoline moiety and a pyrrolidine ring. An octyl side-chain is added for

enhanced solubility. Details about the synthesis of the fullerene dimers have been re-

ported by Delgado et al. [15].
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3 Electron Paramagnetic
Resonance

This Chapter describes the theoretical background for electron paramagnetic reso-

nance (EPR) and links the given formalism to relevant excited species, found in or-

ganic semiconductors. These are polarons or radical anions and cations, which are

EPR-active spin-1/2 particles, as well as spin-1 triplet excitons, along with charge trans-

fer complexes and polaron pairs, that can be described as strongly- to loosely-bound

spin-interacting electron and hole. The shown formalism is based on the EPR book “El-

ementary Theory and Practical Applications” from John R. Weil, James R. Bolton and

John E. Wertz [16], as well as the Ph.D. thesis of Stefan B. Knorr [17] and a review paper

about electron–electron interactions by Gunnar Jeschke [18].

3.1 Zeeman Splitting

Figure 3.1: Zeeman-splitting for a
spin-1/2 particle with microwave
absorption and EPR signal in 1st

derivative.

The origin of EPR is the Zeeman effect of para-

magnetic particles with spin S > 0. Every spin-

carrying particle has a magnetic moment µ,

which leads to an energetic splitting in a mag-

netic field. Figure 3.1 shows this for a system

with spin-1/2. The splitting is proportional to

the magnetic field strength. Photons, which

are in resonance with the Zeeman splitting

(same energy) can induce transitions between

the spin up |↑〉 and spin down |↓〉 state. For typ-

ical magnetic field values larger than 0.3 T this

means microwave irradiation. When sweep-

ing the magnetic field B , the transitions can be

observed as microwave absorption (red). In a

continuous wave EPR spectrometer usually the

first derivative is recorded (blue).
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3 Electron Paramagnetic Resonance

Multiplicity

The (spin-) multiplicity is equal to the number of quantized orientations of the spin

direction vector of a spin-carrying particle in a magnetic field. It is given by the value

of 2S +1, where S is the total spin quantum number of the system. The magnetic spin

quantum number ms of the respective orientation is ranging from −S to S.

ms =−S,−S +1, · · · ,S −1,S︸ ︷︷ ︸
2S+1 values = multiplicity

(3.1)

Figure 3.2 gives an overview of the possible spin configurations of two spins Sa and Sb

in an external magnetic field Bext. The multiplicities are 1,2 and 3 for singlet, doublet

and triplet, respectively.

Figure 3.2: Multiplicity and orientation of two spins Sa and Sb in an external magnetic field.
(a) singlet state of two spins with combined spin S = 0. (b), (c) spin-doublet of a
spin-1/2 state. (d)-(f ) Two spins in a triplet-state with S = 1.

3.2 Spin-1/2 Systems

The most simple system to be studied with EPR is a spin-1/2 particle; e.g. a free electron.

The Hamiltonian for this system in an external magnetic field with field vector Bext is

given by:

H = gµB S ·Bext (3.2)

Here, g is the electron g -factor or Landé-factor, µB the Bohr magneton and S the spin

operator vector, whose components are the Pauli matrices. The eigenstates of this sys-

tem are spin up |↑〉 and down |↓〉 and the eigenenergies are:

|↓〉 : E↓ =+1
2 gµB Bext

|↑〉 : E↑ =−1
2 gµB Bext

(3.3)
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The resonance condition for EPR is then:

∆EZeeman = gµB Bext∆ms = hνMW (3.4)

The Zeeman splitting energy is equal to the energy difference of spin up and down

states, while ∆ms = 1 is the transition selection rule for EPR. The resonance condition

is fulfilled, if the Zeeman splitting is equal to the energy of microwave photons with

frequency νMW.

3.2.1 The g-Factor and EPR Powder Spectra

The g -factor is a unit-less number, that – in simple terms – gives the proportionality

between the magnetic field strength and the resulting Zeeman splitting. The g -factor

of the free electron is one of the best known natural constants and is 1

g = 2.002 319 304 361 53(53). (3.5)

In the solid state, the observed g -factor for a spin-1/2 particle deviates from this value

due to interactions with the atomic environment. A charge localized on a molecule

or at a specific position in a crystal is also subjected to the orbital momentum of the

molecular orbital (spin-orbit coupling) or the crystal field, respectively. The influence

acts as a local magnetic field being superimposed with the externally applied mag-

netic field Bext. This shifts the spectral position of the observed resonance transition

and therefore the g -factor of the charge carrier. For materials consisting of light atoms

(Z < 30) the shift of the g -factor is relatively small. For charges localized on organic

semiconductors typical g -factors are within the range of 1.9 < g < 2.1. All polarons and

radical anions studied in this thesis fall into this category.

For localized charges the molecular / crystal environment is usually anisotropic and

therefore interactions depend on relative orientations. The g -factor is then described

as a second-order tensor to represent this orientation dependence. This tensor can

always be diagonalized and is fully defined by the components of its principal axis:

gxx , g y y , gzz .

g =


gxx 0 0

0 g y y 0

0 0 gzz

 (3.6)

For oriented samples, like single crystals, the observed spectral position of the tran-

sition shifts between the values defined by the g -tensor components, in dependence

1Jan. 2013: http://physics.nist.gov/cuu/Constants/index.html
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3 Electron Paramagnetic Resonance

of the relative orientation of the crystal axis towards the external magnetic field vec-

tor. For unoriented samples, like amorphous solids or crystal powders, the orientation

is statistically distributed. This leads to the observation of so-called “powder spectra”,

where the spectrum is spread over the full range of the g -tensor components. Despite

the statistical nature of the g -tensor orientation, the symmetry of the system is ex-

pressed in the spectrum. Figure 3.3 shows X-band (9.4 GHz) simulations for several

powder spectra of spin-1/2 systems with different symmetry. The isotropic case has

no orientation dependence. If two g -tensor components are identical (g⊥) and one

deviates (g∥), the system has axial symmetry and the EPR signal is asymmetric with a

characteristic bump at the position of g∥. If all three g -tensor components are differ-

ent, the system has rhombic symmetry. The spectrum is not to be mistaken with one

of three independent spin-1/2 particles as shown in Figures 3.3c and 3.3d.

For spins in liquid or gaseous samples, the observed spectra differ from the same

sample measured in the solid state – e.g. in frozen solution. In non-solid samples

molecular motion and spinning is usually faster than spin relaxation times and this

leads to an averaging of the observed spectrum. Only a broadened isotropic line is

observed at the spectral position of the averaged g -factor giso = 1
3

(
gxx + g y y + gzz

)
.

3.2.2 Line Broadening

There are various mechanisms, that result in homogeneous and inhomogeneous broad-

ening of EPR spectra. Several, relevant for this work, are discussed here. The natu-

ral lineshape for dipole transitions is a Lorentzian profile, with the width being deter-

mined by the inverse lifetime of the observed transition – also called natural linewidth.

Processes that shorten this lifetime are homogeneous, while all other interactions lead

to inhomogeneous broadening, which is often of Gaussian shape. Most of these mech-

anisms are due to differences in the local environment. Usually several broadening

mechanisms apply at the same time, resulting in a Voigt profile – the convolution of

Gauss and Lorentz functions.

Homogeneous Broadening

Saturation of the EPR transition at sufficiently high microwave powers has the ef-

fect that not only regular microwave photon absorption, but also stimulated emission

occurs. This leads to a reduction of the effective radiative lifetime and consequently, a

homogeneous broadening of the EPR spectrum. Additionally, the population of upper

and lower spin states are equalized and the observed EPR intensity saturates.
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Figure 3.3: Simulation of EPR powder spectra for spin-1/2 systems. red: absorption spec-
tra, blue: EPR signals in 1st derivative. (a) for a spin system with isotropic sym-
metry (gxx = g y y = gzz = 2.0), (b) axial symmetry (g∥ 6= g⊥), (c) rhombic symmetry
(gxx 6= g y y 6= gzz ), (d) three independent spin systems with different g -factors and
linewidths.
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Inhomogeneous Broadening

Dipole–dipole interactions with nearby spin carrying particles of the same or dif-

ferent kind are possible. The second particle has its own local magnetic field, which

superimposes with the external magnetic field and thus shifts the resonance field for

the first particle. If distances are statistically distributed, a Gaussian broadening can be

expected. This mechanism is directly related to the description of systems with vanish-

ingly small dipole interaction D later in this Chapter (3.7).

Unresolved hyperfine interactions are also a type of dipole–dipole interaction. In

this case with the spins of surrounding nuclei. If the number of interacting nuclei is

very large, no individual hyperfine structure with a discrete splitting in the EPR spec-

trum is observed. Instead, the spectrum is averaged over many possible hyperfine in-

teractions. Hence one detects the envelope of all lines. This effect is also observed for

the linewidth of polarons in organic semiconductors, where it is referred to as motional

narrowing. The electronic mobility and hence the diffusive motion of polarons is here

strongly temperature dependent. Therefore the amount of protons that interact with a

polaron in a given time are a function of mobility and temperature. At cryogenic tem-

peratures, a broadening of the detected linewidth due to unresolved hyperfine inter-

actions with these surrounding protons is observed. At higher temperatures the same

mechanism yields a narrowing of the linewidth [19, 20, 21] and Ref. [22] (p. 511).

An inhomogeneous external magnetic field might be applied to the sample, setting

a lower limit to the observable linewidth. A typical Bruker X-band EPR magnet has a lo-

cal homogeneity of ∼ 10−6 over the sample width of 3 mm. However this needs serious

consideration for superconducting magnets, which are usually a lot less homogeneous.

Modulation broadening is present if the modulation amplitude, expressed in mag-

netic field units, cannot be considered small in comparison to the observed linewidth.

In general it is safe to apply a field modulation, that is less than half of the observed

linewidth, to avoid spectral distortions.

All the broadening mechanisms presented above are isotropic. Hence, the whole

EPR spectrum is convoluted with the additional broadening profile. However, for many

spin-systems the linewidth also needs to be considered anisotropic. This is typically ex-

pressed by the g-strain tensor, which compliments the g -factor tensor. The strain can

be understood as a measure of the heterogeneous environment, when one or another

g -tensor component is not exactly determined any more, mainly owing to the interac-

tion with the environment. In a first order approximation, the bigger the initial shift of

the g -tensor component from the free electron g -factor ge , the stronger the g -strain

effect.
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3.3 High-Frequency EPR

There are two main advantages of performing EPR experiments at high magnetic fields

and high frequencies (HFEPR): First the spectral or g -factor resolution is enhanced, as

it is directly proportional to the microwave frequency. And second the sensitivity is in-

creased, due to larger spin polarization of the Zeeman sublevels. The theoretical basics

are given here, while the measurement specific settings for the HFEPR spectrometers

used for this thesis, will be described in the respective results Chapter.
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Figure 3.4: Advantages of HFEPR: (a) Resolution enhancement for HFEPR: At frequency
ν1 the two EPR lines are almost completely overlapping. When detecting the same
spectrum at the higher frequency ν2 the two lines are well separated. (b) Higher
frequencies result in higher magnetization at a given temperature.

g-Factor Resolution

The g -factor resolution of an EPR spectrometer can be defined easiest for two spins

with similar g -factors and isotropic lineshapes. This example is depicted in Figure 3.4a.

The magnetic field splitting ∆B for two spins with g -factors ga and gb is directly pro-

portional to the microwave frequency νMW of the EPR spectrometer:

∆B =
(

1

ga
− 1

gb

)
hνMW

µB
(3.7)

This does of course also enhance the resolution for spin systems with lower g -tensor

symmetry. However, the splittings due to exchange and dipolar interaction described

in the next Chapter are independent of the spectrometer frequency.
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Spin Polarization

Spin polarization describes a deviation of the even population distribution between

Zeeman sublevels – i.e. more spins are in the upper or lower spin state. In a magnetic

field, spins are aligned along quantized orientations according to their multiplicity. If

the energy splitting ∆EZeeman = gµB Bext between two orientations spin up (↑) and spin

down (↓) is much smaller than the thermal energy kB T , polarization is described by the

Boltzmann distribution:

N ↓
N ↑ = exp

(
−∆EZeeman

kB T

)
= exp

(
−gµB Bext

kB T

)
(3.8)

Where N ↓ and N ↑ are the number of spins in the respective spin state. With this the

macroscopic magnetization M of the sample can be expressed by spin populations:

M = N ↑ −N ↓
N ↑ +N ↓ (3.9)

The sensitivity of a cw EPR experiment is directly depending on the magnetization. In

Figure 3.4b, the magnetization is plotted over temperature for several microwave fre-

quencies used in EPR spectrometers. To achieve higher magnetization an increase in

the operating frequency (and magnetic field) is equivalent to lowering the thermal en-

ergy kB T by the same factor. This is illustrated by the two arrows: the factor of ∼14 for

going from X-band (9.4 GHz) to D-band (130GHz) corresponds to lowering the temper-

ature by the same factor.

For certain spin systems also so-called non-thermal spin polarizations and inverted

populations are possible. In the latter case, this can result in (stimulated) microwave

emission instead of absorption. Examples are the spin coupled radical pair described

later in this Chapter (see Section 3.5) with a spin polarization of ms = 0 states; or op-

tically pumping an organic semiconductor to construct a maser using spin-polarized

triplet excitons [23].
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3.4 Electron–Electron Interactions

There are two major magnetic interactions for neighboring spin-carrying particles: ex-

change and dipolar interaction. The Hamiltonian for such a system of two interacting

spins can be expressed in the following form:

H = −JSa ·Sb︸ ︷︷ ︸
exchange interaction

−D
(
3SZ

a SZ
b −Sa ·Sb

)︸ ︷︷ ︸
dipolar interaction

(3.10)

Here J is the isotropic exchange interaction, D is the anisotropic dipole–dipole cou-

pling tensor, particles a and b have the spin operator vectors Sa , Sb and SZ
a , SZ

b are

their projections in the Z -direction. The nuclear hyperfine interaction A is omitted, as

it is not observed for the systems presented in this thesis.

The parameter J and the scalar representation D of the dipolar coupling are energy

values, but they are usually handled in frequency (J/h,D/h) or magnetic field units

(J ′,D ′). This is convenient as the output spectra from pulsed or cw EPR spectrometers

are typically handled in MHz or mT. The relation between the two is:

D/h[MHz] = gµB
h D ′[mT]

J/h[MHz] = gµB
h J ′[mT]

(3.11)

Here g is the g -factor of the spin system and the conversion factor gµB
h = 28.025 MHz

mT for

g = 2.00232.

3.4.1 The Anisotropic Dipole-Dipole Interaction – D

The dipole–dipole coupling results from the interaction of magnetic moments of neigh-

boring spins. One spin a is subjected to a shift of its local magnetic field due to the

magnetic moment of spin b and vice versa. This results in an energy splitting observ-

able with spectroscopy, such as EPR. Because it is independent of the applied external

magnetic field and present even without, it is also called zero-field splitting. Like the

name suggests, the dipolar coupling is an anisotropic interaction which is described by

a second order tensor to express its direction dependency:

D =


Dxx 0 0

0 D y y 0

0 0 Dzz

=


1
3 D −E 0 0

0 1
3 D +E 0

0 0 −2
3 D

 (3.12)
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The D tensor is set traceless (the sum of all diagonal elements is zero) and symmetric(
Di , j = D j ,i

)
. It is fully described by the two scalar parameters D and E :

D =−3

2
Dzz (3.13)

E = 1

2

(
D y y −Dxx

)
(3.14)

D is the zero field interaction parameter and E is the rhombicity – it is the off-axial in-

teraction strength for systems with symmetry lower than axial symmetry. If E = 0, the

spins are considered to be point-objects, which is also called the point-dipole approx-

imation for |E |¿ |D|. It is important to note that the values of D and E are not unique.

They depend on which axis is chosen as Z . It is always possible to choose Z , such that

|E | ≤ |D
3 |. Both values may be positive or negative and may have opposite signs.

Because of the direct analytic relation, the value of D can be used to derive an esti-

mate of the inter-radical distance r [18]. In the case of E = 0, the point-dipole approx-

imation is valid and the derivation of an analytical formula for D(r ) is possible. The

dipole-dipole splitting between two spins a and b is then given by:

D(rab ,Θ) =−3

2

1

r 3
ab

µ0ga gbµ
2
B

4π

(
3cos2Θ−1

)
(3.15)

where rab is the inter-radical distance, ga and gb are the g -factors of the two spins,

and Θ is the angle between the direction of the external magnetic field and the vector

connecting the two spins (see also Figure 3.10a). For the special case of ga = gb = ge , as

well asΘ= 0 and considering 3.11 we obtain a “rule of thumb” for r (D ′):

rab(D ′)[nm] = 3

√
2.785

D ′(r )[mT ]
nm (3.16)

In literature, other permutations of this formula are found and differ often, because

they actually refer to Dzz or another possible orientationΘ 6= 0.

With this, typical values for D ′ of a radical pair can be calculated. For an inter-radical

distance of rab = 1.77 nm, the value of D ′ is equal to 0.5 mT. While at a distance of

3.82 nm the interaction is becoming negligible at 50 µT, as this is also the approximate

value of earth’s magnetic field [24].
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3.4.2 The Isotropic Exchange Interaction – J

The exchange interaction parameter J is the energetic separation of singlet and triplet

wavefunction for two coupled spins. It has a complex dependence on the electronic

properties of the radicals, their separation, and the nature of the intervening medium.

J (r ) is usually assumed to fall off exponentially with r and to be independent ofΘ:

J (r ) = J0 ·e−βr (3.17)

Where J0 may be positive as well as negative and reported values lie in the range of

1.4 · 1010mT ≤ |J0| ≤ 8 · 1010 mT. The value for β can be in the range of (14–18) nm−1

[18, 24, 25]. The minimal value pair of 1.4 · 1010mT, 18 nm−1 is an estimate for the

upper [26] limit for isolating solids. Such exchange coupling is negligible for rab larger

than ∼1.5 nm. However, the exchange interaction might reach extremely further in

conjugated systems, because the wavefunction overlap extends along the conjugation.

The simplified exponential dependency is then no longer valid [18].

Care must be taken when comparing literature values of J . In the Hamiltonian, J is

often defined with opposite sign and twice the absolute value.

Comparison of D and J

Figure 3.5 shows a graphical representation of the strength and reach of exchange and

dipolar coupling in magnetic field and frequency units. The dipolar coupling D(r ) usu-

ally has the longer range and dominates the exchange interaction J (r ), except at very

small inter-radical separations. In contrast to that, D is negligible when compared to

the background magnetic field of the earth for separations larger than 3–4 nm, which

means free, non-interacting spins.

The influence of D and J on the observed spectrum can be separated into three

regimes of interaction strength [18]. In the strong coupling regime, the spectrum is a

pure triplet pattern. For intermediate coupling, the system can be described as spin-

coupled radical pair (SCRP), with a complex dependence of the spectrum on the spe-

cific parameter set. In the weak coupling regime, the parameters D and J are often

smaller than the linewidth, resulting in a sole broadened line without discernible spec-

tral features, as in case of polaron pairs. The boundary lines plotted in Figure 3.5 are by

no means strict. Especially because of the complex dependence of J (r ) on the specific

wavefunction in conjugated systems, deviations are possible. Before the three coupling

regimes are discussed in more detail, an introduction of the the general energy terms

and definition of transitions is necessary.
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Figure 3.5: Simulation of dipolar and exchange interaction in dependence of the inter-
radical distance r . Literature values were used for Jmin,max, as stated in the text. For
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of the earth’s magnetic field.

3.4.3 Eigenstates and Base Transformations

When both dipolar and exchange coupling are present, the Hamiltonian 3.10 is non-

diagonal in the product base of the two interacting spins. To calculate its eigenstates

and transitions, a unitary transformation is necessary to diagonalize the Hamiltonian.

This leads to the eigenstates |1〉− |4〉 in the SCRP base, which is the most general for-

mulation.

product base ST base SCRP base

|↓↓〉 |T+1〉 |1〉
|↑↓〉 |S〉 = 1p

2
(|↑↓〉− |↓↑〉) |2〉 = cos(φ) |↑↓〉− sin(φ) |↓↑〉

|↓↑〉 |T0〉 = 1p
2

(|↑↓〉+ |↓↑〉) |3〉 = sin(φ) |↑↓〉+cos(φ) |↓↑〉
|↑↑〉 |T−1〉 |4〉

(3.18)

φ= 1

2
arctan

(
J −d

h∆ν

)
(3.19)

The mixing angle φ depends on the interaction strength (J −d) and describes the

base transformation to the product base (φ→ 0) for weak coupling or the singlet triplet

(ST) base for strong coupling (φ→ π/4). The pure triplet states |T±1〉 are independent

of this base transformation.
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The formulation of the energies E1−E4 in the SCRP base and the resulting transitions

are completely general for all spin coupled systems in this thesis. All special solutions

for the different coupling regimes can be directly derived.

