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CHAPTER 1

Introduction

1.1 Background

The discovery of conducting and semiconducting polymers by A. J. Heeger,
A. MacDiarmid and H. Shirakawa in 1977 introduced a new field of tech-
nology, namely organic electronics [1]. Research in this field has been very
active during the last years, with advances in both materials development
and device design. The most prominent subfield of organic electronics is
organic light-emitting diodes (OLEDs), with OLED displays already used
in consumer electronics. Organic solar cells are also drawing widespread at-
tention in the scientific community. Increased awareness of environmental
issues such as global warming and pollution, as well as distrust in nuclear
energy as a safe and problem-free energy source, has lead to a grown inter-
est in alternative energy sources to satisfy the ever increasing demand for
energy. For many applications, such as lighting and low-power home appli-
ances, solar energy is an interesting and viable option. In off-grid locations
solar energy is already commonly used. The main downside with solar cells
based on conventional silicon designs is a relatively high panel price and,
therefore, it is of great interest to develop solar cell technology that is both
easy and cheap to manufacture, as well as environmentally sustainable.
Organic solar cell research is focused on three main device types, i.e.
dye-sensitized solar cells (or Grétzel cells) [2], bulk-heterojunction solar
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cells [3], and small-molecule solar cells [4]. The Grétzel cells are cur-
rently ahead when it comes to efficiency with 12.3 % power conversion
efficiency [5], followed by small-molecule cells with 10.7 % [6], and bulk
heterojunction cells with 10.6 % [7]. The main disadvantage with Grétzel
cells is their electrochemical operating principle, which requires an elec-
trolyte, carefully capped between two sheets of glass or plastic to prevent
leakage and evaporation. Small-molecule solar cells are typically made by
co-evaporation of small organic compounds in a controlled manner, which
requires specialized equipment. Advantages of the bulk heterojunction so-
lar cells include a solid state design and better compatibility with roll-to-
roll manufacturing techniques. On the downside, the typical bulk hetero-
junction solar cells consist of disordered materials in a complex morphol-
ogy, which complicates the photophysical processes in them [8]. Further-
more, the polymers used are often sensitive to impurities, moisture and
oxygen [9,10]. Developing new materials, sealing methods and ways for
controlling the morphology of the bulk heterojunction are therefore crucial
issues, and understanding the physical processes in the bulk heterojunction
materials is an important prerequisite for this.

1.2 The aim of the work

This work is focused on two solar cell polymers, APFO3 and P3HT, which
are described in detail in Section 3.1. APFO3 is a promising polymer that
is particularly interesting because of its internal donor-acceptor character.
One of the goals in this work is identifying and characterizing the different
photoexcitations and their dynamics in the pure APFO3 polymer and in
the blends of APFO3 with an electron acceptor.

P3HT is the best known model polymer for organic solar cells, and
P3HT based cells are well known to show a strongly reduced recombination
of charges, ordering of the polymer chains and power conversion efficiencies
of up to 5% [11,12]. Due to significant recombination of charges, the power
conversion efficiencies for APFO3 based solar cells do not quite reach those
for P3HT based cells [13]. Another goal in this work is thus to gain a

2
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better understanding of the charge generation and recombination processes
which make P3HT a better-performing solar cell material than APFO3.
In particular, the effect of polymer chain ordering on the photophysics is
explored, as well as the influence of interfacial dipoles on the recombination
of charges.

1.3 Donor/acceptor systems

A solar cell with the active layer consisting of a single organic material does
not function well [14]. The efficiency for spontaneous charge separation in
such a layer is typically on the order of 1072 — 1072% [3,15]. As there is
no driving force to separate electrons and holes, the internal power con-
version efficiency is severely limited by recombination. The key for higher
internal power conversion efficiency is to combine an electron donating and
an electron accepting material together to provide a strong local driving
force for charge separation. For an initially generated singlet exciton to be
efficiently separated into an electron and a hole, the exciton needs to be
close to a donor/acceptor interface. Typical singlet exciton diffusion dis-
tances are in the range of ~ 10 nm [16], and excitons within that distance
from a donor/acceptor interface are likely to be separated with close to 100
% efficiency [17]. This presents a problem, as the absorption coefficient
of polymers, even at optimal wavelengths, is not high enough to allow for
complete absorption of the sunlight in a 10 nm layer. Efficiency loss in
bilayer devices will therefore arise from either recombination of excitons far
from the donor/acceptor interface (thick absorbing layer) or transmission
of incident light through the device (thin absorbing layer). To circumvent
this problem, the bulk heterojunction concept was introduced [3]. Here,
the electron donating and accepting materials are mixed together, forming
a three dimensional network of interfaces in the bulk of the blend. With
phase separated region sizes similar to the exciton diffusion distance, pho-
ton absorption events throughout the blend are likely to result in separated
electrons and holes [18,19]. These can then travel via separate pathways
to their respective contacts, minimizing recombination.
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The materials discussed in this work fall into three categories, electron
donors, electron acceptors and materials with an internal donor-acceptor
character. The electron donating or accepting character of a molecule in
relation to another is determined by the electron affinities of the molecules.
The molecule with the higher electron affinity is called an electron acceptor,
and the molecule with an lower electron affinity is called an electron donor.
Electron affinity is defined as the energy difference between the vacuum
energy and the lowest unoccupied molecular orbital (LUMO) of a neutral
molecule.

In bulk heterojunction solar cells, the donor material is mainly responsi-
ble for photon absorption. When the generated exciton diffuses to an inter-
face with an acceptor material, the electron will transfer from the LUMO
of the donor to the lower-energy LUMO of the acceptor. Holes, which can
be viewed as an absence of an electron in the highest occupied molecular
orbital (HOMO), effectively having a positive charge, tend to move upward
in energy and prefer to stay on the donor. Sandwiching the active layer be-
tween two electrodes with different work functions provides a driving force
that will cause the electrons and holes to travel towards respective contacts.
The charge separation and transport in a device is schematically presented
in Figure 1.1.

1.4 Solar cell efficiency

The main coefficients used to describe solar cell device efficiencies are the

power conversion efficiency, which measures how much of the power of the

incident light is converted to electrical power, the fill factor, which measures

how much of the theoretical maximum power of the cell is actually obtained,

and the external quantum efficiency (EQE), which measures the fraction of

incoming photons of a given wavelength converted to extracted electrons.
The external quantum efficiency (nggg) of a solar cell is given by

neqe = (1 — R)niqe, (1.1)
where R is reflection loss and (n;gg) is the internal quantum efficiency, i.e.

4
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Anode Donor / Acceptor ~ Cathode

Figure 1.1: Schematic diagram showing the charge generation process in
an organic solar cell. The dotted energy levels indicate that the donor and
acceptor are mixed together, forming an interpenetrating network.

the efficiency for an absorbed photon giving rise to a charge pair collected at
the electrodes. There are basically four processes involved in determining
niQe, namely the photon absorption efficiency 74, the exciton diffusion
efficiency ngp, the charge transfer efficiency nor, which is the main focus
in this work, and finally the charge collection efficiency ncc [20]:

NIQE = NANEDNCTNCC- (1.2)

There are several criteria a semiconducting organic polymer needs to
meet to be a good component in the active layer of an organic solar cell.
For example, the polymer working as a donor needs to absorb as much of
the sunlight as possible, meaning that there should be maximum overlap
between the absorption spectrum of the polymer and the spectrum of the
sunlight. Since the intensity of the sun peaks in the infrared wavelengths,
it is important that polymers for solar cell applications are tailored to have
an extended absorption in the infrared. The absorption is determined by
the optical gap of the polymer, i.e. the difference in energy between the
HOMO and LUMO levels. For maximum 74 the absorption coefficient,
which varies with wavelength, should be as high as possible. These are
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typically not limiting factors with current polymers, which can have optical
gaps of < 2 eV and absorption coefficients larger than 10° cm ™.

The morphology of the donor/acceptor blend needs to be such that the
initially generated excitons can reach an interface before they recombine.
This is the requirement for a high ngp. The regions in the bulk heterojunc-
tion should optimally be smaller than the exciton diffusion distance in the
given materials. The morphology of the bulk heterojunction can be tuned
by using different solvents, changing the drying time and conditions, and by
applying heat treatments (also called annealing) to the dried films [21-24].

After reaching the donor acceptor interface, it is important that as many
of the optically generated singlet excitons as possible dissociate into free
electrons and holes, giving a nor close to 1. Losses here mainly originate
from the inability of separated charges to overcome their mutual Coulomb
potential and escaping the interface, resulting in either geminate recom-
bination or formation of other types of excited states. Several types of
excitons and charges can exist in a solar cell material at various stages, the
central ones for this work will be described briefly in the next section.

Recombination is also a limiting factor during charge collection, when
separated charges travel to the electrodes to be extracted. Low recombi-
nation, and thus a high noc, is closely linked to the morphology of the
polymer film, and also the intrinsic chain mobility [25,26]. High order
typically enhances mobility, while charge trapping due to various defects
reduces it. Low mobility causes buildup of charges in the active layer and
thus increases recombination. Suitable electrodes are also important for
efficient charge extraction [27].

