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Abstract

Organic semiconductors are a promising class of materials. Their special prop-
erties are the particularly good absorption, low weight and easy processing into
thin films. Therefore, intense research has been devoted to the realization of thin
film organic solar cells (OPVs). Because of the low dielectric constant of organic
semiconductors, primary excitations (excitons) are strongly bound and a type II
heterojunction needs to be introduced to split these excitations into free charges.
Therefore, most organic solar cells consist of at least an electron donor and elec-
tron acceptor material. For such donor acceptor systems mainly three states are
relevant; the photoexcited exciton on the donor or acceptor material, the charge
transfer state at the donor-acceptor interface and the charge separated state of a
free electron and hole. The interplay between these states significantly determines
the efficiency of organic solar cells. Due to the high absorption and the low charge
carrier mobilities, the active layers are usually thin but also, exciton dissociation
and free charge formation proceeds rapidely, which makes the study of carrier dy-
namics highly challenging. Therefore, the focus of this work was first to install new
experimental setups for the investigation of the charge carrier dynamics in com-
plete devices with superior sensitivity and time resolution and, second, to apply
these methods to prototypical photovoltaic materials to address specific questions
in the field of organic and hybrid photovoltaics. Regarding the first goal, a new
setup combining transient absorption spectroscopy (TAS) and time delayed collec-
tion field (TDCF) was designed and installed in Potsdam. An important part of
this work concerned the improvement of the electronic components with respect to
time resolution and sensitivity. To this end, a highly sensitive amplifier for driving
and detecting the device response in TDCF was developed. This system was then
applied to selected organic and hybrid model systems with a particular focus on
the understanding of the loss mechanisms that limit the fill factor and short circuit
current of organic solar cells. The first model system was a hybrid photovoltaic
material comprising inorganic quantum dots decorated with organic ligands. Mea-
surements with TDCF revealed fast free carrier recombination, in part assisted by
traps, while bias-assisted charge extraction measurements showed high mobility.
The measured parameters then served as input for a successful description of the

device performance with an analytical model. With a further improvement of the



instrumentation, a second topic was the detailed analysis of non-geminate recom-
bination in a disordered polymer:fullerene blend where an important question was
the effect of disorder on the carrier dynamics. The measurements revealed that
early time highly mobile charges undergo fast non-geminate recombination at the
contacts, causing an apparent field dependence of free charge generation in TDCF
experiments if not conducted properly. On the other hand, recombination the later
time scale was determined by dispersive recombination in the bulk of the active
layer, showing the characteristics of carrier dynamics in an exponential density of
state distribution. Importantly, the comparison with steady state recombination
data suggested a very weak impact of non-thermalized carriers on the recombina-
tion properties of the solar cells under application relevant illumination conditions.
Finally, temperature and field dependent studies of free charge generation were per-
formed on three donor-acceptor combinations, with two donor polymers of the same
material family blended with two different fullerene acceptor molecules. These par-
ticular material combinations were chosen to analyze the influence of the energetic
and morphology of the blend on the efficiency of charge generation. To this end, ac-
tivation energies for photocurrent generation were accurately determined for a wide
range of excitation energies. The results prove that the formation of free charge is
via thermalized charge transfer states and does not involve hot exciton splitting.
Surprisingly, activation energies were of the order of thermal energy at room tem-
perature. This led to the important conclusion that organic solar cells perform well
not because of predominate high energy pathways but because the thermalized CT
states are weakly bound. In addition, a model is introduced to interconnect the
dissociation efficiency of the charge transfer state with its recombination observable
with photoluminescence, which rules out a previously proposed two-pool model for
free charge formation and recombination. Finally, based on the results, proposals

for the further development of organic solar cells are formulated.
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Zusammenfassung

Organische Halbleiter sind eine vielversprechende Materialklasse. Thre besonderen
Eigenschaften sind die gute Absorption, das geringe Gewicht und die einfache Ver-
arbeitung zu diinnen Filmen. Daher wird intensiv an der Realisierung organischer
Diinnschichtsolarzellen (OPVs) geforscht. Aufgrund der niedrigen Dielektrizitét-
skonstante organischer Halbleiter sind primére Anregungen (Exzitonen) jedoch
stark gebunden, und es muss ein Typ II-Heteroiibergang eingefiithrt werden, um
diese Anregungen in freie Ladungen zu trennen. Daher bestehen die meisten
organischen Solarzellen aus mindestens einem Elektronendonator und einem Elek-
tronenakzeptormaterial. Fir solche Donator-Akzeptorsysteme sind hauptséchlich
drei Zustande relevant; das Exziton auf dem Donator- oder Akzeptormaterial, der
Ladungstransferzustand an der Donator-Akzeptor-Grenzfliche und der ladungs-
getrennte Zustand eines freien Elektrons und Lochs. Das Zusammenspiel dieser
Zustédnde bestimmt mafigeblich die Effizienz organischer Solarzellen. Aufgrund
der hohen Absorption und der geringen Ladungstragermobilitdten sind die aktiven
Schichten diinn, aber auch die Exzitonendissoziation und die Bildung freier Ladung
findet auf kurzen Zeitskalen statt, was die Analyse der Ladungstridgerdynamik er-
schwert. Im Mittelpunkt dieser Arbeit standen daher zunéchst die Installation
neuer Versuchsaufbauten zur Untersuchung der Ladungstrédgerdynamik in opti-
mierten Solarzellen mit tiberlegener Empfindlichkeit und Zeitauflosung sowie die
Anwendung dieser Methoden auf prototypische photovoltaische Materialien. Im
Hinblick auf das erste Ziel wurde ein neuer Aufbau, der optische Methoden wie
die zeitaufgeloste Absorptionsspektroskopie (TAS) mit optolektronischen Metho-
den, wie die zeitaufgeloste Ladungsextraktion (TDCF) kombiniert. Ein wichtiger
Teil dieser Arbeit war die Verbesserung der elektronischen Komponenten hin-
sichtlich der Zeitauflosung und Empfindlichkeit. Zu diesem Zweck wurde ein
hochempfindlicher Verstérker zur Ansteuerung und Detektion der Probenantwort
in TDCF entwickelt. Dieser Versuchsaufbau wurde im Folgenden auf verschiedene
Modellsysteme angewendet, mit besonderem Fokus auf dem Verstdndnis der Ver-
lustmechanismen, die den Fillfaktor und den Kurzschlussstrom organischer So-
larzellen limittieren. Das erste Modellsystem ist ein hybrides Material, das aus
anorganischen Quantenpunkten mit organischen Liganden besteht. Messungen

mit TDCF ergaben eine schnelle Rekombination freier Ladungstrager, die teilweise
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durch Fallen unterstiitzt wurde, wahrend Ladungsextraktionsexperimente unter
quasi-konstanter Beleuchtung eine hohe Mobilitat zeigten. Mit den gemessenen
Parametern konnte die Kennlinie gut mit einem analytischen Modell beschrieben
werden. Mit einer weiteren Verbesserung des Aufbaus konnte ein zweites Thema,
die detaillierte Analyse der nicht-geminalen Rekombination in einer ungeord-
neten Polymer-Fulleren-Mischung bearbeitet werden. Die Messungen zeigten, dass
hochmobilen Ladungen zu frithen Zeiten eine schnelle, nicht-geminale Rekombi-
nation an den Kontakten durchlaufen, was eine scheinbare Feldabhéngigkeit der
Generierung freier Ladung in TDCF-Experimenten verursachen kann. Andererseits
wurde die Rekombination auf lingeren Zeitskalen durch dispersive Rekombination
in der aktiven Schicht bestimmt, wobei die Ursache der Ladungstriagerdynamik in
einer exponentiellen Verteilung der Zustandsdichte liegt. Der Vergleich mit Rekom-
binationsdaten im stationdren Zustand ergab einen sehr schwachen Einfluss nicht-
thermalisierter Ladungstrager auf die Rekombinationseigenschaften der Solarzellen
unter anwendungsrelevanten Bedingungen. Schliefllich wurden temperatur- und
feldabhéangige Studien zur Erzeugung freier Ladung an drei Donator-Akzeptor-
Kombinationen durchgefiihrt, wobei zwei Donatorpolymere der gleichen Materi-
alfamilie mit zwei verschiedenen Fulleren-Akzeptormolekiilen gemischt wurden.
Diese besonderen Materialkombinationen wurden ausgewahlt, um den Einfluss der
Energetik und Morphologie der Mischung auf die Effizienz der Ladungserzeugung
zu analysieren. Zu diesem Zweck wurden die Aktivierungsenergien fiir die Photo-
stromerzeugung fiir einen weiten Bereich von Anregungsenergien genau bestimmt.
Die Ergebnisse beweisen, dass die Bildung freier Ladungen tiber thermalisierte
Ladungstransferzustande erfolgt und keine Aufspaltung mit heiflen Exzitonen
beinhaltet. Uberraschenderweise sind die Aktivierungsenergien vergleichbar mit
der thermischen Energie bei Raumtemperatur. Dies fithrte zu der wichtigen
Schlussfolgerung, dass organische Solarzellen nicht aufgrund von hochenergetis-
chen Pfaden gut funktionieren, sondern weil die thermalisierten Ladungstrans-
ferzustédnde schwach gebunden sind. Dartiber hinaus wird ein Modell eingefiihrt,
um die Dissoziationseffizienz des Ladungstransferzustands mit seiner mit Pho-
tolumineszenz beobachtbaren Rekombination zu verbinden, wodurch ein zuvor
vorgeschlagenes Zwei-Pool-Modell fiir die Bildung und Rekombination von freien
Ladungen ausgeschlossen wird. AbschlieBfend werden auf Basis der Ergebnisse

Vorschlage zur Weiterentwicklung organischer Solarzellen formuliert.
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Chapter ].

Introduction

Solar cells convert sun energy directly into electrical power. Today, all commercial
solar cells use inorganic semiconductors, e.g. silicon reaching power conversion ef-
ficiencies of up to 26.1% [1]. Manufacturing of crystalline inorganic photovoltaic
devices requires crystal growing and elevated temperatures rendering the produc-

tion costs intensive.

Organic semiconductors are an attractive alternative to their inorganic counter-
parts due to their easy processing and high absorption coefficients. In fact, or-
ganic solar cells (OPV) made from polymers or small molecules as donor materials
blended with fullerene have shown tremendous increase in the power conversion ef-
ficiency (PCE) over the past decade of up to 12.1% [2] with the potential of future
optimization. Tandem solar cells with subcells made of fully solution processed
polymer-fullerene and polymer-non-fullerene acceptor solar cells have shown power
conversion efficiencies of up to 17.3% [3]. This thin film technology benefits from
solution processing, markedly reducing production costs. The OPV modules are
flexible, light weight, semitransparent and can be of any color. Early OPV devices
were very poor in their power conversion efficiency reaching only one percent [4]
but a relatively high fill factor of 65% demonstrated the potential of OPV devices.
In the following decades the PCE constantly increased, but yet not reaching the
state of inorganic semiconductor devices. These limitations are strongly linked to

free charge formation upon illumination, loss of charges and charge transport.

This motivated the main goal of this thesis, namely to improve the fundamental
understanding of free charge formation, recombination and extraction in organic
solar cells with regard to the energetic and morphologic landscape, the electric field

and temperature.



Chapter 1. Introduction

1.1. Organic Solar Cells

All efficient organic photovoltaic systems are based on a combination of electron
donors (D) blended with acceptors (A). In DA-systems, mostly soluble fullerene
derivatives are combined with conjugated donor polymers and deposited from a
common solvent. Due to the low entropy of mixing and the large molecular weight
these DA-systems self-assemble during the drying procedure into a micro-phase-
structure. Thereby an interface grows throughout the whole bulk, which is called
bulk heterojunction (BHJ) and can be actively controlled by using different sol-
vents, solvent additives or small changes to the donor polymer or acceptor fullerene
side chains. Up to now DA-systems with fullerene derivatives based on C7y as the
acceptor show efficiencies of nearly 11% [5], although blends with non-fullerene-

acceptors reach 14% [6} [7].

Anode Donor Acceptor Cathode

Figure 1.1.: Simplified energy diagram sceme of a DA interface: (1) if the
donor material has absorbed a photon with a larger energy than the optical bandgap
an electron is excited from the ground state to a electronically and vibronically excited
state, an coulombically bound exciton is formed. (2) This exciton will diffuse via
random walk to the DA interface, where the electron transfers to the acceptor (3) or
it geminately recombines. The transferred electron forms together with the remaining
hole on the donor, a CT-state which is still coulombically bound and therefore lower in
energy than the (4) charge separated (CS) state. The energy of the CS-state is defined
by the Dyono and Ay difference. The separated charges are travelling through
the bulk and can possibly recombine non-geminately. Free charges were extracted at
the electrodes (5).
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sketches all steps involved from excitation (1) to charge extraction (5)
in a BHJ solar cell. Due to the low dielectric constant of organics the initially
photogenerated species is a Frenkel exciton (1) with a binding energy of several
hundreds of millielectronvolts. When compared to inorganic semiconductors, which
have a much higher dielectric constant, this binding energy is much stronger in

organics, which dictates that splitting of the exciton requires a DA interface.

Most of the high performance materials for organic solar cells have a very strong
absorption already at layer thicknesses of approximately 200 nm and convert nearly
every absorbed photon into an Frenkel exciton. Thus their internal quantum ef-
ficiency of the first step is close to 100% [8]. This means, that usually the first
step of generating Frenkel excitons is not limiting. The critical step is that these
excitons need to find an interface within their lifetime in order to be separated.
Therefore a well designed BHJ morphology is helpful. Besides morphology, an
important driving force for exciton splitting is the donor-LUMO, acceptor-LUMO
offset which is believed to be responsible for stabilizing CT states with respect to
the excited singlet state off the donor or acceptor. The role of the driving force
and its importance for device performance will be discussed in |chapter 6| These
Frenkel excitons are neutrally charged, therefore an external field does not move
the exciton, it has to diffuse to the nearest interface (2). Here, the previously men-
tioned BHJ plays a critical role; if the micro-phases are too large, the exciton will
probably geminately recombine. If the micro-phases are too small, the exciton is
split efficiently, but the CT state (3) may not be able to split into free carriers and

will also recombine geminately.

CT-excitons (3) can recombine geminately, or split into free charges (4). If free
charges, generated at spatially different sites in the donor and acceptor domain,
form CT states and recombine before they can be extracted, this recombination
process is called non-geminate and will be discussed in more detail in [section 2.4}

lchapter 4] and [chapter 5| Here, the BHJ micro structure again plays a critical role,

e.g. small micro-phases probably lead to increased non-geminate recombination.

The overall performance of the solar cell is influenced by all of the mentioned
steps; from the efficiency of exciton harvesting (1) and of CT-state splitting, to
the transport (4) and extraction (5) of free charges to the electrodes. These steps
relevant for charge carrier generation in such two-component systems involves a
variety of processes on different time and length scales. adds the relevant
time scale to the fundamental functioning shown in [Figure 1.1}
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Figure 1.2.: Timeline on which charge generation and recombination takes
place: An exciton is generated after photon absorption (1) in the femtosecond (fs)
range and diffuses to an interface (2) where it splits up into a charge transfer (CT)
state (3) or recombines radiatively in the picosecond (ps) range. The CT-state splits up
into free charges (4) or recombines geminately within roughly one nanosecond, whereas
free charges can be extracted to the electrodes (5) or recombine non-geminately in the
ns to ps range. Figure partially adopted with permission from Ref. [Eﬂ

Primary photoexcitations in the photoactive blends are strongly bound singlet
Frenkel excitons on either of the two semiconductors. These excitons dissociate
at the donor-acceptor interface (step (2) and (3) in [Figure 1.2)) to form interfacial
charge transfer states or recombine on ultrafast time scales. These intermolecular

excitations will eventually split into free charges (step (4) in|Figure 1.2)) or undergo
geminate recombination in the nanosecond range. Finally, charges are extracted to

the electrodes in the ns to us range (step (5) in [Figure 1.2)).

Because the low dielectric constant €, of organic semiconductors, typically close
to 3.5 , electron-hole pairs in intramolecular excitons and intermolecular CT
excitations will experience strong Coulombic binding - in apparent contradiction
to the efficient and field-independent free charge generation of several state-of-
the-art DA blends. This discrepancy triggered an intensive discussion regarding

the pathway of absorbed photon-to-electron conversion (see |[Figure 1.3) and, in
particular, the nature and energetics of the CT states primarily involved in free
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carrier formation [11H14].

EA

O AT = =
= —

CT, —=— —— electrodes

excited state manifold

S0

_reh

Figure 1.3.: Involved states and possible thermalization processes; The sin-
glet state can be excited with a high photon energy (blue) or not (green), the electron is
then transfered to an electronically excited CT-level (upper arrow) or if the exciton has
already thermalized, the CT-state could be still vibronically excited (lowest arrow) and
split up into free charges before thermalizing. The weakly bound CT-exciton is sepa-
rated into free charges, referred to as CS. Both upper arrows describe the ‘hot’ exciton
dissociation, the lower arrows the opposite. In every step, thermalization is favorable
(coloured arrows).

The following section shed light on the debates in literature about whether the

high energy or the low energy pathway as introduced in leads to free
charge formation.

1.2. Debates about the dominant pathway of free

charge formation

In general, thermalization of excitons and charges can proceed in two different
ways. The first process is the on-site loss of extra excitation energy via emission
of phonons. For example, singlet and triplet excitons loose their electronic and
vibronic energy via internal conversion and vibrational relaxation, and the same
process thermalizes CT states and excited charges. The second process is the loss
of energy in an energetically disordered system by hopping to sites with lower en-
ergies. Both pathways are functional in organic semiconductors and will compete

with (and suppress and assist) the dissociation of excitons, the separation of CT
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states and the extraction of free carriers. It has been proposed that the extra exci-
tation energy of the singlet exciton is partially converted into vibronic excitations
of the interfacial CT states and that this excess energy assists in the split-up of the
CT states into free carriers, thereby overcoming the Coulomb binding energy |15~
21]. This suggests that CT exciton dissociation benefits from generation of ‘hot” CT
states and that these states are the predominant precursors to free charges. Tran-
sient absorption spectroscopy (TAS) was used to demonstrate that high energy
excitons in the polymer preferably form excited CT-states, which split into free
charge carriers within the instrument response time of one hundred femtoseconds,

which corresponds to a charge generation pathway wvia an excited CT-manifold,

meaning that only CT; is recombining (see |Figure 1.3/ and [Figure 1.4|a, low energy

CTS). For example, Grancini et al. proposed that higher energy excitations gener-
ate free charges even faster via S, and CT3 or CTy [18] (see [Figure 1.4] a). The
strong coupling of the excited singlet excitons and ‘hot’ C'T states was convincingly
confirmed by theoretical calculations of, for example, Troisi et al. demonstrating a
delocalization of the holes in the excited CT states [21]. Free charge formation via
excited CT-states is also expected to occur in polymer:fullerene solar cells under

application-relevant conditions.

A direct correlation between the short circuit current and the driving force for
charge separationﬂ was observed by Shoaee et al. [20]. An advantageous effect of
a hot CT-exciton for the generation of free charges is also reported by measuring
increased internal quantum efficiencies (IQEs) with higher photon energies |16, 22],
but these results have been highly discussed in subsequent publications given the
difficulty of measuring absolute IQEs [26, 27].

On the other hand, several groups have suggested that free charge formation in-
volves thermalized CT states [26, 28-30]. Most of these studies utilized the fact
that CT states can be populated directly through sub-bandgap excitation (see
ure 2.3 gray and red arrows). For example, the work by Vandewal et al. shown
in b revealed very similar shapes of the absorption spectra and of the
external quantum efficiency for free charge formation, indicating that the internal
quantum efficiency does not depend on whether the primary excitation is a CT
state or an exciton 28| |31]. The internal quantum efficiency was shown to be con-

stant within a broad range in energy, but to determine the IQE many assumptions

!The driving force for charge separation is the difference in energy between the initial vibronically
relaxed singlet Sy state and the free charge pair [24} 25].
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Figure 1.4.: Ultrafast spectroscopy on polymer:fullerene solar cells: (a) Pro-
posed mechanism and states involved in charge generation for a PCPDTBT:PCBM
device: singlet exciton states (represented by the black lines), interfacial CT states
(green-coloured levels) and free polarons (red-coloured levels). The solid black arrows
represent exciton dissociation into the CT state manifold; blue dashed arrows indicate
exciton quenching into free polarons and solid red arrows represent CT state dissocia-
tion into free polarons with time scales for each process. Note, that in this picture the
relaxed CT state manifold is prone to recombine geminately without being connected
to the CS state at all. Reprinted with permission from Grancini et al.[22].(b) transient
absorption false color map for a PCDTBT:PCBM device measured in transmission, the
black line is a guide to the eye showing the relaxation in energy of the absorption bleach
peak with time for (c) different fluencies. Reprinted with permission from Howard et

a/..

are made under which a statement about the pathways of free charge generation

can not be finally made.

A more direct measurement of free charge generation was investigated with time-
delayed-collection-field experiments (TDCF, introduced in the following section)
as a function of electric field and excitation energy for different BHJ blends (see
Figure 1.6). None of these cases revealed an appreciable effect of the excess energy
on the field-dependence of charge generation, thereby supporting the view that
charge generation proceeds through thermalized CT states 28]. But whether
the field dependence of free charge formation is an adequate measurement of the
activation of charge generation is controversial. A discussion in will
contribute to this debate with an accurate measurement of the activation energy,

which is expected to be temperature dependent.
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Figure 1.5.: (a) The absorption of a photon with energy greater than the donor
bandgap generates an exciton in the donor D* at the rate Gp*. The formation of the
charge separated state (CS) can follow several paths: a path at the rate kog* leads
via vibronic (and electronically) excited CT states and bypasses the relaxed state CT.
Alternatively, the system relaxes to CTg (rate kyeax). This state can relax with the
rate ks to the ground state (GS) or split into free charges (kcs). The inverse process
to kcg is the population of CT( from CS at the rate k,. Ep*, Ecr and Ecg denote
the energies of the vibronic (and electronically) relaxed states of the donor exciton, the
CT state and the charge-separated state, respectively. Picture adopted with permission
from [28]. (b) IQE(E) in the energy range of CT emission for polymer:fullerene organic
solar cells [28]. External quantum efficiency (EQE, black line), electroluminescence
(EL) emission spectra N(E) (cyan line) and the high energy part of the A(E) spectra
(blue line filled squares). In the very weakly absorbing region, the A(E) spectra are
reconstructed using N(E) as described in [28] and are overlaid to the A(E) spectra
from photothermal deflection spectroscopy in the overlapping region (red line, filled
squares). The IQE(E) spectra (open squares) of the devices are calculated as EQE(E)
/ A(E). Picture adopted with permission from [28].

Most organic materials are disordered and only a few compounds form crystal-
lites throughout the entire layer thickness [32]. As pointed out above, excitations
and charges can loose energy by hopping to lower energy sites. The consequence
of this are dispersive effects, with a pronounced time dependence of the relevant
properties. Typical examples of time dependent properties are spectral diffusion
of excitons [33-35] or time-dependent charge carrier mobilities [36-39]. In accor-
dance with this picture, recent studies on prototypical polymer:fullerene blend de-
vices revealed significant thermalization effects [39-44]. One example is PCDTBT
blended with PCBM. In contrast to neat polymer layers, the PCDTBT:PCBM

blend is nearly amorphous [45], independent of device thickness [46]. As shown in
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Figure 1.6.: Photocurrent density versus charge as a function of applied
Bias: J-V curve (left axis) and charge (right axis) for a MEH-PPV:PCBM device (a)
and for a PBDTTPD:PCBM device (b). Excitations of D*, A* and the CT state (at
1.38 eV for (a) and 1.5 eV for (b)). Reprinted with permission from Vandewal et al.[28].

b, transient absorption spectroscopy by Howard and coworkers revealed
a progressive red-shift with time of the photoinduced absorption feature assigned
to polarons on the polymer, which was attributed to the thermalization of holes
[23]. The large shift of the TAS signal (of nearly 0.2 eV, see c¢) and the
long thermalization time (up to 100 ns) was seen as an indication of considerable
energetic disorder of the polymer HOMO in the amorphous blend. As a conse-
quence, charge carrier mobilities were proposed to be time-dependent, with a more
pronounced mobility decay of holes due to larger disorder in the HOMO as shown
in a. It was concluded that polarons are extracted and may recombine
while still thermalizing 23} |39].

Evidence for carrier relaxation at time scales above one microsecond came from
Monte-Carlo-Simulations taking disorder into account [47]. Scheidler et al. pro-
posed a time dependence of the recombination rate following a power law dn/dt o«
t~! upon increasing o, while for decreasing o, dn/dt oc t~2 is recovered at long
times. The bimolecular recombination coefficient (dn/dt)/n?(t) shown in[Figure 1.7]
b decreases with time and does not approach a constant value at longer times for

a large energetic disorder [47].

Time of flight (TOF) measurements suggested higher order recombination with
a possible time dependent recombination coefficient [48]. The TOF experiments

were performed as a function of circuit resistance, with 50 €2, 1 k2 and 10 kS2.



Chapter 1. Introduction

a b -7 -T T T
1
TQ1:PC,BM TQ1:N2200 —
‘electrons el Hopoll) |m
I—I/’scu: Hscic nE =
< N e N
g .
N,
SO J
g AN .\°\
T Now.
No
. N
-14'} 3
10‘5 L L n n i ol A L -15 PR ‘- s ., L L
10" 107 10 10° 10 —14 ~13 -12 =11 =10 -9 -8 =7 -6
Time [s] log (t/s)

Figure 1.7.: Monte-Carlo-Simulation of the Time dependence of Mobility
and the Recombination Coefficient. (a) Simulated time-dependent photogenerated
carrier mobility fipneto(t) for TQL:PC71BM (solid lines) and TQ1:N2200 (dashed lines).
Blue corresponds to electrons; red to holes. Shaded areas indicate the estimated SCLC
mobility puscre for TQ1:PC7BM (solid fill) and TQ1:N2200 (patterned fill). Reprinted
with permission from Melianas et al. [44]. (b) Simulated bimolecular rate constant as
a function of time for different energetic disorder parameters o ranging from 0 to 9.8.
Reprinted with permission from Scheidler et al. [47].

