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Hannah Mangold

Charge separation and recombination in novel polymeric absorber materials

SUMMARY

This thesis presents an investigation of charge carrier generation and recom-
bination processes in novel polymeric absorber materials for organic solar cells.
The understanding of these processes is essential for the development of new pho-
toactive material systems that achieve higher power conversion efficiencies and
enable organic solar cells to become a competitive renewable energy technology.
The main experimental technique used in this thesis is transient absorption spec-
troscopy, a powerful technique to study photophysical processes on the 100 fs to
1ms timescale. We introduce a soft-modeling technique which aids the deter-
mination of the photophysical processes from the observed transient absorption
data matrix in general cases where little a priori knowledge of reaction kinetics is
available. Three different donor:acceptor systems are investigated; each of these
systems represents a different approach to optimize materials in terms of light
absorption over a broad wavelength range, efficient free charge carrier generation
and fast charge carrier transport. In the first system, we investigate a terpolymer
comprised of separate units for light absorption and charge carrier transport. We
demonstrate that it is possible to guide excited-state flow from the chromophore
onto the transport unit. In the second part, the influence of crystallinity on free
charge carrier generation is investigated with a series of ternary blends containing
different amounts of amorphous and semi-crystalline polymer. We find that both
the amount of geminate charge recombination is enhanced and non-geminate re-
combination is faster with increasing amorphous polymer content. Finally, we
investigate a system where both donor and acceptor material are polymers, lead-
ing to enhanced light absorption properties. Sub 100 ps charge-transfer state
recombination is the dominant loss mechanism in this system, as free charge car-
riers can only be generated at interfaces where donor and acceptor polymer are
oriented face-to-face relative to each other. Moreover, we observe that another
40-50% of the charge carriers are lost through recombination of interfacial states

geminately reformed from mobile charge carriers.
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Ladungstrennung und -rekombination in polymeren Absorbermaterialien

ZUSAMMENFASSUNG

In dieser Dissertation wird die Ladungstragergeneration und -rekombination
in neuen polymeren Absorbermaterialien fiir organische Solarzellen untersucht.
Das Versténdnis dieser Prozesse ist wesentlich fiir die Entwicklung neuer photoak-
tiver Materialsysteme, die hohe Effizienzen erzielen und organische Solarzellen
konkurrenzfiahig im Bereich der erneuerbaren Energien machen. Experimentell
verwendet diese Arbeit hauptsachlich die Methode der transienten Absorptions-
spektroskopie, die sich fiir die Untersuchung photophysikalischer Prozesse auf
einer Zeitskala von 100fs bis 1ms als sehr leistungsfahig erweist. Des Weit-
eren wird eine soft-modeling Methode vorgestellt, die es ermoglicht, photophysik-
alische Prozesse aus einer gemessenen transienten Absorptions-Datenmatrix zu
bestimmen, wenn wenig a priori Kenntnisse der Reaktionskinetiken vorhanden
sind. Drei unterschiedliche Donor:Akzeptor-Systeme werden untersucht; jedes
dieser Systeme stellt eine andere Herangehensweise zur Optimierung der Materi-
alien dar in Bezug auf Lichtabsorption tiber einen breiten Wellenldngenbereich,
effiziente Ladungstrennung und schnellen Ladungstransport. Zuerst wird ein Ter-
polymer untersucht, das aus unterschiedlichen Einheiten fiir die Lichtabsorption
und den Ladungstransport besteht. Es wird gezeigt, dass es moglich ist, den
Fluss angeregter Zustinde vom Chromophor auf die Transporteinheit zu leiten.
Im zweiten Teil wird der Einfluss von Kristallinitat auf die freie Ladungstrager-
generation mit einer Folge von terndren Mischungen, die unterschiedliche An-
teile an amorphem und semi-kristallinem Polymer enthalten, untersucht. Dabei
zeigt es sich, dass mit steigendem amorphen Polymeranteil sowohl der Anteil
der geminalen Ladungstragerrekombination erhoht als auch die nicht-geminale
Rekombination schneller ist. Schlussendlich wird ein System untersucht, in dem
sowohl Donor als auch Akzeptor Polymere sind, was zu verbesserten Absorp-
tionseigenschaften fithrt. Die Rekombination von Ladungstransferzustanden auf
der unter 100 ps Zeitskala stellt hier den hauptsachliche Verlustkanal dar, da
freie Ladungstrager nur an Grenzflachen erzeugt werden kénnen, an denen Donor
und Akzeptor face-to-face zueinander orientiert sind. Dariiberhinaus wird fest-
gestellt, dass weitere 40-50% der Ladungstrager durch die Rekombination von
Grenzflachenzustanden verloren gehen, die aus mobilen Ladungstréagern geminal

gebildet werden.
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Chapter 1

Introduction

Recently, the Intergovernmental Panel on Climate Change (IPCC) published an
update on the scientific knowledge about climate change. It is now clear that
global warming is unequivocal and it is extremely likely that human influence is
the dominant cause for it.[1] With fossil fuel sources becoming depleted at the
same time, renewable sources of energy need to be developed to meet the global
energy consumption and decrease carbon dioxide levels. Harvesting solar energy
is a promising way to do this, however, until now its potential has not been fully
exploited, as electricity generated from photovoltaic technologies accounts for
only about 0.1% of total energy generation worldwide,[2] and 1.1% in Germany.[3]
So far, inorganic materials (mainly silicon, but also GaAs, CdTe and CIGS) are
used in commercially available photovoltaic devices. They can achieve power
conversion efficiencies exceeding 20% and exhibit long lifetimes. However, their
production process is expensive and energy intensive. Organic solar cells are a
promising emerging photovoltaic technology as they are unrivaled in terms of
their processing cost and speed.[4, 5] Other advantages include the possibility of
producing lightweight and flexible solar cell modules which, for instance, enables
their application in portable electronic devices.[6] Moreover, as organic solar cells
are semi-transparent and their color can be varied, they could be used in building-
integrated photovoltaics, where large windows could be coated with the solar
cells and thus used for power generation.[7] Record efficiencies of >9% for single

junction solar cells [8] and >10% for tandem solar cells [9] have been achieved.



1. INTRODUCTION

However, in terms of commercialization, large-scale production and long-term
stability is still an issue.

The design and synthesis of new photoactive materials is the major force
driving the improvement of organic solar cells at present. A suitable solar cell
material should absorb a large amount of the incoming photons, and convert
them into electrons that can be extracted into an external circuit. At the same
time, the optical energy of the incoming light should be retained in the elec-
trical energy of the electrons. It follows from these requirements that different
parameters need to be engineered in order to enhance the efficiency. These in-
clude enhanced light absorption properties, improved energy levels and higher
charge carrier mobilities.[10, 11] Moreover, achieving an optimum morphology
of the photoactive layer is pivotal for device performance. In order to be able
to improve the materials in a systematic fashion and control the resulting solar
cell properties, it is vital to understand the fundamental processes in an organic
solar cell and to establish structure-function relationships. A powerful method to
do this is transient absorption spectroscopy as it covers the complete time range
from 100fs to 1 ms, when processes of charge carrier generation and recombina-
tion take place.[12] Thus it is possible to track and understand excited-state flow
in a given material system and correlate the charge generation efficiency with the
physical properties of the material used.

This thesis aims to provide a more detailed understanding of the charge carrier
generation and recombination processes in organic solar cells. Several ways to im-
prove absorption properties and engineer excited-state flow and thus enhance the
power conversion efficiency of an organic solar cell are investigated. Three differ-
ent material systems, each with a particular approach to improve the photoactive
material properties for free charge carrier generation, are investigated in terms
of the processes happening after light absorption and leading to charge carrier
extraction (and thus photocurrent generation) or charge carrier recombination
(and thus charge carrier loss).

To start with, Chapter 2 provides a brief review of the theoretical background
needed to understand the photophysical processes in conjugated polymers and in

organic solar cells. It then introduces ultrafast spectroscopy and finally offers a



detailed description of transient absorption data analysis methods. The exper-
imental methods used in this thesis are briefly reviewed in Chapter 3. Chapter
4 examines a set of polymeric donor materials which were designed to separate
light absorption and transport properties onto different monomer units and thus
enable step-wise material optimization. It further demonstrates that guiding
excited-state flow along the polymer backbone is possible. Chapter 5 presents an
investigation of the influence of crystallinity on free charge carrier generation. By
increasing the amount of amorphous polymer in an amorphous/semi-crystalline
donor polymer mixture, the amount of geminate charge carrier recombination is
increased which leads to lower quantum efficiencies. Finally, Chapter 6 shows
a detailed analysis of charge generation and recombination in a blend system,
wherein both donor and acceptor material are conjugated polymers. Here, the
morphology of the heterojunction interface determines the amount of fast charge-
transfer state recombination. Moreover, further charge carriers are lost through
recombination of interfacial states geminately reformed from mobile charge car-
riers. The thesis closes with Chapter 7, where the results are summarized and an

outlook with suggestions for further work is presented.






Chapter 2

Background

2.1 Optical and electronic properties of conju-

gated polymers

2.1.1 Conjugated m-bonds

The Nobel prize for chemistry in 2000 was awarded to A.J. Heeger, A.G. Mc
Diarmid and H. Shirakawa “for the discovery and development of conductive
polymers” [13]. Since their discovery of conductivity in doped polyacetylene in
1977 [14], much research has gone into finding new types of optoelectronically ac-
tive polymers and developing them to be suitable for applications such as organic
field effect transistors (OFETSs), organic light emitting diodes (OLEDs) and or-
ganic solar cells (OSCs). The characteristic feature of semiconducting polymers
is a conjugated m-system of sp?-hybridized carbon atoms with one electron in
the p.-orbital of each carbon atom. Whereas the sp?-orbitals form localized o-
bonds that have a large energetic difference between bonding and anti-bonding
orbital, the electrons in the p.-orbital form m-bonds that are delocalized in the
orthogonal plane to the o-bonds. The longer the conjugation length of a molecule
is, the smaller the energy difference between highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) gets (see figure 2.1).
However, the delocalization of the m-electrons in a conjugated polymer is limited

by chemical chain defects, kinks, and twists which make the effective conjuga-
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tion length much shorter than the polymer chain length, typically around 5 to
15 monomer units.[15] This means that the polymers behave as semiconductors.
Even in the ideal case of infinitely long conjugation length a band-gap would
remain due to the Peierls distortion: One-dimensional metals are unstable with
respect to distortion and therefore an energy gap opens at the Fermi level leading

to semiconducting behavior.[16]

A A AN AN
. - LUMO
N — anti-bonding
“ ” HOMO
i ﬁ bonding

Figure 2.1: As the conjugation length gets longer, the gap between HOMO and
LUMO gets smaller and more energy levels are formed converging eventually in

the case of a polymer into continuous bands, however still separated by a band-

gap.

2.1.2 Excited states in conjugated polymers

Upon excitation of a conjugated polymer an electron is promoted from the HOMO
into the LUMO. However, this electron and the corresponding hole are still bound
due to the Coulombic force. This state is called an exciton, from the combination
of ’excitation’ and ’on’, Greek for particle. Three different kinds of excitons
are distinguished depending on the extent of their delocalization (see figure 2.2):
Frenkel excitons are localized on small molecules or conjugated segments of a
polymer chain; Mott-Wannier excitons on the contrary, are highly delocalized
and exist mainly in inorganic semiconductors. In charge-transfer excitons the
charge carriers are located on two adjacent sites, be it on the same polymer

chain or on neighboring molecules. Excitons can be further distinguished by the
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orientation of the spins of their charge carriers. If the spins are anti-parallel, the
total spin is 0 and they are termed singlet excitons, if the spins are parallel, the

total spin is 1 and they are termed triplet excitons.

O Q 0O Q0 o0oo0o000 0O O O
0 0 0 €f N 0R.08 0
OQVEPS O oooa 08 O % 0
0 0 0 Nl Eh 00N 0
O Q 0O QO oo0o0o00 0O 0NN O
Frenkel exciton Mott-Wannier Charge-transfer
exciton exciton

Figure 2.2: Frenkel excitons possess radii comparable to the inter-site distance,
whereas the radii are much larger for Mott-Wannier excitons; charge-transfer

excitons are in between. Reproduced from [17, p. 150] with permission.

Conjugated polymer chains can also have charged excitation states that are
formed by adding or taking away an electron. These states are termed polarons,
they consist of not only the charge itself but also a deformation of the molecular
structure as surrounding atomic nuclei are displaced by the charge.

A more detailed review of excited states in conjugated polymers can be found
in [17-19].

2.1.3 Optical processes

Learning about excited states in molecules is best done by probing them with
light, i.e. doing spectroscopy (from Latin spectrum=image and Greek skopein=to
look), this will be dealt with in chapter 2.3. To understand spectroscopical results
we need to understand the interaction of light and matter, such as absorption and

emission and also subsequent processes, such as energy transfer.



2. BACKGROUND

2.1.3.1 Light absorption

Optical absorption takes place when a transition between symmetry-allowed elec-
tronic states is possible and the energy of the absorbed photon is equal to the
energy difference between these states. The intensity of this transition can be
calculated taking into account the Franck-Condon principle. This principle as-
sumes that the electronic transition occurs so rapidly (on the timescale of 1071° s)
that the nuclei do not change their position during the transition (the timescale
of a vibration being 107'2-1071%s). Therefore an electron which is in the lowest
vibronic level of the ground state might be promoted into a higher vibronic level
of the excited state, as illustrated in figure 2.3(a), depending on the structure of

the excited state.

_ —
1 I 4
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>
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Figure 2.3: Panel (a) shows the potential energy diagram of electronic ground
and excited state and their vibrational modes as a function of nuclear distance
with the arrows indicating possible transitions. Panel adapted from [20]. Panel

(b) shows a schematic of a corresponding absorption diagram.[21, p. 32]

The transition probability P, between the states u (upper) and [ (lower) can
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be described as the following product:

P [ (1) 10ahal® - (Sl 21

The individual terms of this product describe the selection rules for allowed
and forbidden electronic transitions. Four types of selection rules can be distin-

guished:

<\Ifu|]\7[ \\Ifl>‘ must have an even symmetry (“gerade”) to obtain a non-zero

integral. As the dipole moment operator M is an odd operator, ¥,, and ¥,

must be of opposite parity, i.e. one being gerade the other ungerade.

e U, and ¥; need to have spatial overlap, the magnitude of the transition

probability depends on the overlap of the orbital functions.

e The factor |(x.|x:)|” relates to the Franck-Condon principle discussed above

and describes the excitation probability of a vibronic transition.

o [(S,|S))|? describes the conservation of spin which is necessary for a tran-
sition to occur, i.e. transitions between pure singlet and triplet states are
strictly forbidden.

absorbing
material

Figure 2.4: Schematic diagram illustrating the absorption of light passing through

a material.

Experimentally we measure the transmission of light through a sample (see

figure 2.4). Making the assumptions that no light is scattered by the material,
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non-linear processes do not occur and emission in the direction of transmission
is negligible, we can calculate the amount of absorbed light. The change in light

intensity can be described by

dl, = —a,(z)dz (2.2)

giving the Lambert-Beer law:

I = Iye (2.3)

where « is the absorption coefficient and d the distance through which the light

passes as illustrated in figure 2.4.

2.1.3.2 Radiative and non-radiative decay processes
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Figure 2.5: Jablonski diagram with transitions and corresponding schematic spec-

tra. Reproduced from [21, p. 35] with permission.
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2.1 Optical and electronic properties of conjugated polymers

The Jablonski diagram shown in figure 2.5 illustrates the possible processes
after photon absorption. Singlet states are denoted with Sy, S, and S5, triplets
with T} and T3 and for each electronic level the corresponding vibrational levels
are shown. After absorption, which usually occurs from the lowest vibrational

level of Sy, the following processes are possible:

Internal conversion Internal conversion (IC) occurs between two states of the
same spin multiplicity. It is non-radiative and often followed by vibrational relax-
ation to the ground state. Internal conversion from S; to Sy is less efficient than
from S, to S as the energy gap is much larger in the former case. Fluorescence

and intersystem crossing are competing processes.

Fluorescence Fluorescence is the relaxation from S; to Sy accompanied by
the emission of a photon. The transition between the lowest vibronic levels is the
same for absorption and emission, however, the fluorescence spectrum is usually
red-shifted compared to the absorption spectrum. This is due to the vibrational
relaxation being faster than the emission (see table 2.1) and therefore the tran-
sitions are usually from the lowest vibronic level of S; into higher vibronic levels
of Sp. The gap between the maximum of absorption and fluorescence spectrum
is called Stokes shift. As the difference of the vibronic levels is similar in the
ground and the excited state for rigid molecules, the absorption and the fluores-
cence spectra display mirror symmetry in these cases. This is usually the case in

conjugated polymers.

Intersystem Crossing A transition between two electronic states of different
multiplicities is called intersystem crossing (ISC). This is a non-radiative tran-
sition and it usually takes place between two isoenergetic vibrational levels. In
principle this transition is forbidden, but spin-orbit coupling can make it possible,

this is especially efficient for heavy atoms.
Relaxation from the triplet state Relaxation from 7} can occur radiatively

or non-radiatively through intersystem crossing back to a high vibrational level

of So. The radiative pathway is called phosphorescence. As these relaxations

11
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are in principle spin-forbidden processes, they occur very slowly and therefore
the triplet decay rate is much slower than that of singlet excitons. Compared to
fluorescence, phosphorescence is red-shifted as the lowest vibrational level of T}
is lower in energy than 5.

If the concentration of triplets is very high, triplet-triplet annihilation can
occur, which forms a ground state singlet Sy and either an excited state singlet
Sy or triplet 7. If an excited state singlet is formed, delayed fluorescence is
possible.

Table 2.1 summarizes the processes and their corresponding timescales de-

scribed in this section.

absorption 10~
vibrational relaxation 10712 — 10~ 10g

lifetime of the excited state S; 1079 —10~7s — fluorescence

intersystem crossing 10719 — 10785
internal conversion 107" —107%
lifetime of the excited state T} 1076 —1s — phosphorescence

Table 2.1: Characteristic timescales of absorption and subsequent processes.[21]

2.1.4 Energy transfer processes

Besides the various relaxation processes described above, excited molecules can
also return to their ground state by transfering the energy onto a second molecule.
This energy transfer between an energy donor (D) and an energy acceptor (A) is
described by: D*+ A — D + A*.

Two different energy transfer mechanisms can be distinguished, leading to two
different excited states. In terms of quantum mechanics the inital state of two
specific electrons 1 and 2 is described by the wavefunction ¥; = ®p.(1) - 4(2).

The Forster mechanism (also called Coulomb mechanism or Forster reso-
nance energy transfer (FRET)) leads to the final state Wy, = ®p(1) - ©4+(2).

12



2.1 Optical and electronic properties of conjugated polymers

The Dexter mechanism (also called exchange mechanism) on the other
hand leads to the final state Wy, = ®p(2) - D4+ (1).

To put that into words, in case of the Forster mechanism, electrons 1 and 2
stay on their original molecules while they are exchanged in case of the Dexter
mechanism.

Both energy transfer mechanisms have several properties in common:

e The energy transfer between D and A occurs over a short distance, typically

less than 10 nm, with Dexter being even shorter range than Forster.

e Spectral overlap between the fluorescence emission band of D and the ab-

sorption band of A is necessary.

e The energy transfer is radiationless, it does not occur through emission and

re-absorption of light.

e Energy transfer opens an additional deactivation channel for the excited

donor molecule decreasing the lifetime of the excited state strongly.

However, as the energy transfer mechanism is different, this has implications
for the rate constants and the allowed transitions:

The Forster mechanism [22] is based on the interaction of the dipoles of the
molecules occuring via electromagnetic fields through space. The radiation field
of the dipole transition of the donor molecule induces a dipole transition in the
acceptor molecule, therefore a spatial overlap between the wavefunctions is not
required. The rate constant decreases to the sixth power of the distance between

the molecules (R). An approximation for the Forster rate is given by:

1 (Ro\’

Here 7p is the lifetime of D in the absence of A and R is called the Forster radius
at which the rate constant kp«_, 4 is equal to the sum of the rate constants of all
other relaxation channels. This value is typically between 4 and 10nm for dye

molecules in solution. It can be determined from spectroscopic data and is given
by:

Ry
n4

/ID (A) €4 (A) M*dA (2.5)

13
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where C is a constant factor containing basic quantities, s is the orientational
factor, ®p is the fluorescence quantum yield of D in absence of A, n is the refrac-
tive index, Ip is the fluorescence spectrum of D and €4 is the molar absorption
coefficient of A.

The Dexter mechanism [23] is based on quantum mechanical exchange inter-
action and can only occur if D and A exhibit strong spatial overlap. The distance
over which the energy transfer can happen is therefore much shorter, typically
0.5-1nm. The rate constant kp«_, 4, shows an exponential dependence on the
distance R between D and A:

ke o cap (—2%) [ o) as 2.6)

where f7, is the emission of D, ¢, is the absorption of A, and L is the van-
der-Waals distance. In contrast to the Forster mechanism, Dexter transfer also

enables energy transfer of triplet and polaron states.

2.1.5 Stark effect

The optical properties of an atom or molecule are influenced by external electric
fields as first described by Johannes Stark in 1913.[24]

For a transition involving two electronic states, the field F perturbs the ab-
sorber’s transition dipole 1 (proportional to its oscillator strength and absorption
cross-section) and peak position 7y,,,. This is termed classical Stark effect as op-
posed to the non-classical Stark effect where the reaction dynamics of a process
and thus the line shape of the absorption is affected by an electric field.[25] The
changes in both m and 7,4, can be expressed by a second order Taylor expansion.
The change in transition dipole is given by:

m(ﬁ)-m:A.ﬁ+ﬁ-§~ﬁ (2.7)
where A is the transition polarizability and B is the transition hyperpolarizability.
The change in transition frequency Av is given by:

F-Aa-F (2.8)

" 1
Dmam(-F)_Dmam:_Aﬁ'F_a
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2.1 Optical and electronic properties of conjugated polymers

where Aji is the change in dipole moment and A« is the change in polarizability
between ground and excited state.

In this thesis the Stark effect of a photoinduced field created by charges is
investigated. Chapter 6.7 deals with the effect of the field on the electronic tran-
sitions in a conjugated donor-acceptor polymer. It is found that A is often
the dominant contribution to the Stark effect.[25] Conjugated polymers, espe-
cially donor-acceptor polymers, exhibit a big dipole moment and also structural
change in the excited state, leading to a substantial change in dipole moment
from ground to excited state. Therefore, in our analysis we assume as a first ap-
proximation that the change in dipole moment is the predominating factor and
the change in transition dipole Am and the change in polarizability A« can be
neglected. We will demonstrate in chapter 6.7 that this approximation works well
to fit the data. In the following we will therefore focus on the linear Stark effect
on the peak position, i.e. the term Av = —Aji - F which is linear in the electric
field. Here, three distinct cases of alignment of change in dipole moment Aji and
field F can be distinguished: preferential alignment in parallel (see figure 2.6(a)),
anti-parallel (see figure 2.6(b)), and an isotropic distribution of Afi with respect
to the field.

(a) (b)

Figure 2.6: Orientation of a change in dipole moment Afi (a) in parallel with the
electric field and (b) anti-parallel with the electric field.

Figure 2.7 shows the corresponding linear Stark effect on the absorption spec-

tra. If the change in dipole moment A of a molecule is oriented in parallel to the
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Figure 2.7: Linear Stark effect of an applied field on the absorption spectrum.
Panel (a) shows the interaction of an electric field with the change in dipole
moment aligned with the field. The corresponding shifted absorption spectrum
is shown on the right with dotted lines, the spectrum without field is represented
by a solid line. This results in the difference of the absorption AA having a first
derivative lineshape. Panel adapted from [26] with permission. Panel (b) shows
the case for an isotropic sample where the changes in dipole moment are oriented
randomly with respect to the field. Both red- and blue-shift of the absorption
spectrum is observed, resulting in A A having a second derivative lineshape. Panel

reproduced from [25] with permission.
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2.2 Photophysical processes in organic solar cells

electric field (figure 2.6(a)), the energy levels are shifted to more negative energies
as the states become more energetically favorable (shown in figure 2.7(a)). This
results in the absorption being red-shifted and the difference in transmission %
being proportional to the positive first derivative of the absorption with respect
to wavelength. On the other hand, when Aji and field are aligned anti-parallel
(figure 2.6(b)), the absorption is blue shifted, the transition becomes energetically
less favorable and % is proportional to the negative first derivative of the absorp-
tion with respect to wavelength. In the case of Aji and the field being oriented
randomly, blue-shift, red-shift and no shift at all are observed (depicted in figure
2.7(b)). This leads to broadening of the absorption and % being proportional
to the negative second derivative of the absorption.

Taking these absorption shifts into account we can analyze spectra in terms
of the orientation of dipoles with respect to the field and compare the extent and

the direction of the dipole orientation in different samples.

2.2 Photophysical processes in organic solar cells

The basic principle of a solar cell is the conversion of solar into electrical power.
The steps involved in that process in an organic solar cell are schematically il-
lustrated in figure 2.8 and will be discussed in this section. First, the generation
of charges at an interface of a donor and an acceptor material will be discussed
(section 2.2.1), then their transport to the electrodes (section 2.2.2) and finally
we will take a closer look at recombination mechanisms which limit solar cell

performance (section 2.2.3). Comprehensive reviews are found in [27-30].

2.2.1 Charge generation
2.2.1.1 Exciton diffusion and quenching by charge transfer

The photoactive layer of a bulk heterojunction organic solar cell consists of two
materials with different electron affinities and ionization potentials. Light is ab-
sorbed in one of the materials and an exciton is generated (see section 2.1.2). It

is separated into charges at the interface with the other material. A common
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Figure 2.8: Charge generation process in an organic solar cell: (1) Upon absorp-
tion of light an exciton is created that diffuses to the donor-acceptor interface
and forms a charge-transfer exciton (2) which is then split up and the charges
are transported to the electrodes (3). The optical pump beam (shown in green)
and probe beam (shown in yellow) illustrate the transient absorption experiment

that will be introduced in section 2.3. Figure reproduced from [31].

material combination consists of an electron-donating polymer and the electron-
accepting fullerene PCBM (phenyl-C61-butyric acid methyl ester). The absorp-
tion of PCBM is negligible in the visible wavelength range, which means that
light is absorbed mainly in the polymer. Therefore, the more electropositive ma-
terial is usually called donor’, the electronegative material ’acceptor’. However,
other electron acceptor materials, such as PC7;;BM, perylenediimides (PDI) or
polymeric acceptors, also absorb light and therefore act as a hole donor; we will
see that this is the case in chapter 6.