1.5 Photophysics of conjugated polymers

Conjugated polymers can host a number of different neutral and charged
excitations, out of which the central ones for this work will be briefly pre-
sented here. When a photon with an energy higher than the optical gap of
the polymer (Eyqp) is absorbed, an electron will be promoted to the first
excited state, i.e. from the HOMO to the LUMO, creating a singlet exci-

6
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Figure 1.2: Schematic view of singlet and triplet excitons. Solid arrows
represent allowed excitation events (optical or via EEA), the dashed arrow
a spin-allowed recombination channel and the dotted arrow a spin-forbidden
recombination channel. Intersystem crossing is indicated separately.

ton (S). The singlet exciton is an electrically neutral elementary excitation,
consisting of a Coulombically bound electron-hole pair with opposing spins
for the electron and the hole. This allows for rapid recombination back to
the ground state Sy, and consequently the singlet exciton lifetime is short,
typically on the order of pico- to nanoseconds. Immediately after the pho-
toexcitation event, the singlet exciton is in the first excited state (S7), with
some excess energy compared to the thermalized S; state. The singlet ex-
citon (S) is typically of Frenkel type, delocalized over three to four repeat
units of the polymer chain [28]. In some cases, when allowed by spin-orbit
coupling, the electron can flip its spin via intersystem crossing (ISC), and
form a triplet exciton (T) [29]. In the triplet state the recombination back
to the ground state is spin-forbidden, and consequently the triplet exciton
lifetime is long. The singlet and triplet exciton energy levels are illustrated
in Figure 1.2

At high concentrations of singlet excitations so called exciton-exciton
annihilation (EEA) can take place according to S1 + 51 — So + S}, acting
as a bimolecular recombination pathway [30-32]. The highly excited S}

7
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state has a high probability for dissociation and provides a route for charge
separation. The singlet exciton can also dissociate by electron (or hole)
transfer to a neighboring conjugated segment or a neighboring chain or
molecule.

If an electron and hole can separate a larger distance than the Coulomb
radius, two free charges, a positive and a negative polaron (P* and P™)
are formed. The polarons involve a structural relaxation of the polymer,
confining the charge in a potential well [33]. This gives rise to new states
within the optical gap of the polymer. These states have two characteristic
dipole allowed transitions, Py and P5. In ordered regions of the polymer,
delocalization of the polaron over neighboring chains splits the energy lev-
els and forms a delocalized polaron (DP) [34,35]. The delocalized polaron
has the characteristic transitions DP; and DPs, analogous to P1 and P2
for the polaron, but blue- and redshifted respectively, due to less struc-
tural relaxation. Schematic energy levels and transitions for polarons and
polaron pairs, as well as for delocalized polarons, are presented in Figure
1.3 [34,36]. Polaron pairs (PP) are electron and hole polarons that remain
Coulombically bound. The electron and hole can be located on the same
chain or on neighboring chains or molecules, forming an intra- or interchain
polaron pair (PPipirq or PPinter), respectively [37-39]. The polaron pair
stays formed as long as the electron-hole separation is smaller than the the
Coulomb radius r.. The Coulomb radius is given by

€2

= 1.3
e dreegkT’ (1.3)

where e is the electron charge, € and ¢y the relative and vacuum permittiv-
ities, respectively, k the Boltzmann constant and 7T the temperature.
When closely mixing an electron donor and an electron acceptor, the
photophysics of the blend change compared to the neat polymer. The
main difference is a rapid (~ 45 fs) charge transfer from the donor to the
acceptor [40]. This essentially quenches the presence of singlet excitations
in the blend, and consequently also the generation of triplet excitations
via intersystem crossing. For the same reason, generation of polaron pairs,
polarons and delocalized polarons is very efficient in these systems, which

8
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Figure 1.3: Schematic energy levels of the charged excitations and their
strongest dipole allowed transitions [34, 36].

is why they have been successful in solar cell applications.

Due to the close proximity of the donor and acceptor molecules, wave
function overlap introduces new so called charge transfer (CT) states at
the donor/acceptor interfaces (Figure 1.4) [41-48]. Experimental evidence
shows that these new states have a weak absorption lower in energy than
either the donor or acceptor molecules alone [41,42]. The CT state can
be optically excited using sub-bandgap light, and the charges populating
the CT state can be separated into free charges, as discussed in Paper IV
in this work, as well as in references [45,46,49,50]. The CT state also
plays a role as an intermediate step during recombination, as evidenced
by electroluminescence (EL) and photoluminescence (PL) measurements,
where the wavelength of the emitted light corresponds to the energy of
the CT state, Fop [48,49,51,52]. Predicting Ecr is possible by using the
experimentally determined relation

Eor = |[EGEh0(D) — E9LT0(4)] +0.29 &V (1.4)

by Veldman et al., where EQET, (D) and E9LL (A) are the optically
detected HOMO and LUMO levels for the donor and acceptor, respectively
[53]. The energy of the CT state is also related to the open circuit voltage

9
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LUMO,
LUMO,

10

HOMOp

HOMO,

Figure 1.4: Schematic view of a charge transfer state (labeled CT) at the
donor /acceptor interface.

Voc via the approximate relation Ecr = eVpo — 0.5 €V [46,53]. In a
different approach, the CT state can be viewed as an excited state of a
large molecular complex, for which For can be calculated by quantum
chemical methods [54,55]. In general, the CT states have been found to
play an important role in the photophysics of donor/acceptor blends, but
the exact nature and role of this state are still under investigation.

1.5.1 Recombination

In a first order or monomolecular recombination process the recombination
rate depends linearly on the excitation concentration n and is given by
dn/dt = —kn, where k is the monomolecular rate constant. In a second or-
der or bimolecular recombination process the recombination rate depends
on n?, and is given by dn/dt = —pn?, where 3 is the bimolecular rate
constant. These rate equations, together with the solutions and the cor-
responding lifetimes are presented in Table 1.1. While the monomolecular
lifetime 7 is uniquely defined, the bimolecular lifetime 75 depends on the
initial excitation concentration ng.

When an electron and hole originating from the same photon recombine,
the process is called geminate. When electrons and holes of different origin
recombine, the process is called non-geminate. Monomolecular recombina-
tion is typically a geminate process, whereas bimolecular recombination is

10
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Table 1.1: Rate equations for first and second order recombination pro-
cesses, the solutions for the time dependent excitation concentrations n(t),
and the corresponding excitation lifetimes.

Order | Equation Solution Lifetime
d 1
15t ditl =—kn | n(t)= noe_t/T T = Z
dn no 1

2nd _— = — 2 t = = —

a = A =17 I Y

non-geminate.

The states in disordered organic semiconductors generally follow a Gaus-
sian distribution in energy. Experimental evidence and simulations suggest,
however, that the distribution of states (DOS) is not a perfect Gaussian, but
has an exponential tail of trap states as illustrated in Figure 1.5 [56-58].
Transport in this kind of a system can be described using Marcus the-
ory [59]. Charges and triplets can move to neighboring sites by hopping
(tunneling), and the probability to do so depends on the energy and dis-
tance of the neighboring localized states. This has consequences for the
recombination dynamics. As charges undergo random walk by hopping in
a DOS, they thermalize over time (Figure 1.5 b)). This effectively leads to
time dependent rate coefficients k(t) and 5(t), which can alternatively be
seen as a distribution of lifetimes for the excitations, giving rise to dispersive
recombination dynamics [60-62].

The exact time-dependence of the rate coefficients depends on the shape
of the DOS, and especially on the tail of the distribution. The Gaussian
DOS with an exponential tail of trap states leads to decays with power
law character [56-58,63]. The coefficients k(t) and B(t) can thus be ap-
proximated in a limited time interval with the power laws k(t) = At(®—1)
and B(t) = Bt®"1) where A and B are characteristic recombination pa-
rameters, and « is a dispersion parameter taking values between 0 and

11
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E E

S—e

DOS X

Figure 1.5: a) Gaussian density of states (dashed) with an exponential
tail (dotted). b) Thermalization of an electron in a distribution of states
corresponding to a) in one spatial coordinate.

1 [62,64,65]. In the o — 1 limit, the time-independent (nondispersive)
rates are obtained.

A general rate equation of Riccati type, including both mono- and bi-
molecular recombination as well as a generation rate G(t), can be written
as

0
ai; = G(t) — k(t)n — B(t)n>. (1.5)
To find the solution for equation (1.5) in the time domain, an initial

condition n(t = 0) = ng is assumed instead of the generation G(¢). This
leaves a differential equation of Bernoulli type to be solved, yielding [62]:

n(t) =ng <lf(Pt)(t)> , (1.6)

where

Q(t) = ¢~ Jo K (1.7)

12
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and

P(t) = no /0 "y Jo Hadugy (1.8)

This solution can account for all time dependences for k(t) and 5(¢), and
a combination of monomolecular and bimolecular recombination. Assum-
ing nondispersive recombination and either pure monomolecular or pure bi-
molecular recombination, the solution simplifies to those presented in Table
1.1. Solutions to equation (1.5) in the frequency domain will be described
in Chapter 2.
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CHAPTER 2

Photoinduced absorption

Photoinduced absorption (PA) spectroscopy is a pump-probe technique,
which involves an excitation (pump) beam that generates photoexcitations
in a sample and a probe beam that monitors the resulting change in trans-
mission through the sample. The measured quantity is typically the nor-
malized change in transmission, AT /T. The PA arises in part from a change
Aq« in the linear absorption coefficient a;, and in part from a change AR in
the reflection coefficient R of the film. Assuming a film of thickness d and
reflection only off the front surface of the film, we can write [66]:

PA:—% :dAa—i—ﬁAR. (2.1)
The first term in the above equation is typically more than an order of
magnitude larger than the second term, and thus contribution from the
change in the reflection coefficient is typically neglected in PA [66-68]. For a
thin film where the pump light is absorbed uniformly through the thickness
d of the film, A« is given by Aa = no, where n is the concentration of
generated excitations and o the absorption cross-section of the excitations.
We can now write

—% = Aad = nod. (2.2)

In general, the excitation concentration n through a film follows Lambert-
Beer’s law n(z) = exp(—arx), where «ap, is the absorption coefficient at the
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pump wavelength. For a thick film (azd > 1), most of the light is absorbed
in a thin layer close to the surface. To use equation (2.2) for a thick film,
the film thickness d can be replaced by the approximate effective optical
thickness defr ~ 1/ap.