The effect of altering the resistance is that charge extraction from the device takes
longer with larger resistances. The bimolecular recombination coefficient was then
calculated for every extraction time showing a power law decay at longer times
[48]. Time dependent mobilities and recombination coefficients may be relevant
for the performance of the device. For example, the performance may suffer from
accelerated recombination, or improve by faster extraction at early times. There-
fore, an important question is whether charges in an organic solar cell are mostly

thermalized or still hot when they get extracted or recombine.
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1.3. Experimental Methods to Probe Transient

Photovoltaic Processes in Organic Solar Cells

The different processes involved in the photocurrent generation in organic solar
cells introduced in the previous section run at different time scales, from femtosec-
onds to many microseconds (see also [Figure 1.2)). Time resolved measurements do
not necessarily reproduce the steady-state conditions, for example because they
are conducted at only short time scales and at much higher light intensities. Up
to now mainly transient absorption spectroscopy (TAS), time delayed collection
field (TDCF), time of flight (TOF') and time resolved electric field induced second
harmonic generation (TREFISH) have been used to probe the pathways of charge
generation and charge carrier dynamics. In the following section the methods are

briefly introduced and their specific advantages and shortcomings are highlighted.

Pump Sample Grating

a |-
Probe—" | ﬁ
Pump Probe 4
M 1 j\ 1 |Time
I I I
fs ps ns us ms
b Pump electrical Probe
V. A
A __________ ]
| | | , Time
I 1 1 1 1
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C cw-Pump electrical Probe
Vpre __________ > .
| | | | ITIme
I I I 1 1
fs ps ns us ms Veoll

Figure 1.8.: Experimental methods: (a) transient absorption spectroscopy (TAS)
with optical pump pulse (green) and white light probe pulse (colored), (b) time delayed
collection field (TDCF) with optical pump pulse applied when the device is held at a cer-
tain pre-bias V. and electrical probe pulse at reverse bias V., (c) bias assisted charge
extraction (BACE) with constant illumination to have the device in quasi-equilibrium
at a certain pre-bias. The illumination is switched off at the same time as the collection
voltage is applied.
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Ultrafast measurement techniques were made possible with the so called chirped
pulsed amplification of ultrashort laser pulses introduced 1985 by Novel prize winner
2018 Donna Strickland [49]. First applications with the new pulsed light source in a
pump-probe experiment investigating organic materials were published by Kraabel
and coworkers [50]. Ultrafast transient absorption spectroscopy is an all-optical
pump probe method, where a pulsed laser is used to excite electrons in the active
material from their ground states to higher-energy excited states a,
green). An ultrashort white light probe pulse is used to measure the transmission
through a sample at various delayed times following its excitation with a pump
pulse, and to compare it to the transmission without the pump pulse (Figure 1.8
a, colored) [b1]. After passing through the sample, the unabsorbed light from the
white light pulse continues to a grating for spectral decomposition and a CCD array
(Figure 1.8 a, inset). This allows for probing of the decay kinetics of the excited
states. TAS has a great time resolution ranging from the fs- to the us-range, de-
pending only on the pulse width, but the difficulty lies in the seperation and analysis
of the manifold of spectral features. In particular, for most organic systems, the
spectral features of free charges and of charges bound in CT states are very similar
and measurements over our wide fluence range are usually needed to differentiate
between these two species. Also, because of the low resolution of optical detection,
most TAS measurements were performed at rather high fluences, generating car-
rier densities well above the steady state density at application-relevant conditions.
Finally, very few people applied TAS to full devices [52-54]. The reason lies in the
difficulty of conducting TAS experiments well below application relevant conditions
[55] to finally resolve the influence of the externally applied electric field. Addition-
ally, if extraction is measured with TAS, the same RC-limitations are valid as for
TDCEF. In the setup presented in this work, TAS measurements on fully optimized

organic solar cells were made possible.

The invention of time delayed collection field experiments goes back to Langevirﬂ,
who studied the recombination of gas ions [56, 59]. Later TDCF was also ap-
plied to inorganic [57] and organic solar cells [29] 58, 60, [61]. But previous TDCF
experiments suffered from a poor time and photocurrent resolution. Notable im-
provements to the TDCF setup will be highlighted in [section 3.3} For TDCF the
working device stack is held at a certain pre-bias Vi, during illumination with a

short laser pulse (Figure 1.8/ b, green). After a variable delay the remaining charge

2Langevin wrote his phd thesis in french, here champ de collecte retardé [56] is meaningfully
translated into time delayed collection field [57) [58].

12
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is extracted with a large reverse bias, the collection bias V., (Figure 1.8 b, blue
line). TDCEF is applied to a working device stack and therefore directly measures

free extractable charge of a fully optimized solar cell.

Time of flight (TOF) is a powerful method to measure charge carrier mobilities
in inorganic or organic materials [62, |63]. The sample needs to be very thick in
comparison to a fully optimized organic solar cell, on the order of micrometers,
in order to obtain reasonable mobilities. Once a short laserpulse hits the sample
from the side of the transparent electrode, free charges are photogenerated in a
thin layer which drifts within the externally applied electric field through the ma-
terial thereby inducing a constant current which drops when the charge reaches
the counter electrode. The drop in the photocurrent is the transit time ¢;.. The
drift velocity vy and mobility p can be calculated with vy = d(t;,)™' = pF', with
F being the electric field and d the active layer thickness. Integration of the TOF-
transient leads to the average charge density in the device. The time resolution
regarding the obtained charge carrier density is limited to the us-range, rendering
conclusions about charge formation difficult to trust (see also [Figure 1.2). TOF
measurements were recently conducted with our new TDCF setup [64]. TDCF is
also able to measure mobilities in a fully optimized device, but cannot distinguish

between electron and hole mobility.

Time resolved electric field induced second harmonic generation (TREFISH) is an
optical pump probe method on a device with electrodes and an externally applied
electric field [65]. Excitation leads to a shift of the charge centers and induces a
polarization. Due to the time-dependent change of the exciting electric field, the
dipole moment oscillates with the frequency of the excitation. If its amplitude is
small, the dipoles emit photons of the same frequency as the excitation (harmonic
oscillation). If the amplitude is large, the vibration becomes anharmonic and the
emitted photons has double the frequency of the excitation. This phenomena is
called second harmonic generation (SHG). In organic materials, however, SHG is
usually not observed due to the prevailing symmetries. This symmetry can be
broken by the application of an external or internal electric field. The setup is
comparable to TAS but must ensure the correct polarization of the pump and
probe (p-polarization) and that the pump does not interfere with the probe or the
SHG signal. TREFISH has a great time resolution (fs- to ns-range) but suffers
from the same limitations like TAS [39]. This method needs very high fluence to
generate SHG which degenerates most organic compounds. TREFISH was set up
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in course of the phd but results are not presented in this thesis.

The methods presented here, as well as many other methods were used to in-
vestigate the pathways of free charge generation. Steady state methods, such as
e.g. external quantum efficiency in combination with electroluminescence experi-
ments, often led to the conclusion that the generation of free charges proceeds via
low-energy pathways |14, |31} |66]. Also first TDCF experiments with direct excita-
tion of the CT state supported a charge generation pathway via relaxed CT states
[26, 28, |29} |67]. In contrast, time-resolved methods allowed for different conclu-
sions. Strong support for the ‘hot’ charge generation pathway came mostly from
ultrafast time resolved measurement techniques like TAS and TREFISH [18| 20,
44 168-71]. The question now is which of the two points of view correctly describes

the processes involved in free charge generation.

1.4. Scope of the Work

The scientific motivation of this work is based on the question whether the gener-
ation of free charges follows hot or cold pathways, as well as whether free charges
thermalize within the density of states before they are extracted or recombined.
Therefore, the first goal of the thesis, was to design and build up a setup that
allows for TDCF, TAS, BACE and possibly TREFISH measurements on the same,
fully optimized sample to cover a time scale from femtoseconds to milliseconds.
In order to be able to carry out the mentioned experiments on the same sample,
they have to be combined on the same optical table. Furthermore, previous TDCF
setups suffered from poor time resolution, which had to be increased to access the
important ns range. Previous TDCF setups additionally suffered from low signal
to noise ratio, which also had to increase to further suppress non-geminate re-
combination by utilizing at least one order of magnitude lower fluences. To make
this possible, a research proposal was submitted to the DFG and approved (INST
336/94-1 FUGG). In 2015, a new femtosecond laser laboratory at the University

of Potsdam was inaugurated.

The highly improved and newly set up TDCF and BACE method was first tested
on nanoparticle solar cells in [chapter 4] because earlier experiments suggested, that

the charge carrier dynamics is very fast [72]. After testing the new apparatus, we
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employed time delayed collection field (TDCF') experiments to study the recombi-
nation of photogenerated charge in the high-performance polymer:fullerene blend
PCDTBT:PCBM in [chapter 5| Non-geminate recombination in the bulk of this
amorphous blend is shown to be highly dispersive, with a continuous reduction
of the recombination coefficient throughout the entire time scale, until all charge
carriers have either been extracted or recombined. Rapid, contact-mediated recom-
bination is identified as an additional loss channel, which, if not properly taken into
account, would erroneously suggest a pronounced field dependence of charge gener-
ation. Especially the last finding strongly supports the strength of our new TDCF
setup. A final objective of this work is to measure the efficiency of free charge
formation as a function of various parameters by direct excitation of low-energy
CT states. These experiments will be performed on low bandgap polymer:fullerene
blends with variable energetics (tunable position of the lowest unoccupied molec-
ular orbital (LUMO) of the donor or electron affinity of the acceptor). A field
dependent generation measured with TDCF for these polymer:fullerene blends was
already published [26, [73-75], but was not investigated with TAS. First results with
field dependent TAS measurements are presented in . Having proved the
field dependence of charge generation with TAS, TDCF experiments were con-
ducted as a function of electric field and temperature. Here, it was investigated,
whether the field dependence of the generation observed in many systems is the ex-
pression of a thermally activated splitting of bound CT states. Or second, whether
it is essentially determined by the excess energy. By TDCF measurements with
variation of the excitation wavelength, it is also investigated whether the statement
made by experiments at room temperature that the generation of free charges oc-
curs almost exclusively via the splitting of thermalized CT states |26] 28] is also
valid at lower thermal energies (see . The results obtained during this
work are of fundamental importance for the understanding of free charge carrier
generation and recombination in polymer:fullerene solar cells and thus point the

way for further improvement of the efficiency.
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Fundamental Part

2.1. Efficiency of Organic Solar Cells

For any solar cell only those photogenerated charges which are extractable to the
electrodes contribute to the efficiency. In this limit the external quantum efficiency
(EQE) of photogeneration is written as a product of the fraction A of incident
photons being absorbed in the active material, the probability f that exciton dis-
sociation populates the connected CT manifold, the efficiency 7,45 of free charge
formation from these states and the efficiency 7., that these free charge carriers

reach the electrodes:

EQE(E\), F,T) = A~ [ - Niss * Neoll- (2.1)

The product of the four efficiencies indicates the ratio of extracted charge carriers
to incident photons. Generally, all four terms may be a function of the excita-
tion energy E(A) the electric field F' and temperature T'. Investigation of these

dependencies is one main task of this work.

Fundamentally, several limitations on energy conversion in solar cells are not pre-
ventable. Typically, a solar cell is characterized by its current-voltage (JV) curve
under illumination where the maximum power is delivered at the maximum power
point (MPP). The largest rectangle fitting under the JV curve (red rectangle

in [Figure 2.1h) defines the MPP and its corresponding voltage (V},,) and cur-
rent (Jy,,). The fill factor (FF) is then defined by the ratio of the red rect-

angle with respect to the black rectangle (with Voo and Jsc, see [Figure 2.1h)
FF = Jmmep(JSCVOC)‘l.
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Figure 2.1.: Current Voltage Curve and sun spectrum (a) Exemplary JV curve
(red line) of a solar cell with the basic parameters: maximum power point (MPP),
open circuit voltage (Voc), maximum power point voltage (V,,,,,), short circuit current
(Jsc) and maximum power point current (J,,,,). (b) AM1.5G hemispherical tilted 100
mW cm~2 sun spectrum.

To find the maximum power point it is helpful to also plot the power density
(Figure 2.1k, grey line) and calculate the point at which the derivative is zero:

d(JV) =dJV + JdV =0, (2.2)

at the maximum power point:
dJ J
— = . 2.3
(dV)mp <V>mp (2:3)

To describe the JV curve, the Shockley equation is often used by researchers 76,
77):

qX/e:rt
J = Jre—J :J<m —1)—J. 2.4
G 0 p (nid knT ) G (2.4)
Here, J,.., the recombination current and Jg, the generation current are equal at
Voc, q is the elementary charge, V.., the externally applied voltage, n;q the ideality
factor, kg the Boltzmann constant and T the temperature. This equation was

shown to successfully describe high fill factor solar cells e.g. crystalline silicon, but
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is inappropriate for low mobility organic solar cells. A low mobility will severely
limit charge extraction and with that reduce the internal voltage with respect to the
externally applied bias. Recently, our modified Shockley equation was introduced
by Neher et al., which takes proper account of the low mobilities in organic materials
[78,[79]. Here, the external current J and the external bias V,,; was related to the
quasi-Fermi level splitting, which was assumed to be constant throughout the whole

active layer. This led to the equation:

qV;nt = q‘/ext - quU_l (25)

with o being the conductivity, p.rs the effective mobility and n; the intrinsic charge

in the active layer:

qVin
0 = 2qflefn; €XP <2k3%)' (2.6)

At open circuit with V.., = Vpoe and V,,,; = Vo becomes:

(2.7)

T
VOC = kB In <JG+JO>.

Jo

Assuming, that the dark saturation current Jy = qdkon? is much smaller than the

generation current Jg, with attains:

J=Jo <exp (l@ZTWW _ voc)> _ 1) . (2.8)

Now, the last term of can be rewritten with [Equation 2.6] and [Equa-
ftion 2.8

yzgex <qVOC> ex M — ex _M
o o; P 2kpT P 2kgT P 2kpT (2.9)

dJ quc) . ( q >
== - 2sinh ( ——— (Vine — Voo ),
g; P ( 2]{33,1 S 2]632 ( ¢ OC)
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0; = 2qn;/liepin, is the effective intrinsic conductivity. With the small angle ap-
proximation for the sinus hyperbolicus, becomes:

dJ
—_— = Oé(‘/;mg — Voc), (210)

g

with the dimensionless prefactor « being:

quG < qLOC)
@ (71']’6’3] b 2]4531 ( )

and for strict bimolecular recombination and at Voc:

Ja CIVOC>
— = 2.12
g 0P ( ksT (2.12)
« then is related to all relevant material properties:
5 qd®koJc ( qVoc )
= — ) 2.13
T ks P\ T2k (213)

Here, d is the active layer thickness, ko the bimolecular recombination rate, .
electron and g, hole mobility. With [Equation 2.10] now becomes:

‘/;zmt - ‘/z‘nt(l + a) - aVOC: (214)

leading finally to an analytical expression of the JV curve of organic solar cells
[79]:

J=Jg <exp (W) — 1) . (2.15)

Note that this equation approaches the Shockley equation if alpha gets smaller

than one. According to [Equation 2.13] this is exactly the case for small currents,

slow recombination, or high mobilities. This model has been used to successfully

describe a range of organic solar cells [79-81] but will also be applied to colloidal

PbS quantum dot solar cells in [chapter 4]
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By definition, the same parameters that determine the JV characteristic also affects
the fill factor. One commonly used expression of the fill factor as a function of the

Voc was proposed by Green [82]:

uoc — ln(072 + Uoc)

FF = 2.16
uoc + 1 ( )
with the normalized open circuit voltage uoc [82]:
eVoc
= 2.17
Hoc nidkBT ( )

This equation is derived from the Shockley equation and only valid, if the maximum
power voltage Vi, is close to the open circuit voltage. However, in case of severe

transport limitations and by molecular recombination, upc should be written as
[79]:

eV,
toc = oC (2.18)

1 + OZ)]{?BT

Unfortunately, there is no analytical solution to relate the fill factor to the pa-

rameter a. Also, [Equation 2.16| is no more valid. Instead, the following empirical

expression provides a good approximation of the general dependence of the fill

factor on upc [79):

uoc — In(0.79 + 0.66use)
Uoc + 1 '

FF =

(2.19)

shows values of the fill factor as extracted from simulated JV-curves [80]
as a function of a. The simulations considered a wide range of mobilities, various
recombination coefficients and thicknesses, but there is only small scatter in
a (open circles) [79]. For an a smaller than 1 an ideal behavior is described.

Photocurrents in organic solar cells will become strongly transport-limited for «

above one, resulting in a decrease of the fill factor |[79]. This (and [Equation 2.13])

tells already, that high mobilities are needed to obtain high efficiencies as shown in
b. Here, simulated power conversion efficiencies are plotted as a function
of the band gap for different mobilities 78] and compared with the model of Schar-

ber et al. [83]. Given the low and unbalanced mobilities of the organic materials
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studied in this thesis (1073 to 107° cm? (Vs) '), there is much room to improve the

efficiency of organic BHJ solar cells in the future.
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Figure 2.2.: Fill factor and Efficiencies (a) fill factor as a function of the pa-
rameter @ (open circles) from simulated JV-curves [80] with the same mobilities for
holes and electrons and a Vo between 0.7 and 0.9 V. Dashed (solid) lines show an-
alytical FF-av dependencies according to |[Equation 2.16| (and [Equation 2.19)). Figure
reprinted with permission from Neher et al. [79]. (b) Power conversion efficiencies are
plotted as a function of the band gap with an LUMO-LUMO offset between donor and
acceptor of 0.5 eV for different mobilities calculated either via the analytical approach
(thin lines with symbols, or via drift-diffusion simulations (thick lines)
in comparison with the model of Scharber et al. [83]. Figure reprinted with permission
from Wiirfel et al. [78].

Additionally, charge generation can be field dependent, which will reduce the fill
factor and with that the efficiency. The analytical approach (Equation 2.19)) does

not account for e.g. field dependent charge generation, which is typically the case

in organic solar cells. This motivates the work presented in this thesis to determine
all parameters determining the efficiency of solar cells, from free charge formation

to recombination and extraction.

2.2. Charge Generation and Geminate

Recombination

There are three characteristic states which are involved in free charge generation;

the singlet Sy, charge transfer (CT) (section 2.3|) and charge separated (CS) states
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(section 2.4). First, the formation of CT states is explained. The following dis-
cussion will focus on just one state, the thermalized CT state, which is known to
be the precursor of the free charge pair [13| 84-86]. The question arises, how the
charge bound in a CT exciton may finally overcome coulomb attraction. Different
models were published to address this most crucial step for device performance,
but up to now, none was found to precisely describe experimental results. The
following sections will introduce the models which where published to describe the

free charge generation process.

2.3. Involved States and Energetics

Here, the characteristic states involved in CT state formation are presented. A
highly debated fundamental question is the effect of the excitation energy and how
the so-called excess energy effects charge generation efficiency or field dependence.
This excess energy can have its origin in the excitation of higher lying electronical
(Su, -, Sm) with respect to S; or vibronically hot states. Therefore, all involved
states and their transition rates need to be defined. The first step is to generate

excited states by light absorption (black, green, blue arrows in figure [Figure 2.3))
or through injection of charges from the electrodes forming an exciton [87].

Since the majority of polymeric semiconductors have a singlet ground state of two
paired electrons, light absorption usually results in a singlet excited state, which
means, that they can be occupied by direct single-photon absorption. The excited
state can decay radiatively or non-radiatively, via energy-transfer, dissociation or
may diffuse through the material. If the excited singlet state on the donor polymer
transfers one charge to the neighboring acceptor fullerene or vice versa; a CT-state
is formed (red potential, . The CT state is energetically located below

the singlet donor and acceptor states as seen in electroluminescence experiments

(Figure 2.3 b, blue line) [88].

The absorption and emission features of disordered organic semiconductors seldom
consists of discrete peaks. For low frequency vibrations as shown in
the spacing of the vibrational modes is smaller than thermal energy and thus CT-
states are homogeneously broadened. Transitions only takes place for electronic
energy levels, not for discrete vibrational modes. Optical transitions from thermally

populated vibrational modes have absorption below Ey_y and emission above Ey_g.
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Figure 2.3.: Involved states in charge generation and excitation: (a) absorp-
tion of a photon leads to an excitation of an electron-hole pair from the ground state
(GS) to an excited electronic state (Sy,... , Sy, ..., Sy in black, green, blue arrows,
respectively) on the donor or acceptor, taking into account that the nuclear coordinate
remains invariant during the transition (Franck—Condon principle). The lowest excited
state S; defines the optical band gap with energy Eg;. If donor and acceptor materials
are blended, a new state arises; the CT-state, which is per definition also coupled to the
ground state and could be directly excited. The energy difference to the ground state
of the vibrationally relaxed, but electronically excited CT; is Ect. (b) Absorption A(FE)
and emission N(F) spectra of the DA blend MEH-PPV:PCBM. N(FE) is dominated
by CT emission, which is below the optical gap. The inset shows A(E) and N(E)
in the spectral region of CT absorption and emission, plotted on a logarithmic scale.
At Ecr, the appropriately normalized A(F) and N(FE) spectra cross. Figure reprinted
with permission from Vandewal et al. [88]

If the photon energy FEy_g — A is within the absorption, the transition to the
vibrational relaxed CT is most favorable. Fy_¢ — A is the photon energy were
the emission is maximized (see b, left axis). The line shape can be
described with Gaussians, if the low frequency vibrations are treated as harmonic

oscillators;
for absorption:

(E — EO—O — )\L)2

2.2
ANkgT (2.20)

A(E) ~ Eexp —
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and emission:

(E— Ey—o+ )\L)2

N(E) ~ E*exp — 2.21
(B) P IpksT (2.21)
A 0-0 Eoo 0-0
> ? emission absorption
2 c
0] 2
i E
: - >
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Figure 2.4.: Optical transitions depicted in an energy diagram with potentials for
the ground state (GS) and excited state (Eg) Vertical blue arrows represent absorption
and vertical red arrows emission. Absorption and emission spectra overlap around the
electronic transition energy Ey_o. Peak broadening by low frequency vibrations with
reorganization energy Ar. The resulting peak width depends on temperature and Aj.
Figure depicted with permission from Ref. [89].

Here, E is the photon energy, A, the relaxation energy and Fy_( the energy dif-

ference between the vibrational relaxed ground- and excited CT state. If the cor-

responding reduced absorption (A = @) and emmission (EL = NE(f)) spectra
are normalized to their maxima, then Ey_ is the crossing point as shown in

fure 2.4

Typically, the CT state emission and absorption features of the vast majority of
BHJ organic solar cells can be fit with gaussian line shapes as shown in

b (inset, red lines) and also in

2.3.1. Onsager Model

The question, how the charge bound in a CT-exciton may finally overcome coulomb
attraction was addressed by Onsager in 1938. He presented a model describing

coulombically bound charge pair dissociation . The main assumptions are,
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that the geminate pair has an initial separation distance of rq and it diffuses via
Brownian motion until it geminately recombines or dissociates under the influence
of the Coulomb potential or the externally applied electric field. The dissociation

yield at low internal electric fields is

é ( T") 1y OF (1+ cosy) (2.22)
=exp|—— —_— cos )
P ro 8mege, k21?2 X
with
2
q
=1 2.23
re drege kT ( )

being the Coulomb capture radius. The angle between the geminate pair dipole
moment and the electric field F is X- The equation predicts that charge generation
is activated by temperature and the activation energy is given by the Coulomb

attraction E, of the pair at the initial separation distance ry.

E
exp <—:i> = exp <_]<?B;) (2.24)

36 years later, this model was applied to extract the initial separation distance in
anthracene single crystals excited at different photon energies and and yielded the
result that high energy photons lead to an initial separation of several more repeat-
ing units when compared to low energy excitations [24]. However, a major aspect
was not included; once a charge meets its counter charge, there is no probability

to re-dissociate (e.g.: electrolyte [90] versus blend [91]).

2.3.2. Onsager-Braun Model

Onsager’s model was extended by Braun in 1984 [92]. In Braun’s theory the dissoci-
ation yield of the C'T-state is expressed by competition between the field dependent
dissociation yield k4(F") and the decay to the ground state k (black arrows in figure

Figure 2.5 a):

ka(F)

¢(F) - kd(F) + kf

(2.25)
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Figure 2.5.: Kinetics of charge transfer state dissociation (a) for a DA interface
without externally applied electric field. From the CT state, recombination to the
ground state (GS) occur with the rate ky or dissociation with the rate k4 [92]. (b)
DA interface with externally applied electric field ' (dashed line) combined with the
Coulomb potential (gray line from (a)) to yield the combined potential (gray line). It
is evident, that for a sufficiently large electric field, the thermal energy is sufficient to
overcome the remaining potential barrier. E 4 is the electron affinity of the acceptor in
the blend at infinite distance from the interface.

with k4(F") being field dependent according to:

3]€2 _E J1<2 —Qb)

kqo(F) = 2.26
a(F) 47reoe7~€ T —55 ( )
and 3
e
=\ 2.2
8mege, k2T? (2.27)

J1 is the first order Bessel function, ks the recombination coefficient, Ej the

Coulomb binding energy and F' the electric field.

The Onsager-Braun model was applied successfully to the e.g. TPA:DPBDK donor
acceptor system [93] and to single component materials e.g. MeLPPP [94].

The model relates dissociation to field and temperature which are directly accessi-
ble with TDCF. shows a comparison between measured data with TDCF

(seefsection 3.3|and [chapter 6)) and the Onsager-Braun Model. All parameters were

measured directly, except the initial separation distance ry and the built-in-field.
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Nikolaos Ferdelekis conducted Monte-Carlo-Simulations on PCPDTBT:PCBM de-
vices to closely match the JV curve and temperature dependent TDCF data. As a
fit parameter the distance between two sites ay was assumed to be 1.8 nm and and
the built in voltage 0.8 V. These values were also used in [Figure 2.6|

a) b)
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Figure 2.6.: Dissociation probability calculated with the Onsager-Braun Model
(solid lines) compared to a TDCF experiment conducted at very short delay (4
ns) and at the same temperatures (symbols) as in the simulation (lines) for (a) a

PCPDTBT:PCBM blend (see also[chapter 6]). (b) Simulated dissociation probability at
low field (5-10°V//m) for the temperatures in (a) with an Arrhenius-type fit (red line).
It was not possible to simulate the measured data with values reported in literature and
measured in this work.

Although successful applications exists [93], it is obvious that the model does not
fit for BHJ solar cells (Figure 2.6p). Note, that temperature dependent TDCF
measurements allow for a direct measurement of charge generation without the
influence of non-geminate recombination. When trying to fit the photocurrent for
a PCPDTBT:PCBM BHJ solar cell it turns out that fitting low field data leads
to an overestimation of the large fields and vice versa (see figure a) [95,
96).