As the exciton diffusion length is usually on the order of 10-20nm [32] in
semiconducting polymers, the donor and the acceptor material are blended to
form an interpenetrating network. For efficient exciton dissociation the phase
separation should in principle be as small as possible, otherwise excitons decay
before reaching the interface. However, for the subsequent steps, such as electron-
hole separation and transport to the electrodes, a coarse phase separation is
needed. An optimum trade-off between these oppositional requirements has to be

found for each material combination individually. The percentage of excitons that
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2.2 Photophysical processes in organic solar cells

are quenched at the interface can be estimated with photoluminescence quenching
experiments where the steady-state PL of the blend compared to the pristine
material is measured.[33, 34]

The charge-transfer reactions at the interface of donor and acceptor are il-
lustrated in figure 2.9. After light absorption in the donor material, an electron
is transferred to the acceptor material (see figure 2.9(a)). If light is absorbed
in the acceptor material, a hole is transferred to the donor material (see figure
2.9(b)). Another possible pathway after light absorption in the acceptor mate-
rial is Forster energy transfer of the exciton to the donor material (see section
2.1.4), subsequently the exciton can be quenched by electron transfer onto the
acceptor material (see figure 2.9(c)). Energy transfer from donor to acceptor and
subsequent hole transfer is also possible.

Exciton quenching and charge generation is often found to take place on the
timescale of 100 fs.[35-38] As this is much faster than the time it takes an exciton
to diffuse to the interface, Banerji and coworkers suggested that the exciton is ini-
tially delocalized, this would also reduce its binding energy and thus assist charge
separation.[29, 30, 39] A different explanation was put forward by Durrant and
coworkers: They suggested that charge generation takes place in domains where
donor and acceptor are mixed very intimately making diffusion unnecessary; for

subsequent charge separation also crystalline domains are necessary.[40]

2.2.1.2 Charge-transfer states

Charge transfer at the interface can result in either spatially separated free charges
or in charge-transfer (CT) states. In a charge-transfer state, the electron and hole
are still coulombically bound, this attraction has to be overcome to form free
charges. Experimentally, the energy level of the charge-transfer state is usually
determined with electroluminescence (EL), where charge carriers are injected to
form a CT state which decays radiatively.[41, 42] Also, PL or absorption mea-
surements of a donor-acceptor blend might show additional features compared to
the individual components, indicating the presence of a charge-transfer state.[43]

The energetics of the intermediate charge-transfer state which is formed at

the interface after exciton quenching and its role in free charge generation has
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Figure 2.9: Typical charge transfer reactions after an exciton has reached the
donor-acceptor interface. The donor material is shown with red energy levels,
the acceptor material with blue energy levels. Panel (a) depicts light absorption
in the donor material and electron transfer onto the electron acceptor. Panel (b)
depicts light absorption in the acceptor material and hole transfer onto the donor
material. Panel (c) illustrates Forster energy transfer to the donor material after

light absorption in the acceptor material and subsequent electron transfer onto

the acceptor.
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2.2 Photophysical processes in organic solar cells

been the subject of recent debate. Howard and coworkers found that after 100 fs
two populations are present in P3HT:PCBM blends: bound charges and free
charges. The bound charges recombine within 2ns while the free charges can be
extracted into an external circuit. Recent experiments by Bakulin and coworkers
have shown that free charge generation occurs via a delocalized CT state; relaxed
CT states thus represent a loss channel as they cannot overcome their coulombic
binding energy.[44] This was shown with a pump-push-probe experiment, where
an infrared push pulse was used to excite relaxed CT states into higher-lying (by
0.3-1eV) delocalized CT,, states (see figure 2.10). An increase in photocurrent due
to free charge carrier generation was measured. Similar results concerning the role
of the CT state were found by Grancini and coworkers using transient absorption
spectroscopy on PCPDTBT:PCBM blends.[45] They found that both interfacial
CT states and free charges were generated in the first tens of femtoseconds. The
higher-lying, more delocalized CT states were more likely to be separated into

free charges, while the relaxed C'T state constituted a loss channel.

A = CT,
-2 #‘I-..’.~‘l t l--.......
above-gap 3 '::.i |- ".
pump > er; 9‘ ©
e 1 Cooling (P,
push sC
probe
S,
=] 0 T ——
E(eV)

Figure 2.10: Energy diagram of free charge carrier generation in a typical donor-
acceptor system in an organic solar cell. With an optical pump pulse localized
CT) states are pushed into higher lying energy levels (CT,,) and can be separated

into free charges (SC) from there. Figure adapted from [44] with permission.

In polymer:polymer blends, a very high density of charge-transfer states was
observed by Howard and coworkers.[31] Here, the charge-transfer states were long-

lived and decayed on a timescale of 100 ns.
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2.2.1.3 The role of morphology and field

Morphology plays a huge role in the charge generation process. As discussed
above, the mesoscale morphology, i.e. the lengthscale of phase separation be-
tween donor and acceptor component, determines efficient exciton quenching and
charge transport. Optimizing the mesoscale morphology of two given materials is
usually done by the choice of solvent(s) and annealing conditions. A well-known
example is the PTB7:PC;1BM system, where the phase separation is significantly
decreased by using 1,8-diiodoctane (DIO) as a co-solvent, the power conversion
efficiency is thus increased from 3.9% to 7.4%.[46] Morphology on an even smaller
lengthscale plays an important role as well: Besides the domain size, the domain
purity [47-50], the cristallinity of the components [51, 52], and the orientation of
the molecules at the interface [43, 50, 53, 54] are important factors influencing
free charge generation.

In an organic solar cell, the field dependence of the photocurrent has a crit-
ical influence on device performance as it affects the fill factor. Two different
processes can be responsible for the bias dependence, the field-activated charge-
transfer state splitting and the competition between extraction and non-geminate
recombination.[55] Kniepert and coworkers adopted a method to probe the field
dependence of charge generation.[56] In this time-delayed collection field (TDCF)
experiment free charges are generated by a short laser pulse and extracted by a
rectangular voltage pulse. By applying a variable DC voltage during charge gen-
eration, the field dependence of generation is directly probed by the change in the
total amount of extracted charges. They found different results depending on the
photoactive material: While charge carrier generation in P3HT:PCBM blends
is not field-dependent,[56] the low-bandgap polymer PCPDTBT blended with
PC7BM exhibits a strong field dependence of free charge carrier generation.[57]
The reason for the field dependence of the photocurrent in P3HT:PCBM de-
vices was shown with time-delayed double pump experiments by Mauer and
coworkers.[55] Here, the current-voltage characteristics of a solar cell during il-
lumination with two laser pulses are measured and by changing the time delay

between the pulses the charge carrier dwell time can be calculated. They find that
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2.2 Photophysical processes in organic solar cells

the field dependence of the photocurrent is determined by the competition be-
tween carrier extraction and non-geminate recombination: at higher fields, charge

carriers are swept out faster, therefore less charge carriers recombine.

2.2.2 Charge transport

Once free charge carriers are created in the photoactive layer of the organic solar
cell their transport to the electrodes must be accomplished, while recombination
processes are competing loss channels (see section 2.2.3). Different models de-
scribing the charge transport and its dependence on field and temperature exist,
such as hopping, polaron transport and trapping/detrapping models.[58] In the
following, the Gaussian Disorder Model will be discussed in more detail, as it is

able to explain experimental properties to a large extent.

Hopping in a Gaussian Disorder Model. The distribution of conjugation
lengths in organic semiconductors discussed in section 2.1.1 leads to an energy
level distribution. This is described by a density of states (DOS) that is mathe-

matically expressed by a normal distribution as suggested by Béssler:[59]

p(B) = s o (—%) (29)

where o (F) is the standard deviation of the Gauss distribution. It is also
called disorder parameter and is roughly between 50 and 100 meV for most organic
semiconductors.[60] The transport of charge carriers involves hopping among lo-
calized states in the DOS, which is a phonon-assisted tunneling process. The
hopping rate v;; between two sites ¢ and j can be calculated with the Miller-

Abrahams equation:[61]

B;—E ‘ ‘
Vij = vy - exp(—2aRy;) - { P <_1 kT ) ’ ? Z gz
) 7 7

(2.10)

where 14 is the phonon vibration frequency, a the inverse localization length
(roughly equal to the m-electron delocalization length) and R;; the electronic wave
function overlap. For jumps upwards in energy (E; > E;) a Boltzmann factor

is included. We can immediately see that for T—0 K the hopping rate becomes
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negligible, thus freezing charge transport. As the first exponential depends on the
distance between the sites, it is clear that adjacent sites are favored compared to
distant sites. For states with the same energy, the same transition rate applies to
a jump to and from the site. As this is not the case for states with an energetic
offset, sites that are very low in energy can act as charge carrier traps.

With regard to macroscopic charge transport it has to be taken into account
that a charge carrier visits a large number of sites with different energetic states
(lying in the DOS) and spatial distances. Assuming Gaussian distributions for
the site energies and the jump distances (with the width X), the macroscopic

measurable mobility can be described depending on field and temperature:

W(T, F) = pg - exp [— (3%)2 . exp KO (%)2 - 22) \/F] (2.11)

where C is an empirically determined constant and g is the mobility at zero field

and infinite temperature. However, the dependence of charge carrier mobility
on charge carrier density is not taken into account with equation 2.11.[62] Also,
equation 2.11 is only valid at temperatures between the glass transition temper-
ature T, and a critical temperature T. (T, >T.) , which is dependent on the
energetic disorder o and the length of the charge transport distance Ly (i.e. the
film thickness):

2
o
(kTC) =44.8+6.7 - log (Ly) (2.12)

Below T, charges will not reach a dynamic equilibrium as their transit time
through the sample is faster than the equilibration process and the mobility would

then depend on the sample thickness.

Charge carrier mobilities. The experimentally determined charge carrier mo-
bility p is the most widely used parameter to compare charge transport properties
of different materials. Several methods exist to determine it, and its value de-
pends strongly on the type of measurement. Therefore care has to be taken when
comparing mobilities or choosing a method for determining the mobility for a
specific problem as each method has its advantages and limitations. Some of the

most widely used methods include:
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2.2 Photophysical processes in organic solar cells

Time of flight

Field effect transistors

Space charge limited current

Photogenerated charge extraction by linearly increasing voltage

Pulsed-radiolysis time-resolved microwave conductivity

2.2.3 Charge recombination

In the previous sections the processes contributing to the photocurrent, i.e. charge
generation and charge transport, were discussed. However, at all stages of the
charge carrier generation and extraction process, competing charge recombination

processes limit the efficiency. Figure 2.11 gives an overview of the loss processes:

e Exciton decay: internal conversion or radiative decay before the exciton has

found an interface (see section 2.1.3.2)
e Geminate recombination of bound charge pairs
e Non-geminate recombination of free charges
e Trap-assisted recombination of free and trapped charges

Experimentally, geminate and non-geminate recombination processes can be
distinguished by their intensity dependence (see also section 2.3.4). As the charges
undergoing geminate recombination come from the same tightly-bound state,
it is a monomolecular and concentration-independent process, i.e. its rate is
proportional to the number of bound charge pairs present: % = kn. On the other
hand, charges undergoing non-geminate recombination are free and therefore it
is a charge carrier concentration dependent process: ‘fl—’t‘ = un**e,

Non-geminate recombination as a random process of opposite charge carriers
meeting can be described by Langevin’s equation, which was originally developed
for the recombination of ions in gases.[63] Here, the Langevin recombination rate
R is proportional to the product of electron (n) and hole (p) density which must

be equal for photogenerated charges (n = p):

R=vy-n-p=v-n? (2.13)
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Figure 2.11: Overview of the charge generation and loss processes in an or-
ganic solar cell. Loss processes are depicted with red arrows, desired processes
with green arrows. The order of the recombination process is indicated with
m=monomolecular and b=bimolecular. Figure reproduced from [12] with per-

mission.

The bimolecular rate constant -, depends on the sum of hole (i) and electron

(1e) mobility :

_ € (ﬂe + Mh)
€€p

However, organic semiconductors do not strictly behave like ions in gases as
they are not three dimensionally isotropic and completely homogeneous. For
instance, in blends of donor and acceptor, the hole and electron are confined to
their respective phase which limits the recombination to the interface of both
materials. This leads to a reduction in the rate of recombination which can be
characterized by a prefactor £. £ is usually on the order of 107! — 1073.[64, 65]
In many cases for organic heterojunctions the recombination rate has an order
greater than 2.[36, 66, 67] The reasons are still discussed, possible explanations

include a charge density dependence of the mobility,[68] morphology-restricted
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charge carrier diffusion [69] or a distribution of traps.[70] The modified Langevin

recombination rate taking into account these corrections is:

€ (:ue Hh) A1 A1
— g Me PR/ =, 2.1
R=¢ o= n Umn (2.15)

Trap-assisted recombination is monomolecular if the trapped charge density is

constant, but can also follow more complex behaviours if this is not the case.[12]

2.3 Ultrafast spectroscopy

To investigate photophysical processes like charge carrier generation and recombi-
nation as discussed in the previous section, ultrafast spectroscopy is an invaluable
tool. The term wultrafast refers to processes happening in the picosecond and fem-
tosecond time range and in this section the techniques enabling the access to this
time range will be introduced. In order to track excited states with transient
absorption spectroscopy (see section 2.3.4), an ultrashort pulse of variable wave-
length is needed to excite the sample (see section 2.3.3) and an ultrashort broad

white light pulse is needed to probe the sample after excitation (see section 2.3.2).

2.3.1 Ultrafast pulse generation and amplification

In order to time-resolve ultrafast events, ultrafast laser pulses are necessary. The
technique used for creating ultrashort pulses from lasers is called mode locking,
where laser beams with different frequencies are superimposed with a fixed phase
relation ¢, as shown in figure 2.12.

This is done in the resonant cavity of the laser as shown in figure 2.13(a).
The length of the laser cavity L determines the cavity round-trip time Tk = %
where ¢, is the group velocity, i.e. the propagation velocity of the peak of the
pulse intensity. The inverse of the cavity round-trip time is the pulse repetition
rate vg. In figure 2.13(b) the corresponding pulse train is schematically depicted.
In order to achieve short pulses the spectral bandwidth Aw has to be large as,

1

due to the uncertainty principle, At oc 5. The bandwidth is widened when the

number of locked modes is increased.
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Figure 2.12: Mode locking of laser beams with different frequencies, but a fixed

phase relation ¢, leads to short laser pulses. Figure adapted from [71].

In a laser system mode locking can be realized actively or passively, however,
much shorter pulses are obtained with passive mode locking, where the light in the
cavity is used to cause a change in an intracavity element which in turn modulates
the intracavity light. The most common technique is Kerr lens mode locking
which allows mode locking of a very large bandwidth and thus pulses down to the
sub-5fs regime.[72] Its principle is based on a medium with a nonlinear refractive
index, i.e. a material in which the refractive index changes with light intensity
(optical Kerr effect). In such a material, light with high intensity is focused
differently from low-intensity light and thus can be separated geometrically. The
material of choice for ultrafast pulse creation is titanium sapphire as it exhibits
both strong self-focusing and good gain properties; its center wavelength is at
800 nm.

The laser pulses can be further modified, if higher energy or shorter pulse
length is necessary. Pulses exhibit a prolongation due to chirp which is caused by
the frequency dependence of the Kerr effect and chromatic dispersion. Compres-
sion can be done with dielectric mirrors. The pulses can also be further amplified.
This can be done by first stretching the pulse to prevent damage in the optics
from high energies, then amplifying it in a gain medium and then compressing
it again to its original femtosecond pulse shape. The stretching and compression

are usually done with grating setups and the amplification is done by seeding
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Figure 2.13: Figure (a) depicts a typical laser cavity used for mode locking. The
resulting pulse train is shown in figure (b). Panel reproduced from [72] with

permission.

a second Ti-sapphire cavity with the ultrafast pulse train. The injection and

extraction in the amplifier cavity are controlled by Pockels cells.

2.3.2 Supercontinuum white light generation

Coherent supercontinuous white light can be generated by focusing a strong ul-
trashort laser pulse into an optically highly non-linear medium, such as sap-
phire (a-AlyO3), yttrium aluminum garnet (YAG, Y3Al;042) or yttrium vanadate
(YVO,).[73] Figure 2.14 shows a typical experimental setup. Depending on the
non-linear medium used and the wavelength of the seed pulse, white light ranging
from 400 nm to >1800nm can be created. The duration of the white light pulse

is not longer than the excitation pulse.

2.3.3 Optical parametric amplification

For ultrafast spectroscopical experiments it is very useful to be able to generate
short laser pulses at various wavelengths and not only at 800 nm which is the
fundamental output of the Ti:sapphire laser. This can be achieved in an optical
parametric amplifier (OPA), as schematically depicted in figure 2.15. Here, a
signal and a strong pump (e.g. the 800 nm output from the Ti:sapphire laser)

are overlapped under phase-matching conditions in a non-linear optical medium
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Figure 2.14: Experimental setup for generation of white light with fs duration.
The seed pulse, e.g. from a Ti:sapphire laser, is focused with L1 into the sapphire.
The white light is generated within the sapphire due to non-linear effects and is
then collimated with L2. My filters out the residual excitation pulse.[74, p. 590]

(e.g. B-BaBy0y4). The signal is amplified at the expense of the pump and addi-
tionally an idler beam is created whose frequency equals the difference between

the frequencies of pump and signal.

Vpump Vpump
N I.M ) Vidler=vpump_vsignal
—_— %
Vsignal Vsignall

Figure 2.15: Schematic illustration of an optical parametric amplifier. The signal
is amplified by overlapping it with a strong pump in a non-linear medium (NLM).
An additional idler beam is created due to the principle of energy conservation.[74,
p. 194]

In order to access a wide range of amplified wavelengths, a supercontinuum
white light seed can be used and by adjusting both phase matching and delay

between white light and pump, the wavelength to be amplified can be chosen.
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Moreover, sum frequency mixing and second harmonic generation is possible and
thus a wavelength range of ultrashort laser pulses from UV to IR can be accessed

with optical parametric amplification.

2.3.4 Signals in transient absorption spectroscopy

Transient absorption spectroscopy is a powerful technique to track excited state
dynamics. The transmission of a sample after excitation with an ultrashort pump
pulse Teye is measured with a white light pulse and compared to the transmission
without previous excitation Tgg (ground state transmission). By introducing a
variable time delay between pump and probe pulse, the temporal evolution of
the excited states can be tracked. For a transient absorption spectrum, AT/T is

calculated with the following equation:

Texe (A, t) — Tas (A)

AT/T (A, t) = T 0)

(2.16)

Three different mechanisms are responsible for the excited-state spectrum: ground
state bleach (GSB), stimulated emission (SE) and photoinduced absorption (PIA).
Their origin in terms of transition between states is illustrated in figure 2.16(a),
their spectral position is schematically depicted in figure 2.16(b).

When excited states are populated due to the pump pulse, the ground state
So is depleted. Therefore the transmission in the region where previously the
ground state was absorbing is increased, AT/T is positive, we find a ground
state bleach. In this region the dynamics of the sum of all excited states can
be tracked as they all bleach the ground state.

If the pump pulse populates fluorescent excited states, their radiative decay
into the ground state can be stimulated by the probe pulse. This additional
stimulated emission in the region of the sample’s fluorescence causes a positive
AT/T signal and can be used to monitor emissive excited-state populations.

When higher lying states such as S; are populated, they in turn can be ex-
cited to even higher lying states. This photoinduced absorption decreases
the transmission in the wavelength region corresponding to that transition, we

therefore find a negative AT /T signal. Not only primary excited states, but also
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Figure 2.16: Typical signals found in transient absorption measurements: GSB:
ground state bleach, SE: stimulated emission, PIA: photoinduced absorption.
Figure (a) depicts the processes corresponding to the signals (dotted arrow means
fewer transitions), figure (b) shows a schematic representation of the resulting

spectrum.

charge-transfer states, free charges and triplets can be tracked by their PIA sig-
nal. As the spacing between electronic states tends to decrease, these PIA signals
extend into the near infrared (NIR).

In the linear absorption regime, i.e. at low pump fluences where non-linear
effects can be neglected, the signals are proportional to the number of absorbing
species. AT/T for a transition between an initial state ¢ and a final state f can

then be expressed by the following equation:

AT/T (M t) == 0ip (A) AN; (t)d (2.17)
i,f

where 0,7 is the cross section of the probed transition, AN; is the population
change of the initial state and d the film thickness.[75] In equation 2.17 the GSB
would be described by a 0 — f transition, SE by a f — 0 transition and PIA by
i — f where i # 0.

As the signal is directly proportional to the population of an excited species,
the population of an excited state can be tracked directly if a wavelength region
is found without overlapping signals from different species. However, as this is

usually not the case, we need data analysis methods to approximate population
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flows from the measured transient absorption surfaces. These are discussed in
section 2.4.

Section 2.2.3 introduced the intensity dependence of decay processes of excited
species, and by varying the pump intensity in a transient absorption experiment
it is possible to distinguish between them. Figure 2.17 shows simulated data
of normalized kinetics at different pump intensities at time delays starting from
500 ps. In case (a), the recombination dynamics are monomolecular, indicating
recombination of bound charge pairs or trap-limited recombination. In (c) free
charges recombine, leading to intensity dependent recombination dynamics. Fig-
ure 2.17(b) depicts kinetics of a signal which stems from both bound and free

charge carriers (in a 50:50 ratio).

(a) (b) (c)

o
)

o
o

AT/T normalized
o o
N £

o
S)

n 10n 100n 1 n 10n 100n 1 n 10n 100n 1
Time /s Time /s Time /s

Figure 2.17: Simulated normalized kinetics of different recombination processes:
(a) monomolecular recombination of bound charge pairs (c¢) bimolecular recom-
bination of free charge carriers and (b) recombination of 50:50 bound and free

charge carriers.

Experimental details of transient absorption spectroscopy can be found in
section 3.4.1, we now take a deeper look at data analysis methods of more complex
signals.

2.4 Transient absorption data analysis

The result of modern transient absorption experiments is a data matrix consisting

of m rows each of which is the n long transient absorption spectrum (where n
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corresponds to the number of illuminated pixels on the linear array detector
behind the spectrograph) measured at the m'® time delay. The data matrix
expresses AT/T as a function of wavelength and time, D(m,n) = AT/T(t, \),
and is often plotted as a surface against these two variables. This is shown in the
first panel of figure 2.18.

The goal of transient absorption data analysis is to determine the number
of excited-state species, the evolution of the concentration of each excited-state
species’ population with time, and the AT/T spectrum of each excited-state
species over the wavelength region measured. As long as the spectrum of each
excited-state species does not change with time, analysis of the transient absorp-
tion data corresponds to finding a bilinear decomposition of the measured data
matrix with a given number, p, of excited-state species: D = CS + E, where C is
an (m x p) matrix in which the i*® column corresponds to the population of the
i species at each of the m measured timepoints, S is a (p X n) matrix in which
the i*® row represents the transient absorption spectrum of the i*" species (at the
n wavelengths of the measured data), and E is an (m X n) matrix that represents
the difference between the measured data and its idealized description (given by
CS) due to experimental noise. This is graphically illustrated in the first panel
of figure 2.18. It is important to note, that the number of excited-state species,
p, that are required to describe the experimental data corresponds to the rank of
the data matrix. The matrix multiplication CS can be written as the series from
i = 1...p of the outerproducts between the i** column of C and the i*® row of S,
CS = > "c(i) ® s(z), where c(i) and s(i) are the i*" column of the concentration
matrix and the i*" row of the spectral matrix respectively. Physically speaking,
this means that the total transient absorption surface can be thought of as a sum
of rank 1 surfaces each given by the outer product of the concentration profile of
an excited-state species with that species’ transient absorption spectrum. This is
again shown graphically in the last two panels of figure 2.18.

Following from the results of the last paragraph, the goal of transient absorp-
tion data analysis is to factor the observed data matrix into the product of two
matrices, which to reiterate are C an (m x p) matrix in which the i*" column gives
the population of the i" excited-state species as a function of time, and S a (pxn)

matrix in which the i*" row gives the spectrum of the i excited-state species as
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Figure 2.18: The upper panel shows a bilinear decomposition of a transient ab-
sorption data surface (m x n) into resolved concentration (m X p) and spectra
(p x n) profiles plus an error matrix (m x n). This means that the data matrix
can be represented by the summation of the outer products of the individual
concentration and spectra profiles of the p components, shown schematically in

the lower panels.

a function of wavelength. Finally, p is the number of excited-state species that
contribute to the measured transient absorption surface. We will now for the
moment assume that we can find (based on mathematical techniques) a decom-
position CS that accurately describes the measured data, and consider whether
or not this decomposition is unique. As it turns out, it is easy to show that the
decomposition is not mathematically unique, which will mean that mathematical
techniques alone are insufficient to determine the physically true C and S matri-
ces that we will label with the subscript a (for actual) as C, and S,. Equation
2.18 shows that any invertible matrix T and its inverse can be introduced between
C and S.

D =CS = (CT) (T'S) = CrewSnew (2.18)

As the product of T and its inverse is the identity matrix, their introduction does

not change the result of the matrix multiplication at all. As matrix multiplication
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is associative we can calculate the matrix product as (CT)(T~'S), as also shown
in equation 2.18. The term in the first brackets (CT) can be considered a new
concentration matrix, Cpew, wherein each of the new columns (concentration
profiles) is a mixture of the old columns (concentration profiles) determined by the
elements of T. Similarly, the second bracketed term, (T~1S), can be considered a
new spectra matrix, Syew, in which each of the rows (spectra) is a combination of
the old rows (spectra) based on the elements in the inverse of T. As we know that
the product of CewSnew describes the data identically well as the product CS we
immediately see that the decomposition is not mathematically unique. Neglecting
any physical constraints, we see that the real physical solutions C, and S, lie in a
set of solutions that is infinitely large (given there are an infinite number of choices
for T'). So based on this knowledge, we can now understand that the critical step
in transient absorption data analysis boils down not to finding a decomposition
of the data matrix, but rather finding the actual (physical) decomposition of the
data matrix C, and S, from within the theoretically infinite set of equivalently
valid mathematical decompositions.