E1 = h
(+ν0 − 1

4 a
)

E2 = h
(+1

2Ω+ 1
4 a

)
E3 = h

(−1
2Ω+ 1

4 a
)

E4 = h
(−ν0 − 1

4 a
) (3.20)

The following abbreviations are used:

Bext = const. νMW = const.

a = 1
h (J +2d) a′ = J ′+2d ′

Ω=
√

1
h2 (J −d)2 +∆ν2 Ω′ =

√
(J ′−d ′)2 +∆B 2

∆ν= νa −νb ∆B = Ba −Bb

ν0 = 1
2 (νa +νb) B0 = 1

2 (Ba +Bb)

νa = ga
µB Bext

h
Ba = 1

ga

hνMW

µB

(3.21)

νa and νb are the Larmor frequencies of the spin pair constituents and ∆ν is the

Larmor separation. Ω= ν23 is the zero-quantum coherence frequency. That is the fre-

quency with which the wavefunction is oscillating between singlet and triplet content.

Both eigenstates |2〉 and |3〉 are ms = 0 and hence the transition is called zero-quantum

coherence. hΩ is the energy splitting between the states |2〉 and |3〉.
The representation of possible transitions is dependent on the experimental condi-

tions under which they are observed. For pulsed EPR spectrometers usually the exter-

nal magnetic field Bext is kept constant and the transitions are observed as a function

of delay times in microwave pulse sequences, which is transferred to a frequency axis

by Fourier transformation. This leads to the formulation of transition frequencies in

contrast to magnetic field positions for EPR experiments with constant microwave fre-

quency νMW and magnetic field sweeps. Accordingly, Ba and Bb are the field positions

of the separate spins with g -factors ga and gb , while∆B is the field separation in a given

spectrometer with fixed microwave frequency νMW. Because the formalism based on

transition frequencies is more common in literature and the used spectrometer oper-

ates with a constant microwave frequency and field sweeps, both representations are

discussed here side-by-side.
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The parameter d is a scalar representation of the dipolar coupling tensor D with re-

spect to the orientation of an external magnetic field ~eBext . The connection is the fol-

lowing, with possible simplifications for axial symmetry (E = 0) and orientation along

~z (Θ= 0), yielding the maximum value of d = 2
3 D .

d = ||D ·~eBext || E=0= D

(
cos2Θ− 1

3

)
Θ=0= 2

3
D =−Dzz (3.22)

To calculate energies and transitions explicitly, the orientation needs to be defined

first. Either by orienting a single crystal with respect to the magnetic field or by mea-

suring an unoriented sample. The resulting powder spectrum can then be simulated as

a superposition of all possible orientations. D is here in the high-field approximation

(D ¿ gµB Bext), which is in good agreement for all systems studied in this thesis.

Zero Magnetic Field

Vanishing magnetic field values Bext → 0 result in several boundary conditions: νa =
νb = ∆ν = ν0 = 0 and accordingly Ω = 1

h (J −d). The energy values from Equation 3.20

are then only defined by the values of J and d :

E1 =−1
4 J − 1

2 d

E2 =+3
4 J

E3 =−1
4 J +d

E4 =−1
4 J − 1

2 d

(3.23)

Figure 3.6 shows E1 to E4 for zero (3.23) and rising magnetic field values (3.20) with

orientation of the spin pair parallel to the external field (Θ = 0) and exemplary values

for J ≈ D . Note the degeneracy of E1 and E4 at B = 0, which is lifted when applying a

magnetic field B > 0.

Figure 3.6: SCRP energy levels at zero magnetic field and for rising field values withΘ= 0.
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There are studies that give special attention to the intersections of E1 with E2 and E3

for specific magnetic field values (see Figure 3.6), which results in resonant mixing of

the according spin populations [24, 27]. This can be observed by their effect on spin

polarization or influence on the balance of chemical reactions.
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3.5 Spin-Coupled Radical Pairs

Spin-coupled radical pairs can be described in the frame of the intermediate coupling

regime |J −D| ≈ h |νa −νb |, which is the most general case. Strong and weak coupling

can be derived and will be discussed afterwards. J and D are within the same order of

magnitude for inter-radical separations of approximately 1–2 nm (compare Figure 3.5),

which is large enough, that the point-dipole approximation is valid – hence E = 0.

The transition frequencies νi j or magnetic field positions Bi j for transitions from

energy level i → j can generally be expressed in the SCRP base (3.18) for experiments

with constant magnetic field or microwave frequency:

Bext = const. νMW = const.

ν24 = ν0 + 1
2 (+Ω+a) B24 = B0 + 1

2

(−Ω′−a′)
ν13 = ν0 + 1

2 (+Ω−a) B13 = B0 + 1
2

(−Ω′+a′)
ν34 = ν0 + 1

2 (−Ω+a) B34 = B0 + 1
2

(+Ω′−a′)
ν12 = ν0 + 1

2 (−Ω−a) B12 = B0 + 1
2

(+Ω′+a′)
(3.24)

Figure 3.7 depicts these transitions and the energy levels E1 to E4 from Equation 3.20

for B > 0 (Figure 3.7a), while Figure 3.7b shows the resulting EPR stick spectrum. The

transitions are arranged in two doublets centered around B0 with separation Ω′ and

splitting a′. The spectral positions ga and gb with separation∆B for the non-interacting

spins are also shown (notice Ω′ ≥ ∆B). For a thermal population of the energy levels,

all four transitions are absorptive as indicated by the blue arrows.

The lower two illustrations (Figure 3.8) show the same SCRP, but with an initial spin

polarization with population of the ms = 0 levels. In Figure 3.8a the energy levels |2〉
and |3〉 are populated (bold line), while the ms = ±1 levels |1〉 and |4〉 are unoccupied

(dashed line). Accordingly, the transitions from levels |2〉 , |3〉 to |1〉 at B13,B12 are in

absorption (A – blue), while the transitions to level |4〉 at B24,B34 are in (stimulated)

emission (E – red). This is also expressed in the EPR stick spectrum in Figure 3.8b by

positive and negative intensities for absorptive (blue) and emissive (red) transitions,

respectively. The sequence of transitions on the magnetic field axis is also called the

polarization pattern, which is E/A/E/A in this example.

The described scenario with an initial ms = 0 spin polarization has been reported

numerous times in literature and is common for light-induced charge transfer reac-

tions. Typical examples are charge transfer complexes in the process of photosynthe-

sis [28] or in organic solar cells [29]. What they have in common is, that the initial

excitation is a ms = 0 singlet state. This singlet is subsequently split in a charge transfer

reaction into electron and hole. If these do not directly separate further, they can be
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3.5 Spin-Coupled Radical Pairs

described as SCRP. Because of spin conservation, the singlet exciton cannot populate

the ms = ±1 triplet states directly. The resulting ms = 0 non-Boltzmann population is

short-lived and relaxes to a thermal distribution over time, unless the charges separate

or recombine beforehand.

Additionally, the signs of J and D can be inferred from the polarization pattern. For

a SCRP that results from a singlet precursor and has E/A/E/A polarization J > 0 and

D < 0 [30, 31]. If so, the triplet state |T0〉 lies energetically lower than the singlet state |S〉.

(a) (b)

Figure 3.7: (a) Energy levels of a SCRP at magnetic field Bext > 0 together with possible tran-
sitions. (b) Resulting EPR stick-spectrum for B ∥ z, consisting of two doublets with
separationΩ′ centered around B0 and with the doublets split by a′ = J ′+2d ′.

(a) (b)

Figure 3.8: The same SCRP, but assuming an initial ms = 0 spin polarization: |2〉 and |3〉 pop-
ulated, |1〉 and |4〉 not populated. Transitions are either in absorption (A – blue) or
emission (E –red). (b) Resulting EPR stick-spectrum, including microwave absorp-
tion and emission. The polarziation pattern is E/A/E/A.
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3 Electron Paramagnetic Resonance

3.6 Triplet Excitons

Triplet excitons are quasi-particles with very narrow spatial extent (r < 1 nm) and can

be described in the strong coupling regime |J −D|À h|νa −νb |. In this case, the mixing

angle is φ = π/4 (3.19) and the SCRP base |1〉–|4〉 transforms to the singlet triplet base

(3.18), in which the Hamiltonian is diagonal. The eigenstates are the triplet states |T0〉
and |T±1〉. The singlet state |S〉 is also defined, but transitions to or from this eigen-

state are first-order forbidden and only possible via ISC. Since |J −d |À h∆ν, the zero-

quantum coherence frequencyΩ can be approximated byΩ= 1
h (J −d) and the energy

levels are given by:

|T+1〉 ET+1 =−1
4 J − 1

2 d +hν0

|T0〉 ET0 =−1
4 J +d

|T−1〉 ET−1 =−1
4 J − 1

2 d −hν0

|S〉 ES =+3
4 J

(3.25)

Because of the small spatial extent of triplets, the point-dipole approximation is not

always valid and the rhombicity E needs to be considered. Consequently, d is given in

its general form with the angle pair (Θ, ϕ) setting the orientation of the dipole–dipole

tensor D in the laboratory coordinate system:

d = D

(
cos2Θ− 1

3

)
+E sin2Θ cos(2ϕ) (3.26)

(a) (b)

Figure 3.9: (a) Energy levels of a triplet at magnetic field Bext > 0 and (b) zoom on the S = 1
levels for Bext = 0. These are degenerate for the isotropic case and further split by D
and E for axial and rhombic symmetries.

Figure 3.9 shows the energy levels (3.25) for the singlet and triplet states with separa-

tion J . For triplets the exchange interaction is by far larger than the dipolar interaction:

|J |À |D|. The triplet levels |T0〉 and |T±1〉 are referred to as |TX 〉 , |TY 〉 and |TZ 〉 for zero
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3.6 Triplet Excitons

magnetic field. The coordinate system is then defined by the molecular symmetry axis

or the local crystal field. The symmetry of the zero field splitting (Figure 3.9b) reflects

the definition of the D tensor (3.12). Depending on the values of D and E , axial and

rhombic symmetries are distinguished.

The transition frequencies and respective magnetic field positions are given in (3.27).

They are symmetrically centered around ν0 (or B0) with separation 3d . The values are

independent of J , in contrast to the SCRP (3.24).

Bext = const. νMW = const.

ν+1/0 = ν0 − 1
h

3
2 d B+1/0 = B0 + 3

2 d ′

ν0/−1 = ν0 + 1
h

3
2 d B0/−1 = B0 − 3

2 d ′
(3.27)

Figure 3.10 shows the connection of the dipole orientation (3.10a), the spectral po-

sition of the resonant transitions (3.10b, top) and the resulting full-field powder spec-

trum for an unoriented sample (3.10b, bottom). The triplet in this example has axial

symmetry (E = 0). The spectral positions of the transitions B0 ± 3
2 d ′ = D

(3
2 cos2Θ− 1

2

)
for 0◦ ≤Θ ≤ 90◦ are plotted in 3.10b (top). The resulting powder pattern can be simu-

lated as superposition of the transitions over all possible orientations. The width of the

full-field spectrum is 3d ′ = 2D ′ and is given by the extreme positions of the angular de-

pendence. The distance determination with “the rule of thumb” is again applicable for

triplet systems with axial symmetry (see 3.16). Only in this case, the “distance” refers to

the approximate spatial extent of the triplet wavefunction.

(a)
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magnetic field (mT)

90

0

Θ
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2D'

D'

54.7

(b)

Figure 3.10: (a)Θ is the angle between the vector~r connecting the two interacting spins and
the magnetic field ~Bext. (b) (top) Θ-dependence of the magnetic field splitting. For
the “magic angle” of 54.7◦ the spectrum collapses to a single transition in oriented
samples. (bottom) Resulting powder spectrum for an unoriented sample.
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3 Electron Paramagnetic Resonance

The “magic angle” of Θ= 54.7◦, for which D
(
cos2Θ− 1

3

)= 0 is noteworthy, as for this

orientation the whole triplet spectrum collapses to a single line. This circumstance is

used in the field of magic angle spinning spectroscopy.

Figure 3.11 depicts simulations of X-band triplet spectra for different values of D

and E . The top row shows the energy levels ET0 and ET±1 for Θ = 0 together with the

possible transitions (blue arrows). For better comparison with the microwave induced

transitions, the splitting is expressed in GHz. The bottom row displays the resulting

EPR powder spectra. For axial symmetry (E = 0), the spectrum consists of two wide

shoulders with separation 2D ′ and two peaks with a gap of D ′. If the spin system has

rhombic symmetry, both D,E 6= 0. The width of the full-field spectrum is still 2D ′, but

the two inner peaks now have a splitting of D ′−3E and two additional shoulders ap-

pear with separation D ′+3E ′. All values are absolutes, as the sign of D ′ and E ′ has no

influence on the spectral shape of the peaks. For D = 0 the spectrum collapses to a

central broadened peak, which is described in the context of weak coupling in the next

section.
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Figure 3.11: Zeeman-splitting in GHz (top) for Θ = 0◦ for a S = 1 system with varying pa-
rameters D and E for (a) isotropic, (b) axial and (c) rhombic symmetry. Possible
transitions (blue arrows) and simulated resulting EPR powder spectra (red, bottom).
For (b), (c) the half-field transition at g = 4 can also be observed. For all simulations
g = 2.0 and linewidth = 10 mT.

Additionally, there is a peak at g = 4 for D > 0, called “half-field” transition. It is the

single photon, double quantum transition between the two triplet |T±1〉 states, which is

first-order forbidden as∆ms =±2. The selection rule for EPR is∆ms =±1. However, for

distances shorter than ∼1 nm, the states are mixed and ∆ms =±2 transitions between

|T+1〉 and |T−1〉 become slightly allowed.
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3.7 Polaron Pairs

For EPR experiments with a fixed microwave frequency and sweeping magnetic field,

this transition is observed at g = 4; i.e. at “half-field” compared to the regular∆ms =±1

transitions centered at g = 2:

Bext = const. νMW = const.

ν+1/−1 = 2ν0 B+1/−1 = 1
2 B0

(3.28)

3.7 Polaron Pairs

Polaron pairs can be described in the weak coupling regime with |J −D| ¿ h|νa −νb |.
The mixing angle φ = 0 and hence the product base does apply (3.18 ). The product

states |↑↓〉 and |↓↑〉 are equal in energy and hence degenerate. Usually J ≈ 0 can be

neglected and the observed spectrum is a very narrow triplet pattern with tiny zero-

field splitting. The half-field transition, observed for triplets in the strong coupling

regime, is not allowed in the weak coupling regime.

If D is smaller than the linewidth, the situation is best described as asymptotically

free spin-1/2 particles with additional dipolar broadening (also see section 3.2.2). For

∆ν> 0 two transitions at ga and gb can be observed for the two spin centers. If ∆ν= 0

only one broadened central line is observed (see Figure 3.11a, D = 0). This situation

is the case for the so-called polaron–pair peak at g = 2 in ODMR, which is described

hereinafter.

3.8 Optically Detected Magnetic Resonance

EPR is usually detected by monitoring the microwave absorption of transitions be-

tween the Zeeman sublevels. However in many materials with optical transitions, ab-

sorption or emission of a photon in the visible range is dependent on relative spin ori-

entations. The optical process might therefore be influenced by inducing EPR transi-

tions between according spin sub-levels. Monitoring the change in absorption or emis-

sion of optical photons by inducing spin-flips with EPR is thus the basis of optically de-

tected magnetic resonance (ODMR). The advantages are: First a boost in sensitivity by

several orders of magnitude due to the much easier detection of photons in the visible

range than in the microwave regime. Second with ODMR it is possible to study inter-

action processes, such as triplet–triplet annihilation (TTA), triplet–polaron quenching

(TPQ), or ground state depletion (GSD), which usually can not be probed by ordinary

EPR methods. The ODMR signal intensity is then recorded as the EPR-induced relative

change (e.g. in %) of the optical transition intensity.
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3 Electron Paramagnetic Resonance

For the ODMR results shown in this thesis, TTA and TPQ are the dominant mech-

anisms, while GSD is not observed for the studied organic semiconductors. This can

be shown by the excitation power dependence of the ODMR signal intensity. For TTA

and TPQ, the ODMR effect is strongly dependent on the steady state concentration of

triplets or charge carriers in the sample. This concentration is a function of the inci-

dent illumination intensity, which results in a characteristic dependence of the ODMR

signal intensity over the illumination intensity [32]. This is not the case for GSD and

the ODMR intensity has a different dependency of the photon flux. These processes

are now described in more detail.

Triplet–Triplet Annihilation

In the organic semiconductors studied in this thesis, triplet excitons are a mobile species

with long lifetimes. This makes the random encounter of two triplets relatively proba-

ble even at low excitation intensities in cw ODMR experiments. The resulting scattering

event is depicted in Figure 3.12 and can be described by the formation of an intermedi-

ate two-triplet (TT) excited state with quintuplet multiplicity (spin S = 2) [33, 34]. This

intermediate state can scatter into the singlet state (S1+S0), as well as one (T+S0) or two

(T+T) further diffusing triplets. If the spin configurations of the two initial triplets are

independent, the processes will occur with probabilities 1/9, 3/9 and 5/9 for one singlet,

one triplet or two triplets, respectively. If the scattering results in a singlet exciton (S1),

it will subsequently most likely emit a photon as delayed fluorescence (DF), or might

(with a lower probability) undergo intersystem crossing to the triplet state. By induc-

ing EPR transitions between the triplet and quintuplet spin sublevels, the probabilities

of the scattering process can be influenced, which ultimately yields an EPR-induced

change of the delayed fluorescence, observable as ODMR [35]. Any triplets escaping

the scattering process may participate in this mechanism again, if they don’t recom-

bine before that.

Figure 3.12: Triplet–triplet annihilation of two incoming triplets, resulting in outgoing sin-
glet excitons (S1), singlet ground states (S0) and further diffusing triplet excitons. The
singlets (S1) will most probably emit delayed fluorescence (DF).
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3.8 Optically Detected Magnetic Resonance

It has been shown that this process is responsible for the wide triplet ODMR spectra

observed for many organic semiconductors [32]. Despite the characteristic dynam-

ics and excitation power dependencies of this two-particle triplet–triplet process, the

spectral information contains the symmetry (D,E ,Θ,ϕ) of the triplet wavefunction.

Triplet–Polaron Quenching

Upon the encounter of two independent (e.g. non-geminate) charge carriers or po-

larons (P±) with opposite charge, they can form a loosely-bound electron-hole pair

(P+P−), that succeedingly recombines (see Figure 3.13a). This pair can be either in sin-

glet or triplet spin state, depending on the initial spin orientation of the charges. Since

the multiplicity of triplets is 3 (T+1,T0,T−1) and 1 for singlets (S1), the probability for

their formation is 3/4 and 1/4, respectively. If the two polarons are separated relatively

far, spin–spin interactions D and J can be considered to be negligible. This means,

that the T0 triplet state is in resonance with the singlet state S1, facilitating intersystem

crossing (ISC). Because the luminescing singlet excitons are short lived, this opens a

shortcut for the recombination of T0 triplets, depleting this population. If by means

of EPR, transitions from the triplet T±1 levels to the T0 level are induced (see also Fig-

ure 3.11a), this would lead to an increase in radiative recombination, observable by

means of ODMR.

The described effect is being discussed to be responsible for the narrow resonance

at g = 2, observed for many organic semiconductors [32, 36]. This spectral feature is

then often referred to as polaron–pair peak.

Ground State Depletion

Optical excitation of an organic semiconductor usually creates singlet excitons. These

do either recombine radiatively (PL) during the singlet lifetime (∼ns), or they can un-

dergo intersystem crossing to triplet excitons, as shown in Figure 3.13b.

Lets consider a single molecule. This molecule can be either in the ground state,

singlet or triplet excited state. The µs long triplet lifetime is several orders of magnitude

longer than the singlet lifetime. Hence in a steady state experiment it is most likely, that

the molecule is either in the ground state or triplet excited state. If the latter is the case,

the molecule cannot participate in the singlet excitation / PL cycle. Consequently the

situation can be described as ground state depletion.