Despite the mismatch between experiment and theory regarding the absolute values
for the dissociation efficiency in a, the Onsager-Braun model nicely pre-
dicts an Arrhenius type dependence of the dissociation probability on temperature
as shown in b at low internal fields. The Arrhenius type temperature
dependence of the dissociation probability is of general importance in to

accurately obtain the activation energy for charge generation in BHJ solar cells.
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Recently, within the framework of the Onsager-Braun model, a rate equation model
was introduced by Armin et al. [55] to evaluate TAS data:

(h;? = —kgeans, — kfeans, + ZI:L CXp <_ti>

dZZI = —kpannnes + kperner,

leCtTl = 0.25k,ngg — kaner, + kaeanpx + krsc(ner, — nern) (2.28)
d7210tT3 =0.7 5krn%s — kancry, — kpernen, + kisc(ner, — nery)

dz;fs = —knkg + ka(nor, + ner,) — keouncs

where ng,, nr, nen, o, and neg are the densities of singlet and triplet excitons,
singlet and triplet CT states and free charges, respectively. The number of absorbed
photons is n,;, and k. is the collection rate of charges. Realistic values reported in
the literature for the corresponding rates are ~ 10'? for singlet exciton dissociation
to the CT state kg, [97, 98], and ~ 10 for the singlet exciton decay ky ., [99)].
If the transient absorption experiment is not conducted at open circuit conditions,
charges may be collected with the rate k.,;. However, features of CT states and
free charges are not well distinguishable in photoinduced absorption spectra and
thus, the measured signal is the sum of bound and free charge densities (nor+ncs,
see also . Here, the rate equation model helps to estimate the densities
in the respective states. Obviously, a plateau, which is related to the generated free

charge, is reached in a dynamic equilibrium only if the initial excitation density is

very low (Figure 2.7) a versus b).
The application of the rate equation model will be presented in [chapter 6 Here,

field dependent transient absorption spectroscopy is applied to an exemplary full
device stack as described in in reflection and a small incident angle.

2.3.3. Two Pool Models

Several groups have proposed that photoexcitation of polymer:fullerene blends re-
sults in the occupation of multiple states, rather than a single state manifold. In
particular, results from femtosecond pump-probe measurements suggested a two-

pool model derived from a local morphologic or energetic perspective [100} 101].

28



Chapter 2. Fundamental Part

a b
LOf = LOf———rrrree—
Excitation density= Equilibrium Excitation density=
0.8} 10% photon/cm? . 0.8 10% photon/cm?
- 2
£ : -
c . 8 L)
S 06t = mcr+mertacs G T06 = mcrtmertacs Y,
e ! 9 ".‘ o
.g === 1S K '.' E’ === flCS Y
I K = v
£ 04 mer A £ 04 - A
’ - ’
3 s 5 \
4 s=ronCT Z smomCT ',
02 ' 02 S
0.0 iz . 0.0 eineemea e
1012 1011 1010 107 108 10 12 101 1010 109 108
Time | § Time |

Figure 2.7.: Calculated densities and kinetics: of the CT state (blue line), CS
state (red line) and the total charge (black line) for excitation densities of (a) 10'6 cm™3
and (b) 10" cm™3 photons. A plateau (black line), which is related to the generated
charge, is reached in a dynamic equilibrium only if the excitation density is low (a versus
b). Figure reprinted with permission from Armin et al. [55].

Barker et al. fit the TAS decay data with a distribution of recombination rates.
The recombination dynamics appeared to be described by a rapid early decay that
was fit with a narrow distribution of rate constants (Figure 2.8 a, red), followed
by slower decay that demanded a broader distribution (Figure 2.8| a, blue). They
attributed the faster decay to CT states in intermixed areas, with small separa-
tion distance which are prone to geminate recombination. Charge pairs separated
in pure DA domains possess a large separation distance and split up easily into
free charge carriers. This interpretation was confirmed by TAS measurements on
P3HT:PCBM annealed and unannealed [101]. While the unannealed system is
morphologically intermixed and leads to a stronger weighting of the faster recom-
bination distribution, the annealed system is separated into pure phases and shows
a slower distribution (Figure 2.8 a, bottom graph, red versus blue lines) |32} [101].
Other results from TAS measurements suggested, that dissociation of intramolecu-
lar excitons at the DA heterojunction forms either low energy bound CT excitons,
prone to geminate recombination but contributing very little to free charge gen-
eration b, mechanism 1), or more delocalized higher energy bound

polaron pairs, which exhibit a low probability for geminate recombination but a
high efficiency to split into free charges (Figure 2.8/ b, mechanism 2) [100-102].

Field-induced photoluminescence (PL) quenching studies also suggested a two-pool
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Figure 2.8.: Proposed two pool models from Ultrafast Experiments: (a) By
fitting recombination dynamics obtained with TAS to distributions of recombination
rates, Barker et al. identified populations of CT states (red) and spatially well separated
charges (blue). Here, the charge separation distance is R, which is small in highly
intermixed regions and large in well separated domains. The lower Graph shows the
corresponding double gaussian distribution of recombination rate constants to fit TAS
data for annealed (blue) and unannealed (red) P3HT:PCBM blends. Figure reprinted
with permission from Barker et al. [101]. (b) Proposed mechanism by Howard et
al.: In the first case the thermalization of the CT state is faster than separation;
charge separation and recombination are mediated by the thermalized CT state. In
the second case, the spatial separation of charges in hot CT states created directly
after excitation rivals the rate of internal conversion in the CT manifold. In this case,
spatially separated charges (SSC) are generated on a ultrafast time scale faster than
100 fs. Figure reprinted with permission from Howard et al. [100].

model derived from a morphological perspective, where photoexcitation populates
CT manifolds either in the intermixed and more disordered phases and CT states at
domain boundaries [87]. Only the latter are connected to the free charge reservoir,
meaning that they are involved in free charge formation and emit in electrolumi-
nescence (EL). CT states formed in the intermixed phase are largely confined; they
undergo geminate recombination and contribute mostly to the photoluminescence.
In both models, if there is little coupling between these two state manifolds, the
efficiency of free charge formation will be determined by the initial branching ra-
tio, meaning that it is decided on a very early time scale, before thermalization
is complete, whether exciton dissociation occupies fully bound or dissociable CT
states |101} 103].
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2.3.4. Interface Energetics

In combination with an energy driven charge separation, morphology plays a central
role. There are not necessarily only two domains with either donor polymer or
acceptor fullerene aggregates. Instead, the morphology at the BHJ interface might
be different and a third (intermixed) phase has been proposed [104H107]. Such
a different morphology introduces a slight shift of the corresponding HOMO and
LUMO levels aiding in stabilization of separated charges in their respective pure
donor or acceptor rich domains as shown in a. A three phase structure
with an energy cascade for the electron or the hole increases the CT state splitting
probability . In combination with a high local charge carrier mobility and long
CT state lifetime, the three phase structure explains efficient charge generation
in some bulk heterojunction solar cells 107]. At a nanometer length scale,
charge transport from the intermixed to aggregated phases could occur along a
single polymer chain, resulting in initial extremely high local mobilities

finally assisting charge generation.
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Figure 2.9.: (a) BHJ solar cell with the mixed region (left). Potential shifts in the
local energetic landscape at the phase borders between the donor, mixed and acceptor
(right). EA is the electron affinity, IP is the ionization potential. Figure reprinted
with permission from Burke et al. [106]. (b) Correlation between the TAS assay of the
yield of dissociated charges versus the driving force for charge photogeneration. Figure
reprinted with permission from Shoaee et al. [104].

The energetic alignment at the BHJ interface, the donor LUMO acceptor LUMO

offset is proposed to be the driving force for charge generation AG = Eg, — Ecr
[104]. The Coulombic attraction of CT states results in an energy barrier to their
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dissociation [11, [104]. Shoaee et al. proposed the concept that excess thermal
energy of the initially formed CT state can help to overcome the energy barrier.
Here, the CT state splitting into free charges is directly linked to the magnitude
of the excess vibrational energy. A direct correlation between the acceptor LUMO
level and the efficiency of charge dissociation b) was found [104]. The
acceptor LUMO level offset was also assigned to the dissociation of interfacial
charge transfer states being dependent upon the excess thermal energy of the initial

CT state |104]. This concept was theoretically supported by Peumans et al. [109).

2.4. Charge Extraction and Nongeminate

Recombination

The charge transfer (CT) state is split into free charges that subsequently are
transported to the electrodes. The last step in this chain of events constitutes
a charge transport problem that may massively influence the field dependence of

photocurrent in the device.

2.4.1. Charge Extraction

Organic bulk heterojunction solar cells are examples of systems with significant

morphological and energetic disorder.

Perfect conjugation of infinite long polymer chains would suggest a band-like trans-
port along the chains as found in inorganic crystalline semiconductors. However,
disruptions and defects breaks the chain in smaller conjugated units leading to
an ensemble of sites with varying energetic levels and slightly different distances
[111]. The charge carriers are more constrained in space and the concept of band
transport is not applicable. The charge carriers have to hop from one site to the
neighboring site. As a consequence, equilibrium charge carrier mobilities investi-
gated with steady state techniques (e.g. space charge limited currents, lower path
in in organic semiconductors are typically several orders of magni-
tude lower than in their inorganic opponent and present a limiting factor to device

performances.
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Figure 2.10.: Charge carrier thermalization. (a) An energetic cascade allows for
faster carrier extraction (and recombination) compared to hopping at the low energy
side of the DOS. Picture adopted from [110]. (b) Simulated time-dependent mobilities
at indicated DOS occupancies ng compared to experiments (blue symbols). The time-
dependent mobility of both the electrons and the holes is pump-fluence independent in
agreement with the experiments. The red dashed line indicates the equilibrium mobility.
Figure reprinted with permission from Melianas et al. [44].

Often, the Miller-Abrahams rate v;; is used to describe the hopping process from

site + with the energy F; to site j with Ej:

Vij o exp (—2r;) ¢ P (_%) B> Ei (2.29)
“ R B! , E;<E; '

where 7;; is the distance between the transport sites and «y is the inverse localization

radius. From [Equation 2.29|it is obvious that the hopping transport is temperature

activated. Because the hopping sites energy also enters, the shape of the density of
states, which represents the distribution of transport states in energy, dictates the
properties of charge transport [112]. A Gaussian distribution with the width o is
commonly used to describe the density of states of disordered systems as shown in
a [113]. Based on Monte Carlo simulations, Béssler et al. investigated
the temporal evolution of the charge distribution [114]. The time the charge carriers

need for thermalization is given by t,, which can be estimated by [114, |115]

t, = 10 toexp (—1.07 - (o/kpT)?) (2.30)
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were t is the dwell time of a carrier on a site in a lattice without disorder [114]. If
the probed time scales are smaller than t;, the charge transport becomes strongly
dispersive and the mobility will decrease with time. When the equilibrium has es-

tablished, the mobility is time-independent and approaches steady state mobilities

(Figure 2.10| b, red dashed line) |112} 114} 115].

Melianas et al. combined transient electro-optical experiments (TREFISH) and
kinetic Monte Carlo modeling [41] on the polymer:fullerene system TQ1:PCBM
[116] to show that early time charge transport in such devices is orders of magnitude
faster [44] than the reported near-equilibrium mobilities usually studied with steady
state techniques [45]. The transport was found to be very dispersive, leading to
orders of magnitude of spread in mobilities under operational conditions [39, 44,
117]. The motion of photogenerated charges is highly diffusive and governed by
relaxation in the homogeneously broadened density of states as shown in
b.

Dispersive effects such as time-dependent mobilities and dispersive recombination
have been reported for a number of DA blends [23] |41} [118]. Recent studies have
suggested that dispersive transport might be beneficial for efficient charge extrac-
tion [117]. This was rationalized by the high mobility of photogenerated charges
at early time scales and their potentially slow thermalization in a broadened DOS.

Extraction may take place before charges are fully thermalized (upper path in

Figure 2.10(a).

The key parameters for extraction are the electron and hole mobilities, both set the
time needed by the photogenerated charges to be extracted by the externally ap-
plied electric field F' with the mobility 4 = vF~!, and determine how fast electrons

and holes recombine [119].

Furthermore, the power law slopes of p(t) shown in [Figure 2.10[ b are similar to
that of ko(t) [118] as discussed in the next section, and it is therefore reasonable

to assume that the bimolecular recombination coefficient is directly proportional
to the mobility ko(tf) = Bu(t), where B is a constant [115]. This effect plays an
important role in nearly amorphous blends as will be discussed in [chapter 5
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2.4.2. Non-geminate Recombination

Non-geminate recombination is defined by the fact that the two charges were
generated independently of each other, in the case of organic solar cells thus come
from different CT states. The recombination process is mainly characterized by
its reaction order. Depending on the number of involved reactants, the recombina-
tion processes are distinguished in monomolecular, bimolecular and higher order
recombination. In principle, their corresponding rate constants can also depend

on the time.

Monomolecular Recombination

Here, the recombination rate depends linearly on the charge density n:

— = —kn (2.31)

with k1 being the monomolecular recombination coefficient. For purely first order
recombination, the temporal evolution of the charge density follows the exponential

function:

n(t) = ngexp (—kit). (2.32)

In organic semiconductors a recombination center can e.g. be a deep trap occupied
by an electron, which recombines with a mobile hole. This trap assisted recombi-
nation was described by Shockley, Read and Hall (SRH) [120]. The recombination

rate Rgry is given by:

C€ChNtnp
Rsgy = ———— 2.33
SRH Cen + Chp ( )
where C} and C, are the hole and electron capture coefficients, respectively, n and
p are the photogenerated electron and hole densities and N; is the density of trap

states.
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Bimolecular Recombination

Bimolecular recombination involves two independent charge carriers. For photo-
generated charges, electron and hole densities are equal and the recombination rate

only depends on the second power of n:

Pl —kon?, (2.34)
where ko is the bimolecular recombination coefficient. Most organic semiconduc-
tors consist of materials with low mobilities. Here, the rate limiting step is the
probability of two oppositely charged carriers to find each other. This process has
been studied by Langevin in the last century [56], |59] for the recombination of ions
in gases, a homogeneous isotropic media. Recombination inescapably takes place

as the distance between the electron and the hole decreases below the Coulomb

capture radius (Equation 2.23). The recombination depends on the drift velocity

of the two charges in their mutual Coulomb field F' towards each other when enter-
ing the Coulomb capture radius. From the point of view of the hole, the electron
moves with the sum of both mobilities © = pu. + pp and integration of the aver-
age electron current density J = gnuF' is the total electron current entering the

sphere:

2

I = n-(pe + ) (2.35)
€o€r

The entire current I, recombines with the hole. Hence, the Langevin recombination
coeflicient kj, can be defined as [56]:

kr =

q
(e + 1) (2.36)
€o€r
Surprisingly, this theory has been effective in describing recombination in single
component systems, such as OLED devices and thus is often applied to describe
recombination in DA blends, where electrons and holes are on different donor or

acceptor phases and recombination occurs only at the DA interface. But, in most

36



Chapter 2. Fundamental Part

cases a reduced Langevin recombination process is found [55, |61}, 75, [118]. The

Langevin reduction factor £, can be written as:

ki

2
In some material combinations a Langevin reduction factor of up to &, = 10* was
reported [121]. However, the reduction factor strongly depends on the material
selection and preparation conditions and therefore it has not yet been possible to

predict.

Higher Order Recombination

In some material combinations a recombination order exceeding 2 has been pub-
lished [122124]. The recombination rate then becomes:

((i;; = —kon®, (2.38)
with the reaction order a.. A reaction order of three is the Auger recombination in
which excess energy is given to a third carrier, which will be excited to a higher
energy level without moving to another energy band. After the excitation, the
third charge usually loses its excess energy wvia thermalization. This process is a
three carrier interaction and is normally only relevant at very high carrier densities.

Additionally, the Auger process is not easily probed experimentally, because the

third particle must begin in an unstable excited state [125].

Apparent recombination orders « with values below or above two have also been
observed [124}|126-128|, and are rationalized by a charge carrier density dependent
effect. If the mobility itself or the recombination coefficient depends on the charge
carrier density the apparent recombination order might be different, although the

predominant recombination process is bimolecular.

Time dependent Recombination

If the mobility is time-dependent, it may follow that the recombination rate is
also time-dependent. This is the case especially in disordered organic semiconduc-

tors materials, because it is expected that the larger the energetic disorder, the
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stronger are dispersive effects. A typical characteristic of dispersive recombination
in a Gaussian or exponential density of states (DOS) distribution is that nongem-
inate recombination is competing with charge thermalization [36] |118| |129]. The
recombination rate, the coefficient ko) (t) and the apparent reaction order oft)

becomes a function of the time:

dn

E = —ka(t)na(t). (239)

Here ‘é—? decreases more rapidly at low initial charge densities. At higher charge
densities, recombination speeds up because of the power law dependence on n
[130], now competing with thermalization. a shows the situation in a
Gaussian density of states (gray), where a charge carrier package (blue) is initially
generated upon pulsed illumination with an energetic distribution similar to the
DOS. Here, € markes the maximum of the density of occupied states (DOOS).
Upon thermalization, €* approaches the position of the Fermi level e and the re-
combination coefficient becomes a sole function of carrier density. Finally, for very
low carrier densities, the carrier package centers at the energy €., (which is a func-
tion of the width of the Gaussian distribution) and non-geminate recombination
is independent of time and carrier density. In principal all three cases shown in
a and b should be experimentally observable as predicted by Hofacker
et al. [129]. After pulsed excitation by a short laser pulse the total charge carrier
dn

density is measured at different delay times. From these n(t) data §7 can be de-

rived. With this, |Equation 2.39| can be visualized plotting % versus n as shown in

Figure 2.11] b.

Time dependent recombination rates were originally proposed within the frame-
work of Orenstein and Kastner [36] and Scheidler and Béssler [47]. They proposed
a time dependent recombination rate following a power law dn/dt oc ~! upon in-
creasing energetic disorder (o) [36], while for decreasing o, dn/dt oc t~2 is recovered
at long times [47]. The bimolecular recombination coefficient (dn/dt)/n?(t) shown
in b decreases with time and does not approach a constant value at
longer times for a large energetic disorder, whereas for small ¢ an equilibrium is
reached at longer delay times [47]. c shows theoretical predictions for
monomolecular and bimolecular recombination in transient photocurrent measure-
ments (TPC) [36]. Here, the photocurrent is logarithmically plotted versus time.

At short times n is < t~17® for monomolecular and bimolecular recombination and
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Figure 2.11.: Dispersive recombination in organic disordered semiconduc-
tors. (a) Charge carrier package (blue) in a Gaussian DOS (gray). The peak of the
package is approximated by €*. (i) non-thermalized carriers with an energy ¢* > ep
above the quasi-Fermi level €, (ii) thermalized carriers with ¢* = €p, (iii) thermal-
ized or non-thermalized carriers with ¢* = e.,. (b) Recombination rate as a function
of remaining charge carrier density after pulsed excitation for different fluencies in a
Gaussian DOS. Figure (a) and (b) reprinted with permission from Hofacker and Ne-
her [129]. (c) Theoretical predictions for monomolecular (MR) and bimolecular (BR)
recombination by Orenstein and Kastner [36] in transient photocurrent measurements.
Here, the photocurrent is logarithmically plotted versus time. At short times n is for
both cases n o< t~'7® and changes only for bimolecular recombination to n oc ¢7*.
Figure reprinted with permission from Orenstein and Kastner [36].

changes only for bimolecular recombination to n oc ¢! at larger delay times. Time
dependent recombination processes will be discussed in
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Experimental Part

3.1. Organic Photovoltaic Devices

All devices studied in this work are designed according to with only slight
deviations, like different materials for the active layer or the selective transport
layers. The substrates were procured from Lumtec. Lumtec sputters ITO through
high-precision laser cutted shadow masks on glass substrates with a sheet resistance

of 15 2 and a maximum roughness of 35 nm.

a) b)

Aluminum
Calcium
Active Layer

PEDOT:PSS
ITO
Glass

Figure 3.1.: Typical device architecture of an organic photovoltaic device: a) illumi-
nation enters the device from the bottom through the glass substrate with structured
indium tin oxide (ITO) on top. A thin transparent hole transporting layer and the
organic active layer are spin coated on top. The device is finalized with an evaporated
calcium aluminum electrode for collecting electrons and encapsulated with epoxy resin
and a glass lid. b) Structured ITO (light grey) with different sizes for transient mea-
surements (1.1 mm?) and steady state device characterization (16 mm?2) defined by the
cross section with the electrodes evaporated through a shadow mask. The active layer
(transparent light red) is sandwiched in between the structured electrodes.
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As shown in [Figure 3.1p) small pixels (defined by the cross section of the light and
dark gray electrodes) are used for transient electronic experiments, where a low
RC-time is mandatory. Therefore the sheet resistance and pixel size has to be as
small as possible, but large enough to still get reliable results. The best compromise
turned out to be an active area of 1.1 mm? in combination with a large contact pad,
which could be also metalized by post-evaporation of silver or highly conductive
silver ink for transient measurements and a large pixel for trustworthy steady state
measurements, e.g. current-voltage-characteristics, as edge effects and very small
deviations in the active area are nearly negligible. The active layer thickness used
in this work is in the range of 70 to 400 nm. A thin layer is needed due to the poor
hole mobility in most organic donor materials of ~ 107 c¢m? (Vs)~'compared to
silicon ~ 400 cm? (Vs)~![131]. On the other hand, a thick layer is needed to absorb

most of the incident light (section 2.1J).

3.2. Methods

Many contradictory and unclear models for free charge generation were also de-
veloped having their origin in non-ideal measurement conditions. For instance,
Transient Absorption Spectroscopy (TAS), an ultrafast pulsed all optical pump-
probe-method, usually suffers from high fluences. Also, as outlined above, it is
often difficult to separate the TAS signal into e.g. contributions from CT states
and free charges. Charge carrier densities at these high fluences are in excess of
that density generated at least at ten sunsﬂ in the best case [132]. Steady state
measurement conditions, as in e.g. jV-, EQE and IQE measurements, are referred
to as being ideal for characterizing solar cells as their later application will only be
steady state. Unfortunately, it is very difficult to separate field dependent genera-
tion and extraction, and to discriminate between different recombination processes.
TDCEF is a powerful technique to study these processes for application-relevant car-
rier densities, but the time resolution is often limited. Therefore a new setup was
designed to tackle the experimental challenges common established techniques are

facing.

The key conditions needed to combine the "best of two worlds", ultrafast pulsed

laser techniques and high resolution optoelectronic methods. First, a sufficient

10ne sun: AM1.5G, 100 mW cm 2
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time resolution had to be established to be able to distinguish between free charges
being generated and their recombination, second, the methods being sensitive to
the extractable charge only and finally combine all methods to find their common
results. In this chapter the experiments and their realization were introduced in

more detail to the reader.

For the TDCF and TAS experiment a research proposal was handed to the Deutsche
Forschungsgemeinschaft (DFG) and approvedﬂ; the centerpiece is a fs-TiSa Laser
(Coherent Libra 4 mJ, 800 nm, 46 fs pulses) which pumps a Coherent Opera
Solo Non-collinear Optical Parametric Amplifier (NOPA) (Figure 3.4)) providing a
large photon energy range from 290 to 2700 nm. The Coherent Libra is a one boz
system containing the seed laser (Coherent Vitesse) a stretcher, the ns pump laser
(Coherent Evolution), the regenerative amplifier and the compressor. The Coherent
Libra utilizes chirped pulse amplification [49]. Here, the ultrashort laser pulse
(from Coherent Vitesse) is stretched in time prior guiding it to the gain medium
utilizing a matched pair of gratings that are arranged such that the long-wavelength
component of the laser pulse travels a shorter pathway than the short-wavelength
component. After the grating pair, the laser pulse becomes positively chirped and
has longer pulse duration than the original. The stretched pulse, whose intensity
is now low is introduced to the gain medium and amplified with a high power
(20 W) 532 nm ns-Laserpulse from the Coherent Evolution. Finally, the amplified
laser pulse is compressed to the original pulse width through the reversal process
of stretching with another grating pair, achieving orders of magnitude higher laser

pulse peak power than laser systems could generate without amplification [49].

For all experiments presented in this work, a highly stable laser system is manda-
tory. Due to the non-linear conversion in the NOPA, already the fundamental has
to be as stable as possible. Therefore all components were optimized before every
measurement set: The internal Pockels-cells timing is ensured with a high precision
(25 ps Jitter) delay Generator (8 channel Coherent SDG, see also [Figure 3.3{). An
optimum setting for the so called build-up in the regenerative amplifier (central part
of the Coherent Libra), is defined by delay 1 and 2, are 3054.5 ns and 3240.75 ns
respectively, whereby delay 2 is important to optimize the pre- to main-pulse con-
trast ratio to at least 1:10000. Once the timings are optimized and the optical parts

inside the Libra are perfectly aligned, the temperature settings were optimized for
a maximum output power of the coherent evolution pump laser (see [Figure 3.2)),

2INST 336/94-1 FUGG
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Figure 3.2.: Optimization of the Coherent Evolution Laser output power by adjust-
ing only the LBO crystal and chiller temperature.

resulting in an Libra output power of 3.74 uJcm™2 (0.25% rms / 24 h) measured
with an Ophir Juno PE-10-C Powermeter. This fundamental pulse energy enables
a stable (3% rms / 24 h at 520 nm) operation of the NOPAs.

The Coherent SDG delay generator has in total 8 channels and the remaining 5
channel provide central trigger signals for all experiments. Roughly 3 us delay
is enough time to start triggering other instruments earlier, such that e.g. for
TDCF, excitation and extraction voltage pulse can start exactly at the same time
or earlier. In previous versions of TDCF at the University of Potsdam the trigger
pulse originated from the same laser pulse, the light needed to be delayed by the
time the function generator needs from the time the external trigger pulse arrives
to the actual output of the collection voltage pulse [133]. The optical delay was
realized with a 85 m long silica fiber.