In order to achieve the goal introduced in the preceding paragraph of finding
the physical decomposition of the measured data matrix C, and S, which re-
veal the concentration evolutions and spectra of the excited-state species really
present, constraints based on physical insights into the system measured must
be introduced. In the next two sections we will consider two techniques for in-
troducing such physical constraints, and using them to search out the physically
meaningful decomposition. The first technique requires quite explicit knowledge
of the system under study, namely that the functional form of the rate equations
for all excited-state species are known. Due to the necessity for such explicit
knowledge, we call this approach hard-modeling. In the second section we intro-
duce a technique that uses less explicit knowledge, such as the requirement that
concentrations be positive, along with insight gained from the mathematical anal-
ysis of the measured data surface (such as local-rank information) to search for
the physical decomposition. We call this second technique soft-modeling, as it can
be applied in general to transient absorption data, without any prior knowledge
of the reacting species or their kinetics. For both cases we consider the question

of estimating how certain one is that the true physical C, and S, were found,
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and illustrate this by applying each of the techniques to simple simulated data
sets. For the second case, we introduce the technique we have developed in order
to quickly and powerfully examine the uniqueness and physicality of the found
solution in the case of a two-excited-state decomposition wherein one spectrum
can be constrained from the data (this is the case present in chapter 6, and ac-
tually often occurs in energy conversion reactions in which excited-state species

of very disparate lifetimes are involved).

2.4.1 Global analysis

The first technique we consider to find the physically meaningful matrix decom-
position C, and S, is global analysis. This technique has a long history in the
analysis of transient absorption data, and a good review of its current status was
recently presented by van Thor and coworkers. [76]

In broad strokes, the most common implementation of this technique can be
described in the following fashion. Firstly, the functional form of the population
flow between the (known number of) excited-state species along with the bound-
ary conditions of the initial population of each species must be known a priori.
A general form of these equations is given in equation 2.19, where Cj is the con-
centration of the i*" excited-state species, and F; is a function that governs the
dynamics of the i*" population which takes in a vector of parameters (p;) and the
populations. An explicit example of such a scheme of kinetic equations for a case
in which an initial population of excitons can either decay to the ground state
or form a pair of free charges which can then bimolecularly recombine is shown
in equation 2.20. In this example F) is the decay to the ground state and the
transfer to charge pairs given by —k1Cy — koCh, p1 = (ky, k), Fy is the growth
of charge pairs from the exiton population and their decay due to bimolecular
recombination kyC — ksCy?, and py = (kg, ks). The global fit is performed by us-
ing a non-linear least squares minimization routine (lsgnonlin in Matlab) to vary
the parameter vectors pj ...p, in order to find a minimum of the least squares
residual between the model and the data. The model is calculated for each set of
input parameters in a two step process. First the concentration matrix is found

by finding the numerical solutions to the population equations (using a solver
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such as odel5s in Matlab) with the current parameter set. Once the concentra-
tion matrix (for the given step) is known, the corresponding best possible spectra
matrix is quickly determined using a linear least square approach (like a matrix
division in Matlab). The model is then computed by the multiplication of the
concentration and spectra matrices and the residual at this step is calculated.
The minimization routine continues to adjust the input parameters until a min-
imum difference exists between the model and the data, at which point C, and
thereby also S, are found (given the population equations and initial conditions

are indeed correct).

d .
&Cl = Fl(pla 017 027 s 7Cp)
d .
aCQ == FQ(an 017 CQa <o 7Cp)
d —
&Cp = Fp(pp,Cl,Cg,...,Cp) (219)
d
EC& - —]{5101 - kQCl
d
02 = kO — hsCy? (2.20)

2.4.1.1 Global analysis applied to a simple example

In order to illustrate the global analysis technique, a simple example of a sim-
ulated dataset is considered here. It is assumed that two species are present in
the dataset and that the decay of a species is proportional to its concentration.
Two different models are applied to analyze the data: In the parallel model both
species A and B are present from the start with the initial condition C'x(t = 0) =
Cp(t = 0) = 1 while in the sequential model only A is present in the beginning
and B is formed from A (initial condition: C4(t =0) = 1; Cg(t = 0) = 0). The

following schemes of kinetic equations describe these simple models:
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Parallel model:

F i
Q Q
©n ©

S Cp = —kyCp (2.21)

Sequential model:

d
—Cy=—-kC
oA 104

d
€5 = O~ kO (2.22)

The results of the global analysis with the rate equations from equation 2.21
and 2.22 are presented in figure 2.19. Both parallel and sequential model fit the
data equally well as can be seen from the solid lines overlaying the data points in
figure 2.19. This means that both decompositions CS describe the data matrix
D with the same accuracy. So in order to know that the decomposition obtained
by global analysis is the physically correct decomposition into C, and S,, one
must be completely certain that the rigorously correct system of equations was

chosen, and that the boundary conditions applied were correct.

In conclusion, global analysis is a useful tool to decompose an experimental
data matrix. However, to obtain the physically meaningful decomposition into
Ca. and S, it is crucial that the correct set of kinetic equations and boundary
conditions are used. As seen in this simple example, it is often the case that more
than one set of rate equations (and also more than one set of initial conditions)
can lead to decompositions that give a high quality fit of the data. Therefore, the
fact that a given kinetic model leads to a good fit of the data after global analysis
is, in and of itself, not adequate evidence that the kinetic model is correct, or

that the decomposition is indeed C, and S,.
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Figure 2.19: Result of global analysis on a simulated dataset. On the left-hand
side the data matrix is fitted with a parallel model with two components A and
B which both decay mono-exponentially with the respective decay constants k
and ko. The right-hand side presents the fit with a sequential model with A and
B also exhibiting mono-exponential decay with k; and k. The first panel on each
side shows a comparison between the data (colored dots) and the fit (black lines)
at time delays of 1, 10, 50, 100, 200, 300, 500 and 1000. Both models fit the data
equally well. The AT/T spectra of the two components are shown in the second
panel, the corresponding kinetics in the lower panel. GS denotes the ground state
where AT/T=0 for all wavelengths.
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In the next section we will investigate a data analysis approach that does
not require such specific a priori knowledge of the population kinetics. It also
provides an approach to examining the range of decompositions that accurately
reproduce the observed data and satisfy the known physical constraints. This
allows the experimenter to determine the bands of reasonable decompositions in
which the physically true C, and S, must lie. In certain cases these bands can

be quite narrow, and C, and S, can be precisely determined.

2.4.2 Multivariate curve resolution

Here we investigate how a physically meaningful decomposition can be approached
by soft-modeling using constraints that can be obtained from basic physical
knowledge and mathematical investigation of the observed data structure. This
section presents the application of a multivariate curve resolution (MCR) method

developed by Tauler and coworkers [77-80] to transient absorption data.

2.4.2.1 Initial guess

A schematic flowchart of the steps of the MCR process is shown in figure 2.20, in
the following these steps will be explained in detail. First, information about the
number of components and an initial guess of the concentration profiles is needed.
This is done with evolving factor analysis (EFA), which is based on singular
value decomposition (SVD). The singular value decomposition of a matrix D
is a mathematical technique that factors any matrix into the product of three

matrices:

D = USV* (2.23)

where U is a (m x m) matrix, S is a diagonal (m x n) matrix, and V* (conjugate
transpose of V) is a (n x n) matrix. The diagonal elements of S are the singular
values which are the square roots of the eigenvalues of DD* arranged in decreasing
order. The number of significant values in S gives the rank of D. The columns
of U and V are the singular left and right singular vectors of D which are the
eigenvectors of DD* and D*D respectively. In evolving factor analysis we will use
SVD to do something similar to estimating matrix rank, so we will be concerned

only with the values along the diagonal of S.
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Figure 2.20: Schematic flowchart of the analysis done with MCR. The initial guess
is obtained with evolving factor analysis, in doing a singular value decomposition
on gradually enlarged datasets in the forward and backward direction. The opti-

mization procedure involves the application of constraints and an iterative linear

least square algorithm.
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The basis of evolving factor analysis is to do SVD analysis on a sequence of
submatrices and use the singular values to estimate how populations of excited
states evolve with time. To start with, an SVD of a submatrix containing the first
two columns of the data matrix is carried out and the singular values are plotted
as points with their value as the y-value and an x-value of 1. Then SVD is done
on the first 3 columns, and the singular values are again plotted but this time
with an x-value of 2. This procedure of adding one more column, taking the SVD,
then plotting the singular values at the next integer on the x-axis is repeated until
there are no more columns to add. Lines are then drawn connecting the biggest
singular value at every x point, the second-largest, third-largest, etc. This is
called the forward-going EFA, and the increase of the second, third, etc., singular
value with x (or timepoint) is indicative of the grow in of additional excited-state
species at the times when the respective singular value line increases. In order to
complete the EFA, a second graph is made in the backward-going direction. This
is made by starting with only the last two columns, and adding one column to
the left after each iteration. Looking at when the second, third, etc. component
increase in this plot shows when excited-state species disappear from the data
matrix. In order to make an approximate guess of the concentration profiles for a
starting position of the MCR-ALS algorithm, it is assumed that the species first
present in the data are the first to disappear. Looking at the EFA and the motion
of singular value lines relative to the noise level, an estimate of the number of
excited-state species, p, is made. The initial concentrations are then estimated
by iterating ¢ from 1 to p and taking the ¢th component of the forward-going EFA
until it intersects with the (p-i+1)th component of the backward-going EFA from
which time the (p-i+1)th component of the backward-going EFA is taken to give
the excited-state concentration. From EFA we can also identify if a region at
late time exists where one component is sufficient to describe the data matrix. If
only one singular value is necessary to describe the data matrix for a long time
in the backward-going EFA, then it can be concluded that only a single species
accounts for the absorption left at long time. Such information is very useful, as

will be shown later.
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2.4.2.2 Optimization process

This initial guess for the concentration profiles is then used in the optimization
process: First, the constraints are applied to the concentration profiles. Possible
constraints are that the concentrations should always be positive (non-negativity
constraint), have only one peak (unimodality constraint) or rank constraints
which can be obtained from EFA. With these concentration profiles, the best
spectra are calculated in Matlab with a right matrix division ST=C/D. This
is done with a least square calculation which is equivalent to finding the pseu-
doinverse of the concentration (C): S’=C*TD*. The calculated spectra can be
adjusted by constraints such as normalization, or known spectra of one or a num-
ber of excited-state species. From there the concentration profiles are calculated
again using the least square method. Subsequently, the constraints are applied
to the concentration profiles and it is assessed whether the solution satisfies the
tolerance. If this is not the case, the next fitting round starts by calculating the
spectra. If the tolerance is satisfied, then the current spectra and concentration
profiles are shown, as they adequately describe the data and meet all of the phys-
ical constraints. These are then a decomposition that is physically reasonable,
however we do not yet know whether or not this decomposition has given us C,
and S,. Depending on the soft constraints and the data, these concentration and
spectra may be practically unique (ignoring scale uncertainty) or it may still be
possible to find some invertible matrices, see equation 2.18 on page 35, which mix
the components of the solution found by the MCR-ALS procedure and result in
new concentration and spectra profiles that still satisfy the physical constraints.
We will examine some methods for considering the uniqueness of the solution
found by MCR-ALS in the coming sections. This will develop the understanding
of whether the solution gives reliable insight into the true physical processes or
whether a band of possible processes could all describe the experimental obser-

vations equally well.

2.4.2.3 Data augmentation

Before we turn to determining the uniqueness of the MCR~ALS solution, we will

present a method that is broadly useful for making the solution as unique as pos-
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sible. This technique relies on the fact that often some reaction rates that affect
the transient absorption data surfaces are non-linear. This means that they occur
at different rates after different initial population densities are created after exci-
tation with different pulse fluences. Thus, by taking transient absorption surfaces
for the same sample at a series of different excitation fluences, we can create an
"augmented’ transient absorption surface by placing the individual surfaces on
a common wavelength axis and an extended time axis as shown in figure 2.21.
Performing MCR-ALS on this augmented data set is possible, the spectra of the
species are the same for all of the individual experiments, and the concentration
profiles, although different, are found as augmented vectors wherein the unique
evolutions of the species for the different fluences are appended to each other
(just as the surfaces were). Usually, the data is normalized before augmentation
to weight variances during optimization more equally. The fact that the various
concentration profiles for each experiment must all simultaneously satisfy the soft
constraints imposes a greater constraint on this overall augmented solution. This
constraint means that the range of possible solutions is decreased, and that more

precise insight into the physical decomposition can be gained.

ST
D, C,
D, =1]6G
D3 c3

Figure 2.21: Column-wise augmentation of datasets merging into one data matrix

which is represented by common spectra and individual concentration profiles.

2.4.2.4 Exploring the linear transformation ambiguity

As introduced in equation 2.18 on page 35 we can create new spectra and concen-

tration profiles that are identically mathematically valid by taking linear superpo-
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sitions of the found concentration and spectra vectors using an invertible matrix
T. In this section we present some methods for exploring how many T matrices
exist that mix the concentration and spectra vectors found by MCR-ALS and
result in new vectors which still satisfy the known soft constraints. We do not,
as of yet, know of a general solution to this problem for an arbitrary number of
components. However, we present results that are useful for commonly occurring
cases where only two excited-state species are present. These special cases cover
a large number of cases in energy conversion reactions.

Let us now consider the form of the linear transformation matrix T. Specifi-
cally, we will see that it is useful to split T into the product of a mixing matrix
M and a scaling matrix F, both of which must be invertible. The scaling ma-
trix is a diagonal matrix with constants along its diagonal, Fy; = a;, and zero
off-diagonal elements. The mixing matrix then has a diagonal of ones, and off-
diagonal elements are each a constant. The scaling matrix represents a scaling
of a concentration profile by a given constant, and the associated spectra by the
inverse of the same constant. This clearly leaves the surface created from the
outerproduct of that spectra and concentration profile unchanged. In order to
settle the scale uncertainty, some absolute information regarding the species cross
section or population boundary conditions are necessary. However, we are often
interested in establishing the normalized concentration evolution and spectral
shape (if just as a first step). Therefore, in the first step we are not interested
in the scaling matrix, but in the mixing matrix (that actually changes the nor-
malized concentration and spectral profiles). We can learn about the uniqueness
of the (normalized) solution with respect to the mixing matrix, without consid-
ering the exact scaling. In the following subsections, the practical utility of this

separation will be demonstrated.

Linear Transformation with Two Populations

If the transient absorption surface can be described by two excited-state species
then T must be a 2 X 2 matrix with a non-zero determinant. It can be expressed
in terms of M and F as shown in equation 2.24. The inverse of T can also
be expressed in terms of M and F as shown in equation 2.25. Equation 2.26

illustrates how the data surface is generated from the obtained concentration
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and spectral profiles, and how an equivalent surface can be generated by new
matrices given by the product of the original vectors and the mixing matrix (and
its inverse). In this case, the scaling vectors are multiplied together and give
the identity matrix. In order to compare solutions, we generally renormalize
the spectra after rotation to have unit length, and also make the appropriate
rescaling of the concentration profile. This allows convenient visual comparison

of the mixed vectors, whose forms are shown in equation 2.27.
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Examining the form of the mixed vectors shown in equation 2.27, we can
make some general observations. First, in order that the determinant is non-
zero bc # 1. 1If both b and ¢ are large, then 671 is switched with 672 and 571
with Sp. This is a trivial case. As b and ¢ both approach 1 (or -1), then the
concentration profiles become very similar, and the spectra approach a mirroring
of each other through the x-axis. With the similarity of the concentrations, this
parameter choice leads to the most parallel-like solutions. In order to judge the
physicality of these solution, constraints regarding the shape of the spectra are
useful. For example if the states have a common absorption bleach, observing

when this feature stops looking similar in the two spectra is useful. For the case
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of approaching -1, then positivity of the concentration profiles is also useful. To
make solutions more sequential-like, rotations can be found that push the initial
population of one concentration profile towards zero, and the other towards a
higher level at early time. Depending on which population profile one wishes to
push towards zero, b and ¢ can be selected by looking at the initial conditions of
the resolved C71 and C72. A standard analysis procedure is to calculate the mixed
vectors over a mesh of b and ¢ values and highlight the regions where the non-
negativity constraints are satisfied. This reveals all the possible concentration
and spectra profiles which can describe the observations. From this, one gains a
detailed insight into how certain one can be regarding the concentration evolution
and spectra of given components.

In energy conversion reactions, it is not uncommon that one species is much
longer-lived than the others. For example, when an exciton population (with an
un-quenched lifetime on the sub-nanosecond scale) creates long-lived charges, we
know that the signal left after a nanosecond comes exclusively from the long-
lived charges. That means we know exactly what the (normalized) spectrum
of the charges is. This knowledge of the spectral shape of a single component
significantly simplifies the examination of the linear mixing ambiguity. First of
all, when we do the MCR-~ALS analysis, we can constrain the spectral shape of
one of the species (let us assume that we constrained the first species to represent
the charges). Then, we know that 571 is the correct spectrum, so that b must
equal zero. This has the immediate consequence that the population evolution
of the other species, that is C72, is precisely known! This rather surprising result
can be very useful, as we will see in the coming sections. On the other hand, the
spectra of the other species §2, and the population evolution of the species with
the known spectra, 671, can still be changed by mixing. The validity of the mixed
solutions can be in this case checked by running a linear sweep of ¢ from positive
to negative values. This will be demonstrated in the next section.

Such an analysis can be extended for greater number of components, although
it is clear that as the number of components grows, the parameter space for mixed

solutions quickly expands.
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2.4.2.5 MCR applied to a simple example

In order to illustrate the process of analyzing a data matrix with MCR-ALS the
simulated dataset which was analyzed in section 2.4.1.1 with global analysis is
decomposed and investigated with MCR-ALS here. Figure 2.22 shows a flowchart
of the analysis process: First, forward and backward evolving factor analysis are
carried out, from which two components are identified to be sufficient to explain
the dataset as their eigenvalue is distinctly larger than the eigenvalue of the other
components. The initial guess is taken from EFA as described in section 2.4.2.1
and the ALS optimization is started, with the constraint that the concentrations
should be non-negative. From EFA we know that the matrix is rank 1 at longer
times, therefore only one species (A, shown in green) is known to be left in the end.
Therefore we can introduce an additional constraint, namely that the spectrum
of species A is known, as it is the spectra which is found in the data matrix at
long time delays. From the optimization process as depicted in the lower panel
of figure 2.20 we obtain the concentration profiles of the species A and B and the

before unknown spectrum of species B (shown in the lower panels of figure 2.22).

Linear transformation ambiguity

However, the analysis is not complete at this point even though the quality of
the fit in terms of residuals is very good. As discussed in the previous section,
we have to investigate the ambiguity due to possible linear transformations. In
the current example we found that the matrix becomes essentially rank 1 after
200ps. This means that we know the spectrum of the long-lived component
with certainty (it is the spectra measured at long times) and only have a single
parameter ¢ that influences the rotation. Figure 2.23 shows how the variation
of this parameter affects the concentration and spectral profiles. We see that by
choosing positive values of ¢ the solution is rotated to a more parallel-like model,
where the populations tend to monotonically decay. Rotation too far in this
direction leads to spectral shapes that are mirror-images of each other, and are
likely to be physically unreasonable, as either induced absorption or absorption
bleach is often expected for both species in given wavelength ranges. Rotation

with negative ¢ values leads to more sequential-like models. The limit of negative

49



2. BACKGROUND

1000,

500! 06

600

time

400

s I .
Concentration
o
J b

200
o - —
o o 700‘ o N 200 400 600 800 1000 0 ! 2 ?
wavelength /nm o upo 10 e 10 10
Evolving Factor Analysis Initial estimates
Data matrix in forward (black) and for concentration

backward (red) direction  profiles from EFA

ALS optimization
process with constraints

| Spectra at differenttime
~~—— delays: data (colored
2 dots) and fit (black lines)

700 800 900 1000
Wavelength /nm

500 600

10 0.20
— A A
08 —B 0.15 —B
5 0.10
-% 06
= = 005
g 04 g
g 0.00
=3
© oz -0.054 ¥
0.0 T T -0.10 T T T T
1 10 100 1000 500 600 700 800 900 1000
Time Wavelength /nm

Concentration profiles and corresponding spectra

Figure 2.22: MCR-ALS analysis applied to a simulated dataset. EFA gives the
initial estimates for the concentration profiles. The ALS algorithm incorporating
constraints yields the spectra and concentration profiles shown in the bottom
of the panel. The graph in the middle presents a comparison between the data
(colored dots) and the fit (black lines) at time delays of 1, 10, 50, 100, 200, 300,
500 and 1000.
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rotation is easy to find as a concentration profile starts to go negative at this
threshold value. In this way, a clear band of possible factorizations (in which
the true physical factorization will be contained) can be simply generated by this

soft-modeling approach.
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Figure 2.23: Determining the rotational ambiguity of the MCR-ALS analysis
applied to a simulated dataset. The upper panel shows how positive ¢ values
rotate the solution to more parallel-like models. Rotation to the positive eventu-
ally leads to spectra that become almost mirror images of each other. These are
rarely likely to be physically reasonable solutions. Rotations with negative values
of ¢ are shown in the bottom panel. These move the decomposition to a more
sequential-like solution. In the current case, the resolved solution was the most
sequential possible as we see that further rotation leads to negative populations.

The plot of residuals is equal for all linear transformations.
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2.4.3 General conclusions regarding hard and soft model-
ing

In this section we have examined two methods for extracting concentration and
spectral profiles from transient absorption data. In the section on global analysis
by hard-modeling we saw that good fits to the data surface could be generated
using a system of parametrized rate equations. It is vitally important to note
though, that many different systems of equations could fit a given dataset very
well. So the simple observation that a given rate equation system yields a good
fit in a global fitting approach is not sufficient evidence that the concentration
profiles so-obtained are the physically correct ones! Global fitting only extracts
the physically correct factorization if the system of rate equations are correct, this
must be carefully considered and physically justified. Basing the argumentation of
physical correctness on the goodness of the fit must be approached with extreme
caution in the case of global analysis. Soft-modeling, on the other hand, finds
a factorization which obeys some known soft constraints, such as non-negativity
in the concentration profiles, and known spectral information if available. In
the same way that many different systems of rate equations can lead to good
global fits, the concentration and spectra profiles found by MCR-ALS are usually
not unique. However, the uniqueness of the MCR-ALS solution can be explored
by mixing the found solution with linear transformation matrices. This allows
the researcher to see the full range of possible solutions that satisfy the most
rigorously known constraints. From the solutions it is often possible to make
further assumptions, for example relating to spectral form, which can lead to
a better constrained estimate of the factorization. In any case, we feel that a
general advantage of the soft-modeling technique is that the linear transformation
uncertainty is clearly apparent throughout the analysis, and false 'certainty’ in
the factorization (often an unwanted by-product of global analysis) can thus be
avoided. If the data surface can only be explained by a unique factorization,
it can be found by soft-modeling. If additional insight is needed to find the
physical decomposition, soft-modeling can provide clear insight into exactly how

additional information can further constrain the solution bands. It provides a
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useful analytic tool to guide experimental effort and rigorously determine the

valid physical decomposition of transient absorption surfaces.
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Chapter 3

Experimental Methods

3.1 Organic solar cells

3.1.1 Device preparation

The standard organic solar cell device structure is depicted in figure 3.1. A
glass substrate is used with a transparent electrode made by a structured film
of indium tin oxide (ITO). To prepare the cell, the substrate is cleaned in an
ultrasonic bath with a series of solvents. After argon plasma-etching to clean
and activate the ITO, a layer of PEDOT:PSS (poly(3,4-ethylendioxythiophene)-
poly(styrenesulfonate); (Clevios P VP Al 4083, H.C. Starck)) is deposited by
spincoating (3000 rpm, 40s). The samples are transferred to the glovebox and
subsequently annealed to remove residual water in the PEDOT film (150°C,
20min). PEDOT is a transparent, highly doped polymer which acts as a hole
transporter. It compensates for the surface roughness in the ITO layer which
could lead to short circuits in the cell. On the anode, the photoactive blend is
spin cast from a common solution in an organic solvent onto the PEDOT layer.
Aluminum electrodes (100nm) are vacuum evaporated through a mask on top
of the active layer to form the cathode. The active area of the pixels as defined
by the overlap of anode and cathode area is 14mm?. If a solar cell needs to be
measured several times, conductive silver paste is applied on the electrodes to

protect them from scratches.
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Cathode (aluminium 100 nm)

- Photoactive absorber blend (80-300 nm)
Hole transport layer (PEDOT/PSS 40 nm)
Transparent electrode (ITO, 100 nm)

Glass substrate

Light

Figure 3.1: Standard assembly of an organic solar cell with typical layer thick-

nesses.

3.1.2 Device characterization
3.1.2.1 Current-voltage characteristics

The J-V curve, where the output current is measured as a function of the voltage
applied to the electrodes under illumination, reveals the figures of merit that de-
scribe the performance of a solar cell. The standard illumination conditions which
are typically used in laboratories correspond to a simulated air mass 1.5 (AM 1.5)
solar spectrum at 25°C with an irradiance of 1000 W/m? (= 100 mW /cm?). AM
1.5 means a solar spectral irradiance that can be found as solar light has crossed
1.5 times of the atmosphere relative to that at the zenith at sea level. This is
found at a zenith angle of 48.2°.

Figure 3.2 shows an example of a J-V curve and the figures of merit:

e The open circuit voltage V¢ is the voltage where no net current flows in

the external circuit (maximum voltage obtainable from device).

e The short circuit current density Js¢ is the current when the applied voltage

is 0 (maximum current extractable from device).

e The maximum power point (mpp) is the the point on the J-V curve where
the power output P,,,, the product of voltage V,,,, and current .J,,,,,

reaches a maximum.
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Figure 3.2: Current voltage characteristics of a solar cell under illumination. See

text for details.