There are three rates (kpop) involved for the population of triplets in their spin sub-

levels T0 and T±1 from a singlet precursor, as well as additional three recombination

rates from the triplet excited state back to the ground state. All of these rates can be
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3 Electron Paramagnetic Resonance

considered to be at least slightly different. The T0 triplet level has the highest wave-

function overlap with the singlet regime and therefore usually the highest recombina-

tion rate. When EPR transitions between the Zeeman sublevels are induced (see also

Figure 3.11), the steady state balance of the involved rate equations is changed, which

will result in a change of the overall triplet recombination rate. This is equal to a change

of the triplet lifetime, and will result in a relative change of the ground state repopula-

tion rate, which in turn is connected to the singlet PL intensity.

While this process is not the dominant mechanism for the ODMR effect in the stud-

ied materials systems of this thesis, very similar processes are for example observed

for nitrogen-vacancy (NV) defects in diamond [37, 38] or silicon-vacancies in silicon

carbide [39].

(a) triplet–polaron quenching (b) ground state depletion

Figure 3.13: (a) Triplet–polaron quenching after the encounter of two polarons (P±) forming
a polaron pair (P+P−), which is either in singlet or triplet configuration. By inducing
spin-flips in the triplet manifold, a shortcut for triplet recombination via ISC from
T0 to the singlet state S1 and subsequent delayed fluorescence (DF) can be opened.
(b) Ground state depletion occurs, when a relevant amount of the involved opti-
cally active material is populated with long-living triplet states, and consequently
does not participate in the cycle of optical excitation and emission of PL. Since the
triplet sublevels have different recombination rates k, spin flips induced by EPR,
yield ground state repopulation and increase in PL.
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4 Experimental Section

This Chapter will give a short introduction to sample preparation, the used EPR setups

with extensions for optical (ODMR) and time-resolved detection (trEPR), as well as the

all-optical methods photoluminescence (PL) and photo-induced absorption (PIA).

4.1 Sample Preparation

Sample preparation took place inside a nitrogen glovebox to avoid exposure to air.

The organic materials were dissolved in chlorobenzene or ortho-dichlorobenzene at

a concentration of 10–20 mg/ml. Magnetic steering over several hours ensured com-

plete dissolution. For blends, the separate solutions of the different compounds were

then mixed according to the desired blending ratio (e.g. 1:1 for most polymer:fullerene

blends). For EPR∼0.1 ml solution were poured into 4 mm quartz EPR sample tubes and

the solvent was evaporated under rough vacuum (final pressure ∼10−2 mbar), yielding

a thick film on the inner sample tube wall. The sample tubes were finally sealed under

vacuum with a blow torch. For optical measurements, thin films of ∼100 nm were spin-

cast onto sapphire substrates for use in PIA, PL and absorption. After deposition, most

samples were annealed for ∼10 minutes at ∼130◦C. The materials and resulting sam-

ples were at all time kept under dry nitrogen atmosphere or vacuum to avoid degrada-

tion due to exposure to oxygen or moisture.

4.2 The X-Band EPR Spectrometer

The used EPR spectrometer is a home-modified Bruker 200D X-Band spectrometer.

Figure 4.1 gives an overview of the setup. It is outfitted with an optical transmission

cavity (ER4104OR) with a loaded resonance frequency of 9.432 GHz, which results in a

resonance magnetic field of 335 mT for g = 2.0. The magnetic field is calibrated for ev-

ery measurement with a high-precision NMR (nuclear magnetic resonance) gaussme-

ter Bruker ER035. The frequency counter EIP28b handles readout of the NMR and mi-

crowave frequencies and thus ensures proper automated g -factor calibration. The mi-

crowave bridge ER047 with a maximum power output of 200 mW is specially equipped
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with an integrated, fast 100 MHz amplifier to allow for trEPR operation. A field-frequency

lock ER033 can be used when long transient measurements are recorded to keep a set

g -factor position stable for hours. The sample is placed in a helium-flow cryostat (Ox-

ford Instruments ESR900), which has an accessible temperature range of (3.6–300) K.

The temperature is controlled by a Lakeshore 330 temperature controller to enable sta-

ble operation at about ±10 mK of the desired value. All components are controlled by a

computer, running self-written Labview software that also handles the data processing.

Figure 4.1: Overview of the EPR setup in configuration for cwEPR and trEPR detection, us-
ing either a lock-in amplifier or an oscilloscope for signal recording.

Several illumination sources are available to be used with the spectrometer. White

light is provided by a halogen bulb lamp with a flexible fiber light guide, connected to

the cavity. The infrared part of the halogen bulb spectrum is blocked by an IR filter.

Continuous wave lasers include blue (405 nm), red (650 nm) and infrared (785 nm)

diode lasers and a green (532 nm) DPSS laser, all with output powers in the range of

100 mW. For trEPR, a pulsed NdYAG laser with 532 nm frequency doubler is available.

The pulse length for this laser is approximately 10 ns and the energy is ≈1 mJ per pulse.

A silicon photo diode can be mounted at the rear optical cavity access. Its output

is used for ODMR detection or for recording the PL intensity. The light is filtered by

optical long-pass filters to e.g. block the transmitted laser light, while letting the PL

pass to the detector.
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4.2 The X-Band EPR Spectrometer

g-Factor Calibration

A major advantage of this EPR setup is the very precise g -factor calibration, due to the

integrated NMR gaussmeter and a microwave frequency counter. With this equipment,

it is possible to calibrate the spectrometer even without special samples like DPPH or

Mn2+. According to the EPR resonance condition (3.4), the measurement g -factor is

gM = hνMW
µB Bext

. The external magnetic field Bext can be measured precisely by determining

the proton Larmor frequency νNMR from the NMR gaussmeter. With this Bext = 2πνNMR
γ′p

,

with γ′p being the shielded proton gyromagnetic ratio for protons in water or similar

media. The measurement g -factor can then be written as:

gM =
ħγ′p
µB

νMW

νNMR
= ge

γ′p
γe

νMW

νNMR
(4.1)

The ratio
ħγ′p
µB

can be expressed as the ratio of the proton and electron gyromagnetic

ratios
γ′p
γe

times the free electron g -factor ge . The measurement of the microwave to

NMR frequency ratio is therefore sufficient for the calibration. The achievable relative

g -factor uncertainty is in the order of 1 ·10−5, limited by the electromagnet.

4.2.1 Continuous Wave EPR

Figure 4.2: The EPR signal
(blue) is recorded as
1st derivative of the
microwave absorption
(red) by modulating
the static magnetic
field (green) in a lock-
in detection scheme.

For operation in cwEPR mode, the main magnetic field

is superimposed with an alternating minor field, gener-

ated by additional modulation coils. These are mounted

inside the walls of the microwave cavity. The 100 kHz si-

nusoidal modulation is applied with a typical amplitude

in the range of 0.02 mT to 0.5 mT. The signal output of

the microwave bridge is connected to a lock-in amplifier

(Ametek 7265 or Stanford Research SR850), referenced by

the modulation frequency for phase-sensitive detection.

Due to the magnetic field modulation, cwEPR spectra are

recorded in first derivative of the absorption. The signal

reconstruction is depicted schematically in Figure 4.2.

The reason for using lock-in detection is the vast im-

provement in signal-to-noise ratio. Non-resonant back-

ground, as well as distortions at frequencies other than

the modulation frequency are suppressed. The downside

is the lack of time resolution. The lowpass frequency fil-

ter limits the available time resolution to roughly 0.1 s.
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4.2.2 Time-Resolved EPR

For trEPR operation, the microwave absorption is recorded directly with an oscillo-

scope, hence without field modulation and lock-in amplifier. Another notation used

in literature is DDEPR (direct-detected), referring to the same method. The transient

response of the spin system is recorded after a light pulse or similar initialization. This

starts a (chemical) reaction or initiates a charge transfer that produces EPR-active ex-

cited species. Usually these are short-lived or even have changing EPR properties over

time. The realization within the EPR setup is shown in Figure 4.1. The system is trig-

gered by a laser pulse and the microwave bridge signal output is connected to a digital

oscilloscope (Tektronix DPO3054). In-between, the signal is amplified by a high-pass

Femto DLPCA amplifier to boost the signal amplitude and get rid of low-frequency dis-

tortions. The time resolution is determined by the Q-factor of the microwave cavity.

A high Q-factor does provide excellent sensitivity improvement for cwEPR, however

for trEPR the time resolution is limited by it. The cavity response time is given by:

τcavity = Q

πνMW
(4.2)

With Q = 3400 and νMW = 9.432 GHz, the cavity response time is τcavity = 115 ns.

Considerable effort is necessary for the data processing of the raw oscilloscope tran-

sients. For most samples studied with trEPR, there is a strong background signal, that is

independent of the applied magnetic field. This signal is caused by laser-induced con-

ductivity changes and is subject of the method of time-resolved microwave conductiv-

ity (TRMC). The standing microwave field inside the EPR cavity has residual electric

field strength at the sample position. When the sample is excited by the laser flash, its

conductivity changes due to the charge transfer reactions. This change in conductiv-

ity is then detected as a non-resonant microwave absorption, that is independent of

the magnetic field. The EPR induced microwave absorption at the resonant magnetic

field is superimposed with that background. By recording transients at off-resonance

magnetic field values, the background can then be subtracted from the on-resonance

measurements. Usually a step-wise sweep over the interesting magnetic field range is

performed and transients are recorded for each step.

The raw data recorded by the oscilloscope is on a linear time axis with e.g. 1 million

evenly spaced data points. For data-reduction and better handling the transient data

is interpolated to resemble a logarithmic time axis. This also increases the signal-to-

noise ratio especially for long delay times. Next, the data set is transferred to a matrix

(B-field vs. logarithmic time) for further processing. Slices at different times or mag-

netic field values can then be used for plotting and fitting.
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4.2.3 Optically Detected Magnetic Resonace

For operation in ODMR mode, the setup is driven by a Wiltron 69137A frequency syn-

thesizer as microwave source (see Figure 4.3). This modification is necessary, because

the output power of the Bruker microwave bridge cannot be modulated. To enable

lock-in detection, the synthesizer is square-wave modulated (on/off) in the kHz-range.

The output is then amplified by a 2 W Microsemi solid-state microwave amplifier and

directed by a circulator to the cavity. The other output of the circulator is connected

to a microwave detector diode for tuning the resonance frequency by minimizing the

cavity reflection.

Figure 4.3: Overview of the EPR setup in ODMR configuration using a chopped microwave
generator, a silicon diode for PL detection and a lock-in amplifier for signal record-
ing.

The optical excitation is done using a stabilized cw laser and the PL is collected

by a Si-diode behind a long-pass filter to block the laser light. A Femto DLPCA tran-

simpedance amplifier is interposed between the PL detector and the Ametek 7265 lock-

in amplifier. The ODMR signal is then the EPR-induced change in PL intensity, in rela-

tion to the undisturbed PL intensity ∆PL/PL and can be expressed in % PL-change. It

is thus also referred to as PLDMR.
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The real challenge for ODMR is to eliminate all sources of noise and instability. This

includes the control of an extremely constant helium flow, because the changes in op-

tical density of the cold helium gas that passes the cavity, adds noise to the transmitted

laser and PL light. Temperature drifts and instabilities over time (temperature noise),

as well as fluctuating laser output power and noise result in signal distortions. Ad-

ditionally, the optimal modulation frequency is different for every observed excited

species and the frequency dependence of the signal-to-noise ratio is usually rather ir-

rational.

4.3 Photo-Induced Absorption – PIA

For PIA, sapphire substrates are used, because of their transparency in the near-infrared.

The substrates are coated in a spin coater and then mounted in a cold finger cryo-

stat (5–300 K). For PL and PIA measurements, excitation is achieved by a 532 nm laser.

The output power is set to ∼30 mW after mechanical chopping. Additional cw illu-

mination is provided by a halogen lamp. Both beams are superimposed on the sam-

ple. The transmitted light is collected by large diameter concave mirrors and focused

into a Cornerstone monochromator. Depending on the wavelength, the detection is

provided by a silicon photodiode (550–1030 nm), or by a liquid nitrogen cooled InSb-

detector (1030–5500 nm). Therefore, a broad energy range of 0.23–2.25 eV is accessible

(restricted by KBr cryostat windows). The detectors are coupled to the monochroma-

tor and signals are recorded using an Ametek 7265 lock-in amplifier referenced by the

chopper. The chopping frequency is 330 Hz for spectral studies, low enough to see

most of the signal and high enough to gain a good signal-to-noise ratio. The phase

is set to zero under PL conditions, because the extremely short lifetime of fluorescing

species prevents lifetime related phase shifts and compensates the phase shift caused

by the measuring system alone.

The PIA-experiment consists of three measurements: PIAPL, PL and transmission.

Figure 4.4 shows exemplary spectra. PIAPL is measured having both pump (laser) and

probe lights on, where the laser beam is modulated with a mechanical chopper. PL is

measured when only the laser is on and modulated. Transmission is measured by turn-

ing the laser off and modulating the halogen lamp. The PIA spectrum is then calculated

using the following formula:

PIA = −∆T

T
= PIAPL - PL

Transmission
(4.3)

46



4.3 Photo-Induced Absorption – PIA

4
3
2
1
0

P
L 

x1
0-6

 

2.01.51.00.5
energy (eV)

-1.0
-0.5
0.0
0.5
1.0

P
IA

 s
ig

na
l x

10
-3

 

-400

-200

0

P
IA

P
L 

 x
10

-6
 

1.0
0.8
0.6
0.4
0.2
0.0Tr

an
sm

is
si

on
4000 2000 1500 1000 800 600

wavelength (nm)

PIAPL

PL

Transmission

PIA signal

Figure 4.4: P3HT:PCBM blend at 30 K. The three necessary measurements for PIA are:
PIAPL, PL and Transmission. The PIA signal is then calculated using Equation 4.3.

For photoluminescence measurements the same setup and samples as for PIA can

be used. The resulting PL-spectra shown in this thesis were corrected for the spectral

response of the spectrometer. For this it is necessary to have the spectral transmission

of the used monochromator gratings and the sensitivity of the silicon detector diode.

These curves are multiplied to calculate a wavelength dependent calibration coeffi-

cient. The recorded PL-spectra are then divided by this coefficient to gain absolute

values.

Absorption

Absorption is measured with a Perkin-Elmer Lambda 900 spectrometer under ambient

conditions, i.e. at room temperature in environmental air. The same sapphire sub-

strates as for PIA and PL measurements can be used. The accessible wavelength range

is 250–2500 nm, roughly equal to 5.0–0.5 eV.
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5 Results

5.1 Spectroscopic Signatures of Photo-Generated

C70-Fullerene Radical Anions

Abstract

Photoinduced polarons in films of polymer:fullerene blends were studied by photo-

luminescence (PL), photoinduced absorption (PIA) and electron paramagnetic reso-

nance (EPR). The donor materials used were P3HT and MEH-PPV. As acceptors we em-

ployed PC60BM as reference and various soluble C70-derivatives: PC70BM, two differ-

ent diphenyl-methano-[70]fullerene oligoether (C70-DPM-OE) and two dimers, C70–C70

and C60–C70. Blend films containing C70 revealed characteristic spectroscopic signa-

tures not detected for C60. With EPR, the first experimental identification of the neg-

ative polaron (P−) localized on the C70-cage in polymer:fullerene BHJs has been ob-

tained. When recorded with conventional X-band EPR, this signal is overlapping with

the signal of the positive polaron (P+), which does not allow for its direct experimen-

tal identification. Owing to the superior spectral resolution of high frequency D-band

EPR, we were able to separate light-induced signals from P+ and P− in P3HT:C70 BHJs.

Comparing signals from C70-derivatives with different side-chains, we have obtained

experimental proof that the polaron is localized on the cage of the C70 molecule. The

formation of C70 radical anions also leads to a sub-gap PIA band at 0.92 eV, hidden in

the spectra of C70-based blends. These spectral features allow for more directed studies

of charge separated states in conjugated polymer:C70 blends.

Figure 5.1: After light-induced charge transfer from a polymer (red ribbon), C70-fullerene
anions show typical spectral features in PIA and EPR.
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5.1.1 Introduction

The soluble fullerene derivative PC60BM is used as acceptor material in the vast major-

ity of the OSC devices reported. One of the downsides of the PC60BM acceptor material

for photovoltaic applications is a very low absorption coefficient in the visible spectral

region and, as a consequence, a relatively small contribution to the photocurrent. It

was outperformed recently by PC70BM, due to its higher absorption coefficient in the

visible part of the solar spectrum (see Figure 5.2), but also due to the slightly higher

open circuit voltage [10, 40, 41]. Although understanding of the elementary steps of

efficient charge separation in the photovoltaic materials is a prerequisite for improv-

ing the efficiency, the photophysics of C70 containing blends is much less investigated

than of its C60 relatives.

So far EPR and VIS-NIR spectra of C70 derivatives obtained in different phases like

crystallites, salt-like samples and dilute (frozen) solutions in (un)polar solvents were

presented in the literature [42, 43, 44, 45]. The resulting signals differ for each different

phase, due to interactions with the host material. therefore, from the EPR measure-

ments, the undisturbed g -tensor components of the C70 radical anion could not be

obtained [46]. Additionally several partly overlapping NIR-absorption bands of single

and multiply charged C70 anions and cations obtained by reduction using potassium

in tetrahydrofuran solution were detected. An absorption at 1370 nm (0.905 eV) was

tentatively assigned to solvation complexes of C70 radical anions in solution [42, 44].

Recently, new C70-based fullerene dimers were introduced showing additional PIA

and EPR features when blended with conjugated polymers in thin solid films [15]. Here,

we report the first detailed characterization of the polaron states (radical anion and

cation) in C70-based polymer:fullerene heterojunctions by high frequency (HF 130 GHz)

EPR. Having high spectral resolution, the HFEPR allows for the identification of the

spectra of the positive polaron localized on the polymer and the negative one on the

fullerene cage. The EPR spectra of the polymer:C70-fullerene blends studied with the

conventional X-band (9.5 GHz) technique were found to be significantly different from

those of polymer:PC60BM and poorly resolved, which makes the direct identification of

the involved species speculative. To clarify this issue, we have carried out a compara-

tive high and low frequency EPR study of polymer:fullerene composites. We generalize

these findings for a broader class of C70-fullerene derivatives in solid state and present

results of the sub-gap PIA, determining the excitation energies of the involved excited

state.
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5.1.2 Experimental Details

Samples

The polymers P3HT and MEH-PPV as well as the fullerenes PC60BM and PC70BM were

used as purchased. Details about the synthesis of the fullerene dimers C70–C70 and

C60–C70 as well as C70-DPM-OE are reported elsewhere [15]. Further details about the

materials are given in Chapter 2.4. The materials and resulting samples were (at all

time) kept under dry nitrogen atmosphere or vacuum to avoid oxidation. Samples

were processed from chlorobenzene solutions (10–20 mg/ml) with a 1:1 weight ratio

for blends. Thin films of ∼100 nm were spincast onto sapphire substrates for use in

PIA, PL and absorption. For X-band EPR, ∼0.1 ml solution were poured into quartz

EPR sample tubes and the solvent was evaporated under rough vacuum (final pressure

∼10−2 mbar), yielding a thick film on the inner sample tube wall. The sample tubes

were finally sealed under vacuum with a blow torch. Samples for D-band EPR were pre-

pared inside thin EPR capillaries by drying the sample solution in the N2 atmosphere

and additional pumping of the samples for 48 h to remove the rest of the solvent. After

deposition, all samples were annealed for ∼10 minutes at ∼130 °C.

Optical Measurements

Photoinduced absorption (PIA) and optical absorption of thin films on sapphire sub-

strates were recorded according to Chapter 4. PL spectra were measured with the same

setup as used for PIA.

EPR

X-band EPR spectra were recorded according to the description given in Chapter 4. Il-

lumination was provided by a 532 nm DPSS laser. Calibration of g -factors were carried

out according to Chapter 4.2.

High frequency EPR measurements were performed on a pulsed high frequency D-band

spectrometer (130 GHz/4.6 T) equipped with a single mode cylindrical cavity TE011 [47].

EPR spectra of the composites were recorded in the pulse mode in order to get rid of

the microwave phase distortion due to fast-passage effects. The absorption line shape

of the EPR spectra was recorded by monitoring the electron spin echo (ESE) intensity

from a two microwave pulse sequence as a function of magnetic field. The duration

of the π/2 microwave pulse was 40–60 ns, and typical separation times between mi-

crowave pulses were 150–300 ns. The differential line shapes of the spectra were ob-

tained by numerical differentiation.
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Light excitation of the sample was achieved with an optical parametric oscillator

(Opotek) pumped by a Nd:YAG laser (Quantel), the output of which was coupled to

an optical fiber. The optical fiber allows delivery of up to 2 mJ per pulse to the sample.

