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» FALLS GOTT DIE WELT GESCHAFFEN HAT, WAR SEINE HAUPTSOR-
GE SICHER NICHT, SIE SO ZU MACHEN, DASS WIR SIE VERSTEHEN
KONNEN. «

Albert Einstein (1879-1955)






Kurzfassung

Der Ladungstransport in ungeordneten organischen “bulk heterojunction”
(Heterogemisch, Abk.: BHJ) Solarzellen stellt einen kritischen Prozess dar,
der den Wirkungsgrad wesentlich beeinflusst. Aufgrund der grofsen Nachfra-
ge neuer, vielversprechender Materialien fiir die organische Photovoltaik, ist
es um so wichtiger nicht nur ihre photophysikalischen sondern auch deren
elektrischen Eigenschaften zu charakterisieren. Gerade letztere erfordern ex-
perimentelle Messmethoden, die an funktionsfahigen Solarzellen angewandt
werden koénnen.

Zur experimentellen Untersuchung des Landungstransportes in organi-
schen Solarzellen werden in dieser Arbeit die Methoden der transienten Pho-
toleitfahigkeit, auch bekannt als “Time-of-Flight” (TOF), sowie die transiente
Ladungsextraktionsmethode “Charge Carrier Extraction by Linearly Increa-
sing Voltage” (CELIV) verwendet. Gerade Letztere ermdoglicht es an Diinn-
schichtsystemen von nur wenigen 100 nm, eine typische Schichtdicke bei or-
ganischen Solarzellen, den Ladungstransport aber auch die Rekombination
von Elektronen und Léchern zu untersuchen. Entscheidend fiir eine vielver-
sprechende funktionsfihige organische BHJ Solarzelle ist dabei eine gilinstige
Morphologie, die eine effiziente Generation von Ladungstréger, sowie deren
Abfiihrung zu den Elektroden erlaubt. Dabei wird in dieser Arbeit der Einfluss
der rdumlichen, als auch der der energetischen Unordnung der photoaktiven
Schicht auf den Ladungstransport und der Rekombination der Ladungstriger
untersucht. Das weit verbreitete Materialsystem bestehend aus Poly-3-(Hexyl)
Thiophen (P3HT) und [6,6]-Phenyl Cg; Buttersidure Methylester (PCg BM)
dient dabei als Donator-Akzeptor Referenzsystem. Neuartige Donator- bzw.
Akzeptor-Materialien und deren Potential fiir kiinftige Anwendungen in der
organischen Photovoltaik werden hinsichtlich ihrer Ladungstrigereigenschaf-
ten mit dem Referenzmaterialsystem verglichen.

Im Zuge der Kommerzialisierung organischer Solarzellen bzw. Solarmodu-
len ist die Anfélligkeit der Zellen gegeniiber dufteren Umwelteinfliissen, wie
Sauerstoff oder Wasser, in den Vordergrund des wissenschaftlichen Interesses
geriickt. Dementsprechend wird in dieser Arbeit auch der Einfluss von synthe-
tischer Luft auf den Transport und die Rekombination von Ladungstréagern
und somit auf den Wirkungsgrad der Solarzelle untersucht und diskutiert.

Schlieflich wird im Rahmen dieser Arbeit eine Erweiterung der photo-
CELIV Messmethode vorgestellt. Diese ermdoglicht es die Lebensdauer und den
Transport von Ladungstréagern in organischen Diinnschicht-Solarzellen unter
realen Arbeitsbedingungen, d.h. Beleuchtung unter einer Sonne bei Raumtem-
peratur, zu bestimmen.
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Abstract

The charge transport in disordered organic bulk heterojunction (BHJ) solar
cells is a crucial process affecting the power conversion efficiency (PCE) of
the solar cell. With the need of synthesizing new materials for improving the
power conversion efficiency of those cells it is important to study not only the
photophysical but also the electrical properties of the new material classes.
Thereby, the experimental techniques need to be applicable to operating solar
cells.

In this work, the conventional methods of transient photoconductivity
(also known as “Time-of-Flight” (TOF)), as well as the transient charge extrac-
tion technique of “Charge Carrier Extraction by Linearly Increasing Voltage”
(CELIV) are performed on different organic blend compositions. Especially
with the latter it is feasible to study the dynamics—i.e. charge transport and
charge carrier recombination—in bulk heterojunction (BHJ) solar cells with
active layer thicknesses of 100-200 nm. For a well performing organic BHJ
solar cells the morphology is the most crucial parameter finding a trade—off
between an efficient photogeneration of charge carriers and the transport of
the latter to the electrodes. Besides the morphology, the nature of energetic
disorder of the active material blend and its influence on the dynamics are
discussed extensively in this work. Thereby, the material system of poly(3-
hexylthiophene-2 5-diyl) (P3HT) and [6,6]-phenyl-Cg;butyric acid methyl es-
ter (PCg;BM) serves mainly as a reference material system. New promising
donor or acceptor materials and their potential for application in organic
photovoltaics are studied in view of charge dynamics and compared with the
reference system.

With the need for commercialization of organic solar cells the question of
the impact of environmental conditions on the PCE of the solar cells raises.
In this work, organic BHJ solar cells exposed to synthetic air for finite du-
ration are studied in view of the charge carrier transport and recombination
dynamics.

Finally, within the framework of this work the technique of photo-CELIV
is improved. With the modified technique it is now feasible to study the
mobility and lifetime of charge carriers in organic solar cells under operating
conditions.
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CHAPTER 1

Introduction

The tremendous amount of COy (carbon dioxide) produced over many years
by fuel power plants and its dramatic impact on climate changes especially
in the last decade rises the demand for sustainable energy resources. Be-
sides wind and bio mass power, the photovoltaic (PV) technologies are an
important renewable energy technology. In the year 2005 almost 84 million
tons of released COy could be avoided by using renewable energies in Ger-
many [1]. Although solar power has up to now only a small contribution to
that economy, the European Photovoltaic Industry Association forecasts an
overall percentage of the electricity needs of 10% until year 2035.

The power generation from solar irradiation is based on the photovoltaic
effect, which was first observed by Becquerel in 1839 [2|. Due to absorption of
electromagnetic radiation, electrons are excited from the valence band into the
conduction band. An electron—hole pair—so called exciton—is created, which
is the prerequisite for a photocurrent generation. Since the first crystalline
silicon (Si) solar cell was developed in Bell Laboratories by Chapin et al. in
1954 [3] with a power conversion efficiency (PCE) of around 6%, photovoltaic
cells made from inorganic semiconductors have been studied extensively. Up
to now, the efficiency has been increased to around 25% [4], which is already
very close to the theoretically predicted upper limit of 30% for Si estimated
by W. Shockley and H. J. Queisser [5]. The so-called Shockley—Queisser limit
can be estimated by two considerations: First, only photons are absorbed with
energies above the absorption edge of the semiconductor. For Si the band gap
is about 1.1 e€V. Thus, about half of the photon flux of the sunlight cannot be
used for conversion to electrical power. Second, all energy above the energy
band gap of the semiconductor is lost, as there is no way to capture this excess
energy other than heating of the crystal. So, for single junction Si solar cells
a theoretical limit of the performance can be calculated to be around 30%.

Silicon is an indirect semiconductor, which is one of the major disadvan-
tages of the Si-based PV. The light absorption is much weaker in an indirect
compared to a direct semiconductor, such as gallium arsenide (GaAs). Thus,
to absorb 90% of the incoming light it takes around 1 pum of GaAs, but 100 pum
of Si.|6] The diffusion length of the minority carriers, which are responsible for
the photocurrent in inorganic solar cells, has to be at least twice the thickness
of the semiconductor. For Si this results in a predicted cell thickness of around
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Figure 1.1: Number of publications per year in the field of OPV as a search
item in Web of Science.

200 pm, which is quite a huge amount of material consumption compared to
several hundreds of nm used in thin film technologies. Furthermore, the ma-
terial has to be crystalline and of very high purity. One question for the near
future will be the source of highly purified silicon for solar cells. Almost 50%
of the module costs is related to the costs of processing silicon wafers. In the
past, the PV industry just used the rejected material of the semiconductor
industry, which was available for low costs.|6] However, this implies a depen-
dence which is only viable if both industrial sectors grow with the same rate.
Therefore, thin film technologies became more and more attractive. Besides
thin film silicon photovoltaics, especially CIGS (Cu(In,Ga)(S,Se)s) solar cells
have drawn a lot of attention with PCE values of around 20.3% [4]. However
the usage of rare elements like Indium (In) and Gallium (Ga) are one of the
major disadvantages which has to be considered in case of CIGS solar cells.

Besides the conventional photovoltaic based on inorganic semiconductors,
the field of organic photovoltaics (OPV) as part of the 3"¢ generation PV has
become very interesting for scientists in the last decade. This is also reflected
especially in the increase of publications since the year 2000 (see Figure 1.1),
which indicates a highly emerging research field.

In the year 2000 Alan Heeger together with Alan MacDiarmid and Hideki
Shirakawa were awarded with the Nobel prize in chemistry due to their dis-
covery and the development of conductive polymers. This was a very strong
impetus for organic semiconductors and their application in electronic devices,
such as organic solar cells (OSC) and organic light emitting diodes (OLED).



Whereas OLEDs have already been implemented successfully in the market,
e.g. in mobile phones or TV flatscreens, organic solar cells still have to catch
up. However, due to their similarities scientists in the field of OPV can adopt
lot of background knowledge from OLED research. In Figure 1.2 an overview
of the developments in OPV is given. Especially, in the last three years, the
PCE of organic solar cells has been increased almost twofold. For a promising
commercial launch, however, the module efficiency values have to achieve at
least 10%. For comparison, dye sensitized solar cells (DSSC) being a serious
competitor for OSC are also depicted in Figure 1.2. The efficiency of DSSC
haven’t increased the last ten years.

In general, the field of OPV can be divided in two major areas: solar cells,
which are based on small molecules and those based on conjugated polymers.
Whereas the former need to be evaporated in ultra high vacuum, polymer solar
cells can be made from solution. Especially due to their solution processability
organic solar cells have a promising potential for low cost fabrication. The
use of already implemented printing techniques or roll-to—roll processes allow
for large scale applications with less material consumption. The future goal
for low cost photovoltaics is to reach values around 1€ per Watt peak. It
is commonly believed that organic photovoltaics has the best potential to
produce electricity at much less than 1€ per Watt peak.|7| However, there
are still some efforts needed to gain a deeper understanding in the working
principle of organic BHJ solar cells, especially in the charge transport and
loss mechanisms like charge carrier recombination. The aim of this work is
to address the issues of charge transport and charge carrier recombination in
organic BHJ solar cells and how they influence finally the power conversion
efficiency. The conjugated polymer poly(3-hexylthiophene-2,5-diyl)(P3HT)
blended with the fullerene [6,6]-phenyl-Cg; butyric acid methyl ester (PCg; BM)
is used as a reference material system. Besides the charge carrier mobility
studied in the pure materials and its blend composition, the loss mechanisms
in BHJ solar cells will be shown to be strongly dependent on the morphology
within the bulk of the material system.

First of all, an overview will be given showing the major historical break-
throughs in the field of OPV, whereas the PCE has been increased from far
below 1% to more than 8% nowadays. Before the materials used in organic
bulk heterojunction solar cells are presented the fundamental processes in
organic BHJ solar cells from light absorption to charge extraction are intro-
duced. Finally, the experimental techniques used in this work are highlighted
and the experimental results discussed extensively.



4 Chapter 1. Introduction

12 L | T T T T | T T T T | T T T T | T T T T +
B Sharp Sharp ]
10 B University of EPFL [J Sony ]
- Lausanne Konar (SSD Clzonarka .
<= 8r -
< - —e— OPV (polymer) Solarmer ]
2 .~ OPV submodule o Soarmer i
c 6 — - Dye sensitized solar cells (DSSC) —
) - UCSB /U Lavall 4
© - DSSC submodule Plextronics / Konarka .
m 4 C Konarka ]
o Konarka O -
B Solarmer ]
2+ Siemens ]
B Ulinz UlLinz ]
o UCSB U Linz -
O T | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 +

1995 2000 2005 2010 2015

Year

Figure 1.2: Development of the organic photovoltaics (OPV) and dye sensi-
tized solar cells (DSSC): Power conversion efficiency (PCE) as single, module
and tandem cells (after Ref. [§]).



CHAPTER 2

Organic Photovoltaics

2.1 Developments in the Field of Organic Pho-
tovoltaics

Several reviews can be found in literature, which give an overview of the mile-
stones and principles in organic photovoltaics, such as presented by Deibel et
al. [9] and Brabec et al. [8], both of which will build a fundamental basis for
the following review.

Since the discovery of their conductivity polymers were amongst others
spotlighted for the field of photovoltaics. As polymers exhibit usually a high
absorption coefficient in the visible spectrum of the sunlight, thin films in
the range of 100-200 nm are sufficient to harvest enough photons for en-
ergy conversion. The first organic solar cells consisting of a single polymer
layer, however, had power conversion efficiency values far below 1% [10]. One
of the reasons for their poor performance are the relatively strong exciton
binding energies in organic semiconductors. The generated singlet excitons
being formed on the polymer chain are strongly Coulomb bound with binding
energies between 0.5 ¢V and 1 eV and called Frenkel excitons. In order to
separate these Frenkel excitons either a sufficiently large thermal energy is
needed or the excitons have to be dissociated at the contacts within their life-
time. Both processes are rather unlikely in an organic solar cell: The thermal
energy is not high enough under operating conditions and the polymer film
thickness is usually much larger than the exciton diffusion length. Without
being separated singlet excitons recombine radiatively by emitting a photon
(photoluminescence).

An important milestone for the field of OPV was the introduction of a
second semiconductor layer on top of the polymer film forming a so-called or-
ganic bilayer solar cell structure (Figure 2.1(a)). Due to high electron affinity
an electron can be now transferred from the polymer to the the second semi-
conductor. The latter provides sufficient energy for an electron to overcome
the exciton binding energy, as the electron moves to a state of much lower
energy (see Figure 2.1(b)). The light absorbing polymer is called donor, as it
delivers the electron to the electronegative semiconductor, which accepts the
electron and is thus called acceptor. The hole remains on the donor. However,



6 Chapter 2. OPV

the charge transfer and hence the separation of an exciton can only occur, if
the exciton reaches an donor—acceptor interface within its lifetime and if the
difference between the energy of the electron sitting on the donor and sitting
on the acceptor is larger than the exciton binding energy. The distance cor-
responding to the exciton lifetime may be referred to as the exciton diffusion
length. After dissociation of the exciton the charge carriers, even though lo-
cated on different molecules, are still Coulomb bound due to a week screening
of the electric field in organic semiconductors forming a so-called polaron pair.
Consequently, a further step is needed to overcome this Coulomb attraction
and separate the bound charge carriers to finally get free polarons, which can
then be extracted at the electrodes. A polaron is defined as a charge in com-
bination with a distortion of its environment. Due to strong electron—phonon
interaction a charge sited on an organic molecule often causes a deformation
of the whole molecule. This implies that the charge transport becomes more
difficult and the mobility of a charge carrier becomes lower.[11] The disso-
ciation of polaron pairs can be achieved either by an electric field or by the
energetic disorder of the organic semiconductors [12|. The first organic bilayer
solar cell, which was built of a two layer structure of copper phthalocyanine
(donor) and a perylene tetracarboxylic derivative (acceptor), was presented
by W. Tang et al. [13]. With this structure a PCE of around 0.95% could
be achieved, which was so far the highest reported efficiency value in the
new field of organic photovoltaics. As in a bilayer organic solar cell only a

LUMO
(a) Q (b)
metz/ / }

acceptor

\

PEDOT:PSS
TCO

glass

TCO

HOMO

donor acceptor

- bilayer

Figure 2.1: (a) Architecture and (b) energy diagram of an organic bilayer
solar cell consisting of a donor and an acceptor layer.

single planar interface is formed between the donor and the acceptor only a
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very small region compared to the bulk is sensitive for converting sunlight in
photocurrent.

The concept of bulk heterojunction (BHJ) circumvent the problem of low
exciton diffusion length, as many spatially distributed donor—acceptor inter-
faces are formed throughout the bulk of the solar cell (Figure 2.2(a)). Such
organic bulk heterojunction solar cells can be achieved either by spin-coating
of both compounds, which are already mixed in solution, or by co-evaporating
small molecules. In 1995 Yu et al. [14] mixed the conjugated polymer poly|2-
methoxy-5-(2’-ethyl-hexyloxy)-1,4-phenylenevinylene| (MEH-PPV) together
with the soluble fullerene derivative [6,6]-phenyl-Cg;butyric acid methyl es-
ter (PCg1BM) reaching efficiency values still below 1%, which was the first re-
ported solution processed bulk heterojunction solar cell system.[8] BHJ solar
cells offer the great ability that photogenerated excitons can be dissociated
very efficiently in the bulk. However, in case of a very fine intermixing of
donor—acceptor interfaces the polaron pair dissociation and finally the charge
transport to the respective electrodes due to missing percolation pathways
become more difficult, as will be shown later in this work. The morphol-
ogy plays a very important role for the performance of a bulk heterojunction
solar cell. In the last years, several methods have been introduced to op-
timize the phase segregation of donor and acceptor compound, such as the
choice of solvent [15], the thermal treatment [16] of the solution processed
polymer:fullerene solar cell or by putting additives [17] to the blend solution.
Thereby, all methods aim to achieve a more favorable structure in terms of
electron—hole pair dissociation and charge transport. As a consequence, the
PCE was increased manyfold, e.g. due to thermal annealing from around 1%
to above 3%.

It is still an ongoing process of improving the performance of bulk het-
erojunction solar cells by tailoring the phase separation as well as looking for
novel material systems. The highest efficiency reported so far for solution
processed organic bulk heterojunction solar cells is as high as 8.3% [4].

A more detailed description of the fundamental processes taking place
within a bulk heterojunction solar cell will be given in the next section.

2.2 Operational Principles of Organic Bulk Het-
erojunction Solar Cells

As was already briefly depicted above, the conversion of sunlight into electri-
cal power in organic solar cells is somewhat different and more complicated
compared to those based on inorganic semiconductors. In the following, the
important steps will be highlighted from the beginning of light absorption
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Figure 2.2: (a) Device architecture and (b) energy diagram of an organic bulk
heterojunction solar cell; Due to well distributed donor—acceptor interfaces the
whole bulk of the solar cells contributes to the generation of charge carriers
and thus to the conversion of light to electric power.

and exciton generation to free polarons being extracted at the electrode. A
detailed review of the fundamental processes in an operating organic bulk het-
erojunction solar cell was given by Deibel et al. in 2010 [9]. These processes
are summarized in Figure 2.3.

Exciton Dissociation

Due to high absorption coefficients of the polymer exceeding 107 m~!, a thin
layer of a few hundreds of nm is sufficient to gain a satisfying absorption yield
for power conversion. After light absorption by the polymer an electron—hole
pair is formed on the polymer chain. In contrast to Mott—Wannier exci-
tons generated in inorganic semiconductors with binding energies of around
25 meV, the generated Frenkel excitons in organic semiconductors possess
rather huge binding energies in the range of 500 meV due to a small dielectric
constant—e ~ 3-4—and hence a small screening length.

For efficient dissociation the generated excitons have to diffuse to a donor—
acceptor interface to overcome the binding energy [19, 20]. If the exciton is
further away from the interface than its diffusion length, it will recombine
radiatively by photoluminescence (see Figure 2.4). A prerequisite for excitons
to dissociate is that the charge transfer to the acceptor molecule has to be
energetically favorable, i.e. the energy gain is larger than the exciton binding
energy. Actually the energy gain can only roughly be described by the energy
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Figure 2.3: Overview of fundamental processes in organic bulk heterojunc-
tion solar cells: (1) Singlet exciton generation (2) Exciton diffusion to a
donor—acceptor interface (3) Exciton dissociation creating a bound polaron
pair (4) Polaron pair dissociation (5) Charge transport to the electrodes. (Af-
ter Ref. [18]).
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Figure 2.4: Exciton dissociation: Photogenerated exciton will diffuse to a
donor—acceptor heterointerface (1) and be separated (2) or recombine radia-
tively by photoluminescence (3).

offset between the LUMO of the donor and the LUMO of the acceptor, as the
LUMOs are energy levels of uncharged molecules—not occupied by a charge
carrier—and thus not describing charged molecules or optical transitions.|21]

Polaron Pair Dissociation

After dissociation of a singlet exciton, the electron and the hole are still
Coulomb bound residing on two different material compounds, i.e. acceptor
and donor material, respectively [22|. The formation of a polaron pair is the
intermediate step from a photogenerated exciton to a pair of free polarons [23].

A commonly used model to describe the dissociation probability of two
charges is the Braun—Onsager model. In 1938 Onsager calculated the prob-
ability to separate a Coulomb bound pair of ions oppositely charged with
a given initial distance with the aid of an external electric field [24]. Later,
Braun extended the model of Onsager, as he was taking into account the finite
lifetime of the initial bound states. Furthermore, he applied the model to the
dissociation of charge transfer states in donor—acceptor systems [25]. Up to
now the Braun—-Onsager model is the most commonly used model to describe
the polaron pair dissociation probability in organic solar cells|26, 27, 28, 29].
A bound polaron pair has either the possibility to be dissociated into free
charges with a rate k; or recombine to the ground states with a constant rate
given by the inverse of the lifetime k; = 7. Finally, free charges can meet
and generate a bound polaron pair with a rate k, (see Figure 2.5) again. Note
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Figure 2.5: Schematic overview of the polaron pair dissociation process:
Bound polaron pairs can either be dissociated into free polarons with the
rate kq or recombine radiatively with rate k; to the ground state. The rate
k, accounts for free polarons met again forming a bound polaron pair. (After
Ref. |9])

that the recombination of charge carriers in the Braun—-Onsager model can
only occur via a bound polaron pair. So if free charge carriers recombine,
they will first build a Coulomb bound pair.