The most important figure of merit for a solar cell is its energy conversion
efficiency 7. It is defined as the ratio of the power output at the maximum power

point to the input light irradiance Ppigp::

Jmpp i Vmpp
= P TPP 3.1
1 Prignt (3-1)

The fill factor F'F is defined as the ratio of the maximum, actually obtainable,
power output at the mpp to the theoretical, but not actually obtainable, power

output Jsc - Voo

Pmpp _ Jmpp i Vmpp (3'2)

FF =
Jsc - Voc Jsc - Voc

In this work, the solar cell performance is characterized with a commercial so-
lar simulator (K.H. Steuernagel Lichttechnik GmbH, Germany) at an area power

density of 70-80mW /cm?. The J-V curves are recorded with a Keithley 2400

digital source-measure unit.
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3.1.2.2 External and internal quantum efficiency

The external quantum efficiency (EQE) is defined as the ratio of collected elec-

trons N, to the number of incident photons N,:

Nel ()\)

Nph ()‘)

The internal quantum efficiency (IQE) is a very useful tool as electronic proper-

EQE (X) = (3.3)

ties are separated from optical properties. It is defined as the ratio of collected

electrons to the number of absorbed photons Ny:

Nel (/\)

[QE ()\> B Nabs <)‘>

(3.4)

The EQE is straightforward to measure: the short circuit current Ig¢ is measured
as a function of wavelength and divided by the number of incoming photons mea-
sured with a reference cell. In our setup the monochromatic light is generated
with a tungsten halogen lamp and a TRIAX 180 monochromator. A calibrated
silicon photodiode is used to measure the number of incident photons. Theoreti-
cally (if the cell is operating in the linear regime at Jsc up to solar illumination
intensities), integrating the EQE over the whole wavelength range, Jgc should
be obtained:

Jso = % / A-EQE () - Pays (A) dA (3.5)

However, as the light source for the EQE measurement is much lower in power
than solar illumination, deviations due to loss mechanisms depending on charge
carrier density might occur.

The IQE on the other hand is more difficult to determine; it can be calculated
using the measured EQE if the exact absorbance A (\) of the active layer of the

sample is known:
_ EQE())
IQE () = 7 5=3m

However, measuring the absorbance of a sample, i.e. with an integrating sphere,

(3.6)

is arduous as many effects have to be considered, such as parasitic absorption of
other layers, reflection in the photoactive layer and interference effects. There-

fore, a transfer matrix approach was used in this work which was developed by
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Burkhard and coworkers.[81] In a transfer matrix approach the active layer ab-

sorption is modeled by taking into account the reflection and the transmission at

each interface and the attenuation in each layer.[82, 83] To calculate the parasitic

layer absorptions their n and k values (real and imaginary part of the index of

refraction) are taken from the literature. For the photoactive layer n = 2 for all

wavelengths is assumed, and k can be calculated from the absorption coefficient a
A

(as introduced in equation 2.2 and 2.3 on page 10) with k = 2. « is determined

from a simple absorption measurement on a thin film of the photoactive materials:

OD Inl0
T

a = , where OD is the optical density (also called absorbance) measured

with the spectrometer and x is the film thickness determined by profilometry.
A sample result from the transfer matrix calculation is shown in figure 3.3.
The IQE can now be calculated by simply dividing the EQE by the calculated

absorption of the photoactive layer.

o
oo}
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—Al

— Reflectance

e
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o
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o
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Figure 3.3: A sample result of transfer matrix calculations [81] for the absorption
of the photoactive and parasitic layers and the reflection. The IQE is subsequently
calculated by dividing the EQE by the absorption of the photoactive layer.
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3.2 Pulsed charge extraction experiments

Pulsed charge extraction experiments are useful to investigate trapping and de-
trapping processes in organic solar cells which is of importance for the analysis
in chapter 4. Similar techniques to the one employed here have been presented
in the literature.[84, 85]

Samples are prepared as described in section 3.1.1 and measured in vacuum.
A light emitting diode (LED) is positioned directly in front of the solar cell. The
LED is triggered with a function generator (TTi, TGA 1242, 40 MHz Arbitrary
Waveform Generator) and by varying the current supply, the LED intensity can
be varied in the range of 0.01 to 0.7 equivalent suns. The calibration is done
with a silicon photodiode and the rise/fall time of the light is thus determined
to be less than 50ns. The LED is operated in a pulsed mode, i.e. it is switched
on for a certain time, e.g. 300 us, then switched off for a defined time, e.g.
700 us, then switched on again and so on. The photocurrent in the device is
measured with a digitizing oscilloscope (Tektronix TDS 524A, 500 MHz) with
an input impedance of 50¢2. The electric circuit of the experiment is shown in
figure 3.4(a). An example of the results for the illumination with different light
intensities is given in figure 3.4(b): the upper panel shows the LED operation as
measured by the reference diode (here the LED is switched on for 100 us in each
cycle), the corresponding measured photocurrent in the device is shown in the

lower panel.

3.3 Time-resolved photoluminescence spectroscopy

Time-resolved photoluminescence (PL) spectroscopy is a powerful tool to measure
radiative decay processes in an excited sample on timescales from few ps to 1 us.
Its working principle is schematically depicted in figure 3.5. For measurements
in the short time range (few ps to 2ns) the sample is excited with the output
of a Ti:Sapphire ultrafast laser oscillator (Coherent Mira 900) with a repetition
rate of 80 MHz and a pulse length of 100 fs. The oscillator is pumped by a
diode pumped solid-state laser (Coherent Verdi V8). As excitation wavelength
either the ~800 nm output or the frequency doubled ~400 nm is used. The light
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Figure 3.4: Panel (a) shows the electric circuit diagram of the pulsed charge
extraction experiment. Panel (b) depicts exemplarily the results of such an ex-
periment at different LED intensities measured with a reference diode (upper
panel) and the corresponding current transients in the device (lower panel). The

different colors correspond to the different illumination intensities.
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Figure 3.5: Schematic illustration of a time-resolved photoluminescence experi-
ment.
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emitted from the sample is collected with a telescope and then focused into a
Hamamatsu Streak Camera system. In order to spectrally resolve the incoming
light, it is diffracted by the spectrograph in the horizontal direction (as shown in
figure 3.5). A photocathode then converts the photons into electrons. A time-
dependent electric field in the y-axis is applied which deflects the electrons in
different angles in the vertical direction depending on their time of arrival. A
micro-channel plate is used to multiply the electrons which are then converted
back into light on a phosphorescent screen; a two dimensional CCD camera finally
records the number of photons. We thus obtain an image of the PL of the sample

that is spectrally resolved in the x-axis and time-resolved in the y-axis.

3.4 Photoinduced absorption spectroscopy

3.4.1 Transient absorption spectroscopy

The signals measured in transient absorption (TA) spectroscopy were already in-
troduced in section 2.3.4, this section presents the experimental setup as schemat-

ically depicted in figure 3.6.

Variable Delay

, Pump .
l L, > Spectrograph
F \Z ‘ OPA 2 ‘
Ti:Sa System Chopper /
800nm Sapphire Sample
100fs pulse / PP y;
1kHz rep. rate robe 7 CCD
supercontinuum
OPA 1 I
N S Probe seed

Figure 3.6: Experimental setup of our transient absorption experiment. Panel
adapted from [86].

For white light generation the 800 nm output of a Ti:Sapphire laser system
(Coherent Libra HE) with a pulse duration of 100fs and a repetition rate of
1kHz is coupled into an OPA (Coherent OPerA Solo Topas system) where signal
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at 1300nm and idler at 2100nm are created (see section 2.3.3 for theoretical
details). This output is then focused into a nonlinear medium (e.g. sapphire)
creating the spectrally broad white light pulse (see section 2.3.2). For the visible
to near infrared (NIR) wavelength region (450-1000 nm) the signal of the OPA is
used, for the NIR to IR (1100-2000nm) the idler is used to generate the white
light.

For measurements in the short delay range (from 1ps to 4ns) a pump beam
is generated with the second OPA. A wavelength range from 285-1130 nm can be
accessed depending on the use of idler, signal, second and third harmonic signal or
sum frequency signal. The variable time delay between pump and probe beam is
realized with a broadband retro-reflector on a mechanical delay stage (Newport,
600 mm travel range). The pump beam is chopped to block every second pulse
(with a frequency of 500Hz) so that AT/T can be calculated from subsequent
detector readings. For measurements in the long delay range (from 1ns to 1ms)
an actively Q-switched Nd:YVO, laser (AOT Ltd. MOPA) operating at 532 nm
is used. The time delay between pump and probe beam is introduced by an
electronic delay generator (Stanford Research Systems DG535). Both in short
delay and in long delay the polarization of the pump beam is set to magic angle
(54.7°) with respect to the white light beam polarization to avoid measuring
polarization relaxation influenced kinetics.

The white light is focused onto the sample and is overlapped with the pump
beam. It is detected in a linear silicon array spectrograph (Hamamatsu NMOS
linear image sensor S3901-256/512) for the visible and a Peltier-cooled linear
extended InGaAs array (Entwicklungsbiiro Stresing) for the NIR spectral region.

The TA measurements are performed at room temperature or at liquid nitro-
gen temperature (77 K) under dynamic vacuum at pressures < 10~ mbar. The
samples are prepared on quartz substrates that are cleaned and plasma etched in
the same way as the solar cell devices described in section 3.1.1. The materials
are spin-coated from solution onto the substrate with the same conditions as in

the solar cell devices.
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3.4.2 Quasi steady-state PIA spectroscopy

In order to determine the spectra of long-lived (~us) excited-state species, such
as charges or triplets, photoinduced absorption (PIA) spectroscopy is carried out
in quasi steady-state mode. Here, the detected signal at a given wavelength is
proportional to the product of the number of excited-state species causing that

signal and their lifetime.

Sample in
Cryostat

Detector

Mono-
chromator 2

—
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Figure 3.7: Experimental setup of the quasi steady-state photoinduced absorption
measurement. For the transmission measurement a chopper is inserted behind

the first monochromator which provides the reference for the lock-in.

The measurements are carried out at liquid nitrogen temperature (77K) as
decay processes are slowed down at that temperature and therefore a higher re-
maining signal can be measured. Helium is used as contact gas to ensure an
inert atmosphere and avoid any condensation. A schematic diagram of the ex-
perimental setup for measuring PIA is shown in figure 3.7. The probe white light
is provided by a 100 W tungsten halogen light source (Miiller Elektronik Optik
DUO150). A monochromator (LOT Oriel Omni-v 300) selects the wavelength to
be measured in the range from 500 nm up to 4500 nm. The sample is excited with
a high power green LED (Newport LED-527-HP) centered at 527 nm. Excitation
and probe beam are perpendicular to each other. A second monochromator be-

hind the sample ensures that only the selected probe wavelength is measured.
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Three different detectors are available: an amplified silicon detector (Thorlabs
PDA 100A) for the visible to NIR region (500-1100 nm), an amplified germanium
detector (Thorlabs PDA 50B) for the NIR region (900-1700nm) and an ampli-
fied nitrogen-cooled indium antimonide detector (Teledyne-Judson J10D) for the
infrared part of the spectrum (1700-4500 nm). As signals tend to be small at the
time delay of a PTA experiment (usually AT/T is on the order of 10~%), the lock-
in technique is used for amplification. For transmission measurements without
previous excitation the probe light is optically chopped (Thorlabs MC1000A);
for the PTA measurement the pump source is controlled by a standard function
generator (Kontron Messtechnik Model 8201). The detector signal is measured
by a dual channel lock-in (EG&G Princeton Applied Research Model 5210). In
wavelength regions where PL might be expected, the signal after excitation but

without probe pulse is measured and subtracted from the PIA signal.
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Chapter 4

Terpolymers for Independent
Absorption and Transport

Optimization

The optimization of photoactive materials for organic solar cells is complicated
by the fact that individual modifications concurrently affect several efficiency-
limiting factors. For example, in donor-acceptor copolymers, the chemical opti-
mization of the light absorption properties concurrently alters the charge trans-
port properties and not necessarily in the desired direction. This interdependency
frustrates step-wise optimization of materials for maximum power conversion ef-
ficiency. We therefore introduce a terpolymer with an additional triarylamine
unit responsible for charge carrier transport. We find that decoupling of the
light absorption and charge transport properties onto separate monomeric units
is possible. The co- and terpolymers are then tested in organic solar cell devices,
however, it is found that the triarylamine unit is not beneficial for device perfor-
mance. We demonstrate that the reason for this is the triarylamine acting as a
trapping site, thus assisting charge carrier recombination processes.

The main results of this chapter were published in Applied Physics Letters
with the title “Controlled energy shuttling in terpolymers enabling independent
optimization of absorption and transport properties in organic solar cell materi-
als”. Reprinted in part with permission from [87]. Copyright 2012, ATP Publish-
ing LLC.
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4. TERPOLYMERS FOR INDEPENDENT ABSORPTION AND
TRANSPORT OPTIMIZATION

4.1 Introduction

While PSHT:PCBM had been the benchmark system for bulk heterojunction solar
cells for many years, chemists have focused on synthesizing polymers that absorb
more of the red part of the solar spectrum in recent years. As shown in figure
4.1 the absorption of P3HT extends only to about 650 nm, collecting at best 27%
of the incoming photons,[88] which results in record efficiencies around 5%.[51,
89] Therefore, low-bandgap polymers were developed which have an absorption
extending further into the red, such as PTB7.[46]
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Figure 4.1: Comparison of the solar spectrum and the polymeric absorber mate-
rials P3HT and PTB7 (low-bandgap material).

Common strategies to lower the bandgap and design such polymers are quinoid
structures and donor-acceptor structures. In quinoid polymers, the m-system
consists of aromatic and quinoid rings. In the excited state the quinoid form
is aromatized thus making this state more favorable and lowering the bandgap.
However, this usually also lowers Vpo. An example for this type of low-bandgap
polymer is PTB7 which has achieved a power conversion efficiency of 8.4% in
optimized devices.[90] Figure 4.2 shows the structure of PTB7 with both aromatic
and quinoid form. Donor-acceptor (D-A) polymers have proven to be the more

popular approach in the last years.[91] Here, an electron-rich donor moiety and
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Figure 4.2: Aromatic and quinoid structure of PTB7. R=2-ethylhexyl.

an electron-deficient acceptor moiety are alternatingly connected. Orbital mixing
between the donor and acceptor unit decreases the bandgap as shown in figure
4.3.192] As partial internal charge transfer between the units take place, the double
bond character between the units is increased, which leads to a more planarized
structure facilitating m-electron delocalization. The outstanding advantage of
this approach is that donor and acceptor moiety can be selected and combined
in a huge variety of ways, enabling a fine tuning of HOMO (mainly located
on the donor moiety) and LUMO (mainly located on the acceptor moiety).[93]
Efficiencies over 7% have been achieved with a variety of donor-acceptor polymers
in a blend with the acceptor material PCr;; BM.[94-98] It is important to note that
here usually the more expensive PC7;BM is used instead of PCg;BM, as it absorbs
in the visible range of the solar spectrum and complements the absorption of the
D-A polymer.

The external quantum efficiency (EQE) of an organic solar cell, i.e. the ratio
of collected electrons in the external circuit to the number of incident photons at

a given wavelength, is determined by the product of three factors:
EQE ()‘7 V. I) = T Abs ()‘) ‘Nea (F) * Newt (Fv I) (41>

Here 14ps (A) describes the fraction of photons absorbed depending on the wave-
length (determined by the absorption spectrum of the photoactive components),
nea (F) is the free charge generation efficiency after photon absorption which can
be influenced by an internal field F', and 7., (F, I) is the collection efficiency of
the free charge carriers which also depends on the field F' and additionally on the

illumination intensity 1.[99]
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Figure 4.3: Orbital mixing in polymers where donor (D) and acceptor (A) moieties
alternate to form a donor-acceptor polymer (D-A). This leads to a decrease in

bandgap E,.

When designing novel donor-acceptor polymers the focus is on maximizing
Naps Dy extending the absorption into the infrared. However, when the chro-
mophore is changed, not only 74, changes, but concurrently the charge gener-
ation and charge transport properties, thus affecting the charge extraction effi-
ciency nez¢.[100] This interdependency complicates systematic material design as
separate optimization of 7m4,s and 7., is not possible. We therefore introduce
a terpolymer where the interdependency is broken by using separate parts for
absorption and transport. This approach could enable a straightforward and sys-
tematic approach for the synthesis of new polymers as changing the chromophore
would not affect the transport properties located on a different unit of the ter-
polymer. Here, we use a donor-acceptor polymer as chromophore and statistically
copolymerize it with a triarylamine unit which is responsible for transport. Tri-
arylamine units have often been used in light-emitting copolymers for OLED
applications.[101] They are known to be good hole transport materials with a
hole mobility on the order of 1073 cm?V~'s™! (measured in OFETs) and they
accept holes readily due to their comparably low oxidation potential.[102, 103]

Figure 4.4 illustrates the idea of separating absorption and transport prop-
erties: After light absorption and exciton formation on the donor-acceptor unit
(panel 1) charges are generated, the electron is transferred to the electron acceptor
material PCBM (phenyl-C61-butyric acid methyl ester)(panel 2). Subsequently,
the hole is shuttled onto the triarylamine unit (panel 3 and 4).
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OCgHy7

Figure 4.4: Upon absorption of light an exciton is formed on the donor-acceptor
unit of the terpolmer (panel 1). Immediately, charges are created and the electron
(blue dot) is transferred onto the electron acceptor material PCBM (panel 2). The
hole (red dot) is then shuttled onto the triarylamine unit (panel 3 and 4).
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4.2 Materials

In order to investigate this concept of separate absorption and transport prop-
erties, we examine four polymers. Two polymers have the same donor-acceptor
unit respectively, however only one at a time contains the triarylamine transport

unit. This concept is visualized in figure 4.5.

4.2.1 Molecular structures

Three of the donor-acceptor polymers, namely MR2/8 MR2/6 and MR3/4, were
synthesized in the group of Silvia Janietz at the Fraunhofer Institute for Applied
Polymer Research (IAP) in Potsdam. The results for the forth polymer, named
APFO-Green 5 (APFO: alternating polyfluorene copolymer), were taken from
a publication by Zhang and coworkers.[104] The structures of the polymers are
shown in figure 4.5. The synthesis of the MR polymers was done via a Suzuki
C-C-cross-coupling reaction with a Pd(PPhs), catalyst. A polymer very similar
to MR2/8, with the only difference being the octyloxy side chains in meta and
not in para position, was synthesized by Gadisa and coworkers and solar cells
based on bulk heterojunctions with PCBM were reported in the literature with
an efficiency of 3.5%.[105] The donor-acceptor unit of MR2/8 and MR2/6 is a
dithienylquinoxaline, while the donor-acceptor unit of MR3/4 and APFO-Green 5
is a dithienylthienopyrazine. Here the only difference is the exchange of benzene
(MR2/6 and MR2/8) for thiophene (MR3/4 and APFO-Green 5) in the condensed
ring system which leads to a significant red shift in the absorption of MR3/4
and APFO-Green 5. The additional octyloxy side chains were introduced in
both donor-acceptor systems to enable better solubility. The difference between
MR2/8 and MR2/6 is the additional triarylamine unit responsible for transport
introduced for MR2/6. This unit is also present in MR3/4, but not in APFO-
Green 5. The ratio of donor-acceptor structure and triarylamine is 2:1 for both
terpolymers, the components are distributed statistically. Table 4.1 summarizes
the relative composition of the polymers and their molecular weights M,, and
M,, which were determined by gel permeation chromatography (GPC) versus

polystyrene (PS).
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Figure 4.5: Structures of MR polymers and APFO-Green 5. For MR2/6 and
MR3/4 x=2/3 and y=1/3.

4.2.2 Mobilities and energy levels

To characterize the polymers further, the hole mobility urgpr was determined
in organic field effect transistors; HOMO and LUMO were determined by cyclic
voltammetry. These experiments were done at the Fraunhofer TAP, the results
are summarized in table 4.2. The field effect mobilities are on the order of
1073 ¢m?/Vs for all four polymers. The same order of magnitude was found for
field effect mobilities in PCBM.[107] The HOMO and LUMO levels are similar for
MR2/6 and MR2/8 and for MR3/4 and APFO-Green 5 respectively, indicating
that the inclusion of the triarylamine does not drastically alter the energy levels

of the terpolymer. However, in the coming sections we will observe that there
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Fluorene | TAA | D-A unit | Molecular weight /g-mol™!
M, M,
MR2/8 1 0 1 22,300 10,400
MR2/6 1 1/3 2/3 38,200 16,800
MR3/4 1 1/3 2/3 91,800 20,500
APFO-Green 5 1 0 1 95,000 40,000

Table 4.1: Relative part of the components of the MR polymers (TAA: tri-
arylamine) and their molecular weights as determined by GPC. The molecu-
lar weights of APFO-Green 5 were determined by size exclusion chromatogra-

phy in trichlorobenzene relative to polystyrene standards and taken from the
literature.[104]

urer | HOMO | LUMO
cm?/Vs eV eV
MR2/8 1.6-1073 -5.8 -3.1
MR2/6 2.3-1073 -5.8 -3.1
MR3/4 11-10°| 56 | -36
APFO-Green 5 | 8-10~* -5.6 -3.6

Table 4.2: Hole mobilities were determined in OFETs. HOMO and LUMO were
determined by cyclic voltammetry. HOMO and LUMO of APFO-Green 5 were
reported in [106], its mobility in [104].

are subtle but important differences between the energy landscape of MR2/6 and
MR2/8.

4.3 Influence of triarylamine on absorption

Figure 4.6 compares the absorption of the MR polymers and APFO-Green 5
(taken from [104]). The absorbance spectra are normalized to their peak value,
which for all polymers is roughly around 400 nm. An additional peak is found

further to the red with less extinction than the peak around 400 nm. Addition of
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4.3 Influence of triarylamine on absorption

the triarylamine unit influences the shape of the absorbance spectrum, causing a
relative decrease of the redder peak, but no additional features. ZINDO calcula-
tions (Zerners intermediate neglect of differential overlap) done for the copolymer
have shown that the 400 nm region absorption is due to a m — 7* type transition
involving change in electron density between the thiophene and fluorene subunits,
while the redder absorption is due to a charge-transfer absorption involving the

thiophene and benzo- or thienopyrazine units.[108]
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Figure 4.6: Absorption spectra of MR polymers and APFO-Green 5 normalized

to the peak value of their absorbance. Polymers without triarylamine in black,

with triarylamine in red.

Taking a closer look at the relative difference in peak intensity between the co-
and terpolymers we have to take into account the statistic distribution of the re-
spective monomer units. In the copolymers, each fluorene unit is attached to two
thiophenes, while in the terpolymer, 2/3 of the fluorenes are attached to two thio-
phenes with 1/3 of the fluorenes being attached to only one thiophene. Therefore,
arguing from the perspective of the Lambert-Beer law and chromophore density,
we might approximate that the 400 nm absorption of the terpolymer is roughly
5/6ths that of the copolymer. The ratio of the absorption band stemming from

the charge-transfer transition of terpolymer to copolymer should be 2/3, as only
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2/3 of the terpolymer contain the D-A unit. Then the expected ratio between
the red absorption peaks in the normalized terpolymer to copolymer spectrum is
2/3 x 6/5 = 0.8; which is roughly equivalent to the 0.83 and 0.76 ratios for the
red peak absorption intensity between MR2/6 and MR2/8, and APFO-Green 5
and MR3/4, respectively.

Therefore, the entirety of the difference between the absorption spectrum
of the copolymer and terpolymer can be explained in terms of dilution of the
donor-acceptor-donor chromophore, indicating that the triarylamine unit can be
incorporated into the polymer structure without influencing the charge-transfer

chromophores optical properties.

4.4 Triarylamine as hole acceptor: optical proof
of principle

As we have seen in the previous section, the triarylamine unit can be incorporated
into the polymer structure without changing the optical properties of the donor-
acceptor unit. We now examine whether the triarylamine unit can actually accept
the hole from the chromophore after the electron is transferred onto PCBM in
a bulk heterojunction morphology. To examine this we use transient absorption
spectroscopy on the short time scale (1ps to 3ns), the experimental setup was

presented in section 3.4.1.

4.4.1 Triarylamine as hole acceptor in MR3/4

A comparison of the transient absorption data of thin films of pristine MR3/4
(see figure 4.7(a)) and MR3/4:PCBM blend (see figure 4.7(b)) shows direct ev-
idence of hole transfer. In pristine MR3/4 we measure the exciton dynamics:
ground state bleach, stimulated emission (around 730 nm) and photoinduced ab-
sorption decrease simultaneously on a timescale of about 1 ns, after that no signal
is left. In contrast, no stimulated emission is found in the MR3/4:PCBM blend;
we therefore conclude that exciton quenching by electron transfer onto PCBM
occurs within the 150 fs response time of our spectrometer.[109] Up to roughly

30 ps after photoexcitation, a constant positive absorption bleach signal between
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Figure 4.7: Transient absorption surface of (a) MR3/4 pristine thin film and (b)
MR3/4:PCBM 1:2 blend thin film in the short time range up to 2.5 ns after exci-
tation at 650 nm (pristine) and 400 nm (blend) respectively. Spectra at different
time delays are shown on the right-hand side of the surface and below kinetic
traces at selected wavelength ranges as indicated with blue and red lines in the
surface. For pristine MR3/4 we find exciton dynamics, for the blend we find hole
transfer from the chromophore unit to the hole transport unit.
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600 and 720 nm is found, which indicates that the hole still resides on the chro-
mophoric unit. However, this bleaching signal decreases and within about 500 ps,
the bleach is overwhelmed by a photoinduced absorption as shown by the blue
line (wavelength region 650-660nm) in the kinetics plot. At the same time the
signal at 750-760 nm remains constant until 1 ns. The presence of this isosbestic
point while the absorption bleach decays indicates that the change is due to a
transfer between two excited-state species, i.e. the decrease of the bleach cannot
be explained by a population decrease due to electron-hole recombination. If
excited state recombination is not the reason for the decrease of the absorption
bleach to negative values, the only remaining explanation is transfer of the hole
from the chromophore to the triarylamine unit. Thus the absorption properties of
the chromophore are restored, while the hole still resides on the polymer. These
measurements show that our strategy is effective: we introduce a transport unit

into the polymer that accepts the hole and does not influence the absorbing unit.