The excitation wavelength was 532 nm.

For the simulation of the EPR lineshapes and g -tensor determination (X-band and

D-band), the software package EasySpin was used [48]. Spectra were fitted to the D-

band experimental data and the gained data set of g -tensors and strains was used to

reproduce the X-band data.

5.1.3 Results

Absorption and Photoluminescence

Figure 5.2 shows that PC70BM has an increased absorption in the range of 400–700 nm

compared to PC60BM, which is favorable in view of the AM 1.5 solar flux. Absorption

was measured under ambient conditions. At low temperatures (12 K) these samples

emitted a weak, yet detectable PL when excited by a 532 nm laser.
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Figure 5.2: Normalized AM 1.5 solar flux (grey line), absorption at 300 K (dashed) and nor-
malized PL at 12 K (solid) of thin films of PC60BM (black) and PC70BM (red).

Intensities of the PL spectra were corrected for the spectral response of the spec-

trometer (see Chapter 4.3). The spectra of both fullerene derivatives showed well re-

solved vibronic structures and the PL of PC70BM was blue-shifted by ∼40 meV (17 nm),

matching literature values [49].
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PIA

We studied the photophysical properties by photoinduced absorption (PIA). The ex-

citation by a 532 nm laser leads to singlet excitons, which are separated at the poly-

mer:fullerene interface yielding positive and negative polarons in the polymer and

the fullerene phase, respectively. The resulting change in transmission (−∆T /T ) of a

white light continuum probe beam was measured (see Chapter 4.3). In most poly-

mer:fullerene blends, transitions ascribed to polaronic states (radical cations) are lo-

cated at 0.3 eV and 1.2 eV. For P3HT or PPV blended with PC60BM these spectral signa-

tures are well documented [50, 51].
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Figure 5.3: (a) PIA spectra at 30 K. While the structure of the spectra is similar, the peak
at 0.92 eV only shows up in blends with C70-derivatives. (b) Zoom on the 0.92 eV
region for normalized spectra of P3HT:PC60BM (1), P3HT:C70-DPM-OE (2) and
P3HT:PC70BM (3). Additionally shown are subtractions of the spectra (2-1) and (3-1)
together with Lorentzian fits of the lineshape (red).

Figure 5.3a shows the PIA spectra of the measured polymer:fullerene blend systems

at 30 K. All spectra contain the two transitions at 0.3 eV and 1.2 eV, due to the posi-

tive polaron created on the polymer, shifting slightly according to the varying energy

levels of the different polymers. Additionally we found an absorption at 0.92 eV in all

C70-containing blends, which is absent in the reference P3HT:PC60BM spectrum and

therefore related to the C70. We were able to separate the contribution of the under-

lying peak (see Figure 5.3b) by subtracting the normalized spectrum of P3HT:PC60BM

(1) from P3HT:C70-DPM-OE (2) and P3HT:PC70BM (3).
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Lorentzian fits of the resulting spectra (3-1) and (2-1) and the other materials inves-

tigated yield the parameters shown in Table 5.1. The observed slight differences could

stem from systematic errors in the PIA measurement process, but are more likely a re-

sult of variations of the 0.92 eV absorption depending on the molecular environment

of the excited state.

Table 5.1: Peak energy E0 and linewidth FWHM of the observed C70 anion peaks.

Material T (K) E0 (nm) E0 (eV) FWHM (eV)
P3HT:C70–C70-dimer 30 1355 0.915 0.081
P3HT:C70-DPM-OE 30 1352 0.917 0.095
P3HT:PC70BM 30 1343 0.923 0.112
MEH-PPV:PC70BM 30 1361 0.911 0.075
MEH-PPV:PC70BM 120 1367 0.907 0.090

Average values: E0 = (1356 ± 9) nm ≡ (0.915 ± 0.006) eV. FWHM = (0.091 ± 0.014) eV

As the examined fullerene derivatives have different side-chains, we can exclude

them to account for the observed absorption band. Charge transfer complexes as pos-

sible candidates for an additional sub-gap absorption could be ruled out by replac-

ing the polymer P3HT with MEH-PPV, which has different HOMO and LUMO ener-

gies [52, 53].

Furthermore the relation of the 0.92 eV peak to C70-derivatives is also consistent

with the different temperature dependence of the PIA peaks in the blend of MEH-

PPV:PC70BM (Figure 5.4). The polaron peaks at 0.3 eV and 1.2 eV both show an identical

decrease in signal intensity when increasing the temperature from 30 K to 300 K, while

the 0.92 eV peak decreases steeper and vanishes at 300 K. The intensity of the 0.92 eV

peak has been determined by subtracting the background at this spectral position and

integrating the peak.

In the polymer:PC60BM blends, the signature of the C60 anion radical peak is an

interesting issue. It is missing in the MEH-PPV or P3HT based PC60BM blends. As

discussed in literature [54], this may be due to the fact that the C60 anion peak is at

1.24 eV and therefore superimposed by the stronger polymer polaron signal located at

the same energy. We do observe an additional C60 radical anion PIA peak in blends of

PC60BM and the novel low band-gap polymer PTDBT, confirming the results of Ref. [54].

The positive polymer polaron is well known to show the characteristic 1.2 eV and

0.3 eV signatures, but does not explain the feature at 0.92 eV. According to our findings,

we associate this new feature to the negative radical anion on the C70-fullerene, formed

in the course of photoinduced electron transfer from donor to acceptor.

54



5.1 Spectroscopic Signatures of Photo-Generated C70-Fullerene Radical Anions

8

6

4

2

0

P
IA

 s
ig

na
l x

10
-4

 

1.21.00.80.60.4
energy (eV)

5000 3000 2000 1600 1200 1000
wavelength (nm)

MEH-PPV:PC70BM

30 K

120 K

300 K

(a)

1.0

0.8

0.6

0.4

0.2

0.0

re
la

tiv
e 

P
IA

 in
te

ns
ity

30025020015010050
temperature (K)

Temp 0.3 eV 0.92 eV 1.2 eV
30 K 100 % 100 % 100 %
120 K 41 % 25 % 41 %
300 K 14 % 0 % 13 %

 0.30 eV
 1.20 eV
 0.92 eV

(b)

Figure 5.4: (a) Temperature-dependent PIA spectra for MEH-PPV:PC70BM. (b) The main
polaronic peaks at 0.3 and 1.2 eV show identical behavior. In contrast, the peak at
0.92 eV decreases steeper when increasing the temperature.

EPR

Prior to illumination, no EPR signals in the blends were observed. Under illumination

at temperatures below 150 K, the X-band spectra of the composites containing C60-

derivatives show two distinct polaron signals (see Figure 5.5a (1)). These signals were

previously assigned to photogenerated positive and negative polarons in the blends:

P+ localized on the polymer around g = 2.002 and P− on the C60-cage at g = 2.000 [55,

56, 57, 58]. At lower temperatures, however, part of the signal remains persistent after

switching off the excitation, as shown in Figure 5.5a (2) and can be eliminated only by

warming up the sample [57, 59]. This behavior is consistent with deeply trapped charge

carriers [60, 61].

Remarkably, X-band spectra of C70-based blends do not demonstrate any such signal

around g = 2.000 (Figure 5.5b). Instead, only one signal around g = 2.002, correspond-

ing to the P+ (radical cation) on a P3HT chain can be seen. It is slightly broadened and

reveals a shoulder at g ≥ 2.005. We assume that the appearance of this shoulder is re-

lated to the negative polaron P− localized on the C70 fullerene as it is observed for all

blends containing C70-derivatives (indicated by the red rectangle in Figure 5.5b) and

absent in blends containing only C60.

In order to deconvolute strongly overlapping signals, the “light on – light off” method

can be applied. In general, the EPR spectral intensity is proportional to the number of

spins in the sample, which is in turn dependent on the illumination intensity.
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Figure 5.5: (a) EPR spectra of P3HT:PC60BM 1:1 blend at T = 30 K: (1) under illumination; (2)
after illumination (light off). (b) EPR spectra at 100 K of P3HT blended with different
fullerene-derivatives. All C70-containing composites show a shoulder for g ≥ 2.005
(indicated by the red rectangle) which is assigned to the C70 anion.

Figure 5.6a shows the spectral series taken in the dark, under ambient light condi-

tions, and at 0.8, 8, and 80 mW laser excitation power, respectively. The vertical mark-

ers indicate the positions (shoulders) of interest at which the amplitudes of the spectra

were determined. These values are shown in the inset of Figure 5.6a, indicating slightly

different behavior for different parts of the EPR spectra.

In particular, it is seen that, at the highest excitation intensities, the shoulder at

g = 2.0050 is growing larger in comparison to the signal position at g = 2.0005. This de-

viating intensity dependence has been reported before [62] and is in accordance with

the formation of positive bi-polarons in the P3HT-domain as explained by Savenije et

al. [63]. At high light intensities and cryogenic temperatures (T≤ 30 K) two P+-polarons

can form a bi-polaron, which is not detectable by conventional cwEPR. Consequently

this leades to the different light saturation behavior observed for P3HT:PC70BM blends

as shown in Figure 5.6a.

This finding was used for tentative deconvolution of the EPR spectrum to positive(
P3HT+)

and negative
(
C−

70

)
polarons by normalization and subsequent subtraction,

as shown in Figure 5.6b. The overview in Figure 5.7a shows the experimental X-band

EPR spectra (black) and the deconvoluted spectra (blue) of P3HT blended with PC60BM

(top) and PC70BM (bottom). The extracted spectrum of the P3HT+ polaron is identi-

cal for both blends (2, 5). The spectra of C−
60 and C−

70 can be simulated in very good

agreement with the parameters given in Table 5.2 as discussed below.
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Figure 5.6: (a) X-band EPR spectra of a P3HT:PC70BM blend at T = 30 K. Experimental spec-
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from Table 5.2.
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The line shape and the g -value of the C−
70 EPR spectrum obtained as described above

considerably differ from those of C−
60 in a similar composite environment. This strik-

ing observation is ambiguous, considering the low spectral resolution of X-band EPR.

therefore, a direct experimental confirmation with higher resolution is necessary.

HFEPR

In order to spectrally separate overlapping signals with close g -values and to extract

the parameters of the g -tensor, we applied the high frequency EPR technique (D-band

130 GHz). HFEPR spectra of P3HT:PC60BM and P3HT:C70-DPM-OE are shown in Fig-

ure 5.7b. The P+ and P− signals of P3HT:PC60BM composites are now completely sepa-

rated (1). Note that in a pulsed EPR experiment, the signals are detected as microwave

absorption, while, in cwEPR experiments, the signals are detected as the first derivative

of the absorption. For better comparison, we depicted the first derivative EPR spec-

trum together with the fit (2). The signal at g = 2.000 corresponds to C−
60 and shows

near axial symmetry of the g -tensor. The high field part of this signal (corresponding

parallel component g || of the g -tensor of the C−
60 spectrum) is very broad. Such large

broadening is typical for a g -strain effect, when one or another g -tensor component

is distributed mainly owing to the interaction with the environment. In the first ap-

proximation, the bigger initial shift of the g -tensor component from the free electron

g -tensor, ge = 2.0023, the stronger the g -strain effect. The large g -strain of the g || com-

ponent reflects the sensitivity of the C−
60 molecular orbital energy levels of unoccupied

molecular orbitals (see below) to the heterogeneous environment.

The line around g = 2.0025 (Figure 5.7b (1, 2)) is due to a positive polaron P+ on the

polymer chain with rhombic symmetry of the g -tensor. The low field component of

P+ is also unusually broadened which might be explained by the g -strain effect as well,

and the sensitivity of the P3HT energy levels of occupied orbitals (see below) to the

heterogeneous environment.

The HFEPR spectra of blends of P3HT with C70-derivatives show only one broad sig-

nal with several shoulders at higher and lower g -factor (Figure 5.7b (3)). This signal

is much more extended towards higher g -factors than the signal of P+ in P3HT:C60-

derivative blends. Considering the X-band EPR results, it presumably consists of two

overlapping spectra, one corresponding to P3HT+ and another one to C−
70. As the line

shape of the P+ signal, which is localized on P3HT, is expected to be identical for the C60

and C70 composites (compare Figure 5.7a), we can obtain a spectrum of the C70 radical

anion by subtracting the low field parts of these two spectra, as shown in Figure 5.7b

(4) (4 = 1−3). Again, to draw parallels between cw- and pulsed-EPR, the spectrum (5)

is plotted as the first derivative of (4) together with the fit.
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Figure 5.7: Comparison of X- and D-band EPR. Spectra taken at T = 30 K. Black: ex-
perimental spectra. Blue: deconvoluted by subtraction. Red dashed: simulation
using parameters from Table 5.2. (a) X-band EPR spectra of P3HT:PC60BM (top)
and P3HT:PC70BM (bottom). (b) D-band EPR spectra of P3HT:PC60BM (top) and
P3HT:C70-DPM-OE (bottom). (1, 3) Experimental spectra, (2) first derivative of (1),
(4) subtraction of P3HT+ spectrum (low field part of (1)) from (3), (5) first derivative
of (4).
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The resulting signal (5) is matching the deconvoluted signal in X-band (Figure 5.7a

(6)), demonstrating the good agreement of the two EPR techniques and the validity of

our findings.

The signal obtained by the subtraction procedures in X- and D-band is definitely

due to a negative polaron localized on the C70 molecule. However, it can be local-

ized either on the C70-cage or on the side-chain. To answer this question, we recorded

spectra from composites of P3HT:C70-derivatives that differ by their side-chains. With

X-band EPR we tested various fullerene derivative blends yielding equivalent spectra

(Figure 5.5b) with the same shoulder at g ≥ 2.005, that only differed by the relative

intensities of the underlying signal constituents. Using D-band EPR we were able to

directly confirm that blends of P3HT with either PC70BM or C70-DPM-OE show iden-

tical spectra of the C70 radical anion. We want to emphasize that X- and D-band EPR

spectra were found to be equivalent, i.e. they did not depend on the chemical structure

of the side-chain. Thus, we believe that the spectra in Figure 5.7 (bottom) are due to

negative polarons being localized on the C70-cage. The signal demonstrates a g -tensor

close to axial symmetry, with higher anisotropy compared to the polaron localized on

C60, which reflects the lower symmetry of the C70-molecule. The g -tensor parameters

of the polaronic signals are summarized in Table 5.2.

Table 5.2: Main components of the g -tensors of positive (P3HT+) and negative (C−
60 and C−

70)
polarons in P3HT-fullerene blends.

g -tensor a) P3HT+ C−
60 C−

70
gxx 2.00380 2.00058 2.00592
g y y 2.00230 2.00045 2.00277
gzz 2.00110 1.99845 2.00211

a) The relative error in the g -tensor measurements is ±0.00005.

5.1.4 Discussion

It is important to note that, while the g -tensor components of the C60 anion radical are

lower than the free electron g -factor
(
ge = 2.0023

)
, for C−

70 the g -tensor components

are mostly higher than ge . According to the classical Stone theory of g -factors [64],

a negative deviation of the g -factor from the free electron value is due to spin-orbit

coupling with empty p- or d-orbitals, while spin-orbit coupling with occupied orbitals

leads to positive deviations. The latter case is more often encountered for pure organic

radicals. Thus, a difference in the g -value is an indication for the different electronic

structure of molecular orbitals in C60 vs. C70 anion radicals.
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Previous studies of C−
70 in the liquid phase at room temperature [46, 65] demonstrate

that the average g -factor of C−
70 is higher than the g -factor of C−

60. This positive shift

of the g -factors in solution has been explained on the basis of the static Jahn–Teller

effect [66, 67]. It is probable that Jahn–Teller dynamics in the solid phase are quite

different for C60 and C70 molecules, which might contribute to different signs of the

g -value shifts [67]. Nevertheless, there is no unified theory that can explain g -tensors

of both C−
60 and C−

70 radicals yet. Our precise measurements of the anisotropic g -tensor

of C70 anion radicals in the solid phase might be a reference point for developing and

testing such a unified theory.

Finally, the reported pulsed HFEPR experiments were carried out on samples that

were dried in N2 atmosphere. Upon removing the solvent by evaporation, the intensi-

ties of the lines considerably decreased and almost completely disappeared after an-

nealing of the films. At the same time, a narrowing of the P3HT+ spectra was observed.

Both observations can be explained in accordance to literature:

The loss in EPR signal intensity upon annealing of the sample has been discussed in

detail by Savenije et al. [63]. The heat-induced change in morphology leads to a growth

of separate domains and to ordering within these domains of polymer and fullerene.

This is accompanied by a loss of interface area and reduced concentration of trapping

cites. Hence, the steady-state concentration of charge carriers at low temperatures dra-

matically decreases upon ordering due to temperature-assisted annealing.

The observation of the change in linewidth is best explained with the effect of mo-

tional narrowing [19, 20]. The P3HT+ spectrum is broadened by unresolved hyperfine

interactions with surrounding protons. With higher mobility, more protons interact

with the polaron in a given period of time, resulting in a narrowing of the line due to

the enhanced motion of the polaron (also see Section 3.2.2 about line broadening). For

P3HT the mobility is enhanced enormously upon annealing, caused by the resulting

higher degree of order in this otherwise mostly amorphous polymer. Thus, the nar-

rowing of the P+ linewidth from frozen solution via dried film to annealed film reflects

the change in charge carrier mobility. A high degree of polaron delocalization in the an-

nealed samples is also confirmed by shortening of the relaxation time T1 as measured

by the spin echo technique in HFEPR.
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5.1.5 Conclusion

To summarize, we have studied a variety of solid films of C70-fullerene derivatives and

dimers blended with two different conjugated polymers, with the emphasis on the

photogenerated radical anion. We identified spectral features originating from C70 in

PIA and EPR spectroscopy, namely an additional sub-gap PIA peak at 0.92 eV and an

EPR-shoulder at g ≥ 2.005. By comparing results from different blends we can infer

that these features are indeed signatures of the C70 radical anion and not originating

from the side chains of the fullerenes or charge transfer states at polymer:C70-fullerene

interfaces. When recorded with conventional X-band EPR, this signal is overlapping

with the signal of the positive polaron, which does not allow for its direct identification.

Owing to the superior spectral resolution of the HFEPR technique, we were able to sep-

arate light-induced signals from positive and negative polarons and provided the first

experimental identification of the radical anion localized on the C70-cage in P3HT:C70-

derivative composites. The reported PIA-band and g -tensor parameters are of impor-

tance, as these are the characteristic fingerprints of the charge separated state and en-

able directed studies of charge transfer reactions in C70-based bulk-heterojunctions.
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5.2 CT in Polymer:PC60BM:PC70BM Ternary

Blends: Which Fullerene Gets the Electron?

Abstract

The highest efficiencies reported for organic solar cells are for devices incorporating

blends of conjugated polymers and C70-derivatives, due to their higher optical ab-

sorption compared to C60. Yet the costly purification of higher fullerenes might hin-

der a widespread adoption of this promising material class. However, recent results

showed that polymers blended with an unpurified mixture of the derivatives PC60BM

and PC70BM yield solar cells with comparable performance.

Figure 5.8: If different fullerene acceptors
are available, which one gets the
electron after photoinduced elec-
tron transfer from a conjugated
polymer?

This is surprising, because from absorp-

tion and photoluminescence spectra, differ-

ent energy levels for both fullerenes are ex-

pected. If there were a noticeable difference

in electron affinity, one of the two fullerenes

would act as an electron trap in a mixed

phase, hence hindering transport and lim-

iting device performance. This raises the

question on which fullerene type the electron

is residing after light induced charge trans-

fer from the polymer? Using light-induced

EPR, we can distinguish between holes on the

polymer and electrons on either C60 or C70,

since their EPR spectra are slightly shifted

against each other. Our results demonstrate

that there is no strong preference for either

fullerene. Thus from an economic point of

view “unpurified” fullerenes might be a viable

option for large scale production.
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5.2.1 Introduction

Even with the obvious advantages of C70-derivatives for organic solar cells, from an

economic point of view it might be too expensive for wide-spread usage [68]. The pro-

duction of raw fullerenes typically yields C60, C70 and higher fullerenes in a ratio of

approximately 3/4, 1/4 and 1–3 %, respectively (see Figure 5.9). After purification to

>99 % purity, the price of C70 is about one order of magnitude higher than for C60. Ad-

ditionally, producing solution processable derivatives such as PCBM raises the price to

the order of several hundred euros per gram. Therefore it should be investigated on

how to reduce this intrinsic cost factor, especially for C70.

co
st

s

500 €/g          15 €/g          10 €/g        135 €/g         350 €/g         780 €/g

PC60BM
>99.5%

PC70BM
>99.0%

C70>99.0%

C60>99.5%

raw fullerenes
C60≈3/4
C70≈1/4

  CXX≈1-3%

technical grade
PC70BM

PCBM>99%
PC70BM 90-95%
PC60BM   5-10%
C60,C70 <0.1%

Figure 5.9: Costs per g and purity of fullerenes and PCBM-derivatives. Prizes from NeoTech-
Product.ru (raw fullerenes) and Solenne BV (purified fullerenes and PCBM). Note the
steep increase in pricing for purification and adding PCBM-sidechains.