The probability for dissociation of a bound polaron pair is given by the
equation
_ k()
 ka(F)+ky

where F' is the electric field and k; = 77! is the recombination rate of the
polaron pair to the ground state. The probability P;(F') contains the charge
carrier mobility ;v as well as the polaron pair recombination rate k¢ in linear
dependence, so that the pur—product has a great impact on the dissociation
yield [9].

A drawback of the Braun—Onsager model is that the model does not ac-
count for energetic disorder or high local charge carrier mobility along polymer
chains [30, 31, 32|. However, it was shown recently by Deibel et al. [33] that
the conjugation length of the polymer has an important impact on the polaron
pair dissociation. They used Monte Carlo simulations considering energetic
disorder and an effective conjugation length. In contrast to Braun—Onsager
theory, they found a qualitatively good agreement for the dissociation yields
between 20% and 75%.

Polaron pairs might also be lost due to an extraction of charge carriers

Fy(F) (2.1)
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at the wrong electrode. This is in analogy to the process found in literature
in conjunction with electron and hole blocking layers [34, 35, 36, 37]. As
polaron pairs are still attracted by Coulomb interaction, they can even move
against the electric field, when the latter is not much higher as the energetic
disorder of the system. This behavior may be observed in disordered organic
systems as a negative field dependent charge transport [38, 39]. However, as
this process has been predicted only by Monte Carlo simulations [40] but is
hard to be determined experimentally, the importance of this loss mechanism
is difficult to estimate.

Finally, polaron pair dissociation might also be influenced by the excess
energy which is available after the exciton dissociation. The Durrant group
found a direct relationship between the photogenerated polaron density and
the energy offset of the HOMO of the donor and the LUMO of the acceptor
(HOMOp—LUMOy,) [41]. This implicitly indicates that the excess energy
gained after the dissociation of an exciton serves the polaron pair with ad-
ditional kinetic energy, such that the Coulomb attraction can be overcome.
Following this assumption, a smaller energy offset between the HOMO of the
donor and the LUMO of the acceptor would also lead to an enhanced driving
force for polaron pair separation. However, as the HOMOp—LUMO 4 gap is
directly proportional to the open circuit voltage of the bulk heterojunction
solar cell it is not straight forward to increase the photocurrent. Rather, a
trade-off between high photocurrent and open circuit voltage may have to be
found to optimize the performance of organic bulk heterojunction solar cells.

Charge Carrier Transport and Recombination

Those polarons, which have successfully been separated, need to be trans-
ported to the respective electrode. In contrast to a band transport in crys-
talline semiconductors, the charge transport takes place by a so called hopping
process between two neighboring localized energy states, which will be dis-
cussed more in detail in Chapter 3. As a consequence of the localized charge
transport in a disordered environment, the charge carrier mobility in bulk
heterojunction solar cells, or generally in all disordered organic semiconduc-
tors (& 107% cm?/Vs), is many orders of magnitude smaller compared to the
mobility obtained in well ordered crystalline inorganic semiconductors (up to
10% ¢cm?/Vs). Thereby, the holes usually hop on the donor and the electrons on
the acceptor material. The difficulty in establishing a unified theoretical model
has hindered a complete understanding of the transport mechanism incorpo-
rating both, a macroscopic and a microscopic point of view [42]. Thereby, the
charge carrier mobility defined as the proportionality constant between the
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drift velocity of charges vy and the applied electric field F

UVq
. 2.2
K n (2.2)

is one of the key parameters of interest.

On their way to the collecting electrode polarons can also undergo recom-
bination resulting in a loss of photocurrent. In organic solar cells two main
loss mechanism are distinguished, i.e. geminate and non-geminate recombina-
tion, which will be discussed more in detail in Chapter 4. Whereas geminate
recombination is defined as a loss mechanism between two charges bound by
Coulomb interaction after photogeneration, it is called non-geminate if two
oppositely charged carriers recombine, which originate from two different ex-
citons. Typical time scales reported for geminate recombination in organic
donor—acceptor solar cells are in the range from hundreds of picoseconds up
to around 100 ns [43, 44, 45, 46, 47|, whereas non-geminate recombination
occurs in a time range from us to ms.

Charge Carrier Extraction and Surface Recombination

If the charge carriers survived the exciton dissociation, polaron pair separation
and the transport to the electrodes without recombining non-geminately, they
can be extracted at the electrode. The charge extraction process depends
strongly on charge carrier concentration at steady state conditions determined
by the device architecture. Thereby, the carrier concentration at the metal—
organic interface is influenced by surface recombination, which again has an
impact on the charge extraction process [9]. Scott and Malliaras [48] as well
as Nelson et al. [49] have proposed the surface recombination to limit the
performance of organic solar cells, i.e. the recombination at the organic/metal
electrode interface. Surface recombination does not necessarily imply a loss
of charge carriers except the case when both carrier types are extracted at
the same electrode. A better way of describing surface recombination velocity
is to think of an extraction rate of charge carriers at the electrodes. If the
velocity is low the charge carriers cannot leave the device quickly enough so
that a space charge region will be built at the contacts making the charge
extraction process worse.|9]

2.3 Current—Voltage Characteristics and Solar
Cell Parameters

The most important parameter describing the performance of a solar cell is the
power conversion efficiency 7, which is generally defined as the ratio between
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Figure 2.6: Characteristic current density—voltage (J—V') curve of an organic
bulk heterojunction solar cell (here P3HT:bis-PC¢ BM 1:1).

the maximum power point F,,,, achieved by the solar cell and the incident
radiant power Pp,

Zmpp (2.3)

P,.pp can be calculated from characteristic parameters of the solar cells, i.e.
the open circuit voltage V,., the short circuit current density js., and the fill
factor F'F' (see Figure 2.6). V,. is defined as the point at which the current
under illumination intercepts the voltage axis and hence is the voltage at
which no net current is flowing. The short circuit current density on the other
hand is the current flowing under illumination when no external voltage is
applied to the solar cell. The fill factor is given by the ratio between the
maximum power and the product of V,. and j,.. In other words, it describes
the “squareness” of the current density—voltage (J-V') characteristics of the
solar cell. The power conversion efficiency in equation (2.3) can be rephrased

as follows: P - ‘ Vo FR
m mpp * Jm; oc " Jsc*
,’7 — pp — pp pp — , (24)
Py, Py Py,

with the current density j,,, and the voltage V,,,,,, at maximum power point.

The solar cell parameters j,., F'F, and V,. are influenced by all of the
above mentioned processes, i.e. the important steps from exciton generation
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Figure 2.7: After exciton separation at a donor—acceptor heteroninterface the
polarons are still bound by Coulomb interaction forming a bound polaron—pair
(PP). The maximum energy available in a BHJ solar cell, which is given by
energy band gap of the polymer, is reduced to E, pa, i.e. the energy difference
between the LUMO of the acceptor and the HOMO of the donor.

and dissociation to the final extraction of free polarons at the electrodes.
Whereas the fill factor and the short current density are mainly dominated
by the steps from photogeneration of excitons to the gain of a photocurrent
by the charge extraction, the open circuit voltage is related to the energetics
of an organic solar cell. The maximum energy available in an illuminated or-
ganic solar cells is the energy of the singlet exciton. As these strongly bound
excitons have to be dissociated into free polarons the theoretically obtained
maximum of the open circuit voltage is reduced to the voltage defined by the
so-called charge transfer (CT) state: the bound polaron pair (PP), which is
directly related to the donor-acceptor interface [50] (see Figure 2.7). It was
shown for polyphenylvinylene-based polymers that V,. depends almost lin-
early on the effective band gap between the donor and acceptor E, pa [51, 52].
However, in polyfluorene based devices, with higher V,. values compared to
polyphenylvinylene based solar cells, the work function difference of the metal
contacts were found to influence the open circuit voltage [53]. Thus, the open
circuit voltage in a bulk heterojunction solar cells is either limited by the con-
tacts or the bulk depending on the which energy is smaller the difference of
the work functions of the electrodes or the effective band gap E, pa, respec-
tively. Even though a linear dependence of the V. on the difference between
the HOMO and LUMO of donor and acceptor was found, a constant offset of
around 0.3 V has to be included to correctly describe V,,. for a vast range of
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donor—acceptor combinations [54]
1
Vpe= = | HOMOp — LUMO, | —0.3V . (2.5)
q

Vandewal et al. were able to observe the weak quantum efficiency of polaron
pairs and hence the effective band gap of the blend material using Fourier
transform photocurrent spectroscopy measurements, where they even found
an offset of 0.43 V [55]. The reduced open circuit voltage compared to its
theoretical maximum value is related to the quasi-Fermi level splitting, which
cannot exceed the energy of the charge transfer state but can be lowered for
some reasons. Deibel et al. [21] showed very recently that the open circuit
voltage is limited due to radiative and non-radiative recombination. Under
open circuit conditions the energy bands are not necessarily flat. Generally,
a weak band bending between the donor and the acceptor material can be
thought of. For the case of very fine intermixing of the donor and acceptor
material the corresponding bands are expected to be parallel to each other
as shown in Figure 2.2. In contrast, bilayer solar cells can reveal a strong
band bending, as the donor and the acceptor are only connected at a planar
heterointerface |9]. Besides the band bending, the open circuit voltage is also
influenced by the injection barriers at the electrodes influencing the quasi-
Fermi levels. A general equation can be given as

E
Ve =224 4 BB+ BBy — Ade — AD, (2.6)

q
with the effective band gap E; pa between the donor and the acceptor at the
interface, the elementary charge ¢, the band bending in the donor layer BBp
and the acceptor layer BB, which can be both positive or negative. A®
accounts for the injection barriers from the anode into the donor or cathode
into the acceptor, respectively.

In order to optimize the open circuit voltage V. in organic BHJ solar cells,
the difference between the CT state—FE, p4—and the open circuit voltage has
to be reduced. This can be done for example by increasing the LUMO level
of the acceptor |56, 57|. However, the reduction is limited as there is still a
driving force needed for efficient exciton dissociation without electron back
transfer. Furthermore, minimizing the recombination will help to reach a
maximum possible open circuit voltage.

Even though the charge carrier mobility in organic bulk heterojunction
solar cells is more than a million times smaller compared to crystalline silicon,
it is amazing that the power conversion efficiency recently reached more than
8% [4]. To give an answer for that and further upcoming questions related to
the quite remarkable performance of organic solar cells, was a main goal of
this work.
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C

Figure 2.8: (Top) Alternating single and double carbon bonds and (bottom)
the resulting configuration of the electronic sp? hybrid orbitals.

In the following, the two material classes—the donor and acceptor—for
organic BHJ solar cells will be introduced.

2.4 Donor Materials

In solution processed organic BHJ solar cells usually a conjugated polymer is
used as the donor material . Polymers in general are macromolecules with huge
molecular weight (> 10.000 mg/mol) [58], which are built of long chains of
repeating chemical units, called monomers. A homo polymer is characterized
by only one monomer, whereas copolymers results from the polymerization of
more than one type of monomer. Depending on their structure polymers can
have an isolating but also semiconducting character. The electronic structure
of an organic semiconductor is based on so-called conjugated m-electrons. The
ground state of a carbon atom is in the configuration 1s%2s22p%. Due to
hybridization the 2s22p? form four new orbitals energetically favored. The
four sp? orbitals are oriented towards the corners of a regular tetrahedron
allowing a strong degree of overlap in bond formation with another atom.
Conjugated polymers are characterized by their alternating single and dou-
ble bonds of carbon atoms, which are hybridized in sp? configuration. Three
orbitals formed by one s and two p orbitals (p,p,) are oriented planar, whereas
the residual p, orbital is located perpendicular to the o-bond plane (see Fig-
ure 2.8). Two neighboring p, orbitals are able to overlap and build a so-
called m-bond with delocalized electron wave function above and below the
o-electrons in the bond plane. The overlapping m-electron wave functions to-
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gether form a m-band. Since the delocalized orbitals are half-filled, one might
expect metallic behavior due to a finite density of states (DOS) at the Fermi
level [42]. However, this does not happen due to the appearance of a band
gap between the filled bonding states—m-band or highest occupied molecu-
lar orbital (HOMO)—and the empty anti bonding states—r*-band or lowest
unoccupied molecular orbital (LUMO)—lowering the energy of filled states
on account of Peierls instability [59]. The Peierls theorem, as was shown by
Rudolph Peierls in 1955, states that a one-dimensional system—in this case
the long carbon chain—with an incompletely filled band distorts in a way as
to open up a gap at the Fermi level [60]. A band gap of 1-3 eV between
the HOMO and the LUMO is responsible for the semiconducting properties
of such organic compounds. In Figure 2.9 the chemical structures of some
representative conjugated polymers are shown.

The chain of a conjugated polymer is not stretched indefinitely, but makes
twists and coiled structures. Thus, the delocalization length of the m-cloud
of electrons is limited to a definite length, also known as conjugation length,
which is bounded by an energy barrier created by defects [61]. Furthermore,
the conjugation lengths of a conjugated polymer obey random distributions
leading to alternating energies of the m-electrons. This can be seen in broad
and featureless absorption and emission spectra, often observed for conjugated
polymers (see Figure 2.10). However, some conjugated polymers reveal also a
crystalline phase besides the amorphous nature. Such crystallinity is strongly
related to a well ordered polymer chain conformation.

Apart from charge delocalization, an important factor for charge transport
in conjugated polymers are inter-chain interactions, m-m stacking as well as
the role of side groups. In contrast to the intra-chain interaction, where the
transport occurs along the polymer chain, the charges move perpendicular
to the polymer chains along the 7 stacks. Thereby, the delocalization of -
electrons along the polymer backbone is not sufficient for charge transport.

2.5 Acceptor Materials

Since their first use in organic bulk heterojunction solar cells in 1995 [14],
fullerene derivatives have been widely used as acceptor materials being a n-
type semiconductor. The most commonly used fullerene derivatives are the
[6,6]-phenyl-Cg; butyric acid methyl ester (PCgBM) and [6,6]-phenyl-C7; bu-
tyric acid methyl ester (PC7;;BM). They consists mainly of a Cgg or Cy cage
with an additional side chain to allow for solubility in organic solvents (Fig-
ure 2.11). Both are used as electron acceptors in organic BHJ solar cells in this
work. The reason for their ability to accept electrons from the donor is based
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Figure 2.9: Some representative conjugated polymers: poly|2-methoxy-5-(2’-
ethyl-hexyloxy)-1,4-phenylenevinylene| (MEH-PPV), poly(3-hexylthiophene-
2,5-diyl) (P3HT), poly|2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta|2,1-b;3,4-
b’|dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)] (PCPDTBT), poly][9-(1-
octylnonyl)-9H-carbazole-2,7-diyl]-2,5-thiophenediyl-2,1,3-benzothiadiazole-
4,7-diyl-2,5-thiophenediyl] ~ (PCDTBT),  poly(2,5-bis(3-alkylthiophen-2-
yl)thieno|2,3-b|thiophene) (pBTCT-Cj5), poly(2,5-bis(3-tetradecylthiophen-
2-yl) thieno|3,2-b|thiophene) (pBTTT).
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Figure 2.10: Absorption coefficient « (left axis) of the conjugated polymer
P3HT4002E and the fullerene PCgBMas a function of the wavelength A;
AM1.5 G solar spectrum (right axis) is also shown.

(a) PCe1BM (b) PC71BM (c) bis-PCs1BM

Figure 2.11: Fullerene Derivatives: (a) [6,6]-phenyl-Cg;butyric acid me-
thyl ester (b) [6,6]-phenyl-C7; butyric acid methyl ester (c) bis-|6,6]-phenyl-
Cg1butyric acid methyl ester.
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on several factors. Fullerenes have appropriate LUMO levels with respect to
most of the used conjugated polymers, so that an electron can easily be trans-
ferred from the polymer to the fullerene.[62] Consequently, fullerenes exhibit
ultrafast (sub-ps) forward photoinduced electron transfer when combined with
conjugated polymers like MDMO-PPV or P3HT [63]. Due to three dimen-
sional symmetry, fullerenes can isotropically (in case of Cgy cage) or relatively
isotropically (in case of Cyq cage) accept electrons, which is favorable in three
dimensional bulk heterojunction structures. Moreover, fullerenes exhibit good
electron mobilities (up to 1 cm?/Vs) [64], in addition to the extended exciton
diffusion length, which has been estimated in pure Cgy to be of the order of
40 nm [65].

In order to avoid energy transfer instead of charge transfer between the

donor and acceptor it is important that the HOMO level is low enough, which
is true for C60 and C70.
However, there are of course also disadvantages in using fullerene derivatives
in organic bulk heterojunction solar cells. One of these drawbacks is the in-
solubility in solvents other than aromatic and even in those the solubility is
limited. Furthermore, the relatively low optical absorption in the solar spec-
tral range limits the photon harvesting. For PC;;BM, however, the absorption
width is broadened due to an asymmetrical shape of the molecules absorbing
also in the visible range. By adding more side chains to the fullerene cage
bisadducts of the fullerene can be obtained like bis-PCg;BM [66] shown in
Figure 2.11(c). The addition of a side chain will increase the LUMO level
of the fullerene and hence lead to an increase in the open circuit voltage of
the solar cell. However, as a major drawback it will also enhance the ener-
getic disorder, as a close packing of the fullerene cages will be distorted [67].
A comparative study of the charge transport and recombination dynamics in
P3HT:PC¢;BM and P3HT:bis-PCg;BM BHJ solar cells will be presented later
in Chapter 8.

In the past several years, efforts have been made to find alternative accep-
tor materials, which, for example, contribute more strongly to the absorption
of solar sunlight. As V,,. is related to the energetic difference between the
LUMO of the acceptor and the HOMO of the donor, this difference has to be
increased as much as possible as already mentioned above (see Figure XXX ).
However, even though the band gap E, p4 can be larger than 1 eV, V,, might
be limited well below 1 V due to charge carrier recombination. Therefore, it
is of particular importance to understand the recombination processes in the
bulk in order to improve the solar cell performance.

Remarkably, even after 15 years of extensive research for acceptor materi-
als, PCgBM is still one of the best performing acceptors and being certainly
the most widely used electron acceptor for organic photovoltaics devices.|8|






CHAPTER 3
Charge Transport in Organic
Disordered Materials

In this chapter, some of the models describing the transport in organic disor-
dered systems will be presented, one of which is the commonly used Gaussian
disorder model (GDM).

Many organic semiconductors like m-conjugated polymers are disordered
and amorphous in nature. Due to the absence of three dimensional periodical
lattice structure the transport cannot be described by classical semiconductor
models, such as transport in bands. Instead, the spatial and energetic disor-
der in organic semiconductors lead to the formation of localized states [68],
whereas charge carriers may proceed from one state to another by a hopping
process. Depending on the distance between the hopping sites and their en-
ergy, some of the hopping steps will be easy and some more difficult. In case
of a large energetic distance between two neighboring hopping sites the charge
carrier may considered to be trapped, even if no trap states—such as chemical
defects—are are present in the organic semiconductor popel999book.

Inorganic well ordered semiconductors offer a quasi free transport of charge
carriers within delocalized states, i.e. the conduction and valence band for
electrons and holes respectively, with a characteristic temperature depen-
dent charge carrier mobility: At low temperatures the transport is limited
by Coulomb repulsion of equally charged carriers with the a temperature be-
havior of p oc T%/2, whereas at high temperatures scattering at phonons leads
to a temperature dependence of 1 oc 7732 [69]. In organic disordered ma-
terials the charge carrier mobility exhibits also a temperature dependence,
which can jhowever, more described by thermally activated processes. Fur-
thermore, in the early 1970s a field dependent charge carrier mobility, similar
to Poole—Frenkel [70], was found experimentally by Gill when studying the
charge transport in molecularly doped polymers by using the experimental
technique of transient photoconductivity, also known as time-of-flight (TOF)
(see Section 6.1). He proposed an empirical formula describing the experi-
mental observations he made on the polymer polyvinylcarbozole to be
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Figure 3.1: Poole-Frenkel effect: A charge carrier trapped in a Coulomb
potential can be released due to barrier lowering.

where i is the zero field mobility, F' is the field strength, 3 is the field activa-
tion parameter and Ay the activation energy. A Poole—Frenkel like behavior
describes a charge carrier trapped in a Coulomb potential well, whereas the
barrier is lowered in the direction of the applied electric field (see Figure 3.1).

As was already suggested by Gill—even though not physically
understood—at a certain temperature T;, a negative field dependence
of the charge carrier mobility p can be observed. Indeed, in disordered or-
ganic semiconductors sometimes a negative dependence of the charge carrier
mobility on the electric field F' is observed experimentally, i.e. a decreasing p
with increasing F'. The reason for this behavior is not completely understood
yet, the answer of which, however, is often related to the hopping mechanism
in a Gaussian density of states (GDOS) distribution [39]. Thereby, it may
be originated from the influence of diffusion on the charge carrier mobility,
although p is actually a drift parameter.