Sometimes the PA is expressed as a change in optical density, AOD.
The relation between AOD and —AT'/T is given by —AT /T = AOD In 10.

2.1 Continuous wave photoinduced absorption

Continuous wave PA (cwPA) measures the absorption of photogenerated
excitations by modulating a continuous excitation light and detecting the
changes in the transmitted probe light using a lock-in amplifier. If the
lifetime of the photoexcitations is short compared to the period of the
modulation, the resulting concentration of excitations n will be in phase
with the modulation. If the lifetime is longer, there will be a significant
amount of excitations in the probed film even when the pump is off, giving
rise to an absorption that is phase-shifted compared to the modulation.
The lock-in amplifier is a phase-sensitive instrument, and represents the
phase-shifted signal in complex form where the real and imaginary parts
are the in-phase (denoted by subindex I) and quadrature or out-of-phase
(subindex Q) AT signals having 0 and —7/2 phase shifts relative to the
pump, respectively:

PA(w) = PAj(w) — iPAg(w). (2.3)

The signal can also be represented in polar coordinates using the radius
(subindex R) and the phase (¢) as

PA(w) = PAg(w)e®®), (2.4)
where
PAR(w) = \/PA(w)? + PAg(w)? (2.5)
and
¢(w) = arctan(PAg(w)/PAr(w)). (2.6)
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of n(t)

Figure 2.1: Schematic diagram of a sinusoidal generation G(t), the resulting
charge concentration n(t) and the first harmonic of n(t), which has a phase
shift ¢ in relation to G(t).

The arctan is here defined as the four quadrant arctan, which is defined to
give phase values in all four quadrants (—7 < ¢ < ), as this is what the
lock-in amplifier gives as well.

2.1.1 Sinusoidal generation

To solve equation (1.5) the generation G has to be defined. Westerling et
al. have calculated an approximate solution assuming a sinusoidal gener-
ation G(t) = (G/2)(1 4 cos(wt)), where G is directly proportional to the
excitation laser intensity I, w = 2xf is the angular modulation frequency
and f the modulation frequency in Hz [69,70]. A general solution to equa-
tion (1.5) is known but complicated. By using harmonic analysis, only the
first harmonic of the steady state periodic n(t) signal is taken into account,
as this is what the lock-in amplifier also measures. An illustration of the
sinusoidal generation, the resulting n(t) signal and its first harmonic ap-
proximation is shown in Figure 2.1. Assuming a thin film (ard < 1), no
dispersion and steady state conditions in equation (1.5), Westerling et al.
thus obtain the approximate steady-state solutions for PA; and PAg in the
frequency domain for sinusoidal generation [69,70]:
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with

wIT = (é) \/5 [(wTB)? — (TB/T)* = 2] + %\/[(WTB)Q + (rB/7)2+2)° — 2.

Here the bimolecular lifetime 75 is defined as 75 = (8G)~/2. Westerling
et al. obtained varying PA dependencies on G, 7, § and w when either
mono- or bimolecular recombination dominates (7/75 < 1 or 7/75 > 1,
respectively) and assuming wrp < 1 or wrp > 1. These dependencies are
presented in Table 2.1 for reference. The condition w7 < 1 can be reached
by making G large and/or w small, and wrp > 1 can conversely be reached
by making G small and/or w large.

One way to determine the lifetime of a photoexcitation is to measure
the modulation-frequency dependence of the PA signal for the wavelength
where the excitation absorbs. The results from the frequency-dependence
measurement can be modeled using equations (2.7) and (2.8). Theoretical
frequency dependence curves for monomolecular, bimolecular and combined
mono- and bimolecular recombination are presented in Figure 2.2 a). The
slopes and the general shapes of the curves depicted in Figure 2.2 a) are
independent of the recombination type. The PA; changes from a constant
value to w2 dependence with increasing frequency, whereas PAg changes
from w! to w™! dependence. The knee of the inphase and the maximum
of the quadrature component depend on the lifetime and are located at
wTepr = 1, where 7.5y is an approximate effective lifetime.

As mono- and bimolecular recombination have different dependence on
G, the excitation intensity dependence of the PA can be used to determine
the type of recombination by observing the slope of the PA curves. The
experimental curves can also be modeled using equations (2.7) and (2.8)
to find numerical values for the recombination parameters. Monomolecular
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Table 2.1: PA dependencies on G, 7, § and w for combinations of the limits
wrp > 1, wrp < 1, 7/7p < 1 and 7/75 > 1 in the case of sinusoidal
generation G(t). The conditions in the two topmost rows are most likely to
be observed in an experiment [70]. The emphasized dependencies for PAg
can be used to experimentally determine 8 or G.

Condition PA; PAg
wrg>1& 7/ 1 | ~Gr/(1+ (w7)?) | ~ Gwr?/(1 + (wT)?)
wrp < 1 & 7/13> 1 ~ (G/B)Y/? ~w/B
wrp>1&7/T>1 ~ 51/2G3/2/w2 ~ GJw
wp<Ll& /<1 ~ Gt ~ Guwt?

recombination leads to linear excitation intensity dependence for both PA;
and PAg. Bimolecular recombination is characterized by PA; showing
G®/? dependence at low excitation intensities and G/ dependence at high
excitation intensities. At the same time PAg goes from linear dependence
to a constant value with increasing excitation intensity. The excitation in-
tensity dependences for monomolecular, bimolecular, and combined mono-
and bimolecular recombination are plotted in Figure 2.2 b). For combined
mono- and bimolecular recombination, the monomolecular recombination
dominates at low excitation intensity masking the G3/2 superlinear bi-
molecular dependence, and bimolecular recombination dominates at high
excitation intensities masking the monomolecular linear intensity depen-
dence.

If we are only interested in the recombination coefficient 3, it can be
obtained by observing the saturation of PAg ~ w/f at high excitation
intensities, when wrp <« 1. This is an approximation, however, as the
measured PAg does not saturate, but will keep increasing logarithmically,
as discussed in section 2.1.2. Previously Wohlgenannt et al. have shown
that the PAg signal can also be used to obtain G, as PAg becomes propor-
tional to the generation and independent of recombination when measuring
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Figure 2.2: a) PA frequency dependence and b) PA intensity dependence
for monomolecular (green), bimolecular (red) and combined mono- and
bimolecular recombination (black). Both a) and b) are modeled after equa-
tions (2.7) and (2.8). In b), the high intensity part of the quadrature signal
is also modeled using equation (2.9) (blue). Solid curves correspond to
the inphase- and dashed curves to the quadrature components of the PA.
The calculations have generally been done using 7 = § =0 =d = 1, as
well as G = 1 in a) and w = 1 in b). The curve from equation (2.9) in
b) was adjusted for illustrative purposes, and the monomolecular intensity
dependence was shifted using G = 100 and 7 = 0.3 to avoid overlap.

far from steady state and when bimolecular recombination dominates [71].

2.1.2 Square wave generation

Assuming square wave generation (Figure 2.3), Westerling et al. also at-
tempted to calculate the exact solution to equation (1.5) [62]. Due the
complexity of n(t), analytical solutions for PA; and PAg similar to equa-
tions (2.7) and (2.8) are not given. The dependencies on G, 7, § and w
are essentially the same as those for the approximate solution presented in
Table 2.1, with the exception for when wrp < 1 and bimolecular recom-
bination dominates (7/7p > 1) [62,72]. Then the PAg signal is shown to
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of n(t)

Figure 2.3: Schematic diagram of a square wave generation G(t), the re-
sulting charge concentration n(t) and the first harmonic of n(t), which has
a phase shift ¢ in relation to G(t).

have a logarithmic intensity dependence

—PAg ~ fod In (CﬁG exp(;aLd/2)> , (2.9)

w
where C' ~ 1.46111 [62]. Hence, instead of the saturation to ~ w/f3 as
presented in Table 2.1, we can use equation (2.9) to directly calculate (3
from the slope of the -PAg signal plotted on a semi-logarithmic scale. The
difference between the approximate solution for PAg and equation (2.9) is
shown in Figure 2.2 b). In experiments, it is important to ensure that the
modulation of the pump matches either a sinusoidal or square-wave shape
as closely as possible, as the difference in the theoretical expressions stems
directly from the shape of the modulation.