Recent results by Popescu et al. demonstrate that the purification step itself might

not be necessary to its full extent. Solar cells produced from the polymer P3HT with a

PC60BM / PC70BM-mixture without further purification achieve the same efficiency as

those produced from purified PC70BM [69]. The author suggests a so-called “technical-

grade” PC70BM which has a high percentage of PC70BM (90–95 %) with the rest mainly

being PC60BM (5–10 %), while other (higher) fullerenes are excluded to be possible

impurities (¿ 0.1 %). Nowadays technical-grade PC70BM can be purchased for less

than even the highly purified PC60BM from Solenne BV [70].
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Comparison of Fullerene Energy Levels

It is surprising that solar cells using a non-purified “technical grade” PC70BM do work,

because the energy levels of C60 and C70 were thought to be not exactly identical. If

there were a difference in electron affinity for C60 and C70, one of the two could act as an

electron trap in a mixed phase, hence hindering electron transport and limiting device

performance. Having a closer look at the differences of the molecules is essential.

The comparison of the field-effect mobilities measured in field-effect transistors made

from PC60BM and PC70BM showed very similar electron mobilities [71]. This is also

favorable for the intended use in a mixed phase and underlining their potential elec-

tronic compatibility. In contrast to that, a recent study by Schafferhans et al. on fullerene-

based thin-film diodes has shown that while there are similar electron trap densities in

both PC60BM and PC70BM, the traps are deeper in devices employing PC70BM [72]. The

deliberate doping of polymer:PC60BM solar cells with very small amounts of PC84BM

was even used to directly study the deteriorating effect of deep trap states in the fullerene-

phase on solar cell performance and recombination mechanisms [73]. Using tran-

sient absorption spectroscopy, the polaron recombination dynamics in P3HT:fullerene

blend films were studied for C60, C70 and C80 with PCBM and bis-PCBM side chains

attached. They were found to be largely acceptor dependent, explained by the differ-

ence in shielding of the fullerene by its side chain(s) [74]. For pure fullerenes a di-

rect comparison of cyclo-voltammetry of PCBM-derivatives made from C60, C70 and

C84 has shown that the HOMO / LUMO levels of PC60BM and PC70BM differ slightly

by 5–15 meV, while PC84BM is shifted by ≈300 meV, explaining its enhanced electron

trapping properties [75, 74]. Additionally, from PL-spectra, the singlet-gap for radiative

recombination has been determined to be 1.70 eV for PC70BM and 1.66 eV for PC60BM.

Hence, the PL is red-shifted by 40 meV for PC60BM [76] (see previous Chapter 5.1).

The reported differences for C60, C70 and their derivatives are small, but nonethe-

less they demonstrate that the molecules are energetically not identical. The question

arises which fullerene will get the electron after photo-induced charge transfer from

the donor material, if both C60 and C70 are available. Do the energetic differences of

the fullerenes have an influence on the charge transfer reaction?

Use of EPR to Study Ternary Blends

The previous Chapter discussed in detail that the EPR spectra of electrons and holes in

polymer:fullerene blends deviate strongly from one another. Consequently it is possi-

ble to distinguish electrons localized on either C60 or C70, making the electron popula-

tion densities of the two fullerenes directly accessible [76, 77].
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A closer look at the spectrum of P3HT blended with a special C60–C70-dimer molecule

already revealed that contributions of both fullerene anions are present, indicating that

the charge transfer process might not be dominated by one fullerene type (see Fig-

ure 5.5b in the previous Chapter).

In this study we used the obtained knowledge about the EPR signatures of both

fullerenes to measure the electron distribution in ternary blends of PC60BM, PC70BM

and the donor polymer P3HT. From the results we then estimated the actual energetic

difference for an electron to be localized on either fullerene in a mixed phase.

5.2.2 Experimental Details

Samples

The materials used for this study are the conjugated polymers P3HT and PTB7 together

with the fullerene-derivatives PC60BM and PC70BM (see Chapter 2.4). The PCBM-

derivatives were obtained from Solenne BV. No additional purification was performed.

The stated purity for PC60BM is >99.5 % and >99.0 % for PC70BM. Additionally, we

obtained a “technical grade” PC70BM, which consists of a mixture of 93.8 % PC70BM

and 6.2 % PC60BM (weight-%), as stated for this batch by Solenne BV. Known impu-

rities consist of <0.1 % C60 and C70 without sidechains, while higher fullerenes (such

as C84), are excluded to be possible impurities (¿ 0.1 %). The overall purity of PCBM-

derivatives is >99 %.

Sample preparation took place inside a nitrogen glovebox to avoid exposure to oxy-

gen. The materials were dissolved in chlorobenzene with a concentration of 20 mg/ml

and stirred over night. Then, small amounts of the polymer and fullerene solutions

were mixed in the desired blend ratio. P3HT was blended with equal amounts of fullerenes

(100 : 100), as this is approximately the best mixing ratio considering solar cell perfor-

mance. The fullerene amount X was varied between only PC70BM (X = 100) and only

PC60BM (X = 0). Therefore the total blend ratio was P3HT:PC70BM:PC60BM = (100 : X :

100−X ). After vacuum-drying 0.2 ml portions of the solutions in EPR tubes, the sample

tubes were flushed with helium several times and finally sealed under≈20 mbar helium

atmosphere with a blow torch. EPR spectra were recorded for as-prepared samples and

additionally after 10 min thermal annealing at 130◦C.

To exclude the presence of paramagnetic impurities, such as residual metallic cata-

lysts from the synthesis, a full sweep EPR spectrum over the accessible magnetic field

range of the spectrometer was recorded for several of the prepared samples. Despite

the expected polaronic signatures of P3HT+, C−
60 and C−

70, no additional EPR signals

were found, stating the high purity of the used materials.

66



5.2 CT in Polymer:PC60BM:PC70BM Ternary Blends: Which Fullerene Gets the Electron?

EPR

EPR spectra were recorded with the X-band spectrometer described in Chapter 4. The

magnetic field modulation amplitude was set to 0.05 mT. The g -factor was calibrated

for each measurement according to Chapter 4.2. Illumination was provided by a 532 nm

DPSS laser arriving in the cavity with 20 mW.

Measuring cwEPR spectra of polarons in organic semiconductors at cryogenic tem-

peratures needs careful considerations concerning which microwave power settings

are suitable. At low temperatures the cwEPR spectra of spins in organic semiconduc-

tors always show microwave power saturation to some extent, due to fast passage ef-

fects and saturation of the spin lattice relaxation time. It is thus impossible to directly

determine the total number of spins from an EPR signal. A straightforward solution for

this task would be to record the EPR spectra at very low microwave powers to prevent

signal saturation. However, at temperatures below 70 K this is not feasible with the

lowest accessible microwave power settings of a cwEPR spectrometer for this kind of

organic samples.

Figure 5.10a shows typical spectra of a 100 : 50 : 50 blend of P3HT:PC70BM:PC60BM

for different microwave power settings taken at 70 K. The inset shows intensities mea-

sured at the two positions marked with small vertical arrows
(
C−

70 and C−
60

)
at g = 2.0054

and g = 1.9992. At the higher g -factor position only C−
70 contributes to the measured

signal intensity, while at the lower g -factor a superposition of mostly C−
60 and to some

extent P3HT+ contributes. This is sufficient in this case to show the effect of satura-

tion. All signals show saturation – they deviate from the non-saturated ideal square

root line (steeper black line in the inset). Even for the lowest power setting this is prob-

ably still the case. Thus, a hypothetical identical number of spins for each of the three

spin species would yield different EPR signal intensities at a given temperature and

microwave power. However, the saturation behavior of these species is expected to

remain identical for each of the studied blending ratios. therefore its effect can be ad-

justed by careful normalization as described below.

Additionally, Figure 5.10b shows the respective polar plot of the lock-in raw-data (X

and Y), with the detection phaseΘdetermining the in-phase and out-of-phase EPR sig-

nal. For the highest microwave power setting, the signal is highly distorted and shows

large deviations in form of out-of-phase contributions. This kind of measurement is

unsuitable for the planned signal analysis, since it is not even possible to accurately

determine a single detection phase Θ for all signal components. For the lower two mi-

crowave power settings, all signal components are in-phase with the detection angleΘ.

While the signals are partly saturated, they do not show additional out-of-phase distor-

tions, which is favorable for the intended intensity analysis.
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In this case (70 K), a microwave setting of 0.632 mW (25 dB) yields optimal signal-to-

noise ratio and only minor out-of-phase distortions in the polar plot. The same consid-

erations were made for all measurement temperatures and the following settings were

found to yield undisturbed signals with reasonable signal-to-noise ratio: 0.020 mW for

15 K and 20 K / 0.0632 mW for 30 K / 0.632 mW for 70 K and 6.32 mW for 100 K.
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Figure 5.10: a) Exemplary EPR spectra taken for different microwave powers at 70 K. The
inset shows the normalized EPR signal intensities for C−

60 and C−
70, measured at the

marked positions, over the square root of the microwave power setting. The steeper
black line is a guide to the eye, representing a non-saturated signal. b) Polar plot of
the corresponding lock-in raw-data (X and Y). The detected signal changes in inten-
sity and especially signal-phaseΘ, due to saturation of the EPR lines.

5.2.3 Results

EPR spectra

Figure 5.11 shows EPR spectra of illuminated blends of P3HT:PC70BM:PC60BM with

blending ratios of 100 : X : 100−X . Additionally, a sample with the commercially avail-

able “technical grade” PC70BM was measured (93.8 %). Simulations of the positive po-

laron P3HT+ localized on the polymer as well as the signatures of the radical anions

C−
60 and C−

70 are shown for comparison. All three components have slightly different g -

factors, which results in a spectral shift towards each other. The experimental spectra

are superpositions of the individual components with their relative intensities depend-

ing on the number of charge carriers localized on the respective material. Of special in-

terest are the spectral positions marked by the vertical arrows Iexp1 and Iexp2, where the
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gradual change of the spectra from 0 % (no PC70BM) to 100 % (no PC60BM) is reflected

by the shifting intensities between the contributions of C−
60 and C−

70 to the spectrum.
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Figure 5.11: Experimental EPR spectra (solid lines) of P3HT:PC70BM:PC60BM blends with
varying PC70BM percentage of the fullerene contents (T = 30 K). A sample with the
commercial “technical grade” PC70BM has also been measured. Dashed lines show
simulations of the spectra of P3HT+, C−

70 and C−
60 for comparison. The red and blue

vertical arrows mark the spectral positions at which the intensities Iexp1 and Iexp2

have been measured in order to quantify the distribution of electrons between the
two fullerenes.

Additional measurements have been made (not shown) for blends with the poly-

mer PTB7. The EPR spectra are similar to those on the basis of P3HT. At the sides of

the spectrum, where C−
60 and C−

70 contribute to the signal intensity, features of both

fullerene radical anions can be detected according to their weight-percentage. How-

ever, a detailed analysis as described below for P3HT is not possible since the broad

linewidth of PTB7+ overlaps completely with the fullerene signatures. Nevertheless,

there is no indication that the distribution of electrons between the two fullerenes is

influenced by the choice of the donor polymer.
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Influence of Temperature, Excitation Wavelength and Thermal Annealing

Measurements were carried out at temperatures of 100 K and below, because only at

cryogenic temperatures, a sufficient signal-to-noise ratio can be achieved for these and

similar materials [62]. At lower temperatures, signal intensities were higher due to en-

hanced trapping of charge carriers [61]. Line widths also showed a slight temperature

dependence, which has been assigned previously to motional narrowing [19]. Over-

all EPR signal intensities were roughly the same for the changing blend ratios at each

temperature. Hence, no enhanced trapping due to the ternary blends was observed.

One could have expected additional charge carrier trapping at low temperatures, be-

cause deeper lying traps in blends made of PC70BM have been reported in comparison

to trap energies in PC60BM [72]. From our results we can infer that this does not seem

to be the dominating effect for these ternary blend systems.

We tested whether there is a dependence on the excitation wavelength. Since the two

PCBM derivatives have different absorption spectra and will absorb different amounts

of the incident light in a solar cell, this could yield an uneven electron distribution.

A halogen bulb white light and a 532 nm laser at various illumination intensities were

used. To also check for an effect of morphology, EPR spectra were recorded before and

after thermal annealing (10 min at 130◦C). The resulting spectra differ in overall signal

intensity, but overlap perfectly after normalization. Hence, annealing and illumination

have no effect on the electron distribution between the two fullerene acceptors.

We want to point out that the shown EPR spectra reflect the steady state populations

after charge transfer and relaxation of the charges in the different domains of the blend

films. Because the spectra are independent of experimental conditions and sample

treatment, we can deduce that the distribution of electrons between the two fullerenes

depends solely on their energetics and respective weight-percentage in the samples.

EPR Simulations

Simulations and fits of the EPR spectra were performed using EasySpin [48] and further

data analysis was done with Igor Pro. The spectra of the 1:1 blends of P3HT:PC60BM

and P3HT:PC70BM were fitted using the g -factor values known from our previous stud-

ies presented in Chapter 5.1 and in literature [77]. Free fitting parameters were the in-

tensities and the linewidths (g -strain), as they are changing slightly with experimental

conditions. Also the g -tensor values needed very minor adjustments as these com-

ponents of the parameter set do also have a slight dependence on the magnetic field

strength used in the EPR spectrometer (in this case 0.335 T in comparison to 4.65 T

used in previous work).
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Table 5.3 shows the used set of parameters for 30 K, with which the isolated spectra

of P3HT+, C−
60 and C−

70 were simulated as shown in Figure 5.11. The values are almost

identical to those determined by HFEPR in the previous chapter and agree with them

within their error margins (see Table 5.2 for comparison).

g a) P3HT+ strain C−
60 strain C−

70 strain
gxx 2.00337 0.00121 2.00052 0.00041 2.00543 0.00193
g y y 2.00232 0.00171 2.00031 0.00057 2.00265 0.00064
gzz 2.00107 0.00257 1.99931 0.00190 2.00235 0.00203

Table 5.3: Main components of the g -tensors and g -strains of polymer polarons
(
P3HT+)

and fullerene radical anions
(
C−

60 and C−
70

)
in P3HT-fullerene blends at 30 K.

EPR Data Analysis

The goal of this section is to derive the percentage P of the electron population lo-

calized on either fullerene type (P70(X ) and P60(X )) from their EPR signal intensities,

measured for samples with X being the mixing ratio of PC70BM.

A straight-forward approach to extract the relative signal intensities for P3HT+, C−
70

and C−
60 from the spectra shown in Figure 5.11 would be the following: first, simulation

of the separate spectra with the parameter set given in Table 5.3, and second, fitting

the experimental spectra by only using the intensities as free fitting parameters. Un-

fortunately, the almost complete overlap of the involved spin signatures and the lim-

ited g -factor resolution of the X-band EPR prevent this approach and render the direct

simulations of the ternary blend spectra numerically unstable in EasySpin.

Nevertheless it is absolutely feasible to accurately measure the spectral intensities at

well defined positions within the EPR spectra (e.g. Iexp1 and Iexp2) to derive the wanted

values for P70(X ) and P60(X ) using several boundary conditions. In the following, the

derivation of these values in dependence of the measured intensities is given.

We start with the definition of P70(X ) as being the absolute number of the electrons

N70(X ) located on C70 over the sum of all electrons N70(X )+N60(X ).

P70(X ) = N70(X )

N70(X )+N60(X )
=

[
N60(X )

N70(X )
+1

]−1

(5.1)

In general, for every EPR transition of a studied spin-system the following Equation

does apply:

Ispin =αspin ·Nspin (5.2)
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Here, I is the observed EPR intensity andα is a proportionality factor depending on the

experimental conditions (e.g. temperature, microwave power), the spin system (e.g.

line width, spin relaxation times, saturation), and the exact g -factor at which the EPR

intensity of the given species is probed within the observed spectral width.

For the studied samples the following boundary conditions do apply:

Npol (X ) = N70(X )+N60(X ) (5.3)

The total number of holes is equal to the sum of all electrons. This simplifies to the

following, if one of the two fullerenes is omitted for X = 100 or 0, respectively.

Npol (100) = N70(100) (5.4)

Npol (0) = N60(0) (5.5)

Using these considerations leads to the following expression for P70(X ):

P70(X ) =


I60(X )

I70(X )︸ ︷︷ ︸
A

· I70(100)

Ipol (100)︸ ︷︷ ︸
1

R100

· Ipol (0)

I60(0)︸ ︷︷ ︸
R0

+1


−1

(5.6)

Part A is the fraction of the measured intensities of electrons on the two fullerene

species, while R0
R100 is equal to α70

α60
and is nothing else than the normalization due to

Equation 5.2.

After careful consideration EPR intensities were extracted at the left and right side of

the three overlapping EPR spectra: Iexp1 at g = 2.0054 and Iexp2 at g = 1.9992. This lead

to the smallest possible errors in the analysis. At the first spectral position Iexp1, only

C−
70 yields any signal intensity:

Iexp1(X ) = I70(X ) (5.7)

Unfortunately, there is no spectral position where only signal intensity of C−
60 can

be detected (I60(X )) without a background of the positive polaron Ipol localized on

the polymer, due to the broad line width of the polymer EPR signal. Therefore, at the

second spectral position Iexp2, the sum of holes on the polymer and electrons on C60 is

being detected:

Iexp2(X ) = I60(X )+ Ipol (X ) (5.8)
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For the case of the sample without PC60BM (X = 100), this simplifies to:

Iexp2(100) = Ipol (100) (5.9)

Using Equations 5.7 and 5.9, the ratio R100 of Equation 5.6 can be linked to experimen-

tal data:

R100 = Ipol (100)

I70(100)
= αpol

α70
= Iexp2(100)

Iexp1(100)
(5.10)

To also link the ratio R0 of Equation 5.6 to accessible intensities, the help of simulations

is necessary. Since for the case of X = 0 (no PC70BM), the resulting EPR spectrum of

P3HT+ and C−
60 has the smallest amount of spectral overlap, the performed simulations

have the highest possible degree of certainty, yielding the necessary relative intensities.

from simulations: R0 = αpol

α60
= Ipol (0)

I60(0)
(5.11)

With the formalism above, I60(X ) can be written as

I60(X ) = Iexp2(X )−R100 · Iexp1(X )

1+R0
(5.12)

Including Equation 5.7 and the expression for I60(X ) into Equation 5.6 yields a useable

expression for P70(X ).

P70(X ) =


Iexp2(X )

Iexp1(X )
−R100

1+R0︸ ︷︷ ︸
A

· R0

R100
+1


−1

(5.13)

Figure 5.12 shows the resulting percentage of electrons P70(X ) and P60(X ) in depen-

dence of the PC70BM weight ratio X . The data set for the commercially available “tech-

nical grade” PC70BM (93.8 %) has also been included. The analysis was carried out for

several temperatures, of which 15, 30, 70 and 100 K for annealed samples are shown

in Figure 5.12a. Data sets for measurements at 20 K of annealed samples are shown

together with those at 30 K and 70 K for not annealed samples in Figure 5.12b.

For comparison, the diagonal solid lines are added, which represent what an even

distribution of electrons between both fullerenes would be according to the weight-

percentage (X ). The experimental values are very close to this ideal distribution and

agree with it considering the error bars. The advantage in signal-to-noise for the lower

temperature measurements is obvious.
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Figure 5.12: Distribution of electrons localized on either PC70BM or PC60BM depending on
the fullerene weight-percentage for annealed (AN) and not annealed (NA) samples.
The solid diagonal lines are guides to the eye, corresponding to a distribution equal
to the weight ratio. The curved dashed lines are fits to the data using the Boltzmann-
distribution shown in Equation 5.16. The dotted red curves in the plot (30 K AN) are
exemplary simulations for the energy of an electron on PC70BM being a few meV
higher than for PC60BM.