3.1 Variable Range Hopping

The hopping transport mechanism is generally characterized by a combination
of tunneling from one site to the next neighboring state and a thermally
activated process. The former depends on the transfer integral between the
corresponding wave functions.|9] Marcus proposed in the mid 1950s a hopping
rate describing a jump from site ¢ to site j by [71, 72|

L P (AGy; + \)?
Vi = T\ e ANET ) (3:2)



3.1. Variable Range Hopping 25

charge localized by
defects or disorder

Figure 3.2: Hopping transport in an irregular lattice. Charge carriers localized
on a defect site can only move from one site to another when energetically
activated by a lattice vibration (after Ref. [11]).

with the transfer integral [;;, i.e. the wave function overlap between site 7 and
site 7, which is equivalent to the tunneling. A represents the reorganization
energy related to the relaxation of the molecule upon charge transfer (polaron
relaxation), k7" is the thermal energy and AG;; is the energy difference be-
tween the two sites ¢ and j. In 1956 Conwell [73] and Mott [74] proposed the
concept of hopping transport in order to describe impurity band conduction in
organic semiconductors. Only a few years later, in 1960, Miller and Abrahams
calculated the transition rate v;; for a phonon assisted hopping process from
an occupied state ¢ with an energy F; to an unoccupied state j with energy
E; |75] to be:

E, - E
exp (—]—> Ej > F;

Vij(-Ei; Ej, RU) =1 exp(—QWRU) kT
1 E; <FE;

(3.3)

Vg is the maximum hopping rate, also known as attempt—to—escape frequency,
R;; is the spatial distance between the states ¢ and j, v is the inverse lo-
calization radius being proportional to the transfer integral, £ the Boltzmann
constant and 7 the temperature. The first exponential term in Equation (3.3)
describes the overlap of the wave function of the states ¢ and j representing
again the tunneling contribution, whereas the second exponential term ac-
counts for the temperature dependence of the phonon density. As can be
seen, for jumps upwards in energy also a Boltzmann term is used in analogy
to the Marcus theory, even though the energy difference AFE;; usually consid-
ers only energetic disorder, but not the polaron relaxation. Both hopping rates
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proposed by Marcus and Miller—Abrahams were applied in Monte-Carlo sim-
ulations |76, 77, 78] or hopping master equations [79, 80] to gain insight into
the macroscopic charge transport properties in disordered materials, where
analytic solutions are difficult to find.

3.2 Gaussian Disorder Model (GDM)

A famous model describing the transport of charge carriers in an energetic
disordered environment was given in 1993 by Heinz Béssler |77]. Due to fluc-
tuations in conjugation lengths and structural disorder the charge transporting
sites of polymers are spread in energy. From absorption measurements, Gaus-
sian shaped spectra has been revealed for many polymers [77]. Thus, charge
transport sites in disordered systems are often described by a Gaussian density
of states (GDOS) distribution, given by

g(B) = \/%exp<—%> | (3.4)

N; reflects the density of localized states and o the standard deviation of the
density of states being also representative for the degree of disorder of the
material. Béssler described in his Gaussian disorder model (GDM) [77] the
transport in disordered organic systems by a hopping process in a system with
energetic and spatial disorder being uncorrelated to each other and both char-
acterized by a GDOS distribution. The hopping rate between two neighboring
sites was assumed to obey the Miller-Abrahams equation (Equation (3.3)).
From Monte-Carlo simulations, he found the charge carrier mobility to depend
on temperature 1" and the electric field F':

— e {_<2_")2}{exp(o[(%)z—ﬂ]ﬁ), 2> 15 s
e o exp(C[(:2)? - 2.25VF), ©<15

assuming a Gaussian density of states distribution of the width 20 (see Fig-
ure 3.3). o/kT is defined as the energetic disorder parameter and ¥ as the
spatial disorder parameter. C and the factor 2/3 are scaling factors from
parametric fits. The results are in good agreement with the empirical equa-
tion found by Gill in 1972 (Equation (3.1)). Consequently, the parametric
GDM model is commonly used in literature, even though it is assumed that
the site energies are distributed independently with no correlations among
them. However, using the GDM the Poole-Frenkel like field dependence of
the charge carrier mobility can only be explained in a narrow field range.
Five years later, Novikov and Dunlap [81] extended the GDM model, as they
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Figure 3.3: Hopping processes in an energetic landscape of site energies dis-
tributed by a Gaussian density of states distribution (GDOS). Charge carriers
tend to relax down in energy during their hopping motion.

proposed a correlated disorder model (CDM), where the spatial and energy
disorders depend on each other. They took into account that a changing envi-
ronment for a given molecule will have an influence on its energetic position,
which was not considered in the model presented by Béssler. Using CDM, it
is then possible to reconcile to a wider range of validity of the Poole-Frenkel
law even down to low and intermediate fields.

Even though a Gaussian shape of the DOS was found from absorption mea-
surements [82], the actual shape maybe somewhat different. Thereby, often
a combination of a Gaussian DOS and an exponential DOS is supposed [83],
whereas the latter describes the tail states of the DOS [84, 85, 86].

3.3 Multiple Trapping and Release (MTR)
Model

Another extension to the GDM was given by Pasveer et al. in 2005 [79].
Previously, it was observed experimentally that the charge carrier mobility
depends on the concentration of the charge carriers in amorphous organic
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Figure 3.4: Overview of the multiple transport and release model: Charge
carriers get trapped in states below the transport energy FE,. during their
transport. They can only contribute again to the transport if released from
the trap state to a state above Ej,.

semiconductors [87, 88|, which was assigned to a filling of the Gaussian den-
sity of states, where lower states act as traps [89]. Using a hopping master
equation approach and fitting parametrically an empirical description for the
carrier concentration dependent mobility was found [79], which is sometimes
termed as the enhanced Gaussian disorder model. In this context, the con-
cept of the transport energy has to be considered [90, 91, 92|. Thereby, the
transport energy can be compared with the mobility edge [91] in amorphous
inorganic semiconductors. Charge carriers tend to relax in energy—in other
words thermalize—to an equilibrium state, which is defined as the transport
energy Ej,. (see Figure 3.3), where the character of relaxation changes: After
a hop to a state below FE,, the charge carrier prefers to hop upward towards
Ey,.. These processes above and below FEj,. resample multiple trapping and
release (MTR) processes (Figure 3.4), where Ey,. plays the role of the mobil-
ity edge [90]. For a given temperature, this equilibrium state is on average
o2 /KT below the centre of density of states distribution (see also Figure 3.3).
It has been shown by Monte-Carlo simulation [93] and analytically [91, 92]
that a carrier will most probably jump from a currently occupied state to a
hopping site belonging to the effective transport energy level E;,. given by the
transcendental equation [92]:

Eir
| e g(B)E - B = Jorry (3.
N T
Charge carriers below Ej,. mostly do not contribute to the transport and are
considered to be trapped. Keeping this picture in mind, the MTR model
adapted from trap-rich inorganic semiconductors such as amorphous silicon
(a-Si) is often used to describe the charge transport in organic semiconductors
in equivalence to a band transport including trapping events.

However, the transport in a blend consisting of two material compounds, as
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is the case in BHJ solar cells, is even more complicated to describe. Compared
to single material devices an additional spatial disorder in the bulk has to be
taken into account. For an efficient charge transport in a BHJ percolated
pathways have to exist in order to connect both material phases with the
corresponding electrodes.

On their way to the electrodes charge carriers may also undergo loss mech-
anisms such as recombination, which will be discussed in the following chapter.






CHAPTER 4

Charge Carrier Recombination

Now, the loss mechanism of charge carrier recombination in organic bulk het-
erojunction solar cells will be discussed in detail. Before focusing on organic
disordered systems, an overview of the four main types of charge carrier losses,
which can occur in semiconducting materials in general, will be highlighted.

If two oppositely charged carriers meet each other within a distance, which
is smaller than the Coulomb capture radius r., they are most likely lost due to
recombination. Thereby, r. is defined as the point where the Coulomb energy
of the two charge carriers is of the order of the thermal energy. Thus, thermal
fluctuations will lead to the complete separation of the two charge carriers [94].
If the recombination is associated with the emission of a photon it is called
radiative, otherwise non-radiative if only phonons are emitted [11]. Whereas in
inorganic semiconductors the Coulomb attraction is rather small (in the order
of kT at room temperature; 25 meV) due to high dielectric constant of about
€ = 11-12, charge carriers in organic semiconductors with ¢ ~ 3-4 suffer from
a four times higher Coulomb force. Moreover, charge carrier recombination in
inorganic semiconducting crystalline materials will mostly occur at trap states
in the band gap of the crystal caused e.g. by impurities or grain boundaries,
also known as Shockley-Read-Hall recombination. Due to the typically high
purity of crystalline materials this kind of loss mechanism, however, is not a
limiting factor of the solar cell performance. This might be different in organic
disordered materials.

In 1978 Mott discussed four main types of recombination mainly consid-
ering inorganic systems [95, 11]:

1. Auger recombination: This kind of recombination is generally a rather
unusual process, where three particles are involved. Mott distinguishes
between two cases:

a. In the presence of localized states:
A hole (or electron) is trapped at a defect, and the countercharge
recombines with the trapped charge forming a transient trapped
charge-transfer (CT) state. If another free electron collides with
the trapped CT state, an Auger process can take place, in which
all the recombination energy is used to impart kinetic energy to
the free electron.
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b. band-to-band:
Here, holes and electrons recombine directly, giving their excess
energy to another atom that can ionize.

2. Recombination at defects — radiative Here, the recombination can
take place at an impurity of a crystal imperfection being radiative or
non-radiative. This loss mechanism is often used to describe the recom-
bination in organic crystals but also in inorganic ordered semiconductors
and is known as Shockley—Read-Hall recombination.

3. Recombination with multi-phonon emission This is an non radia-
tive recombination process describing a more general problem of non
radiative decay of a free or trapped excitons in organic crystals.

4. Recombination energy loss by cascade In general, this process ad-
dresses the recombination of charge carriers with excess kinetic energy,
which eventually meet each other within the Coulomb capture radius
r.. If the charge carriers at that point loose energy due to phonon emis-
sion, the probability of recombination increases exponentially. However,
the charge carriers have a chance to escape even in the absence of an
external assisting field.

In the following, the possible recombination dynamics taking place in an
organic bulk heterojunction solar cell consisting of two materials intermixed
on the nm-scale will be discussed.

4.1 Charge Carrier Recombination in Organic
Bulk Heterojunction Solar Cells

As described in the previous chapter, the charge transport in disordered or-
ganic semiconductors cannot be characterized by a classical band transport,
but by hopping processes between localized states. Thus, the loss mechanisms
cannot be described by a classical band—band recombination [9].

We distinguish between two recombination processes in organic solar cells,
the geminate and non-geminate recombination (see Section 2.2). The recom-
bination of two oppositely charged carriers is called geminate, if the charge
carriers are generated from the same precursor state. In contrast, the recom-
bination of two oppositely charged carriers, which originate from two different
polaron pair dissociation processes and hence from different precursor states,
is known as a non-geminate process.
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Looking first at the dynamics for polaron pairs, Koster et al. [96] found
a simplified equation for charge losses in organic solar cells. The continuity
equation for polaron pairs PP can be described as follows:

dPP
— = — kPP — kPP 4.1
dt GPP ! \d\/“r‘R ’ ( )
G

where Gpp is the polaron pair generation rate. For ideal exciton dissociation
this is equal to the singlet exciton generation rate. k; is the polaron pair
recombination rate to the ground state (geminate), kq is the dissociation rate
from a polaron pair to a free polaron. The term k;PP corresponds to the
generation rate G of free polarons being a loss mechanism of polaron pairs. In
contrast, the recombination rate of free polarons R always leads to the gener-
ation of a polaron pair, which is considered in this equation by a positive sign.
Consequently, the dynamics of two polarons after polaron pair dissociation
can now be described again by the continuity equation (here for electrons):
dn 1dj,

E——a%—i‘G—R , (42)
with the concentration of electrons n and the spatial derivative of the current
Jn, the elementary charge g, the optical generation rate G and the recombina-
tion rate R of polarons. By using Equation (2.1) as kq = k¢(P;/1 — P;) and
coupling Equation (4.1) and (4.2) by assuming steady-state conditions, where
the time derivates are zero, the continuity equation becomes
This expression implies that the charge carriers are not necessarily lost after
recombination, but first form a bound polaron pair, which can either again
dissociate into free polarons or decay to the ground state [96]. Only in the
latter case, the polarons are lost.

Considering the recombination rate R in organic BHJ solar cells, generally
two processes can be thought of, a first order (n') and a second order process
(n?):

R= ; tEn? (4.4)

with the charge carrier concentration n and the recombination coefficients
1/7—with the charge carrier lifetime 7—and k.. The first term in Equa-
tion (4.4) can be assigned to a monomolecular recombination, where the
decay of the charge carrier concentration is given by a constant lifetime 7.
A bimolecular recombination process is given by the second term in Equa-
tion (4.4). In this case, the lifetime of the charge carriers is not constant, but
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Figure 4.1: Bimolecular recombination (non-geminate) of different order: (a)
first order recombination with only one type of charge carrier being mobile
(minority) and the other type being trapped (majority); (b) bimolecular re-
combination with both charge carriers being mobile (both being equal in equal
number).

depends on the charge carrier concentration n with 7 = 1/(k;.n). In analogy,
the geminate recombination process, as defined above, can be described by
a monomolecular recombination rate and the non-geminate process by a bi-
molecular recombination rate. However, the definitions of monomolecular and
bimolecular recombination is not consistent in literature. Thereby, the term
monomolecular recombination is also used to describe the recombination of
two charge carriers residing on one molecule and bimolecular recombination
as a process, where the two oppositely charged carriers are located on two
different molecules, which is already implied by their names. Here, the charge
carrier recombination is defined more in a mechanistic sense instead of being
described by the recombination rate.|97]

In this work, the polaron recombination is assigned to bimolecular re-
combination, whereas the recombination order is defined by the decay of the
charge carrier concentration n. Thereby, the bimolecular recombination rate
does not necessarily be of second order (see Figure 4.1). If a mobile charge
carrier, for example, recombines with a trapped charge carrier, the process is
described by a first order, if the trapped charges exceeds the number of mo-
bile ones. In this case, the number of trapped charge carriers being in excess
decays exponentially with a lifetime of 1/7 (Figure 4.1(a)). In contrast, if the
concentration of trapped charge carriers is lower or comparable to the free
mobile ones, the bimolecular recombination is indeed described by a second
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order process [9] (Figure 4.1(b)).

A theory, which is commonly used in literature to describe the recombina-
tion dynamics in organic BHJ solar cells, is the model introduced by Langevin
in 1903 [98]. This kind of recombination can be classified by a bimolecular
recombination process and will be explained in the following more in detail.

4.2 Langevin Recombination

Langevin suggested a model to describe the recombination dynamics of two
oppositely charged ions in a large reservoir [98|. He proposed that the charge
carrier recombination is a random process and kinetically bimolecular, if op-
positely charge carriers are produced statistically independent of each other.
An important initial requirement is that the mean free path of the carriers
has to be less than the Coulomb capture radius r. of one carrier by the other.
This condition is fulfilled in narrow-band conductors with charge carrier mo-
bilities less than 1 cm?/Vs. Consequently, the scattering length is of the order
of the lattice parameter. The limiting factor for recombination of an electron
and a hole is proportional to the direct recombination rate and the finding
of each other. Whereas in high mobility semiconductors the former process
is dominant, the low charge carrier mobility limits the recombination rate in
disordered organic semiconductors. The process of finding each other is lim-
ited by diffusion proportional to the charge carrier mobility when considering
Einstein relation [11]

kT

q

with the diffusion constant D. In Figure 4.2 a schematic overview of the

D wo, (4.5)

Langevin recombination process is given. We assume the hole as to be fixed
and electrons being mobile with a mobility ¢ = p. + pp. Both charge carriers
are attracted by the Coulomb force. If no external electric field is present, the
electron can only circumvent recombination if the thermal energy is sufficient
to overcome the Coulomb attraction. The Coulomb capture radius r. can be
calculated.

E.=FE, (4.6)
2
e
= kT 4.7
dreeor, (47)
2
e
= 4.8
" dreeokT (4.8)

For ¢ = 3.4 a radius of r. &~ 17 nm can be obtained at room temperature. If
an electron moves within r. a recombination probability of one is assumed.
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Figure 4.2: Schematic drawing of the Langevin model: A hole, which is con-
sidered to be immobile, describes a Coulomb capture radius r. (defined by
the balance of the Coulomb attraction and the thermal energy). If the mobile
electron will reach the hole within that distance r. they will recombine.

This problem was first analyzed by Onsager in 1938 [24]|. Therefore, r. is
also known as the Onsager radius [94]. Considering a drift current, which is
defined as

62

e = ny 4.9
Je 4reeqr? (4.9)
an electron recombination current can be calculated, which corresponds to a

current I, flowing into the sphere of radius r,

2
I, = jo - 4nr? = Eq?olm =y (4.10)

with the Langevin recombination coefficient

v = iu : (4.11)
€€o

The recombination is proportional to the charge carrier mobility u of electron
and hole. Thus, for low conductivity materials the finding of each other is the

limiting factor for recombination, as was already mentioned above.
The recombination rate described by the Langevin model is generally given

by

Rp=v-(np—n) | (4.12)

with the intrinsic charge carrier concentration n?, which is usually much
smaller than the product np.
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If we apply now the Langevin model to organic bulk heterojunction solar
cells a major discrepancy can be found. The bulk of these solar cells consists
of two materials blended together and hence two reservoirs exist, whereas
the transport of electrons and holes is usually restricted to only one material
phase. Consequently, a deviation from the Langevin can be expected, which
will be discussed more in details in the experimental part of this work.






CHAPTER 5

Sample Preparation

As the material compounds of bulk heterojunction solar cells are solved in
organic solvents, such as chlorobenzene and chloroform, several techniques
can be used to manufacture organic solution based solar cells, including also
mass printing techniques like roll-to-roll printing. For lab usage, usually the
techniques of spin coating and doctor blading are used to deposit the organic
active material on the chosen substrate, like glass or plastic foils. In the
following, the roadmap of an organic BHJ solar cell, as studied in this work,
will be presented from the single materials and substrates to the operating
device.

A BHJ solar cell is built up in a diode configuration, as shown in Figure 5.1.
The sputtered indium tin oxide (ITO) substrates are first structured by a wet
chemical lithography step before further used in the process. On the struc-
tured ITO a thin layer (around 30-40 nm) of poly(3,4-ethylendioxythiophene):
polystyrolsulfonate (PEDOT:PSS) is spin coated in air on top serving as a
hole transporting layer, which is treated thermally afterwards for 10 minutes
at 130°C in a water free environment, i.e. usually in a nitrogen glove box
system. All upcoming processing steps will be made in the inert atmosphere
of a two chamber nitrogen glove box. The donor and the acceptor are solved
in an organic solvent such as orhto-dicholorbenzene, chlorobenzene or chloro-
form. After being mixed together in a desired ratio the blend solution is spin
coated on top of the baked PEDOT:PSS/ITO substrate layer. Usually, layer
thicknesses from a few tenth of nm up to a few hundred of nm can be obtained
just by varying the concentration and/or the speed of the spin coater (rpm:
rounds per minute). If the organic layer is treated with an additional heating
step after deposition, the solar cell is called annealed, otherwise without any
further heating procedure it is called pristine. Finally, a metal contact as the
counter electrode to the ITO electrode is evaporated thermally on top of the
organic layer in a high vacuum evaporation chamber attached to the glove
box system at pressures below 10~7 mbar. Several metals can be used as elec-
trode material depending on the blend composition. Thereby, the metal has
to be chosen carefully not to negatively affect the performance of the solar
cells, e.g. to get a reduced V,. [99, 100]. In order to get reliable good PCE
values for organic BHJ solar cells often a buffer layer is evaporated on top of
the organic material before metal deposition [101]. For the reference material
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Figure 5.1: Layer structure of a typical solution processed organic bulk het-
erojunction solar cell studied in this work. In this case PSHT blended with
PCBM was used as the active layer of the solar cell.

system P3HT:PCg;BM the combination of Ca/Al as well as LiF/Al can be
used, whereas fill factors up to 70% can be obtained. Evaporating Al directly
on top of the organic layer results in rather low F'F' and thus in limited PCE
values. The reason might be related to a badly formed organic/metal inter-
facial contact [102, 103]. Al atoms after evaporation are highly mobile on
top of the surface trying to find a thermodynamical favorable place. Some Al
atoms might also penetrate deeper into the organic layer due to pinholes in
the sheet structure decreasing the active layer thickness. Finally, the solution
processed organic bulk heterojunction solar cells were characterized inside the
glove box system by measuring the external quantum efficiency and the J-V
characteristics.

So, the samples were processed and characterized in clean environment
without any oxygen or water exposure during the processing steps. For charge
transport measurements, however, the samples had to be transferred in air
for a short time to a optical helium closed-cycle cryostat. Current—voltage
measurements in the glove box system before transferring to the cryostat and
thereafter in the cryostat were performed to ensure no degradation of the solar
cells has occurred during transportation.

If not mentioned otherwise, the samples used in this work were processed
according to the recipe described above.
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Experimental Techniques

In this chapter, the experimental techniques used in this work will be explained
in detail, which are focused on the investigations of the charge transport and
recombination mechanisms in organic BHJ solar cells.

The transport of charge carriers inside the bulk of an organic solar cell to
the corresponding electrodes is one of the important prerequisites for an oper-
ating solar cell. A commonly used technique to determine the bulk mobility of
electrons and holes is the transient photoconductivity experiment, also known
as time-of-flight (TOF). However, the TOF method can only be applied to
rather thick samples (d > 1 pm). For thin film structures the experimental
technique of charge extraction by linearly increasing voltage (CELIV) is often
used to determine the bulk charge carrier mobility. As organic solar cells usu-
ally consists of active organic layers in the range from 80 nm to 200 nm, the
technique of CELIV is advantageous compared to TOF. The major drawback
of the CELIV method, however, is that the polarity of the charge carriers
cannot be discriminated. In contrast, in the TOF experiment electrons and
holes can be distinguished by the direction of the applied electric field.