4.4.2 Triarylamine as hole acceptor in MR2/6

Having established that hole transfer from chromophore to hole transport unit
takes place in MR3/4:PCBM blends, we now turn to the polymers with dithienyl-
quinoxaline structure as donor-acceptor unit, the copolymer MR2/8 and the ter-
polymer MR2/6 with a charge transfer absorption at 500-600 nm. Figure 4.8
shows the transient absorption surfaces of the polymer:PCBM blends at short
time delays. We note that the absorption bleach only extends up to 600 nm; at
longer wavelengths a broad photoinduced absorption is found. This blue shift of
the ground state bleach in MR2/6 compared to MR3/4 hinders a direct obser-
vation of the bleach being overwhelmed by photoinduced absorption after hole
transfer (as observed in the previous section) as the photoinduced absorption of
the charged species overlaps much less strongly with the absorption bleach. This
means that although holes transfer from the chromophore to the triarylamine
in MR2/6, the net transient signal in the ground state absorption bleach region
does not become negative. To gain insight into the hole transfer process we com-
pare the kinetics of the ground state bleach (between 550 and 560 nm) of MR2/6
and MR2/8 making the assumption that the cross-section of the charge-induced
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Figure 4.8: Transient absorption surface of (a) MR2/8:PCBM 1:2 and (b)
MR2/6:PCBM 1:2 blend thin films in the short time range up to 2.5ns after exci-
tation at 510 nm. For both surfaces spectra at different delay times are shown on
the right-hand side of the surface and below kinetic traces at selected wavelength

ranges.
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Figure 4.9: Panel (a) compares the kinetics of the ground state bleach (550-
560nm) of MR2/8 and MR 2/6 after excitation at 510nm. While the bleach

stays roughly constant for the copolymer (slight increase and decrease due to

spectral diffusion and recombination), it decays by 5/9th in the first 500 ps for
the terpolymer as the holes are transferred from the chromophores neighboring a
triarylamine unit. Panel (b) illustrates the probability of the excited chromophore

(Cphore) having at least one directly adjacent hole transport unit (HT'U).

absorption is small in that region for both polymers. Figure 4.9(a) shows the
kinetics in the first 500 ps, the time range when we observed the hole transfer
in MR3/4. The normalized kinetics of the ground state absorption bleach in
MR2/8:PCBM stay roughly constant during that time. At early times, the signal
increases slightly, likely due to diffusion of the excited-state species to the lower
lying energy states in the inhomogeneously broadened density of states. In con-
trast, the ground state bleach in MR2/6 decreases significantly during the first
500 ps indicating that holes are being transferred away from the chromophore to

the triarylamine unit in the terpolymer. Taking into account that MR2/6 is a sta-
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tistical terpolymer with a ratio of 2:1 of chromophore and hole transport unit and
making the assumption that the coupling process obeys Bernoullian statistics, we
can calculate the probability of a photoinduced-hole-bearing chromophore being
directly adjacent to at least one hole transport unit as 5/9. This is illustrated
in figure 4.9(b). As the bleach signal of MR2/6 decays by that value in the first
500 ps (as shown in figure 4.9(a)) we conclude that all holes which are created
on chromophores neighboring a hole transport unit transfer to the neighboring
hole transport unit in that time range. Those holes created on chromophores
surrounded by two other chromophoric units have not yet reached a hole trans-
port unit in the first 500 ps, but might do so on the timescale of approximately a

nanosecond after a few hops.

4.5 Analysis of solar cell devices

Having established that the general concept of separating the units responsible for
absorption and hole transport using a terpolymer design is feasible, as the optical
properties of the donor-acceptor unit remain unchanged and the hole transfer to
the triarylamine unit takes place on a timescale of 500 ps, we will now investigate

whether the concept is beneficial for solar cell performance.

4.5.1 Solar cell performance of optimized devices

After an extensive optimization of the processing conditions and the donor:acceptor
ratio, a reproducible procedure to obtain maximum efficiencies for the three MR
polymers was determined. The solar cell devices were prepared as described in
section 3.1.1. For preparation of the active layer the MR polymer and PCBM were
dissolved in chlorobenzene in a 1:2 ratio at a total concentration of 25 mg/ml and
stirred overnight at 80°C. The active layer was spincoated at 1000 rpm resulting
in a film thickness of 100nm. Annealing did not improve the device performance.
Figure 4.10 shows the IV curves of the optimized devices, table 4.3 summarizes
the characteristic values.

In both MR2/6 and MR3/4, the inclusion of the triarylamine leads to a net

decrease in the device efficiency. The decrease in efficiency is significantly smaller
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Figure 4.10: IV curves of optimized solar cell devices with co- and terpolymers
blended with PCBM and spin coated from chlorobenzene. The corresponding

characteristic values are listed in table 4.3.

Efficiency | Voo Ise FF

% V | mA/cm?
MR2/8 2.8 0.89 5.3 0.60
MR2/6 2.3 0.84 5.1 0.54
MR3/4 0.7 0.66 3.0 0.36
APFO-Green 5 2.2 0.61 8.2 0.44

Table 4.3: Solar cell performance of co- and terpolymers as donor materials mixed
with PCBM in a 1:2 ratio (3:7 for APFO-Green 5). Data for colpolymer APFO-

Green 5 are taken from the literature.[104]

from MR2/8 to MR2/6 than from APFO-Green 5 to MR3/4. The decrease in Voo
from the polymers with dithienylquinoxaline to the polymers with dithienylth-
ienopyrazine is due to the higher HOMO level of the polymers with red-shifted
absorption (see table 4.2). The following sections show that this decrease in
efficiency upon incorporation of the triarylamine is not due to morphology or ab-
sorption being unfavorable, but that trap-assisted recombination limits the device

performance.
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4.5.2 Morphology

The morphology of thin films of polymer:PCBM blends prepared identically to the
optimized solar cell devices was investigated with atomic force microscopy (AFM).
AFM is a surface sensitive technique on the nanometer scale that mechanically
probes the surface by scanning it with a sharp tip and measuring the deflection
of that tip. Here, the measurement was done in tapping mode with a Dimension
3100 CL. The height images are shown in figure 4.11. The surface roughness is low
for all polymers and the intermixing seems to be very high as phase separation on
a large scale is not observable. MR2/6 and MR3/4 blends show almost identical
surface images, we therefore conclude that the performance differences are not

caused by differences in morphology.

(a) MR2/8:PCBM (b) MR2/6:PCBM (¢) MR3/4:PCBM

Figure 4.11: AFM images of (a) MR2/8:PCBM 1:2, (b) MR2/6:PCBM 1:2 and
(c) MR3/4:PCBM 1:2 blend thin films. The size of the images is 1x1 um.

4.5.3 Internal quantum efficiency

Discrepancies in extinction coefficients between different donor-acceptor units
could also explain the performance differences. This possibility can be ruled out
by investigating the IQE of the polymer:PCBM blends, which is a measure of the
number of electrons generated relative to the number of absorbed photons (see

section 3.1.2.2); that means optical properties do not affect the IQE.
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Figure 4.12: The first panel shows the measured external quantum efficiency of
the three polymer:PCBM blends in optimized solar cells, the second panel the
total number of photons absorbed by the blend (as calculated with a transfer
matrix approach). From these data the internal quantum efficiency as shown in
the lower panel is calculated. The IQE is distinctly different for the different
polymers leading to the conclusion that electronic and not optical processes are

responsible for differences in device performance.

EQE, fraction of absorbed photons and IQE are shown in figure 3.3 for all three
MR polymer:PCBM blends. The fraction of absorbed photons was calculated
with a transfer matrix approach as discussed in section 3.1.2.2.[81] The IQE is
flat in the wavelength region from 400 to 600 nm for MR2/6 and MR2/8 and
from 400 to 700nm for MR3/4 indicating that the photons absorbed in that
wavelength region have the same probabilities to generate free charge carriers,

respectively. However, this plateau is distinctly lower for MR3/4 at about 25%,
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i.e. only one quarter of the absorbed photons generate free charge carriers. This
ratio is considerably higher for MR2/6 and MR2/8, with an IQE of about 60%
and 80% respectively. This analysis ascertains that a low extinction coefficient
is not the reason for limited solar cell performance of MR3/4 and MR2/6, but
electronic processes of charge generation and recombination distinctly lower the
IQE.

4.6 Charge generation and recombination

In order to further elucidate the performance differences of the terpolymers with
the triarylamine and the copolymers without, we now investigate charge genera-
tion and recombination processes. We use fluence dependent transient absorption
measurements on the timescale from 1ns to 10 us to study how the charge re-
combination rate depends on the density of charge carriers. As shown in figure
2.17 on page 33 we can distinguish between free charges and geminate pairs or
trapped charges by the excitation intensity dependence of their decay. Recom-
bination of charges that never move outside their Coulomb interaction with one
another and recombination that is limited by carrier detrapping occurs at the
same rate irrespective of the carrier density while recombination of free charges
proceeds more quickly at higher charge densities.[36]

Figure 4.13 shows the normalized photoinduced absorption after excitation at
1, 5 and 10 uJ/cm? for the polymer:PCBM blends. For the MR2/8:PCBM blend
faster recombination is observed for the higher excitation fluence, indicating the
presence of free charges. This is not the case for the MR2/6 and MR3/4 blends,
where the normalized decay shows little dependence on excitation fluence, non-
geminate recombination of free charges is not the dominant factor here.

As the recombination of geminate pairs is usually observed on shorter timescales
than the intensity independent recombination here, we assume that the recom-
bination process is limited by carrier detrapping. A faster detrapping rate in
MR2/6:PCBM leads to faster recombination, but also to a higher short circuit
current compared to MR3/4:PCBM. This detrapping behavior is investigated fur-
ther in a pulsed LED experiment as described in section 3.2. Here, the sample is

illuminated with square pulses of light for 290 us at various intensities from 0.1
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Figure 4.13: Normalized decay of the photoinduced absorption (700-850 nm) af-
ter excitation at 532nm with 1, 5 and 10 uJ/cm? for blends of (a) MR2/8, (b)
MR2/6 and (c) MR3/4 with PCBM. For MR2/8, the rate of charge recombination
is excitation intensity dependent, indicating that free charge carriers were gener-
ated. This is not the case for MR2/6 and MR 3/4, indicating that trap-assisted

recombination is dominant for the terpolymers.

to 0.7 equivalent suns. This is done in pulsed mode, i.e. the LED is switched on
for 290 s, then off for 710 us, then switched on again for 290 us and so on. As
shown in figure 4.14(b), the MR3/4 blend shows a peak in current shortly after
the illumination is turned on at higher illumination intensities. This is typical

of displacement current due to trap filling.[84] After the light is turned off, we

86



4.6 Charge generation and recombination

find a 30 us current tail due to slow detrapping. Both of these features indicate
that long-lived trapped states play a significant role in the device characteristics.
These features are much less pronounced in MR2/6:PCBM blends, as shown in
figure 4.14(a), wherein a smaller displacement current peak and less current after

turn-off, that lasts only 5 us, is observed.
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Figure 4.14: Pulsed LED experiment for a) MR2/6:PCBM and b) MR3/4:PCBM,
the lower image is an enlargement of the extraction current after switching off the
LED. The sample was illuminated for 290 ps with illumination intensities ranging
from 0.1 to 0.7 suns.
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4.7 Conclusions

In conclusion, we have demonstrated that by using a terpolymer structure, we
can separate the optical and transport properties of a polymer onto different
monomeric units. After introduction of the triarylamine unit for transport, we
found that the absorption of the donor-acceptor unit remained unchanged, and
with transient absorption spectroscopy we could show that the hole is indeed
transferred from the chromophore onto the triarylamine. In principle, this allows
an independent optimization of absorption properties, without affecting trans-
port properties. However, in the statistical terpolymer design we used, we found
that the device performance deteriorates after the inclusion of the triarylamine
hole transport unit. Using transient absorption spectroscopy and a pulsed LED
experiment we showed that trap-assisted recombination limits the device perfor-
mance. This introduces a clear challenge, indicating that a sufficient network of
hole transport units for efficient transport is not achieved with the 1/3 content of
triarylamine monomers in the polymer backbones. Increasing the content of hole
transport units is a possible solution, however this would further decrease the ef-
fective absorption strength of the polymer necessitating thicker active layers and
imposing further demands for efficient charge transport. Using hole transporting
segments that have a strong tendency to pack would be another way to overcome
the problem of trapping within the terpolymer. Thus interchain hole transport
would be favored. If longer hole transporting segments were used, i.e. the ter-
polymer not being statistical but with a certain block length of hole transport
units, intrachain hole transport could be improved. Despite this clear challenge of
hole trapping, the general approach of independent optimization is promising and
provides a valuable route to clearly controlling structure-function relationships in
materials for organic electronics. Using terpolymer designs, guiding excited state
flow within the polymer backbone is realizable. The control of excited state loca-
tion that we demonstrated here has significant potential for enhancing the ability

to engineer photoactive materials for organic solar cells.
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Chapter 5

Charge Generation with Varying
Ratio of Amorphous/Crystalline

Donor Material

This chapter presents an ultrafast photophysical investigation of charge gener-
ation and recombination processes in five samples with varying ratios of semi-
crystalline and amorphous PPE-PPV copolymers as donor material in a blend
with PCBM. These samples exhibit considerable differences in organic solar cell
performance with power conversion efficiencies ranging from 4.0 to 0.4%. Us-
ing transient absorption spectroscopy on the short timescale we find that exciton
quenching is efficient in all samples. However, geminate recombination on the sub
1ns timescale is a significant loss mechanism for the samples with higher amor-
phous content. We then move on to transient absorption experiments on the
long timescale and fit the data with a model based on concomitant geminate re-
combination of CT states and non-geminate recombination of free charge carriers
to quantify the recombination dynamics for all samples. We obtain a distinctly
higher effective Langevin recombination coefficient for the amorphous samples,
indicating that non-geminate recombination is an additional charge carrier loss
channel here. Finally, we observe that the total CT state recombination on the
short and long timescale follows the quantum efficiencies of the samples. We
therefore conclude that CT state recombination is the dominant loss mechanism

in all samples and that increasing the amount of amorphous polymer leads to
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an increased number of bound charge pairs and a smaller amount of free charge

carriers.

5.1 Introduction

The morphology of the active layer of bulk heterojunction solar cells is crucial for
the device performance. Morphology optimization needs to be carried out with re-
gard to different length-scales, from phase separation and crystallinity to domain
purity and interfacial order (see section 2.2.1.3). In the case of the well-known
donor material P3HT it was found that structural ordering, i.e. crystallization, is
vital for its performance.[110] Well-ordered phases of both donor and acceptor are
known to yield superior charge transport properties.[111, 112] Several methods
for aggregating P3HT in solution [113, 114] and post-casting methods, such as
thermal annealing [51, 115], mechanical rubbing [116] or slow drying [117], were
developed to improve crystallinity and thus device performance. However, the
best device performance was found in samples that contain both fibers and less
ordered P3HT.[114, 118] This can be explained with an enhanced driving force for
exciton dissociation in an amorphous and disordered mixed phase of donor and
acceptor material as proposed by Durrant and coworkers.[119, 120] Therefore, an
ideal morphology should contain disordered phases for exciton dissociation and
ordered phases for charge transport.[40, 121] One possible pathway to achieve
both amorphous and crystalline phases is ternary blending, where two different
polymers are mixed with PCBM. This has been done, for instance, with a mix-
ture of regioregular and regiorandom P3HT and PCBM, where a slight increase
in power conversion efficiency was observed.[122]

In the following we investigate the ternary blending of amorphous and semi-
crystalline anthracene-containing poly(p-phenylene-ethynylene)-alt-poly (p-phenyl-
ene-vinylene) (PPE-PPV) copolymers (AnE-PVs) with PCBM. The backbone of
both donor materials is the same, however, they differ in their side chains, which
leads to one of them being semi-crystalline (AnE-PVab) while the other is com-
pletely amorphous (AnE-PVba). Different ratios between the semi-crystalline
and the amorphous polymer were investigated in terms of their solar cell perfor-

mance and morphology.[123] This chapter investigates the samples in terms of
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their charge generation and recombination properties in order to elucidate the
influence of semi-crystalline and amorphous parts on the free charge generation

efficiency.

5.2 Materials and organic solar cell devices

This section introduces the materials investigated in the chapter and their absorp-
tion and charge transport properties. Also, the solar cell devices with different
ratios between the polymers are introduced. The samples presented in this chap-
ter were prepared by Christian Kastner in the group of Harald Hoppe at Illmenau
University of Technology and published in [123].

5.2.1 Molecular structures and absorption

The molecular structures of the AnE-PV copolymers are shown in figure 5.1,
their synthesis can be found in [124]. Wide-angle scattering experiments have
shown that AnE-PVab (figure 5.1(a)) is semi-crystalline while AnE-PVba (figure
5.1(b)) is amorphous.[125] For the bulk heterojunction solar cell PCBM was used

as acceptor material (see figure 4.4 for its molecular structure).

Yo i Fad
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(a) AnE-PVab (b) AnE-PVba

Figure 5.1: Molecular structures of (a) the semi-crystalline AnE-PVab and (b)
the amorphous AnE-PVba.
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The absorption spectra of AnE-PV:PCBM 2:3 blends are presented in figure
5.2(a). Here, the ratio of AnE-PVab and AnE-PVba was varied in steps of 10 wt%.
There is a clear difference between the completely amorphous sample (100% ba)
with a broad absorption peak around 520nm and the semi-crystalline polymer
(0% ba) with a red-shifted absorption peak around 550nm and an additional
peak around 580 nm due to ™ — 7 stacking. All ternary blends in between appear

to be composites of these absorption spectra according to their relative mixing

ratio.
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Figure 5.2: Panel (a) shows the absorbance of different ternary AnE-PV:PCBM
2:3 blends, which contain a varying weight percentage of the amorphous AnkE-
PVba as indicated in the graph. With an increasing content of the semi-crystalline
AnE-PVab the absorption is red-shifted and more structured. Panel (b) shows the
EQE of the solar cell devices depending on the amount of amorphous AnE-PVba.
Adapted from [123] with permission of The Royal Society of Chemistry.

5.2.2 Solar cell performance

Bulk heterojunction solar cell devices are prepared with the AnE-PV:PCBM 2:3
blends with varying AnE-PVab:AnE-PVba ratios. The photovoltaic parameters
are shown in figure 5.3 as a function of the amount of amorphous AnE-PVba

relative to the semi-crystalline AnE-PVab. Variations are found in all parameters
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with a general trend of better performance for the more semi-crystalline samples.
The completely amorphous sample shows the lowest characteristic values for all
parameters. However, the highest short circuit current and the highest fill factor
is found for the sample with 10% amorphous polymer content. Also, the open
circuit voltage increases progressively with amorphous polymer content until a
maximum is reached for the sample with 50% of both polymers. Variations of
an order of magnitude are found in the power conversion efficiency, from 4%
for the sample with 10% amorphous polymer, to 0.4% for the sample with only
amorphous polymer. Figure 5.2(b) shows the EQE for the solar cell devices.
Consistent with the short circuit current of the devices, the EQE is higher with
decreasing content of amorphous polymer both in the regions where PCBM (300-
400nm) and the polymers (400-620 nm) absorb. However, with a small amount of
amorphous polymer in the mixture the smaller maximum in the EQE spectrum
is compensated by an additional contribution in the region where the amorphous

polymer absorbs.
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Figure 5.3: Solar cell performance of blends with different mixing ratios of Ank-
PVab and AnE-PVba. The total AnE-PV:PCBM ratio is 2:3. Panel (a) shows
Jsc and Ve, panel (b) the efficiency and the fill factor versus increasing content
of the amorphous AnE-PVba. Reproduced from [123] with permission of The
Royal Society of Chemistry.

In the following section we will investigate the reasons for these major dif-
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ferences in solar cell performance. We do this using transient absorption spec-
troscopy on the short and long timescale. We investigate five different samples,
with a ratio of semi-crystalline:amorphous polymer of 100:0 (Sample 1), 90:10
(Sample 2), 50:50 (Sample 3), 10:90 (Sample 4), and 0:100 (Sample 5). Their fig-
ures of merit are summarized in table 5.1. The samples investigated in the TA
experiment are prepared in the same way as the solar cell blends, but consist only

of the photoactive blend layer on a quartz glass substrate.

Material sample | n | Voc Jsc FF
name | [%] | [V] | [mA/cm?]

only AnE-PVab S1 3.9 | 0.77 7.2 0.69

90% AnE-PVab, 10% AnE-PVba S2 4.0 | 0.80 7.2 0.70

50% AnE-PVab, 50% AnE-PVba S3 2.8 | 0.87 5.7 0.55

10% AnE-PVab, 90% AnE-PVba S4 0.6 | 0.65 3.0 0.30

only AnE-PVba S5 0.4 | 0.61 2.2 0.29

Table 5.1: Organic solar cell performance for samples S1 to S5 containing different
ratios of AnE-PVab and AnE-PVba. The total AnE-PV:PCBM ratio is 2:3 for

all samples.

5.2.3 Morphology

Figure 5.4 shows the AFM tapping mode topography images of the five samples
investigated in the TA experiment (AnE-PV:PCBM blends). It is clearly evident
that the phase separation decreases upon increasing content of the amorphous
polymer. While Sample 1 and Sample 2 exhibit a rough topography indicating
pronounced phase separation of polymer and PCBM, Sample 4 and Sample 5
exhibit a smooth surface indicating strong intermixing of the components. The
AFM image of Sample 3, with 50% of both polymers, shows an intermediate

morphology with distinct phase separation but small domains.
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Figure 5.4: AFM topography images of AnE-PV:PCBM blends with varying ratio
of AnE-PVab and AnE-PVba. The size of the images is 2.5 x 2.5um. The unit
of the scale bar is nanometers. Adapted from [123] with permission of The Royal
Society of Chemistry.

5.3 Sub-nanosecond charge generation and re-

combination

In order to compare the exciton quenching efficiency and early CT state recombi-
nation in the different samples, we carried out transient absorption experiments
on the short timescale (1ps to 4ns). We excited the sample with an excitation
wavelength of 400 nm, in a wavelength region where the absorbance of all sam-
ples is similar. Both polymer and PCBM absorb in that wavelength region. The
obtained transient absorption spectra at different time delays are shown in figure

5.5.
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Figure 5.5: Evolution of the transient absorption spectra for all 5 samples (excita-
tion wavelength 400 nm). The data around 800 nm is not shown as it is overlaid
by the second order reflection of the excitation pulse. Sample 1 and 2 exhibit
stimulated emission in the first few picoseconds and very little decay in the time-
range of the experiment. This is different for Sample 3, 4 and 5 where both decay

and red-shift of the absorption bleach are observed.
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Exciton quenching. Sample 1 and Sample 2, with 0 and 10% content of amor-
phous polymer respectively, exhibit a distinct peak due to stimulated emission
around 680nm. It is also slightly apparent in Sample 3, but not in the samples
with mainly amorphous polymer content. However, the stimulated emission dis-
appears quickly, after about 10 ps it is gone in all cases. We therefore conclude
that exciton quenching in all blends is efficient as all excitons are quenched in
less than 1 ps for the mainly amorphous samples and less than 10 ps for the more
crystalline samples. The stimulated emission observed for Sample 1 and Sample 2
is in agreement with the morphology shown in the previous section. The domain
phases are found to be larger in the samples with a higher semi-crystalline poly-
mer content, therefore it takes longer for the excitons to diffuse to the interface
where they are quenched. Increasing the content of amorphous polymer decreases
the domain size, therefore exciton quenching takes place on the sub-picosecond

timescale which we cannot resolve in our experiment.

Red-shift of ground-state bleach. Taking a closer look at the spectral shape
of the ground-state bleach of the different samples in figure 5.5, we observe a
significant red-shift for the samples with > 50% amorphous polymer content
(Sample 3, 4 and 5). It is most evident for Sample 5 with only amorphous AnE-
PVba in the blend. Here, the GSB maximum red-shifts from 530 nm to 560 nm in
the first 3 ns, which is equal to a shift by 125 meV. This relaxation of the ground-
state bleach is caused by hole polarons on the polymer that shift to lower and
lower energy sites. It indicates that there is a large energetic disorder. Charge
carriers are initially created in higher energy levels and subsequently relax to
states of lower energy within the DOS. We therefore conclude that the energetic
disorder is considerably higher in the samples with > 50% amorphous polymer
content and we will investigate in the following whether this is beneficial for

charge carrier separation.

Sub-nanosecond CT state recombination. Investigating the loss in signal
height in Sample 1 and Sample 2 over the whole time-range, we find that both
the ground-state bleach between 500 and 600 nm and the broad photoinduced ab-

sorption between 650 and 950 nm show very little decay in the time-range up to
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3ns. This means that almost no excited-state population is lost on that timescale
in these samples. This is different for Sample 3, 4 and 5, where we find a consid-
erable decay of both ground-state bleach and photoinduced absorption. Figure
5.6(a) shows a comparison of the decay dynamics of the PTA signal between 875
and 925 nm measured at similar excitation intensities for all five samples. The
data is normalized to 10 ps when exciton quenching is complete in all samples.
The amount of signal left after 2ns directly correlates to the external quantum
efficiencies (see figure 5.2(b)). For the samples with the highest quantum efficien-
cies (55-60%), Sample 1 and 2, about 90% of the PIA signal is left. For Sample 3
with a medium quantum efficiency (~45%), the PIA signal decays to about 70%.
For Sample 4 and 5, with the lowest quantum efficiencies at 28 and 20%, about
50% and 30% of the PIA signal is left respectively.
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Figure 5.6: Panel (a) shows the evolution of the PIA signal (875-925nm) for all
five samples in the first 2ns. The differences in signal loss on that timescale
correlate with the quantum efficiencies of the solar cell devices. Panel (b) shows
the evolution of the ground-state bleach signal for Sample 5 after excitation at
400 nm. The evolution of the maximum of the GSB signal is plotted here to track
only the decay process without an influence of spectral relaxation. The data
at different excitation intensities is shown in colored dots. A mono-exponential

decay function is fitted to the data and shown with a black line.

In order to learn about the charge carrier density dependence of the signal
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loss on the early timescale, we conducted transient absorption experiments at
different excitation intensities. Figure 5.6(b) shows the intensity dependence of
the ground-state bleach decay for Sample 5. Here, we track the maximum of the
GSB signal and not a given wavelength region, as the maximum red-shifts with
time due to spectral relaxation. We find that the signal decay is not dependent
on excitation intensity. This points to a geminate recombination mechanism of
charge carriers. Excitons are efficiently quenched at the interface, however, a
significant fraction of the resulting charge-transfer states are not split into free
charges, but are still coulombically bound at the interface and cannot escape their
mutual attraction. They recombine geminately on the sub-nanosecond timescale.
A mono-exponential fit to the sub 3ns decay of the GSB reveals a decay rate of
k = 4.8-10%s71, corresponding to a lifetime of 2.1 ns. This decay rate and thus the
interfacial CT state lifetime is very similar to decay rates observed in regioran-
dom or as-cast regioregular P3BHT:PCBM blends,[36, 126] and PCDTBT:PCBM
blends [109], indicating that CT state recombination on that timescale is not
unusual in polymer blends with a high content of amorphous polymer.