Error Estimation

The error bars shown in Figure 5.12 are derived in the following way: The horizon-

tal error bars are estimated from the weighing and liquid mixing uncertainties while

producing the small sample amounts (±2 %). The vertical error bars are calculated by

quantifying the standard deviation σoff of the off-resonance zero line of the EPR spec-

tra far from the resonance (noise floor at g < 1.996 and g > 2.008) and setting twice this

value in relation to the sum of the two measured intensities:

vertical error = 2 ·σoff

Iexp1 + Iexp2
(5.14)
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Determining the Energy Difference

The electron populations (N1, N2) can be approximated as a two-level system with the

two fullerenes providing a higher and a lower-lying energetic level for electrons, sep-

arated by an energy-gap ∆E . This kind of system can be described by a Boltzmann

distribution:

�E
C60

C70

N1

N2 N2

N1
= w2

w1
exp

(
−E2 −E1

kB T

)
(5.15)

Here, T is the experimental temperature and kB the Boltzmann constant. The values

w1 and w2 are the statistical weights of the two energy levels, hence the relative number

of occupiable states X . Applying to the formalism described above this translates to:

P60(X )

P70(X )
= X

1−X
exp

(
− ∆E

kB T

)
(5.16)

This distribution can be fitted to the data in Figure 5.12 and is plotted as curved

dashed lines for each temperature. Taking the error bars into account, we calculate

the corresponding energy values∆E shown in Figure 5.13 for data sets taken at various

temperatures of AN and NA samples. The resulting values are scattered within 2 meV

around zero and independent of temperature and annealing treatment. Note that the

values for 30 K and 70 K for AN and NA samples do actually overlap almost perfectly

well, demonstrating the high level of reproducibility.
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Figure 5.13: Energy gap ∆E derived from the Boltzmann fits for AN and NA samples.

To verify the high energetic sensitivity of this method, exemplary simulations using

Equation 5.16 shown as the curved dotted lines in the upper right graph (30 K AN) of

Figure 5.12a have been included. They show the energy level of an electron on PC70BM

being 2, 5 or 10 meV higher than on PC60BM. If there would be an energy difference∆E

of only a few meV, it would result in a strong occupation preference of the lower-lying

fullerene, directly noticeable in the EPR spectra. Consequently it is reasonable to treat

this energy difference as 0±1 meV.
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5.2.4 Discussion

If we compare this result with the width of the density of states (DOS) in disordered

organic materials, commonly discussed to be on the order of tens of meV, one could

argue that an energy difference of a few (single digit) meV has probably no effect on

real-world devices whatsoever. However, we point out that the approach of using a

Boltzmann distribution to quantify this value is only a rough estimate, since we are not

dealing with two discrete levels, but largely overlapping energy-bands. Nevertheless

the electron distributions shown in Figure 5.12 are in agreement with an even distribu-

tion of electrons on both fullerenes, i.e., ∆E = 0.

When studied in a time resolved experiment, we would expect C70 to receive a larger

share of incident photons than C60, because of its higher optical absorption. This ini-

tial excitation inequality between the two fullerenes will then most likely equalize on a

sub-ps timescale, while the excitons diffuse towards a heterointerface for charge sep-

aration. To come back to the initial question “Which fullerene gets the electron?” or

in other words whether one fullerene would act as an energetic trap state for electrons

in a ternary blend system. We can now answer and state that both fullerenes, despite

their differences when studied in purified form, do have identical electron affinity in a

mixed phase: electrons show no preference or enhanced trapping. As a result C70/C60

mixtures can be treated as a composite material with the combined advantages of both

constituents: high optical absorption and lower price.

5.2.5 Conclusion

With the motivation to reduce the costs of C70 derivatives for solar cell absorbers, we

have studied blends of P3HT:PC70BM with differing doping levels of PC60BM. As the

purification of C70 is expensive, the most probable impurity being C60, we were in-

terested in whether the purification process might not be necessary to the full extent,

hence leaving C60 as an impurity in an industrial scale process.

Analyzing relative EPR signal intensities we have found that in ternary blends of

P3HT:PC70BM:PC60BM, the electron populations on the two fullerenes distribute di-

rectly proportional to their respective weight-percentage. When compared to a Boltz-

mann distribution, an estimate for the energy difference for electrons localized on

either fullerene can be derived to be on the order of less than 1 meV. These results

demonstrate that any energetic differences between C60 and C70 fullerene derivatives,

which are present when measured in purified form, are leveled out in a mixed phase.

This finding is valid, regardless of the experimental conditions we applied, e.g. the

temperature (10–100 K) and excitation wavelength (532 nm, white light) or sample an-
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nealing treatment. Additionally, no enhanced trapping can be observed, since EPR sig-

nal intensities at low temperatures are roughly the same for changing fullerene ratios.

We expect that this result is true not only for PC60BM and PC70BM blended with

P3HT, but for pure C60 and C70 as well. Thus, it is expected also to be relevant for solar

cells produced by evaporation processes, which could similarly employ unpurified C70

as acceptor material.

We conclude that both fullerenes co-crystallize or at least self-assemble on a small

length scale, which results in an averaging effect for the optical and energetic proper-

ties of the blend film. Considering costs for the large scale production of organic solar

cells, “unpurified” C70 derivatives might be a viable option.
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5.3 (Ir-)Reversible P3HT:O2 Interactions Studied

by Spin-Sensitive Methods

Abstract

Understanding of degradation mechanisms in polymer:fullerene bulk-heterojunctions

on the microscopic level aimed at improving their intrinsic stability is crucial for the

breakthrough of organic photovoltaics. These materials are vulnerable to exposure to

light and / or oxygen, hence they involve electronic excitations.

To unambiguously probe the excited states of various multiplicities and their reac-

tions with oxygen, we applied combined magneto-optical methods based on multifre-

quency (9 and 275 GHz) electron paramagnetic resonance (EPR), photoluminescence

(PL), and PL-detected magnetic resonance (PLDMR) to the conjugated polymer P3HT

and bulk heterojunctions with the fullerene PC60BM. We identified two distinct pho-

tochemical reaction routes, one being fully reversible and related to the formation of

polymer:oxygen charge transfer complexes, the other one, irreversible, being related

to the formation of singlet oxygen under participation of bound triplet excitons on

the polymer chain. With respect to the blends, we discuss the protective effect of the

methano fullerenes on the conjugated polymer bypassing the triplet exciton genera-

tion.

Figure 5.14: Depiction of irreversible and reversible interactions of P3HT with oxygen.
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5.3.1 Introduction

Conjugated polymers have received considerable attention as materials for the fabri-

cation of organic electronics and photovoltaic devices due to their remarkable semi-

conducting and optoelectronic properties and the possibility to process devices from

solution [3, 78]. For solar cells, being exposed to harsher conditions than many other

device types, understanding the impact of different environmental influences is crucial

to increasing the longevity of the cells [79]. The performance of a bulk heterojunction

solar cell is determined not only by the energetic matching of donor and acceptor ma-

terials, but also by defect states hindering proper charge separation and extraction.

Previous studies of oxygen-induced defect states in polymer devices show that charge

carrier mobilities decrease by orders of magnitude upon exposure to air [60, 61]. Abdou

et al. [80] noted that under illumination, P3HT forms a weakly bound charge transfer

(CT) complex with oxygen. Due to the low spectral resolution in X-band EPR (9.4 GHz),

the assignment of the EPR signal to P3HT+ polarons or (P3HT:O2)−CT CT complexes re-

mained elusive. Furthermore, Lüer et al. [81] found partially irreversible photolumi-

nescence (PL) quenching of P3HT and attributed the origin to the quenching of singlet

excitons with charged complexes. The chemical reactions behind the irreversible ef-

fects were examined by Hintz et al. [82]. They showed that photo-oxidation happens

primarily on the alkyl side chains, forming peroxide species, which in turn destroy the

thiophene unit, but the initial phototoxicity attacking the side chain is still presumed

to be governed by triplet photosensitization [83].

Our intention is to complete this picture by using the possibilities of magnetic res-

onance to investigate the excitation pathway leading to the attack of the polymer side

chain. EPR facilitates monitoring of polarons and charged complexes in situ avoiding

the detour over electric contacts. By using high frequency (HF) EPR at 275 GHz, we

were able to separate the spectra of P3HT+ polarons and (P3HT:O2)−CT complexes and

clarify that standard X-band EPR shows the superposition of the two contributions as

one line. Additionally, the measurement of PL intensity and its resonant change (∆PL)

using the EPR extension, PL-detected magnetic resonance (PLDMR), allowed us to de-

termine the degradation-related variations of the polymers’ triplet yield.

5.3.2 Experimental Details

PL

Photoluminescence spectra were recorded according to the setup described in Chap-

ter 4.3. Samples were spin-cast from solution onto sapphire substrates.
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Sample Preparation

Samples in EPR tubes were prepared from the conjugated polymer P3HT and the solu-

ble fullerene-derivative PC60BM as described in Chapter 4. After evaporation of the sol-

vent (chlorobenzene), the samples were annealed for 10 min at 140◦C. The P3HT sam-

ple tube stayed connected to the vacuum pump with an optional inlet valve for ambi-

ent air during the whole measurement cycle. The sample tube containing P3HT:PC60BM

(weight ratio 1:1) was sealed under vacuum with a blow torch.

X-Band EPR and PLDMR

To obtain EPR curves and the evolution transients, the X-band EPR spectrometer de-

scribed in Chapter 4 has been used. Illumination was provided by a 532 nm DPSS laser

arriving in the cavity on a sample-spot of roughly 4 mm in diameter with 80 mW, result-

ing in an intensity of ∼600 mW/cm2. The PL intensity of the sample was recorded with

a silicon photodiode behind a 550–1000 nm filter mounted to the rear access of the EPR

cavity. The time-dependent EPR measurements were performed at room temperature,

and the magnetic field was set to a value corresponding to the g -factor g = 2.0014 at

the first derivative peak of the P3HT signal and stabilized by a field-frequency lock unit.

The g -factor was calibrated as discussed in Chapter 4.2.

For PLDMR, the setup described in Chapter 4.2.3 was used. The microwaves ampli-

fied by a solid state amplifier arrive in the cavity with a power of ∼60 mW. Instead of the

microwave absorption, the variation of PL intensity (∆PL) due to resonant microwave

irradiation was recorded. The measurements were performed with a lock-in ampli-

fier, referenced by switching the microwave radiation on/off with ∼4 kHz. All PLDMR

measurements shown here were recorded at T = 10 K.

HFEPR

The HFEPR measurements were performed at room temperature with the resonant

conditions 275 GHz / 9.8 T. Lock-in detection using field-modulation was applied in a

similar way as in the X-band setup. Further experimental details are given elsewhere

[84, 85]. For these measurements, P3HT was dissolved in dry toluene by stirring it at

60◦C for 1 h. Then the solution was stirred at room temperature for one week, whereby

the capping of the vial was removed to allow the toluene to evaporate. Care was taken

to prevent exposure of the P3HT polymer to air by keeping the material in a glove-

box during the sample preparation. The resulting P3HT powder was then inserted in a

small diameter quartz tube and mounted into the 275 GHz cavity.
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5.3.3 Results

EPR

Figure 5.15 shows the influence of light and air on the X-band EPR signal of P3HT

recorded at room temperature without illumination. The initially very weak signal (1)

is probably caused by residual impurities and can be ignored for further analysis. This

signal is not caused by metallic catalysts, since those signals would usually be observed

at much higher g -factor (low field region), and no additional signals have been found

for these batches. Upon exposure to light or air (2) the signal rises very slightly. Only

with the combined exposure to air and green laser (532 nm) illumination over 1 h can

a substantial increase of the EPR signal be observed (3). This signal is persistent; the

spectrum has been recorded in the dark after illumination. It can be completely re-

moved (4) after an additional vacuum annealing step for 10 min at 140◦C.
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Figure 5.15: X-band EPR spectra of P3HT taken at 295 K without illumination: (1) as pre-
pared in vacuum, (2) in air, (3) after air and light exposure (1 h), (4) after additional
annealing for 10 min at 140◦C in vacuum. The arrow points to the g -factor at which
the evolution measurements were recorded (see Figure 5.19).

Abdou et al. [80] explained this rise of the EPR signal by the formation of oxygen-

induced CT complexes. The spectral shift in EPR they showed can not be confirmed

with the data presented here. Also, the reported intense signal of pure P3HT in vacuum

is not in accordance with the vanishing weak initial signal in the pristine sample (see

Figure 5.15 (1)). Possibly, the P3HT presently available is of higher purity than was

available in 1996. Due to the low spectral resolution of X-band EPR, the assignment of

the signal to CT complexes is rather ambiguous and needs further investigation.
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HFEPR

To clarify the assignment of the observed single EPR line at X-band (9.4 GHz) to the

proposed paramagnetic species, 275 GHz EPR experiments have been carried out at

room temperature. Figure 5.16 represents the result of the HFEPR experiment on an

illuminated P3HT sample. The two observed components are thought to be the EPR

signals of the pair formed by P3HT+ and the (P3HT:O2)−CT complex. From the com-

parison of the measured EPR curve with the simulated EPR spectrum of g -anisotropy-

broadened EPR lines, it is concluded that the curve originates from at least two param-

agnetic species A and B. In Figure 5.16, the principal axes of these species A and B are

indicated. Due to the extremely small difference in the g -tensors, we have no means to

attribute species A to P3HT+ and B to (P3HT:O2)−CT or vice versa.
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Figure 5.16: The HFEPR signal at 275 GHz of an illuminated P3HT sample at room temper-
ature. Symbols A and B indicate the principal axes of the g -tensors of two paramag-
netic species thought to be P3HT+ and (P3HT:O2)−CT or vice versa. The asterisks (*)
indicate signals of Mn2+ ions serving as g -markers.

The P3HT sample was subsequently subjected to several treatments (similar to the

experiments shown in Figure 5.15) at room temperature, and the effect was monitored

on the 275 GHz EPR signals. First, the sample was kept in the dark in a gaseous helium

atmosphere and the EPR signal was recorded. Then, still in the gaseous helium atmo-

sphere, the sample was exposed to light from a Hg arc, and an identical EPR signal was

observed as in Figure 5.16. Exposure to air without illumination did not affect the sig-

nal. A considerable increase was observed when the sample was exposed to light and

air, and both signal contributions showed the same increase in intensity. This indicates

that the formation of both P3HT+ and (P3HT:O2)−CT is a coupled process, and that the

stoichiometric ratio is 1. Finally, when subsequently keeping the sample in the dark,
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the signal did not change appreciably at room temperature. The experiments show

that it is the combined effect of light and air (oxygen) that causes the generation of the

two paramagnetic species. In X-band EPR, the superposition of both contributions is

measured as one signal.

EPR of P3HT:PC60BM blends

Figure 5.17 shows the X-band EPR spectra of a P3HT:PC60BM 1:1 blend at 100 and

295 K. At low temperatures, the typical well-known spectrum of the two overlapping

signals of P3HT+ polarons and PC60BM− anions can be observed [58, 62, 77] (also see

Chapter 5.1). However, at room temperature, only a marginal signal at g = 2.002 can be

detected, showing no illumination dependence, and can thus be assigned to residual

impurities similar to the EPR signal observed in Figure 5.15 (1). In other words: The

PC60BM− anions and especially the P3HT+ polarons can not be observed with stan-

dard EPR methods at room temperature. This is caused by the fast recombination of

these charge carriers at room temperature [62, 86]. The fact that they can be observed

as dedicated signals at lower temperatures stems from strong charge localization, i.e.

trapping of charges in separate domains of the blended materials. This hinders recom-

bination and therefore prolongs the charge carrier lifetime enormously, yielding the

observed EPR spectra.
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Figure 5.17: X-band EPR spectra of a P3HT:PC60BM 1:1 blend taken at 100 and 295 K under
illumination. The partially overlapping signals from P3HT+ polarons and PC60BM−

anions at 100 K are marked. Almost no signal can be observed at 295 K.
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Thermal annealing of the blend samples does not change the observed lineshapes

at low temperatures. However, the signal intensity decreases dramatically upon an-

nealing due to small-scale phase separation and the resulting loss of interface sur-

face. [63, 77] The residual signal observed at room temperature (Figure 5.17) does not

change substantially.

After comparison of the spectra shown in Figures 5.15–5.17 the following conclu-

sion can be drawn: The oxygen-induced P3HT+ polaron and (P3HT:O2)−CT complex

demonstrate very slow recombination compared to P3HT:PC60BM blends. In fact, the

created paramagnetic species are persistent at room temperature and do not recom-

bine readily after switching off the illumination. Thus at least one of the partners(
P3HT+/(P3HT:O2)−CT

)
must be a trap state at room temperature hindering recombi-

nation.

PL of P3HT under Oxygen Exposure

For all samples studied, typical P3HT PL could be observed (see Figure 5.18). Upon

addition of PC60BM or oxygen, these spectra were partly quenched, yet the spectral

shape remained identical. This demonstrates that no other radiative recombination

processes were enabled, and the singlet excitons responsible for PL of P3HT were un-

affected. Thus the PL intensity is a proper scale to quantify singlet quenching in P3HT

under oxygen exposure.
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Figure 5.18: Normalized PL-spectra recorded at 30 K of (a) P3HT after prolonged exposure
to first oxygen and then vacuum and (b) P3HT:PC60BM together with pristine P3HT
for comparison.
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EPR/PL long-term evolution

After clarifying the origin of the EPR signals in oxygen-exposed P3HT, we studied the

temporal evolution of this signal with X-band EPR and simultaneously measured the

PL intensity as shown in Figure 5.19.
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Figure 5.19: The evolution of the EPR signal (g = 2.0014 peak), the PL and the PL quenching
(=1-PL) at room temperature. Before 0 s, the sample was illuminated under vacuum.
From that point on, air was introduced. This led to a continuing power law rise of the
EPR signal and a decay of the PL. The inset shows a log–log plot of this time-range.
From 3600 s on, the sample was evacuated, which led to slow decay of the EPR signal,
but no change for the PL. After annealing, the PL recovered slightly, while the EPR
signal was removed completely.

Before (t <0 s), the sample was in vacuum under constant illumination. PL and EPR

signals changed only slightly in the time scale of hours, as long as the sample was ex-

posed either to air (not shown) or light. We surmise that oxygen was desorbed into the

P3HT, but without light any interaction was strongly suppressed, and the oxygen could

be removed by evacuating the sample. This is consistent with the theoretical estimates

of Lu and Meng [87], who postulate a highly oxygen-pressure-dependent hole-doping

of P3HT in the dark. When using environmental air at atmospheric pressure (as we

did), we would expect only marginal doping without light.

The situation changes under concurrent light and air exposure from t = 0 s on: the

EPR signal rises, and the PL is quenched by 35 % within 1 h. This evolution is indepen-

dent of the gas diffusion into the sample bulk, which was confirmed by reversing the

exposition order to first oxygen and then light (not shown). A diffusion time less than
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1 s can be estimated from a layer thickness of ≈ 1 µm and a diffusion constant for O2 in

P3HT films of 1.2 µm2s−1 (from Ref. [80]) or even 0.15 µm2s−1 (from Ref. [81]).

From 3600 s (1 h) on, the sample was evacuated again. This did not result in a re-

covery of the PL, but the EPR signal slowly decreased within hours. Applying a ther-

mal annealing step (140◦C for 10 min) while still evacuating the sample removed the

EPR signal, whereas the PL recovered only slightly. This means that the weak physical

adsorption of molecular oxygen to P3HT is fully reversible when reducing the oxygen-

pressure by evacuating. The annealing assists this process by creating additional ther-

mal motion of the polymer. The fact that the PL remained quenched, although EPR

measurements state that all CT complexes were removed, implies that another inter-

action process is responsible for the PL quenching. We therefore conclude that the

irreversible part of the PL quenching is due to photo-oxidation of the polymer.

The inset in Figure 5.19 shows the time range of 0–3600 s (light and air exposure)

in a log–log plot for the EPR signal and the PL quenching (=1-PL). The different curve

shapes are obvious. The EPR enhancing and the PL quenching occur at different time

scales, supporting the assumption of two separate interaction processes between P3HT

and oxygen. The EPR signal evolution can be fitted with a power law (EPR signal = c ·tα)

which is in accordance with former results on radiation-induced (in our case, laser

light) defect production [88]. We found α = 0.477 which should be dependent on the

experimental conditions (partial O2-pressure, light intensity). The PL quenching was

fitted using an equivalent formulation of the Hill Equation1 [89, 90].