2.1.3 Dispersion

Dispersion in the cwPA experiments is typically accounted for by using an
empirical Cole-Cole type function, as suggested by Epshtein et al. [60,61]:
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Gy
2

PANG,w) — iPAO(G,w) = ( ) — 4 gca<i (210

(iwTp)

Here, the PA response depends on a fractional power of the modulation
frequency w. The parameter 7y is an effective “mean” lifetime, and « is
the dispersion coefficient. Different types of recombination can be catered
for by defining 7y in a suitable way. For a monomolecular recombination
process 79 = T, where T is the “mean” monomolecular lifetime, and for a
bimolecular process 79 = (BOG)*l/ 2 where §p is the “mean” bimolecular
rate coefficient [61,62]. For a combined mono- and bimolecular process

70 = 27/(1 4+ \/1 + 4GB72) [73]. The PA; and PAg components can then
be calculated [74]:

Gty [1+ cos (Fa) (wro)?] od

PA[(G,U)) = 2%

1+ 2cos (Fa) (wro)™ + (wo)

(2.11)

- Grosin (Fa) (wrg)® od
1+ 2cos (Fa) (wr)® + (wm)

PAG(G,w) (2.12)

200"

The dispersion will weaken the modulation frequency dependences of
PAr and PAg compared to the nondispersive case. The PA; component
will slowly turn from a constant value at low frequency to w™ dependence
for high frequency. PAg on the other hand, will turn from w® to w™*
dependence as the modulation frequency is increased [60]. This behavior
is independent of the recombination type. PAg maintains a maximum
at w = 757!, where PA; has reduced to half of its low frequency value.
Observing the peak of the PAg(w) signal thus provides a quick way to
estimate the “mean” lifetime 7y. Theoretical frequency dependence curves
for combined mono- and bimolecular recombination with dispersion are
presented in Figure 2.4 a).

Dispersive monomolecular recombination shows linear excitation inten-
sity dependence both for PA; and PAg [75]. If the recombination is dis-
persive and bimolecular, PA; and PAg behave sublinearly for all G. At
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) [

Figure 2.4: a) PA frequency dependence for dispersive recombination with
a = 0.6 (black) and o« = 0.4 (blue). b) PA intensity dependence for
monomolecular (green), bimolecular (red) and combined mono- and bi-
molecular recombination (black), assuming dispersion with o = 0.6. The
inset shows the intensity dependence for bimolecular recombination at low
excitation intensity. Both a) and b) are modeled after equations (2.11) and
(2.12). Solid curves correspond to the inphase- and dashed curves to the
quadrature components of the PA. The calculations have been done using
T=f=0=d=1,aswellasG=1ina) and w=1in b).

low excitation intensity PAr and PAg show G+)/2 dependence, and at
high excitation intensity P A approaches square root dependence, whereas
PAg shows G1/(2(1=2)) dependence [61]. These dependences are presented
in Figure 2.4 b).

2.1.4 Lifetimes from the phase information

When measuring cwPA spectra, both the inphase and the quadrature signal
are recorded. Thus the phase spectra can be studied to gain information
about lifetimes for excitations contributing to different parts of the PA
spectra. A longer lifetime will reduce the PA;/PAg ratio, which when the
signal is represented in polar coordinates gives more negative phase, ¢, as
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described by equation (2.6).
Mathematically, the phase is given by
¢(w) = —arctan(wTy) (2.13)

for nondispersive excitations (one distinct lifetime), or by

sin(fa)(wmo)” )

1 + cos(5a)(wTp)®

¢(w) = —arctan < (2.14)

for dispersive excitations. Solving for the effective lifetime 7y from the
equations (2.13) and (2.14), we get

70 = w ! tan(—¢) (2.15)

for non-dispersive and

L _sin(=¢) \""
T =w <sin(ga ~ ¢)> (2.16)
for dispersive recombination, respectively.

Often, however, more than one kind of excitation absorbs at the same
wavelength. This causes the PA signals from the various excitations to mix,
giving an effective total PA signal (P Ay ) and an effective total phase (¢¢or)-
This results in inaccuracies in the lifetimes calculated by the equations
above. For two excitations overlapping, PAyy = PAipe'® + PAype'®? =
PAgiore'®t | where ¢y can be shown to be

PAlRSin¢1+PA2RSiH¢2> (2 17)

= t
Pror = arctan (PAlR cos ¢1 + PAspg cos ¢a

For PA1gr = PAsg, ¢t Will be the average of ¢1 and ¢o, whereas a larger
PAig (PAsg) will shift ¢y closer to ¢1 (¢2), as intuitively expected.
Other error sources include experimental errors and noise in the data.
These can be amplified if too low a modulation frequency (wrp < 1) is
chosen, making the PAg component close to zero. The phase is rarely
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studied in literature, but even with its limitations it is a useful tool for dis-
tinguishing between excitations in the PA spectra, and finding approximate
lifetimes. For a more exact determination of the excitation lifetimes, the
modulation frequency dependence of the PA can be measured, and fitted
using either equations (2.7) and (2.8) (no dispersion) or (2.11) or (2.12)
(with dispersion).

2.2 Transient photoinduced absorption

Transient PA probes the decay of photoexcitations generated by a short
excitation pulse as a function of time. In the time domain, mathematical
analysis is much simpler, and analytical solutions can be found for a broader
set of equations.

Taking equation (1.6), assuming a depth profile for n(0) that follows
Lambert-Beer’s law, n(z,t = 0) = exp(—arz), and integrating over the
sample thickness d yields a general expression for the PA decay in the time

domain: AQ(1) 1+ P()
_'_
PA(t) = 1 2.1
= (5 Pgerea) (218)
where Q(t) and P(t) are given by equations (1.7) and (1.8), respectively,

and A = % [62]. This equation can be used for modeling both mono-
and bimolecular recombination with arbitrarily chosen time dependences
for k(t) and B(t), and thus accounts for both non-dispersive and dispersive
recombination.
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CHAPTER 3

Experimental

3.1 Materials

The most common model system for an organic solar cell donor polymer
is poly(3-hexyl thiophene) (P3HT) (Figure 3.1 a)) [76]. P3HT has been
widely studied and is readily available in various degrees of purity and side
chain order. In this work, two subtypes of P3HT are discussed, namely
regioregular-poly(3-hexyl thiophene) (rr-P3HT) and regiorandom-poly(3-
hexyl thiophene) (rra-P3HT). These two differ from each other in side chain
order. Rr-P3HT has regular head-to-tail coupling, showing a highly ordered
fishbone-like orientation of the side chains [77]. Because of this order, rr-
P3HT chains can stack on top of each other and form lamellar, crystalline
structures [34, 78-81]. Rr-P3HT-based solar cells are known to show a
reduced recombination of charges compared to many other polymers and
consequently perform reasonably well [11,82]. Rra-P3HT on the other hand
has randomly oriented side chains, which prevent the rra-P3HT chains from
stacking, and performs poorly as a solar cell material. The stacking of
rr- and rra-P3HT is illustrated in Figure 3.2. Being chemically similar
but structurally and morphologically different, these two polymers are an
interesting system for examining the influence of structure and morphology
on photophysical properties and electronic processes in solar cell active
layers [83].
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Figure 3.1: Structures of the main molecules discussed in this work. a)
P3HT, b) PCBM, ¢) APFO3.

The acceptor material most commonly used in organic solar cells is
the fullerene derivative [6,6]-phenyl-Cgi-butyric acid methyl ester (PCBM).
Compared to fullerenes, which are relatively insoluble, the functionalized
PCBM is readily soluble in many common organic solvents. The structure
of the molecule is presented in Figure 3.1 b).

The alternating polyfluorene copolymer, poly [2,7-(9,9-dioctyl-fluorene)-
alt-5,5-(4’,7’-di-2-thienyl- 2’,1°,3-benzo-thiadiazole)] (APFO3), see Figure
3.1 ¢), has been synthesized by Prof. Mats Andersson at Chalmers Tech-
nical University, Sweden. The polymer was designed to have an internal
donor-acceptor structure between the alternating repeat units with differ-
ent electron affinity. Semiempirical quantum-chemical calculations indicate
that the first excited state S; has charge transfer character, with electron
transfer taking place from the thiophene and fluorene units to the benzo-
thiadiazole units, while the hole is delocalized on the w-conjugated back-
bone [84]. Advantages of APFO3-based solar cells include a relatively high
open circuit voltage of 1 V [21], and decent power conversion efficiency of
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Figure 3.2: Difference in stacking between rr- and rra-P3HT.

3.5 % [13]. The internal donor-acceptor character is intriguing, as it may
facilitate separation of excitons into charges. This category of polymers also
show extended absorption in the red part of the visible spectrum [85]. In
this work the P3HT and APFO3 polymers are studied both independently
and in blends with PCBM.

3.2 Continuous wave photoinduced absorption

The majority of the measurements presented in this work have been carried
out using the continuous-wave PA measurement system at the Department
of Natural Sciences / Physics at Abo Akademi University. The cwPA setup
uses an Argon ion (Ar™) laser for 514 nm and 355 nm excitation, modu-
lated by either a mechanical chopper or an acousto-optical modulator and
focused on a 0.18 cm? or 0.25 cm? area on the sample (defined by a mask),
depending on the optics used. For photoexcitation at 785 nm wavelength,
a diode laser (Power Technology PMT(785-50)) is used. The sample is
mounted within a cryostat (Oxford Optistat Bath or Janis Research VPF-
475), where the temperature can be controlled between 80 and 300 K. A
tungsten projector lamp, often with a 610 nm cutoff filter, serves as a probe
light and is focused on the same area of the sample as the excitation light
using a spherical mirror. The transmitted probe light is collected by an-
other spherical mirror and focused into a monochromator (Acton Research
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Figure 3.3: Schematic drawing of the cwPA setup

Corporation 300i) with appropriate cutoff filters and gratings. Finally, Si,
Ge and InSb detectors are connected via a preamplifier (EG&G Optoelec-
tronics PA-7-44) to a lock-in amplifier (Stanford Research SR830 DSP) to
measure the photoinduced absorption of the sample. A schematic of this
setup can be seen in Figure 3.3. Luminescence can overlap with the PA
signal and is measured in a similar way as AT but with the probe light
blocked. The obtained luminescence is then subtracted from the AT signal
containing mixed PA and luminescence data. For excitation intensity de-
pendence measurements, the ArT laser is set to maximum desired intensity
and a set of absorption filters are used to vary the intensity of the light on
the sample.