However, even though this early charge carrier loss due to interfacial C'T state
recombination explains a large amount of quantum efficiency loss, we expect
further charge carrier recombination at later times, as the quantum efficiency
is still lower than the signal loss due to geminate recombination on the early
timescale. Therefore, we will investigate further loss processes on the longer

timescale in the next section.

5.4 Charge recombination on the ns-ms timescale

Transient absorption experiments on the ns-ms timescale were carried out in order
to investigate further loss processes on the longer timescale and further elucidate
the differences between the semi-crystalline and amorphous samples. Figure 5.7
presents the transient absorption spectra obtained at different time delays after
excitation at 532 nm. All samples exhibit a ground-state absorption bleach in the
wavelength region up to 620 nm, and a broad photoinduced absorption extending
into the near infrared. Comparing the spectra at 1-2ns and 10-20 ns we find for

all samples a huge loss in signal, somewhat surprisingly it is even more evident
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for the samples with better solar cell performance (Sample 1, 2 and 3). In the
following we will take a closer look at the kinetics of the photoinduced absorption
signal, in order to analyze the recombination dynamics more quantitatively.
Figure 5.8 shows the kinetics in the photoinduced absorption region between
700 and 900nm for all samples. Different excitation intensities ranging from
4.5 to 80 uJ/cm? were used. All samples exhibit intensity-dependent decay ki-
netics indicating that non-geminate recombination occurs on the nanosecond to
microsecond timescale. The solid black lines present fits to a model for charge
recombination that was developed by Howard and coworkers [36] and will be in-
troduced in the following. The model assumes that after 1 ns, the time resolution
of the experiment, the charge carrier population is split into two pools: inter-
facial charge-transfer states and free charge carriers (see section 2.2.1.2). The
CT states recombine geminately to the ground state (GS) while the spatially
separated (free) charge carriers (SCC) recombine non-geminately. There is no
interconversion between the two pools. The following rate equations describe the

population dynamics in the system:

d

ECT = —kcr-asCT (5.1)
%SSC’ = —’ySSC)‘H (5.2)

%GS = kCT%GSCT + ’}/SSC)\Jrl (53)

Here, kcr_.gs is the monomolecular decay rate, 7 is the non-geminate recombina-
tion rate, and (A+1) is the recombination order. The ground state is repopulated
via two decay channels, either from the geminate recombination of interfacial CT
states or the non-geminate recombination of free charge carriers. Solving the

differential equations yields the evolution of the GS population as
GS(t) = No(1 = f)(1 = [exp(—keroast)]) + Nof — (Mt + (fNo) ™)™ (5.4)

where Ny is the initial excited state density and f the fraction of non-geminate
recombination. We use the solution of the rate equations to globally fit the re-
combination dynamics for all five samples. We assume that the charge-density is

uniform across the film and that the free charge carriers and the charge-transfer
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Figure 5.7: Evolution of the transient absorption spectra for all 5 samples (excita-
tion wavelength 532 nm, excitation intensity 22 uJ/cm?) at time delays specified

in the graph. All samples exhibit significant signal loss in the first 20 ns.
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Figure 5.8: Normalized decay dynamics (ns-ms time-range) of the charge-induced
absorption between 700 and 900nm for pump fluences ranging from 4.5 to
80 uJ/cm?. The data is shown with colored dots. At higher fluences the decay
is faster due to accelerated non-geminate recombination of free charge carriers.

The solid lines represent fits to our analytical model of charge recombination.
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states have equal absorption cross-sections. Except for the initial excitation den-
sity (i.e. Np), all parameters are shared among the different intensities for each
sample. As we can see in figure 5.8 the data is well represented by the fit. Ta-
ble 5.2 presents the parameters along with their standard deviation as extracted
from the global fit. For better comparison, the effective Langevin recombina-
tion coefficient (the 7 where A + 1 = 2) at a charge carrier density roughly
corresponding to an illumination with one sun (n = 5 -10%cm™?) is calculated.
Solving Yerf-n? = i - n M for 4. we obtain vesr = i -1 and the effective

solar cell recombination coefficients presented in table 5.2.

Parameter Sample 1 Sample 2 Sample 3 Sample 4 Sample 5

f 0.5940.01 0.574+0.01 0.514+0.01 0.58+0.01 0.684+0.01
v/(em®)*s7H| (1.6 £1.5)- 10732 (745)-1073  (543)-107%7 (2.8+£1.8)-107'% (1.540.4) 1077
A+1 3.20 £0.01 3.10 £0.01 2.99 £ 0.02 2.08 £ 0.02 2.39+0.01
k/s71 (1.9+£0.1)-10% (1.7£0.1)-10® (2.4£0.1)-10% (4.34£0.3)-108 (4.240.2) - 108
Vess/cm3s™ 1.1-10718 1.4-10718 1.8-1071 5.0-1071 2.0-107H1

Table 5.2: Parameters along with standard deviation extracted from a global fit of
the model described above to the photoinduced absorption kinetics (700-900 nm)
in the long delay measurement. For the quality of the fit see figure 5.8. The
parameters were shared for all excitation intensities for each sample. f is the
fraction of non-geminate recombination, v is the non-geminate decay constant,
A+1 is the order of non-geminate decay, k is the geminate recombination rate,
and 7.y is the effective (A4+1 = 2) bimolecular decay constant at a charge density

of 5-10" cm™3.

We want to begin with discussing the parameters extracted for the least ef-
ficient sample, Sample 5 with only amorphous polymer content. The fraction of
non-geminate recombination is highest for that sample at approximately f = 2/3.
This is due to the fast CT state decay found on the sub-nanosecond timescale,
leading to the situation that most of the interfacial CT states have already de-
cayed within the instrument response time of the long time experiment here.
Moreover, in solar cell devices, non-geminate recombination is expected to re-
duce the photocurrent further as the effective Langevin recombination coeffi-
cient is relatively high at 2.0 - 107" em3s™! (compare with as-cast PSHT:PCBM
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1.5-1072 cm3s™! [36]). This is in agreement with the low fill factor (around 0.3)
found for the amorphous samples. It is unlikely that sub-nanosecond recombining
CT states are split by the internal field, so we hypothesize that the field depen-
dence of the photocurrent is caused by the competition between extraction and
non-geminate recombination.

Turning to the samples with higher crystalline content, we find that the frac-
tion of geminate recombination is higher in these samples. However, we found
almost no signal decay on the short timescale, therefore we conclude that CT
states (or geminate pairs) are longer-lived than in the amorphous samples. This
is confirmed by a lower rate of geminate recombination, at about 1.7-10%s™!, i.e.
an inverse rate of 6 ns. The effective Langevin recombination coefficient is about
two orders of magnitude smaller at around 1 - 1073 cm3s~! than in the amor-
phous samples, pointing to a more efficient extraction of the free charge carriers
in a solar cell device. This is in agreement with the high fill factors (around 0.7)
which show that the free carriers are swept out efficiently at most internal fields.
A similar value for the effective Langevin recombination coefficient was found
for annealed P3HT:PCBM films with y=2.2 - 10713 cm3s™!, one order of magni-
tude smaller than for as-cast PSHT:PCBM.[36] The smaller effective Langevin
recombination coefficients in the semi-crystalline samples can be explained by
the additional thermodynamic driving force created by the polymer crystallinity
that aids the separation of charge carriers and their transport from the interface
towards the bulk. In the more amorphous samples the higher disorder reduces the
energetic difference between the interface and the bulk, therefore charge carriers
approach the interface more easily and recombine.[127]

From this analysis of the long-delay data we conclude that more free charge
carriers are left in the samples with more amorphous content, however, their
extraction is severely limited by the high Langevin recombination coefficient.
In the samples with mainly semi-crystalline polymer, charge-transfer states are
found to decay on the intermediate 3-10ns timescale, leading to a greater signal
loss compared to the amorphous samples on that timescale. However, the free
charge carriers can be extracted efficiently due to their smaller recombination

coefficient.
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5.5 Unification of short and long timescale charge

recombination

Having established that geminate recombination is an important charge carrier
loss mechanism on the short and long timescale, we now want to unify the losses on
both timescales and compare them with the quantum efficiencies of the different
samples. As a rough estimate, we determine the charge carrier loss on the sub
1 ns timescale from the amount of AT/T signal left after 1ns in the PTA kinetics
of the short delay measurement (see figure 5.6(a)). The geminate charge pairs
that recombine on the early timescale are too strongly-bound to be extracted into
an external circuit in an organic solar cell device. The obtained value accounts
for the total amount of charge carriers (both bound and free) left after 1ns. We
then multiply this value with f, the fraction of non-geminate recombination, to
get the total fraction of free charge carriers. The obtained number is a measure
of the amount of excitons that form free charge carriers that can be extracted.
The other excitons form CT states (or geminate pairs) that decay geminately
and do not contribute to the photocurrent. Table 5.3 summarizes the obtained
values and compares them with the maximum EQE value for all samples. To
simplify the comparison, the values are also shown in figure 5.9. The EQE values
clearly follow the fraction of free charge carriers for all samples. We therefore
conclude that CT state recombination is the dominant quantum efficiency loss
mechanism in these samples. The amount of CT state recombination changes
with the mixing ratio of the two polymers, and clearly increases with increasing
amorphous polymer content. However, as the fraction of free charge carriers is
distinctly higher than the EQE values for Sample 4 and 5, and along with these
samples having a significantly lower fill factor, we conclude that free charge carrier
recombination is an additional loss mechanism further reducing the quantum
efficiency. This is due to their relatively high effective Langevin recombination

coefficient as discussed above.
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Parameter Sample 1 Sample 2 Sample 3 Sample 4 Sample 5
AT/T after 1ns 0.95 0.95 0.8 0.63 0.51
f 0.59 0.57 0.51 0.58 0.68
fx AT/T(1ns) 0.56 0.54 0.41 0.37 0.35
max EQE 0.6 0.55 0.45 0.3 0.28

Table 5.3: This table shows a comparison between the ratio of free charge car-
riers and the maximum external quantum efficiency value for all five samples.
The AT/T value after 1ns is extracted from the PIA kinetics in the short delay
measurement shown in figure 5.6(a). This value accounts for the geminate recom-
bination of CT states on the early timescale which we cannot resolve from the
long time measurement as it is in the instrument response time. The fraction of
free charge carriers on the long timescale (f) is obtained from the fit described in
the preceding section. Both values are multiplied to obtain the total amount of

free charge carriers and compared to maximum EQE values extracted from figure
5.2(b).

5.6 Conclusions

In this chapter we have analyzed the transient absorption data on the short and
long timescale for five samples with different ratios of semi-crystalline and amor-
phous polymer content. All samples exhibit efficient exciton quenching. We find
distinctly higher CT state recombination on the sub 1ns timescale for the sam-
ples with higher amorphous polymer content indicating that a high amount of the
initially created charge carriers are tightly bound at the interface and recombine
quickly. The effective Langevin non-geminate recombination coefficient was also
found to be higher in the samples with mainly amorphous polymer leading to
further quantum efficiency reduction due to non-geminate recombination of free
charge carriers. The quantum efficiency values for all five samples follow the total
amount of CT state recombination, indicating that this is the dominating quan-
tum efficiency loss mechanism and the main difference between the samples, with
higher non-geminate recombination also decreasing the EQE and the fill factor

of the samples with mainly amorphous polymer content.
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Figure 5.9: This graph shows the amount of free charge carriers on the left-hand
axis (in black) as calculated from the PIA kinetics in the short and long delay
measurements. The maximum EQE of the samples is shown on the right-hand
axis (in red). We can clearly see that the values are very similar, indicating that
geminate CT state recombination is the dominant loss mechanism. For Sample 4
and 5, non-geminate recombination of free charge carriers is an additional loss

channel.

In conclusion, we found that free charge carrier generation does not improve
upon adding amorphous polymer; the sample with only semi-crystalline content
exhibited the highest fraction of free charge carriers. This is in agreement with
the gradually decreasing EQE values upon addition of amorphous polymer. The
only figure of merit that is improved up to a content of 50% amorphous polymer
is the open circuit voltage. This could be explained by the amorphous regions
breaking up the crystallinity and thus hindering the holes from relaxing into the
lowest energy levels. Thus, the amount of energy that can be extracted per hole is
higher. However, the increased Voo does not offset the enhanced charge carrier
losses, therefore the addition of amorphous polymer leads to a net efficiency

decrease.
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Chapter 6

Efficiency Limiting Processes in

Polymer-Polymer Solar Cells

Organic solar cells with polymers as both donor and acceptor materials are gen-
erally limited by low quantum efficiencies. This chapter studies the photophysi-
cal processes in a blend of the well-known donor material P3HT and the naph-
thalenediimide based acceptor material P(NDI20D-T2). The goal is to inves-
tigate the reasons for the low quantum efficiency by following the cascade of
processes necessary for free charge generation. First, exciton quenching is exam-
ined and is found to be completely efficient for excitation of P3HT but only 50%
efficient for excitation of the P(NDI20D-T2) phase. Using transient absorption
spectroscopy, the charge-transfer state generation and recombination on the sub-
nanosecond timescale is investigated. Geminate CT states that recombine on that
timescale are found to be a major loss channel both for excitation of the donor
and the acceptor material. Subsequently, charge recombination processes on the
1ns to 1 ms timescale are studied. The transient absorption data is analyzed with
multivariate curve resolution to identify different components and their kinetics.
It is found that free charges move back to the interface bleaching the absorption
of interfacial states in the near infrared. Having established the charge genera-
tion and loss processes in the P3HT:P(NDI20D-T2) system, four samples with
different processing conditions leading to different efficiencies are compared, the
main difference is found in the CT state recombination on the early timescale.

Finally, the chapter concludes with an analysis of the interfacial morphology of
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the samples. The photoinduced spectra are influenced by Stark effects which
allow conclusions to be drawn about the orientation of polymer chains in inter-
facial regions. This is confirmed by structural measurements which reveal that
free charges are generated at the interface of P3HT and P(NDI20D-T2) crystals

that are oriented face-to-face.

6.1 Introduction

Fullerene derivatives, especially PCg;BM and PC7;BM, have been widely used
as electron acceptor materials in organic solar cells. Bulk heterojunction solar
cells with blends of a low-bandgap donor material with PCBM have achieved
power conversion efficiencies exceeding 8%.[8, 9] The advantages of fullerene ma-
terials include their ability to form a nanoscale network with donor materials,
their strong electron accepting properties and their high and isotropic electron
mobilities.[52] However, the small extinction coefficient of fullerenes at longer
wavelengths, the high price and challenging synthesis, and the metastable mor-
phology of polymer:fullerene blends motivates the search for alternative electron-
accepting materials.[128, 129]

A new acceptor material has to fulfill manifold requirements:[128, 130)]

e Appropriate bandgap ideally complimentary to the donor material, and
high extinction coefficient for optimal light harvesting over a broad spectral

region.
e High electron mobility to facilitate charge transport to the electrode.

e Optimized HOMO and LUMO levels to achieve efficient charge separation
and high Vpe.

e Solubility in common solvents to realize solution-based processing of blends

with the donor material.

e Favorable phase separation properties and morphology in a blend with the

donor material.
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e Formation of interfaces with the donor material which favor charge carrier

separation.

Conjugated polymeric acceptor materials present an important alternative to
fullerenes as they offer great flexibility in optimizing energy gaps for maximum ab-
sorption and efficient charge separation depending on the choice of donor material.
However, the 2% power conversion efficiencies obtained with polymer:polymer so-
lar cells significantly lag behind polymer:fullerene solar cells.[131-135] The main
reason for this performance difference is the low EQE, as shown in figure 6.1.
EQE values have not exceeded 50% for polymer-polymer solar cells, a value that
was reached by polymer:fullerene solar cells already ten years ago. Recently,
Polyera announced the fabrication of a polymer-polymer solar cell with a cer-
tified efficiency of 6.4%, demonstrating the potential of polymers as acceptor

materials.[136]

The aim of this chapter is to investigate the efficiency limiting processes in a
polymer-polymer solar cell. Here, the polymeric electron acceptor material is the
naphthalenediimide based donor-acceptor copolymer P(NDI20D-T2) (see next
section for details).[137] Figure 6.2 presents a comparison between optimized bulk
heterojunction solar cells based on a blend of the donor material P3HT with either
PCBM or P(NDI20D-T2) as acceptor material. The V¢ is around 0.56 V for
both acceptors and the fill factor is slightly higher for P(NDI20D-T2) compared
to PCBM (65% vs 60%). However, Is¢ is substantially lower for the P(NDI20D-
T2) blend, this is in line with the EQE shown in figure 6.2(b). While the EQE
exceeds 70% for PSHT:PCBM, it stays below 20% for P3HT:P(NDI20D-T2). In
the following sections we will investigate the reasons for the low photocurrent
generation yield, mainly using transient absorption spectroscopy, in order to de-
termine the limitations of charge generation in polymeric acceptors and guide

further optimization of polymer:polymer blend systems.
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Figure 6.1: Comparison of selected published results for polymer:fullerene and
polymer:polymer bulk heterojunction solar cells. While the power conversion
efficiency of polymer:fullerene solar cells has steadily risen in the last 10 years,
maximum power conversion efficiencies have remained at around 2% for poly-
mer:polymer blends. The main reason for this is that the EQE has remained
low, i.e. below 50%, a value that was already reached in the beginning of poly-

mer:fullerene cells more than 10 years ago. Figure courtesy of Marcel Schubert.

6.2 Materials and experimental details

6.2.1 P3HT and P(NDI20D-T2)

The molecular structures of the donor polymer poly(3-hexylthiophene) (P3HT)
and the acceptor polymer poly([N,N’-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis-
(dicarboximide)-2,6-diyl]-alt-5,5"-(2,2’-bithiophene)) (P(NDI20D-T2), commer-
cial name: Activink™ N2200) are shown in figure 6.3. P(NDI20D-T2) was
synthesized by Polyera Corporation. The molecular weight determined by GPC
is M,,=26,200 g/mol and M,,=85,200 g/mol. Highly regioregular P3HT was pur-
chased from Rieke Metals (Sepiolid P200 from BASF, regioregularity >98%). The
molecular weight determined by GPC is M,,=17,500 g/mol and M,,=32,700 g/mol.
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Figure 6.2: Comparison of solar cell devices with P3HT as donor material and
either PCBM or P(NDI20D-T2) as acceptor material. Figure (a) shows the IV
curves, figure (b) presents the EQE of the devices. P3HT:PCBM data courtesy
of Fabian Etzold, P3HT:P(NDI20D-T2) data courtesy of Marcel Schubert.
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Figure 6.3: Molecular structures of the repeat units of (a) P(NDI20D-T2) and
(b) P3HT.
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P(NDI20D-T2) was first reported in Nature in 2009 by Facchetti and cowork-
ers. In that publication it was used as an n-channel material in a complementary-
logic circuit with P3HT as p-channel material. Remarkably high electron mobil-
ities up to 0.85cm?/Vs were observed for P(NDI20D-T2) in organic thin film
transistors.[137] The field effect hole mobility of P3HT is on the order of 0.01-
0.1 cm?/Vs.[138]

Regarding the absorption properties, P3HT and P(NDI20D-T2) match very
well for the application as donor and acceptor material in bulk heterojunction
organic solar cells as their absorption spectra cover different regions of the solar
spectrum. This is shown in figure 6.4. P(NDI20D-T2) exhibits two broad ab-
sorption peaks around 400 and 700 nm, while P3HT covers the wavelength region
in between. Combining both materials in a blend, the complete solar spectrum

from the visible to the near infrared is covered.
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Figure 6.4: Absorption spectra of P3HT and P(NDI20D-T2). Combining both
materials, the wavelength region from 300 to 800 nm is covered, thus making the

harvesting of a large part of the solar spectrum possible.
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6.2.2 Solar cell performance

The solar cell performance of bulk heterojunction solar cells with P3HT:P(NDI-
20D-T2) blends depends hugely on the choice of solvent and processing condi-
tions. A detailed analysis was carried out by Schubert and coworkers and can be
found in [139]. In this thesis, four different samples were investigated. For two
samples the P3BHT:P(NDI20D-T2) (1:0.75) blend was spin-cast from a 50:50 sol-
vent mixture of para-xylene (Xy) and chloronaphthalene (CN). Spin-coating was
done from a hot solution (>80°C) for 5s only, then the sample was transferred
onto a hot plate and dried at 200°C (Sample 1) and 80°C (Sample 2), respectively.
For the other two samples (Sample 4 and Sample 5) the blend was spin-cast from
chloroform, Sample 5 was subsequently annealed at 150°C. The device structure
of the solar cells was ITO/PEDOT:PSS(35nm)/blend/Sm(20 nm)/Al(100 nm).
Their performance is summarized in table 6.1, figure 6.5 presents the IV-curves
and the EQE of the devices. The most efficient device was obtained with the
solvent mixture Xy:CN 50:50 and drying at 200°C (Sample 1), the least efficient
device was obtained from chloroform without further treatment (Sample 4). Fill
factors are high for all samples, and the performance is mainly limited by the low
photocurrent. The most efficient sample has EQE values below 20%, while the
least efficient has EQE values below 3%.

Solvent Treatment Efficiency | Voc Ise FF

% V | mA/cm?
Sample 1 || Xy:CN dried 200°C 1.29 0.57 3.1 0.69
Sample 2 || Xy:CN dried 80°C 0.44 0.57 1.1 0.67
Sample 4 CF as cast 0.11 0.47 0.4 0.58
Sample 5 CF annealed 150°C 0.38 0.47 1.4 0.58

Table 6.1: Solar cell performance of PSHT:P(NDI20D-T2) (1:0.75) blends spin
cast from different solvents (CN: chloronaphthalene, Xy: para-xylene, CF: chlo-

roform). Data courtesy of Marcel Schubert.

The samples investigated in the TA experiment were prepared as described

above, but consisted only of the photoactive blend layer on a quartz glass sub-
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Figure 6.5: Comparison of solar cell devices with P3HT:P(NDI20D-T2) (1:0.75)
as photoactive blend layer and varying processing conditions. Panel (a) shows the

IV curves, panel (b) presents the EQE of the devices. Data courtesy of Marcel
Schubert.

strate. All sample preparation was carried out by Marcel Schubert at the Uni-

versity of Potsdam.

6.3 Exciton formation and quenching

As discussed in section 2.2.1 the charge generation process follows a cascade
of distinct processes, each potentially severely impacting the overall quantum
efficiency of the device. In order to determine the origin of the low photocurrent
in the P3HT:P(NDI20D-T2) devices we will now follow these steps and analyze
them individually.

The first step in this cascade is the absorption of photons. Due to the relatively
large active layer thickness of 300 nm, almost 100% of the photons at the P3HT
absorption maximum for the samples spin-cast from Xy:CN are absorbed (see
figure 6.6(a)). For the samples spin-cast from chloroform, the number of absorbed
photons is lower but still over 80%. Therefore, we conclude that the majority of
incoming photons form excitons inside the active layer, and absorption is not a

severe limitation for the photocurrent nor does the change in absorption explain
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the order of magnitude loss of EQE between the samples. This is also confirmed

by the low IQE values (maximum values of 16%) as shown in figure 6.6(b) for the

most efficient sample.
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Figure 6.6: Panel (a) shows the absorption of the four samples as determined with
photothermal deflection spectroscopy (PDS). The approximation is used that the
beam passes through the sample twice and interference effects are neglected.

Panel (b) shows absorption, EQE, and IQE of Sample 1. Data courtesy of Koen
Vandewal.

The next step in the cascade is the quenching (by charge transfer) of excitons
created after photon absorption. In P3HT:P(NDI20D-T2) blends this exciton
can be created either on the donor or the acceptor material. The efficiency of each
of these processes can be probed by measuring the decrease of the PL of the donor
(acceptor) in presence of an acceptor (donor).[33] To investigate the PL quenching
efficiency for donor and acceptor material separately, the sample is excited either
at 500 nm or at 700 nm, to selectively excite P3HT or P(NDI20D-T2). The results
are summarized in table 6.2. For the blends spin-cast from Xy:CN, if an exciton
is formed on the acceptor, it has only a 50% probability to be quenched at an
interface; meaning that there is a 50% loss in quantum efficiency in the first step
after photon absorption on the acceptor (P(NDI20D-T2)). However, this is not
the case for photons absorbed on the donor (P3HT) where the quenching efficiency

is over 95% for all samples. The samples spin-cast from chloroform exhibit PL

117



6. EFFICIENCY LIMITING PROCESSES IN
POLYMER-POLYMER SOLAR CELLS

quenching efficiencies around 90% upon excitation of the acceptor in addition
to the quenching efficiency reaching almost 100% upon excitation of the donor.
Looking at the IQE spectrum presented in figure 6.6(b) for Sample 1, we see
that the IQE in the red part of the spectrum where the absorption is dominated
by the acceptor, is significantly lower than in the blue part of the spectrum
where the absorption is dominated by the donor. This increased IQE for photons
absorbed in the donor is consistent with the photoluminescence quenching results.
However, the IQE is significantly lower than the photoluminescence quenching
over the entire spectral region meaning that a problem in the cascade subsequent
to exciton quenching must be the dominant loss mechanism for photons absorbed
on the donor and an additional significant loss mechanism for photons absorbed

on the acceptor.

QE P3HT | QE P(NDI20D-T2)
Sample 1 | Xy:CN  dried 200°C 96% 55%
Sample 2 | Xy:CN dried 80°C 95% 48%
Sample 4 | CF as cast 97% 86%
Sample 5| CF  annealed 150°C 99% 94%

Table 6.2: PL quenching efficiency (QE) of P3HT:P(NDI20D-T2) blends after
selective excitation of donor or acceptor material. Data courtesy of Marcel Schu-
bert.