In the following, both experimental methods will be introduced in more
detail. The temperature measurements were performed in an optical closed—
cycle helium cryostat (50 K-300 K). A sketch of the experimental setup can
be seen in Figure 6.1. For photogeneration of charge carriers either a Nd:YAG
(neodymium-doped yttrium aluminium garnet) laser (EKSPLA PL-2210) or a
pulsed white light emitting diode (LED) is used. The extraction voltage pulse
is applied to the sample by an arbitrary function generator (Agilent 81150A),
whereas the current is acquired by a digital storage oscilloscope (Agilent
Infiniium DSO90254A) after being amplified by a current—voltage amplifier
(FEMTO DHPCA-100) or voltage-voltage amplifier (FEMTO DHPVA-200).

6.1 Transient Photoconductivity

In the TOF experiment, diode-like sample structures are probed, whereas the
studied material with a certain dielectric permittivity ¢ is sandwiched between
two electrodes, of which at least one needs to be semi-transparent for laser
illumination. Depending on the applied electric field both types of charge
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Figure 6.1: Scheme of the experimental setup for charge carrier transport and
recombination measurements.

carriers—electrons and holes—can be measured separately. In Figure 6.2 a
schematic overview of the experimental TOF technique is given. In exci-
tonic semiconductors, as studied in this work, a pulsed laser flash generates
electron—hole pairs in the vicinity of the illuminated electrode. These excitons
are separated by an applied electric field, by defects or at interfaces. Due to
the direction of the applied electric field one type of charge carriers is already
extracted at the front electrode, whereas the complementary charge carriers
hop through the bulk of the sample in field direction and will be extracted at
the counter electrode. The resulting current can be measured with a digital
storage oscilloscope. At time t;,, when the charge carriers arrive at the counter
electrode, the photocurrent drops to the dark level. From t;,. the charge carrier
mobility can be calculated:
d

Tt F

[ (6.1)
where d corresponds to the thickness of the active layer and F' to the ap-
plied electric field [104]. The direction of the applied electric field determines,
whether holes or electrons are extracted at the counter electrode. The ab-
sorption profile of the investigated material has to be measured to ensure a
sufficient small penetration depth of the laser compared to the sample thick-
ness. Otherwise, the sample thickness d in Equation (6.1) cannot be used
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Figure 6.2: Schematic overview of the transient photoconductivity experi-
ment, also known as TOF. Generated electron—hole pairs are separated by
extracting one type of charge carrier at the front electrode. The residual
charge carrier type is dragged through the active layer and extracted at the
counter electrode.

to determine the mobility of the studied charge carriers. As a consequence,
the laser wavelength has to be adjusted to the absorption maximum of the
material system. For the polymer P3HT, the absorption coefficient o at a
wavelength of 500 nm is 1.3x10” m™!, so that the absorption depth of a 500
nm laser is around 77 nm.

In order to get reliable results from the TOF measurement, several prerequi-
sites have to be fulfilled:

1. The diode has to be biased in reverse direction to avoid high dark current
flowing through the device distorting the photogenerated charge carrier
package.

2. The electrodes have to be at least semitransparent to ensure charge
generation by laser excitation.

3. The charge @) of the photogenerated charge carriers should be less than
5% of the charge CU stored at the two electrodes of the sample (@ <
CU). C is the capacitance of the sample and U the applied voltage.
The photogeneration can be adjusted by varying the laser intensity.

4. Only low conductivity materials can be investigated, so that the transit
time t; is much smaller than the dielectric relaxation time 7, (t,<
T,). Otherwise, free intrinsic charge carriers are available throughout
the whole sample, which will redistribute the electric field within the
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bulk. Moreover, these charge carriers falsify the transit time ¢;, and can
recombine with the photogenerated excess charge carriers. 7, = egq/0
is the relaxation time and o the conductivity of the material.

5. The electrodes have to be chosen as such that at least one blocking
contact is formed in order to avoid charge injection which would distort
the homogenous electric field.

6.2 Charge Carrier Extraction by Linearly In-
creasing Voltage (CELIV)

The technique of charge carrier extraction by linearly increasing voltage is a
transient extraction technique used to determine the charge carrier mobility
and charge carrier density within thin film devices. Compared to the method
of TOF, samples with thicknesses less than 1 um can be studied. As organic
solar cells usually have active layer thicknesses in the range from 80 nm to 200
nm, the CELIV technique is an appropriate method to study charge transport
in those systems. The CELIV technique was first introduced by Petravichyus
et al. in 1975 [105], where they studied the hole drift in high resistivity p-type
CdSe crystal plates. Juska et al. used it to study the charge transport in
microcrystalline silicon [106] complementary to the previously used technique
of TOF. Especially problems related to the restrictions of the TOF method
could be solved using the technique of CELIV, e.g. that the material dielectric
relaxation time 7, should be longer than the delay time ¢4.q, or 7, larger than
ty.. If the latter limitations is not fulfilled the number of equilibrium charge
carriers is sufficient to redistribute the electric field within a time shorter than
the transit time. A schematic overview of the measurement techniques can be
seen in Figure 6.3. One of the great advantages of the CELIV method com-
pared to other experimental techniques is that the charge carrier mobility and
the charge carrier concentration in the bulk can be determined simultaneously.

To get an expression for the charge carrier mobility from the CELIV tran-
sient the continuity, the current and Possion equation have to be considered,
which yields in a Riccatti-type first order differential equation

di(t) o At
N\ t) =~ 2
it " 3eegd VT (6.2)
with the extraction depth [(¢), the voltage slope A" =V, /t, the charge car-
rier mobility p and the device thickness d. e is the elementary charge, n the

charge carrier concentration, ¢y, the vacuum permittivity and ¢ the dielec-
tric constant of the studied material. This equation has been either solved
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Figure 6.3: Photo-CELIV characteristics: (left) Linearly increasing voltage
pulse being applied to the sample after laser excitation. (right) Current tran-
sient as a response to the applied voltage pulse.

numerically [107] or analytically for a low (7, > t;,) and a high (7, < t;,)
conductivity approximation [106]. The equation found by Juska et al. [106]
for the medial conductivity case, which is widely used in literature, is

2>

w= X (6.3)
(1+0.3627)
Jo

3A't?

max

with the numerical factor 0.36 to account for electric field redistribution. How-
ever, this equation is only valid if the current density at maximum charge
extraction (Aj) equals to the current step due to capacitive response of the
device (jo) [108]. Otherwise, the relative error made by calculating the mo-
bility increases above 5% [109]. It was suggested that the numerical factor
has to be replaced by 0.21 to get a more reliable result over a wider range of
conductivity [110].

2d°
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Lorrmann et al. [109] extended the simplified theory to a full analytical
description of the Riccatti equation, which allows now to computationally
evaluate mobility p and charge carrier density n from CELIV measurements
also on medial and high conductive materials over a wide range of experimen-
tal parameter settings (e.g. Aj/jo > 1). Especially in organic devices such
as organic solar cells they proved that the validity of the low and high con-
ductivity approximation is rather limited [109]. From their calculations they
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found a more appropriate equation for the charge carrier mobility to be

& ! + ! (6.5)
1= 5753 A X . .
24 169 (1 +0.00222) 1401222
Jo Jo

tmae accounts for the maximum position of the CELIV extraction peak, Aj
for the extraction peak height and j, is the saturation current (initial current
step) (see Figure 6.3). Thereby, Equation (6.5) describes a fit to the analytic
description, whereas the relative error made by calculating the charge carrier
mobility never exceeds 5% [109].

The charge carrier concentration extracted from the bulk of the diode in
the CELIV experiment can be calculated by integrating the current transient.
In the CELIV experiment, only intrinsic charge carriers are considered. If
a laser is used to generate additional charge carriers, the method is called
photo-CELIV. To ensure that the photogenerated charge carriers will not
leave the bulk by the internal electric field Vj; before charge extraction by the
reverse voltage pulse, an offset bias voltage Vs in forward direction has to be
applied to the sample to compensate for V;; [108]. By shifting the delay time
tdelay—defined as the time between laser excitation and voltage pulse (see
Figure 6.3)—to larger times the photogenerated charge carriers have more
time to diffuse within the bulk of the solar cells and thus to recombine. Thus,
due to recombination processes within the active area, less charge carriers
can be extracted at long delay times, which result in a decrease of the CELIV
extraction peak. Using photo-CELIV the charge transport and recombination
dynamics can be monitored in the bulk of an organic BHJ solar cell.

In Figure 6.4 a simplified energy diagram of an BHJ solar cells is shown
for the two different conditions in a photo-CELIV experiment. First, a laser
flash generates charge carriers, whereas an offset bias is applied to compensate
Vi Generated excitons will be dissociated at a donor—acceptor interface into
free polarons via polaron pairs. Free polarons diffusing within the bulk of the
solar cells may recombine during the delay time if they reach an oppositely
charged carrier. After ¢4, the residual charge carriers are extracted by the
triangular voltage pulse.

However, there are also disadvantages, which have to be kept in mind,
when performing CELIV measurements. All transient methods are limited by
the RC time of the circuit and so is the CELIV technique. The RC limitation
might result in an underestimation of ¢,,,, and thus in an imprecise charge
carrier mobility pu, as is illustrated in Figure 6.5. When studying organic
BHJ solar cells the capacitance of the circuit is mainly determined by the
sample geometry and not by the cable and connectors. The thickness of
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Figure 6.4: Energy band diagrams of a BHJ solar cell during a photo-CELIV
experiment. (a) The case when the internal electric field is compensated, so
that the photogenerated charge carriers are not extracted by the field during
0 <t < tgeray (Vo > Vo). (right) For t > t4e4, the applied voltage pulse
(linearly increasing in time) extracts the charge carriers by tilting the HOMO
and LUMO of the donor and acceptor.

the studied organic layers are usually in the range of 100-200 nm with a
dielectric constant of ¢ = 3-4, which results in a capacitance in the range of
hundreds of pF to even nF depending on the device area. Thus, even with
low current amplification the RC time can be as high as hundreds of ns to
even ps. To minimize RC effects first the device area has to be designed
as small as possible. As explained above, a constant offset voltage Vs in
forward direction has to be applied to the solar cell to study the recombination
dynamics within the bulk. Consequently, the photocurrent and hence a charge
loss at the time when the laser hits the solar cell is impeded. Due to the
illumination of the solar cell by a short intense laser pulse (~ ns, ~ 10 pJ)
a rather high offset voltage is needed for this compensation, which is larger
than the open circuit voltage V,.. In dark conditions this constant offset
voltage implies a constant current flow in forward direction, which is caused
by charge carriers injected into the bulk due to non-blocking contacts. These
charge carriers will increase the capacitance of the solar cell, which will affect
the current transient even more by the RC time. As will be seen in the
experimental part (Chapter 8) the RC time can even be increased ten fold
due to charge carrier injection. Furthermore, injected charge carriers may also
interact with photogenerated charge carriers influencing the recombination
dynamics.

To account for this major drawback, we extended the photo-CELIV exper-
iment to optimize the technique for extracting the highest obtainable charge
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Figure 6.5: RC limitation in CELIV experiment. Due to 7z the maximum
CELIV peak position is falsified.

carrier mobility and the reliable charge carrier concentration by avoiding
charge injection. The method is called OTRACE (open circuit corrected tran-
sient charge extraction by linearly increasing voltage) and will be explained

in the following.

6.3 Open Circuit Corrected Transient Charge
Extraction by Linearly Increasing Voltage
(OTRACE)

In an illuminated solar cells no current is flowing at V' = V., whereas under
dark conditions no current is flowing at V' = 0 as the solar cell is in the
thermodynamical equilibrium. Under open circuit conditions (V' = V,.) the
generation rate GG is equal to the recombination rate R. By switching off the
light G = 0 and the voltage drops from V. to zero with time due to the
recombination of photogenerated charge carriers. In Figure 6.6 the transient
of the open circuit voltage V. is illustrated. It can be seen that the voltage,
which has to be applied during the photo-CELIV experiment to compensate
for charge extraction at the electrodes, should not be constant, but rather a
function of time. With a constant offset bias being applied to the solar cell
during the delay time #4e4, charge carriers will not only recombine but are
also swept out of the device due to varying open circuit conditions, which are
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Figure 6.6: An example for a transient of the open circuit voltage V,.. When
switching off the light the voltage drops to zero due to charge carriers recom-
bining within the active layer.

not considered.

In the extended transient charge extraction method OTRACE, first a
V,. transient is acquired, which is further used as an input for the offset
voltage V,¢(t) for field compensation in the photo-CELIV experiment. This
will lead to a more accurate measurement of the charge carrier recombination
dynamics in the bulk of the solar cell. In this case, the compensation of the
internal electric field during ¢4eqy, when photogenerated charge carriers need
to be kept in the device, is optimal. Furthermore, by using a pulsed white
light emitting diode (LED) as a source for photogeneration of charge carri-
ers in contrast to a laser, solar cell operating conditions can be approached.
Thereby, the LED light pulse has to be applied long enough to create steady-
state conditions in the illuminated solar cell. A schematic overview of the
modified transient extraction technique is illustrated in Figure 6.7. For com-
parison, the applied voltage pulse in case of the conventional photo-CELIV
technique is also shown on top.

The V. transient is acquired by a digital storage oscilloscope using a high
impedance adapter (1 GQm), which prevents the current flow and hence fulfill
the requirements for open-circuit conditions.

A detailed comparison of the novel OTRACE technique and the conven-
tional photo-CELIV experiment will be presented in Chapter 11, which will
especially highlight the major advantages of the new technique.
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Figure 6.7: Overview of the technique of open circuit corrected transient
charge extraction by linearly increasing voltage (OTRACE) compared to the
conventional technique: (top) The applied voltage in the conventional CELIV
method for comparison. (middle) Voltage pulse tailored by a combination of
the V. transient for field compensation and the CELIV technique for charge
extraction of residual charge carriers. (bottom) Current transient as the re-
sponse to the linearly increasing voltage pulse (see also transient in Figure 6.3).



CHAPTER 7
Charge Transport in

P3HT:PCzBM blends probed by
Transient Photoconductivity

In this chapter, the charge transport measurements in pure P3HT as well as

blended with PCg;BM are presented. The technique of TOF was applied to

thick samples in the range from 1 to 10 gum. The ratio between PSHT and

PCgBM was varied, whereas both the electron and hole mobility was investi-

gated in the regime of non dispersitivity and low charge carrier concentration.
Part of the results discussed in this chapter is published in Paper 3.

7.1 Introduction

The mobility of photogenerated charges is one of the crucial factors determin-
ing the performance of organic solar cells [29], its impact being more complex
than following any “faster equals better” stereotype. A high charge carrier mo-
bility may be beneficial for organic solar cells reaching high power conversion
efficiency values. However, from macroscopic simulations—solving the drift,
diffusion and continuity equations considering injection barriers for electrons
and holes—it could be revealed that at a certain charge carrier mobility the
power conversion efficiency even decreases with increasing mobility (see Fig-
ure 7.1) [29, 111|. Nevertheless, one of the important prerequisites for a well-
performing BHJ solar cell is that the respective mobilities for transporting
electrons on the fullerene and holes on the conjugated polymer are rather bal-
anced, in order to avoid a space charge building up. As the blend of two differ-
ent material types cannot be described by a simple superposition of the single
material properties, a prediction of the bipolar charge transport in a solar cell
is not straightforward. Tuladhar et al. [112] investigated the dependence of
the charge carrier mobility in poly|2- methoxy-5-(3",7’- dimethyloctyloxy)-
1,4-phenylenevinylene (MDMO-PPV) with varying PCg;BM content using
transient photoconductivity method (TOF). They found an increase of the
mobility for both carrier types with an increasing fullerene fraction. Addi-
tionally, ambipolar transport was found in PCgBM embedded in an insu-
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Figure 7.1: PCE versus p (here equal for electrons and holes) deduced from
macroscopic simulations. Under the assumption of capped Langevin recombi-
nation (vertical lines), finite minority surface recombination velocities (Swin)
enhances the solar cell efficiency to a saturated level at higher mobilities
(dashed lines). Finite minority surface recombination velocities (Sya;) lead to
a reduction of the efficiency. (from Ref. [111]).

lating polystyrene matrix. For the nowadays more relevant combination of
P3HT:PC4;BM, field effect transistor (FET) experiments were reported in
literature, observing an ambipolar transport in a limited range of blend ra-
tios [113, 114]. However, field effect measurements consider neither photo-
generated charges nor low carrier concentrations. Using the TOF technique,
Huang et al. [115] found an anomalous transition from dispersive to nondis-
persive and back to dispersive transport for an increasing PCg;BM fraction.
The authors, however, used films with a thickness of around one micrometer,
and do not comment on the observed dispersivity which might be influenced
by the layer thickness [116]. Furthermore, they did not report in this context
on the ratio dependent electron and hole mobilities, which would have been
of particular interest.

7.2 Experimental

In contrast to spin coating the active layer, as described in Chapter 5, the sam-
ples were prepared by slow drying a mixture of PSHT:PCg;BM made from so-
lution in chlorobenzene on PEDOT:PSS covered ITO/glass substrates. Thus,
active layer thicknesses ranging from 2 pm to 9 pum were obtained depend-
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Figure 7.2: Absorption coefficient a of the studied ratios from 10:1
P3HT:PCgBM to 1:10. « for the pure materials are also shown

ing on the blend ratio and the concentration of the chlorobenzene solution,
as monitored by a Dektak profilometer. A semitransparent aluminum anode
(thickness d ~ 20 nm) was evaporated thermally. P3HT was purchased from
Rieke Metals, PCg;BM from Solenne. All materials were used without further
purification. The TOF experiments were performed at different electric fields
in the range between 3 - 10* V/cm and 4 - 10° V/cm using the setup shown
in Figure 6.1. Instead of using a Nd:YAG laser, carriers were generated by a
short 5 ns nitrogen laser pulse equipped with a dye unit ranging from 335 nm
to 500 nm in order to ensure sufficient absorption, as we found that samples
with more than 50% PCg;BM show a blue shift of the maximum absorption,
as can be seen in Figure 7.2. The penetration depth of the laser was calculated
to be less than 10% of the sample thickness. For measuring electrons at the
Al electrode, the laser was illuminating the ITO electrode and vice versa for
detecting holes at the ITO electrode. An overview of the investigated samples
is given in Table 7.1. The mobility u was calculated from the transit time
of the charge carriers, the sample thickness d and the electric field F' accord-
ing to Equation (6.1). To justify the measurements the quantum yield for
the generation of electrons and holes in the TOF experiment was estimated.
With an energy of around 30 pJ /cm? on the sample, including losses at Al and
ITO electrode, a number of incident photons of about 7x10'” m~2 can be ex-
pected. On the other hand, the number of extracted charges can be calculated
to be around 6x10'% m~2, which is comparable to concentrations existing in
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Table 7.1: The PSHT:PCs;BM (D:A) ratio, the PCg BM content x, the con-
centration ¢ of the used chlorobenzene solution, the determined thickness d
of the investigated samples, the absorption coefficient o and the used laser
wavelength \ are shown.

D:A T c d «Q A

g/l pum m~! nm

1:0 0 10 22 1.3x10" 500
10:1 0.09 20 85 9.4x10°% 500
4:1 0.2 20 4.8 84x105 500
21 033 20 56 7.2x10° 500
1:1 0.5 20 4.2 7.7x10% 500
1:2 066 30 6.0 7.0x10° 335
1:4 0.8 30 43 7.7x105 335
1:10 0.9 30 65 86x105 335

related experiments on the studied material system, such as photo-CELIV
measurements at similar laser intensities [117]. Thus, depending on the in-
ternal quantum efficiency, between 10 and 50% of the generated charges are
extracted in the TOF experiment within the time frame of the measurements.
All experiments were performed at room temperature.

7.3 Results and Discussion

Before the result of the blend samples are presented, the charge transport in
pure P3HT samples with different regioregularities (RR) is compared. It is
an ongoing process of not only purifying the polymers for organic electronic
applications but also improving the quality of regioregularity and hence the
ability of ordering and crystallization of the polymer, as was mentioned in
Section 2.4. A better alignment of the polymer chains will lead to a longer
conjugation length and finally to a better charge transport of electrons and
holes. In Figure 7.3 the current transients from a TOF experiment on pure
P3HT (4002E, RR 93%) for electrons and holes are shown. From the transit
time t;, a mobility of around 1.8 -10™* ¢cm?/Vs for electrons and holes can be
calculated. Even though P3HT 4002E is usually used as an hole conducting
material an electron mobility of the same order as the one for holes could be
observed in the experiment. This ambipolar transport behavior was already
observed previously [118]|. Thereby, the detection of an electron transport in
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Figure 7.3: Current transients from a TOF experiment on a pure PSHT 4002E
diode structure with a thickness of d = 2.23 pum. The electron and hole
mobility can be determined to be around 1.8:107% cm?/Vs.

P3HT was found to critically depend on the purity of the polymer. In Fig-
ure 7.4(a) the hole transients for various electric fields and in Figure 7.4(b)
the deduced electron and hole mobility of P3HT (P200) with a regioregularity
(RR) of 98% are shown as a function of the applied electric field. As expected,
the more ordered polymer structure leads to an increased charge carrier mo-
bility of =1 x 1072 ecm?/Vs, which is almost one order of magnitude higher
compared to P3HT with RR of 93%.

In the following of this chapter, the result on the transport studies in
the blend mixture of the polymer P3HT (4002E, RR 93%) and the fullerene
PCgBM are presented, whereas the ratio between the donor and the acceptor
is varied from 90% P3HT and 10% PCgsBM to 10% P3HT and 90% PCg BM.