3.3 Transient photoinduced absorption

Transient PA on femto- to nanosecond timescales was measured at Lund
Laser Centre, an European large scale facility, using their ultrafast pump-
probe setup. The measurement system was based on a pulsed Ti:sapphire
laser (Clark-MXR, CPA-2001), from which both excitation and probe pulses
were generated using noncollinear optical parametric amplifiers (NOPA).
The pump light was set to 570 nm, and the probe light to 975 nm or 775
nm. A long delay line on the probe pulse, together with a pulse width of ~
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50 fs, allowed for straightforward measurements in the 100 fs - 10 ns time
range. The probe light was measured using Si photodiodes. A continuous
gas flow cryostat (Oxford, OptistatPN) was used to control the temperature
of the samples between 80 and 300 K.

Measurements in the micro- to millisecond time range were done using
a flash photolysis setup, where a pulsed laser (Spectra-physics Quanta-Ray
Pro230-10/MOPO-710) running at 355 nm and with a pulse width of 7 ns
and a repetition rate of 10 Hz was used for exciting the sample. A 75 W
xenon white light arc lamp served as probe light, and was focused inside
the excited area of the sample. The transmitted probe light was collected
into a monochromator and detected with a photo multiplier tube (PMT),
after which the signal was amplified and digitized by a transient recorder.
The signal noise was reduced by averaging the measured transients over
several laser pulses. The setup is discussed in more detail elsewhere [86].

3.4 Delayed fluorescence

Delayed fluorescence (DF) measurements were carried out at the Depart-
ment of Physics, Durham University. For the DF measurements, an yt-
trium aluminum garnet (YAG) laser operating at 355 nm was used as the
excitation source. The resulting luminescence was measured using a spec-
trograph and a gated, intensified charge coupled device (CCD) detection
system. The sample, a freshly spin-coated APFO3 sample on a sapphire
substrate, was kept at 80 K during the measurement. Time dependence
of the luminescence was measured by varying the delay time between the
excitation pulse and the light collection, as well as the integrating time of
the CCD. This method is explained in detail elsewhere [87].
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CHAPTER 4

Results and discussions

4.1 Characterization of long-lived excitations in
APFO3:PCBM blends

The absorption and photoluminescence spectra of the neat APFO3 as well
as for blends with PCBM in 1:4 and 4:1 ratios are presented in Figure
4.1. All three films show an onset of absorption at roughly 2 eV. The
two featureless absorption bands of APFO3 at 2.30 and 3.22 €V have been
assigned to the first singlet state and a m — 7* transition, respectively [84].
Addition of PCBM decreases the magnitude of these bands, and at the same
time a third absorption band due to PCBM absorption appears at 3.70 eV.
The photoluminescence, clearly visible for the neat APFO3, is strongly
quenched by addition of PCBM, which correlates well with efficient exciton
splitting [17]. The remaining redshifted PL can be attributed to PCBM
luminescence, as discussed in Papers I — II.

Photoinduced absorption spectra and phase spectra for the three films
at 80 K and room temperature are presented in Figure 4.2 a) and b),
respectively. The PA spectra are qualitatively similar in shape, with a
low energy absorption band at ~ 0.35 €V, and a high energy absorption
band roughly between 1 and 2 eV. The neat APFO3 and the blend with
20% APFO3 show similar overall PA amplitudes at 80 K, whereas the
overall PA amplitude for the blend with 80% APFO3 is roughly 2.5 times
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Figure 4.1: Absorption and photoluminescence spectra for neat APFO3
(black line) and blends with PCBM in 4:1 (red line) and 1:4 (blue line)
weight ratios.

higher. For all three films, the low energy absorption band is assigned to
the P1 optical transition of polarons, and a corresponding portion of the
high energy absorption band at Eg., — 2P1 = 1.3 eV to the correlated
P2 optical transition. The majority of the high energy band is of another
origin, which is evident from the phase spectra in Figure 4.2 a) and b).
The second excitation appears to have a stronger temperature dependence
than the polarons, and at room temperature only a polaron P2 peak can
be observed at ~ 1.35 €V, in good agreement with where it is expected to
be (1.3 eV). The amplitude of the polaron signal at room temperature is
largest for the blend with 20% APFO3, which is also the blend showing
highest power conversion efficiencis in actual devices [85].

Looking at the 80 K phase data, we observe the following. The low
energy P1 band for all three films shows significantly larger absolute phase
values than the high energy band, suggesting that the high energy band is
dominated by an excitation with a shorter lifetime than the polarons. We
expect to have the P2 transition of polarons at ~ 1.3 €V and in the phase
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Figure 4.2: Photoinduced absorption spectra (both PA; and PAg compo-
nents) for the APFO3:PCBM 1:0 (black), 4:1 (red) and 1:4 (blue) blends,
together with the corresponding phase values measured at a) 80 K and b)
room temperature.

spectra of the blends we can indeed observe a bump at around 1.25 eV.
Phase data at room temperature shows no indication of multiple lifetimes,
consistent with only polarons being present at room temperature. However,
the phase spectra at room temperature were not measured at low enough
energy to observe the P1 peak, making the analysis of the phase less useful.

Besides polarons, one of the most common long lived excitations in con-
ducting polymers are triplet excitations. Therefore, it would be tempting to
at least partially assign the unknown high energy band in the case of neat
APFO3 to triplet excitons. However, no phosphorescence could be detected
and from the similarity of the spectra it seems that the unknown excitation
prevails after adding PCBM. This is a strong indication against triplet exci-
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Figure 4.3: Frequency dependences of the PApg signal for the
APFO3:PCBM 1:0, 4:1 and 1:4 blends. Fits using equation (2.10) for two
components are plotted as solid lines and the components of the fits are
shown with dashed and dotted lines.

tons, as excitons are known to be efficiently quenched by fullerenes [88,89].
Another type of excitation that would fit the observed spectral character-
istics is polaron pairs, as they have a blue(red)-shifted PA band relative
to the P2(P1) transition and have been observed in closely related mate-
rials [36]. Furthermore, at room temperature the lifetime of polaron pairs
has been found to be in the ns time regime, which makes them too short
lived to be observed with our cwPA setup [90]. Thus we tentatively assign
the high energy PA band in both neat APFO 3 and the blends with PCBM
to a superposition of polarons and polaron pairs.

To discover the lifetimes and dispersion parameters of our two excita-
tions, we measured modulation frequency dependence for the PA on top
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Table 4.1: Lifetimes and dispersion parameters extracted from frequency
dependence fits.

APFO3 APFO3:PCBM 4:1 APFO3:PCBM 1:4

71 (fast) [ps] 19 20 24
ay (fast) 0.98 0.95 0.89
75 (slow) [ms] 1.4 0.57 0.15
ay (slow) 0.51 0.46 0.62

of the HE band at 80 K. Excitation modulation frequency was varied over
several orders of magnitude and the obtained PA response is shown in
Figure 4.3. Fitting for two components using equation (2.10) revealed a
short-lived nondispersive component and a long-lived, dispersive compo-
nent in all three films. The values for all three films are presented in Table
4.1. We assign the slow, dispersive component to polarons, and the fast,
nondispersive component to polaron pairs. In the case of the blends, the
slow component is less pronounced, increasing the error margin for those
parameters.

To check the usability of phase data for lifetime evaluation, lifetimes for
the polaron (slow) component in all three blends at both 80 K and room
temperature were calculated from the phase data using equation (2.16),
and are presented in Table 4.2. Dispersion parameters for the calculations
were taken from the frequency dependence fit. The lifetimes obtained in
this way correspond fairly well with the frequency dependence lifetimes,
showing that the phase data can be used in a convenient way to find the
directional lifetimes of dominant excitations in the PA spectra, provided
the dispersive behavior is known.

As a final sanity check, us to ms transient decays were measured on the
neat APFO3 film and the blend with 20 % PCBM. The results are shown
in Figure 4.4. Fitting with a two-component exponential decay equation,
which assumes monomolecular recombination and does not take dispersion
effects into account (see Table 1.1), revealed lifetimes of 19 us (4.0 ms)
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Table 4.2: Lifetimes for polarons at 80 K and at room temperature, as
calculated from the phase values.

APFO3 APFO3:PCBM 4:1 APFO3:PCBM 1:4
80 K) [ms] 0.6 1.3 0.2
203 K) [us] 75 8 38

*

Tpol aron (
*

7_pol aron (

in neat APFO3 and 20 ps (2.7 ms) in the blend with 20% PCBM for the
fast (slow) component. Although the monomolecular model was chosen for
simplicity, these numbers are in agreement with those from the frequency
dependence and phase measurements. Intensity dependence measurements
in Paper II suggest that the recombination mechanism at high excitation
intensities is mainly bimolecular in nature.