6.4 Charge-transfer states and ultrafast gemi-

nate recombination

The next step in the quantum efficiency cascade is the separation of the inter-
facial state that is created after exciton quenching. Recent results suggest that
the initial population of charge-transfer states follows one of two pathways on the
ultrafast timescale, either into free charges or to relaxed CT states (see section

2.2.1.2).]44] The latter population tends to undergo geminate recombination in a
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solar cell and therefore is a quantum efficiency loss channel. In order to gain in-
sight into the role of charge-transfer states in determining the quantum efficiency
of our samples we combine the techniques of photothermal deflection spectroscopy
(PDS) and transient absorption spectroscopy to accurately determine the quan-
tum efficiency of charge separation in directly created charge-transfer states, along
with the population flows on the early timescales initiated by photons absorbed
on the donor or on the acceptor. We focus on a detailed analysis of the most
efficient sample (Sample 1) in this section, and later compare the results with the

other samples (section 6.6).

6.4.1 Implications of IQE on CT state splitting efficiency

First we consider in more detail the internal quantum efficiency shown in figure
6.6(b) for the most efficient device (Sample 1) measured from the visible absorp-
tion of P3HT, then P(NDI20D-T2), down to the near infrared absorption of
the directly excited interfacial charge-transfer state at wavelengths greater than
850 nm. The IQE was obtained by measuring PDS on samples that were prepared
in the same way as the solar cells. The PDS measurements were done by Koen
Vandewal in the group of Alberto Salleo. The IQE spectrum has a maximum
of around 16% at wavelengths below 650 nm where P3HT dominates the absorp-
tion. This drops, as discussed in the section above, to roughly 7% in the region
between 650 and 830 nm where P(NDI20D-T2) is primarily responsible for the
photon absorption. Importantly, the IQE then increases again in the sub-bandgap
region at wavelengths around 1000 nm where the very weak sample absorption is
explained by direct excitation of the interfacial charge-transfer states.[140-142]
The IQE of the directly excited CT states is approximately the same as the IQE
in the high energy region corresponding to P3HT absorption. This result is con-
sistent with previous investigations of the PSHT:PCBM system which revealed
that the internal quantum efficiency of a directly excited CT state was equal to
the internal quantum efficiency based on absorption by the P3HT.[140] However,
in the current case the internal quantum efficiency is much lower compared to

P3HT:PCBM irrespective of the state excited.
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To gain more insight into what leads to the low quantum efficiency in these
blends, we now turn to ultrafast transient spectroscopy to investigate the flow
of excitons into charge-transfer states and how these charge-transfer states then
either split into free charges or recombine geminately at the interface. As a first
step in this analysis, we present a comparison of the transient absorption surfaces
measured for a pristine P(NDI20D-T2) film, the P3HT:P(NDI20D-T2) photo-
voltaic blend after selective excitation of only the lower-bandgap P(NDI20D-T2)
(using an excitation pulse with a wavelength of 800 nm), and finally the same
P3HT:P(NDI20D-T2) photovoltaic blend after excitation of primarily the PSHT
component (using an excitation pulse with a wavelength of 530nm) (see figure
6.7).

6.4.2 CT state formation and recombination after excita-
tion of P(NDI20D-T2)

In this section we determine the kinetics of charge-transfer state formation and
recombination after P(NDI20D-T2) excitation. In figure 6.8 we show the tran-
sient absorption in the region between 525 and 550 nm where P3HT shows an
absorption bleach, while P(NDI20D-T2) excitons show a photoinduced absorp-
tion (see also figure 6.7). As P(NDI20D-T2) excitons move to the interface and
create charged states, the P3HT absorption will start to be bleached, making the
transient absorption signal move to the positive. This is indeed what we see in
the time region of interest marked A in figure 6.8. Fitting the evolution to the
positive of the transient absorption signal to a single exponential in this time
region of interest yields the violet line and an inverse rate of 0.96+0.04 ps. It was
previously observed that the luminescence lifetime of P(NDI20D-T2) in film is at
least 40 ps.[143] If we consider that the luminescence and charge-transfer states
were to come from a single pool, our observation that the rate of quenching is
at least 40 times faster than the natural rate of decay of the luminescent state
would imply that the luminescence should be almost entirely quenched. However,
we have previously observed in the steady state luminescence quenching exper-
iments presented in section 6.3 that for excitation of the P(NDI20D-T2) only

about 50% of the luminescence is quenched (see table 6.2). These observations
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Figure 6.7: Transient absorption surfaces of pristine P(NDI20D-T2) (first panel),
the photovoltaic blend of P3HT:P(NDI20D-T2)(Sample 1) after selective excita-
tion of the lower bandgap P(NDI20D-T2) with a 800 nm excitation pulse (second
panel), and of the same photovoltaic blend of P3HT:P(NDI20D-T2) after pre-
dominant excitation of the P3HT with a 530 nm excitation pulse (third panel).
The redder colors show stronger absorption bleach, bluer colors show stronger

photoinduced absorption and green is zero.
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lead to the first important conclusion from the transient data: excitation of the
P(NDI20D-T2) leads to two separate population pools. One of these is quenched
efficiently by charge transfer with an inverse rate of around 1 ps while the other
is not so efficiently quenched and must account for the P(NDI20D-T2) emission

observed under steady-state illumination of the photovoltaic blend.
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Figure 6.8: Evolution of transient absorption in the blend after selective excitation
of P(NDI20OD-T2) with a 800nm excitation pulse, in the region of the P3HT
bleach (525-550 nm, pink spheres) and in the region of the P(NDI20D-T2) bleach
(675-725 nm, blue spheres). Time regions of interest A, B, and C are marked in
which the kinetics in the photovoltaic blend are dominated by charge transfer,
CT state recombination, and decay of residual excitons respectively. The solid

lines are fits to the data (markers) as described in the text.

Looking at the dynamics of the P3HT bleach in the time regions of inter-
est B and C in figure 6.8, we can make another qualitative conclusion. If the
charge-transfer state population after exciton quenching were to remain constant
(meaning the P3HT bleach would remain the same) and the P(NDI20D-T2) ’ex-
citon’ population were to decrease, the net signal observed in this wavelength

region would increase as the photoinduced absorption of the P(NDI20D-T2) ’ex-
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citons’ which were masking the P3HT bleach would be removed. We see such
behavior in time region C. However, before that occurs the observed TA signal
moves towards zero (moving in the direction of negative values) in the time region
B. This decrease in P3HT bleach can only be accounted for by a decrease in the
population of excited states on the PSHT, or explicitly put, by CT state recom-
bination. So qualitatively we make a second important conclusion, that following
the CT state formation, some fraction of the CT states recombine surprisingly
quickly diminishing the P3HT bleach on a sub-hundred picosecond timescale.
This ultrafast CT state recombination will reduce the device quantum efficiency.
In order to quantify how much this fast CT state recombination effects quan-
tum efficiency we use the following simple model to concurrently fit the transient
signals observed in the regions of the P3HT and P(NDI20D-T2) bleaches. We
estimate (in accordance to the conclusion above) that the initial photoexcitations
are split into two population pools, one of which creates CT states and/or free
charges and one of which is dominated by long-lived P(NDI20D-T2) excitations
which decay without undergoing charge transfer. Furthermore, the first pool
is further split into two sub-pools (in accordance to the qualitative conclusion
made above); one of which is CT states which recombine quickly, and the other
of which are longer-lived charge-separated states that do not recombine on this
short timescale. We start our modeling at 5ps when charge transfer is already
complete, and the first population pool is at its maximum. We then assume that
the decay of the CT states in the first subpool of population 1, and the decay of
the P(NDI20D-T2) excitations in population 2 can both be parametrized by a
stretched exponential function. The evolution of the transient signals can then
be written as:
+ b1 + bo
AT/T, = A, <p1ae‘(n) 4 p1b> 4+ Bie () (6.1)
where A and B are constants relating to the splitting of the population between
the pools and the absorption cross section of each pool in each wavelength range,
the remaining parameters are shared between the wavelength regions: p, repre-
sents the fraction of the pool 1 that recombines with a rate described by 71 and
by, p1p represents the fraction of the population that is long-lived, and 7 and by
represent the decay of the long-lived P(NDI20D-T2) excitations. The results of

123



6. EFFICIENCY LIMITING PROCESSES IN
POLYMER-POLYMER SOLAR CELLS

this global fit are shown as the red and dark blue lines in figure 6.8, and it is clear
that the population evolutions in this simple model can accurately reproduce the
observed transient absorption data. The extracted parameters are shown in table
6.3. A and B are not directly physically interpretable, as they contain infor-
mation regarding initial population, the cross-sections, and our normalization,
however the other parameters are all directly interpretable. The negative sign
for B in the P3HT bleach region confirms that the P(NDI20D-T2) excitations
have a photoinduced absorption in this region, as observed in the pure film in
the first panel of figure 6.7. We find that only roughly 30% of the CT states
formed create long-lived species, with the majority decaying on the sub-hundred
picosecond timescale. Combining these results with the steady state quenching
observations we can approximate the upper bound of the IQE as 0.50 (due to
incomplete quenching) multiplied by 0.30 (due to fast CT state recombination),
which yields an estimate of 0.15. This is still roughly a factor of 2 larger than the
observed IQE in the P(NDI20D-T2) region, indicating perhaps that not all the
long-lived charged states of population 1 are free charges that are extracted in a
device. Nonetheless, the combination of incomplete quenching and fast CT state
recombination explain the majority of the quantum efficiency loss after excita-
tion of P(NDI20D-T2). So we can robustly explain the principle loss channels
limiting the EQE after P(NDI20D-T2) excitation.

Dia Db T1/ps by T2 /PS by A B
P3HT 2.24+04 | -3.3+0.7
0.7£0.1 | 0.34+0.1 | 17£2 | 0.8£0.1 | 8+4 | 0.4+0.1
NDI 0.440.1 | 1.3£0.3

Table 6.3: Parameters extracted from fitting the bleach regions of P3HT and
P(NDI20D-T2) with equation 6.1. The fit is shown in figure 6.8. Except for A

and B all parameters are shared.
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6.4.3 CT state formation and recombination after excita-
tion of P3HT

We now turn to investigate the excitation flows following excitation of the P3HT
in the photovoltaic blend (excitation wavelength 530 nm), and check whether sub-
nanosecond CT state recombination also strongly limits the EQE in this case.
In figure 6.9 we show the normalized transient absorption spectra measured at
various time delays after excitation.

Two interesting features are immediately apparent upon examination of the
data. First in the spectral region marked A’ in figure 6.9 we see at short time
a contribution of the stimulated emission of P3HT. This decays quickly (within
a few picoseconds), leaving a net negative signal that is a superposition of the
charge carrier induced absorption and the bleach of the P(NDI20D-T2). By
roughly 200 ps we see that the positive double peak at around 700 and 780 nm
of the P(NDI20OD-T2) bleach is apparent; and the features from this point on
are caused by long-lived charge carriers. This signal only becomes positive after
several hundred picoseconds, perhaps when the charge carriers in the P(NDI20D-
T2) (negative polarons) reach the more ordered regions of the polymer. Along
this line, the earliest time spectrum after P3HT excitation shows a clear shoul-
der in region 'B’ which is known to arise from intrachain absorptions in ordered
P3HT regions. As the P3HT excitons move to the interface and create charge
carriers this bleach due to excited states in an ordered P3HT region decreases.
This suggests that the interfacial region is less ordered (on average) than where
the P3HT excitons are created within the domains. However, on the timescale
of 30 ps this bleach returns, likely as there is some return of mobile charge car-
riers to the ordered regions of the P3HT. These interesting observations suggest
that both polymers are more disordered in the interfacial regions where charge
carriers are generated, a fact that could well have some influence on the charge
carrier separation, and that we will discuss later in relation to the long-time TA
measurements.

In order to get a rough estimate of the charge carrier population decay we can
look at the signal kinetics at wavelengths greater than 870 nm which are least

affected by the disorder-related peak shifting. We present this in figure 6.10,
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Figure 6.9: Evolution of the transient absorption spectra (normalized to the
maximum P3HT bleach) of the photovoltaic blend after excitation of the PSHT
component (excitation wavelength 530 nm) . The region labeled A shows an initial
decrease of the P3HT stimulated emission on a timescale of a few picoseconds,
followed by an increase of the P(NDI20D-T2) bleach on the long timescale as
the excitons move to more ordered regions of the polymer. A similar evolution is
seen in the bleach of the ordered P3HT region marked with B. Here, the PSHT
excitons move from ordered phase regions to disordered interfacial regions on the
same few picosecond timescale of the stimulated-emission quenching; then the

bleach of the ordered P3HT regions gradually recovers, perhaps as charges move

back away from the interface.
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where we show the average photoinduced absorption between 870 and 950 nm as
a function of time (normalized to its value after 10 ps when charge carrier forma-
tion is complete judged by the disappearance of the P3HT stimulated emission
signature). We see that a very significant fraction of the signal decays, indicat-
ing that a significant fraction of the charge carriers created from P3HT excitons
recombine on an ultrafast timescale. In this behavior, they are similar to charge
carriers created via P(NDI20D-T2) excitons. Due to the pronounced shifting of
excitons and later charge carriers between ordered and disordered regions after
P3HT excitation, we cannot precisely quantify the fraction of charge-carriers cre-
ated from P3HT excitons that quickly recombine. We can say that, as shown in
figure 6.10, the PIA signal decays within a few hundred picoseconds to 15% of
its value after charge transfer is complete. This is a clear indication that charge
carrier dynamics are broadly similar after P3HT excitation and P(NDI20D-T2)
excitation, and certainly consistent with fast charge carrier recombination also
being the dominant loss mechanism of the IQE in the P3HT absorption region.
In conclusion, we can clearly say that losses on the order of 70-85% in the interfa-
cial CT state (as suggested by the steady-state spectroscopy) are reasonable, and
that we can directly observe the sub-nanosecond CT state recombination that

leads to this loss.

6.5 Free charge recombination: observing the

return to the interface

Having established that ultrafast geminate recombination of charge-transfer states
on the sub-hundred picosecond timescale is the dominant loss mechanism limit-
ing quantum efficiency, we now turn to investigate the processes on the longer
timescale in order to find additional loss mechanisms that further limit the pho-
tocurrent. We do this using transient absorption spectroscopy in the long delay
range with various excitation intensities at an excitation wavelength of 532 nm. At
532nm mainly P3HT is excited. As we have observed in the previous sections,
spectral features of the two blend components overlap over the whole spectral

range. For example in the region between 700 and 800nm the photoinduced
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Figure 6.10: Evolution of the photoinduced absorption between 870 and 950 nm
after excitation of the P3HT component of the blend. The signal decreases signif-
icantly, consistent with significant recombination of CT states on the sub 200 ps

timescale.

absorption of P3HT and the ground state bleach of P(NDI20D-T2) lie on top
of each other, making the net signal small and making it difficult to distinguish
between different species, and hard-modeling analysis impossible. However, using
the multivariate curve resolution as introduced in section 2.4.2 we can success-
fully find physically reasonable decomposition of the data which reveal how free
charges move back to the interface and recombine. This is confirmed by addi-
tional TA measurements in the NIR between 1200 and 1700 nm where we observe
the bleach of interfacial states. The analysis in this section is again shown only for
Sample 1, however, the analysis was also carried out for the other samples and an

analysis of the differences between the samples will be presented in section 6.6.2.

6.5.1 Disentangling long-lived components

6.5.1.1 Workflow of MCR analysis

Following the workflow shown in figure 2.20 on page 42, we first carry out evolving
factor analysis on the individual intensities of the fluence series. This is shown in
figure 6.11(a) for the 255nJ fluence. For all fluences we find that the matrix is
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Figure 6.11: MCR analysis of the most efficient sample (Sample 1). Panel (a)
shows the data surface for excitation at 255nJ on the left-hand side. Evolving
factor analysis is carried out to determine the number of components in the system
(central panel) and from that an initial guess for the concentration profile of two
components is made (panel on the right). From MCR analysis of that dataset we
obtain an initial estimate of the spectra that can then be used for the analysis of
the augmented dataset shown in panel (b), which contains a fluence series with
six different intensities ranging from 840 to 74nJ. Panel (c¢) demonstrates that
the obtained fit is very good, on the left-hand side spectra at selected timepoints
are compared with the simulated data, on the right-hand side a surface plot of

the difference between the measured and the simulated data is shown.
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rank 2 at early times. However, in the backward-going EFA the data matrix can
be described by only one singular value for a long time. Therefore it can be con-
cluded that only one single species accounts for the absorption left at long-time.
Thus we know the number of relevant components, that is 2, and we can identify
an important constraint for the following analysis, that is the concentration of
one species is 0 at late times (species 2). This constraint is equivalent with the
constraint that one spectrum is known: the spectrum that is left at long times
is the spectrum of one component (species 1). From evolving factor analysis we
also obtain an initial guess for the concentrations. The optimization process in-
corporating the constraint that the concentrations should be non-negative and
the known spectrum is carried out for the 255nJ fluence. The resulting spectra
are used as an initial guess for the MCR analysis on the whole fluence series. To
that end we use an augmented transient absorption surface which is generated
by placing the individual surfaces on a common wavelength axis and an extended
time axis with the fluences decreasing in excitation intensity. The fluence series
surface is shown in figure 6.11(b). All intensities are normalized to their maxi-
mum value respectively. The MCR-~ALS optimization process is now carried out
with the whole fluence series, including the non-negativity constraint and the
known spectrum. Figure 6.11(c) demonstrates the quality of the fit. A compari-
son between spectra at selected timepoints with the simulated data shows good
agreement (left-hand side). The surface plot of the difference between the mea-
sured and the simulated data shows that the error is due to noise and not due to
systematic deviations (right-hand side).

The obtained resolved spectra and concentration profiles are now reviewed
in terms of their linear transformation ambiguity using the method presented in
section 2.4.2.4.

6.5.1.2 Results of MCR analysis

Figure 6.12(a) shows the resolved spectra and concentration profiles obtained
from MCR-ALS on the augmented data surface of Sample 1. We know that the
spectrum of species 1 is correct, as it is the only species left at late times. Thus we

also know the (normalized) population evolution of species 2. However, we still
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have to investigate how the spectrum of species 2 and the population evolution of
species 1 can be changed by mixing. We can do that by running a linear sweep of
¢ from positive to negative values (see equation 2.27 on page 47, b = 0). Rotating
the data obtained directly from the analysis (figure 6.12(a)) to negative values
makes the model more sequential, as demonstrated in figure 6.12(b). At values
¢ < —1 the kinetics of species 1 become negative for the lowest fluence, violating
the non-negativity constraint of the concentration profiles. Rotating to positive
values makes the model more parallel as shown in figure 6.12(c). The spectra and
concentration profiles shown in figure 6.12 are all mathematically equally correct
solutions of the data matrix. However, we want to find the unique physically

correct solution.

6.5.1.3 Physical interpretation of results

By carefully considering the spectra and the corresponding kinetics, we aim to
come close to the actual decomposition C, and S,. It is immediately apparent
that the spectra for species 2 in figure 6.12(c¢) do not make physical sense as they
are almost mirror images of the spectrum for species 1. As both species bleach
the P3HT and the P(NDI20D-T2) absorption, we expect to find similar bleach
features in both spectra. For the spectra in figure 6.12(a) the PSHT bleach is
shifted from one species to the other which also makes the solution physically
improbable. The spectra in figure 6.12(b) with a rotation value of ¢ = —1 is more
physically sensible: The P3HT bleach of both species is very similar, and also
a P(NDI20D-T2) bleach feature around 700 nm is found for both species. The
populations are still always positive, which is not the case for rotation to more
negative c values.

For easier visibility, our best estimate (based on the rotational analysis) of
the actual spectra and augmented kinetics is shown again in figure 6.13. The
main difference between the spectra is found at wavelengths greater than 750 nm:
Here, species 2 exhibits a broad photoinduced absorption while species 1 has an
additional bleach feature which extends into the NIR. Taking a closer look at the

normalized kinetics for all excitation fluences, shown in figure 6.14, we find that

131



6. EFFICIENCY LIMITING PROCESSES IN
POLYMER-POLYMER SOLAR CELLS

0.15- species 1 '
—— species 2 61
0.10- 5
4 4_
- 0.05
2 3
< 0.00
2
-0.05 N
-0.10 0
1000 0 200 400 600 800
Wavelength /nm Time
(a) c=0
8
0.154 species 1
—— species 2
0.10-
- 0.05-
=
0.00 14
0059 otation: rotation:
0.10 c—-03 06 -1, -1. 2 2 .C=_0'3’._0'6’ -1,|—1.2 .
1000 0 200 400 600 800
Wavelength /nm Time
(b) Rotation ¢ < 0
0.154 species 1 12| rotation:
species 2 c=0.2,06,1
0.10+
0.05-
=
Z 0.00 4 V/\ A i
-0.054
rotation:
-0.104 c=0.2,06,1

600 700 800 900 1000
Wavelength /nm

(¢) Rotation ¢ > 0

Figure 6.12: Spectra and kinetics obtained from MCR-ALS analysis on the fluence
series of Sample 1 for different rotation values as indicated in the graphs. The
kinetics of the different fluences are shown on an extended time axis with the
highest fluence first and the lowest fluence last.
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species 1 and 2, panel (b) shows the corresponding augmented kinetics with the
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rotation value of ¢ = —1.
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the kinetics of species 2 (figure 6.14(b)) are excitation intensity dependent, there-
fore we conclude that this species is free charges. The kinetics of species 1 (figure
6.14(a)) exhibit a rise time that is dependent on intensity and subsequently, af-
ter about 50-100ns, an intensity independent decay. We assign this species to
interfacial states that are created by free charges moving back to the interface.
Interestingly, we observe the bleach of the interfacial state absorption as AT/T
moves from negative to positive for the wavelength region up to 1050 nm. This
is in agreement with PDS measurements (as presented in figure 6.6(a)) where
the interfacial CT state absorption in the P3HT:P(NDI20D-T2) blend gives an
absorption tail extending into the NIR. At higher charge densities, the recap-
ture of free charges to the interface takes place faster. Recombination of these
charges trapped at the interface is intensity independent and slow (on a timescale
of 100 us), perhaps opposite charges tend to be trapped at low-energy sites both
at the interface but offset from one another horizontally. The increased disorder
at the interface compared to the bulk material might keep the charges at the
extraordinarily low-energy sites and hinder them from hopping away again. We
will see in the next section that direct evidence of the return of free carriers to the
interface and the bleaching of interfacial states is also found in the NIR transient

absorption experiments extending up to 2000 nm.

6.5.2 Evidence of interfacial states in the infrared TA

Transient absorption experiments were carried out in the wavelength region be-
tween 1200 and 1700 nm in order to check whether the return of free carriers to
the interface could be directly observed by alteration of the CT state bleach in
the NIR. Figure 6.15(a) shows the transient absorption spectra at time delays
between 1ns and 4.5 us after excitation at 532nm. The first spectrum at a time
delay of 1-1.5ns shows a broad photoinduced absorption over the whole spectral
range. This can be assigned to the PIA of free charge carriers. Surprisingly for
the infrared region, the spectrum becomes positive after about 2ns and keeps
rising to more positive values on a timescale of several 10s of nanoseconds de-
pending on the excitation intensity. This rise to a net positive signal in the NIR

is direct evidence that interfacial states are formed by free charges returning to
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Figure 6.15: Transient absorption measurements in the NIR for the
P3HT:P(NDI20D-T2) blend (Sample 1) after excitation at 532nm. Panel (a)
shows the spectra at time delays specified in the graph. Panel (b) demonstrates
that the kinetics are the same over the whole wavelength region. Panel (c¢) shows
the integrated kinetics between 1400 and 1700 nm at different intensities, normal-

ized to the maximum.

the interface as proposed in the preceding section. No other features can ex-
plain an absorption bleach at such long wavelengths. Figure 6.15(b) shows that
independent of the wavelength region a bleach arises and the kinetics are very
similar, indicating a wide variety of low energy states exist near the interface.
Normalizing to the maximum (figure 6.15(c)) shows again that the decay kinetics

are intensity independent while the rise time is dependent on intensity (compare
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figure 6.14(a) for the same results in the visible wavelength range). The kinetics
in the infrared directly relate to the kinetics found for the interfacial state in the
visible wavelength range providing strong support that our decomposition of the
visible data reveals a good approximation of the actual concentration and spectra

profiles.

6.5.3 Implications of return to interface for solar cell de-

vices

Taking a closer look at the return of the charge carriers to the interface in both
the visible and near infrared dynamics, we find that we can distinguish two time
regions. In the timescale below 5ns we find a very fast AT/T signal rise inde-
pendent of the excitation intensity, while on a longer timescale (up to several
hundred nanoseconds) the signal rise time is intensity dependent and slower. For
the measurements in the near infrared (see figure 6.15(c)), the normalized AT/T
of the interfacial bleach is >0.5 after less than 3 ns independent of the excitation
intensity. Similarly, the kinetics of the interfacial states extracted from visible
measurements, shown in figure 6.14(a), show a normalized AT/T of >0.4 already
in the time resolution of the experiment (about 1 ns) independent of the excitation
intensity. The following signal rise depends on intensity in both measurements
(NIR and VIS), the maximum signal is reached after 20 ns at the highest intensity
measured, but only after 110ns at the lowest intensity measured.

We therefore conclude that two different mechanisms, one geminate and fast,
the other non-geminate and slower, are responsible for the return of the charge
carriers to the interface on the >100ps timescale. The two mechanisms are
schematically depicted in figure 6.16. Judging from the contribution to the ki-
netics, about 40-50% of the charges left after 100 ps have not fully escaped their
mutual Coulomb attraction, and hop back to the interface under each others in-
fluence on the sub 5ns timescale (a geminate process, see figure 6.16(a)). The
remaining charge carriers (about 50-60%) have escaped their Coulomb attraction
and become truly independent free charge carriers. Their return to the interface
then depends on coming again under the influence of an opposite charge carrier,

exactly like normal non-geminate recombination (see figure 6.16(b)). The rate
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of this process depends on the charge density, therefore occurs at a rate that
depends on the excitation intensity. At the lowest intensities we measure, which
still create charge densities somewhat above that expected in a solar cell under
steady-state solar illumination, the rate of the return of free charge carriers to the
interface through this non-geminate process is on the order of 100ns. We note,
that as previously discussed, once formed, the interfacial states lead to charge car-
rier recombination, but that process is slow, likely as the opposite charge carriers

are located in low energy sites slightly laterally offset from each other.