Figure 7.5 shows the current transients of electrons and holes for the stud-
ied blend ratios at different electric fields. The arrows in the two graphs in-
dicate the observed transit times in the measured transients. For both types
of carriers, a Poole-Frenkel-like behavior was observed. Furthermore, for al-
most all studied blend ratios a negative electric field dependence of the charge
carrier mobility—for both electrons and holes—was obtained. The negative
field dependence can be attributed to a relatively large spatial disorder of the
charge transport sites [115, 119]|. According to Equation 3.5, u decreases with
increasing F', when the spatial disorder parameter ¥ exceeds the energetic
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Figure 7.4: (a) Hole transients detected in a P3HT (P200, RR 98%) by TOF
measurements and (b) charge carrier mobility of electrons and holes as a
function of the square root of the electric field F''/2.

disorder parameter o/kT. Especially in a blend system, where two materials
are intermixed, faster routes as well as dead-ends are present for both charge
carriers in the bulk. Thereby, the faster routes whose direction is not aligned
with the direction of the external electric field are diminished at high electric
fields. The charge carriers are forced to make the difficult jumps, which results
in a decreasing charge carrier mobility with increasing electric field [120, 38].
In contrast, in the pure polymer P3HT almost no dependence of the charge
carrier mobility on the electric field is observed. Thereby, self-organization
in PSHT films was found to result in a lamella structure consisting of two-
dimensional conjugated sheets, which are formed by interchain stacking [121].
This self-organization in a lamella structure leads to a high order of the charge
transport sites, whereas the charge carrier mobility increases with the degree
of order as was shown for P3HT with RR of 98%. Moreover, in the studied
range of electric fields p is constant, which can be explained by the many
pathways being present in the highly ordered polymer film.

Furthermore, double transients for both charge carrier types were found
(see Figure 7.5): For x = 0.66, two extraction signals in the hole current
transients can be seen. The same is true for the electron current transient
for x = 0.8 and x = 0.5. Note that these transit times shift with the electric
field, which is a clear indication that a field dependent charge carrier mobility
instead of an artefact is measured, as can be seen in Figure 7.6.

In Figure 7.7 the current transients for electrons are shown for a
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Figure 7.7: Current transient for electrons from a TOF experiment on P3HT
(4002E):PCgBM 1:4 sample. Two transit times are observed; for ¢5 a higher
amplification was used. On the right axis the extracted charge density deter-
mined by integrating the current transient is shown.

P3HT:PCg¢ BM 1:4 ratio (z=0.8) probed in two different acquisition ranges
with two different transit times. Thus, to get a more complete picture of the
charge transport a large time range has to be studied.

In order to compare the ratio dependent electron and hole mobility the
values were interpolated at an electric field of 2.5 x 10% V/cm. The result can
be seen in Figure 7.8, showing the electron and hole mobility as a function
of PCg;BM content z. A very similar dependence on the PCysBM fraction
was found by plotting mobilities at other electric fields. A bipolar transport
for the whole range of the studied PSHT:PCgBM ratios can be found. The
electron mobility increases strongly with raising PCg; BM concentration above
50% with p = 2.3-1072 cm?/Vs for x = 0.9. The value is comparable to the
one reported for PCgBM embedded in an insulating matrix [112]. Below
50%, the electron mobility remains almost constant or decreases slightly. In
contrast, the hole mobility slightly decreases with increasing PCg BM content
in the blend for # < 0.25, which might be related to a distortion of the
semi-crystalline packing of P3HT. Below 75% PCg;BM concentration the hole
mobility varies little with adding PCg;BM content. Interestingly, we observe
an increased hole mobility at 90% PCg; BM content of about 7.3-1073 cm? / Vs,
which is comparable to the high electron mobility found in the same device.
From the percolation theory [122, 123] a threshold can be estimated, at which
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Figure 7.8: Electron and hole mobilities in PSHT:PCg;BM blend films versus
PCgBM concentration at T=300K; mobility values were obtained by inter-
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2.5-10° V/cm; for z = 0.8 and x = 0.5 a double transient for electrons and
for x = 0.66 for holes can be detected; circles denote transients with only one
transit time and the triangles those with two transit times ¢; and ¢, observed.
Guides to the eye are included (dashed lines).
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a material will build a persistent pathway to the corresponding electrode. For
spheric molecules like PCgBM a threshold of around 17-20% is obtained,
whereas elongated snake like molecules like conjugated polymers percolate
already at a polymer content of 2%. Thus, the hole mobility might result from
holes hopping on the polymer P3HT even in the PSHT:PCg; BM 1:10 ratio. In
this case, the hole mobility would be an order of magnitude higher compared
to the one in pure polymer film, which can only hardly be explained. Tuladhar
et al. [112], however, reported from an ambipolar transport in PCg BMwith
a comparable electron and hole mobility, which would explain the observed
high hole mobility in the PSHT:PCg;BM 1:10 ratio being comparable to the
electron mobility.

The mechanism responsible for double transients, signified by two
different transit times (Figure 7.7 and 7.5), originates from slower charges
being hindered in the extraction process by an energy barrier. Two potential
explanations come to mind. First, the slow charge carriers become trapped
in deep states during their hopping transport. Depending on the activation
energy needed to leave these states, the charge transport of the trapped
fraction of carriers is delayed as compared to the faster charge carrier package.
These trap states can be caused e.g. by isolated P3HT molecules embedded
in a percolated PCg;BM, where holes can be trapped, or PCg; BM molecules
in a P3HT environment as electron traps. Second, the different mobilities can
be due to electrons not only being transported on the PCg BM, but—once
overcoming the energy barrier to hop onto the polymer phase—also on the
donor material, and vice versa. We exclude the case of charge trapping,
as we would expect the mobility to be lower than the one we calculate
from the second transit time t5. Furthermore, we find from Monte Carlo
simulations [124, 125| performed on a system with sites distributed by a
GDOS without traps, that an increased phase separation in the blend leads
to TOF transients with two clearly distinguishable transit times. In contrast,
randomly distributed phases in the blend show only one single transit time
(see Figure 7.9). Thus, a blend consisting of two ambipolar materials, which
are well phase separated in the bulk, are able to transport both types of
charge carriers in the donor as well as the acceptor phase. Finally, we note
that double transients were also observed in liquid crystals being due to
electronic and ionic contributions [126].
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Figure 7.9: Current transients revealed by Monte Carlo simulations of a TOF
experiment assuming a blend structure with well mixed phases and one with

strongly phase separated domains. For the latter clearly two characteristic
kinks are obtained (after Ref [125]).

7.4 Conclusion

The electron and hole mobility in PSHT:PCg; BM samples with variable ratio
were investigated using the transient photoconductivity technique. A bipolar
charge transport was found for all studied devices ranging from pure poly-
mer to polymer:fullerene with 90% PCg;BM content. With a PCg BM con-
centration smaller than 50% the electron mobility remained nearly constant,
whereas the hole mobility slightly decreased for less than 25% PCg BM frac-
tion. For more than 50% PCg BM, both electron and hole mobility increases.
In P3BHT:PCgBM 1:4 and 1:1 devices two transit times in the electron current
transients are observed, as well as in the hole current transients for an weight
ratio of 1:3 polymer to fullerene. It is proposed that the slower carriers have to
overcome a barrier before they can leave the sample, leading to longer extrac-
tion times. Although the origin for the observation of such double transients is
unresolved yet, two possible explanations were given: (a) decreased mobility
due to trapping of carriers; (b) bipolar transport, with energetic activation
barriers for electrons hopping on P3HT and holes on PCg BM. For charge
carrier trapping, in principle a lower mobility than experimentally observed is
expected. Moreover, Monte Carlo simulations supported the conclusion that
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double transients may occur if two ambipolar materials mixed together are
well separated and thus form both percolated pathways for efficient charge
transport. In the sample with the highest PCgBM content of 90% a high
hole mobility of approximately 7.3 - 107% c¢m?/Vs could be determined, com-
parable to the high electron mobility of 2.3 - 1072 cm?/Vs found in the same
device. Furthermore, an ambipolar transport in pure P3HT with an electron
and hole mobility in the range of 1.8 - 107* cm?/Vs was revealed. With an
enhanced regioregularity in P3HT both the hole and electron mobility found
to be increased by almost one order in magnitude to 1x1073 c¢cm?/Vs.



CHAPTER 8

Effect of Energetic Disorder on
the Charge Transport and
Recombination

In the previous chapter the bulk transport properties of PSHT as the donor
material and PCg;BM as the acceptor material were discussed. For a weight
ratio of around 1:1 PSHT:PCg; BM an almost balanced mobility of electrons
and holes was found at room temperature. In this chapter, the charge carrier
mobility and the charge carrier concentration are studied in pristine and an-
nealed PSHT:PCgBM and P3HT:bis-PCg BM bulk heterojunction solar cells
by the photo-CELIV technique. Thereby, bis-PCgBM leads to an increased
open circuit voltage and is assumed to be cost cutting in the large-scale pro-
duction compared to the widely used PCg; BM. The two side groups on the Cgq
cage, however, are expected to influence the morphology and thus the ener-
getic disorder of the blend, which will affect the transport and recombination
of charge carriers.

8.1 Introduction

The concept of bulk heterojunction solar cells is one of the most promising
design architectures for a well performing organic solar cell with state of the
art PCE values above 8% [4]. Polyphenylvinylene (PPV) based bulk hetero-
junction solar cells have been used reaching power conversion efficiency values
up to 2.5% [15]. With polythiophenes, such as poly(3-hexylthiophene-2,5-
diyl)(P3HT), a new class of donor materials was found exhibiting hole mobil-
ities in the range of 107 m?/Vs (see Chapter 7), which is at least one order
of magnitude higher than in PPV. Using this material composition a PCE of
up to 4.4% can be reached [127] with an improved PCE by a factor of almost
2, due to a better ordering of the conjugated polymer and increased hole mo-
bility [118, 29]. Bulk heterojunction solar cells based on blends of P3HT and
phenyl-Cg; butyric acid methyl ester (PCg;BM) belong to the most studied
candidates for this application in the last several years. In this blend system
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Table 8.1: Solar cell parameters of the studied P3HT:PCgBM 1:0.8 and
P3HT:bis-PCg;BM 1:1 pristine and annealed are shown.

P3HT:PCg;BM Ve Jse FF PCE
1:0.8 mV  mA/cm?* % %
pristine 625 2.9 56 1.0

annealed 565 10.2 67 3.86

P3HT:bis-PC¢ BM

1:1
pristine 715 5.0 44 1.57
annealed 690 7.6 62 3.25

a deviation from Langevin recombination dynamics (see also Chapter 4) was
reported in literature [128, 117].

In this chapter, the charge carrier mobility and the charge carrier con-
centration in P3HT:PCgBM is studied simultaneously using the technique
of photo-CELIV. To further investigate the influence of the energetic dis-
order on the polaron transport and recombination dynamics in BHJ solar
cells we also use an altering acceptor material, i.e. bis-PCs BM being the
bisadduct analogue to PCg; BM with an additional side chain at the fullerene
cage [66]. Thereby, the addition of side chains raises the energy of the
LUMO of the acceptor leading to a higher open—circuit voltage compared to
P3HT:PCg;BM, but hinders a close packing of the fullerenes, which induces
more disorder [67, 129].

8.2 Experimental

BHJ solar cells made of a mixture of PSHT and PCg BM or bis-PCg;BM,
respectively, are processed on I'TO structured glass substrates and character-
ized by using a solar simulator with respect to Section 5. Both, pristine and
annealed blend films were studied. In Figure 8.1 the J-V curves of the illu-
minated BHJ solar cells are shown. The respective solar cell parameters are
listed in Table 8.1.
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Figure 8.1: J-V characteristics of the illuminated PSHT:PCg;BM 1:0.8 and
P3HT:bis-PCg;BM 1:1 pristine and annealed BHJ solar cells. The correspond-
ing solar cell parameters can be found in Table 8.1.

8.3 Results

In Figure 8.2 current transients from photo-CELIV on an annealed
P3HT:PCg;BM blend device at T' = 150 K are shown for different delay times
tdelay- A constant offset voltage of 0.76 V in forward direction superimposed
to the extraction voltage pulse was applied to the solar cell during the
measurement to account for the internal electric field. The extraction voltage
pulse was V,, = —6 V at a pulse width of ¢, = 1 ms. As can be seen, with
increasing tgeiqy the corresponding photo-CELIV peak decreases. Note that
even in the dark without any laser excitation a CELIV peak can be detected.
We assign this extracted charge carriers to equilibrium charges, which are
injected into the bulk due to non-ideal blocking contacts.

Therefore, in order to consider only the photogenerated charge carrier
concentration, the illuminated photo-CELIV transients are subtracted from
the dark CELIV transient measured with the same parameter settings as a
reference.

The result can be seen in Figure 8.3, where the photogenerated charge
carrier concentration n.,; extracted from the bulk for a pristine and an an-
nealed PSHT:PCgBM BHJ device is plotted as a function of t4e4, for two
different temperatures, T'= 150 K and 7" = 275 K. At low temperatures n..;
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Figure 8.2: Photo-CELIV transient of an annealed P3HT:PCs; BM 1:0.8 BHJ
solar cell at T" = 150 K; the delay time %44, Was varied in the range from
100 ns to 10 ms. An offset voltage of 0.76 V was applied to account for the
internal electric field.
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Figure 8.3: Extracted charge carrier density of PSHT:PCBM 1:0.8 solar cell
for T'= 150 K and T' = 275 K.
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approaches to a constant plateau for short delay times (tgeqy < 1 ps) with
the initial carrier concentration ng at tgeqy = 100 ns and decreases thereafter
continuously due to charge carrier recombination. A similar plateau can be
observed in transient absorption measurement at early times. Thereby, the
time at which the transient starts to decrease is attributed to the onset of
non-geminate recombination [130, 131]. At low temperatures this onset is
later as the recombination losses are diminished mainly due to low charge car-
rier mobilities. At high temperatures, however, the charge carriers being more
mobile can meet their counterpart more easily, which leads to an increased
charge carrier recombination according to Equation (4.12) [98, 132, 96] shifting
the onset of non-geminate recombination to shorter times.

Alternatively, the charge carrier density is sometimes plotted versus the
sum of the delay time ¢4y and t,,4,, Whereas the latter is the time at which
the CELIV peak reaches its maximum value (see Figure 6.3). Especially at
high temperatures, where the charge carrier recombination is increased, charge
carriers may also recombine during the charge extraction process, which would
have an impact on ne.(t). In Figure 8.4 both methods are compared, whereas
the charge density extracted from a pristine PSHT:PCg;BM 1:0.8 BHJ solar
cell is shown as a function of ¢4e4y and of t4eiay +tmas- It can be seen both data
agree quite well. Thus, we can ignore the recombination of charge carriers for
0 <t <t (see Figure 6.3).

From the peak maximum of the photo-CELIV transient the charge carrier
mobility can be determined (see Section 6.2). However, we note that the
polarity of the latter cannot be distinguished in a CELIV experiment. Instead
of plotting the charge carrier mobility ;o versus the delay time 4e4,, ¢ can also
be shown as a function of the charge carrier concentration n.,; extracted from
the bulk at each measured t4eqy. In Figure 8.5 p versus ne,; can be seen for
pristine and annealed PSHT:PCg BM and P3HT:bis-PCg; BM BHJ solar cells
at T'= 150 K. For the thermally treated P3HT:PCg BM solar cell the charge
carrier mobility is almost independent on the charge carrier concentration 7,.;.
However, for the thermally untreated PSHT:PCg;BM as well as both annealed
and pristine PSHT:bis-PCg; BM BHJ solar cells a significant decrease of the
charge carrier mobility with charge carrier concentration can be observed. For
the blend composition P3HT:bis-PCg BM we can generally assign a reduced
mobility of the charge carriers, as can be seen in Figure 8.5.

To address the recombination processes responsible for the time dependent
charge carrier concentration decay revealed by the photo-CELIV technique,
the experimental data was fitted by solving the continuity equation (see Equa-
tion (4.2)). Different recombination processes were taken into account. From
Figure 8.6 a reduced Langevin recombination can be addressed in accordance
to previous findings [117, 133]. However, at large delay times tgejq, the exper-
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Figure 8.4: The charge carrier density n.,; as a function of the delay time
tdelay (solid lines) compared to the density plotted versus the sum of ¢geiay+timas
(dots) for a pristine P3HT:PCg;BM 1:0.8.

imental data show an increasing deviation from the fit, when using a constant
prefactor ¢ in the latter. Thus, we used in analogy to Ref. [134] a more gener-
alized equation dn/dt = kn**! assuming bimolecular recombination and the
validity of n = p with a general recombination coefficient k and the order of
recombination A+ 1. The obtained fit is qualitatively in good agreement with
the experimental n..;(t) data. From the fit we can determine a charge carrier
concentration decay order, corresponding to the recombination order, for an
annealed P3HT:PC4BM device at T' = 150 K to be A + 1 = 2.65 being con-
sistent with previously published values deduced from complementary tech-
niques [134, 130, 135]. Thereby, the carrier concentration decay order even
increases up to 4.7 for pristine and to 3.6 for annealed P3HT:PC4s BM de-
vices at T' = 125 K. With increasing temperature the recombination order
approaches two for both devices, however, never becoming exactly two (see
Figure 8.7).

From the time dependent charge carrier density revealed from photo-
CELIV measurements the recombination rate R.,, can be determined using
the equation

dn ANyt

—=G—-R~
dt dt

whereas the generation rate G = 0 for t4e1q, > 0. In Figure 8.8(a) R, is shown

=G —Reyp (8.1)
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Figure 8.5: Charge charge carrier mobility p of both pristine and annealed
P3HT:PCg¢;BM 1:0.8 and P3HT:bis-PCgBM 1:1 BHJ solar cell deduced from
the corresponding CELIV transients at 7' = 150 K. Independent on the ther-
mal treatment p exhibit a significant dependence on the charge carrier con-
centration in PSHT:bis-PCg;BM devices.



70 Chapter 8. Dynamics in P3HT:PCs BM /P3HT:bis-PCs BM

T IIIII|T| T IIIII|T| T TTTIm T IIIIIII| T IIIIIII| T I:

W » D
T

102 |

-3
Next [M 7]

m photo-CELIV

6 .
6 .
4 -~ MR: T = 860 us i
3 Langevin [ E
of ---red.Lang.:C=0.053 (Y
F — k', with A+1 =265 1
21 [ i ]
10 -l 1 IIIIILIJ 1 IIIIILIJ 1 IIIIIII| 1 IIIIIII| 1 IIIIIIII| I‘I_
107 10° 10° 10* 10° 107

tdelay [S]

Figure 8.6: Photo-CELIV transient of an annealed P3HT:PCg;BM 1:0.8 BHJ
solar cell at 7' = 150 K; the delay time ¢4, Was varied in the range from 100
ns to 10 ms. An offset voltage of 0.76 V was applied to account for the internal
electric field. Four different types of recombination processes are fitted to the
experimental data: (a) (blue dashed dotted line) first order process R = n/7
(b) (purple fine dashed) Langevin recombination: R = _L(u, + p)np (c)
(green dashed) reduced Langevin recombination with an additional constant
prefactor ¢ (d) (red solid line) generalized equation dn/dt = ky,in** with
the charge carrier concentration decay order (recombination order) A+ 1 and
recombination rate coefficient k).
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Figure 8.7: Charge carrier concentration decay order deduced from fitting the
Nest(t) data (see Figure 8.6).

as a function of the carrier concentration n., at 7' = 150 K for the studied
blend systems. The ratio ¢ between the experimentally observed recombina-
tion rate R.;, and the rate described by Langevin Ry, (Equation (4.12)) shown
in Figure 8.8(b) is given by [117]

Re.p  k(n) k(n)

¢n) = R, 7w p(n) (8.2

As can be seen for PSHT:PCg BM devices the recombination rate is signif-
icantly lower and the deviation from the Langevin recombination rate Rj
(Equation (4.12)) with np > n?) is stronger for thermally untreated solar
cells with decreasing charge carrier concentration. Even though the charge
carrier mobility is different in pristine and annealed PSHT:PCg BM devices
with a different charge carrier density dependence (see Figure 8.5), a quite
similar deviation from Langevin recombination can be observed with the al-
most identical charge carrier concentration dependence. For BHJ solar cells
with bis-PCgBM as acceptor material we observed the recombination rate
similar to pristine P3HT:PCg BM BHJ solar cells, however with smaller dif-
ference between the annealed and pristine samples. Taking into account the
charge carrier mobility we observe a larger deviation from Langevin recombi-
nation for both pristine and annealed P3HT:bis-PCysBM devices, as can be
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Figure 8.8: (a) The recombination rate R.,, as a function of the charge carrier
density n.,; for PSHT:PCsBM and P3HT:bis-PCg;BM BHJ solar cells. As
a guide to the eye the recombination rate proportional to n? is added to the
graph (dash dotted line). (b) The ratio between the experimentally observed
recombination rate and the rate given by Langevin for P3HT blended with
various acceptor materials.
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seen in Figure 8.8(b).

8.4 Discussion

Before we discuss the physical origin of the experimental observations we want
to stress the importance of the experimental parameters and their potential
influence on the results if the limitations of the photo-CELIV technique are
not considered adequately. For mobility calculations the time t,,,, at which
the photo-CELIV peak reaches its maximum has to be determined. However,
tmaz may be affected by the RC time 7o of the circuit as was discussed in
Section 6.2 (see Figure 6.5). 7Tgrc depends on the capacitance of the solar
cell and thus on the charge carriers at the electrodes and within the bulk.
For recombination studies using photo-CELIV the internal electric field Vj;
of illuminated solar cells should be compensated to minimize the losses of
photogenerated charge carriers due to charge extraction by Vj;. Furthermore,
at Vj; a decent amount of charge carriers is thermally injected into the bulk
under dark conditions, which can interact with photogenerated carriers. Fur-
thermore, the injection of charge carriers into the bulk leads to an increase
in the capacitance of the overall circuit and hence increases 7rc, which lim-
its the time resolution of the measurement. In this case, the charge carrier
mobility is underestimated due to a RC shifted t,,,, position, as can be seen
in Figure 8.9 (t;, < Trc). Consequently, the mobility calculated from the
photo-CELIV transient at V,;; = Vi; of g = 3.6 x 1072 m?/Vs is more than
one order of magnitude smaller compared to the mobility at V, ;s = 0 V being
pu=16x10"% m?/Vs.