PL quenching = PLstart + PLend −PLstart

(τ/t )n +1
(5.17)

We found τ= 21.7 s which is also dependent on experimental conditions. More inter-

esting is the exponent n = 0.547 describing the affinity of a macromolecule (e.g., P3HT)

to undergo a chemical reaction with potential ligands (e.g., O2). For n > 1, a positively

cooperative reaction is to be assumed, i.e., once one ligand is bound to the molecule,

its affinity for other ligand molecules increases. For n = 1, no change in affinity is to

be observed. If n < 1, the affinity of the molecule decreases during the ongoing inter-

action with further ligands. This seems to be the case for photo-oxidation of P3HT. Al-

ready degraded polymer-segments have a reduced affinity for further interaction with

oxygen.

Regarding the reversibility of the oxygen doping processes, our results contradict the

findings of Liao et. al.: [91] They claim that the doping is reversible when facilitated

with visible light, and only UV excitation leads to irreversible photo-oxidation. Our

results concerning the PL quenching show irreversible degradation already with green

1Jan. 2013: http://en.wikipedia.org/wiki/Hill_equation_(biochemistry)
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excitation light, however with a rather high light intensity of ∼600 mW/cm2. Lüer et al.

[81] attributed the PL quenching mainly to the formation of CT complexes, while we

show that even after complete removal of these complexes, the PL remains quenched.

Hence, only the slight reversible recovery of the PL after the thermal annealing might

stem from PL quenching due to CT complexes, while the irreversible part is photo-

oxidation.

PLDMR

The open question is the connection between the reversible CT complex formation

and irreversible photo-oxidation, and hence the destruction of the polymer. To an-

swer it, we investigated the triplet generation properties of P3HT in relation to oxygen

degradation. For P3HT it is well-known that, without an electron-accepting moiety, a

significant part of generated singlet excitons undergoes an intersystem crossing (ISC)

to the energetically favorable triplet state [92]. Other contributions to the triplet yield

are the recombination of non-geminate polarons [36, 93] or (in P3HT:fullerene blends)

electron back transfer from the fullerene LUMO level to the P3HT triplet level (if ener-

getically possible) [94].
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Figure 5.20: PLDMR spectra taken at 10 K in vacuum. (1–3) P3HT: (1) as prepared, (2) after
air and light exposure, (3) after additional annealing for 10 min at 140◦C in vacuum.
(4) P3HT:PC60BM 1:1. The right inset shows a zoom on the central peak (P3HT 1–3)
and the left inset shows the generation mechanism of the measured triplet pattern.
Arrows A* and B* indicate possible triplet orientations.
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Figure 5.20 shows PLDMR spectra of P3HT and P3HT:PC60BM 1:1. The ∆ms = ±1

and the first-order forbidden ∆ms =±2 half-field transition can be observed. The cen-

tral peak in these spectra originates from non-geminate polaron pairs or can also be

referred to as “distant triplets” with little or no zero-field splitting (see Chapter 3.7).

The pristine curve (1) shows a distinct powder pattern observed for most thiophene-

based polymers. Zero-field splitting D is responsible for the wing-like appearance of

the powder pattern and is also correlated with the spatial extent of the correspond-

ing triplet state (see Chapter 3.6). The different peaks result from the P3HT crystalline

orientation in relation to the external magnetic field. We can distinguish between ori-

entations A* and B*.

Note that the PLDMR signal is normalized to the photoluminescence (∆PL/PL), so

the reduction of the total PL intensity has no influence on the overall signal height in

PLDMR.

The triplet exciton patterns in the pristine sample (Figure 5.20 (1)) are almost com-

pletely quenched after exposure to oxygen (2). The initially generated singlet excitons

are separated before a possible ISC can occur, as oxygen is a very good electron ac-

ceptor [95]. Similar shape of the PLDMR spectrum was observed in P3HT:PC60BM

blends (4), where the CT from polymer to fullerene is the dominant process and there-

fore completely prevents ISC to the triplet state. Yet the PL quenching is usually in-

complete, leaving a small fraction (< 5 %) of the P3HT PL, enabling the application of

PLDMR technique to blends.

After removing the adsorbed oxygen by evacuating and annealing (see the EPR sec-

tion 5.3.3), only chemically bound oxygen remains, which is responsible for the irre-

versible PL quenching. In the PLDMR signal, the reduction of the overall signal height (3)

in comparison to the pristine PLDMR (1) is attributed to the triplet generation in P3HT

being a strongly multimolecular process [32, 35]. In a degraded polymer, the intact

thiophene units have less other intact units in their vicinity, preventing triplet genera-

tion.

We interpret that the polymer chain segments which were not photo-oxidized can

generate triplet excitons (orientation A*) as soon as the the electron accepting CT com-

plexes are removed, while the triplet exciton (orientation B*) signal remains weaker due

to a part of the polymer being permanently destroyed by photo-oxidation.
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5.3.4 Discussion

Figure 5.21 shows the proposed oxygen-related degradation process scheme in a con-

jugated polymer, P (e.g., P3HT). The polymer (P) can be excited by visible light (hν exc.)

yielding a singlet exciton (1P∗). This exciton can recombine to the ground state by ra-

diative (PL) and non-radiative (non r.) processes. Another possibility is the relaxation

of the singlet via intersystem crossing (I SC ) to the energetically favorable triplet state

(3P∗) [92], which can also be populated via alternative routes, e.g., via non-geminate

polarons (not shown) [36, 93]. Under certain conditions, the formation of triplets in

polymer:fullerene blends is also possible as it depends on the relative energy positions

of polymer triplet excitons and the fullerene LUMO level [94]. Formed triplet excitons

located on the polymer can then non-radiatively (non r.) relax to the ground state. Ad-

ditional reactions emerge upon introduction of molecular oxygen, which has a triplet

ground state configuration (3O2). These reaction are both reversible (shown in the red

box) and irreversible (green box) and discussed in the following.

The irreversible reaction starts by energy transfer (ET ) of the polymer triplet to the

triplet oxygen to generate excited singlet oxygen (1O∗
2 ) [95]. This is the reactive species

for photo-oxidation of the polymer (depicted by the oxidation to “PO2”) that irreversibly

quenches PL and bleaches the UV–VIS absorption by attacking the polymer [82, 83].

Figure 5.21: Oxygen related degradation processes in a conjugated polymer, P. Details are
given in the text.

Another possible mechanism for the production of singlet oxygen is presented in the

literature: optically excited P3HT:oxygen complexes, which can in turn relax to singlet

oxygen states [96]. However, this process cannot be confirmed by the results presented

in this work, since the PL quenching saturates upon formation of CT complexes (see

Figure 5.19). Recent results by Guerrero et al. have shown that this is probably the

case because the absorption of the P3HT:oxygen complex is red-shifted significantly in

comparison to the regular P3HT absorption [97]. therefore this degradation reaction

cannot be started by green laser illumination (532 nm).
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The reversible reaction route shown is C T from the polymer to oxygen to create pos-

itively charged polarons (P+) and weakly bound CT complexes: (PO2)−. The creation of

free charge carriers (P+/ P−) via singlet excitons is also possible, which then react with

oxygen, yielding the same result (not shown) [87]. This direct creation of free charge

carriers is only relevant for high-energy photons (blue – UV) as can be seen by the

external quantum efficiency of a P3HT diode [98]. The polarons and CT complexes

formed give rise to the observed EPR signals in Figures 5.15 and 5.16 and can be re-

moved slowly in vacuum at room temperature (see Figure 5.19: t > 3600 s) or rapidly

by additional annealing at 140◦C (see also Figure 5.15). This reversible doping also oc-

curs very slowly in the dark at room temperature as shown by EPR measurements and

proposed by Lu and Meng [87], but proceeds orders of magnitudes faster upon excita-

tion (hν exc.) of the polymer.

The oxygen-induced doping in organic solar cells is responsible for a loss of short

circuit current (JSC) and reducing the overall mobility of charge carriers, while photo-

oxidation of the devices also leads to a reduction in fill factor (FF) and open circuit

voltage (VOC) [61].

Additionally, the formation of polarons and CT complexes opens another non-radiative

recombination channel (non r. / P+ + (PO2)−) for singlet excitons back to the ground

state (1P∗ → P) [81]. This is the observed reversible part of the PL quenching and blocks

the less favorable I SC to the triplet state. Thus the formation of polarons and CT com-

plexes prevents further irreversible degradation by triplet-sensitized singlet oxygen.

This can be observed in Figure 5.19: with increasing EPR signal, the reduction of the

PL intensity stops almost. This is backed up by the quenched triplet generation found

in PLDMR (see Figure 5.20 (2)).

A similar protection effect through quenching of the triplet generation was seen in

poly(phenylene vinylene) (PPV):PC60BM blends, which are also more robust against

oxygen exposure than pure PPV [99, 100]. This is in accordance with the presented

PLDMR results, showing that in P3HT:PC60BM blends, no triplets are generated (see

Figure 5.20 (4)) and thus would also prevent the creation of singlet oxygen over triplet

photosensitization. However, this protection by quenching of the triplet production

is not present in all polymer:fullerene blends and might be problematic, especially for

new high-voltage blend combinations [94].
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5.3.5 Conclusion

In conclusion, we demonstrated that at least two different mechanisms are responsi-

ble for the photodegradation of P3HT. With high-resolution EPR techniques, we have

shown that the formation of CT complexes, previously proposed by Abdou et al., is fully

reversible and is only partially responsible for the PL quenching. Instead, the domi-

nant PL quenching mechanism is the irreversible photo-oxidation of the polymer by

triplet-photosensitized singlet oxygen, as follows from the PLDMR. Important for the

organic photovoltaic (OPV) applications is that the polymer degradation processes be-

come significant only when it is exposed to light. Dark oxygen exposure can be reversed

by annealing in a vacuum. These results are supported by the PLDMR measurements,

which show a suppression of the triplet generation by polarons and CT complexes. In

polymer:fullerene blends, a protective effect of CT complexes and fullerenes bypass-

ing the formation of singlet oxygen and hence the degradation of the polymer can be

anticipated.
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5.4 Temperature-Dependent Charge Separation

Dynamics in P3HT:PC60BM

Abstract

The time-resolved EPR technique (trEPR) is a powerful tool to study the temporal evo-

lution of charge transfer complexes (CTC), photo-generated at the donor:acceptor in-

terface in organic bulk heterojunctions, such as P3HT:PC60BM. Right after the photo-

excitation by a ns laser pulse, spin-coupled radical pairs (SCRP) are formed in the sys-

tem, showing themselves as an alternating pattern of microwave absorption and stim-

ulated microwave emission (E/A/E/A). At longer timescales the pattern converts into a

pure absorptive one (A/A), due to free charges in the blend and thermalization of the

spin system. Temperature-dependent trEPR spectra were recorded in order to study

the separation dynamics as well as the spin thermalization. We found that at cryogenic

temperatures of 50 K and below, most charges do not separate spatially but remain

closely bound across the interface, evident by their persistent strong spin interaction.

Figure 5.22: Depiction of the involved energy levels of the donor P3HT and the acceptor
PC60BM. After the initial charge transfer (CT), a hybrid state of the donor HOMO
and the acceptor LUMO – a so-called charge transfer complex (CTC), is formed.
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5.4.1 Introduction

After the primary photo excitation in bulk heterojunction organic solar cells, the result-

ing singlet exciton needs to be split at the donor:acceptor interface. This charge trans-

fer process has been reported to occur within tens of femtoseconds and is thus much

more efficient than any competing loss mechanism [3, 55, 101]. However, there has

been a lot of discussion in literature, whether this results directly in spatially separated

non-interacting charge carriers that can be referred to as free polarons [102, 103], or if

the charges form an intermediate charge transfer complex (CTC) at the heterojunction

[29, 104] as depicted in Figure 5.22. In this context common literature often refers to

them as charge transfer state (CTS) and charge separated state (CSS). Recent results

for solar cells composed of thiophene-type polymers and soluble C60 fullerenes point

out that CTCs are a typical intermediate state at least in this class of materials [105].

The CTCs can be distinguished between being in a short-living singlet-type state or a

longer-living triplet-type state [104, 106, 107]. The fast-recombining singlet-type CTCs

are here a loss mechanism effectively limiting the power conversion efficiency of solar

cells. Instead triplet-type CTCs are favorable, because their lifetime is long enough to

enable spatial separation of the charge carriers.

From an EPR point of view, CTCs can be described in the framework of spin-coupled

radical pairs (SCRP, see Chapter 3). This species is an ideal candidate to be studied

by means of time-resolved EPR, since this method enables direct access to coupling

parameters and dynamics [28, 108, 109, 110]. Early work by Pasimeni et al. showed

that in bulk heterojunctions of thiophene oligomeres with C60-derivatives, CTCs can

be observed as characteristic spectral fingerprint by trEPR [111, 112]. Directly after a

ns laser flash, a signal with strong spin polarization emerges, consisting of four alter-

nating emissive and absorptive lines (E/A/E/A). The spectrum exhibits perfect point

symmetry about the center of the spectrum. This symmetry and the E/A/E/A polariza-

tion are proof of the initial ms = 0 spin polarization (see Section 3.5). The ms = 0 energy

levels |2〉 and |3〉 are populated, while the triplet levels |1〉 and |4〉 are empty. The spec-

trum was reproduced by simulations to extract the exchange and dipolar interaction

constants J and D , from which the inter-radical separation was specified to be 2.7 nm

across the donor:acceptor interface (compare Equation 3.16 in Section 3.4.1). Recently

we presented results on P3HT:PC60BM blends that showed similar spectral features at

1 µs [29] after the laser flash. This spectrum transforms to two absorptive peaks at

longer time delays and fits perfectly with the spectrum recorded by cwEPR. This cw

spectrum has previously been assigned to free non-interacting polarons [57, 62] and

thus we provided proof that CTCs are an intermediate state en route to photo current

in organic bulk heterojunctions.
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In this work we study the CTC’s spectral fingerprint in trEPR over a broad tempera-

ture range. We show that at temperatures of 50 K and below, the charges neither sep-

arate nor move away from the donor:acceptor interface over time. Instead, the still-

coupled spin system thermalizes and in the end, the charges recombine geminately.

Furthermore the possibilities to simulate the SCRP spectrum are discussed with re-

spect to the manifold of free parameters that render this approach difficult.

5.4.2 Experimental Details

The used materials are the conjugated polymer P3HT and the soluble fullerene deriva-

tive PC60BM. Details are given in the according Chapter 2. The materials were solved in

chlorobenzene at a concentration of ∼20 mg/ml and blended at a mixing ratio of 1:1.

200 µl of the solution were poured into an EPR tube and sealed off after vacuum drying.

Continuous wave and time-resolved EPR spectra were recorded at cryogenic tem-

peratures under cw and pulsed laser illumination (532 nm), respectively. The energy

per pulse for the trEPR measurements was 2 mJ. Details are given in the main experi-

mental Chapter 4.

5.4.3 Results and Discussion

Figure 5.23 shows a spectral series taken at different time delays after the laser flash

for 50 K. For better overview of the temperature dependent measurements (10 K –

160 K), the recorded transients are also converted to two-dimensional matrices (time

vs. magnetic field) and displayed in color-coded surface plots (see Figure 5.25). Here,

blue color stands for microwave absorption, while red corresponds to stimulated mi-

crowave emission (white = no signal). The 2D plot for 50 K shown in Figure 5.25b is

the full data set of the spectra shown in Figure 5.23. For all plots, the spectrometer’s

time resolution of ∼200 ns is evident by the flat spectrum (white area) before the actual

trEPR signal appears.

At early times (0.2–1 µs) the spectra consist of the previously described four peaks

with E/A/E/A polarization pattern (red/blue/red/blue in the 2D plots).This four-peak

fingerprint of SCRPs is clearly visible around 1 µs for 10 K and 50 K and still detectable

at 100 K. The overall shape and width of this spectrum (Figure 5.23) is consistent with

literature [111, 112] and our previous results [29], showing the direct comparability of

the discussed data set.
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Figure 5.23: trEPR spectra taken at 50 K for different delays after the laser pulse showing the
transition from a SCRP (four lines with E/A/E/A polarization) to a signal consisting
of two absorptive lines (A/A).

Spectral Simulations

Figure 5.24 shows a trEPR spectrum taken 0.8 µs after the laser flash, recorded at a

temperature of 50 K. The spectrum is taken from the spectral series shown in Fig-

ure 5.23. The spectrum has been fitted tentatively using the EPR simulation environ-

ment EasySpin [48]. The angular dependence of the dipolar interaction is considered,

resulting in the experimentally observed powder patterns. For the presented simula-

tions a parameter-set consisting of the coupling constants J ′ and D ′, as well as the gi so

values of P3HT+ (gi so = 2.00225) and PC60BM− (gi so = 2.00005) were used according to

the values from Table 5.3 in Chapter 5.2. While the full set of g -tensors for the sepa-

rated charges is available, we refrained from using them, since the CTC wave function

certainly deviates. Therefore gi so = 1
3

(
gxx + g y y + gzz

)
is a good-enough approxima-

tion. The two linewidth-parameters used for the simulations are in the range of (0.1–

0.4) mT. In EasySpin, the spin-interactions are defined as an electron–electron interac-

tion vector: JJJeeeeee = J
(

1
1
1

)
+D

(−1/3
−1/3

2/3

)
. The resulting fit-values for two tentative simulations

are shown in Table 5.4.

The acquired values for J ′ and D ′ are inconsistent and contradictory, yet both simu-

lations fit the experimental data perfectly. The fact that a unique set of fitting param-

eters is not able to reproduce the experimental data has two reasons: First, the vast

amount of parameters involved – and second, the poor spectral resolution of the ac-
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quired spectra. The first point is even more serious, since not a single parameter set,

but a distribution of parameters is responsible for the observed spectrum. For the ex-

pected inter-radical distance, a distribution of distances is to be expected due to the

disordered nature of the used bulk-heterojunctions. Additionally, the four involved

transitions most certainly have different line widths and spin relaxation dynamics in

addition to a potential asymmetry due to g -strain. In conclusion, the attempt to fully

simulate this kind of experimental trEPR spectrum and extract a meaningful set of pa-

rameters is ambiguous at least.
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Figure 5.24: 50 K trEPR signal at 0.8 µs taken from Figure 5.23 showing the typical E/A/E/A
polarization of a SCRP with singlet precursor. Two tentative spectral simulations are
shown for comparison.

spectrum J ′ (mT) D ′ (mT) gi so-values
sim1 0.084 -0.021 P3HT+: 2.00225 / PC60BM−: 2.00005
sim2 0.027 0.032 P3HT+: 2.00225 / PC60BM−: 2.00005

Table 5.4: Parameters of the tentative simulations sim1 and sim2 in Figure 5.24.

Despite these shortcomings it is evident that the presented spectrum is due to an

intermediate SCRP, involved in the process of charge carrier generation in an organic

solar cell. The significance of this fact is not diminished by the challenges of fully simu-

lating the spectrum itself. Concerning the poor spectral resolution, it is to be expected,

that a significant enhancement of time resolution and sensitivity can be achieved. The

technical limitations are by no means fundamental and can be approved upon.
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(a) 10 K (b) 50 K

(c) 100 K (d) 160 K

Figure 5.25: trEPR spectra taken at different temperatures with signals in microwave ab-
sorption (A – blue) and stimulated microwave emission (E – red). The temperature
dependent change in spin thermalization time (end of microwave emission) and the
transition from four lines with E/A/E/A polarization pattern to two absorptive lines
(A/A) can be observed. The spectra are massively broadened at lower temperatures
and even exceeding the recorded magnetic field range at 10 K.
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Temperature Dependence

In the following microseconds the E/A/E/A spectrum and the microwave emission dis-

appear. Instead, at later times (>10 µs), all spectra show two absorptive peaks (A/A). In

the series of 10, 50 and 100 K the point in time, when the four-peak signal disappears

and the two peak signal emerges, shifts to earlier times, i.e. from 3 µs at 10 K to less

than 1 µs at 100 K. This is shown in Figure 5.26a together with the spin thermalization

time. This is the point in time, when the microwave emission (red areas in the 2D plots)

ends and is an upper estimate of the spin relaxation time T1. The microwave emission

is especially pronounced and long lasting for lower temperatures. This is because of

the temperature dependence of the T1 time constant. At higher temperatures, the spin

system relaxes faster towards thermal equilibrium.
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Figure 5.26: (a) Temperature dependence of the spin thermalization time (end of MW emis-
sion) and time for the spectral transition from four to two peaks. (b) Comparison
of trEPR with integrated cwEPR spectra recorded under the same conditions. They
overlap perfectly at 100 K, but the spectrum at 50 K is massively broadened.