AOD

APFO3:PCBM
4:1

1,=19.7 pus
1,=2.72 ms

0.0 0.2 0.4 0.6 0.8 1.0
t [ms]

Figure 4.4: Transient PA decays for neat APFO3 and APFO3:PCBM 4:1.
The red curve is a fit using two exponential functions and the blue dashed
lines represent the individual exponentials.
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4.2  Modeling transient PA decays in APFO3

The built in charge transfer character of APFO3 and the promising results
it shows in solar cell devices called for an in-depth study of the photoexcita-
tion processes in APFQO3. In Paper III, the photogeneration and recombi-
nation of excitations and charges on femtosecond to nanosecond timescales
in APFO3 are studied using transient PA and time resolved delayed fluo-
rescence. A series of PA measurements at 80 K using different excitation
intensities are presented in Figures 4.5 and 4.6 for probe wavelengths of 975
nm (1.27 eV) and 775 nm (1.6 eV), respectively. Furthermore, delayed fluo-
rescence was measured on nano- to microsecond timescale, and is presented
in Figure 4.7.

The transient PA decays for the neat APFO3 film were measured from
100 fs to 10 ns, using a range of excitation intensities from 0.17 x 10
to 6.5 x 10'* photons/cm?. At 975 nm we see that the decay of the PA
signal becomes faster with increasing excitation intensity (see Figure 4.5),
indicating a bimolecular recombination process. At the longest times we
can observe the decay dynamics approaching a constant value, most clearly
seen for the highest excitation intensities used. This suggests that another
excitation with a significantly longer lifetime contributes to the PA signal
at 975 nm. The inset in Figure 4.5 shows that the intensity dependence of
the PA signal at 0.2 ps is linear, which agrees well with an assignment of
the main (fast) component to singlet excitations.

Looking at the results for 775 nm excitation in Figure 4.6, we also see
clear evidence of two different components, although the behavior of these
components is different from those at 975 nm. There is an initial fast
(compared to 975 nm data) decay followed by a slow buildup starting from
~ 100 ps. This is most evident at the lowest excitation intensities. The
fast initial decay has previously been assigned to geminate recombination of
intrachain polaron pairs [91,92]. The intensity dependence of the PA at 0.5
ps (Figure 4.6 inset) shows an approximately linear relation, suggesting that
the intrachain polaron pairs have been created from singlet excitons. We
attribute the fast recombination in Figure 4.6 to geminate recombination of
intrachain polaron pairs back to singlet excitons, contributing to the signal
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Figure 4.5: Transient PA dynamics of the PA band at 1.27 ¢V (975 nm)
in APFO3 for different pump intensities, measured at T = 80 K using
the pump wavelength A\pymp = 570 nm (2.18 €V). The solid lines are nu-
merical fits to the rate equation model presented in this chapter. The
photoexcitation concentration n(t) on the y-axis to the right is directly
related to AOD(t) via the relation n(t) = (In10 az /o) x AOD(t), where
ar(570nm) = 1.26 x 10° cm™! and o = 107'% ¢cm?. The pump intensity
dependence of the PA band taken at ¢ = 0.2 ps is shown as an inset, and
the solid line is a fit to PA ~ I°, yielding § ~ 1.03.

measured in Figure 4.5. This is supported by the fact that recombination
of polaron pairs is likely to happen via the singlet exciton state. Also,
dissociation of the polaron pair to free polarons would not yield a significant
change in the PA, as both polarons and polaron pairs tend to absorb in
this wavelength region. The slow component buildup occurs on the same
timescales as the singlet exciton decay observed at 975 nm, suggesting that
the buildup could be formed from singlet excitons via EEA. As to the nature
of the excitation building up, it has been suggested that the EEA process
produces polaron pairs that are mainly of interchain type, i.e. with the
charges residing on adjacent polymer chains [32]. Both intra- and interchain
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Figure 4.6: Transient PA dynamics of the PA band at 1.6 eV (775 nm)
in APFO3 for different pump intensities, measured at T = 80 K using
the pump wavelength A,ymp = 570 nm (2.18 V). The photoexcitation
concentration n(t) on the right y-axis is directly related to AOD(t) via the
same relation as in Fig. 4.5. The solid lines are numerical fits to the rate
equation model presented in this chapter. The pump intensity dependence
of the PA band taken at ¢t = 0.5 ps is shown as an inset and the solid line
is a fit to PA ~ I°, yielding & ~ 1.20.

polaron pairs are expected to absorb in the same wavelength region. All
of this is in agreement with the assignment of the buildup to interchain
polaron pairs.

The delayed fluorescence, shown in Figure 4.7, extends over five orders
of magnitude in time and shows two components, a fast component on
nanosecond timescales, and a slow, dispersive, component on microsecond
timescales. The fast component is attributed to prompt fluorescence of the
singlet excitons. Delayed fluorescence in conjugated polymers is typically
assigned to either bimolecular triplet-triplet annihilation or polaron (pair)
recombination [93-96]. As no evidence for triplet excitons could be found,
we assign the slow DF component to recombination of polaron pairs back
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Figure 4.7: Time-resolved decay of the delayed fluorescence at 680 nm in
APFO3. Measured at T' = 80 K using the excitation wavelength Acz. = 355
nm (3.50 eV). The excitation intensity dependence of the DF amplitude
taken at 0.13 us is shown in the inset. The solid line is a numerical fit to
the rate equation model presented in this chapter. The solid line in the
inset is a fit to DF ~ I?, yielding 6 ~ 0.75.

to singlet excitons, and their subsequent radiative decay back to the ground

state.
To model the dynamics in Figures 4.5, 4.6 and 4.7, the following hy-
potheses were made based on literature and experimental results:

1. Initially, vibronically excited singlet excitons are formed. These relax
in part to the lowest energy singlet exciton state S7, and in part
dissociate into Coulombically bound intrachain polaron pairs PP;.

2. The relaxed singlet excitons either recombine radiatively back to the
ground state with a monomolecular rate k.4, or dissociate with a cer-
tain probability into interchain polaron pairs PP, with a monomolec-
ular rate Kgppo.
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3. At higher pump intensities singlet excitons annihilate via EEA, gen-
erating higher energy excitons (S}) with a rate Bpga. A fraction
of these high-energy excitons relax back to S, and the rest disso-
ciate into interchain polaron pairs PP,. These decay channels are
represented with the bimolecular recombination coefficients Bgg and
Bgpp2, respectively. Bgpga is thus substituted by (Bgs + Bgpp2). This
recombination is also found to be of a dispersive character, with the
dispersion coefficient .

4. The intrachain polaron pairs PP; recombine geminately back to sin-
glet excitons with a monomolecular recombination rate A,,1s and
dispersion coefficient 1.

5. Interchain polaron pairs PP, have several recombination channels. A
large fraction is likely to recombine nonradiatively to the ground state
or separate into free polarons with a monomolecular recombination
coefficient of Ay,20, whereas the rest recombines back to singlet exci-
tons with a monomolecular rate A2, causing delayed fluorescence.
Polaron dynamics are not included in our model, as polaron gener-
ation and recombination is assumed to happen on longer timescales,
outside of our observation window. The included recombinations are
dispersive, with a common recombination coefficient ap2s.

The model is presented schematically in Figure 4.8, and expressed as rate
equations, we get:

ds )
7; = _(krad + kspp2)51 — (Bss + Bsppg)t%s IS%
+Apprst 7 T PPy A Appost PPy (4.1a)
dPP;
— = ~ At PPy (4.1b)
dPP:. B B
dt 2 — ksppZSl + Bspp2t’yss 1S% - (App2s + App20>tapp25 1PP2 (41C)
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Table 4.3: Summary of parameters used in modeling the recombination
dynamics of APFO3.

Parameter Value Unit
Erad 5.0 x 108 s!

K spp2 2.0 x 108 s7!
Appis 200 s~ %ppls
Appg[) 26.7 S~ pp2s
Appos 1.2 s~ %pp2s
Bis 1.6 x 1071 cm3/s7ss
Bisppo 2.1 x 1071 cm?/s7=s
Qppls 0.25

App2s 0.3

Vss 0.6

The experimental curves were modeled using equations 4.1a, 4.1b and
4.1c, and the results can be seen as solid lines in Figures 4.5 and 4.6.
Further, the delayed luminescence in the us regime following excitation
with 355 nm (3.5 eV) light was modeled using the same model as for the
tPA results, as it is proportional to the .S; concentration. These results are
shown in Figure 4.7. All curves measured at different excitation intensities
and the delayed luminescence could be modeled using one set of parameters,
presented in Table 4.3.

The model above is an attempt to explain our experimental results in
the simplest possible way, with just enough complexity to explain observed
features and with a minimum degree of freedom. There may be, however,
other processes and parameters that can explain our results equally well.
Most notably, the two different polaron pairs that are used to distinguish
between a fast and a slow excitation decay may, in light of recent discussions
about CT states, be assigned differently. The model above can not be seen
as a universal model for conducting polymers or even polymers for solar
cell applications, but may give some insights into the dynamics of other
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Figure 4.8: Schematic diagram of the formation and recombination channels
of photoexcitations in APFO3.

polymers with a similar donor-acceptor character.