Once the Libra is aligned, the beam is magnified in diameter with a telescope (see
and guided to both NOPAs inputs while separated in three paths with
75:25 (R:T), 50:50 ultrafast beamsplitters for white light generation and NOPAs,
respectively. The mirrors in-front of the NOPAs are used to center the beam onto
second irises (A2 in the Coherent OperA Solo manual). The converted light from
the NOPA is delivered at four different outputs, flipping mirrors and periscopes
are used to guide the light from NOPA I through the delay line, chopper, polarizer,
motorized mirror, beamsplitter and finally the sample as shown in [Figure 3.4, The
same sample position is used for TDCF and TAS. The converted infrared light from
NOPA 1II is used for white light generation in the near infrared part of the probe

spectrum.
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Figure 3.3.: Experimental time ranges and instrument network: time range on
which a (a) transient absorption (TAS), (b) time delayed collection field (TDCF) or (c)
bias assisted charge extraction (BACE) experiment could be performed. (d) Schematic
of a basic TAS setup with the main time controlling unit, the synchronization and
delay generator (SDG) which controls the pockels-cells of the coherent Libra regenera-
tive amplifier (fs-Laser), the chopper (CH) for blocking every second pump-pulse, SRS
delay-generator for electrically delayed laser pulses with a ps-laser (AOT 1) and delivers
a trigger to the oscilloscope. With two photodiodes, the delay between pump (PD1)
and probe (PD2) can be checked in order to adjust the beam path lengths. The spec-
trometer records simultaneously a visible and near-infrared spectrum and additionally
to every spectrum, the chopper state, position of the delay-stage and reference diode
amplitude. The reference diode (Ref.-PD) monitors the white-light- or pump intensity.
(e) Schematic of TDCF and (f) BACE, with a fast switchable cw-laser-diode whose
light is homogenized and delayed in an optical fiber (OD).
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Figure 3.4.: optical path schematic of the TDCF and TAS setup: red lines de-
scribe the path of the 800 nm fundamental for VIS white light generation (yellow), pink
dashed lines the 1200 nm for NIR white light generation and green for UV-VIS pump.
Two manual linear stages are used to match the optimal position of the retro-reflector
on the motorized linear delay line. Several mirror pairs, telescopes and periscopes are
used to match beam heights and sizes (not in the sketch). The whole setup is covered
on all sites with black anodized aluminum plates for laser safety and for minimizing air
ventilation/ vibration.
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3.3. Time Delayed Collection Field Experiments

In TDCF, the device is excited with a suitable wavelength at a varying pre-bias,
followed by a delayed collection field, which should be large and fast enough to ex-
tract all remaining charge (Figure 3.3p) [56]. The experiment allows us to scan the
field dependence of charge generation at short delays and recombination dynamics

at large delays.

Special care must be taken to ensure that only the wavelength needed is generated
by the NOPA and hits the sample and that there is no additional non-linear effect
(e.g. second harmonic generation (SHG)) in the device or substrate. Therefore
the spectral response was measured with a highly sensitive partially home-build
UV-NIR spectrometer (electronics by Entwicklungsbiiro Stresing, optics by Carl
Zeiss Jena, concept and design by Florian Dornack and Jona Kurpiers) and cross
checked with an Andor Solis SR393i-B spectrograph with two peltier cooled detec-
tors: silicon DU420A-BR-DD and an Indium Gallium Arsenide DU491A-1.7.

For excitation of the CT emission maximum a slightly different setup was used, a
ns-Nd-YAG Laser (Ekspla) was used instead of the fs-Laser (similar to[Figure 3.3p)
to successfully eliminate non-linear effects which can be induced by high pulse
energy density fs-pulses (above 100 uJcm™2) in the substrate or active material.
To ensure a perfect timing and a low jitter between optical excitation and electrical
probe an optical delay line (85 m long quartz fiber, LEONI) delays the light pulse
with respect to the trigger diode signal before the fiber [81} [118]133]. Additionally,
for experiments were one wavelength (532 nm) is sufficient, instead of the Ekspla

Laser, a ps-Laser (Innolas AOT 1) was used.

The pre- and collection bias was provided by a fast, low jitter function generator
(Agilent 81150A, output connected to V; of the amplifier) which is directly trig-
gered by a delay generator (Coherent SDG) for the fs-setup and with a fast trigger
diode (EOT-ET2030TTL) for the ns-setup). Special care must be taken to avoid
free carrier recombination prior to extraction during a charge generation measure-
ment at short delays. Therefore, mild excitation conditions and also fast ramp-up
of the bias is needed. Fast charge extraction needs a small measurement resistor
(10 Ohms) and a small capacitance ( 100 pF) which results in a short and large
recharging current of ca. 1 A within 2.7 ns. A high fidelity home-built measure-

ment amplifier was used to apply the pre- and collection bias and measures the
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current through the device. The electrodes of the device ) are directly
attached to the amplifier to reduce induction induced overshoot and ringing. A
high definition oscilloscope (Agilent DSO9104H) with very low noise input am-
plifiers in combination with a home-written software-lock-in-amplifier was used to

reach an overall high sensitivity.

For temperature dependent measurements the device was positioned on the cooling
finger of a closed cycle helium cryostat (ARS-CS202-X1.AL). Electrical connection
was realized through a home-built, direct attached amplifier as close as possible to
the device, with the drawback of loosing cooling power and reaching only 180 K.
The cryostat was heated and evacuated to 1.3x107" mbar (Pfeiffer TCP121 Turbo
pump and Edwards XDS-10 scroll pump) over night to remove residual water from

the vacuum chamber prior to the temperature dependent measurements.

3.4. Home-Built Amplifier

As already noted above, the key component for all field dependent measurements
(TDCF, BACE, fd-TAS) is the self-made measurement amplifier which provides
a large recharging current of 1 A within 2.7 ns and directly measures the current
through an grounded 10 €2 measurement resistor (also 5 € or 1 Q are possible).
The same amplifier is also used to drive the quasi cw-laser-diode for BACE exper-

iments.

The collection pulse is provided by an Agilent 81150A function generator, which
was selected because of its fast rise time of 2.5 ns, low Jitter of 250 ps and a rela-
tively high driving current of 400 mA for the amplifier input gates. Four fast cur-
rent feedback operational amplifiers from Texas instruments THS3091 ([Figure 3.5
U1-U4) are connected in parallel to provide the required recharging current and
amplifying the input voltage from the function generator (V;) by a factor of four.
This factor was chosen due to the fact, that only small signals can be generated
with a large bandwidth, e.g. fast rise time and low overshoot. Additionally, this

operational amplifier family is designed for a gain range from 1 to 10 [134].

The noninverting operational current feedback amplifiers have the input pulse sig-
nal connected to its positive input (exemplary only explained for Ul |[Figure 3.5
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Figure 3.5.: schematic of the self-made amplifier; V; is the input from the
function generator. U1-U4 are the TI-THS3091 operational amplifiers in parallel pro-
viding together 1 A for recharging the device under test (pink box), current balancing is
realized with an 1 € resistor at every single amplifier output, U5 measures the voltage
difference across R13, the 10 €2 measurement resistor, U5 is designed as a differential
amplifier and line driver (l;) for ease of use single ended signaling. Connections to and
from the amplifier are realized with a matched pair 1 m BNC cables.

here +input), thus the input impedance is infinite. Because an operational ampli-
fier allows no offset between both, the noninverting and the inverting input, the
negative input must be at the same voltage as its positive input [135]. This means,

that the operational amplifier has to drive current into the external feedback re-

sistor (e.g. |[Figure 3.5] R2) until the negative input is at the input voltage. As a

result, the input voltage appears across the grounding resistor (e.g. [Figure 3.5, R1)
if e.g. R1 equals R2. The voltage divider rule can be used to calculate the gain,

which is the output voltage Vo divided by the input voltage Vi, [135]

Vo R1+ R2

1
v 7 (3.1)

The gain is only set by the feed back loop of the noninverting operational amplifier

design with the two resistors R1 and R2. The feedback resistor R2 can have almost
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any value, but R1 should be chosen to get the wanted ratio.

All amplifiers provide their current via a 1 Ohm low inductive resistors into one
knot close (5 mm) to the device (Figure 3.5 equivalent circuit in pink square) to
reduce cable-inductivity induced overshoot and ringing. The voltage drop across
the grounded high-precision 10 {2 measurement resistor is amplified with another
THS3091 designed as a differential amplifier with an amplification of one and the
output (Vou) has a 50 Q resistor (R17) in series to build a voltage divider at the
oscilloscope input (external 50 €2 through-connector). Providing the large recharg-
ing current demanded by the operational amplifiers is realized with two grounded
small (0.1 uF) and large (6.8 uF) capacitors (not shown in which are
attached to the power supply rails (V1 - V10) of every operational amplifier on top

of each other to save space and improve signal quality.

a b C
) 04 PCDTBT:PCBM ) PCDTBT:PCBM ) 0 P TTTI:PCBIM, 1.:1 0.0
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Figure 3.6.: Timings and limits: a) timing of a typical TDCF measurement at
short delay; the collection Voltage (V..;, orange) is applied directly after excitation
(3.5 ns delay) with a laser pulse (measured pulse in green, calculated pulse in black, ).
Due to an internal delay (black arrow) in the amplifier circuit, V; (blue) needs to be
applied earlier. All signals are broadened by 600 ps because of the instrument response
time plus 100 ps because of the totzeit within the avalanche photo diode. b) Single
shot vertical resolution limit for a 70 nm thin PCDTBT:PCBM device excited at 1
nJ/cm? equivalent, 8 ns delay, 532 nm excitation wavelength, V.,; = -3V, V.. = 0.1
V. Note that the right axis is in pico-coulomb and the noise level is 30 nA. c) 50 nm
thin PBTTT:PCBM blend: RC-time limitation is one of the main drawbacks of TDCF;
although the rise time of the dark current transient is pretty fast, it takes roughly 100
ns to apply the full external field across the device (orange line).

a shows the timing of a typical TDCF experiment at the shortest possible
delay of 3.5 ns when the laser pulse has a duration of 600 ps. The THS3091

operational amplifier has an internal delay of 5 ns, which means that V},, for the
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operational amplifier has to be applied earlier a, blue) in order have
the collection voltage (Figure 3.6/a, orange) applied shortly after illumination. The
corresponding current under pulsed illumination is shown in a, red. To
improve the resolution of the current measurement, the operational amplifiers have
to be low in noise and offset, because both will contribute to the integration of the

photocurrent transient.

One of the biggest drawbacks of TDCF is the RC-time limitation; every fast phys-
ical process taking place within this time is hidden below the RC-time limited
extraction. ¢ shows such severe limitation for a very thin (50 nm)
PBTTT:PCBM device, but its capacitance of 382 pF is already twice as much as
a standard capacitance of a well performing organic solar cell. The RC time limits
the build up of the voltage across the electrodes of the device. Typical RC times for
very thin devices can be more then ~50 ns. Therefore, the risk of loosing charges
because of non-geminate recombination during extraction increases. Still, an un-
certainty in timing and charge carrier density determination exists, promoting a

careful consideration of the first tens of nanoseconds for very thin devices.
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Figure 3.7.: GaN-HEMT ultrafast amplifier: complete circuit diagram using a
network of 6 GaN-HEMT Transistors. The device equivalent circuit diagram is placed
in the pink box.

Yet, on the basis of earlier experience, the next generation amplifier made on the
basis of Gallium Nitride High-Electron-Mobility-Transistors (GaN-HEMT) [136]
was developed together with the Ferdinand Braun Institute, which is able to provide
1.5 A within a rise time of 60 ps (DC-30 GHz Bandwidth) and a maximum peak-
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to-peak Voltage of 40 V.

The amplifier has an differential signaling input, meaning, that the second input is
inverted to the first one biasing the base of GaN 2 and GaN 4 , which
are building the input transistor amplifiers. Differential instead of single ended
signaling is used to apply the voltage pulse and eliminate noise incoupling prior
amplification. The collector voltage is arbitrarily set in a way, that there drops
enough voltage across R2 to keep the transistor on and in the linear range when
it swings positive. When the collector voltage swings negative, still some positive

offset across the transistor is needed that it stays linear.

The second stage, a so-called long-tailed pair input arrangement gives the amplifier
its precision. The transistors GaN 1 and GaN 3 are matched for initial
and drift tolerances. Great care was taken in designing the transistors to insure
that parameters like current gain and base-emitter voltage are matched between
the input transistors, GaN 1 and GaN 3. Since the voltage sources are equal, the
current splits equally between the transistors, and thus the output voltages are
also equal. As long as the transistors and its parameters are matched, the collector
currents are equalized [135]. A small change of one input voltage causes a mismatch
in the collector currents and a differential output voltage. When, e.g., temperature
changes transistor parameters, it will cause no change in the differential output
voltage, as long as the change is equal for both. For a high precision amplifier
this behavior is mandatory in order to amplify small input signals while ignoring

changes in the ambient conditions [135].

The last stage is the output stage, where an upper (GaN 5) and lower (GaN 6)
output transistors is used, which are a complimentary pair. For the upper output
transistor, as long as it has a small drain-source resistance it forms a voltage divider
together with the sum of the series resistance of the sample and the measurement
resistor (R15+R9). When the load resistivity increases or if the output current flow
is small, the voltage drop across the output transistor is negligible [135]. Finally,
the output current flows through the output transistor. Because, the output stage

never should be unloaded, a by-pass resistor, R8, is placed in parallel to the device

under test (pink box, [Figure 3.7)).

The measurement resistor, R9, could be as low as 1 Ohm. The solar cell response is

measured across this resistor with a differential current probe (Keysight N2793A),
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Figure 3.8.: Transient simulations comparing the GaN-HEMT ultrafast amplifier

(Figure 3.7)) with the 4 times THS3091 design ([Figure 3.5|) leaving all other components

unchanged (device capacitance C=150 pF, measurement resistor R,, = 10f, series
resistance of the device Rg=7 (2). Dashed lines are indicating the time when 90 % of
the charges are extracted.

which is connected to the oscilloscope. The amplifier circuit is powered by an ex-
ternal 10 channel voltage source. The channels need to be switched on in a specific
order defined in the corresponding LabView routine. Simulations with Autodesk
EAGLE turned out to show a doubled time resolution (see compared
to the home-built measurement amplifier with commercially available parts. Un-
fortunately, up to now, we were not able to prepare a well performing organic solar
cell with a capacitance close to 100 pF. This prevents us from exploiting the full

scope of the new amplifier system to access the highly interesting sub-ns range.

However, a faster driving circuit does not solve the RC time limitations, but it can
speed up the loading process because of the fact, that the capacitive reactance X¢
is also a function of the cutoff frequency w of the driving circuit X¢o = (jwC)™.
The capacitor is loaded faster if the cutoff frequency increases. The rise time t,
becomes a function of w: ¢, = t.(¢)w™!, with ¢/ being the scaled, dimensionless rise
time at the output of the amplifier and ¢ being the parasitic functions within the
circuit [137].
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3.5. Field dependent Transient Absorption
Spectroscopy

In the previous section the improvements and limitations of the TDCF setup were
discussed. The rise time of the extraction pulse is limited by the RC time, which
is depending on the material, in the best case ~ 3 ns is reached. Nevertheless,
in organic solar cells many processes happen already on shorter timescales like
e.g. exciton recombination in the ps range. Also, free charge formation is reported
to happen in the fs range [102, (138, 139] for some polymer:fullerene BHJ solar
cells. To access and probe processes on this short timescale, Transient Absorption
Spectroscopy (TAS) is used and d). TAS is a fully optical pump probe
technique which allows us to study the evolution of excitation and recombination of
the singlet and CT-excitons as well as of polaron pairs. Note that TAS is sensitive to
every charge in the device and not only to those that are extractable. Furthermore,
in a typical TAS setup the absorption signals are measured in transmission on
thin films, however for organic solar cells the interplay between active layer and
electrodes can have a significant influence on processes as e.g. recombination and

only few people applied TAS on devices with electrodes [52, 54].

To address this issue and to compare TAS data with field dependent TDCF data,
the TAS setup was extended by implementing the possibility to apply an external
electric field. This allows us to combine and compare external charge genera-
tion efficiencies deduced from both setups from the femto- to the millisecond time

range.

The setup, which was realized in the course of this work has a time-resolution
of 82 fs. Due to a large optical delay line of 1.5 m the full time range between
pump and probe spans from of -300 ps to multiples of 9 ns delay. The converted
light from the NOPA (green line in is guided to the motorized linear
stage (OWIS limes 170-1500 & Nanotec SMCI35 stepper motor control). A high
precision retro reflector (UBBR-2.5 1S, protected silver, 1 arc second parallelism)
is directly attached to the linear stage car to ensure that the reflected light stays at
the same position while the car is moving slightly in unavoidable different angles
with respect to the table. In parallel the fundamental, which is later used for white
light generation, is pre-delayed on a manual linear stage to compensate for different

conversion pathways at various wavelengths in the NOPA.
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The pre-delay pathway has a total length of 9 m (red line in [Figure 3.4) and can

be manually varied by 1.2 m, which is needed for the temporal overlap of pump
and probe at the beginning of the motorized delay line. The white light continuum
(~400 to ~1600 nm) used for the probe is generated in an un-doped, 3 mm thick
YAG crystal close to the sample holder and can be pumped with 800 nm (VIS-
priority) and 1200 nm (NIR-priority). The white light needs to be optimized for
the spectral region of interest by slightly moving and tilting the crystal for best
conversion efficiency. The 800 nm pumped continuum is filtered with a Calflex X
filter which blocks 97% of the fundamental (800 nm) and is focused with a long
focal length lens (500 mm) onto the sample, while the pump is ~20 times larger
with respect to the probe beam diameter. Due to air motion on the table and the
moving linear stage car, the (chopped) pump spot is also moving on the sample,
this movement is actively corrected for with a home-built motorized mirror setup.
This setup consists of two nanotec SMCI12 controller and ST2018L0804 motors
connected to micrometer screws with a cardan joint, see and a CCD-
camera which monitors the position of the pump beam every second. The home-
written software moves the mirror such that the beam at the sample stays at the

same position (allowing for 10 pm deviation).

The temporal overlap of pump and probe can be roughly estimated (~300 ps) with
two fast photo diodes (PD1, EOT ET-2030 and PD2, EOT ET-3000,
d) at the position of the sample and the oscilloscope while the motorized stage is
moving. The exact temporal resolution of our setup is measurable with a cross-
correlation in a BBO crystal. The ultrashort pulses are too fast for electronic
detection. Therefore optical methods are used; our autocorrelator utilizes second
harmonic generation (SHG) in nonlinear crystals to measure the time evolution of
a pulse. Strong amplification of SHG occurs when two lasers pulses are present in
a nonlinear medium at the same time and in the same space. Those two pulses
then produce a third pulse of light with the combined pulse energy and at half the
wavelength. The setup for a simple autocorrelator is shown in |[Figure 3.9, The
unknown incoming pulse is split into equal portions called the pump and gate.
The gate beam is guided through a delay stage before meeting again the pump
beam in the BBO. If the distance along the two paths is the same the pulses will
overlap temporally and spatially in the crystal to create a signal at double of the
incoming photon energy. The emitted SHG signal is detected by a photo diode.
Great accuracy in the experimental setup needs to be taken care of, as light travels

at a constant velocity, a 0.3 ym change in the path length results in a 10 fs delay
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in the time the light pulse arrives at the crystal. By measuring the intensity versus

delay stage position it is possible to extract the temporal evolution of the pulse.

Lens BBO Photo Diode

Precision
Delay Stage

Beam Splitter

Unknown Pulses

Figure 3.9.: An Autocorrelator utilizing Second Harmonic Generation: The
incoming unknown pulse is split into two parts at the beam splitter. The two parts
meet again in an BBO and the intensity at the photo diode increases to a maximum if
both parts overlap in time and space.

The change of the white light spectrum between a pumped and unpumped sample is
recorded with a highly sensitive partially home-built UV-NIR spectrometer. Orig-
inally the whole system was bought from m-u-t/tec5 GmbH because the company
won the open competitive bidding due to faked specifications. The most prominent
mismatch turned out to be the readout rate; m-u-t/tech GmbH delivered a system
with max. 95 Hz for single pulse triggering, requested was min. 500 Hz. A one year
extrajudicial fight against m-u-t/techb GmbH ended up in building our own system.
The electronics were developed by Entwicklungsbiiro Stresing, the optics for the
VIS-spectrometer were left unchanged (Carl Zeiss Jena) and NIR~spectrometer was
home-built. The concept, design and manufacturing of the compact housing was

done by Florian Dornack and myself.

Our spectrometer system is now able to record a VIS and NIR spectrum with a,
compared to before, nearly doubled EQE of 92% (80%) in the VIS (NIR) with full
16 bit resolution at a maximum readout rate of 1.4 kHz, improving the signal to
noise ratio to the theoretical limit of a typical TAS setup (107> OD) [140] when
accumulating data for 2 s for every delay point. To optimize the sensitivity of
the spectrometer system, the probe pulse needs to hit a “sensitive” detector, this

condition is met when the pulse arrives ~15 us before the readout takes place
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(XCK level high). The spectrometer electronic is directly triggered by the SDG
channel 4 which can be used to delay XCK to the correct position.

Another important point is that the white light needs to be imaged on the detector
array, which turned out to be not the case for the Carl-Zeiss-NIR Spectrometer.
Due to the fact, that the m-u-t GmbH glued the sensor to the spectrometer no post-
optimization was possible. Another disadvantage of the system was the obsolescent
NIR-sensor with an overall very low EQE. As a consequence the sensor was removed
and replaced with a sensitive Hamamatsu InGaAs G11620-256DA together with
the readout electronics by Entwicklungsbiiro Stresing. Parts of the spectrometer
were removed to clear space for tilt and shift alignment of the new sensor. As
a result, the NIR- and VIS-spectrometer sensitivity is comparable to each other

when detecting the broad white light spectrum.

14 .L"-"'%\‘h . . T T T =
¥
fs-TAS

"AB000,
0.14 ns-TAS

TDCF *

0.01- Charge estimated from TAS
' total Charge from TDCF

Charge [normalized]

1012 10M 107 10° 10° 107 10° 10°
Time [s]
Figure 3.10.: Example of TAS and TDCF measured on the same sample:
Loss of photogenerated charges in a PCPDTBT:ICBA blend with electrodes measured
with transient absorption spectroscopy in reflection in the femtosecond range (optical

delay), in the nanosecond range (electrical delay) and with TDCF in the nanosecond
to microsecond range at an excitation wavelength of 532 nm.

The most interesting renewal is, however the possibility to measure TDCF and TAS
on exactly the same device with electrodes and an applied field as shown in
ure 3.10} For field dependent TAS measurements the device needs to be measured
in reflection. Alternatively, for very thin (transparent) electrodes measurement in
transmission mode are feasible as well. In the case of a reflection mode measure-
ment, only the part of the white light beam reflected from the back-electrode needs
to be guided through a pinhole, ensuring that the, from the substrate reflected part
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of the beam is fully blocked.

3.6. Bias Assisted Charge Extraction

Charge extraction experiments were introduced by Duffy and coworkers [141] but
the method suffered from poor time resolution and poor extraction capabilities.
As a consequence, Bias Assisted Charge Extraction (BACE)EI was developed as a
comparable experiment to TDCF with two important differences; first, the cw-laser
illumination is switched on for 2 ms ensuring a quasi steady state in the device
and switched off within 10 ns when the bias assisted charge extraction takes place
(see [Figure 3.3f). Second, charges are constantly generated and recombining under
constant illumination during a pre-bias preferably close to open circuit conditions
and extracted with a typical reverse extraction voltage. The capacitive reference
experiment in the dark then starts at zero volts and the voltage jump which is
applied to extract the charges is the same as under illumination. For illumination
various laser diodes were tested and the laser diodes with the fastest switch off
time (10 ns at 445 nm with 1 W from Insaneware, 10 ns at 635 nm with 0.5 W
from Optnext, 10 ns at 530 nm with 0.1 W from SONY) were chosen for the
experiments. The light is coupled to a fiber (LEONI, multimode, 85 m long) to
ensure high homogeneity of the flat-top beam profile. The device is placed in
the same sample holder as used for TDCF. JV-curves were recorded at the same
voltage settings for the laser diode delivering the same power but with the laser
in cw-mode. Results from BACE experiments were first published by Lange et
al. [142] and Albrecht et al. [143].

3BACE was originally build up during my research internship in 2011 and was named white light
TDCF because of the white LEDs as a constant illumination source. All related programs
and subprograms have the original name.
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Chapter 4

Free Carrier Generation and
Recombination in PbS Quantum Dot
Solar Cells

Colloidal quantum dots (CQDs) are a promising class of materials for optoelectronic
applications due to their well-tunable optical and electronic properties. These de-
vices deliver high currents but have a rather low Vpe and fill factor, indicating
significant recombination losses. Therefore, this material class serves as an exem-
plary device under test for the optoelectronic methods introduced in
and [section 3.6, TDCF and BACE experiments are used to investigate the charge
carrier dynamics in PbS solar cells. As an upper limit to the fill factor these de-
vices suffer from field dependent charge generation, although BACE experiments
reveal a rather high effective mobility of 2 - 1072 cm? (Vs) ™!, meaning that charge
extraction is efficient. On the other hand, a rather high steady state non-geminate

3 1

recombination coefficient of 3-107!° cm? s™!is measured, meaning that nongeminate

recombination competes efficiently with extraction.

This chapter is based on: Jona Kurpiers, Daniel M. Balazs, Andreas Paulke, Steve
Albrecht, Ilja Lange, Loredana Protesescu, Maksym V. Kovalenko, Maria Antoni-
etta Loi and Dieter Neher, Appl. Phys. Lett. 108 103102, 2016,
https://doi.org/10.1063/1.4943379. The paper is reprinted with permission from
Applied Physics Letters under the license number 4593560908052. Copyright, 2016
AIP Publishing LCC.
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Chapter 4. Free Carrier Generation and Recombination in PbS QD Solar Cells

A better and cleaner synthetic processing has largely improved the quality of CQDs,
which has stimulated their use in a diversity of applications . The quan-
tum confinement in the quantum dots can be tuned via precise tuning of the QDs
dimensions. Close proximity of QDs is achieved through the ligand exchange pro-
cess, by which the original, bulky organic ligands are replaced with shorter ones,
enhancing the electronic coupling. Lead chalcogenide quantum dot solids exhibit
a very broad absorption range, extending into the near infrared region ,
which makes them attractive for photovoltaic devices . The early Schottky
devices suffered from limited open circuit voltage (Voc) and fill factors (FF) [151]
. Great improvement in the device structure and in the choice of ligands led
to a record PbS CQD solar cell with efficiencies up to 10%. That record device
showed a short circuit current of up to 22 mAcm=2, Voc of 0.63 V and FF of
0.7 . Still, the device performance seems to be limited by the Voc and the
FF, due to recombination . The nature of traps and the recombination

mechanism in CQD solar cells is not yet fully understood.
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Figure 4.1.: PbS colloidal quantum dots: (a) Calculated atomic structure of a
5-nm-diameter QD passivated with oleic acids (OA— and OH- ligands) adopted with
permission from Ref. [157]. These QDs are crosslinked with BDT. (b) JV-curve under
100 mWem~2, AM1.5G illumination (pink) and in the dark (grey) of a device with
140 nm active layer thickness and an active area of 16 mm?.