The two-peak absorptive spectrum detected at longer delay times (>10 µs) was pre-

viously assigned to the formation of free non-interacting polarons in the blend [29].

Figure 5.26b shows the according trEPR spectra for temperatures of 100 K and 50 K.

For comparison, integrated cwEPR spectra are superimposed that were recorded un-

der the same conditions. As expected, the spectrum at 100 K is identical for both mea-

surements, confirming our previous results: CTCs undergo spatial separation within
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several microseconds and can be detected as the EPR signals of electron and hole, lo-

calized on the fullerene and the conjugated polymer, respectively.

However, at 50 K the trEPR spectrum is massively broadened in comparison to the

cwEPR spectrum. Therefore the previous argument for the creation of free polarons

does not apply any longer for very low temperatures. The spectral discrepancy ap-

pears due to the fact that electron and hole still have strong spin coupling even at

long delay times. This means the spin sublevels of the CTC just thermalized, but the

charges did not separate to a distance, where the spin interaction is negligible. The

two peaks at longer delay are actually four overlapping absorptive peaks of the SCRP

(compare Figures 3.7 and 3.8 in Chapter 3.5). This signal is then decaying without fur-

ther spectral change or narrowing (compare Figures 5.23 and 5.25b). Consequently, at

very low temperatures most of the initially generated CTCs do not separate spatially

at the donor:acceptor interface. Instead, the generated electron-hole pairs recombine

geminately.

All of the observed signals disappear within 100 µs. Hence, most of the initially gen-

erated CTCs and succeeding polarons recombine in this time period. The remaining

trapped charges are recombining very slowly and are detectable in cwEPR [63, 113].

trEPR is far less sensitive and persistent signals are usually hidden unnoticeable in the

noise background.

The 2D plots in Figure 5.25 show massively wide CTC spectra at around 1 µs. Ac-

tually, they are even exceeding the recorded magnetic field range of ∼2 mT at 10 K.

Succeedingly, all spectra show a narrowing of the spectral width over time and for ris-

ing temperatures. Especially at 100 K and 160 K, the spectra are much narrower than

at lower temperatures for each point in time. The spectral width of the CTCs can be

explained as a function of the spin–spin coupling strength. The spectral separation of

the two transition doublets of a SCRP is defined byΩ′ =
√

(J ′−d ′)2 +∆B 2 (note d ′ < 0),

with ∆B being the spectral separation of electron and hole g -factors, while J ′ and d ′

are the spin coupling constants (see Chapter 3.4.3). Hence, strong coupling equals

large
∣∣J ′−d ′∣∣, which results in broader spectra.

For very low temperatures the charges do not separate but recombine directly, as

discussed before. The spectral narrowing at early times is therefore either caused by a

change in the inter-radical distance, or the closer pairs with stronger interaction are re-

combining first. At elevated temperatures (≥100 K), the initially broadened spectra col-

lapse to the width of the cwEPR spectra, according to the formation of non-interacting

polarons. This is also the case for the measurement at 160 K. The SCRP fingerprint is

not observed and instead the initial signal is a narrow two-peak spectrum with E/A spin

polarization. At this temperature the spectral width is in accordance with the forma-
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tion of free polarons within the first microsecond. The E/A spin polarization is there-

fore implying that the P3HT+-polaron at g = 2.002 is initially in spin up polarization

and emitting microwaves (red), while C−
60 at g = 2.000 is spin down (MW absorption,

blue).

The temperature dependence of the point in time at which the spectrum of CTCs

disappears, suggests it will be in the ∼ns regime for room temperature. This is in ac-

cordance with other models, that suggest a short separation time of charges at RT [104],

or even negate the existence of CTCs for a time-resolution of several ns [103].

5.4.4 Conclusion

For future studies of CTCs in organic bulk heterojunctions it would be advantageous to

employ higher microwave frequencies and magnetic fields. Both, because of sensitivity

and spectral resolution as motivated in Chapter 3.3. Additionally, the time resolution

of a trEPR setup is directly dependent on the spectrometer’s microwave frequency (see

Section 4.2.2). As evident by the presented spectra all these three parameters would

need a serious improvement to enable a full spectral simulation of the initial CTC and

the transition to spectra, observed at later delay times. Especially Q-band trEPR at

34 GHz would be ideally suited for this task, because this kind of EPR spectrometer

works in principle identical to X-band spectrometers and thus enables the direct com-

parison of the recorded spectra [114]. Still, the full simulation of SCRP spectra is am-

biguous, because of the number of parameters involved and the fact, that there is not

a single inter-radical distance, but probably a distribution of distances. All this leads to

an averaging of the spectrum and requires serious consideration.

In conclusion, we have studied the temperature dependence of charge transfer com-

plexes in P3HT:PC60BM bulk heterojunctions by means of time-resolved EPR. Charac-

teristic spectral patterns of CTCs are formed in the course of charge transfer from the

polymer to the fullerene. These can be explained in the framework of spin coupled rad-

ical pairs and their transition into separated non-interacting polarons. We observed,

that at temperatures of 50 K and below the initially formed CTCs do not separate over

time, but instead recombine slowly after spin thermalization within 100 µs. In contrast

to that, the charges at higher temperatures show a trend to shorter and shorter separa-

tion times, perhaps pointing towards a ns time range for the creation of free polarons

at room temperature.
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6 Summary

In the presented thesis, the various excited states encountered in conjugated organic

semiconductors are investigated with respect to their utilization in organic thin-film

solar cells. Most of these states are spin-baring and can therefore be addressed by

means of magnetic resonance spectroscopy. The primary singlet excitation (spin 0),

as well as positive and negative polaronic charge carriers (spin 1/2) are discussed. Ad-

ditionally, triplet excitons (spin 1) and charge transfer complexes are examined, fo-

cussing on their differing spin-spin interaction strength. For the investigation of these

spin-baring states especially methods of electron paramagnetic resonance (EPR) are

best suited. Therefore according experimental methods were implemented in the course

of this work to study conjugated polymers, fullerenes and their blends with continuous

wave as well as time-resolved EPR and optically detected magnetic resonance.

The theory Chapters 2 and 3 describe the principles of the observed excited states

in organic solar cells and put them in context with the interactions and splittings that

can be accessed by EPR methods. Especially the influence of the g -factor anisotropy

of polaronic charge carriers on their EPR signatures is explained in detail. Additionally,

the exchange and dipolar interaction of strongly to loosely coupled charge carriers are

discussed and divided into separate regimes of differing interaction strength.

A first emphasis of the work in Chapter 5.1 lies on spectroscopic signatures of neg-

ative polarons, localized on C70 fullerene molecules. Therefore blends of several poly-

mer:fullerene-derivative combinations were examined and analyzed with focus on sig-

natures of the fullerenes. As a result, a new NIR absorption band at a wavelength of

1360 nm (0.92 eV) was detected, which is specific for C70 fullerene anions and not

found for C60. By employing high and low frequency EPR at 130 GHz and 9.4 GHz,

it was possible to access the spectrum of the C70 anions and derive their g -tensor com-

ponents with high precision. The resulting values differ strongly from those measured

for C60 anions. While all g -tensor components of C60 anions lie below the free elec-

tron g -factor ge , the g -tensor components of C70 anions are equal or larger than ge .

To date, this discrepancy is theoretically not understood and the presented highly pre-

cise experimental values can thus serve as a starting point for such a theory, describing

both fullerene anions.
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6 Summary

These results were the prerequisite for the follow-up study presented in Chapter 5.2.

Here, ternary blends of the polymer P3HT together with varying mixing ratios of the

two fullerene-derivatives PC60BM and PC70M were investigated for their EPR signa-

tures. By analyzing the relative EPR intensities of both anion signatures, an equal elec-

tron distribution among the two fullerene molecules, after the light-induced charge

transfer between polymer- and fullerene-phase, could be deduced. Hence, an elec-

tron in an organic solar cell experiences no energetic difference between localization

on either fullerene. This result is striking, since in literature numerous publications

point out the energetic and transport-related differences found in samples of the pure

fullerenes. These differences are apparently leveled out in mixed samples, enabling the

characterization of fullerene-blends as energetically and optically homogeneous ma-

terials. This is highly relevant for the industrial-scale production of organic solar cells,

because it is vastly more cost efficient to produce a mixture of C60 and C70-fullerenes,

instead of their expensive separation and purification.

With respect to the application side, the results described in Chapter 5.3 are also

highly topical, as the impact of processing organic semiconductors under the influ-

ence of light and air is investigated. Specifically, with the help of spin-sensitive meth-

ods, two different reversible and irreversible degradation mechanisms of the polymer

P3HT could be identified. The irreversible process is triggered by triplet-activated sin-

glet oxygen and leads to a substantial degradation of the materials’ electronic proper-

ties. This process can be suppressed completely by processing under the exclusion of

light. The second, reversible process consists of a doping of the polymer by adsorp-

tion of oxygen molecules to the polymer chains. Thereby a charge transfer complex

is formed, that can also serve as a precursor of the irreversible degradation. Because

of their small binding energy, these complexes can be dissociated by a vacuum pro-

cess at elevated temperatures without causing lasting damage to the polymer. On an

industrial scale this could be implemented by a dark printing process in air and a sub-

sequent vacuum annealing step before vapor deposition of the metal back electrode.

Complicated processing steps in inert atmosphere could therefore be avoided partially.

In Chapter 5.4 the capabilities of time-resolved EPR were employed to study the

charge transfer between the polymer P3HT and the fullerene PC60BM. At cryogenic

temperatures below 160 K, signatures of charge transfer complexes could be detected.

These hybrid states are localized at the polymer:fullerene interface and can be de-

scribed in the framework of spin-coupled radical pairs as an intermediate en route

to charge generation in this class of organic solar cells. The recorded spectrum of

this species vanishes within a few microseconds and transforms to the signatures of

spatially separated electron and hole, localized on fullerene and polymer, respectively.
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From the temperature dependence of the charge separation can be deduced, that this

process is thermally activated and occurs accelerated at elevated temperatures. Ex-

trapolating this finding lets us expect that a potential charge transfer complex at room

temperature would have a lifetime of merely several nanoseconds. In contrast to that,

at temperatures below 50 K these complexes do not separate over time and instead

remain strongly bound across the heterointerface before their geminal recombination.

The results presented in this thesis deliver stimulating contributions to the field of

organic photovoltaics that are also relevant for their industrial scale production and

could help to accelerate establishing this technology in the market. Additionally, inter-

esting aspects for subsequent fundamental research on organic semiconductor mate-

rials are given, which are a good basis for follow-up studies dealing with further devel-

oped material systems.
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6 Summary

Zusammenfassung

Die vorliegende Arbeit beschäftigt sich mit den vielfältigen Anregungszuständen in

konjugierten organischen Halbleitern mit Hinblick auf deren Verwendung in organisch-

en Dünnschicht-Solarzellen. Diese verschiedenen Zustände sind zumeist Spin-behaftet

und daher mit Methoden der Magnetresonanz adressierbar. Es wird unterschieden

zwischen Singulett-Exzitonen (Spin 0) als primärer Photoanregung, sowie positiven

und negativen polaronischen Ladungsträgern (Spin 1/2). Des Weiteren werden Triplet-

Exzitonen (Spin 1) und Ladungstransferkomplexe behandelt, die sich durch unterschied-

lich starke Spin-Spin Wechselwirkung auszeichnen. Zur Untersuchung dieser Spin-

behafteten Zustände bieten sich insbesondere Methoden der Elektron-Paramagnetisch-

en Resonanz-Spektroskopie (EPR) an. Im Zuge dieser Arbeit wurden dafür entsprechede

Messmethoden der Dauerstrich (cw) EPR, zeitaufgelösten, transienten EPR und der

optisch detektierten Magnetresonanz (ODMR) implementiert und zur Erforschung von

konjugierten Polymeren, Fullerenen und deren Mischungen eingesetzt.

Der Theorieteil in den Kapiteln 2 und 3 beschreibt die Grundlagen der beobachteten

Anregungszustände in organischen Solarzellen und stellt sie in Zusammenhang mit

den Wechselwirkungen und Aufspaltungen, die mit EPR-Methoden nachweisbar sind.

Insbesondere wird detailliert auf den Einfluss der g -Faktor-Anisotropie von polaron-

ischen Ladungsträgern auf ihre EPR-Signaturen eingegangen. Außerdem werden die

Austausch- und Dipolare Wechselwirkung von stark koppelnden Ladungsträgern be-

handelt und in Bereiche unterschiedlich starker Interaktion unterteilt.

Ein erster Schwerpunkt der Arbeit in Kapitel 5.1 liegt auf den spektroskopischen

Signaturen von negativen Polaronen, die auf C70-Fulleren-Molekülen lokalisiert sind.

Dazu wurden Mischungen von mehreren Polymer:Fulleren-Derivat Kombinationen un-

tersucht und mit Hinblick auf die Signaturen der Fullerene hin analysiert. Dabei wurde

eine bisher nicht beschriebene Absorptionsbande im Nahinfraroten bei einer Wellen-

länge von 1360 nm (0.92 eV) nachgewiesen, die spezifisch für C70-Fulleren-Anionen

ist und bei C60 nicht vorhanden ist. Unter der Verwendung von Hoch- und Nieder-

frequenz EPR bei 130 Ghz und 9,4 GHz war es möglich den g -Tensor des C70-Fulleren-

Anions aufzuklären und hochpräzise zu vermessen. Die gefundenen Werte unterschei-

den sich signifikant von denen, die für C60-Anionen nachgewiesen wurden. Während

die g -Tensor Komponenten von C60-Anionen allesamt kleiner sind als der g -Faktor des

freien Elektrons ge , sind die g -Tensor Komponenten von C70-Anionen gleich groß und

größer als ge . Dies ist bisher theoretisch nicht erklärt und die vorgestellten präzisen

Messungen könnten daher als Ausgangspunkt für eine theoretische Behandlung dieser

beiden Fulleren-Anionen dienen.
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Diese Ergebnisse waren die Voraussetzung für die Folgestudie in Kapitel 5.2. Es

wurden ternäre Mischungen des Polymers P3HT mit den beiden Fulleren-Derivaten

PC60BM und PC70BM auf ihre EPR Signaturen hin untersucht. Die relativen EPR-Inten-

sitäten der beiden Fulleren-Anionen wurden in Mischungen mit variierenden Men-

genverhältnissen der beiden Fullerene analysiert. Als Ergebnis stellte sich heraus, dass

nach dem Licht-induzierten Ladungstransfer zwischen Polymer- und Fulleren-Phase,

die Elektronen zwischen den zwei verschiedenen Fulleren-Molekülen, gleichverteilt

werden. Für ein Elektron in einer organischen Solarzelle besteht demnach kein energe-

tischer Unterschied zwischen diesen Fullerenen. Dieses Ergebnis ist erstaunlich, da in

der Literatur diverse Arbeiten Unterschiede der Energie-Zustände und der Transport-

Prozesse in Proben der reinen Fullerene nachgewiesen haben. Diese Unterschiede wer-

den in gemischten Proben offenbar ausgeglichen, so dass sich ein Fulleren-Gemisch

als energetisch und optisch homogenes Material beschreiben lässt. Dies ist in Hinblick

auf die großindustrielle Herstellung von organischen Solarzellen äußerst relevant, da

es deutlich kostengünstiger ist, ein Gemisch aus C60- und C70-Fullerenen herzustellen,

anstatt diese aufwendig zu separieren und aufzureinigen.

Mit Hinblick auf die Anwendung sind auch die Ergebnisse aus Kapitel 5.3 hoch-

aktuell, da hier der Einfluss von Licht und Luft während der Prozessierung von orga-

nischen Halbleitern untersucht wurde. Im Speziellen wurden mit Spin-sensitiven Me-

thoden zwei verschiedene reversible und irreversible Degradationsprozesse des Poly-

mers P3HT nachgewiesen. Der irreversible Prozess wird durch Triplet-aktivierten Sin-

gulett-Sauerstoff ausgelöst und führt zu einer nachhaltigen Degradation der elektro-

nischen Eigenschaften des Materials. Dieser Prozess kann durch Prozessierung unter

Licht-Ausschluss vollständig unterbunden werden. Der zweite, reversible Prozess be-

inhaltet eine Dotierung des Polymers durch die Anlagerung von Sauerstoffmolekülen

an die Polymerketten. Dabei wird ein Ladungstransferkomplex ausgebildet, der eben-

falls als Vorstufe der irreversiblen Degradation fungieren kann. Da dieser Komplex

jedoch nur schwach gebunden ist, kann er durch einen Vakuum-Prozessschritt bei

erhöhter Temperatur dissoziiert werden, ohne dass das Polymer dauerhaft Schaden

erleidet. In industriellem Maßstab kann dies z.B. durch einen Druck-Prozess unter

Licht-Ausschluss an Luft und ein anschließendes Vakuum-Tempern vor dem Aufdampf-

en der Rückelektrode implementiert werden. Aufwendige Prozess-Schritte unter Schutz-

atmosphäre können demnach teilweise vermieden werden.

In Kapitel 5.4 wurde mit den Möglichkeiten der transienten EPR der Ladungstrans-

fer zwischen dem Polymer P3HT und dem Fulleren PC60BM untersucht. Dabei wurden

bei kryogenen Temperaturen von unter 160 K Signale detektiert, die von Ladungstrans-

ferkomplexen hervorgerufen werden. Diese Hybridzustände an der Polymer:Fulleren-
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6 Summary

Grenzfläche lassen sich als Spin-gekoppelte Radikalpaare beschreiben und stellen eine

Zwischenstufe der Ladungsgeneration in dieser Klasse von organischen Solarzellen dar.

Das nachgewiesene Spektrum dieser Spezies zerfällt binnen einiger Mikrosekunden

und es verbleiben die Signaturen von räumlich getrenntem Elektron und Loch, die

nun auf Fulleren und Polymer lokalisiert sind. Aus der Temperaturabhängigkeit dieser

Ladungsträgerseparation lässt sich schlussfolgern, dass dieser Prozess thermisch un-

terstützt wird und dadurch bei erhöhter Temperatur beschleunigt wird. Durch Extra-

polation dieser Ergebnisse ist davon auszugehen, dass bei Raumtemperatur ein mög-

licher Ladungstransferkomplex nur eine maximale Lebensdauer von einigen Nano-

sekunden aufweist. Im Gegensatz dazu wurde gezeigt, dass bei Temperaturen von

weniger als 50 K diese Komplexe nicht mit der Zeit separieren, sondern offenbar über

die Grenzfläche hinweg gebunden bleiben, um dann direkt geminal zu rekombinieren.

Die in der vorliegenden Arbeit präsentierten Ergebnisse konnten in mehreren Be-

reichen, die für die industrielle Fertigung von organischen Solarzellen relevant sind,

interessante Beiträge leisten und können damit einen kleinen Teil dazu beitragen diese

Technologie schneller am Markt zu etablieren. Ausserdem werden interessante An-

sätze für die weitere Grundlagenforschung an organischen Halbleitermaterialien auf-

gezeigt und stellen einen guten Ausgangspunkt für zukünftige Studien an weiter ent-

wickelten Materialsystemen dar.
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7 Appendix

7.1 List of Useful Constants

These constants are adapted from the official CODATA set of internationally recom-

mended values of fundamental physics constants maintained by NIST.1

Constant Value Unit Description

c 299 792 458(00) m s−1 speed of light in vacuum

h 6.626 069 57(29) ·10−34 J s Planck constant

ħ= h
2π 1.054 571 726(47) ·10−34 J s Planck constant over 2 π

kB 1.380 648 8(13) ·10−23 J K−1 Boltzmann constant

ε0 8.854 187 817(00) ·10−12 F m−1 = A s (V m)−1 electric constant

µ0 4π ·10−7 N A−2 = T2 m3 J−1 magnetic constant

µB = eħ
2me

9.274 009 68(20) ·10−24 J T−1 Bohr magneton

ge = γeħ
µB

2.002 319 304 361 53(53) free electron g -factor

γe 1.760 859 708(39) ·1011 s−1 T−1 electron gyromagnetic ratio

γ′p 2.675 153 268(66) ·108 s−1 T−1 shielded proton gyrom. ratio

e 1.602 176 565(35) ·10−19 A s elementary charge

eV 1.602 176 565(35) ·10−19 V A s = J electron volt
hc
eV 1 239.841 929 eV nm nm ↔ eV conversion

1Jan. 2013: http://physics.nist.gov/cuu/Constants/index.html
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