The link between these ultrafast neat APFO3 results and the micro-
millisecond timescale results in Section 4.1 may not be immediately clear,
as free charges are not directly included in the rate model above. A frac-
tion of the interchain polaron pairs PP in the model will separate into
free polarons, presumably on nano- microsecond timescales, and recombine
dispersively on millisecond timescales, as observed and discussed in Section
4.1. Looking at the delayed fluorescence in Figure 4.7, we can observe what
appears to be an end of the dispersive behavior on the timescale of tens of
microseconds. Thus, it is possible that the polaron pairs that recombine
non-dispersively with a lifetime of 20 us in the cwPA measurements can
be identified with the edge of the lifetime distribution for the interchain
polaron pairs PPs in the model above.

4.2.1 Ultrafast photophysics in APFO3:PCBM

For a more complete picture of the photophysical processes in APFO3, it
is also important to look at the ultrafast processes in the APFO3:PCBM
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blend. Based on our results for the neat APFO3, De et al. have mod-
eled the dynamics in the APFO3:PCBM blend on femto- to microsecond
timescales at room temperature [97,98]. They have used a similar approach
as presented above for APFO3, with global fitting of a rate model to tran-
sient PA data measured over almost 2 orders of magnitude in excitation
intensity and up to nine orders of magnitude in time. Their main findings
are the following. Addition of PCBM in concentrations higher than 20 % by
weight results in a separation of the initial excitons into bound charge pairs
on the ~ 200 fs timescale. This is evidenced both by a quenching of the
fluorescence and a decay in the picosecond PA transients. This agrees well
with our photoluminescence measurements in Figure 4.1. On the ~ 30 ps
timescale, there is a rise in the transient PA signal, which De et al. assign
to formation of free charges. This is followed by recombination of the free
charges on the nano- microsecond timescales. If the PCBM concentration
is gradually decreased, generation of separated charges becomes less and
less efficient and the PA transient shape approaches that in Figure 4.5 for
neat APFO3 [98], but with faster decay due to the higher temperature of
the sample.

The results in Papers I and I describe the photophysics of the long-lived
charges. Due to the difference in temperature, a direct comparison between
the ultrafast results by De et al. and the cwPA results requires careful con-
sideration. De et al. observed nondispersive geminate recombination as
the dominating recombination mechanism for free charges, with dispersive
bimolecular recombination increasing in importance at higher excitation
intensities. This agrees well with the intensity dependence data presented
in Paper II, showing a change from monomolecular to bimolecular recom-
bination as the excitation intensity is increased. The main weakness of the
APFO3:PCBM blend is thus a significant monomolecular recombination
competing with the charge extraction at solar illumination intensities. The
polaron recombination discussed in Papers I and II was obtained using high
excitation intensity and therefore the observed dispersive character of the
polarons is fully in agreement with the ultrafast studies by De et al. The
polaron pairs with a 20 us lifetime observed in Figure 4.2 a) and in the
related measurements are likely the same as the bound charge pairs with
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a lifetime of 30 ps observed by De et al.. They are both nondispersive in
nature, and the extension of the lifetime in the cwPA measurements can
be explained by the lower temperature used. This is also supported by the
PA spectra at 80 K and 293 K in Figure 4.2 a) and b), showing how the
polaron pairs disappear when the temperature is increased. Thus we can
conclude that the results of De et al. complement our work in Papers I and
IT nicely.

4.3 Charge transfer and dipole formation in the
P3HT:PCBM bulk heterojunction

Annealed P3HT:PCBM solar cells are well known to exhibit a reduced
recombination of charges compared to most other polymer:PCBM sys-
tems [11, 82], including APFO3:PCBM. This makes it an interesting ref-
erence system to study, especially as the reason for the reduced recombi-
nation is still not fully understood. To probe the changes in the electronic
structure of regioregular- and regiorandom-P3HT polymers as a result of
annealing, UPS measurements were performed by Parisa Sehati and Sla-
womir Braun at Linkoping University and the results were interpreted us-
ing the integer charge transfer (ICT) model [99-101]. The UPS technique
probes the ionization potential (IP) of the bulk of the film, which is a mea-
sure of the electronic part of the polaronic relaxation energy and screening
effects from the surrounding medium. The geometric relaxation of the poly-
mer is not included in the IP. Using a suitable substrate together with the
polymer films, the ICT model together with the UPS data was used to
determine the energy of the positive integer charge transfer states Ejor,
which correspond to a fully relaxed (i.e. both electronic and geometric re-
laxation) hole polaron state on the polymer. The ICT states correspond to
the most relaxed polaron states close to the substrate/polymer interface.
Thus, geometric relaxation of the polymer chain by a polaron, here called
the vertical binding energy (VBE), is given by the difference between the
IP and Ejors. These parameters are illustrated in relation to the HOMO
and LUMO levels in Figure 4.9.
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Figure 4.9: Schematic view of the IP, Ejcty, and VBE with respect to
the HOMO and LUMO levels. The ¢’ and § represent the electron- and
hole polaron energy distributions, respectively (not to scale or shape). The
values for the E;cty and IP are measured in energy below the vacuum level.

The key results from the UPS measurements are presented in Table
4.4 and are interpreted as follows: Upon thermal cycling of rra-P3HT from
room temperature to 150 °C and back to room temperature, we observe the
well known thermochromic effect in polyalkylthiophenes [102,103]. Heating
causes a decrease in the effective conjugation length of the molecules due to
twisting of the thiophene rings. This can occur at sites distributed randomly
in the bulk of the film, causing a decrease of the IP and an increase of the
Erct+ level. Cooling back to room temperature restores most of the twists
on the chain (the IP changes back to the initial value), but some sites remain
distorted, as evidenced by the permanent change of the Ejcr level. The
VBE in rra-P3HT is faily large (0.40 eV), reflecting the disordered nature
of the polymer. The VBE is further increased by heating, and stays large
at the sites where distortion is retained after cooling down. A schematic
view of the effects of thermal cycling on both rra-P3HT and rr-P3HT is
presented in Figure 4.10.

The initial VBE in rr-P3HT is only 0.1 €V due to the tendency of rr-
P3HT to form lamellas, which collectively lock the chains in place. Thus,
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Table 4.4: Values for Ejcry, IP and VBE in rra- and rr-P3HT as a function
of thermal cycling from room temperature (RT;) up to 150 °C, and back
down to room temperature (RTy). The values for the Ejcry and IP are
measured in energy below the vacuum level.
Rra-P3HT Rr-P3HT

RT; | 150°C | RTy || RT; | 150°C | RTy
Eicr+ [€V] | 4.30 | 4.05 | 4.05 || 4.40 | 4.05 | 4.00
IP [eV] 4.70 | 5.20 | 4.75 | 4.50 | 4.50 | 4.45
VBE [eV] 0.40 | 1.15 | 0.70 || 0.10 | 0.45 | 0.45

upon heating, there is no change in the IP. The Ejcty level on the other
hand, is shifted up in a similar way as for rra-P3HT due to thermochromic
effects on chain ends, loops and loose chains at the edges and around the
lamellas. After cooling back down to RT some of these sites remain dis-
torted, as shown by the unchanged Ejcty level.

We propose, using values obtained from the UPS measurements, that
the Erory level of the polymer can, after annealing, relax to sufficiently
high energy (4.05 ¢V) so that an electron can spontaneously be transferred
to the Eror— level of PCBM (4.2 €V [104]), forming a dipole at the interface.
Once a dipole is present at the interface, separation of subsequent optically
generated electron-hole pairs from the interface to free charges is enhanced
due to reduced geminate recombination at the interface [105,106].

To observe the effect of the interfacial dipoles we set up a series of PA
measurements on both rr- and rra-P3HT:PCBM 1:1 blends, using both
above- and below-gap excitation light (514 nm and 785 nm, respectively),
before and after annealing of the film. While excitation of the neat polymers
(Figure 4.11) only generates photoexcitations when using above-gap light,
excitation of the polymer/fullerene blends (Figure 4.12) show generation
of polarons using both above- and below-gap light. Annealing enhances
the polaron generation in the regioregular P3HT:PCBM film, while the
regiorandom P3HT:PCBM film shows no significant change in the polaron
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Figure 4.10: Schematic view of the effects of thermal cycling on rr- and
rra-P3HT. The chain segments with increased disorder due to heating are
coloured red.

concentration after annealing.

Using equation 2.15 (assuming no dispersion), we estimate the life-
times of the polarons in the rra-P3HT:PCBM and rr-P3HT:PCBM blends.
Steady state charge concentrations (n) are estimated from the high en-
ergy polaron absorption peak (P2) amplitudes in the PA spectra using
PA = nod from equation (2.2), assuming ¢ = 10716 ¢cm?. The values for
the lifetimes and charge concentrations are presented in Table 4.5.

The charge densities and lifetimes in both rr-P3HT:PCBM and rra-
P3HT: PCBM agree well with dipole formation at the polymer/fullerene
interface upon annealing, as well as with the general characteristics of the
polymers. The rra-P3HT:PCBM blend is disordered regardless of anneal-
ing and a strong localization of the polarons results in long lifetimes. The
localization of separated charges largely negates the beneficial repelling
effect of the introduced interfacial dipoles, as the charges can not easily
move away from the interface. For above-bandgap excitation an increase
in the lifetime can nevertheless be seen, probably as a result of the higher
energy allowing for more movement in the surrounding energy landscape.
The charge concentrations in the rra-P3HT:PCBM blend are unaffected by
annealing, as the diffusion of excitations from the amorphous rra-P3HT
region to the interfaces with PCBM remains poor and the separation of
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Figure 4.11: PA spectra of rra-P3HT (left) and rr-P3HT (right) using 785
nm excitation light, and 514 nm excitation light (insets). Spectra before
annealing are shown in black, and after annealing in red. The in-phase
and out-of-phase components assume positive and negative —AT' /T values,
respectively.
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Figure 4.12: PA spectra of rra-PSHT:PCBM (left) and rr-P3HT:PCBM
(right) using 785 nm excitation light, and 514 nm excitation light (insets).
Spectra before annealing are shown in black, and after annealing in red.
The in-phase and out-of-phase components assume positive and negative
—AT/T values, respectively.
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Table 4.5: Excitation lifetimes (7) and charge concentrations (n) extracted
from photoinduced absorption spectroscopy data for 785 and 514 nm exci-
tation wavelengths. The values are measured at 1.4 eV and 1.25 eV probe
energies (on top of the polaron P2 absorption peak) for rra-P3HT:PCBM
and rr-P3HT:PCBM, respectively. Please note that the error margins given
are only due to noise in the data.