TDCF, BACE and steady state measurements are excellent methods to investigate
free charge generation and recombination in PbS CQDs Schottky structure solar
cells. Schottky-junction solar cells based on 3.8 nm PbS CQDs were fabricated by
Daniel M. Balazs at the University of Groningen. Oleic acid-capped PbS nanocrys-

tals (Figure 4.1] a) were synthetized following a previously published recipe [152,
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. The active layers were prepared on clean I'TO by sequential spin-coating and
ligand exchange. A layer of nanocrystals was deposited from a 10 mg/ml chloroform
solution. Each layer was exposed to 20 mM acetonitrile solution of benzene-dithiol
(BDT) for 30 s, and the liquid was spun dry. The process was repeated 10 times
to reach the desired thickness of 140 nm, then the layer was annealed at 140 °C for
10 min. A top electrode consisting LiF /Al was evaporated finishing the fabrication.
All the fabrication steps were performed in nitrogen atmosphere and at the end,
devices were encapsulated with epoxy resin and a glass lid. The active device area

for TDCF and BACE experiments is 1.1 mm? and 16 mm? for .JV-measurements.

The JV-curve and parameters of the device investigated here are shown in
b. BACE was utilized to measure the carrier density in the devices at
Voc under different illumination conditions. A blue 445 nm continuous wave laser
diode was used as a light source. To avoid carrier losses due to free carrier recom-
bination, the illumination was switched-off within 10 ns and the external bias was

simultaneously switched from V¢ to the collection bias V.

a b
_ 2x10"° .
Al 51 5x10"° 4
LiF
PbS § 10"%

glass — /

5x10'°

Charge Carrier Density [1

100 ' 1000
Intensity [mW/cm?]

Figure 4.2.: (a) Schematic device structure, the PbS QDs are cross-linked with
BDT. (b) Charge carrier density measured with BACE at different illumination intensi-

ties at a bias which equals Voc (black circles), with the red line showing the slope for
3o—1

strict bimolecular recombination, with a recombination coefficient 3 - 1071 cm3s
b shows the resulting carrier density as a function of the steady state
light intensity. At Vo, the net current in the device is zero, meaning that all
photogenerated carriers must recombine. If the generation rate G is proportional to
light intensity and independent of field, the extracted charge density n as function

of illumination intensity at the respective V¢ yields the order of recombination
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via:

ne (]f)/ (4.1)

In b, data approximate a slope of 1/2 for higher illumination intensi-
ties, in accordance with a strict bimolecular recombination process (recombination
order a = 2) with a density independent free carrier recombination coefficient ks.
At lower illumination intensities, the extracted charge carrier density is expected
to deviate from the true average carrier density in the active layer, due to an inho-
mogeneous charge distribution [158]. Therefore, results for illumination intensities
below ca. 1 sun (100 mW cm™2) have been omitted. To determine the absolute
value of ks, the generation rate was estimated from the saturated reverse photocur-
rent Jy.. With Jg = 20 mA ecm™2 at an illumination intensity of at AM1.5G at
100 mW em™2  a reverse bias of -1.5 V and an active layer thickness d of 140 nm,
3571,

ky amounts to 3 - 1071 cm This value is significantly larger than for most

organic donor-acceptor blends, for which k; is typically between 1072 and 10~
em®s™! |61, (73] |75, [159-161]. As a consequence of rapid free carrier recombina-
tion, the charge density in the device extrapolated to 1 sun illumination intensity
is fairly small, around n = 5- 10 cm ™3, while polymer-based bulk heterojunction

cells typically exhibit n in excess of 106 cm™3, [143, 159, [162].

At Voc all photogenerated carriers must undergo recombination. Thus, the energy
loss from the bandgap to ¢Voc are due to recombination. This rapid free carrier
recombination and the resulting low steady state carrier density at an illumina-
tion intensity of one sun is a major reason for the low Ve and underperformance
of these cells. Despite that, the devices exhibit a reasonably high FF, meaning
that photogenerated charges are rapidly extracted from the active layer. Balazs
et al. reported impressively high electron mobilities ~ 1072 ¢cm? (Vs)™! in colloidal
quantum dot solids, but rather low hole mobilities ~ 10~* ¢m? (Vs)™!. Both mo-
bilities were measured in a field effect transistor (FET) geometry. FET-mobilities
for CQDs with BDT ligands were significantly lower [163], but these values were
shown to be strongly affected by interfacial traps between the CQD layer and gate
dielectric [163]. Thus mobilities in the FET architecture are not necessarily ap-

plicable for understanding solar cell operation. Therefore, BACE was applied to
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determine an effective mobility

e — 2fbefin
T et

(4.2)

within a solar cell at working conditions. In [Equation 4.2} u. is the electron and
(n,  the hole mobility. To determine jig, the same carrier density n is obtained
in two ways: either by illumination at intensity /; and V¢ conditions, where the
current density is zero or by keeping the device at a lower bias V < V¢, but at
higher illumination intensity /o, with a measurable net-current J(V'). With these

data, the effective mobility is calculated via [143]:

e, V) = g (4.9

a summarizes values for the steady state charge carrier densities at open
circuit (open circles), n(Voc), measured with increasing illumination intensity, to-
gether with n(V) for a fixed illumination intensity (dark yellow squares) correspond-
ing to the JV-curve (black line) with a short circuit current of 24 mA cm=2. n(Voc)
increases exponentially with Voc at increased intensities, as expected [143, 159].
In contrast, n(V) varies more smoothly with bias (dark yellow squares in
a) and intersects with n(Vpc) at the particular Voc. In the working range of this
device, peg, as derived with [Equation 4.3] varies between 1.5-3 <1073 cm? (Vs) ™%,
slightly depending on bias and illumination intensity. For comparison, the mobility
of the faster carrier type was estimated from the initial decay of the photocurrent
transients (see a), which yielded a value of 8 -107% em? (Vs) ™! (Figure 4.3]
a, inset). In view of the results by Bisri et al. discussed above, we assign this to
the motion of electrons. As peg is markedly lower than prpcr we conclude that
the extraction of photogenerated charges out of the active layer is limited by the

slow motion of holes.

In addition to issues with charge extraction, the FF can be limited by the field
dependence of charge generation. TDCF experiments were performed with excita-
tion wavelengths of 410 and 532 nm, using a delay of only 4.5 ns between pulsed
illumination and the onset of charge extraction with an applied V.1 of -1.5 V. This

delay was chosen to ensure non-geminate recombination had not yet commenced.

For these conditions, b shows that the bias dependence of the total
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Figure 4.3.: Mobility of the faster charge and field dependent charge
generation (a) The faster carrier mobility (inset) calculated from the photocur-
rent decay of a TDCF transient at V,,;=-1.5 V as a function of delay (right) with

uwTDCF = ﬁ(voc +0.03V — Uext), d is the device thickness, t;, the transit time

of the remaining photogenerated charges after a certain delay, R is the resistance and
C the capacitance of the sample. The pre-bias during delay was V,,.=0.3 V. (b) Total
extracted charge as a function of pre-bias for different pulse fluences and wavelengths
(delay 4.5 ns and 10 ns for excitation at 532 nm and 410 nm respectively, Vo= -1.5
V).

extracted charge is independent of the fluence, meaning that the extracted charge
scales strictly linearly over a wide range of fluences (between 0.005 uJcm™2 and
0.7 uJ em™2), ruling out any significant losses by higher order processes as the data
series overlay at reverse and forward bias. In the following, the generation effi-
ciency (EGE), expressed by the total extractable charge in relation to the number
of incident photons, is discussed at a rather low fluence (of only 0.15 puJcm™2), as
this yielded a charge carrier density comparable to steady state conditions under
one sun (AM1.5G, 100 mW cm~2). Charge generation with excitation wavelength
of 532 nm was found to have a slight field dependence, which becomes somewhat
stronger if the sample is instead excited with higher photon energies at 410 nm
(Figure 4.3). An EGE of 0.5 at short circuit conditions indicates that 50% of the
incident photons contribute to the amount of total charge, and that at reverse bias
this improves to almost 55% as the stronger electric field suppresses geminate re-
combination. The field dependent EGE data is overlaid on the steady state JV
characteristics in b. It becomes clear that when driving the device at
reverse bias, the increasing photocurrent can be directly attributed to the improved

generation efficiency at these stronger fields, and reduced free carrier recombina-
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tion. However, as the device approaches Vo the current becomes more strongly

affected by the internal electrical field, which cannot be ascribed entirely to genera-
tion, but rather is attributed to free carrier recombination (light area in [Figure 4.4
b).
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Figure 4.4.: PbS CQD solar cell devices: (a) BACE measurements of the steady
state carrier density at different illumination conditions in the operating voltage range.
Shown are measurements with increasing intensity at Vo (black circles) and at a fixed
intensity (yielding a short circuit current of 24 mAcm™2, dark yellow squares). The
corresponding JV-curve is shown by a black solid line. (b) Bias dependent current in
the dark (open green circles) and at AM1.5G (pink open squares), compared to the
field dependence of free charge generation measured with TDCF (wavelength 532 nm,
delay time 4.5 ns, dark yellow circles). The area above the measured EGE shows non-
geminate losses and the area below geminate losses. The solid line is the prediction
from an analytical model based on experimentally determined parameters.

To check for the consistency of the results, in b the experimental JV-
curve is compared to an analytical model based on second order recombination,
as published recently by U. Wiirfel and D. Neher [78]. To describe the JV-curve
quantitatively by means of an analytical expression, the Shockley equation is often
used |76, [86, |164]. Here, the current density J and the external bias V. are
written as functions of the internal voltage Vi, where Vi is a direct measure of

the quasi-Fermi level splitting in the bulk of the photoactive material:

T(Vine) = Jo (exp (Z‘;;f) _ 1) —Js (4.4)

By the time Shockley et al. derived [Equation 4.4] their devices comprised pn-
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junctions made from high mobility materials such as Ge, Si or GaAs. In contrast,
organic semiconductors usually display quite low mobilities. Therefore, the internal
voltage differs significantly from the applied bias. Assuming a constant tilt of the

quasi-Fermi levels for electrons and holes yield:

Vvea:t(%nt) = V;nt +

d
Yetery oxp (%) I (Vint) (4.5)
Here, Jg is the generation current, kg Boltzmann’s constant, T" the temperature
and Jy = edkyn? is the saturation current density which depends on e the elemen-
tary charge, ko the recombination rate and n; the intrinsic charge carrier density.
To calculate J(V'), ko and pes were taken directly from the BACE measurements,
n; was taken from extrapolating the high charge carrier density range measured
with BACE to Vo =0V a), and Jg was assumed to be equal to the

short circuit current.

Note that this approach does not implement field dependent charge generation. Yet,
despite the simplicity of the approach, very good agreement between the measured
JV-curve and the prediction by the analytical model is seen (black line in [Figure 4.4]
d), using the measured parameters. The model works particularly well at forward

bias, where the JV-curve is mainly governed by non-geminate recombination.

Parameters used for the analytical description of the JV-curve in b are:
per=2x1073 cm? (Vs) ™! for the effective mobility, Jo=J,;=17 mA cm~?2 generation
current, d=140 nm thickness, k,=3x107'" cm3s~! bimolecular recombination co-
efficient and n;=1.18x10'? ¢cm™? intrinsic charge carrier density from
a. To obtain a good approximation of the intrinsic charge carrier density, the
Voc and n(Voc) is measured at different illumination intensities. a dis-
plays eVoc-E, versus n and the linear approximation fitted to the higher charge
density part prolonged to a situation were Voc equals zero. The obtained charge
carrier density is then the intrinsic charge n;. In b the Voc is plotted
versus light intensity. This is a simple way to independently determine the order
of recombination. In the semilogarithmic presentation in b, the slope
of the Vooversus In(I/1y) plot is 2kgT/aq, where « is the recombination order and
kgT/q is the thermal voltage. In case of pure bimolecular recombination at high
intensities, « is 2, while « is 1 for trap-assisted recombination at low intensities,
which is consistent with results on other CQD solar cells [165, [166].
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Figure 4.5.: Intrinsic charge and recombination order: (a) charge carrier den-
sity measured with BACE at different illumination intensities with their corresponding
Voc versus Voc - E,. Extrapolating the high charge carrier density range to Voc=0V
gives the intrinsic charge carrier density n;. (b) Voc versus light intensity for a wide
range of constant monochromatic (445 nm) illumination intensities, the red line below
0.1 sun corresponds to a=1, primary monomolecular recombination, changing to a=2
above 1 sun (bimolecular recombination).

To give a deeper insight into the recombination dynamics, TDCF was performed
with increasing delay time between the excitation laser pulse and the onset of
extraction at a pre-bias close to Vpc. a displays the charge flowing
out of the device during pre-bias, Qpre, the charge collected upon application of
the collection voltage, Qcon, and the sum, Qi., plotted as function of delay time
for three different fluences. Also, before each series of measurements, the charges
present in the dark at the given pre-bias, Qqa.x were measured with BACE, but with
the device kept in the dark. With increasing delay time, (e increases continuously,
as more and more charge carriers leave the device before the collection bias is
applied. On the other hand, Q.. exhibits a continuous decrease, as the charge
left in the device after the delay becomes diminished by both extraction and non-
geminate recombination. Thus, the decrease of () is only because of non-geminate

recombination.

Interestingly, the course of the normalized Qi as function of the delay is nearly
independent of fluence, meaning that non-geminate recombination after pulsed il-
lumination initially does not depend on charge density. This implies recombination
follows a recombination order of one as discussed later b, gray lines).

This is in clear contrast to the results from steady state BACE outlined above,
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which showed non-geminate recombination (NGR) to be bimolecular under steady
state illumination conditions above 1 sun illumination intensity a and
b). It suggests that the initial decay of the photogenerated free carriers
in TDCF may involve initially empty traps. Reported trap densities, N, in PbS
CQD are typically quite high, up to 10" depending on the type and density of the
ligand [167].

A closer analysis of the TDCF data reveals that the decay characteristics are incon-
sistent with a simple first order decay process. To further understand the recom-
bination order and dynamics in this system, an approach was adopted to analyze
the non-geminate recombination loss, following the procedure outlined in Ref [168|
169]. The incremental change of Qo4 over a time increment, AQ,(t)/At, is plotted
versus Qeon(t) in a log-log fashion. A Qo (t) is the loss due to NGR and Qo (t) is
the charge remaining in the device at time t. Therefore, for any given delay time,
the slope of log(AQ;.(t)/At) versus log(Qeon(t)) yields the recombination order.
At short delays, when Q.o is large, the slope of the equitemporal line for the three
fluences indeed gives a=1 b, grey line), which indicates a first order
recombination process. However, if the system followed a simple recombination
process with a time-independent recombination coefficient, meaning that the re-
combination rate is an exclusive function of the charge density in the device, all
points in the differential decay plot would fall on a single curve, which is clearly

not the case.

An explanation of both facts is that the non-geminate recombination dynamics up
to 100 ns are governed by a first-order process but that the recombination process
slows down with time. Although it is not yet clear what the physical processes
governing this phenomenon is, one idea is that the initial rapid decay may be due
to trapping of the faster carrier while trapping and free carrier recombination of
the slower carrier dominates the dynamics at longer times. For even longer delays,
all data finally approach one common curve, which now follows strict bimolecular

recombination in presence of dark charge, according to:

(Qpre(t + At) - Qpre(t)) + (Qcoll(t + At) - Qcoll(t)) o AQtot
At At

(4.6)

At eAd

AQy, 1
Qt i 71{72( zoll + 2Qcolleark)- (47>
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Figure 4.6.: Recombination dynamics: (a) TDCF experiments with increasing
delay (until Qn is not detectable anymore) measured for three different fluencies;
0.05 (green), 0.15 (dark yellow), 0.34 (blue) uJecm™2 at V,,.=0.3 V (b) a direct plot
of the recombination order, which is two for longer delays (dashed orange line) and one
(gray line) for all others. The fit (dashed orange line, equation (5) is done with ky =
1.5x1071% cm3s™! and Qgan= 8x10~! C.

The dark charge as determined by BACE experiments on the same device in the
dark is 8 x 107 C. The value for ky = 1.5x107° ecm?®s™! from TDCF is slightly
smaller than when determined by BACE. However, this is quite understandable

considering the much lower carrier densities present in the device at long delays.

A picture arising from these measurements is that a rather high density of traps
exists in the active medium. In the TDCF experiment, these traps are initially
empty and become rapidly occupied with photogenerated carriers. This explains
the first order initial carrier loss in the TDCF experiment. Under intense steady
state illumination these traps are permanently filled. Therefore, recombination at
and above 1 sun steady state conditions is second order. Following this line of ar-
guments, recombination at low steady state illumination should become dominated

by a first order Shockley-Read-Hall process.
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Chapter 5

Dispersive Non-Geminate
Recombination in an Amorphous

Polymer:Fullerene Blend

Geminate and non-Geminate Recombination of free charge carriers are central limi-
tations to the performance of organic solar cells. Especially for low mobility materi-
als non-geminate recombination is strongly linked to the poor movement of charges
and their thermalization in the inhomogeneously broadened density of state dis-
tribution. Here, the apparent field dependence of charge generation and disper-
sive recombination of photogenerated charge is studied in a strongly disordered

polymer-fullerene blend.

This chapter is based on: Jona Kurpiers and Dieter Neher, Scientific Reports 6
26832, 2016.

https://doi.org/10.1038 /srep26832. The paper is reprinted under the Creative
Commons Attribution 4.0 International License. Copyright, 2016 nature publishing

group.
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Chapter 5. Dispersive Non-Geminate Recombination

The most organic solar cells consist of at least two semiconducting components.
When these components are spincoated from a common solution, upon drying, they
form an inter-penetrating, partially phase-separated network, comprising donor-
and acceptor rich domains. The presence of the acceptor often affects the order and
orientation of the polymer chains [32, 170}, in some cases the crystallization of the
polymer component is suppressed [46]. It is expected that these amorphous regions
in the polymer-fullerene blend exhibit higher energetic and positional disorder than

within crystallites.

Neutral excitations such as excitons or charged excitations such as polarons may
undergo thermalization for amorphous materials, leading to a time-dependence
of their fundamental properties on different timescales like spectral diffusion of
excitons [33], 35, [171] or time-dependent charge carrier mobilities |36} |37, |114}, 172,
173|.

In accordance with this correlation, recent studies on prototypical polymer:fullerene
blend devices revealed significant thermalization effects [23, 40, 42-44, 174, 175].
One example is PCDTBT (Poly[N-9’-heptadecanyl-2,7-carbazole-alt-5,5-(4",7’-di-2-
thienyl-2’,1’,3’-benzothiadiazole)]) blended with PCBM ([6,6]-Phenyl-C71-butyric
acid methyl ester). The PCDTBT:PCBM blend is nearly amorphous [45, (176, |177]
independent of device thickness [46]. TAS measurements by Howard and coworkers
revealed a progressive red-shift with time of the photoinduced absorption feature
assigned to polarons on the polymer, which was attributed to the thermalization
of holes within the amorphous polymer network [23]. The large shift of the TAS
signal (nearly 200 meV) and the long thermalization time (up to 100 ns) was seen
as an indication for considerable energetic disorder of the polymer HOMO in the

amorphous blend.

TAS measurements were repeated recently with our setup as introduced infchapter 3]
measuring in reflectance while having applied an external voltage (see example in
a). The spectral features shown in b compare very well to
the spectra published by Howard and colleagues in a [23]. The red shift
with time of the photoinduced absorption feature is well resolved, in c
the maximum shifts from 2.1 eV at 2 ps to 2 eV at 1 ns, which is in good agreement
with [23]. This red shift has only a very weak dependence on the externally applied
voltage ¢ and red lines in d), which is mainly because of
electroabsorption in the blend [54]. Evaluating the spectral range from 725 nm to
775 nm, which corresponds to the signature of free charges in a PCDTBT:PCBM
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blend [23], reveals a bias independent decay as shown by the well overlapping blue
lines in d. This finding indicates, that charge generation in the strongly
disordered blend PCDTBT:PCBM must be field independent. Obviously, when
TAS is measured in a fully optimized device structure with the electrodes on both
sides, the decay of the free charge signature speeds up by approximately 4 ns when

compared to a measurement in transmission [23]. Recombination fo free charges

sets in at 400 ps (Figure 5.1/ d, blue lines)

Interestingly, the combination of TAS with kinetic Monte Carlo simulations sug-
gested significant thermalization of the electrons in PCDTBT:PCBM as well, with
an initial strong relaxation within the first 10 picoseconds, followed by a successive
decay (Ref. [23] and also shown in ¢, 0.8V) which extends into the
microsecond range [23]. Hole and electron mobilities were proposed to be time-
dependent, with a more pronounced mobility decay of holes due to larger disorder
in the HOMO. It was concluded that polarons are extracted and may recombine
while still thermalizing [23, 178]. Note that previous conclusions regarding the
initial thermalization of charges in PCDTBT:PCBM blends were based on TAS
experiments on freestanding layers, without electrodes and without an external
bias applied, which is another reason to perform TAS in reflection on a real de-
vice structure. Evidence for carrier relaxation at longer time scales (above 1 us)
came from current extraction by linearly increasing voltage (CELIV) while bulk
generation time of flight measurements suggested higher order recombination with

a possible time dependent recombination coefficient [4§].

In this chapter, the method of time-delayed collection field (TDCF) was employed
to follow non-geminate recombination (NGR) in an actual device, at charge carrier
densities comparable to those found at 1 sun steady state illumination (AM1.5G,
100 mW cm~2), and biases in the actual working range of a solar cell. It is demon-
strated that NGR exhibits a continuous slow-down over several orders in time and
that most carriers have recombined or are extracted prior to complete thermaliza-

tion.

By using a short delay and a low fluence, losses from NGR can be neglected and
TDCF directly measures the efficiency of free charge generation. Information on
the absolute carrier generation yield can be obtained as a function of electric field
by varying the pre-bias or photon energy. This condition is usually met when
choosing a delay time of ca. 10-20 ns and pulse fluences below ~ 0.2 uJ cm—2[26,
61, |73}, 75, 81}, 1159, 179, (180].
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Figure 5.1.: Transient Absorption Spectroscopy in Reflection: (a) Transient
reflectivity map recorded after excitation at 400 nm and a fluence of 7 pJ/cm? with
an applied bias of 0.43 V. (b) Spectra collected after different delay times showing the
shift of the bleach peak for different applied biases and (c) its temporal evolution. (d)
Line outs showing the influence of the electric field on the bleach peak (red lines) and
on the charge density estimated from integrating the polaron peak from 725 to 775 nm
(blue lines) for -2 V, 0V, 0.4 V and 0.8 V.

Surprisingly, when the external generation efficiency (EGE), expressed by the to-
tal charge ()4 in relation to the number of incident photons, was measured as a
function of pre-bias for the PCDTBT:PCBM blend, an apparent field dependence
of generation was observed. This is, however, inconsistent with the high fill factor
under steady state one sun illumination (AM1.5G, 100 mW/cm?), as shown in the
comparison between total charge from TDCF and the JV-curve in|Figure 5.2h. Ad-
ditionally, transient absorption measurements with applied biases in the range from
-2 V to 0.8 V suggest a field-independent generation of polaron pairs ,
blue lines). Note that all devices were optimized before the TDCF measurements

and exhibited state of the art power conversion efficiencies (PCE), with PCE =
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6.8% and 3.9% for an active layer thickness of 70 nm and 220 nm, respectively.
These TDCF experiments were performed with the previous TDCF setup with a
delay time of 12 ns between photo-excitation and the start of the extraction ramp,
and a moderate fluence of ca. 0.1 pJ/em?. The apparent field dependence of the
EGE in our TDCF experiments, which becomes more pronounced with increased
pulse fluence suggests a significant contribution of NGR under the present measure-
ment conditions. If NGR is non-linear in free carrier density, this loss will show up
in a sublinear dependence of the total extracted charge on fluence above a certain
threshold value. shows the result of such a control experiment (red
triangles) with a delay time of 12 ns. Interestingly, the charge never scaled linearly
with the laser fluence, even for the smallest possible fluence of 0.05 u.JJ/cm?. This
suggests efficient initial NGR in the PCDTBT:PCBM blend at the time scale of a

few nanoseconds.
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Figure 5.2.: TDCF traces at short delay to probe the apparent field de-
pendence and modified TDCF measurement scheme used to record initial
non-geminate recombination losses. (a) The external generation efficiency of a 70
nm thick PCDTBT:PCBM device, measured with TDCF as a function of pre-bias for
3.5 and 12 ns delay time and fluences of 0.005, 0.05, 0.1 and 0.4 uJ/ch. Pulsed
illumination was at an excitation wavelength of 532 nm with a laser pulse length of 0.6
ns or 6 ns for 3.5 ns and 12 ns delay, respectively. For comparison, the JV-curve of the
same device under simulated AM 1.5G light calibrated to 100 mWW/cm? is shown by a
solid line. The scaling of the two y-axes was chosen to overlay the low fluence EGE at
a reverse bias of -2 V with the current density at the same bias. (b) The total collected
charge density as a function of laser fluence measured with a pre-bias of 0.7 V and a
collection bias of -3 V.

Since non-geminate recombination impairs the determination of the free charge

generation yield even at the smallest fluence and the shortest delay possible with
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our previous TDCF setup [61, [75], significant improvements in the sensitivity and
time response of the setup were made. Details can be found in [section 3.3, This
new setup made TDCF measurements possible with fluences as low as 5 nJ cm™2

and with delays of only a few nanoseconds.

With these improvements, full suppression of the initial fast NGR was seen at a very
low fluence and at a delay of 3.5 ns. In NGR is seen to set in at a fluence
of about 0.02 uJcm™?(green circles). TDCF data shown in (green
circles) prove unambiguously that free charge generation in PCDTBT:PCBM is
indeed field-independent if measured under these conditions, consistent with TAS
d, blue lines) and other efficient blends [23, 28| |61}, [75, 159, [181]. The
comparison of a and b shows that great care must be taken to choose
a suitable fluence and delay time to exclude NGR, otherwise one may make faulty

conclusions about the device performance on the basis of TDCF experiments.

Because of the fast response time of the new setup, it is obvious to track dynamics
of NGR in more detail. TDCF experiments were performed with different delays
and for a wide range of fluences. Special attention was paid to the fact that due to
the sample capacitance, the external voltage rise across the device is slower than at
the output of the amplifier. Therefore, in addition to classical TDCF experiments,
our measurements also included negative delay times, where the collection voltage
rise is initiated before the laser pulse hits the sample. a discusses these
different cases. For a large positive delay, for t; >> 0 (first case), free charges
are generated under a certain pre-bias, but undergo significant NGR during the
delay before being extracted upon application of the collection bias. When the
delay is decreased, (second case) free charge generation still occurs under the pre-
bias, but now the collection voltage is initiated shortly after the laser pulse, and
non-geminate losses are largely reduced. This is the condition typically chosen to
determine the field dependence of charge generation. However, due to the RC-
time (7rc) of the circuit, which is given by the output resistor of the amplifier,
measurement resistor, resistivity of the electrodes, capacitance of the sample and
cables), a certain fraction of the initially generated charges might still recombine

non-geminately before the extraction bias is fully applied across the active layer.