At low temperatures a reduced charge carrier injection as well as the re-
duced charge carrier mobility lead to more reliable photo-CELIV studies even
at Vorr = Vii. Therefore, we focused our interpretation of the charge carrier
mobility only to the low temperature regime (7" < 200 K).

At T = 150 K the charge carrier mobility as a function of the charge
carrier concentration revealed a drop of almost one order of magnitude over
the measured time range for pristine PSHT:PCg BM BHJ devices. In contrast,
the annealed devices showed no dependency on the carrier concentration n.y;.
However, for P3HT:bis-PC4s BM BHJ devices ne,; has a strong influence on p
for both annealed and pristine devices (see Figure 8.5).

The time or charge carrier concentration dependence of the charge carrier
mobility is widely discussed in literature [79, 108, 107]. Mozer et al. found
a time dependent pu(t) in MDMO-PPV:PCgBM 1:4 BHJ solar cells using
the technique of photo-CELIV. They assigned the time dependence to a re-
laxation process of charge carriers after photoexcitation to deep tail states
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Figure 8.9: Photo-CELIV transients for two different offset voltages Vs et =
0 Vand V,tset = 0.98 V being applied in forward direction of the solar cells;
For comparison the transients are normalized to the capacitive current step jo.
In case of an applied offset voltage the transient is affected by the increased
capacitance due to injected charge carriers (compare to Figure 6.5).

in a Gaussian density of states distribution, assuming the Gaussian disorder
model (GDM) [108]. Furthermore, a carrier concentration dependent p(n)
can be obtained in the mean medium approximation (MMA), whereas the
dependency increases with disorder [136, 86]. Recently, Bange et al. pointed
out that a time dependent charge carrier mobility observed in the photo-
CELIV technique is related to bimolecular recombination taking place during
charge extraction, which was neglected in previous analysis of the current
transients. They showed in numerical simulations that taking the Langevin
recombination mechanism into account the maximum position of the current
transient t,,,, is shifted to longer times resulting in a lower charge carrier
mobility [107]. Considering our experimental results we can exclude that the
recombination led to a time dependent mobility as suggested by Bange et
al. as the recombination is comparable or even lower in the thermally un-
treated BHJ solar cells at low temperatures (see Figure 8.3). Moreover, for
annealed PSHT:PCg, BM devices a constant charge carrier mobility was re-
vealed from photo-CELIV experiments.

Instead, especially in thermally untreated PSHT:PCg BM BHJ solar cells
deep tail states of the Gaussian density of states distribution (GDOS) can be
expected due to a broader distribution of site energies |83, 86, 136]. This will
lead to a trap limited charge transport especially at low temperatures. Charge
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carrier will undergo multiple trapping and release processes during their hop-
ping transport, especially at low carrier concentrations (see Figure 3.4). How-
ever, at high enough carrier concentrations those states will be filled result-
ing in an increase in the charge carrier mobility. Indeed, this will lead to a
concentration dependent charge carrier mobility as observed in the pristine
P3HT:PC¢;BM BHJ solar cells and found in MDMO-PPV:PCg BM blend
system [108]. In P3HT:bis-PCg;BM BHJ solar cells the broader DOS due to
enhanced energetic disorder |67, 129] results in a trap affected charge transport
in both pristine and annealed devices.

The event of charge trapping does not only affect the transport regarding
the charge carrier mobility, but also influences the number of charge carriers
actually participating in the dynamics and hence in recombination processes.
According to Equation (4.12) the recombination described by the Langevin
model is proportional to the charge carrier mobility. Recently, it was reported
that a carrier concentration dependent charge mobility may explain the de-
viation of the recombination order from two and thus from Langevin [137].
However, by looking at the ratio ((n) (Equation (8.2)) we point out that
the deviation from Langevin in P3HT:PCg BM solar cells can only partly
be explained by a u(n) (compare Figure 8.5 and Figure 8.8(b)). A residual
dependence on the charge carrier concentration of ¢ can be observed, which
even increases if bis-PCg; BM is used as the acceptor material (Figure 8.8(b)).
The latter can be attributed again to the more broadened GDOS and thus
larger energetic disorder parameter o. Consequently, more deep tail states
are present in bis-PCgBM related BHJ solar cells, which affect the charge
transport more strongly compared to the one in PSHT:PCg BM with less dis-
order. Thereby, already P3SHT:PCg BM BHJ solar cells exhibit a deviation
from Langevin recombination mechanism (see Figure 8.8(b)).

In the following, we will explain how such a deviation from the Langevin
model in dependence on the charge carrier concentration can be addressed
to the energetic disorder in the blend system. In the Langevin model it is
assumed that all charge carriers are mobile and thus can find a counterpart
for recombination at every time (see Section 4.2), which is, however, not
completely true for organic BHJ solar cells. Besides the free mobile charge
carriers we have to take into account also trapped charges. Thus the carrier
concentration for electrons (holes) can be written as n = n.+n; (p = p.+ pi),
where n. (p.) is the concentration of free mobile electrons (holes) and n; (p;)
the concentration of trapped electrons (holes). For the dynamics in organic
bulk heterojunction solar cells, however, free as well as trapped charge carriers
n =mn.+n; (p = p.+ p) have to be considered. Equation (4.12) can thus be
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written as
q
R:_:u(n>(nC'pc+nc'pt+pc'nt+nt'pt) ) (83)
E"E:O \\/'/‘ ~"~ d
ocn‘s o(nA+1—6

It is obvious that in addition to the charge carrier mobility p(n) the second
factor in brackets in Equation (8.3) leads to a charge carrier concentration
dependence (n**17°%). Especially the second factor can be related to a dynam-
ical process of trapping and release of charge carriers. Thus, trapped charge
carriers, if released after a dwell time, can participate, even though delayed,
in the dynamics in BHJ solar cells affecting ne.(t).

Looking at the initial charge carrier concentration ng, we observe a lower
ng in the photo-CELIV experiment for high temperatures, whereas for pris-
tine devices the decrease in ng with increasing temperature is generally more
pronounced (see Figure 8.3). This might indicate a loss mechanism, which is
faster than the here studied time scales (¢t < 100 ns). Marsh et al. [138] used
Monte Carlo simulation to model the charge separation efficiency in organic
BHJ solar cells. They assigned a poor performance of BHJ solar cells to those
cells, which exhibit heterojunctions being randomly aligned with respect to the
electric field. This leads to an enhanced geminate recombination [138]. The
dynamics for geminate recombination, however, occur on sub-microsecond
time scales [47] and hence faster than the time scales measured by photo-
CELIV. Thus, the conclusions made by Marsh et al. may support our results
on the lowered ng observed in pristine devices exhibiting well intermixed, and
more randomly distributed donor—acceptor phases in the bulk. In addition,
the recombination of charge carriers will change the flat band conditions of the
solar cell, which results in a sweep out of some of the photogenerated charges,
in addition to recombination. This effect is proportional to the charge carrier
mobility and therefore stronger at higher temperatures. However, further ex-
periments on time scales faster than 100 ns such as transient absorption are
needed to give a more clear answer to this question.

In Figure 8.10 the time dependent charge densities for PSHT:PCg BM and
P3HT:bis-PCg;BM are compared for both pristine and annealed devices at
T = 200 K. The initial charge carrier density ng at 7' = 200 K is similar
for all blend compositions pristine and annealed. If we compare e.g. both
pristine devices, P3HT:PCg BM and P3HT:bis-PCgBM, which exhibit sim-
ilar recombination orders (see Figure 8.7), we see a significantly later onset
of non-geminate recombination for P3HT:bis-PCg; BM. We attribute this to
the increased energetic disorder in the P3HT:bis-PCg BM blend composition,
which is also reflected by the experimentally observed reduced charge carrier
mobility. As has been reported by Nelson [139] a tail of deep states in inter-
penetrating bulk heterojunction blend systems serves to delay recombination
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Figure 8.10: Charge carrier density for PSBHT:PCg BM 1:0.8 and P3HT:bis-
PCgBM 1:1 pristine and annealed BHJ solar cells as a function of time for T" =
200 K. For P3HT:bis-PCg BM the onset of non-geminate recombination—time
at which the charge density starts to decay—is shifted to later times.

of charge carriers, as charge carriers are more impeded in finding each other at
the donor—acceptor heterojunction interface. Thereby, the release of polarons
from traps is the key process, which determines the recombination times in
organic solar cells [139]. This would explain also the increasing recombination
order with decreasing temperature, as the process of charge trapping plays
a more important role in the dynamics with an increased concentration of
trapped charge carriers at low temperatures. To summarize, energetic disor-
der will not only cause a reduced charge transport, but also lead to delay in
charge carrier recombination dynamics.

8.5 Conclusion

We studied the charge transport and recombination dynamics in BHJ solar
cells made from P3HT blended with PCsBM and bis-PCgBM as acceptor
materials by the photo-CELIV technique. Thereby, thermally treated and
untreated devices were compared. A concentration dependent charge carrier
mobility was observed in pristine PSHT:PCs BM BHJ solar cells, which we
assigned to charge carriers filling up deep states of the GDOS. In contrast,
annealed PSHT:PCg;BM devices showed no dependence on the carrier concen-
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tration at 7" = 150 K. Besides p(n), the trapping of charge carriers led also to a
concentration dependent Langevin prefactor ((n). As a result, recombination
orders above two can be observed in BHJ solar cells, even though the dynam-
ics are considered to be bimolecular. Replacing PCg BM by bis-PCgBM as
acceptor material led to a carrier concentration dependent mobility in both
pristine and annealed devices with an even stronger deviation from Langevin
recombination. We attributed this to a strong impact of charge trapping
due to an increased energetic disorder in PSHT:bis-PCg; BM, which led to a
reduced charge carrier mobility and a delay in recombination.



CHAPTER 9

Influence of Phase Segregation on
the Charge Carrier Mobility and
Lifetime in Organic Bulk
Heterojunction Solar Cells

In the previous chapter, the results on the transport and recombination stud-
ies in PSHT:PCgBM and P3HT:bis-PCg; BM BHJ solar cells were presented.
Bimolecular recombination dynamics were found in the studied organic solar
cells with a recombination coefficient being more strongly dependent on the
carrier concentration in disordered blend systems. Furthermore, the experi-
mentally observed charge carrier concentration decay order was found to be
affected by the energetic disorder of the bulk. Here, in this chapter we will dis-
cuss how the degree of phase segregation between the donor and the acceptor
will influence the charge transport and recombination in a bulk heterojunction
solar cell.
Part of the results discussed in this chapter is published in Paper 8.

9.1 Introduction

The interpenetrating network of donor and acceptor phase is a key issue for
further increasing the performance of polymer—fullerene bulk heterojunction
solar cells, as it affects the exciton dissociation, charge transport and recombi-
nation [9]. Whereas a fine phase intermixing on the sub-nm scale is believed
to be beneficial for efficient photogeneration, the charge transport is strongly
related to the percolation pathways formed within the bulk of the solar cell. A
crucial parameter having a great impact on the morphology of a bulk hetero-
junction solar cell is the donor—acceptor ratio. For many conjugated polymers,
e.g. poly(p-phenylene vinylene) (PPV) [15], a fullerene content of 67 wt.-%
to 80 wt.-% was found to be best for the performance of those solar cells.
Only a few polymer:fullerene systems have their optimum blend ratio at 1:1,
e.g. P3HT:PCgBM [140|. Recently, it was reported that depending on the
chain length and denseness of the polymer side chains, as well as the size of
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the fullerene, intercalation of the fullerenes in between the side chains can oc-
cur [141, 142]. Mayer et al. found an optimum polymer:fullerene blend ratio of
1:3-1:4 in the blend system consisting of poly(2,5-bis(3-tetradecyl thiophen-
2-yl) thienol3,2-b|thiophene) (pBTTT): phenyl-C7i-butyric acid methyl es-
ter (PC71BM), as an excess of PCgBM molecules was necessary to create
phase segregation. In MDMO-PPV:PC4 BM blend system the same optimum
blend ratio of 1:3-1:4 was assigned to a nanoscale phase segregation with pure
PCg1BM domains surrounded by a matrix of polymer containing up to 50 wt.-
% of fullerene [143]. Following an efficient charge generation, charge transport
and recombination dynamics in blend systems are intuitively expected to be
affected by the phase segregation and the dimensions of domain sizes, which
will be addressed in detail in this chapter.

9.2 Experiment

BHJ solar cells were prepared as described in Chapter 5. Without further
annealing the active blend layer Ca (3 nm)/Al (100 nm) were evaporated ther-
mally on top. PCg BM was purchased from Solenne, poly(2,5-bis(3-dodecyl
thiophen-2-yl) thieno[2,3-b|thiophene) (pBTCT-C,2) was synthesized accord-
ing to the published procedure in Ref. [144]. All materials were used without
further purification.

Photo-CELIV measurements were performed at different temperatures
ranging from 175 K to 300 K in steps of 25 K. The experimental technique
is explained in detail in Section 6.2. In contrast to the results presented in
Chapter 8, temperatures up to 300 K could be measured for the here stud-
ied blend composition as the RC constant did not limit the transients. This
was mainly due to the device thicknesses of up to 200 nm and especially
due to rather small extraction peak heights measured in 1:1 and 1:4 pBTCT-
C12:PCg¢1BM blend ratios compared to those measured for PSBHT:PCg BM and
P3HT:bis-PCg BM. The delay time between the laser excitation and the ex-
traction voltage pulse was varied from 100 ns to 10 ms. We used the second
harmonic of a Nd:YAG laser (A = 532 nm, < 80 ps pulse duration) for laser
excitation. For calculating the charge carrier mobility the parametric equation
according to Equation (6.4) was used.

Furthermore, the decay of charge carriers was studied by transient mi-
crowave conductivity. By using this technique both mobile holes and electrons
contribute to the measured change in microwave conductance (AG). The mi-
croscopic charge carrier mobilities were deduced from the TRMC transients
by equation

(9.1)
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@ is the quantum efficiency for charge generation and Xy is the sum of the
mobilities of the positive and negative charge carrier. [ denotes the ratio
between the broad and narrow inner dimension of the waveguide, e is the
elementary charge, Jy the incident laser fluence and F) is the fractions of
photons absorbed by the sample. The laser fluence in the TRMC experiment
was 135 pJ/cm? /pulse. As described in more detail previously [145, 146, 147],
if ¢ is undetermined, the value of ¥ 11 is a lower limit of the local charge carrier
mobility. Samples for TRMC measurements were prepared from the same
solution as the solar cells. A powerful technique to study the crystallinity of a
material is to measure X-ray diffraction (XRD). As pPBTCT-Cy, is a polymer
showing high crystallinity, XRD can be used to study the molecular packing,
i.e. the stacking of the polymer backbones.

9.3 Results

Figure 9.1 shows the results of XRD measurements on as spun pBTCT-Cyy
films and those blended with PC¢BM in a 1:1 and 1:4 weight ratio. No
additional annealing was applied. For the pure pBTCT-Cy; film a diffraction
peak at 4.3° is observed, corresponding to a lamellar spacing of 2.0 nm, i.e. the
distance between two neighboring sheet-like structures consisting of m-stacked
polymers. Upon addition of PCsBM, the X-ray peak was shifted towards
smaller angles, corresponding to an increase in the lamellar packing distance
to 2.8 nm, whereas no further shift was observed from the 1:1 to the 1:4 weight
ratio.

By measuring the wavelength dependent photocurrent the external quan-
tum efficiency (EQE) can be determined, which is defined as the ratio between
the number of extracted electron—hole pairs and the number of photons ab-
sorbed by the blend system. In Figure 9.2 the EQE spectra on the left axis are
shown together with the absorption spectra as a function of the incident wave-
length for pBTCT-C12:PCgBM 1:1 and 1:4 blend ratio. PCs BM molecules
absorb mainly in the UV region at a maximum of around 325 nm (see Fig-
ure 2.10), whereas the polymer pBTCT-Cyy exhibit a maximum absorption
at 460 nm. It can be seen that light with a wavelength longer than 550 nm is
hardly absorbed by the studied polymer:fullerene blend system. As a conse-
quence, the generation of a photocurrent is limited to a rather small range of
the sun spectrum.Thus, looking at the illuminated J—V characteristics of the
two studied solar cells, it is not surprising that the obtained PCE is rather low.
Comparing both ratios, the efficiency of a pBTCT-C15:PCg;BM 1:4 BHJ solar
cells is 0.5%, which is almost threefold higher compared to the 1:1 blend ratio
with a PCE of 0.15%. This is mainly due to a reduced short circuit current
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Figure 9.3: J-V characteristics of pBTCT-C;5:PCg;BM 1:1 and 1:4 bulk het-
erojunction solar cells illuminated under AM1.5G solar simulator.

density (see Figure 9.3). Obviously, the charge carriers can be extracted more
efficiently in case of pPBTCT-C15:PCgBM 1:4 compared to the 1:1 ratio. To
find an answer for the reduced j,. and hence PCE in pBTCT-C;5:PCg;BM 1:1
solar cells the charge dynamics are investigated for both blend ratios.

In order to study the macroscopic charge transport and recombination
dynamics in the two blend ratios, we performed photo-CELIV measurements
at temperatures ranging from 7' = 300 K to T" = 175 K. In Figure 9.4 the
current transients from pBTCT-Ci5:PCgBM 1:1 and 1:4 are shown at T =
250 K, respectively. For both pBTCT-Cy5:PCgBM 1:1 and 1:4 devices charge
carriers can be extracted from the bulk after laser excitation. However, in case
of the 1:1 blend ratio less charge carriers can be extracted by the voltage pulse
(see Figure 9.4(a)), which agrees quite well with the reduced j,. obtained in
the 1:1 ratio.

In Figure 9.5 the time dependent charge carrier concentration n.,(t) at
T =200 Kand T = 275 K for pBTCT-C15:PCg;BM 1:1 and 1:4 are compared.
For both ratios a bimolecular recombination process can be observed, but with
different order of the carrier concentration decay. At T' = 275 K the carrier
concentration decay is faster and more pronounced compared to 17" = 200 K
for 1:1 and 1:4 blend device, which can be seen in a stronger decrease of the
carrier concentration at large delay times.

Using again the generalized continuity equation dn/dt = kn ! the exper-
imental data can be fitted in analogy to Chapter 8 (see Figure 8.6). From
the fits shown in Figure 9.5 a charge carrier concentration decay order of
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Figure 9.5: Extracted charge carrier density deduced from the photo-CELIV
experiment at 7' = 200 K and T = 275 K. The initial charge carrier concentra-
tion ng (at tqely = 100 ns) is about an order of magnitude less for the 1:1 ratio
compared to the 1:4 device. For fgeay > 100 ns a bimolecular recombination
with differing order can be observed for both ratios.
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A+ 1 =41 for 1:1 pBTCT-C15:PCs;BM at T = 200 K can be obtained,
whereas at T' = 275 K the order decreases to A +1 = 1.8. For the 1:4 blend
device, A + 1 decreases from 3.3 at T'=200 K to A+ 1 = 2.0 at T = 275 K.
Considering the initial concentration of extracted charge carriers ng from the
photo-CELIV measurements determined at a delay time of 150 ns, we observe
an order of magnitude difference between the studied blend ratios (see Fig-
ure 9.5), the reason of which will be discussed later. For pBTCT-C;9:PCg BM
1:4 ng is 9.4x10* m~3 at T' = 300 K, whereas for the 1:1 ratio the initial car-
rier concentration is decreased to a value of 9.6x10%° m~3.

The average charge carrier mobility 1 deduced from photo-CELIV mea-
surements at a fixed delay time of 60 pus is shown in Figure 9.7(a). In
the 1:4 blend ratio p is about an order of magnitude higher as compared
to the one in the 1:1 ratio over the entire studied temperature range with
p=4.8x10"* cm?/Vs for 1:4 and pu = 4.5 x 107° cm?/Vs for 1:1 pBTCT-
C12:PCg1BM BHJ solar cells at T' = 300 K, respectively. As already mentioned
above, the current transients were not limited by RC not even for tempera-
tures up to 300 K. Furthermore, we note that no charge carriers could be
extracted in 1:1 devices below T' = 175 K.

TRMC measurements were performed to investigate the local charge trans-
port in pBTCT-C15:PCgBM 1:1 and 1:4 samples. TRMC signals of both
samples show a fast initial rise due to the nanosecond laser pulse until the sig-
nal decays again. For the 1:4 blend the maximum photoconductivity AGyax
at T' = 300 K is more than one order of magnitude higher than that of the
1:1 blend (see Figure 9.6), which is in good agreement with the experimen-
tally observed order of magnitude difference in the photo-CELIV signal for
1:1 and 1:4 devices. Variations of the photoconductivity on a similar scale
depending on the relative PCgBM concentration were observed previously
for PCg; BM:poly(phenyl vinylene) derivatives [148]. Generally, the decrease
of the photoconductivity after AGyax is due to charge recombination and
due to immobilization caused by trapping of charge carriers. Note that due to
the absence of electrodes no charges are collected. In the inset of Figure 9.6
the product of the quantum efficiency for charge generation ¢ and the sum
of the mobilities of the positive and negative charge carrier Xy is shown for
the 1:1 and 1:4 ratios for T' = 200 K. For the TRMC transients we used the
same fitting routine as for the photo-CELIV transients. For both ratios sim-
ilar recombination orders can be obtained with A + 1 = 2.8 in the 1:4 and
A+ 1=3.11n the 1:1 ratio.