(a) geminate (b) non-geminate

Figure 6.16: Schematic illustration of the recombination mechanisms involving
interfacial states. The geminate filling of the interfacial states shown in panel (a)
takes place on the sub 5ns timescale and originates from charges that have not
fully escaped their mutual Coulomb attraction. The non-geminate filling of the
interfacial states shown in panel (b) originates from free charges and takes place
on a timescale of about 100 ns dependent on excitation intensity. About 40-50%
undergo the geminate process, about 50-60% the non-geminate. Recombination
from the interfacial states is slow as the charges are laterally offset from each
other.

In order to identify the influence of the return of charge carriers to the interface
on solar cell performance, we calculate the transit time t;,4,; of a charge carrier

in a solar cell device with t,.q4nsit = u.ipv where d is the active layer thickness, p is
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the charge carrier mobility, and F' is the field. We use an active layer thickness
of 300nm [139] and a mobility of y=0.05cm?/Vs (see section 6.2.1), and obtain
a transit time of 30ns at V. The non-geminate formation of interfacial states
from free charge carriers occurs on a timescale greater than 100 ns. Therefore, in
a solar cell the rate of extraction is much faster than the rate of recombination,
and the free carriers will be swept out efficiently at most internal fields. This
is consistent with the very high fill factor of the devices. The high fill factor
implies that there is little dependence of the photocurrent on the field within
the device. This further implies that there is no significant mechanism of free
charge carrier generation that is field dependent. Thus, the interfacial states
created by geminate return to the interface appear not to be split by the field
within the device. This would mean that this channel of geminate formation of
interfacial charge states is an additional quantum efficiency loss mechanism, that
further reduces the photocurrent by a factor of around 0.5 on top of the ultrafast

charge-transfer state recombination.

6.5.4 Temperature dependence of return to the interface

and recombination

In order to gain more insight into the cause of the return of free carriers to the
interface and the subsequent recombination, we investigated the process also at
low temperature. At lower temperature, the average mobility of charge carriers
decreases. A second effect of low temperatures is an increase in the density
dependence of the mobility which can be explained taking into account the broad
density of states caused by disorder. At higher temperatures charges occupying
sites in the low-energy tail of the DOS still exhibit reasonable mobilities as they
can make thermally assisted hops to higher sites in the DOS. At low temperatures
however, this thermal assistance is lost and the mobility of the charges in tail
states becomes considerably lower than that of states higher in the DOS.[55, 70]

Figure 6.17 presents spectra and kinetics of a transient absorption experiment
at the same excitation intensities at room temperature (RT) and liquid nitrogen
temperature (ca. 80K). The spectra, shown in the upper panel, differ between

the two temperatures: At 80K the spectra are more structured as less vibronic
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levels are accessible and the features are also red-shifted compared to the RT
measurement as higher energy-levels are not accessible. We now turn to look at
three different wavelength regions: First, the P3HT bleach shows an increased
recombination in the first 100 ns at low temperatures with very little intensity-
dependence. We therefore ascribe the recombination to geminate charge carriers
which are not able to escape each others attraction due to their reduced mobility.
It is possible that at room temperature these are the sites that lead to the intensity
independent built up of interfacial states. However, charge carriers created higher
in the DOS can efficiently create free charge carriers at low temperatures. After
about 1 pus, more signal is left in the 80 K measurement. This signal can be
ascribed to the free charges, which exhibit slower non-geminate recombination
and also an increased charge-carrier density dependence. The second panel shows
the kinetics of the lower energy spectral feature of the P(NDI20D-T2) bleach to
which charges at the interface play a significant role (compare the spectrum of
species 1 in figure 6.13(a)). These interfacial states are filled up slightly faster
at 80 K, this is in agreement with the charges not being able to escape each
other as far as at room temperature. In the photoinduced absorption region
above 900 nm (third panel) a slower rise time is observed for the low temperature
signal. The slower recombination of free charge carriers contributes to this, but
another significant contribution is likely the lower absorption bleach of interfacial
states in that wavelength region, as at low temperature the absorption of the
interfacial state population is expected to be red-shifted out of this wavelength
range.

In conclusion, we find that at low temperature charges cannot escape the
interface as well as at room temperature due to their reduced mobility. Therefore,
the attraction of the opposite charges is still higher and interfacial states are
populated more quickly. However, the charges which overcome the attraction at
the interface and are dissociated in their respective phases are longer lived and
their recombination kinetics exhibit a distinct intensity dependence. This picture
is consistent with our analysis of the room temperature data, and supports our
interpretation that the fast return to the interface of some charge carriers due to
their motion in the static disorder and Coulomb attraction leads to an additional

quantum efficiency loss channel.
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Figure 6.17: Transient absorption fluence series measurement of Sample 1 after
excitation at 532 nm at room temperature (291 K) and liquid nitrogen tempera-
ture (80K). The sample was excited at 320, 640, 1200 and 1860 nJ. The upper
panel shows a comparison of the spectra at different time delays specified in the
panel after excitation at 320nJ. The kinetics for three different spectral regions
are shown in the lower panels: P3HT bleach normalized (RT: 605-625nm, 80 K:
610-630nm), P(NDI20D-T2) bleach (RT: 760-780 nm, 80 K: 780-805nm), PIA
normalized (RT&80K 925-975nm). In each panel the room temperature mea-

surement is shown with full lines, the 80 K measurement with dashed lines.
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6.5.5 Summary of long time recombination dynamics

From the analysis of transient absorption data in the 1ns to 1ms time-range
we conclude that the charge carriers left after 1 ns recombine through interfacial
states. The interfacial states can be observed due to their absorption bleach in the
near infrared. Two different regimes of charge carriers returning to the interface
can be distinguished, one geminate and fast, the other one non-geminate and
slower. In solar cell devices, the geminate mechanism decreases the quantum
efficiency by about 40-50%. Recombination of the charge carriers in interfacial
states is intensity independent and takes up to several 100 us as the charges are

trapped at different sites, not necessarily close to each other.

6.6 Comparison of samples

After our detailed analysis of the charge generation and loss mechanisms for the
most efficient sample (Sample 1) in section 6.4 and 6.5, we now take a closer look
at the less efficient samples introduced in section 6.2.2. We will see that charge-
transfer state recombination on the sub 100 ps timescale is the main loss channel
for all samples, and that an even greater proportion of CT state recombination
in the chloroform-processed samples negates the theoretically possible quantum

efficiency gain from the better PL quenching.

6.6.1 CT state recombination on the short timescale

To compare the different CT state generation and recombination dynamics after
P(NDI20D-T2) excitation, transient absorption experiments on the picosecond
timescale were carried out. The samples were excited at 800 nm, the same exci-
tation intensity was chosen for all samples. Figure 6.18(a) presents a comparison
of the normalized kinetics of the P3HT bleach (525-550 nm). The same kinetics
were already shown in figure 6.8 for Sample 1, and three time regions of interest,
marked with A, B, and C, and dominated by charge transfer, CT state recombina-

tion, and decay of residual excitons respectively, were identified. Comparing that
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Figure 6.18: Comparison of the normalized kinetics for the P3HT bleach (525-
550nm) and the P(NDI20D-T2) bleach (675-725nm) after excitation at 800 nm
for all four samples. In panel (a) the time regions of interest are marked with A,

B, and C to enable comparison with figure 6.8.

with Sample 2, which was also spin-coated from a xylene:chloronaphthalene mix-
ture, but dried at lower temperature, we find that the same regions can be identi-
fied. This is in agreement with a similar quenching efficiency for P(NDI20D-T2)
excitons in both samples as shown in table 6.2. The charge transfer kinetics in
region A are the same for both samples. However, the kinetics are different in the
time regions B and C. More CT state recombination leads to a greater drop in the
P3HT bleach in the first 100 ps and it also overshadows more the signal rise due to
exciton recombination in time region C. In the P(NDI20D-T2) bleach region (see
figure 6.18(b)), increased CT state recombination leads to a greater total amount
of signal decay. We therefore conclude that more tightly bound charge-transfer
states, which recombine on the sub-hundred picosecond timescale, and less free
charges are generated from exciton quenching in this blend.

For the samples spin coated from chloroform, Sample 4 and 5, the exciton
quenching is different. For both samples a PL quenching efficiency around 90%
was observed after P(NDI20D-T2) excitation (compare table 6.2). The quenching
is also much faster, which can be determined from the kinetics in figure 6.18(a),

where the P3HT bleach is at its maximum already after 1ps for S4 and 2 ps
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for S5. This indicates that the domains are much smaller or less pure in the
chloroform-cast blends. Charge-transfer state recombination on the sub 100 ps
timescale is also evident for S4 and S5, and the amount of recombination found
on that timescale compares well with the efficiencies, with S4 having less than
10% signal left after 100 ps. Moreover, no rise of the P3HT bleach is found for
Sample 4, indicating that the excitons are quenched much faster than in the other
samples. The fast charge-transfer state recombination in Sample 4 is also seen
in the dynamics of the P(NDI20D-T2) bleach, shown in figure 6.18(b). For all
four samples, only little signal is left after 1ns as the P(NDI20D-T2) bleach is
overlaid by a photoinduced absorption from charges on P3HT.

6.6.2 Free charges and interfacial states on the long timescale

Having established that the amount of charge-transfer state recombination on the
sub 100 ps timescale correlates with the efficiencies of the 4 samples, we now turn
to look at the longer timescale to investigate whether recombination processes of
free charges differ. As all samples have overlapping bleach and PIA signals, we
carried out MCR-ALS analysis, as described in section 6.5.1 for Sample 1. We
found that for all samples, two species were sufficient to describe the dataset, and
show our best estimates of their actual spectra in the left panels of figure 6.19.
Identical to the results for Sample 1, one species was found to have an intensity
dependent rise time and an intensity independent decay while the other species
exhibited an intensity dependent decay. The panels on the right of figure 6.19
show a comparison of the kinetics for each species for the same fluence. The
kinetics of the formation and recombination of the interfacial state, as shown in
the upper panel, is very similar for all 4 samples. A fraction of the free charge
carriers, however, seem to live distinctly longer in Sample 1, as shown in the lower
panel. This could also contribute slightly to the higher efficiency of Sample 1 and
is consistent with the high fill factor.

We observe that the spectra of the species change between the samples. In
the next section we look closely at these spectra to see what they imply about

the charge generating interfaces.
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Figure 6.19: Comparison of the spectra and kinetics obtained from MCR analysis
for all four samples. The upper panels show the spectra of the long-lived inter-
facial states and the corresponding kinetics, the lower panels show the spectra of

the free charges and their population evolution (fluence: 950nJ).
6.7 Structure of the interfacial region

Having discussed the recombination mechanisms that are responsible for the low
photocurrent in the PSHT:P(NDI20D-T2) devices, we now want to take a closer
look at the spectra of charge and interfacial state which are present on the longer
timescale. As we will see, these spectra contain information about the structure
of the interface which we can correlate with information from scattering-based

structural characterization experiments.
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6.7.1 Stark effect influencing TA spectra

The spectra obtained for the long-lived states from MCR~ALS analysis (shown in
the left panels of figure 6.19) exhibit features that cannot be explained by simple
absorption bleaches. For example, the P(NDI20D-T2) absorption bleach does
not exhibit a broad bleach feature centered around 700 nm as we would expect
from the absorption (see figure 6.4) but a two peak structure with maxima around
720 and 780 nm. Similar observations can be made for the P3HT bleach, which
also displays a two peak structure with the peaks somewhat red shifted compared
to the absorption. Comparing these spectral features with the first derivative of
the blend’s absorption spectrum reveals good agreement, as shown in figure 6.20.
The spectral features of the absorption bleach of the interfacial state and the
charge spectrum shown in the uppermost panels are also features of the first
derivative of the absorption spectrum shown in the third panel.

Due to its donor-acceptor character with a high partial charge transfer in
the excited state, P(NDI20D-T2) has a large transition dipole moment Afi. As
discussed in section 2.1.5 (see page 14) the change in transmission AT/T of a
species is proportional to the first derivative of its absorption (neglecting potential
shifts in oscillator strength) in case of a linear Stark effect with aligned A and
field. In the present case, the field is a photo-induced field, i.e. the field is due
to charges on the donor and acceptor domains. Figure 6.20 shows how we can
analyze the influence of the Stark effect in detail. We fit the AT/T spectrum
with a weighted addition of the absorption, and its first and second derivative.
The second derivative accounts for a random orientation of the transition dipole
moments with respect to the field. Thus we obtain the contribution of each of
these spectra to the AT/T spectrum. For the charge spectrum we add a Gaussian
to represent the negative PIA feature. The quality of the fit is shown in figure 6.21
where the AT/T spectrum is compared to the sum of the weighted absorption
and its derivatives for all samples. We find that the spectral features are well
represented by the fit.

In conclusion, the ground-state bleach feature of the charge and interfacial
state spectra always contain a strong contribution from the first derivative of the

absorption spectrum. This leads to the conclusion that the polymer chains in
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Figure 6.21: Comparison of the spectra of interfacial states (species 1, blue dotted
line) and charges (species 2, green dotted line) with the fits (black solid lines)
obtained by adding the respective absorption spectrum and its first and second
derivative. For the charges a Gaussian is additionally added to represent the PIA.

For all four samples the main features are well represented by the fit.

the interfacial regions always have some net alignment relative to the interface
such that the transition dipole moment of the chromophore is anti-parallel to the
photoinduced electric field. Only a small contribution of the second derivative
is found, therefore only few long-lived states are found in randomly oriented
interfacial areas. Similar contributions of the first and second derivative are
found for all four samples. This indicates that the nanoscale morphology of
the interfacial area where long-lived states are formed is similar for all samples.
However, as the efficiencies of the samples are very different, the amount of this
charge-forming interfacial area could certainly vary between the samples, which

would account for the change in efficiency. From this data we conclude with
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evidence for the hypothesis that free charge carriers are only generated at specific

interfacial areas with a net ordering of the polymers with respect to the interface.

6.7.2 Interfacial structure revealed by GIWAXS

In order to understand the charge generation process in terms of the nanoscale
morphology, grazing-incidence wide-angle X-ray scattering measurements (GI-
WAXS) and resonant soft X-ray scattering measurements (RSOXS) were carried
out by Brian Collins in the group of Harald Ade at North Carolina State Uni-
versity. From the analysis of this X-ray data, conclusions about the molecular
packing structure and the size and orientation of the PSHT and P(NDI20D-T2)
crystallites can be drawn. A schematic representation of the morphology obtained
from that analysis on the most efficient sample is shown in figure 6.22. Excitons
are generated in both crystalline and amorphous parts of P3HT and P(NDI20D-
T2). If the exciton is formed in an amorphous part, a strongly bound CT state
is created that decays on the sub-hundred picosecond timescale due to the lack
of driving force for the dissociation. Also, Forster Resonant Energy Transfer
(FRET) of the exciton onto an aggregated P(NDI20D-T2) can take place. This
is called exciton self-trapping,[144] as the exciton cannot leave the aggregated
region and undergo charge transfer. Efficient charge generation takes place in re-
gions where PSHT and P(NDI20D-T2) are oriented with their polymer backbone
towards the heterojunction. Here, exciton dissociation is facilitated by the energy
gradient between the amorphous and the crystalline regions and further charge
separation occurs due to a fast charge delocalization along the m — 7 stacking
direction.

The same analysis of data obtained by GIWAXS measurements was carried
out on the less efficient samples. For the chloroform cast sample (Sample 4) it was
found that both P3HT and P(NDI20OD-T2) prefer a face-on orientation relative
to the substrate. Annealing the sample results in P3HT being oriented edge-on,
while P(NDI20D-T2) remains face-on (Sample 5). For Sample 2 the orientation
of P3HT is both edge-on and face-on, and also the orientation of P(NDI20D-T2)

is less clearly edge-on than in Sample 1.
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e
Figure 6.22: Panel a) illustrates the morphology as obtained from GIWAXS, TEM
and RSOXS measurements for the most efficient sample. A cross-section in plane

with the substrate is shown; blue colors depict P(NDI20D-T2), red colors depict

P3HT. Both amorphous domains (lighter colors) and crystalline areas (darker

colors) are present in both materials. Circular P(NDI20D-T2) domains, about
50nm in diameter, are embedded in a P3HT matrix. While the P(NDI20D-T2)
domain is pure, small P(NDI20D-T2) fractions are found in the P3HT domain
(blue dots). For P3HT, crystals oriented face-on and edge-on relative to the
substrate are found; the face-on crystals having a five times larger lattice spacing
compared to the edge-on crystals. Magnifications of two regions (marked with
black dashed boxes in a)) are shown in panel b) and ¢). Panel b) shows a region of
charge generation where the P(NDI20D-T2) and P3HT crystals are oriented with
their polymer backbone towards the heterojunction (face-to-face relative to each
other, but edge-on relative to the substrate). Panel ¢) depicts the self-trapping
of an exciton (shown in dark blue) on a P(NDI20D-T2) crystal after Forster
Resonant Energy Transfer (FRET) from a disordered region. Charge-transfer
state formation after P3HT excitation (shown in pink) in amorphous domains
leads to strongly bound CT states that decay on the sub-hundred picosecond

timescale. Figure reproduced from [145].
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These results found with GIWAXS measurements agree well with our analy-
sis of the Stark-effect influenced spectra presented in the previous section. Both
methods lead to the conclusion that an ordered heterojunction is necessary for
efficient free charge generation. Moreover, P3HT and P(NDI20D-T2) need to be
ordered with a particular relative orientation, i.e. face-to-face, to enable charge
separation. Excitons formed in amorphous regions lead to strongly bound CT
states which recombine quickly. Thus, the structure of the interface is the key
determining factor to whether free charges or CT states are formed. A comparison
of the different orientations between the four samples confirms these conclusions.
Samples 2, 4 and 5 contain less of the charge generating interface where PSHT
and P(NDI20D-T2) are oriented face-to-face and therefore exhibit much more
sub 100 ps charge-transfer state recombination. Charge transport is also affected
by the anisotropy of the oriented crystals. Motion towards and away from the
interface tends to be fast, however, lateral motion along the interface for recom-
bination is slow. These results marks a crucial difference to bulk heterojunction
solar cells containing a small molecule fullerene (derivative) as an electron ac-
ceptor. Fullerenes are isotropic molecules, i.e. they do not have a preferred
orientation concerning efficient charge separation and charge transport. This di-
minishes the role of the interfacial morphology, however mesoscale morphology

optimization plays an important role for fullerene containing solar cells as well.

6.8 Conclusions

In this chapter we have studied the charge generation and recombination processes
in the polymer-polymer blend P3HT:P(NDI20D-T2) in order to determine the
reason for its low quantum efficiency in solar cell devices. Four samples with dif-
ferent processing conditions were investigated. The photophysical processes that
occur after photo-excitation of either P3HT or P(NDI20D-T2) are schemati-
cally shown in figure 6.23. We found that about half of the excitons generated
in the P(NDI20D-T2) phase decay before they are quenched at an interface,
which constitutes an important loss channel. However, the main loss channel in
P3HT:P(NDI20D-T2) blends is charge-transfer state recombination on the sub

100 ps timescale, which accounts for a quantum efficiency loss of more than 70%
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after either P3HT or P(NDI20D-T2) excitation even in the most efficient sample.
The charge carriers that are left after 100 ps can hop back to the interface and
create interfacial states that can be observed due to their absorption bleach in
the near infrared. About 40-50% of the interfacial bleach arises in less than 5ns,
independent of the fluence, while the other 50-60% of the interfacial bleach takes
around 100 ns to arise at low intensities. Thus the quantum efficiency of a solar
cell is decreased by another 40-50% through recombination of interfacial states
geminately reformed from mobile charge carriers. However, the free charge carri-
ers that are formed are efficiently extracted almost independently of field as their
lifetime (>100ns) is significantly longer than the solar cell transit time (~30ns)
leading to a high fill factor.

An analysis of the spectra of the long-lived states with respect to Stark ef-
fects reveals that these states are formed on polymer chains which exhibit a net
alignment relative to the interface such that the transition dipole moment of the
chromophore is anti-parallel to the photoinduced electric field. In agreement with
that, structural measurements indicate that face-to-face orientation of the PSHT
and P(NDI20D-T2) crystallites at the heterojunction interface is beneficial for
free charge generation.

The main difference between the samples with different processing conditions
is found in the amount of CT state recombination on the sub 100 ps timescale.
Combining photophysical with structural characterization experiments we can
show that this is due to a smaller amount of face-to-face orientation at the inter-
face.

Therefore, we establish that in polymer-polymer solar cells the heterojunc-
tion interface is a crucial point to be optimized. This is in contrast to fullerenes
which are isotropic and therefore allow charge generation and charge transport
independent of their orientation towards P3HT. In this case, morphology opti-
mization in terms of phase separation and crystallinity is sufficient. However, in
P3HT:P(NDI20D-T2) blends, the orientation and order of the polymer chains
with respect to each other needs to be optimized carefully in addition to the
mesoscale morphology optimization in order to control the loss mechanisms de-

scribed.
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Figure 6.23: Summary of photophysical processes in P3HT:P(NDI20D-T2)
blends. The main loss processes are depicted on the right-hand side of the panel:
exciton decay upon P(NDI20D-T2) excitation, sub 100 ps CT state recombina-

tion and recombination through interfacial states.
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Chapter 7

Conclusions

The record power conversion efficiency obtained with organic solar cells has in-
creased dramatically over the last decade and has now reached the 10% threshold.
(146, 147] However, further improvement is necessary to make organic solar cells a
competitive renewable energy technology. To this end, understanding the charge
carrier generation and loss processes and establishing structure-function relation-
ships for the photoactive materials is essential.

This thesis investigates three different donor:acceptor systems in terms of their
photophysical properties for the application as photoactive materials in organic
solar cells. Each of these systems represents a different approach of optimizing
materials in terms of light absorption over a broad wavelength range, efficient free
charge carrier generation and fast charge carrier transport to obtain higher power
conversion efficiencies. Using transient absorption spectroscopy we evaluate these
approaches in terms of the charge carrier generation and recombination processes
and reveal their virtues and limitations with respect to their application in the
photoactive layer of organic solar cells.

In order to analyze transient absorption data, it is necessary to decompose
an observed data matrix into the physically true concentration evolutions and
spectra of a given number of excited states. We have discussed two techniques
to do this: global analysis and a soft-modeling technique followed by an analysis
of the linear transformations of the obtained factorization. When a system of
equations for the population flows is not rigorously known, we have shown that

this second method has very significant value. We have developed a technique
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7. CONCLUSIONS

with which the bands of factorizations that satisfy the known physical properties
of the system can be found, and the maximum physical insight extracted from
the collected datasets without need for rigorous a-priori knowledge of the reac-
tion kinetics. This is demonstrated for transient absorption experiments on the
polymer:polymer samples with several overlapping signals, where we successfully
obtain a physically reasonable decomposition of transient absorption data which
enables us to understand the charge recombination processes.

In chapter 4 we have examined the approach to separate the absorption and
the transport properties onto different monomer units of a terpolymer, in order
to be able to optimize them separately. We find that it is possible to shuttle the
hole from the chromophore unit onto a triarylamine introduced into the polymer
backbone to enable the charge transport. This process takes place on a timescale
of about 500 ps. However, the device performance deteriorates after the inclusion
of the triarylamine, which we find is due to the triarylamine units acting as traps.
This challenge could be overcome by designing polymers with hole transporting
segments that have a strong tendency to pack and thus facilitate interchain hole
transport.

Having shown that guiding excited state flow within the polymer backbone
of a terpolymer is realizable, we take a closer look at ternary blend mixtures of
an amorphous and a semi-crystalline polymer in chapter 5 to investigate whether
the addition of an amorphous polymer aids the charge carrier separation. We
find that the contrary is the case: geminate charge recombination on the early
timescale is increased and is faster for the samples with increasing amorphous con-
tent. In addition to that, non-geminate recombination on the longer timescale
also decreases the EQE and the fill factor of the samples with mainly amor-
phous polymer content. These results suggest that a semi-crystalline structure is
required for efficient charge carrier separation.

Chapter 6 introduces a system where a polymer is used as an acceptor ma-
terial, which exhibits enhanced absorption over the whole wavelength range and
excellent charge carrier transport properties. Again, morphology is found to play
an important role for the device performance. Sub 100 ps charge-transfer state
recombination is the dominant loss mechanism in this system, as free charge car-

riers can only be generated at interfaces where donor and acceptor polymer are
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oriented face-to-face relative to each other. Moreover, about 40-50% of the mo-
bile charge carriers return to the interface as they have not fully escaped their
mutual Coulomb attraction, forming interfacial states that recombine slowly as
the charge carriers are trapped at different sites. For further development of
polymer-polymer solar cells, an optimized control over the microscopic morphol-
ogy and the crystallinity is required. This could be achieved with polymers with
defined molecular weight and low polydispersity.

In conclusion, this thesis contributes to the understanding of photophysical
processes in organic solar cells. This understanding and the resulting implications
for further photoactive polymer development are important to fully exploit solar
irradiation and to develop societally relevant applications of organic solar cells in

the future.
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Nomenclature

Afi change in dipole moment

A acceptor

AFM atomic force microscopy

¢ speed of light

CN chloronaphthalene

CT charge-transfer

D donor

D-A donor-acceptor

DOS density of states

EFA evolving factor analysis

EL electroluminescence

EQE external quantum efficiency
FF fill factor

FRET Forster resonant energy transfer

GIWAXS  grazing-incidence wide-angle X-ray scattering

GPC gel permeation chromatography
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Nomenclature

GS
GSB
HOMO

HTU

IC
IQE
IR
ISC
ITO
LED
LUMO
mpp
NIR
OFET
OLED
OSC
P3HT
PCBM
PDI
PDS

PIA

ground state

ground state bleach

highest occupied molecular orbital
hole transport unit

short circuit current

internal conversion

internal quantum efficiency

infrared

intersystem crossing

indium tin oxide

light emitting diode

lowest unoccupied molecular orbital
maximum power point

near infrared

organic field effect transistor
organic light emitting diode

organic solar cell
poly(3-hexylthiophene)
phenyl-C61-butyric acid methyl ester
perylenediimide

photothermal deflection spectroscopy

photoinduced absorption
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Nomenclature

PL
PS
QE
RSOXS
RT

SE
SSC
SVD
TA
TAA
TDCF
TEM

Voc

photoluminescence

polystyrene

quenching efficiency

resonant soft X-ray scattering
room temperature

stimulated emission

spatially separated charge carriers
Singular value decomposition
transient absorption
triarylamine

time-delayed collection field
transmission electron microscopy
open circuit voltage

para-xylene
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