For a small negative delay t; < 0 but |td| < Tre (third case in [Figure 5.3 a), the
initial bias under which charges are generated and extracted is somewhere between

pre- and collection-bias. As the internal electric field is not yet fully built up,

rapid NGR might still take place. At even larger negative delays (situation 4 in
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Figure 5.3 a, t; << 0), charge carrier generation takes place at the fully applied
collection-bias. Since NGR is strongly suppressed under the full collection bias, all

photo-generated charges are extracted to the electrodes. As shown in
a (green circles) the EGE to be bias-independent, Q; for t; << 0 serves as a

reference value.
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Figure 5.3.: Early time evolution of carrier recombination dynamics for dif-
ferent layer thicknesses. (a) TDCF traces at different delays. Zero delay t; = 0 was
defined by the condition that the laser pulse (green line) and the applied extraction
voltage ramp (red line) overlay in time at 10% of their final value. (1) t; >> 0, laser
pulse (green) under pre-bias, charges are generated well before collection is initiated
and will, therefore, experience significant non-geminate recombination. (2) t; > 0,
laser pulse under pre-bias but some charges might be lost by fast non-geminate recom-
bination. The example 4.4, shown in the figure (black arrow) is depicted for this case.
(3) tq < 0, laser pulse under increasing collection-bias, but the final bias not achieved;
(4) ty << 0, laser pulse under constant collection-bias, geminate and non-geminate
recombination is highly reduced. (b-c) The total extracted charge (solid colored lines)
and pre-charge (dashed lines) are plotted as a function of delay for different laser flu-
ences including negative delays for 70 nm (b) and 220 nm (c) active layer thickness.
The laser pulse width was 600 ps. Data have been normalized to yield the same total
charge at a delay time of =35 ns. Also shown is the build-up of the electric field across
the device as estimated by integrating the transient recorded in the dark (dotted blue
line). The situation where short circuit condition (0 V across the active layer) is reached
is indicated by a dark cyan line. Recombination already sets in during the rise of the
extraction field for the 70 nm thick sample, but not for a 220 nm active layer thickness.
For the thick (thin) device, an active area of 1 mm? (0.5 mm?) was chosen to closely
match the RC-time of both devices. The experimental conditions where the same as
in b, with the pre-bias being close to the maximum power point at 1 sun
illumination.

b shows results of these measurements for a layer thickness of 70 nm

and an active area of 0.5 mm?. As a consequence of the high capacitance of this
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device, because of the small thickness, the RC-time is approximately 12.5 ns and
the electric field takes up to 20 ns in order to be fully applied across thin devices
(blue dotted line). On the other hand, with an initial pre-bias of 0.7 V and a
collection bias of -3 V, short circuit condition (0 V across the sample) is attained
already after ~2 ns ( b, blue dotted and green solid line). According to
the JV-curve in[Figure 5.2h, short circuit, or applying any negative bias is sufficient
to suppress most NGR losses under steady illumination conditions. Therefore, if

measured at negative delay, non-geminate recombination should be suppressed.

This is apparently not the case, in the thin device, a significant reduction of total
charge is observed even at short negative delay, denoted as a red transparent rectan-
gle in b. As free charge generation is independent of field, this loss must
be entirely due to NGR. We conclude that for an optimized layer thickness of the
PCDTBT:PCBM blend, there is efficient NGR at fast time scales, which already
occur during the build-up of the electric field. This rapid and bias-dependent NGR

is the reason for the apparent field dependence of the extracted charge carriers in

a for fluences above 5 nJ cm—2.

When discussing possible reasons for this early-time NGR, it is worth noting that
no such effect was seen in the TAS experiments by Howard et al. [23] despite using
higher fluences. They showed that NGR sets in no faster than 10 ns at a fluence
of 7 uJ/cm?. The two experiments, TAS and TDCF, differ mainly in the fact that
while TAS is performed on freestanding thin films in Ref [23], TDCF is measured
on the full device structure, with the electrodes on each side of the active material.
As already mentioned before, TAS on the full device stack led to the result that
recombination sets in earlier (Figure 5.1{ d, blue lines). Both experiments reveal,
that the rapid NGR is therefore proposed to be mediated by the contacts.

Support for this interpretation stems from numerical drift diffusion simulations. A
combined study using Jan Anton Kosters steady state simulation tool Zimtwinkel
[182] to determine dark charge carrier profiles and a Matlab routine
which additionally takes into account the competition between extraction, diffusion
and recombination at every spatial and time step was applied to support the ex-
planation of TDCF experiments. The results are shown in [Figure 5.4 Parameters
for the simulation are: g.= 10~% ecm? (Vs)™!, pp= 1076 cm? (Vs) land ky = 10717

3 1

cm® s, no trapping, no surface recombination at the contacts, a barrier of 0.8 V

for holes and electrons at the anode (right electrode) and cathode (left electrode),
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Figure 5.4.: Drift Diffusion Simulation for a d =70 nm thin blend without
time dependent parameters. Photogenerated charge carrier density after homoge-
neous illumination (orange lines in (a) and (b)) in the active layer at 10 different time
line outs in the range from 0 ns to 1 mus experiencing bimolecular recombination and
extraction under no-flux conditions at the contacts (An.(z = d) = Any(z = 0) = 0)
for (a) electrons and (b) holes. (c) Background charge distribution as obtained from
simulations of the JV curve in dark with Zimtwinkel introduced in Ref [182] for elec-
trons (blue line) and holes (red dashed lines) (d) Corresponding differential plot of
the difference in total charge per time unit versus remaining charge in the active layer
derived from (a) and (b) for three different fluences while neglecting time dependent
processes (ka(t) = const.). An apparent time-dependent effect is seen in the first 20
ns which exactly monitors contact mediated recombination. The recombination order
of one evolves to a strict bimolecular recombination after ~20 ns. Parameters for the
simulation are: p.= 107 cm?(Vs)™!, pp= 1075 cm? (Vs)~'and ky = 10717 cm3s™ L.

respectively and an optical bandgap of 2 eV. Although no time dependent recom-

bination coefficient was introduced, charges are more rapidly lost within the first
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20 ns (upper right part of d) than the actual recombination coefficient
predicts which was set as input parameter to the simulation (ky = 10717 cm3s71,
dashed line in d). Another interesting outcome is, that for the thin
device, 30% of the initially homogeneously photogenerated charge (10* cm™3) are
already lost within the first 2 ns, which is in good agreement with TAS measure-
ments d) on a device with the same thickness. The reason for this fast
initial loss in the simulation is the large amount of background charges located in
the vicinity of the contacts and the low mobilities of the freshly photogenerated
charge. The photogenerated charge (0 ns, orange line in a) is staying in
the device and recombines with the large number of background charges

a, black line at 2 ns) before extraction sets in.

Increasing the layer thickness to 220 nm alters the early time recombination dy-
namics significantly. To better match the RC-time of both devices this sample had
a larger active area (1.1mm?), meaning that the capacitance and with that the
RC time was only slightly smaller than for the 70 nm sample (0.5mm?). With an
active layer being now three times thicker, the initial NGR loss at t; < 0 diminishes
because of a smaller contact region to volume fraction. The total charge, recorded
as a function of the pre-bias for a short delay time of 3.5 ns is now independent
of fluence (see [Figure 5.5)). An intermediate situation is encountered for an active
layer thickness of 150 nm (Figure 5.5, middle). Note that the thickest device ex-
hibited a weak bias-dependence for all fluences which is assigned to a weak field
dependence of free charge generation, possibly originating from a slightly different

morphology in the thick device [45].

b shows that the fast initial recombination loss in the vicinity of the
contacts becomes more dominant when the excitation wavelength is changed such,
that the generation profile maximum moves from the middle of the active layer
closer to the PEDOT:PSS anode (to the near infrared). Increasing the active layer
thickness reduces the probability that photo-generated carriers move close to the
contact via diffusion, consistent with our finding that thicker devices don’t display

such an initial decay.

The above data combined with the simulation results provide consistent evidence
for a fast initial NGR loss, which is most pronounced for the thinnest device and
is most prominent at biases near open circuit. Holes and electrons are generated
in the bulk of the active layer, and may diffuse the same direction where they

recombine in the region close to the contacts.
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Figure 5.5.: Effect of layer thickness on the initial fast recombination loss.
Normalized total charge measured for three different fluences at a delay of 3.5 ns, is
plotted as a function of pre-bias for an active layer thicknesses of 70 nm, 150 nm and
220 nm. The decrease in extracted charge with increasing pre-bias becomes less fluence
dependent and overall weaker when the active layer thicknesses increases to 220 nm,
indicating that the fast initial loss is less significant in thicker active layers. (a) Shown
is the normalized total extracted charge for a delay time of 12 ns. Excitation was with
different excitation wavelengths, with the fluence adjusted to give approximately the
same initial carrier density as for illumination at 532 nm with 0.1 zJcm™2. The active
layer thickness was 70 nm.

Increasing the internal field will speed up charge extraction and reduces the proba-
bility for NGR. A comparison of the thin and thick layer of |[Figure 5.3p and b shows
that the charges can be more easily extracted from the thinner device because the

pre-charge increases more rapidly with longer delays.

For positive delay times in a, b the data show an initial step decrease,
followed by a more gradual decay. Attempts to fit these traces with the iterative
approach [61} 73] 75|, using a constant, time independent recombination coefficient,
turned out to not agree with the data. We therefore analyzed the recombination
dynamics with a new approach as outlined in Ref [81, |169]. The incremental
change of the total extracted charge density per time increment, Anyy (t)/At, with
Nt = Quot/€Ad , is plotted versus ney = Qeon/eAd for different delay times
and fluences. As Anuu(t) is the nongeminate recombination loss and ng.(t) the

remaining charge density at the time ¢,

ntot(t + At) — ntot(t) . Antot . o
At - At - ’Y(t)ncall (51)
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where « is the order of recombination and 7(t), the possibly time-dependent recom-
bination coefficient. According to equation [Equation 5.1] the slope of Anyy(t)/At
versus e (t), plotted for the same delay but with increasing fluence in a log-log
fashion, yields the recombination order. On the other hand, any time dependence
of the NGR coefficient will show up as a gradual change of An,(t)/At for a fixed
Neoy With increasing delay. This general analysis scheme is detailed in [Figure 5.6h,
where the fluence increases from left to right and the delay increases from the top
to the bottom of the graph. Noise in the data was reduced by fitting the original

traces with at least three (s = 3) stretched-exponential functions

S

_+B;
fat)y=>_e"" (5.2)
i=1
is often used as a phenomenological description of relaxation in dis-
ordered systems. It was first introduced by Kohlrausch to describe the discharge
of a capacitor [183] with glass as dielectric. The resulting differential losses were
then binned logarithmically to reduce the number of data points in the differential

decay plots.

For all PCDTBT:PCBM blends shown in [Figure 5.6} the incremental loss at a given
neou(t) slows down with increasing delay. This points to the NGR coefficient be-
ing strongly time dependent. The situation is very different for a well-crystallized
thermally annealed P3HT:PCBM sample (see [Figure 5.6, data from [181]), where
incremental recombination data for a wide range of fluences and delays lay on
the same line, implying a time-independent recombination mechanism at all times
studied here. This is in accordance with insignificant spectral relaxation in TAS ex-
periments on P3HT:PCBM blends |100] and the nearly absence of time dependent
mobility in the nanosecond range obtained with TREFISH (time resolved electric
field induced second harmonic generation) experiments |[42]. Therefore, the pro-
nounced slow-down of recombination in the PCDTBT:PCBM sample is attributed

to the amorphous nature of this blend.

A comparison of the differential recombination plots in and d would
suggest that slow-down of recombination proceeds over a longer time scale in the
220 nm sample. Two underlying causes lead to this outcome. First, there is nearly
no initial NGR loss for this thicker device, meaning that the differential plot cap-

tures nearly all recombination events. Secondly, 6 times the volume, the 220 nm
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Figure 5.6.: Dispersive Recombination Dynamics in PCDTBT:PCBM. Fig-
ures (a)-(e) are differential decay plots showing the charge loss per time unit versus
remaining charge in the device for three different fluences. The pre-bias was 0.7 V in
all cases. The delay increases from the top (10 ns) to the bottom (1 ps), the fluence
increases from left to right. Charge losses for 70 nm devices annealed at b) 70 °C and
c) 200 °C, and a device with a d) 220 nm thick active layer annealed at 70 °C. The
solid gray line represents a recombination order of 2, the dashed line an order of 1. (e)
200 nm P3HT:PCBM device for four different fluences, data depicted from Ref [181].
(f) The time dependent recombination coefficient in PCDTBT:PCBM nicely follows a
power law (grey), which is explained by thermalization of photogenerated carriers in
an inhomogeneously broadened DOS. The dashed gray line denotes the recombination
coefficient determined from previously measured values of the carrier mobilities and the
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Chapter 5. Dispersive Non-Geminate Recombination

devices contains a larger amount of charge than the thinner device, allowing us to
follow the recombination dynamics with high precision to longer delay times. In

fact, the kinetics of bulk recombination is nearly the same for all three devices.

According to [Equation 5.1 the analysis also allows one to determine the time
dependence of the recombination order «, which is the slope of the equitemporal
lines. Interestingly, this slope always falls in the range between 1 and 2 for all
samples. This is because recombination of the photo-generated charge also occurs
with the background charge in the active layer (dark injection, unintentional doping
or immobile charge on the metal electrodes). In previous analysis of TDCF data,
bimolecular recombination with background charge was fitted with a simplified

model (Equation 5.3) not taking time dependent effects into account |61, 73, (75l
159, [181]

Anyy
At

= k?(ngoll + 2ncollnbg)- (53)

Here, ky is the bimolecular recombination coefficient and ny, is the background

charge density.

The situation is more complicated for the PCDTBT:PCBM blend, because back-
ground charge is fully thermalized while most photogenerated charge is not, mean-
ing background and photogenerated charges may have different recombination coef-
ficients. To cope with this problem it is assumed that the dispersive recombination
dynamics is dominated by the thermalization of a single charge carrier. Blends
annealed at 70°C and 200°C exhibit almost the same recombination dynamics,
despite the fact that annealing significantly broadens the DOS of the HOMO of
PCDTBT and negatively affects charge transport [45]. Also transient photocurrent
(TPC) measurements as well as Monte Carlo simulations of TAS data consistently
revealed much higher electron than hole mobilities [23, |185] across the relevant

timescales. Therefore, it is presumed that the motion of electrons dominates the
rate of NGR.

The differential decay plots were now analyzed with

Anyy

N ko (nZo () + o () ) + ko pgningnicon(t), (5.4)
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where recombination of photogenerated electrons is described by a time dependent
ko (t), irrespective of whether the recombination partner is a photogenerated hole or
a background charge. Following the same line of arguments, the time-independent
recombination coefficient ks 5, is used for the recombination of background electrons

with either photogenerated or background holes. To get a reasonable estimate of

k2pg, NGR in the 220 nm device was analyzed with for the longest

delays (~2 us) as shown in [Figure 5.7a. The density of background charge was
determined independently by applying bias assisted charge collection in the dark,

using the very same bias conditions as in our TDCF measurements (Figure 5.7|b)
[159].

a b
4x1071° : : : 8x10”"
- 70 nm, annealed at 70°C
¢ —e— 70 nm, annealed at 200°C|
3x1071°4 N | 6x10%' - —a— 220 nm. annealed at 70°C|
g E
g -10 = 21
2 2x107""9 [—q B o 4x10°" 1
© pre Cm
('_:) Qg
Q
-10 | coll i 21 |
1x10 —k, %"— 2x10
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0.01 0.1 1 02 03 04 05 06 07 038
Delay [us] Pre-Bias [V]

Figure 5.7.: Dispersive Recombination Dynamics in PCDTBT:PCBM. (a)

lterative fit according to to the collected charge at delays in the range
of 1 to 2 us yields kap, = 210717, (b) Background charge was measured in the

dark with bias assisted charge extraction (BACE) for the devices studied here. The
continuous increase in the background charge density with increasing bias indicates
that it originates mainly from injection. These values are listed in the corresponding

differential decay plots in [Figure 5.6|

With this information, the differential plots were fit with and k()
as the only variable. Excellent agreement to the data is obtained, as demonstrated
with the solid blue lines in [Figure 5.6(b-d). Therefore, it is concluded that NGR
in PCDTBT:PCBM is strictly bimolecular in nature, but with a time-dependent
bimolecular recombination coefficient. The only exception is the early time re-
combination of the 220 nm thick devices, which follows a first order process. We
attribute this to an initial free carrier loss by trapping, in line with the interpre-

tation of transient photocurrent experiments by D. Moses and coworkers [186] in
combination with a small loss at the electrodes (see|Figure 5.4)), which also appears
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as an initial first order loss.

The recombination coefficient ks (t) is plotted for two fluences for all three devices
as a function of delay time. It reveals a common power-law-type time dependence
of ko(t) o< t~%, which is assigned to dispersive recombination in the amorphous
active layer, as the kinetics of this process are independent of layer thickness (see
Figure 5.6f). These particular (power-law) decay kinetics are characteristic for
a continuous thermalization of carriers in the inhomogeneously broadened DOS,
which progressively slows down carrier motion [40, |47}, |174]. The decay proceeds
until all charge carriers have either been extracted or recombined, meaning that
the carrier distribution in PCDTBT:PCBM never reaches thermal equilibrium.
Importantly, the decay dynamics are not affected by the initial carrier concentra-
tion. This implies that under all conditions, including the presence of background
charge, unoccupied states are always available for the thermalization of photogen-
erated charge in the tail of the DOS.

Time dependent recombination was not seen in well-ordered samples as studied pre-
viously with TDCF [61, 73, 75|, |100} 159, 181}, |187]. Previous experimental evidence
for time dependent NGR dynamics came mostly from all optical pump-probe mea-
surements on freestanding blend layers |17, (19} |188-192], or on complete devices
with transient photocurrent methods such as CELIV [193] 194]. Though optical
pump-probe techniques exhibit sufficient time resolution to capture the entire NGR
dynamics, their limited sensitivity usually requires higher fluences. Because of the
contactless sample design for these methods, they are insensitive to the effect of
the contacts or an electric field on the recombination dynamics. However, CELIV
is capable to work with application-relevant carrier concentrations, but the time

resolution is quite poor (above 1 us).

The dispersive recombination reported here implies a significant slow-down of car-
rier motion in the time range considered, in agreement to the TAS and simulation
data published in Refs 23] 44]. compares the Langevin recombination
coefficient calculated from the time dependent mobilities in Ref [44] to the time
dependent recombination coefficients measured here. This comparison suggests
that the recombination coefficient is only slightly reduced compared to Langevin
recombination at early times, while it relaxes more quickly than would be expected
from hole and electron mobilities alone. As a consequence, the Langevin prefactor
falls below 0.1 on longer timescales; consistent with recently published Langevin
reduction factors in PCDTBT:PCBM |19} 195].
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Figure 5.8.: Time dependent Langevin Reduction Factor. Comparison of
the Langevin recombination coefficient (green filled circles) calculated from the time
dependent mobilities with the time dependent bimolecular recombination coefficients

obtained with TDCF experiments (from |[Figure 5.6( f) for two different fluences. The

Langevin pre-factor (Inset) derived from this comparison exhibits a continuous decrease
as a function of time, from 0.7 at 10 ns to 0.08 at 1000 ns.

These studies show that non-geminate recombination in PCDTBT:PCBM is bi-
molecular at all times and intensity studied here. This is in accordance with
the findings from a large number of experiments on other organic solar cells,
with various methods including transient and steady state techniques [196]. For
PCDTBT:PCBM, as free charge generation is field-independent, the only process
which determines the field dependence of the solar cell current under illumination
is indeed non-geminate recombination, which is shown here to be dispersive and

mediated by the contacts.

This study demonstrates the need for a rapid and sensitive measurement of charges
in a TDCF experiment. Otherwise, a measurement with poor time resolution and
insensitive charge detection due to rapid recombination will result in a virtual field
dependence of the generation in a TDCF experiment. Such a result can not fully

describe the course of a JV curve.
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Chapter 6

Probing the Pathways of Free
Charge Generation in Organic Bulk

Heterojunction Solar Cells

That organic solar cells perform efficiently despite the low dielectric constant of
most photoactive blends initiated a long-standing debate regarding the dominant
pathways of free charge formation. In this chapter free charge formation is adressed
through the accurate measurement of the activation energy for photogeneration
over a wide range of photon energy, using the method of time-delayed collection field
at different device temperatures. The most important result of this study is that the
activation energy does not depend on the excitation energy. The activation energy
is a measure of the additional thermal energy needed to dissociate thermalized CT

states into free charge.

This chapter is based on: Jona Kurpiers, Thomas Ferron, Steffen Roland, Mar-
ius Jakoby, Tobias Thiede, Frank Jaiser, Steve Albrecht, Silvia Janietz, Brian A.
Collins, Ian Howard and Dieter Neher, Nature Commaunications 9, 2038 (2018)

https://doi.org/10.1038/s41467-018-04386-3. The paper is reprinted under the
Creative Commons Attribution 4.0 International License. Copyright, 2018 nature

publishing group.
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Chapter 6. Probing the Pathways of Free Charge Generation in Organic
Bulk Heterojunction Solar Cells

Primary excitations in organic semiconductors are strongly bound singlet-excitons.
They split at the D-A interface and form interfacial CT-states. Because of the
low dielectric constant in organic semiconductors CT-excitons experience strong
Coulomb binding, which is in stark contrast to the field independent charge gener-
ation in several well performing devices [6, 61, 118, [179]. A lively debate was born
about the nature and energetics of the CT-states involved in free charge formation
[11-14, |70} 197} 198].

The aim of the work summarized in this chapter is to contribute to the current
debate regarding the dominant pathway of free charge generation in bulk het-
erojunction solar cells. To this end, we performed precise measurements of the
temperature dependent charge generation for a wide range of excitation energies
including direct CT excitation. It has been shown that the temperature depen-
dence of free charge generation is very sensitive to the energy landscape involved
in the free charge generation pathways [199, 200]. If excess energy would alter this
pathway, temperature dependent experiments should show it. Interestingly, this
approach has been rarely applied to photovoltaic bulk-heterojunction blends, and
before this work has been published, there was no publication which performed a
direct measurement of the generation efficiency as a function of temperature over

a wide range in excitation energies.

The choice of the material system has some specific requirements: first, the system
should have a broad absorption range, allowing for a wide range of excitation ener-
gies, from the CT-state to high energy excitons. Second, the system should exhibit
an appreciable field dependence of generation, where we also expect a significant
effect of temperature on the generation efficiency. Third, the material family should
be chosen such that the morphology and performance can be easily controlled by
small changes of the chemical structure and the fullerene cluster size should be
small enough to not give any own contribution to the field dependence of gener-
ation in neat fullerene domains [54]. And last and most importantly, the system
should be free of dispersive effects, as shown in the previous [chapter 5| this would
aggravate the determination of free carrier generation efficiency from the TDCF

experiments.

In neat polymers or fullerenes excitation with higher energy photons results in
a higher efficiency and a lower activation energy for free charge generation [94,

201]. To confirm these findings we applied TDCF to a sample of the well-known
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polymer (poly(|N,N-9-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-
2,6-diyl]-alt-5,59-(2,29-bithiophene)) (P(NDI20D-2T), also known as N2200). This
particular polymer was chosen because of its proven bipolar transport characteris-
tics and its low intrinsic disorder [202]. shows, that direct excitation of
the intramolecular CT state at 800 nm leads to inefficient photogeneration with a

much higher activation energy than for the excitation of the m-7*-transition at 400

nm.
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Figure 6.1.: Charge generation in N2200; (a) Absorbance and EQE spectra, the
inset shows the material P(NDI20D-2T) (b) Temperature and field dependent data
from c and d at a bias of -1 V reveal activation energies of 7 meV and 24 meV for high
and low photon energy excitation, respectively (Fit, red lines). Temperature dependent
charge generation at different pre-biases excited at (c) 800 nm and (d) 400 nm.

A huge combination of materials was scanned and finally the PCPDTBT family
blended with diffferent fullerenes was found to meet the needs for temperature
dependent charge generation experiments. Most of the other blends had issues,
e.g. direct charge generation in too large PCBM domains [159], fast initial non-

geminate recombination [118], no field dependent charge generation [181] or fluence
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dependent field dependence of charge generation and fast initial non-geminate re-

combination (see [Figure A.6)).
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Figure 6.2.: Energy level diagram for the materials used in this study. Ar-
rows indicate the pathways of charge formation via electron (channel 1) or hole transfer
(channel 2) across the donor-acceptor heterojunction. The energy offset at the hetero-
junction is systematically reduced with substituting PCBM by ICBA and PCPDTBT
with 1F-PCPDTBT.

The blend energetics, morphology and photovoltaic performance of the PCPDTBT
family can be easily tuned by small changes of the chemical structure of the blend
materials. By incorporation of a strong electron withdrawing fluorine atom to the
backbone of PCPDTBT the energy offset at the heterojunction is reduced. As the
energy of the polymer singlet exciton is basically unaffected by fluorination, the
lower polymer HOMO will decrease the driving force for charge separation, A F¢g.
The same effect arises when substituting the fullerene PCBM by its derivative ICBA
with severe consequences for the photovoltaic performance [Figure A.2] Raising the
energy of the charge separated state clearly correlates with increase in the open
circuit voltage (see , but the correlation between blend energetics and
shape of the JV curve is not obvious and requires a better understanding of the

blend morphology.

Another crucial point is to exclude fast initial non-geminate recombination over
a wide temperature range. Therefore, temperature dependent TDCF experiments
as a function of the delay time between excitation and extraction were measured
under different conditions and some results are plotted in [Figure 6.3|

a shows for the example of the PCPDTBT:PCBM blend that charges

survive 20 ns without substantial recombination at low fluences, but also that
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Figure 6.3.: Recombination dynamics for the PCPDTBT:PCBM blend: (a)
Shown is the collected charge as a function of the delay time between the laser pulse and
the onset of the collection field (green), the charge flowing out during pre-bias (grey)
and the total charge (brown) for excitation at 532 nm and three different fluences.
The data were fitted (red) with an iterative fit routine specified in [75] with a single
ks = 5 x 1071"m3s™! and a dark charge of Quur = 1 x 10719 C. (b) Normalized
collected charge and corresponding (c) time resolved Photoluminescence evaluated at
the CT-emission-maximum for three different temperatures.

the decay follows exactly a second-order recombination process, with the bimolec-
ular recombination coefficient ks being independent of the fluence. The absence
of an initial decay rules out that dissociable CT states with a lifetime above ca.
4 ns exist in the sample, as such states would contribute to the collected charge
at short delays. The lack of dispersive recombination excludes significant early
non-geminate recombination. Therefore, the extracted charge at short delay is an
accurate measure of the free charge that survived geminate recombination within
the first few nanoseconds. Additionally, recombination slows down at low temper-
atures (Figure 6.3p) extending the recombination onset even further.