In Figure 9.7(b) the product 3 is plotted as a function of 1/7 for both
studied blend ratios. Clearly, two different contributions are observed for the
pBTCT-C15:PC41BM 1:4 sample. Below T' = 200 K a small activation energy
of E4 = 19 meV can be obtained, whereas for temperatures above 200 K it
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Figure 9.6: Photoconductance transients for the 1:1 (solid line) and 1:4
(dashed line) weight ratios of pBTCT-Cy2:PCg;BM blends photoexcited at
532 nm and a fluence of 1.4x10' photons/cm?pulse at T = 300 K. TRMC
signals were normalised to the optical attenuation of the film. The inset shows
the transients at 7' = 200 K fitted by the generalized continuity equation. The
laser intensity was adjusted to be 135 pJ/cm?/pulse.
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becomes larger, i.e. F4 = 52 meV. In contrast, only one activation energy of
approximately £, = 13 meV can be seen in the 1:1 blend ratio. At T'= 300 K
the product pXpu for the 1:1 weight ratio is 6 x 107 cm?/Vs, whereas for the
1:4 blend ratio a value of 3.2 x 1072 cm?/Vs can be determined.

The recombination order deduced from the fit (see also Chapter 8) of the
photo-CELIV and TRMC transients for pPBTCT-C15:PCgBM 1:1 and 1:4 BHJ
solar cells is shown in Figure 9.8 as a function of temperature. From both
techniques an increasing recombination order with decreasing temperature
can be determined for both studied blend ratios. In the 1:4 device a charge
carrier concentration decay order of A + 1 = 1.9 was deduced from TRMC
and A +1 = 1.8 from photo-CELIV at T' = 300 K increasing to around 3.4
and 4.6 at T' = 175 K, respectively. Similar decay orders were observed in
1:1 blend devices with an increase from 2.1 to 4.9 obtained from the photo-
CELIV experiments and 2.3 to 3.1 from corresponding TRMC transients.
We note that slightly higher decay orders are revealed from photo-CELIV
measurements at low temperatures, the origin of which will be discussed.
For comparison, the data of an annealed P3HT:PCg BM 1:0.8 device is also
shown. There, the experimentally determined recombination order increases
only slightly from 2.1 to 2.2 in the studied temperature range from 7" = 300 K
to T'= 175 K, respectively.

9.4 Discussion

In XRD measurements a lamellar spacing of 2.0 nm can be found in a pure
pBTCT-Cys film. This is slightly larger than the 1.84 nm spacing peak ob-
served for a thermally annealed film, but is nonetheless shorter than the length
of two dodecyl chains placed end-to-end, which is indicative of some interdig-
itation of the side chains of adjacent polymer backbones [149]. For both
pBTCT-C15:PCgBM blend ratios a clear shift of the XRD peak is observed
pointing at an increase of the lamellar distance of 0.8 nm due to incorporation
of methanofullerenes in the studied blend system.

The observation of only one X-ray peak and the absence of further shift-
ing upon addition of more PCg BM indicates the occurrence of intercala-
tion [141] and its saturation at a PCs BM concentration of 50%. For both
weight ratios 1:1 and 1:4 an increase in the molecular stacking of 0.8 nm can
be calculated. Similar to PPV:PCg BM blend systems [143] it was suggested
for pPBTTT:PC7;BM devices—chemically related to the blend system stud-
ied in this work—that the addition of more than 50 wt.% of fullerene lead to
phase segregation with PC7;;BM domains growing in proportion to an increas-
ing amount of fullerene [141]|. Thus, although residual PCs BM molecules in
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Figure 9.7: (a) Average bulk charge carrier mobility deduced from the photo-
CELIV transients at a fixed delay time of 60 us and (b) pXu deduced from
TRMC experiment is plotted against 1/7T" for pPBTCT-C;9:PC¢BM 1:1 and
1:4. From TRMC two activation energies can be observed in the 1:4 blend
ratio—52 meV for T' > 200 K and 19 meV for T" < 200 K—, whereas in the
1:1 ratio only one activation energy of 13 meV over the whole temperature
range is detected.
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Figure 9.8: Recombination order shown as a function of temperature deduced
from fitting the n..(t) data of the photo-CELIV and ¢Xu data of the TRMC
transients for pBTCT-C15:PCgBM 1:1 and 1:4. For comparison the blend
system P3HT:PCg BM is also shown (data from Figure 8.7).

the 1:4 blends are not contributing to a further increase of the lamellar dis-
tance, the changed phase segregation does affect the transport properties and
recombination dynamics in a BHJ solar cell, which was already suggested
previously [56, 150, 151] and will be discussed in the following.

In the 1:4 blend device a higher charge carrier mobility in the bulk (photo-
CELIV) as well as detected locally (TRMC) is observed experimentally. From
temperature dependent TRMC measurements the contribution of charge car-
riers to the photoconductance can be deduced by determining the activation
energy from an Arrhenius plot. In pBTCT-C5:PCsBM 1:4 two different
activation energies could be assigned (see Figure 9.7) with a transition tem-
perature of T = 200 K. Similar results were reported previously in different
polymer:PCg BM blend systems, e.g. P3HT:PCysBM [152]|. There, the ac-
tivation energy for T > 200 K was assigned to the contribution of electrons
in PCsBM, whereas at low temperatures the hole mobility in the polymer
dominates the product ¢Xu. If we project these findings to the here studied
pBTCT-Cq5:PCgBM solar cells, above T" = 200 K we observe only an elec-
tron mobility in the 1:4 blends. In contrast, in the 1:1 blend ratio holes on
pBTCT-C;5 dominate X over the entire studied temperature range. From
photo-CELIV measurements the polarity of the extracted charge carriers can
not been distinguished (see Section 6.2). However, we can conclude that in the
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1:4 blend ratio extensive phase segregation leads to an efficient charge trans-
port, whereas both charge carriers contribute to the transport. In contrast,
a reduced charge carrier mobility is observed in the 1:1 pBTCT-C;5:PCs BM
BHJ solar cell, which can be assigned to the fine donor—acceptor intermixing
with less percolation paths for the polarons to the corresponding electrodes.

Furthermore, from J-V characteristics of the two blend ratios we find
in the best solar cells a 2.6 times higher short circuit current density under
AM1.5G illumination in the 1:4 blend ratio compared to the 1:1 ratio (see
Figure 9.3).

The initial charge carrier concentration ny experimentally found within
(TRMC experiment, Figure 9.6) and extracted from (photo-CELIV, Fig-
ure 9.5) the device for both pBTCT-C;2:PCg BM blend ratios was about an
order of magnitude lower at 150 ns in the 1:1 device as compared to 1:4 with
both techniques. This was despite the higher polymer content and thus larger
absorption coefficient at 532 nm in the former. We note that the TRMC signal
was corrected for the optical attenuation (see Equation 9.1). The photolumi-
nescence in intercalated bulk systems is quenched very efficiently [153, 154],
indicating that almost every photogenerated singlet exciton is separated at a
donor—acceptor interface. However, fine phase intermixing and disorganized
percolation paths in pBTCT-C5:PCgBM 1:1 blends may lead to a less effi-
cient separation of photogenerated polaron pairs as compared to the 1:4 ratio.
Thus, we assign the reduced charge carrier extraction in the 1:1 device at
t = 150 ns to an enhanced geminate recombination—occurring on shorter
time scales—due to lower delocalization of the charge carriers caused by a
lack of percolation paths. The process of geminate recombination would also
explain the experimentally observed reduction in j,. in the 1:1 ratio (see Fig-
ure 9.3). Similar was suggested by Monte Carlo simulations as an impeded
charge carrier motion during the initial separation process due to randomly
aligned, well intermixed donor—acceptor heterointerfaces leads to enhanced
geminate recombination [138]. In the previous chapter, a difference in ng was
found for PSHT:PCg BM BHJ solar cells especially at high temperatures with
a lower ng for pristine devices. This agrees quite well with the results obtained
for pPBTCT-C15:PCg;BM 1:1 BHJ solar cells with the fine phase intermixed
bulk structure. However, as already stated in Chapter 8 complementary ex-
perimental techniques, such as transient absorption, would be helpful to get a
more complete picture of the polaron dynamics, especially in the sub-ns time
scale. In the following, the charge carrier concentration decay after 150 ns
will be discussed in view of polaron recombination.

The recombination of charges in low mobility materials is usually described
by the bimolecular Langevin process (see Section 4.2) [98, 11]. This mecha-
nism shows a charge carrier concentration decay of second order if electron
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and hole concentrations are similar. In the previous chapter, an increased
recombination order in P3HT:PCg;BM BHJ solar cells at low temperatures
was attributed to a charge transport, in which multiple trapping and release
processes affect the experimentally observed 1. (t). In the following, we will
show how recombination orders of larger and smaller than two can be also
linked to the morphology found in the pBTCT-C;2:PCsBM devices under
investigation. We will see that the influence of charge trapping again plays a
crucial role in this respect.

In Figure 9.9 different scenarios of recombination processes are illustrated,
whereas the impact of charge trapping—spatially and/or energetically—is
taken into account. In typical donor—acceptor blends the transport of elec-
trons is restricted to the acceptor and the hole transport to the donor domain.
Consequently, the recombination of electrons and holes can only occur at the
heterointerface,[155] which explains in part the overestimation of recombina-
tion rates by applying the Langevin model [33]|. In addition to reducing the
overall recombination probability, it is important to note that the occurrence
of non geminate recombination requires mobile electrons and holes, p. and n,
respectively, to meet at the heterointerface (Figure 9.9(a)). However, charge
carriers may also be trapped during the hopping transport, whereas we dis-
tinguish between spatially n; s and energetically n;. trapped carriers. The
former is related to charge carriers being confined in a material phase as illus-
trated in Figure 9.9(b). In contrast to energetically trapped charges, they are
locally mobile and can thus recombine at the heterointerface with an oppo-
sitely charged carrier, but cannot be extracted at the contacts. We point out
that photogenerated polaron pairs with at least one spatially confined charge
carrier are not considered in the polaron dynamics, as they recombine gemi-
nately before dissociation, as already explained above. Energetically trapped
charges—which are immobile—can only participate in the recombination pro-
cess if (i) they are close enough to the donor-acceptor interface (for instance
due to donor—acceptor intermixing) (Figure 9.9(c)), or (ii) if they are emit-
ted after a certain dwell time, thus being mobile once again (n;. — n., see
Figure 9.9(d)). For (ii), the emission rate e; of charges from traps depends
crucially on the energetic distribution of the density of trap states. In the
hopping systems under consideration, even the intrinsic density of states be-
low the transport energy level (see Figure 3.3 and Figure 3.4)—the tail of an
exponential or a GDOS distriubtion—can act as traps [92]. If we consider
the continuity equation of free holes p., which can be extracted, we find (see
Equation (8.3))

dp./dt = —kpene. — K'peny (9.2)

Again, n. and n; are the free and trapped electrons, respectively, and k and &’



92

Chapter 9. pBTCT-C,,:PCs;BM

(a) bimolecular recom-
bination of free charges

(c) energetically trapped
at interface:
recombination possible

(b) spatially trapped
electrons

(d) en. trapped apart
from interface: only rec.
after emission

ja j o

free hole free electron trapped electron
CELIV - -'_- - EEEEE
T Pc = Nc Y Nis @ Nte

spatially energetically

Figure 9.9: Schematic overview of the possible recombination processes, which
may take place in a phase segregated bulk heterojunction solar cell: (a) bi-
molecular recombination of free mobile charge carriers p. and n. at the het-
erointerface, (b) spatially confined charge carriers n; s can only recombine at
the heterointerface but not extracted due to the lack of percolation paths. En-
ergetically trapped charge carriers n; . can only recombine (c) if they are close
to the heterointerface (d) or if emitted after a dwell time being mobile again
and thus being able to reach the heterointerface. However, recombination can
only take place if the oppositely charged carrier has not already been recom-
bined or extracted. The processes are also applicable to trapped holes instead
of electrons. Using the extraction technique (photo-CELIV) only free mobile
charge carriers (n., p.) can be extracted, which includes charges emitted from
trap states during the measurement time (a fraction of n;, and n;.). With
TRMC all locally mobile charge carriers can be detected (n., p., n:s) taking
into account also charges being released from energetic trap states during the
experiment (ng.).
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are the relevant recombination prefactors. If n; > n., p., the recombination
dynamics become dp./dt =~ —k'p.ny = p./7, where 7 = 1/k'n; ~ const—a
first order process. Depending on the magnitude of n; as compared to the
mobile charge carriers, recombination orders between one and two would be
observed.

In the studied pBTCT-C15:PCsBM blend system a recombination order
far above two is observed at low temperatures by photo-CELIV and TRMC
for both blend ratios (Figure 9.8) approaching close to or even decrease below
two at T" = 300 K. In 1:4 blends, the excess amount of fullerenes leads to
the formation of acceptor rich domains, which allows a faster delocalisation
on short time scales—improving the photogeneration yield [12]—and to per-
colation paths for the electrons, favouring the charge extraction process as
compared to the 1:1 blend. Due to fine intermixing in the 1:1 ratio electrons
will be mostly trapped—if not energetically, then spatially due to the lack of
percolation paths on isolated fullerenes close to the polymer backbones. A
large amount of polaron pairs will recombine before dissociation, as indicated
by the initial signal magnitude for both, TRMC (Figure 9.6) and photo-CELIV
(Figure 9.5) measurements being lower than for the 1:4 ratio. However, some
of the charge carriers might find percolation paths to be extracted, or recom-
bine as mobile carriers similar to those in the 1:4 device. With less thermal
energy available the charge carriers will relax down to deep tail states of the
DOS and thus being immobile if not being released again. As emission is
thermally activated, the release of trapped charges takes much longer at low
temperatures. Only after emission from the continuous distribution of trap
states, the now mobile charges can either be extracted by the linear voltage
pulse or recombine. The latter process becomes less probable the later the
emission occurs: the recombination partners of opposite charge may already
be recombined. This leads to a reduced charge carrier concentration decay
similar to what was observed in the P3HT:PCg BM blend system (see Chap-
ter 8). Therefore, the observed high recombination order at low temperatures
can be assigned to a delayed release of trapped charges not actively participat-
ing in the recombination process [156, 157, 135], as was already concluded in
the previous chapter. With increasing temperature energetic trapping is more
unlikely. However, the spatial restrictions in the bulk structure will affect the
charge dynamics more dominantly. The recombination order decreases even
slightly below two in both studied ratios, which we attribute to an imbalanced
relation between free mobile electrons and holes due to spatial trapping in the
fine intermixed phase.

Even though the two complementary techniques photo-CELIV and TRMC
rely on different measurement principles, the results fit qualitatively together.
In case of TRMC, all mobile charge carriers contribute to the measurement
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signal, including also spatially restricted charge carriers n, ;. Photo-CELIV is
only sensitive to charge carriers, which can be extracted by the voltage pulse.
This includes also charge carriers being energetically trapped in deep states
during the delay time not participating in the recombination processes, but
can be extracted by the voltage pulse. Thus a higher recombination order is
deduced from the photo-CELIV experiment.

9.5 Conclusion

The transport and recombination dynamics in pBTCT-C;5:PCg BM bulk het-
erojunction solar cells were investigated by the combination of the two com-
plementary techniques of photo-CELIV and TRMC for the first time probing
different length scales. X-ray diffraction measurements indicate that struc-
tural changes occurred in the studied blend structure for a 1:1 and 1:4 weight
ratio, where PCg; BM molecules probably intercalate into the available space
of two neighboring polymer side chain stacks. The order of magnitude less
concentration of initially extracted polarons 1:1 ratio was attributed to an
enhanced geminate recombination due to fine donor-acceptor intermixing.
Furthermore, the lack of percolation pathways for electrons in the 1:1 ratio
results in a low local charge carrier mobility decreasing the polaron pair disso-
ciation probability significantly, whereas the latter causes j,. to decrease. In
contrast, in the 1:4 ratio extensive phase segregation lead to an efficient charge
generation as the polarons can easily hop away from the heterointerface. The
polaron recombination dynamics studied by TRMC and photo-CELIV are
bimolecular with a recombination order above two for both studied ratios,
which we attribute again to trapped charges not actively participating in the
dynamics.



CHAPTER 10

Impact of Oxygen on the

Performance of
P3HT:PCgBM Solar Cells

From the previous chapters we can conclude that the polaron dynamics—
charge transport and recombination—in bulk heterojunction solar cells are
strongly affected by the morphology and the energetic disorder of the blend
system. In this chapter, PSHT:PCg,BM will be exposed to synthetic air, which
will induce defect states in the GDOS. The results on the charge transport
and, moreover, the charge carrier recombination in PSHT:PCg; BM BHJ solar
cells exposed to synthetic air in the dark are presented. The technique of
CELIV is used to study the intrinsic properties of the blend composition and
photo-CELIV to get an insight in the lifetime and mobility of photogenerated
charge carriers.

Part of the results discussed in this chapter is published in Paper 7.

10.1 Introduction

The PCE of organic solar cells experiences a consistent increase during the
last decade and recently reached 8% for a single junction polymer fullerene so-
lar cell [4]. The resistance of organic solar cells against degradation deserves,
however, further attention. Exposure to synthetic air in the dark exhibits a
decrease of the short circuit current with exposure time in P3HT:PCBM BHJ
solar cells [158, 159, 160|. It was previously shown that oxygen induces trap
states in the polymer, which results in a strong decrease of the charge carrier
mobility [161]. So far, the role of charge trapping on the recombination dy-
namics and thus the performance of organic solar cells is not fully understood.
If the solar cell is illuminated simultaneously during exposure to synthetic air,
the degradation process accelerates [159, 158].
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Figure 10.1: Illuminated J-V characteristics of PSHT:PCsBM 1:0.8 BHJ
solar cell for different exposure times to synthetic air in the dark . With
increasing oxygen exposure time jg. decreases, whereas I'F' and V,. remain
rather constant.

10.2 Experimental

Bulk heterojunction solar cells were prepared according to the procedure de-
scribed in Chapter 5. The solar cells were characterized in the glove box
system by an Oriel 1160 AM1.5G solar simulator showing a PCE of approxi-
mately 3.5%. The samples were transferred into a optical cryostat (see Chap-
ter 6) and exposed to synthetic air for defined duration without simultaneous
illumination. After a maximum time of 120 hours of exposure to synthetic
air in dark, the PCE of the solar cells dropped by more than 70% mainly
due to a reduced short circuit current density with otherwise rather constant
open-circuit voltage and fill factor (see Figure 10.1) During (photo)-CELIV
and [-V measurements, the sample chamber of the cryostat is filled with he-
lium as inert contact gas. For degradation studies, the helium is replaced by
synthetic air (80% No, 20% O, < 1 ppm H50) for various exposure times.
We use the second harmonic of a Nd:YAG laser (A = 532 nm, < 80 ps pulse
duration) in the photo-CELIV experiment to generate charge carriers within
in the device. Thereby, the solar cell parameters are checked after the illumi-
nated measurements to ensure no further degradation by the light exposure.
The mobility is calculated according to Equation 6.4.
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Figure 10.2: Photo-CELIV ~ measurements of oxygen exposed
P3HT:PCg;BM 1:0.8 solar cell performed at T = 300 K with an offset
voltage of V,fy = 0.3 and a maximum extraction voltage V,, = —2 V. A

shoulder arises at 20 ps as an indication of an additional extraction peak
related to a lower charge carrier mobility. Inset: Extracted photogenerated
charge carrier concentration and the equilibrium carrier concentration
deduced from CELIV as a function of oxygen exposure time.

10.3 Results and Discussion

In Figure 10.2 photo-CELIV transients are shown for different exposure times
to synthetic air. It can be clearly seen that the intensity of the extraction
peak strongly increases with exposure time. By subtracting the dark current
transient and integrating the resulting transient the carrier concentration n.,;
of photogenerated charges deduced from the photo-CELIV experiment can
be determined, which is shown in the inset to Fig. 10.2 (squares). The in-
trinsic charge carrier concentration from dark CELIV is also added to the
the inset (circles). The increase in equilibrium charge carrier concentration
in CELIV measurements upon degradation was assigned to be due to oxygen
doping [158]. After 120 hours of oxygen exposure the current transient does
not reach the saturation current level jq after 100 ps as in the non-exposed
solar cell. Thus, not all charge carriers were extracted within the measure-
ment time of 100 us, which is an indication for charge carriers being trapped
in the device causing an increased capacitance. Note that the same exper-
imental conditions were used for all photo-CELIV measurements shown in
Figure 10.2. The charge carrier mobility decreased by one order of magni-
tude from around 1.2 x 1077 m?/Vs to 1.2 x 107® m?/Vs after 120 hours of
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exposure to synthetic air. Furthermore, upon oxygen exposure a shoulder
showed up in the photo-CELIV signal at around 20 ps indicating a second
contribution to the extraction peak with a significantly reduced charge carrier
mobility (Figure 10.2). A similar effect was reported recently in an oxygen
exposed P3HT:PCg BM solar cell [162]. There, the first peak was assigned
to electrons and the second peak to a hole mobility decreased by an order in
magnitude from 1078 to 107 m?/Vs due to oxidation of the thiophene ring
(backbone). We note, however, that the polarity of the extracted charge car-
riers cannot be discriminated in the CELIV experiment. Here, the shoulder
appeared only in the photo-CELIV experiment, but not in the CELIV experi-
ment without laser excitation. Thus, the second contribution to the extraction
peak can be assigned to photogenerated charge carriers. Interestingly, up to
30 hours of exposure only the shoulder increased, whereas the first main ex-
traction peak is almost constant or even slightly decreased in the first three
hours. Thus, only those photogenerated charge carriers, which are extracted
at a later time at a higher electric field, contribute mostly to the increase
in the charge carrier concentration n..; in the photo-CELIV experiment with
exposure to synthetic air. This can be seen in the inset of Figure 10.2 as
negt Of photogenerated charge carriers increases more strongly with exposure
time than the equilibrium charge carriers deduced from CELIV experiments,
especially for times more than 3 hours. It was reported by Arkhipov et al.
that doping increased the energetic disorder broadening the tail of the density
of states distribution (DOS) [163]. From degradation studies performed on
P3HT [161] and P3BHT:PCBM [158| an enhanced density of deep traps as well
as a reduced charge carrier mobility were revealed. Thus, the additional CE-
LIV peak may arise from charge carriers being extracted from trap states at
a higher field and thus with a delay compared to free mobile charge carriers.