Rra-P3HT:PCBM Rr-P3HT:PCBM
Unannealed | Annealed Unannealed | Annealed
185 18] 1000(%300) | 900(%300)) | 90(%30) 60(420)
514 18] 170(£50) | 280(%50) | 70(%10) 35(45)
nzss [10Y° em ™3] | 0.7(20.1) 0.9(£0.1) | 4.6(£0.1) 9.0(£0.1)
ns1a [10° cm™3] | 4.8(£0.1) | 4.8(£0.1) | 149(£0.2) | 255(+0.2)

charges away from the interface is not much improved by the interfacial
dipoles. In rr-P3HT:PCBM the situation is different. There, we observe a
significant increase in the charge concentration after annealing, indicating
a reduced geminate recombination at the interface and improved separa-
tion of e-h pairs. This is consistent with the formation of an interfacial
dipole. Lifetimes are much shorter than in rra-P3HT due to the higher
order and consequently higher mobility in the blend, making bimolecular
recombination the dominating recombination mechanism at high charge
concentrations. As dipoles are introduced at the interfaces, the charge con-
centrations in the bulk increase and the lifetimes are further reduced due to
bimolecular recombination. It is possible that the interfacial dipoles also act
as a barrier for the non-geminate bimolecular recombination, but without
knowledge about the blend microstructure and the preferred recombination
sites it is difficult to tell. In Paper V, however, we take a closer look on the
bimolecular recombination parameter S and it seems that the bimolecular
recombination is unaffected by the interfacial dipoles.

Our strongest supporting argument (from the PA data) for the forma-
tion of interfacial dipoles comes from considering the morphological changes
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Figure 4.13: Schematic diagram of the ICT states in rr- and rra-P3HT
before and after annealing. The dipole formation and charge separation
from the PSHT:PCBM interfaces are also illustrated.

in the rr-P3HT:PCBM blend upon annealing and looking at the charge con-
centrations for sub-bandgap excitation in Table 4.5. It is well known that
heat treatment of a rr-P3HT:PCBM film leads to improved order in the
polymer phase and larger phase-separated regions. Consequently, it is ex-
pected that the interfacial area between the rr-P3HT and PCBM is reduced.
Assuming that the sub-bandgap excitation light excites CT complexes at
the PSHT:PCBM interfaces, it would be natural to see a reduction in the
charge concentration after heat treatment, as there are less regions to excite
in the film. Thus, to explain the observed increase in charge concentration,
there has to be some driving force making the charge separation from the
remaining CT complexes much more efficient. We suggest this is explained
by the interfacial dipoles.

We suggest annealing induces dipoles at the P3HT:PCBM interface.
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These reduce geminate recombination of separated electron-hole pairs and
explain in part the high efficiency of the rr-PSHT:PCBM blend, which
makes it one of the best model systems for efficient organic solar cells. A
schematic view of the ICT states in rra-P3HT:PCBM and rr-P3HT:PCBM
before and after annealing, as well as the suggested dipole formation and
charge separation processes, are presented in Figure 4.13. Engineering new
solar cell polymers to have controlled disorder at the edges of the lamellas
for optimal interfacial dipole formation when mixed with PCBM might be
a route for further improving polymer solar cell efficiencies.

4.4 Effect of heat treatment on bimolecular
recombination in P3HT:PCBM blends

The results from the previous section raise the question how annealing af-
fects the bimolecular recombination coefficient 5 in rr-P3HT:PCBM 1:1
blends. To find this, we measured the PA as a function of excitation in-
tensity and the results for rr-P3HT:PCBM before and after annealing are
shown in Figure 4.14 a) and b), respectively. The insets show the out-
of-phase component plotted on a lin-log scale, with linear fits to the high
intensity part of the data. Estimates of the bimolecular recombination
coefficient were made from the slope of the linear fit. Using the relation
B = fod/slope from Equation (2.9), we obtained a 3 of 31 x 1074 cm3s~!
for rr-P3HT:PCBM before annealing and 29x 1014 cm3s~! after annealing.
It thus seems, that for our films there is no net effect of the annealing and
the thereby induced interfacial dipoles on the bimolecular recombination
coefficient. The main effect of the interfacial dipoles is therefore a reduc-
tion of the geminate recombination during the initial charge separation at
the PSHT:PCBM interfaces, leading to a higher charge generation efficiency
of the annealed films, as shown in the previous section. As the theory for
estimating [ assumes no dispersion and requires essentially pure bimolec-
ular recombination, it is more difficult to find 5 for rra-P3HT:PCBM in
a reliable way, but the discussion has been included for completeness in
Paper V.
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Figure 4.14: PA intensity dependence a) before and b) after annealing.
The in-phase and out-of-phase components are plotted with black squares
and red dots, respectively. The insets show the out-of-phase components
plotted on a lin-log scale. Linear fits and slopes are included.
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CHAPTER 5

Summary

In this work, photoinduced absorption techniques have been used in a num-
ber of ways to clarify the charge generation and recombination processes in
two polymers used in organic solar cells, namely APFO3 and P3HT. Em-
phasis has been on identifying photoexcitations, modeling their dynamics
and determining their lifetimes. Photoexcitation of neat APFO3 results
in complex dynamics on fs — ps timescales, involving singlet excitons and
both inter- and intrachain polaron pairs. Charges are formed as a result
of polaron pair splitting on ns — us timescales, and are shown to recom-
bine dispersively with a lifetime of ~ 1 ms. Mixing PCBM with APFO3,
a rapid quenching of the luminescence is observed, attributed to efficient
charge separation. Polarons and polaron pairs are observed both in neat
APFO3 and APFO3:PCBM blends on us — ms timescales with very sim-
ilar behavior in both systems. This similarity may be explained by the
internal donor—acceptor character of the APFO3 polymer. Phase data of
the cwPA spectra was shown to be a useful tool for distinguishing between
different long-lived excitations and estimating their lifetimes. All these re-
sults are found to be in perfect agreement with ultrafast measurements on
APFO3:PCBM blends by De et al. and together they form a comprehensive
picture of the photoexcitation dynamics in APFO3 based systems.

Mobile charges are generated in the rr-PSHT:PCBM blend using both
above- and below-bandgap photoexcitation. In rra-P3HT:PCBM similarly
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generated charges remain localized due to the disordered nature of rra-
P3HT. UV photoelectron spectroscopy measurements indicate formation
of dipoles at the P3HT:PCBM interfaces upon annealing. These dipoles
are shown to reduce geminate recombination of separated charges at the
interfaces. The good performance of the rr-P3HT:PCBM blend compared
to APFO3:PCBM and many other donor-acceptor systems can thus at least
partially be ascribed to the ordered nature of rr-P3HT and the formation
of interfacial dipoles as a result of annealing.
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Svensk resumé

Malet med detta arbete har varit att klargora fotofysiken i tva solcellspo-
lymerer, APFO3 och P3HT. APFO3 &r en polymer med inbyggd donor-
acceptor karaktar, som har visat lovande resultat som elektrondonerande
material i organiska solceller. P3HT &r det mest studerade modellmateria-
let for samma dndamal. Bada anviands typiskt blandat med elektronaccep-
torn PCBM. Fotoinducerad absorption (PA) har anvénts pa flera olika sétt
for att klargora fotoexcitationsdynamiken i dessa material. Fasinformation
har anvints for att urskilja excitationer med olika livstider i PA spekt-
ra, samt for att bestdmma excitationernas livstider. Livstider har ocksa
bestdmts genom att méta modulationsfrekvensberoende pa PA signalen,
samt genom transienta PA métningar. En modell for fotoexcitationsdyna-
miken i APFO3:PCBM fran femtosekunder till mikrosekunder har skapats
utgdende fran omfattande transient-PA métningar samt métning av for-
dr6jd luminescens. Modellen beskriver samspelet av singlettexcitoner och
vad som foreslds vara olika typer av polaronpar. Slutligen har fotofysiken
vid grédnsytorna i PSHT:PCBM samt dess inverkan pa laddningsgeneratio-
nen och rekombinationen studerats. For detta har resultat fran UV fotoe-
lektronspektroskopi kombinerats med PA métningar. I dessa PA métningar
har excitationsenergier bade lidgre och hégre dn det optiska gapet for PSHT
anvants. Resultaten visar att dipoler skapas vid gransytorna som foljd av
virmebehandling av PSHT:PCBM bladningen. Dessa dipoler hdmmar re-
kombination av laddningar som separerats vid griansytan, och férklarar del-
vis den relativt hoga effektiviteten for solceller baserade pa PSHT:PCBM.
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