TDCF data is supported by the results from transient photoluminescence exper-
iments on a PCPDTBT:PCBM without metal electrodes, shown in Figure
. The data show that most CT states either undergo recombination or
dissociate into free carriers within the first few nanoseconds, even for the lowest

considered temperature and zero internal field.

For the studied blends, the group of Brian A. Collins probed polymer crystallinity
and fullerene aggregation through grazing incidence wide-angle X-ray scattering

(GIWAXS) as well as mesoscale compositional domain structure within each blend
with resonant soft X-ray scattering (RSoXS) [26, 203, 204]. |[Figure 6.4a displays
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Figure 6.4.: Blend morphology: (a) GIWAXS: Scattering intensity is scaled
to allow visual comparison of the lineouts. Peaks at ) = 5.5nm™! correspond to
the polymer (100) plane, whereas the peak at Q = 15nm~! indicates the pres-
ence of fullerene aggregates. (b-d) AFM topology (upper) and phase (lower) pic-
tures of (b) PCPDTBT:PCBM, (c) PCPDTBT:ICBA and (d) 1F-PCPDTBT:PCBM
blends measured on a 30x30 pm? area in the AFM tapping mode phase images. The
PCPDTBT:ICBA blend reveals a rather featureless surface while the fluorinated blend
exhibits fiber-like structures which we attribute to polymer aggregates.

the resulting one-dimensional GIWAXS patterns for each blend in the out-of-
plane direction of the film. Blends with PCPDTBT lack any indication of lamel-
lar polymer packing, whereas the fluorinated polymer contains a strong peak at

Q = 5.5nm~! that indicates polymer aggregation . In all blends, scat-

! indicates the presence of fullerene aggregation . A

tering at () = 15nm~
measure of the average distance over which a periodic structure is established, the
correlation length, is calculated for each fullerene peak via 27/FW HM through
peak fitting. Blends of PCPDTBT with PCBM and ICBA have correlation lengths
of 1.44 4+ 2nm and 1.09 + 2nm, respectively, which indicate that PCBM aggre-
gates better than ICBA. Because of the short correlation lengths compared with
the molecular size, these numbers should be considered the average distance over
which ordering occurs rather than the domain size . Upon fluorination of the
polymer, the PCBM correlation length increases to 1.78 + 2nm, indicating even
stronger fullerene aggregation caused by stronger polymer packing. The presence

of domains in the fluorinated blend can be confirmed by polymer fibrils made visible
on the blend surface with atomic force microscopy in [Figure 6.44.

As the morphology is substantially different within the PCPDTBT:fullerene fam-

ily, the role of excitation energy in free carrier generation might probably depend
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Figure 6.5.: Charge generation in a PCPDTBT:PCBM blend as function
of electric field, temperature and excitation energy: (a) EQE of a 110 nm thick
blend (cyan, right axis) compared to the EL spectrum measured for an injection current
of 0.1 mA/cm? (cyan, left axis) at 300 K. Also shown is the EQE calculated from the EL
spectrum with Rau’s reciprocity relation (dark yellow). Red dashed lines are Gaussian
fits to the EL corrected for the EL of the neat polymer. The arrows indicate the
excitation energies. (b) Charge at 4 ns delay versus fluence excited at 2.95 eV for 3
different biases measured at 300 K (reddish) and 200 K (bluish). Bias-dependent charge
generation (symbols) for different temperatures measured with TDCF for excitation
above (c, 1.55 €V) and below (d, 1.29 V) the band gap of the polymer. The collection
voltage was -3 V. Solid lines are JV curves measured under illumination with a halogen
lamp adjusted to nearly match AM1.5G. (e) Photogenerated charge normalized to the
value at -2 V. (f) Temperature dependent charge generation evaluated in the 0.4-0.7
V plateau region for different excitation energies (see . The solid red line is
an Arrhenius-type fit with £, = 23.5 & 3.4 meV.
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on the morphologically given pathways. PCPDTBT:PCBM blends exhibit a field

dependent charge generation of 45% within a bias range from -2 to 1 V, which

is perfect to observe a probably changing field dependence with temperature or
excitation photon energy. The field dependence of charge generation is stronger
for the PCPDTBT:ICBA blend (60% within the same bias range). Up to now, the
field dependence of charge generation was mostly probed with TDCF. Only few
people applied TAS on a fully optimized device with electrodes |54} 207] although
the elucidation of the field-dependence of free charge generation plays an important
role. In this work, field dependent transient absorption spectroscopy is applied to
an exemplary full device stack as described in in reflection and a small
incident angle with respect to the substrate surface. The reflection of the glass
substrate is blocked such that only the reflection from the back electrode is guided
to the spectrometer. The external voltage is applied with a home built amplifier
and an Agilent 81150A function generator in DC mode. The sample
was excited at 520 nm at a fluence of only 0.2 pJ cm~2while held at a bias of 0 V

or -2 V (red and gray dots in [Figure 6.6)).

The last rate equation in|Equation 2.2§|is relevant for charge collection, which is not
the case in [Figure 6.6 At these early time scales no charge extraction is possible
because of the RC-time being approximately 140 ns for the device measured in
[Figure 6.6 Therefore, the solid lines in b correspond to the sum of
the densities in the CT and CS state. After ~1 ns equilibrium is reached and the

free charges can be extracted. Interestingly, a field dependent charge generation

yield can be observed in combination with a slightly different CT lifetime when

comparing the TAS lineouts at 950 nm for -2 V and 0 V in b.

Time delayed collection field is, as explained already in the introduction, limited in
time resolution by the voltage rise time across the active layer. A voltage where non-
geminate recombination is suppressed (0 V) is reached 4 ns after pulsed illumination
in the case of a 110 nm thick PCPDTBT:ICBA device. This time is well within
the plateau region in b. If the pre-bias, at which charges are generated
in the TDCF experiment is decreased from 0 V to -2 V, the total charge increases
by 48% (see inset in b) which compares very well to the increase of the
equilibrium levels from 12 % at 0 V to 23 % at -2 V obtained with TAS, 77 % of
the total charge is already geminately lost on early time scales. This result proves
that TDCF can be used to measure the field dependence of charge generation for

the selected material family.
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Figure 6.6.: Field dependent dissociation of the CT-exciton: (a) Exemplary
transient absorption false colour plot for a PCPDTBT:ICBA blend excited at 520 nm
(0.2 uJem™2) while hold at short circuit (at a Bias of 0 V) (b) Lineouts at 950 nm
(CT-exciton) for a reverse bias of -2 V (gray dots) and 0 V (red dots). Solid lines are
rate equation fits according to Armin et al. on the basis of the Braun-Onsager
model. The rate equation solver source code and corresponding rates for reproducing
the fits is shown in The Inset shows the normalized extracted Charge from
TDCF after 4 ns delay at different pre-biases.

To find out appropriate excitation energies, external quantum efficiencies and elec-
troluminescence spectra are fitted with gaussian line shapes yielding a lowest energy
excited CT; energy of 1.3 eV [208]. Illuminating the sample near the EL-maximum
at 1.165 eV will excite the vibronically relaxed CT;-state, at 1.55 eV the lowest
energy polymer Si-state, at 2.33 and 2.95 eV higher energy excitons on the poly-
mer and fullerene (see also [Figure 2.3). The laser fluence was adjusted such that
the charge carrier density yield is comparable to AM1.5G illumination at 300 K
and increases linearly in fluence within the measurement range at all tempera-

tures (Figure 6.5b). A set of laser line and band pass filters was used to ensure

selectivity.

TDCEF data collected at different bias and temperatures in are compared
to the bias-dependent current under 1 sun equivalent illumination performed with a
halogen lamp and adjusted for an intensity to match the same short circuit current
as at room temperature and AM1.5G illumination. At room temperature the
current-voltage characteristics follow the field-dependent TDCF data, except for
voltages near Vpcwhere non-geminate recombination sets in, which is in agreement
with previously published TDCF data on a different PCPDTBT batch . At low
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temperatures, transport issues affect the JV curve in the forward bias range more

severly than the TDCF generation data, while they merge at reverse bias.

To allow for an easy comparison of the behavior of the different blends, the following
analysis considers only two parameters: first, the field dependence of generation at
different excitation energies in e, second, f, the temperature
dependence in the low field plateau region (where field-induced barrier lowering
is insignificant) [209-211]. These are the cases in which hot generation pathways
would be easily detectable. Increasing the bias from -2 V to Voe in
decreases the efficiency of charge generation by nearly 50%. The temperature
dependence follows an Arrhenius-type behavior with an activation energy of 23.5 4+
3.4 meV in f. Neither the field- nor the temperature dependence are
influenced by the excitation energy, even though this is varied from more than 0.3
eV below to 1.5 eV above the optical bandgap. Excitation of the CT-emission-
maximum at 1.17 eV was done with a pulse width of 3.8 ns to exclude nonlinear
processes e.g. two photon absorption at high fluences. High fluences were needed
to measure the field dependence of charge generation at comparable charge carrier
densities in the device as for the other photon excitation energies. The pulse width
for the other photon energies was ~50 fs. These findings demonstrate that the
majority of free carrier generation does not occur via ‘hot’ states in this blend. A
proof of this reading is the direct excitation near the CT emission maximum, where
only very little extra excitation energy is provided. There is only a small reduction
in generation efficiency with decreasing temperature for small excitation energies
at low temperatures. This might indicate weak contributions from ‘hot” CT states,
but may also be caused by a certain narrowing (or shift) of the CT onset at low
temperature. However, we expect the narrowing to be negligible compared to the

reduction of the whole EQE at low temperatures |208].

a shows that the EQE in the sub-bandgap spectral range can be calcu-
lated from the EL spectrum with Rau’s reciprocity relation [212]. This suggests
that the measured EQE spectrum involves the same thermalized states as their
recombination as measured with EL [26] [213]. This finding is in contrast with
earlier work by Nuzzo and coworkers [30]. Nuzzo et al. measured EQE spectra at
room temperature as function of bias. The result revealed a stronger dependence
of the photogeneration efficiency on bias below an excitation energy of ca. 1.5 eV.
This study [30] differs from ours in the way how the photogeneration efficiency was
measured (steady-state EQE vs. TDCF), and in the used polymer batch and in the

95



Chapter 6. Probing the Pathways of Free Charge Generation in Organic
Bulk Heterojunction Solar Cells

final device efficiency (2% vs. 3% here), rendering a direct comparison difficult.

Replacing PCPDTBT with its fluorinated derivative or the acceptor fullerene
PCBM with ICBA increases the energy of the charge separated state in a similar

way but affects very differently the morphology (Figure 6.4)). |[Figure 6.7, b com-
pare the EQE and EL spectra of the 1IF-PCPDTBT:PCBM and PCPDTBT:ICBA
blends. Lowering the donor HOMO level (1F-PCPDTBT vs. PCPDTBT) or the
acceptor LUMO energy (ICBA vs. PCBM) increases the CT energy and con-
sequently shifts both the EL emission maximum and the EQE onset to higher

energies. We also notice the appearance of a weak shoulder at the high energy
site of the EL emission of the fluorinated PCPDTBT blended with PCBM. This
can be assigned to the singlet exciton emission on well-aggregated polymer chains,
which was subtracted from the EL of the blend to yield the EL-CT-emission
only. By contrast, the EL of the blend of PCPDTBT with PCBM is broad,
homogeneous, and independent of applied bias , indicating that it
originates from CT emission only. and d show temperature-dependent
charge generation data for below and above-bandgap excitation energies for the
1F-PCPDTBT:PCBM and PCPDTBT:ICBA blend, respectively. Here, the total
extracted charge is plotted versus the inverse temperature to apply the Arrhenius-
type-fits. Because of the blue-shifted EQE profiles of the two samples, it was not
possible to obtain a reasonable set of TDCF data when exciting at 1064 nm (1.17
eV), which was the strongest available nanosecond laser source. But measurements
with femtosecond excitation allowed to retrieve a complete set of temperature-
and bias dependent TDCF data on the PCPDTBT:ICBA blend with excitation
at 1.3 eV, which is exactly at the CT emission maximum (see a, b). |
Importantly for the primary consideration regarding the role of excess energy in
charge separation, we observe that the excitation energy has no appreciable effect
on the field nor temperature dependence of free carrier generation despite the very
different morphology of the two blends. This is supported by the fact that both
blends follow Rau’s reciprocity [212] throughout the entire sub-bandgap region,
indicating that charge generation from CT excitation below the bandgap proceeds

through the same state manifold as the charge recombination that leads to EL.

Both blends exhibit an Arrhenius-type temperature dependence, but the activa-
tion energy for the more disordered PCPDTBT:ICBA blend (44 + 3meV/) is sig-
nificantly higher than for the much better ordered 1F-PCPDTBT:PCBM blend
(19.5 4+ 2.0meV’). This suggests that the activation energy for CT separation does
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Figure 6.7.: Charge generation as function of temperature and excitation
energy: EL and EQE spectra of (a) the fluorinated 1IF-PCPDTBT blended with PCBM
and (b) the non-fluorinated PCPDTBT blended with ICBA. Also shown are the EQE
and EL spectra of neat 1IF-PCPDTBT, which are assigned to the polymer singlet ex-
citon (light-green line). The gray insets show the blend EL corrected for the polymer
emission. Red dashed lines show Gaussian fits to the low energy emission and EQE, re-
vealing CT energies of 1.38 eV (1F-PCPDTBT:PCBM) and 1.52 eV (PCPDTBT:ICBA).
Temperature dependence of the photogenerated charges in the low field plateau region
for excitation below, at, and well above the polymer bandgap are shown for (c) 1F-
PCPDTBT:PCBM and (d) PCPDTBT:ICBA.

not simply depend on the energetic structure of the heterojunction, but also on the

mesoscale morphology with spatial disorder increasing the activation energy.
Discussion

The data reveal that the excitation energy has a small to negligible effect on how
field and temperature impact free charge generation: direct excitation of the low
energy CT states leads to virtually the same field and temperature dependence as
excitation far above the band gap. From this it is concluded that free charge gener-
ation does not benefit from the excess energy provided to the system via excitation

into higher lying states. This conclusion is valid irrespective of variation in the
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CT and activation energies when PCPDTBT is replaced with 1F-PCPDTBT or
PCBM with ICBA, which moves the CT state closer to the energy of the relaxed

singlet exciton on the polymer. Charge generation proceeds through a common

state located at an energy below that of the polymer singlet state, the thermal-
ized CT manifold. Also, our PL and EL data suggest that this very same state
manifold yields most of the CT photoemission, meaning that the dissociation of
such low energy CT states competes directly with its geminate recombination. As
such, the efficiency of CT dissociation, and the mechanism by which electric field
and temperature boosts this process depends on the details of the energetic and

mesoscale morphological landscape at the heterojunction.

Several papers suggested a two-pool model, where photoexcitation either forms less-
bound “dissociable” [14] or strongly bound “localized” [214] CT states, the latter
kind yielding most of the monomolecular recombination [215]. To check whether
such a two pool situation also exists in our blends, the emission properties of
the PCPDTBT-based devices were investigated. The blend of PCPDTBT:ICBA
is particularly well suited because: first, it exhibits the most pronounced effect
of field and temperature on charge generation. Second, its CT emission is at
short enough wavelengths to allow for accurate measurements with the sensitive
Silicon detector, and third, it is highly intermixed (see also . Previous
studies suggested that such highly intermixed blends exhibit the largest fraction
of localized CT states [100-{102]. The inset of shows steady state PL
spectra of a PCPDTBT:ICBA device measured at different voltages, compared to
the EL spectrum of the same devices driven at 1.2 V. Importantly, the PL and EL
spectra differ only little, with a slight blue shift of the PL. The small blue shift
might indicate non-complete thermalization of excitations in PL. Also, despite
a pronounced effect of bias on the emission intensity, the shape and maximum
position of the PL is basically unaffected by the applied voltage. These results
lead to the conclusion that only one state manifold governs PL and that this is

essentially identical to the one being responsible for the EL.

This means, that reciprocity is important here, electroluminescence and charge
generation proceeds via the same pool of states. There is no separate pool of
bound CT states lying lower or higher in energy which radiates PL but is essentially
unconnected to the manifold of charge separated states. To support this conclusion,
we made use of the fact that TDCF provides an accurate measurement of the field

dependence of generation, also at internal electric fields close to zero. If charges
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are generated by field-induced dissociation of the same pool of CT-excitons that
emits in PL (Figure 6.8n), the quenching of the PL and the increase in the free

carrier generation yield could be related through the following relation [216]:

PLQE(V) = ”d“sl(ﬁ)n;j(d;;)(%) . (6.1)

PL(V)

PLQE(V)=1- FLO)

(6.2)

PLQE(V) is the fluorescence quenching efficiency at a bias V' with regard to an ar-
bitrary reference voltage Vy, with PL(V') being the bias dependent PL intensity:

Axk,
PL(V) = 1 6.3
V) FaOV) + oyt o (6.3)

and 74;55(V) is the bias-dependent CT-dissociation-efficiency

ka(V) <1 (6.4)

iss(V) = .
G ( ) k?d(V) + kr + knr

Here A is an unknown prefactor, k, the radiative-, &, the non-radiative-recombination-

and kgthe dissociation rate of the CT state, with only k; being voltage dependent.

To proof mathematically, that is given by |Equation 6.1} [Equation 6.1|
needs to be rewritten:

PLQE(V) = Niss(V) — Naiss(Vo) (1 = PLQE(V)). (6.5)

[Equation 6.4} [Equation 6.1 and [Equation 6.5(lead to:

ka(V') ka(Vo) PL(V)
PLQE(V) = — . 6.6
QEWV) ka(V)+ k. + ke ka(Vo) + Ky + Ky PL(Vp) (6:6)
Resorting and with |[Equation 6.3] [Equation 6.6| can be rewritten as:
PL
1— kd(‘/O) + kr + knr -1 (V) (67)
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which is the PLQFE(V) as defined in [Equation 6.2
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Figure 6.8.: Bias-dependent photoluminescence: (a) Energy scheme describ-
ing the competition between the recombination of the occupied CT state manifold,
yielding PL with an intensity PL(V) and the dissociation of the very same manifold
into free carrier with an efficiency 74;55(V'), (b) the bias-dependent photoluminescence
quenching efficiency PLQE(V), referenced to a voltage Vo = 0.5 V, for a 150 nm thick
PCPDTBT:ICBA blend. The inset shows the bias-dependent PL data, compared to
the EL driven at a bias of 1.2 V. PLQE data are plotted for three different detection
energies, below, at and above the PL maximum (line-connected symbols). Solid black

points display the prediction by based on the bias-dependent TDCF ex-
periments on the same devices. (c) the same for a 150 nm thick PCPDTBT:PCBM

blend with the EL at 0.7 V.

Values of PLQE(V), evaluated at three detection wavelengths, below, at and above
the PL maximum are shown in b and ¢ with reference to a voltage Vo =
0.5V, which is below the EL onset for both devices. PLQE(V) increases almost
linearly with decreasing bias, approaching values of above 80% in the considered
bias range. To test the validity of the bias dependent dissociation
efficiency 74;55(V') was derived from a combination of bias-dependent TDCF data

and JV characteristics with the assumption that the photocurrent saturation at
large reverse bias corresponds to complete dissociation [Figure 6.9

[Figure 6.8/ demonstrates that bias-dependent PL and TDCF data obey [Equation 6.1]

providing firm support that the state manifold involved in charge generation also
dominates the PL intensity. This situation is slightly different for the more phase
separated PCPDTBT:PCBM blend. While there is again a good spectral over-
lap between EL and PL, the PL at higher energies is bias-independent, pointing

to polymer singlet emission. Considering only the PL quenching data at lower

energies, is again fulfilled.

100



Chapter 6. Probing the Pathways of Free Charge Generation in Organic
Bulk Heterojunction Solar Cells

1.0+

0.8+

0.6 1

0.4+ 8

0.2 8

EGE/ Jppo [NOrmalized] *
EGE/ Jppo1o [NOrmalized]

0.0 +——

— T T T T T T T 0.0 T T T T T T T T
-10 8 6 4 -2 0 2 -8 -6 -4 -2 0 2
Voltage [V] Voltage [V]

Figure 6.9.: Photogenerated charge versus photocurrent to obtain the dis-
sociation efficiency as function of bias. Shown by the solid line is the normalized
photocurrent (a) PCPDTBT:ICBA and (b) PCPDTBT:PCBM under simulated one sun
illumination at 300 K. The field-dependence of the extracted charge from TDCF exper-
iments at 300 K is scaled to give the best agreement to photocurrent characteristics.
Data are shown for excitation at the polymer band edge with a photon energy of 1.55
V. The scaled TDCF data yield the field-dependent efficiency for CT splitting, 7g;ss(V).
The splitting efficiency at the reference voltage (0.5 V) is shown with a horizontal line
in the graphs.

A similar study of the well phase-separated 1F-PCPDTBT:PCBM blend would be
instructive as this particular system might exhibit pools of both, delocalized and
localized CT states. Unfortunately, the PL of this system was almost entirely dom-

inated by the PL from aggregated polymer chains rendering a direct comparison
of emissive states in PL and EL difficult.

This result, the insensitivity of temperature and field dependent TDCF data to the
excitation energy, the bias dependent PLQE combined with the agreement between
PL and EL spectra and the fulfillment of Rau’s reciprocity relation between EL
and EQE is inconsistent with the view that photoexcitation of these blends causes
a significant occupation of low-lying, non-dissociable though emissive CT-states

under the given excitation and bias conditions.

The data reveal that the excitation energy has a small to negligible effect on how
temperature and field impact free charge generation: direct excitation of the low
energy CT states leads to the same field and temperature dependence as excitation
well above the band gap. This means, that the dissociation of such low energy CT
states competes directly with its geminate recombination. As such, the CT disso-

ciation efficiency depends on details of the energetic and mesoscale morphological
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landscape at the heterojunction, e.g. its spatial and energetic disorder. This is why
the choice of the components and the preparation conditions has such a strong ef-
fect on the charge generation efficiency, as reported here and in earlier work [26,
75, 181].

The presence of larger domains containing neat donor or acceptor material favors
free charge formation [68, |75, (101, 103]. A systematic anti-correlation between
activation energy and the fullerene correlation length supports this conclusion (see
also and the corresponding text passage). On the other hand, there
is no unambiguous relation between the activation energy and the driving force
for charge separation AFEgg = Es: — Ecs. T his indicates that the excess energy
provided to the system via a higher driving force alone is not necessarily sufficient
for reducing the effective barrier for free charge formation in all of the investigated

blend systems.

The activation energies for free charge formation found here are comparable to
room temperature thermal energy being a measure of the extra thermal energy
which is needed to dissociate the thermalized CT state population into free charge
carriers. This observation is consistent with results from temperature-dependent
EQE or PLQE experiments on various blends [66, 200]. This process is in direct
competition with geminate recombination of exactly the same population. A direct
correlation between the activation energy and the binding energy of the contribut-
ing states is, unfortunately, not trivial. While Braun’s model predicts the zero field

dissociation rate to follow an Arrhenius-type temperature dependence, as shown in

lsubsection 2.3.2] the situation becomes more complicated in presence of energetic

disorder. States close to or below the band edge become available for free charges,
resulting in a concurrent reduction of the apparent activation energy or energetic
disorder [217-219]. However, the observation that the most ordered system has the
lowest activation energy questions the predominant effect of disorder on the acti-
vation energy. We propose that our activation energies, decreasing from around
44 meV for the highly intermixed PCPDTBT:ICBA blend down to below 20 meV
for the phase-separated 1F-PCPDTBT:PCBM system, point to a significant reduc-
tion in the CT binding energy. Recent mesoscale quantum mechanical modeling
has predicted the lowest interfacial CT state energy to be of the order of thermal
energy [220]. Casalegno and coworkers also highlighted the importance of both
carriers being able to delocalize for a weak binding of the lowest energy CT state;
exactly what is seen here in the case of 1IF-PCPDTBT:PCBM blend.
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In conclusion, the finding that neither the temperature- nor the field dependence
of generation is affected by the excitation energy settles a long lasting controversy
about the fundamental processes involved in free charge generation. Notably, acti-
vation energies deduced from various temperature dependent measurements lie in
the range of few tens of meV, with the lowest value for the most phase-separated
blend. Electroluminescence, photoluminescence and charge generation properties
are at variance to a two pool model where geminate recombination losses proceed
mostly through a separate pool of strongly bound and therefore non-dissociable
CT-states. Instead, population of a thermalized, low energy CT-manifold, inde-
pendent of photon energy, is the precursor of most free charge and CT photon
emission. Clearly, less than room temperature thermal energy is needed to render

CT dissociation competitive to geminate recombination.
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Conclusion and Outlock

The core question of this work was the comprehensive investigation of free charge
carrier generation and recombination dynamics in thin film organic and hybrid
photovoltaic devices. To scope with this challenge, a new setup for all-optical and
optoelectronic pump-probe measurements was designed and installed. This new
setup allowed for experiments at application relevant conditions with an excep-
tional temporal and signal-to-noise resolution. The heart of the new setup is a new
light source and an improved amplifier system for conducting Time Delayed Col-
lection Field (TDCF) experiments. The improved temporal resolution, which was
mainly determined by the rise time of the externally applied collection voltage and
the pulse width of the laser pulse, was subsequently reduced from 50 ns to 2.3 ns.
Another limitation was the inaccurate resolution of the voltage axis of the whole
electronic part of the setup. Since the small change on top of the transient during
pulsed illumination is compared to a very similar transient in the dark, the dynamic
range has to be large. This problem was solved by using a real time 12 bit oscillo-
scope with a rather low bandwidth, and a new amplifier design with high accuracy
and low noise. With these fundamental modifications, the TDCF setup is now able
to safely measure low signals that correspond to an external quantum efficiency of
1074, and resolve transients of only a few nanoseconds. Thereby the signal-to-noise
ratio was increased by one order of magnitude compared to Ref. [61] [75]. TDCF
has been used to measure charge carrier generation, recombination and transport,
as well as the field-, fluence- and temperature dependence of all parameters, in the
same device and experimental setup. The device architecture is identical to the
fully optimized design at application relevant conditions. This avoids experimental
errors due to different preparation and measurement conditions, thereby demon-

strating the strength of this technique. This improved setup was used in several
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highly cited publications, reflecting its importance for the whole organic and hybrid
semiconductor community [64, 67, 81} 107, (118}, 159, 169, [221].

The same amplifier was used to measure the photoinduced carrier density with bias
assisted charge extraction (BACE), where also the time resolution was improved
by the use of fast switching CW lasers. The improved BACE method was applied
to hybrid OPV materials made of inorganic-organic quantum-dots. Here, TDCF
revealed fast free carrier recombination, in part assisted by traps, while the im-
proved BACE method allowed for measurements of the high mobility present in

this material.

Transient Absorption Spectroscopy (TAS) was set up with a gap-free excitation en-
ergy light source, a highly sensitive spectrometer system to cover the UV-VIS-NIR
spectral range and a long mechanical optical delay line to allow for optical delays of
9 ns. The readout rate of 1 kHz ensures a good statistics of the collected data. The
setup was designed to perform TAS in reflection and transmission mode, with the
possibility to apply an external electric field. In TAS, the active material is excited
with a short femtosecond laser pulse and the change in absorption is tracked using
a delayed super continuum recorded with a high dynamic range spectrometer. The
spectral resolution and sensitivity, which depend primarily on the super continuum
generation, was improved. For example, conventional spectrometer systems record
spectra at a maximum readout rate of 100 Hz whereas here, a custom made spec-
trometer with a readout rate of 1 kHz was developed to increase the signal-to-noise
ratio with better statistics. First experiments were conducted in the end of this
work. Thus, no comprehensive study on a large set of solar cells has been shown

yet. That would be an enlightening task for future research on organic solar cells.

The improved and newly developed methods allowed for a sensitive quantification
of charge generation and recombination losses, together with charge transport in
organic and hybrid solar cells. A complete analysis of data recorded with the new
setup was demonstrated for the model system of PbS based colloidal quantum dot
solar cells. Specifically, TDCF experiments reveal a distinct field-dependence of
generation, setting an upper limit to the achievable fill factor. Transient and low
intensity steady state measurements highlight the role of traps, but non-geminate
recombination is found to be strictly bimolecular at application relevant steady
state conditions. On the other hand, the rather high effective mobility measured
under steady state illumination, allows for fast extraction and ensures a reasonably

high fill factor, despite fast non-geminate recombination.
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The new TDCEF setup also enabled for the first time the study of time-dependent
non-geminate recombination for a high performance polymer-based device over a
wide range of fluences and time periods — from nanosecond to microsecond, at
which charge extraction occurs under relevant operation conditions. The exper-
iments show that non-geminate recombination in the PCDTBT:PCBM blend is
bimolecular at all times. This is in accordance with the findings from a large num-
ber of experiments on other organic solar cells, with various methods including
transient and steady state techniques. Fast non-geminate recombination at early
times was found to be contact mediated. For the PCDTBT:PCBM blend, as free
charge generation was found to be field-independent, the only process which deter-
mines the field dependence of the solar cell’s steady state photocurrent is indeed
non-geminate recombination, which was shown to be dispersive and mediated by
the contacts. Recombination at later time scales was determined by dispersive re-
combination in the bulk of the active layer, showing the characteristics of carrier
dynamics in an exponential density of state distribution. The comparison with
steady state recombination data suggested a very weak impact of non-thermalized
carriers on the recombination properties of the solar cells under application relevant

illumination conditions.

The highly sensitive setup was used to shed light on the pathways of charge genera-
tion in polymer-fullerene solar cells. A general finding is that neither temperature,
nor excitation photon energy influence the field-dependence of the extracted charge.
Moreover, the activation energy obtained from highly sensitive temperature depen-
dent TDCF measurements does not depend on the excitation energy. Therefore,
the values of the activation energy are a measure of the extra thermal energy needed
to dissociate thermalized CT state populations into free charges. The activation
energy values deduced from the temperature dependent measurements lie in the
range of only a few tens of meV. As an important conclusion, the results provide
conclusive support for the view that photoexcitation populates a thermalized CT
manifold, which is the precursor of most free charge and CT photon emission, and
that little thermal energy is needed to render dissociation of this C'T population
competitive to geminate recombination. In addition, a model was introduced to
interconnect the dissociation efficiency of the charge transfer state with its recom-
bination observable with photoluminescence. This model revealed an agreement
between the photoluminescence quenching efficiency and the dissociation efficiency
obtained with TDCF. This result, combined with the agreement between the PL
and EL spectra, the fulfillment of Rau’s reciprocity and the insensitivity of the tem-
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perature and field dependent TDCF generation data to the excitation energy ruled
out a previously proposed two-pool model for free charge formation and recombina-
tion. With that, this work provides an important contribution to the long-running
debate regarding the predominant pathway of charge generation in organic solar
cell devices. It also serves as a guide for simulation studies on the mechanism of

free charge formation in the future.

In turn, the results from this thesis provided important ideas for further optimiza-
tion of organic solar cells. It was found that the driving force for electron transfer
plays only a minor role on charge separation, thereby opening design rules for in-
creasing the open circuit voltage. Important for the preservation of the photogener-
ated current is the driving force for charge separation from the CT state to the CS
state, along with an activation energy close to thermal energy. First applications
where part of this requirements has been transposed have recently been published
in the journal Science [3]. Here the donor polymer was blended with a non-fullerene
acceptor yielding a very low donor LUMO - acceptor LUMO offset. The combi-
nation of a polymer-fullerene blend and a polymer - non-fullerene-acceptor blend
in a tandem solar cell yield an efficiency of 17.3% [3]. Another interesting discov-
ery was that the most phase separated material had the lowest activation energy.
Newly designed materials should therefore show a tendency to form aggregates (as
observed in fluorinated PCPDTBT [26, [67]), along with optimized energetics and
a well defined morphology. This individual blend morphology, influenced by the
specific preparation conditions, plays a very important role on device performance
and needs to be controlled such that the interplay between efficient charge gen-
eration and transport is ensured while geminate and non-geminate recombination
are highly suppressed. In the future, concepts developed here for analyzing TDCF,
BACE and TAS data, along with steady state characterization methods can be
applied to study other promising material classes such as non-fullerene acceptors
and perovskites. The combined TDCF and TAS measurements can be improved to
better understand the interaction between the states involved in free charge gener-
ation. The experimental improvements developed for this thesis and concomitantly
the new insights that were gained should encourage further improvements to the
various setups in the future, some suggestions are summarized in the following.
Especially for TAS, a second structurally identical spectrometer should record a
spectrum of the white light before the sample to obtain a transmission spectrum
with only one shot. This will reduce shot to shot variations in the pumped and

unpumped signals, thereby resulting in a cleaner AT/T. Additionally, if the posi-
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tion of the features are known, a transient at a single wavelength defined with a
bandpass filter could be recorded with a lock-in amplifier, extending the sensitivity
to the AOD range of 1076.

For TDCF, the electrical parts have been fully optimized. The rise time of the
external voltage could be as fast as 60 ps, but the rise of the externally applied
voltage pulse across a conventional designed organic solar cell is RC time limited,
which is conventionally reduced by decreasing the active area and increasing the
thickness. Although further miniaturization of the active area can increase the
time resolution, the accuracy of the number of extracted charges will be reduced.
It has to be taken into account that the detection efficiency decreases as bandwidth
increases. Hence, a more elegant way of determining the charge carrier density in
the device would be the combination of TDCF with all optical methods like TAS.

The results presented in this work and in many other publications using TDCF
and similar methods show that the technical complexity of optimizing the mea-
surement technologies has paid off and that further research into the optimization
of these techniques is important in order to further expand optoelectronic time-
resolved measurements at the University of Potsdam and worldwide in research

and industry.
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Appendix A

Appendix

A.1. Organic Solar Cell Characterization and

Evaluation

A.1.1. Electroluminescence

For Electroluminescence the device is hold at a constant voltage (Keithley 2400)
for one second. The emission spectrum is recorded with an Andor Solis SR393i-
B spectrograph with a silicon detector DU420A-BR-DD and an Indium Gallium
Arsenide DU491A-1.7 detector. A calibrated Oriel 63355 lamp was used to correct
the spectral response. EL spectra where recorded with different gratings with
center wavelengths of 800 nm, 1100 nm and 1400 nm and merged afterwards with

a home-built software.

A.1.2. External Quantum Efficiency

A broad white light from a 300 W Halogen lamp (Phillips) is chopped (thorlabs
MC2000), guided through a cornerstone Monochromator and coupled into an op-
tical quartz fiber, calibrated with Newport Photodiodes (818-UV and 818-IR) and
a SR 830 Lock-In Amplifier which measures also the response of the solar cell.

Absorbance was measured with a Varian Cary 5000 in double beam mode.
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Figure A.1.: Room temperature bias-dependent electroluminescence spec-
tra devices made from 1F-PCPDTBT (a) and PCPDTBT:ICBA (b). Spectra were
normalized to their maximum.

A.1.3. Current Voltage Characteristics

The solar cell characteristics were measured with a Newport Oriel Sol2A simula-
tor calibrated to 100 mW /cm? and a Keithley 2400 source/measure device. The
samples were held at 25°C during measurement. The sun simulator was calibrated
with a KG3 filtered silicon reference cell calibrated at Fraunhofer ISE.
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Figure A.2.: Current voltage characteristics of the studied blends in
with a thickness of approx. 110 nm under simulated AM1.5G illumination.
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A.1.4. Rate Equation Solver - Source Code

Listing A.1: copy-paste Matlab Source Code for solving rate equations [55] following
all states involved in charge generation here for a PCPDTBT:ICBA device.

close all

clear

RGB = { [252,141,89; %% each line is a color; each two lines in par define
44,131,186]./255,

(241,163 ,64;
153,142,195]./255

[77,77,77;
178,24 ,43]./255 |

(228,26 ,28;
77,175,74]./255 } ; %Set two gradient colors

RGBsingle = RGB{1}; %%select the gradient

t _max = le—4;

set (0, ’'DefaultAxesFontName’,’ Calibri Light’);
set (0, 'DefaultTextFontname’, ’Calibri Light’)
font size = 10;

set (0, 'DefaultAxesFontSize’  font_size);
set (0, 'DefaultAxesFontSize’  font_size);

YT RT %% %rate equation solverdlierelider %% %%

%%

size = 6eb6;

exponent = 2;

delta_t = le—14;

times = logspace(—11, -5, size);

diff _times = 0.xdiff(times)+ delta_t;

iii
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Gen_rates = 1lel6;%fliplr (logspace (14, 17, 5));
M = numel (Gen_ rates);
R = fliplr (linspace (RGBsingle(1,1),RGBsingle(2,1) ,M))
G = fliplr (linspace (RGBsingle (1,2),RGBsingle(2,2) ,M))
B = fliplr (linspace(RGBsingle(1,3),RGBsingle(2,3) ,M))
(

MyColorMap = flipud (horzcat (R, G, B));

set (groot , "defaultAxesColorOrder’ ,MyColorMap)

n_ ph safe = zeros (10 exponent ,numel(Gen_rates)) ;
n_exc_safe = zeros (10 exponent ,numel (Gen_rates)) ;
n_S1_safe = zeros (10 exponent ,numel (Gen_rates)) ;
n_T1_safe = zeros (10  exponent ,numel (Gen_rates)) ;
n_CT1_safe = zeros (10 exponent ,numel (Gen_rates)) ;
n_CT3_safe = zeros (10 exponent ,numel (Gen_rates)) ;
n_CS_safe = zeros (10  exponent ,numel (Gen_rates)) ;
time_ safe = zeros (10" exponent ,1)

BMR = zeros (10 exponent ,numel(Gen_ rates)) ;
BMR no dark holes = BMR;

Gen_ rate safe = zeros(size,l) ;

time2 safe = Gen_rate safe;

n_ph = 0;

n_exc = 0;

n S1 = 0;

n_T1 = 0;

n_CT1 0;

n_CT3 = 0;

n CS = 0;

iv
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dn_ ph = 0;
dn__exc = 0;
dn_S1 =0;
dn_T1 =0;
dn_CT1 = 0;
dn_CT3 = 0;

dn_CS =0;

k d = 4e8; %8e8; Hz at 0 V and -2V

k_f = 2.7e9;

for index_gen_rates = l:numel(Gen_rates)
time = 0;
t = 0;

for index = 1:size

time = time + delta_t;

Gen_rate = Gen_rates(index__gen_rates)

if index =— 1

I
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n S1 =  Gen_rate ;%%
else
dn_ S1 = — k d ex.xn S1 -k f ex.*n Sl ;
dn TI1 = — k TA.*n_T1.xn_CS + k BET.xn_ CTS3;
%end
dn CT1 = 0.25%k r.*xn CS.”2— k d.*n CT1 — k f.xn CTI1 + k d_ex
dn_CT3 = 0.75xk_r.*n_CS.”2— k _d.*n_CT3 — k BET.xn_CT3 4+ k_IS
dn CS = —k_r.*n_CS.72 4+ k _d.*(n_CTl4n_CT3) — k_ coll.xn_CS;
n Sl1 = n_ Sl + dn_S1l.xdelta_t;
n T1 = n T1 + dn_T1.xdelta_t;
n CT1 = n CT1 + dn_CT1l.xdelta_t;
n CT3 = n CT3 + dn_CT3.xdelta_t;
n_ CS = n_ CS + dn_CS.xdelta_t;
end
if n_ S1 <=0
n_S1 = 0;
end
if n T1 <=0
n_T1 = 0;
end
if n CT1 <=0
n_CT1 = 0;
end
if n_ CT3 <=0
n_CT3 = 0;
end
if n CS <=0
n CS = 0;
end

vi
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if mod(index,10  exponent) = 0
t =1t 4+ 1;
n_S1_safe(t,index_gen_rates) = n S1 ;
n_T1 safe(t,index_gen_ rates) = n T1 ;
n_CT1_safe(t,index_gen_rates) = 1n CT1 ;
n_CT3_safe(t,index_gen_rates) = n CT3 ;
n_CS_safe(t,index_gen_rates) = nCS ;
if index_gen_rates = 1
time__safe (t,1) = index.xdelta_t ;
end
elseif index = 1;
t =1t + 1;
n_S1_safe(t,index_gen_ rates) = n_S1 ;
n_T1_safe(t,index_gen_rates) = n T1 ;
n_CT1_safe(t,index_gen_ rates) = n CT1 ;
n_CT3_safe(t,index_gen_rates) = n CT3 ;
n_CS_safe(t,index_gen_rates) = nCS ;
if index_gen_rates = 1
time__safe (t,1) = index.xdelta_t ;
end
end

end

end

%%
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n_tot_safe = n_CT1_safe + n_CT3_safe + n_CS_safe;

figure (1);
pl = semilogx(time_safe, n_S1_safe,’g’, ’LineWidth’, 1); hold on
p2 = plot(time_safe, n_CT1_safe,’-’) ;

plot (time_safe, n_CT3_safe, ' —’) ;
plot (time_safe, n_CS_safe,’0’) ;
plot (time_safe, n_tot_safe, ’:’,’LineWidth’, 2 )

ylabel(’'n / em™{-3}")

xlabel(’time / s7)

xlim ([1le—12 3e—8])

legend ('S 1°,°CT 1°,°CT 3°,°CS’, n {tot}’)

hold off

n/ ém

O LI
1012 1011 1010 10°° 108
time /| s

Figure A.3.: Calculated kinetics and rates of charge transfer state, free
charges and total charges of a PCPDTBT:ICBA blend studied in [chapter 6] with a
thickness of approx. 110 nm for an excitation density of 10! cm~3 photons.
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A.1.5. Drift Diffusion Simulation - Source Code

Listing A.2: copy-paste Matlab Source Code for Drift Diffusion Simulations of a

time-delayed charge extraction experiment on a 70 nm thin PCDTBT:PCBM device

clear

% specify time steps

% t = logspace(—9,—6,1000); %or
t = linspace(0,5e—6,1e3);

% specify spatial coordinates

dx = 2E-09; % position step
xMax = 7T0E—9; % active layer thickness
x = 0:dx:xMax; % position simulation interval

numx = length (x);
dtAll = diff(t);
numt = length(t);

% Diffusion coefficients , k2, profiles

mue = Ilxle—4xle—4; % em™2/Vs
muh = 1xle—6xle—4; % c¢cm™2/Vs

alpha = 0«1E7; % 0 means homogeneous generation profile

k2 = 1xle—17; % bimolecular recombination coefficient

% Analytical Fit to Background charge profiles simulated with
% J.A. Koster’s Simulation Zimtwickel for a 70nm PCDTBT:PCBM device
nBG = 1*xx.74.3./((x — 70.5%x1le—9).%x(x—70.5%x1le—9))xle—1%(1E9) 4x1e3;

% specify initial photogeneration profile for three

n x tl1(:,1) = le23*exp(—x*alpha);
hox t1(:,1) =n_x_t1(:,1);

n x t2(:,1) = 2e23*exp(—x*alpha);
h ox t2(:,1) = n_x_ t2(:,1);

ix

densities
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n_x t3(:,1) = 3e23xexp(—x*alpha);
hox t3(:,1) =n_x _t3(:,1);

Bleft = 1; %left Boundary 0 = Surface Recombination
Bright = 1; %right Boundary 0 = Surface Recombination
%%

T = 300; % K

e = 1.602E-19; % C

kB = 1.38E—23; % J/K

De = muexkBxT/e; % m™2/s

Dh = muh«kB*T/e; % m~2/s

%D = 1x1e—9; % m~2/s

nBG = wrev (nBG);
hBG = wrev (nBG);

tic
for it = 1:numt—1
ti = t(it);
for ix = 2:numx-—1

% Calculate Diffusion to next time Step
n_x_ tl(ix, it+1) = (n_x_tl(ix,it) + Dex(dtAll(it)/...

dx72)*((n_x_tl1(ix+1,it) — 2xn_x_t1(ix,it) + n_x_t1(ix—1,it))));
h_x t1(ix, it+1) = (h_x_tl(ix,it) + Dhx(dtAll(it)/...
dx72)*((h_x_tl1(ix+1,it) — 2xh_x_t1(ix,it) + h_x_ t1(ix—1,it))));

% Recombination

n_x tl(ix, it+1) = n x tl(ix,it+1) — k2x(n_x_t1(ix,it+1)x*...
h x tl(ix,it+1) + n_x tl(ix,it+1)*hBG(ix) )*xdtAll(it);

h x t1(ix, it+1) = h x tl(ix,it+1) — k2x(h_x_tl1(ix,it+1)x*...
n_x_tl(ix,it+1) + h_x_ tl(ix,it+1)*nBG(ix) )*xdtAll(it);

%%

% Calculate Diffusion to next time Step

n_x_ t2(ix, it+1) = (n_x_t2(ix,it) + Dex(dtAll(it)/...
dx72)*((n_x_t2(ix+1,it) — 2xn_x_t2(ix,it) + n_x_t2(ix—1,it))));

h x t2(ix, it+1) = (h_x_ t2(ix,it) + Dhx(dtAll(it)/...
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dx72)*((h_x_t2(ix+1,it) — 2xh_x_ t2(ix,it) + h_x t2(ix—1,it))));

% Recombination

n_x_t2(ix, it+1) = n_x_t2(ix,it+1) — k2x(n_x_t2(ix,it +1)x*...
h x t2(ix,it+1) + n_x_t2(ix,it+1)*hBG(ix) )*xdtAll(it);

h x t2(ix, it+1) = h x t2(ix,it+1) — k2x(h x t2(ix,it +1)x*...
n_x_t2(ix,it+1) + h_x_ t2(ix,it+1)*nBG(ix) )*xdtAll(it);

%%

% Calculate Diffusion to next time Step

n x t3(ix, it+1) = (n_x t3(ix,it) + Dex(dtAll(it)/...

dx"2)
h_ x_t3(ix
)

% Recombination

«((n_x_ t3(ix+1,it) — 2%n_x t3(ix,it) + n_x t3(ix—1,it))));
i it+1) = (h_x t3(ix,it) + Dhx(dtAll(it)/...

dx72)*((h_x_t3(ix+1,it) — 2xh_x_ t3(ix,it) + h_x t3(ix—1,it))));

n_x_t3(ix, it+1) = n_x t3(ix,it+1) — k2% (n_x_t3(ix,it +1)x*...
h x t3(ix,it+1) + n_x_t3(ix,it+1)*hBG(ix) )*xdtAll(it);

h x t3(ix, it+1) = h_x t3(ix,it+1) — k2x(h_x_t3(ix,it +1)x*...
n_x_t3(ix,it+1) + h_x_t3(ix,it+1)*nBG(ix) )*xdtAll(it);

end

%% mno—fluz Boundary Conditions

n_x_ t1(1,it+1) = Bleft*n_x_t1(2,it+1);

n_x_tl(numx,it+1) = Bright*n_x_tl(numx—1,it+1);

h_ox t1(1,it+1) = Bleftxh_x_t1(2,it+1);

h_x_tl(numx,it+1) = Bright«h_x_ t1(numx—1,it+1);

n x t2(1,it+1) = Bleft*n x t2(2,it+1);

n_x_t2(numx,it+1) = Brightsn_x_ t2(numx—1,it +1);

h x t2(1,it+1) = Bleftxh_x_t2(2,it+1);

h x t2(numx, it+1) = Bright«h_ x_t2(numx—1,it +1);

n_x_ t3(1,it+1) = Bleft*n_x_ t3(2,it+1);

n_x_t3(numx, it+1) = Bright*n_x_t3(numx—1,it +1);

X1
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h x t3(1,it+1) = Bleftxh x_ t3(2,it+1);
h_ x_ t3(numx, it+1) = Bright«h_x_t3(numx—1,it +1);

%% Extraction

nExtrl(it) = sum((x’).*xn_x_t1(:,it)*dx)/xMax"2;
hExtrl(it) = sum((xMax— x’).xh_x_t1(:,it)*dx)/xMax" 2;

nExtr2(it) = sum((x’).*n_x_t2(:,it)*dx)/xMax"2;
hExtr2(it) = sum((xMax— x’).xh_x_t2(:,it )*dx)/xMax" 2;

nExtr3(it) = sum((x’).*n_x_t3(:,it)*dx)/xMax"2;
hExtr3(it) = sum((xMax— x’).xh_x_t3(:,it )*dx)/xMax"2;

end

toc

%%

figure (1)
plot(x,n_x_t1(:,1:100:end), —k’)

figure (2)
plot(x,h_x t1(:,1:100:end), —k’);

figure (3)
semilogy (x, nBG); hold on
semilogy (x, hBG, —)
hold off
Nextrl = nExtrl4+ hExtrl;

Nextr2 = nExtr24+ hExtr2;
Nextr3d = nExtr3+ hExtr3;

figure (4)
semilogx (t (1:end—1),nExtrl); hold on
semilogx (t (1l:end—1),hExtrl)
hold off

figure (5)

Xii
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loglog (Nextrl (l:end—1),abs(diff(Nextrl)./diff(t(l:end—1))));
hold on

loglog (Nextr2 (1:end—1),abs(diff(Nextr2)./diff(t(l:end—1))));
loglog (Nextr3 (1:end—1),abs(diff(Nextr3)./diff(t(l:end—1))));

loglog (Nextrl ,Nextrl. 2xk2, '— )
grid on; grid minor; grid minor
hold off

A.1.6. Temperature-dependent time resolved

Photoluminescence

The temperature of the sample was controlled by a closed cycle cryostat (Oxford
Instruments, Optistat Dry TLEX). For excitation a mode-locked Ti:sapphire laser
(Coherent, Chameleon Ultra) with a pulse width of 140fs and a repetition rate of
80MHz was used. The photoluminescence transients were recorded by a Hama-
matsu Universal Streak Camera C10910 coupled to an Acton SpectraPro SP2300
spectrometer. The camera was used in synchroscan mode to allow for a 2ns time

window and a FWHM of the instrumental response function of 44ps.

A.1.7. Temperature dependent TDCF Experiments

To extract the activation energy datasets are replotted as a function of internal
electric field for the example of 1.55 ¢V excitation in [Figure A.4l The field depen-
dence of free charge generation (plotted in a log-log scale) exhibits the characteristic
shape predicted and measured for D-A BHJ blends [209-211], with an apparent
plateau at lower fields followed by a continuous rise that becomes less steep with

increasing temperature.

A.2. Fluence dependent Charge Generation in
MEH-PPV:PCBM blends

Several types of devices were screened for temperature dependent charge generation
experiments. The deficits of blends made from MEH-PPV and PCBM are insur-

mountable for these experiments because of fluence dependent field dependence

xiil
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Figure A.4.: Temperature and electric field dependent charge generation in
the 110 nm thick PCPDTBT:PCBM blend for an excitation energy of 1.55 eV. A flat
band potential of +0.8 V was used in the calculation of the internal electric field.

Figure A.5.: Motorized Mirror used for TDCF and TAS to increase the beam-
pointing stability.

of charge generation probably caused by fast initial non-geminate recombination

which severely effects TDCF traces especially at low temperatures.

Xiv



Appendix A. Appendix

a b

1.1 T T T T 1.1 T T T T
— 104 m,, 1 = 101 1
8 aghau, 8

|} N . ~
N 099 Feeafre. g 09
= Ly ™ =
© 0.8 ":.._ LT b © 0.8+ 1
g =g . g
o 0.7+ HH.. g 1 o 0.7 1 q
=% 300K, 532 nm, 026 p/om?l. |y "u =5 200K, 420 nm, 0.29 pJjem® |wm x B
o 064 300K, 532 nm, 1.73 pJicm? L ;. 1 ) 0.6 200K, 420 nm, 1.377 pJlem? - b
> 300K, 532 nm, 5.56 pJ/cm? L™ > u 200K, 420 nm, 4.711 pJiem? L
= 051 300K, 420 nm, 0.16 pJ/cm? nlign ] = 054 200K, 532 nm, 0.26 pJ/cm? LT A
g 300K, 420 nm, 0,66 pJ/om? " © 200K, 532 nm, 1.19 pJ/om? L
O 04| = 300K 4200m,5.11 pvcm = (-_C) 041 200K, 532 nm, 5 pdicm? 1
- 300K, 840 nm, 0.77 pJ/cm? "] : 200K, 840 nm, 14.4 pJ/cm?
= 300K, 840 nm, 14 pJicm? 200K, 840 nm, 30 pJicm?
0.3 |- 300K, 840 nm, 34 pJ/em? 1 0.34 & 200K’ 840 nm 36 puiom? 1
M s 4
: | ! ' ! ! T T T T T T T T
20 15 -10 -05 00 05 1.0 20 15 10 -05 00 05 1.0
Voltage [V] Voltage [V]

Figure A.6.: Charge generation for MEH-PPV:PCBM devices measured at
the shortest possible delay of 4 ns and at different fluences at (a) 300 K and (b) 200
K.
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