Looking at the charge carrier mobility deduced from the first extraction
peak at low temperatures, we observed a carrier concentration dependent
charge carrier mobility in oxygen exposed BHJ solar cells increasing with
exposure time (see Figure 10.3). In non-degraded solar cells, however, the
mobility is almost unaffected by the charge density. This is again an indi-
cation, that the DOS is broadened due to the oxygen induced doping [163]
having a strong impact on the charge transport within the bulk of the so-
lar cells. At high carrier concentrations the deep states might be filled so
that mobile charge carriers are not further trapped in those states. In Chap-
ter 8 a carrier concentration dependent charge carrier mobility was found for
P3HT:bisPCg;BM BHJ solar cells being attributed to the broadened DOS and
hence to an increased energetic disorder (see Figure 8.5).

To further study these oxygen induced trap states, the CELIV scheme was
extended by using continuous white light background illumination during the
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Figure 10.3: Charge carrier mobility p revealed by photo-CELIV measure-
ments on oxygen exposed PSHT:PCg; BM 1:0.8 BHJ solar cells as a function
of the extracted charge density n.,; (compare to Figure 8.5).

whole experiment. We note that these background illumination conditions are
even closer to the working regime of an organic bulk heterojunction solar cells
compared to pulsed photo-CELIV experiments. In Figure 10.4 the CELIV sig-
nals with and without continuous LED background illumination are shown for
a PSHT:PC4 BM BHJ solar cell exposed for 62 hours to synthetic air. As can
be seen the saturation current j, is increased in the CELIV measurement with
continuos background illumination. This is due to charge carriers being gen-
erated by the LED throughout the experiment and hence new “equilibrium”
conditions are created. Furthermore, again a shoulder is visible in the illumi-
nated CELIV transient performed on the oxygen exposed BHJ solar cell. By
subtracting the dark current transient without LED background illumination
(black dash dotted line in Figure 10.4) from the one with LED illumination
the contribution of photogenerated charge carriers (Aj = jLep — Jaark) to the
current transient can be illustrated (green dashed line in Figure 10.4). Com-
pared to the dark CELIV measurement the maximum charge extraction peak
is shifted to larger times, which indicates that the photogenerated charge car-
riers exhibit a lower charge carrier mobility in contrast to the intrinsic charge
carriers probed in the dark CELIV experiment. Charge carriers after being
generated by the LED or the laser flash will thermalize down in energy and
fill up deep states. If these charge carriers are extracted by the voltage pulse
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Figure 10.4: CELIV signals at T=300 K with (red solid) and without LED
background illumination (dark dash dotted); the extraction voltage was kept
at V, = —2V and the offset voltage at Vog = 0.5V; the green dashed line
represents the difference Aj = jrep — Jdark- In the CELIV transient with
continuous background illumination an increased capacitance is observed due
to additional generated charge carriers within the active layer.

in the CELIV experiment, they will have an impact on the extraction current
at higher electric fields and thus show up at larger extraction times. In non-
exposed P3HT:PCg BM 1:0.8 BHJ solar cells such a second extraction peak
due to photogenerated charge carriers could not be observed. This delayed
release of charge carriers from deep trap states will have a significant impact
on the recombination dynamics of oxygen exposed organic solar cells, which
will be discussed in the following.

The time dependent extracted charge density n.,; is shown in Figure 10.5.
It can be clearly seen that ne,(t) increases for tgen, > 107° s with oxy-
gen exposure time corresponding to a reduced charge carrier recombination.
In Chapter 8 the delayed recombination in P3HT:bis-PCg;BM 1:1 was at-
tributed to the enhanced energetic disorder caused by the fullerene bisadduct.
Especially in the pristine device the charge carrier concentration decay order
increased by a factor of two with decreasing temperature from A +1 = 3 at
T =200KtoA+1=06.7atT = 125 K (see Figure 8.7). This agrees well
with the results obtained here for the oxygen exposed solar cells. In this case,
not the temperature is decreased, which lead to an impeded charge transport
due to less thermal energy available for the hopping jumps and hence to an
increased recombination order, but the GDOS is broadened due to oxygen
induced tail states. Consequently, charge carriers get trapped in those deep
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Figure 10.5: Charge carrier concentration ne.(t) deduced from photo-CELIV
measurements at 7' = 175 K on P3HT:PCgBM 1:0.8 BHJ solar cells exposed
for 0, 62 and 120 hours to synthetic air in the dark. With increasing oxygen
exposure the charge carrier concentration decay decreases.

states during their hopping transport and have to be released before they can
recombine at the interface, which results in a delay in recombination [139]
showing up in an increased recombination order (see Figure 10.5). In analogy
to Chapter 8, we can determine the recombination rate R.,, from the time
dependent charge carrier concentration n.,; using equation

dn ANy
—=G—-R~ !
dt dt
whereas the generation G = 0 for ¢ > 0 (compare to Equation (8.1)). Fur-
thermore, the charge carrier mobility u revealed by the experiment can be
used to determine the recombination rate described by the Langevin theory

(Section 4.2) [98]

= Reap (10.1)

2 4 2
Ry=v-n"= el Meat (10.2)
with the Langevin recombination coefficient v and the dielectric constant eeg.
In Figure 10.6 both, R.,, (Eq. (10.1)) and R; (Eq. (10.2)), are shown in
Figure 10.6 as a function of n.; at T' = 175 K. It can be seen that the re-
combination rate is reduced compared to the Langevin theory, as was already
found previously [128, 117] and described extensively in the previous Chap-

ters 8 and 9. When exposed to synthetic air the recombination rate decreases
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Figure 10.6: Recombination rate at T=175 K as a function of the extracted
charge carrier concentration for 0, 62 and 120 hours exposure to synthetic air.
The bimolecular Langevin recombination rates calculated from the charge car-
rier mobility deduced from photo-CELIV are also shown in the graph (dashed
lines). With increasing oxygen exposure an increase in charge carrier concen-
tration dependence of the recombination rate can be observed.
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for a given n.,; with exposure time, which corresponds to a reduced charge
carrier concentration decay (see Figure 10.5). Furthermore, the recombination
rate shows an increased dependence on the charge carrier concentration with
increasing exposure time deviating even more from Langevin type recombina-
tion behavior as can be seen in Figure 10.6. Similar to the results shown in
Chapter 8 the increasing dependence of the recombination rate on the carrier
concentration with oxygen exposure deviating more and more from Langevin
can be assigned to the increased disorder, which is induced by the oxygen
dopants. Thereby, the carrier concentration dependence of the recombination
coefficient can neither be attributed to a p(n) found in oxygen exposed bulk
heterojunction solar cells.

The experimentally observed reduced recombination rate in oxygen ex-
posed BHJ solar cells revealed by the time dependent photo-CELIV measure-
ments can also be related to an increased effective charge carrier lifetime 7. In
addition to photo-CELIV measurements, transient photovoltage (TPV) and
transient photocurrent (TPC) experiments were performed on oxygen exposed
P3HT:PCg BM BHJ solar cells. Details to the measurement technique can
be found in Ref. [135, 130, 134|. From measuring TPV and TPC the lifetime
of photogenerated charge carriers can be determined. In analogy to the re-
duced recombination rate deduced from photo-CELIV, TPV /TPC revealed
an increase of the charge carrier lifetime with exposure time.

Here, we point out again that the observed increased effective lifetime is
assigned to the non-geminate recombination of charge carriers at open circuit
conditions and cannot be used to explain the decrease in the short circuit
current density. As was shown previously [158| a decrease in J,. may ex-
plained by the doping of the active blend, which causes an increase in the
charge density and hence leads to less band bending. We rule out contact
degradation, as we did not observe characteristic s-shaped J-V curves for any
oxygen exposure times, which would be an indication for a lowered charge ex-
traction rate [164, 165, 166]. Furthermore, no change in V. was observed in
oxygen exposed BHJ solar cells in the dark. Moreover, an increased geminate
recombination or an insufficient polaron pair dissociation would decrease the
Jse in an organic BHJ solar cells. However, further investigations are needed,
especially in sub-ns time scales, to address the charge losses at short circuit
conditions.

10.4 Conclusion

The charge transport and the recombination dynamics in P3HT:PCs BM BHJ
solar cells exposed to synthetic air in the dark were investigated using the tech-
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nique of CELIV and photo-CELIV. From the sets of experiments we observed
an increased equilibrium charge carrier concentration due to oxygen doping of
the active blend material as well as a reduced charge carrier mobility. Further-
more, from photo-CELIV measurements a reduced recombination probability
could be found in oxygen exposed solar cells, whereas the recombination rate
showed an increased dependence on the charge carrier concentration in those
degraded BHJ solar cells. Both, the reduced recombination rate and the in-
creased dependence on n.,; can be attributed to oxygen, which broadens the
GDOS by inducing tail states.



CHAPTER 11

Transient Charge Extraction in
Organic Solar Cells: OTRACE vs.
photo-CELIV—A Comparative
Study

In this chapter the novel method of charge extraction, which was introduced
in Section 6.3, will be compared to the conventional photo-CELIV technique.
Both techniques are applied to the material system consisting of the low-band
gap polymer poly|[|9-(1-octylnonyl)-9H-carbazole-2,7-diyl]-2,5-thiophenediyl-
2,1,3-benzothiadiazole-4,7-diyl-2 5-thiophenediyl] (PCDTBT) (see Figure 2.9)
blended with PC7;BM. Recently, an internal quantum efficiency of almost
100% was reported for PCDTBT:PC;BM 1:4 BHJ solar cells with a power
conversion efficiency of up to 6.1% [167].

11.1 Introduction

As has been illustrated in the previous chapters, it is important to study
both the mobility and lifetime of charge carriers. Using the technique of
photo-CELIV (Section 6.2) the charge carrier mobility and lifetime can be
determined simultaneously. The major drawbacks of this method are the
high illumination intensities due to the use of a high intense laser flash and
the absence of non-blocking contacts and thus charge carrier injection dur-
ing the application of a constant offset voltage V,; in forward direction (see
Section 6.2). The latter affects the RC time 7o of the measurement circuit
significantly, which limits the resolution of the technique especially at high
temperatures (7" > 200 K), as was illustrated in Chapter 8. Using the mod-
ified OTRACE (open circuit corrected transient charge extraction) method,
however, the charge dynamics in organic BHJ solar cells can be studied even
at T'= 300 K and low light intensities, which are close to solar cell operating
conditions. Thus, the mobility and lifetime of charge carriers generated by 1
sun illumination intensity can be investigated.
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Figure 11.1: J-V characteristics of a PCDTBT:PC7;BM 1:4 BHJ solar cell
measured in the dark and under AM1.5G solar simulator.

11.2 Experimental

Organic BHJ solar cells are prepared according to Chapter 5. PCDTBT and
PC7BM solved in chlorobenzene are mixed in a weight ratio of 1:4. The or-
ganic blend layer is thermally treated for 10 min at 50 °C before deposition
of Ca/Al on top. The solar cells are characterized using a Oriel AM1.5G
solar simulator. PCE values up to 6% could be achieved with the material
blend system (see Figure 11.1). For OTRACE and photo-CELIV measure-
ments the sample is transferred to the optical cryostat. For laser illumination
(photo-CELIV) we use the second harmonic of a Nd:YAG laser (A = 532 nm,
80 ps). In contrast, a pulsed white light LED generates charge carriers in the
OTRACE technique. The V,. transient needed to account for field compen-
sation (see Section 6.3) in OTRACE is acquired by the oscilloscope using a
high-impedance (1G(2) load adapter to prevent current flow and is used as an
input for the extraction voltage pulse being created by the function genera-
tor. For calculating the charge carrier mobility from both photo-CELIV and
OTRACE measurements the Equation (6.5) is used.
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Figure 11.2: Current transients of PCDTBT:PC7;BM 1:4 BHJ solar cells at
T = 300 K from photo-CELIV (dashed line, dash dotted line) and the modified
OTRACE technique (solid line). A fixed delay time of ¢4ejqy = 10 ps was used
for all transients (see vertical dotted line). Clearly, no current is flowing in
the OTRACE experiment for ¢ < tge1qy and 0 <t < {44, indicating no charge
injection during LED illumination and no charge extraction after turning off
the LED (V = V,. = G = R). In contrast, in the photo-CELIV experiment
injected charge carriers lead to a forward current flow for ¢ < 44y, Which

increases with Vs ¢
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Figure 11.3:  (Left axis) Normalized V,. voltage transient for a

PCDTBT:PC;1BM 1:4 BHJ solar cells acquired at T = 300 K. The LED
intensity was adjusted to be equivalent to one sun. (Right axis) Offset voltage
Vor s, which has to be created to compensate for the voltage loss due to charge
carrier recombination, applied in forward direction (see Figure 6.7).

11.3 Results and Discussion

In Figure 11.2 the current transients of the conventional photo-CELIV tech-
nique are compared with those obtained by the modified OTRACE technique.
Whereas in photo-CELIV the offset voltage is constant, a time dependent
Vorf(t) was adapted from the V. transient in the OTRACE method (see Sec-
tion 6.3). In Figure 11.3 an example for an offset voltage V,;/(t) (right axis)
being created from the previously acquired V,. voltage transient (left axis)
is depicted for T" = 300 K. The time range, in which the voltage transient
is adapted, is determined by the delay time ?4¢,, and will be varied in the
time dependent OTRACE experiment (see Figure 6.7). The delay time in
Figure 11.2 was chosen to be t4q4y,= 10 ps. It can be clearly seen from the
transients that in case of the OTRACE method no current is flowing before
charge extraction neither for ¢ < ¢4eqy nor 0 <t < tge1qy. For t < t4eqy the
LED generates charge carriers, which are hindered to leave the solar cells as
V' =V, is applied to the sample. For 0 <t < £4eqy the LED is switched off
and polarons will undergo diffusion and recombination without charge extrac-
tion due to the absence of an electric driving force. Thereby, the changing
flat band conditions due to charge recombination are accounted for by V,/(t).
Thus, during the t4.q, the generation of polarons equals the recombination
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Figure 11.4: Charge carrier mobility determined from photo-CELIV and
OTRACE transients on PCDTBT:PC71BM 1:4 BHJ solar cells measured at
T =300 K.

(G = R). In contrast, in the conventional photo-CELIV experiment a con-
stant offset voltage is applied to the solar cell with Vi, ;¢ > V,.. It can be clearly
seen from Figure 11.2) that in case of V, s = 0.88 V, which is close to V. (see
Figure 11.1), photogenerated charge carriers still leave the device reflected
by the delta shaped current flowing after the laser flash at tgeiqy = 10 ps.
Furthermore, as the solar cell is only illuminated for a short time (80 ps) at
t = t4elqy @ constant offset bias superimposed to the extraction voltage pulse
results in a current flow in forward direction for ¢ < #4.4,. In this case, charge
carriers are injected into the bulk, which may interact with those generated
by the laser. Moreover, the capacitance increases due to injected charge car-
riers and hence 7gc. The latter affects the position of the peak t,,,, in the
experiment as was already discussed in Section 6.2 and Chapter 8 (compare
Figure 11.2 with Figure 6.5 and Figure 8.9). Consequently, t,,,, is shifted
to longer times in the photo-CELIV transients compared to the OTRACE
transient resulting in a reduced and hence underestimated charge carrier mo-
bility (see Equation (6.5)). In Figure 11.4 u determined from the transients of
both techniques are shown as a function of t4e4, at T = 300 K. As expected,
the charge carrier mobility obtained by OTRACE is increased compared to
the one obtained by photo-CELIV due to a smaller RC time. To avoid this
underestimation of charge carrier mobility in photo-CELIV experiment, the
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offset voltage needs to be lowered as shown in Figure 11.4. However, this im-
plies that the charge carriers leave the device due to the residual internal field
and hence the recombination dynamics cannot be determined simultaneously.
Looking at the charge carrier mobilities deduced from illumination intensity
dependent OTRACE transients a clear increase of p can be observed with
ldelay at high illumination intensities. As charge carrier injection is reduced
in this technique the RC time is determined only by the device geometry.
However, depending on the extraction peak height the transients and hence
tmae can still be affected by the RC rise overlaying the peak (see Figure 6.5).
With a low peak height this overlay can be minimized. Thus, we attribute
the increase in charge carrier mobility with increasing ¢4, to the decreasing
CELIV peak height being less affected by RC. So to minimize the influence
of Trc on the extraction experiment, low light intensities have to be used—
like the 0.01 sun as shown in Figure 11.4—to ensure reliable charge carrier
mobility values especially temperatures up to 300 K.

With the OTRACE technique it is now possible to study the mobility
and lifetime of charge carriers in organic BHJ solar cells under operating
conditions.

For PCDTBT:PC;1BM 1:4 BHJ solar cells we found a shoulder in the
OTRACE extraction peak at around 40 us (see inset of Figure 11.5) for 0.01
sun illumination, which indicates a second contribution to the extraction cur-
rent with a reduced charge carrier mobility. This might be an indication of
an unbalanced charge transport of electrons and holes in the bulk or charge
carriers being extracted from deeper states with the assistance of the electric
field similar to what was observed in Chapter 10 (see Figure 10.2). Those
deep states might originate from the acceptor material PC7;;BM and a possi-
bly broader distributed DOS. Using the photo-CELIV technique this shoulder
cannot be observed. The reason for that might be of different origins: The
high laser intensity causes the first peak to overlap the shoulder. Further-
more, in photo-CELIV the first extraction peak is shifted to longer times due
to RC, which again might cause the shoulder to be superimposed. Finally,
in the OTRACE method charge carriers are generated by a relatively long
LED light pulse (1 ms) so that deeper states can be filled more easily during
the quasi steady-state conditions compared to the only very short laser flash
(80 ps) in photo-CELIV.

In Figure 11.6 the time dependent charge carrier concentration extracted
from the bulk are compared for both transient extraction methods. As can
be seen, completely different recombination dynamics can be deduced from
the two methods at 7" = 300 K. In case of the conventional photo-CELIV
technique faster recombination times would be concluded from the data and
hence much higher recombination rates. Furthermore, it can be seen from
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the illumination dependent OTRACE measurements that the onset of non-
geminate recombination is generally shifted to longer times, when the charge
density is lowered as already mentioned in Chapter 8. This is in good agree-
ment with the results obtained from the complementary techniques such as
transient absorption [131].

The temperature dependent n.,,(t) data determined by OTRACE mea-
surements on a PCDTBT:PC;1BM 1:4 BHJ solar cell are shown in Fig-
ure 11.7. As also revealed for other organic blend compositions, such as
P3HT:PCg;BM or pBTCT:PCgBM, the charge carrier recombination in-
creases with increasing temperature mainly due to an increased charge carrier
mobility. In the inset of Figure 11.7 the recombination order A+1 is plotted as
a function of the temperature T. As commonly observed for bulk heterojunc-
tion devices, the recombination order increases with decreasing temperature,
which indicates that the charge transport is more dominated by charge trap-
ping events at low temperatures due to less thermal energy being available for
the hopping jumps (see also Chapter 8 and Chapter 9).

Finally, using the OTRACE technique at very low light intensities the
energetic disorder can be estimated from the temperature dependent charge
carrier mobility as the RC limitations are minimized. Considering the Gaus-
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sian disorder model (GDM), as introduced in Section 3.2, the charge carrier
mobility can be expressed according to Equation (3.5)

,u%exp{— <§2T)2} , (11.1)

whereas the field dependent term is neglected. In this case o* represents the
effective width of the Gaussian density of states distribution (GDOS) and
thus the effective energy disorder parameter for the charge transport in the
studied blend system. From field dependent TOF measurements we generally
find the disorder parameter to decrease when considering the zero field charge
carrier mobility po. Thus, the here obtained ¢* is an upper estimation for the
disorder in the blend composition can be estimated. By fitting In(u) versus
1/T? o* can be obtained from the slope. Here, a cross section is made in the
VS taelay Plot (Figure 11.8(a)) at tgeiqy = 1 ms to account for thermal relax-
ation of charge carriers at low temperatures and limitations by RC at high T'.
The extrapolated mobility values are plotted versus the (1000/7")% shown in
Figure 11.8(b). Two different slopes can be obtained by fitting the experimen-
tal data, both of which can be attributed to an effective disorder parameter.
For low temperatures the fit revealed o5 = 40 meV, whereas for high tem-
peratures of = 78 meV with a transition temperature of around 7" = 200 K.
The temperature dependent charge carrier mobility deduced from OTRACE
measurements on the reference material system of PSHT:PCg; BM 1:0.8 is also
shown in Figure 11.8(b). As can be seen, generally higher mobility values can
be obtained for PSHT:PC4;BM 1:0.8 with an order of magnitude higher mo-
bility at 7" = 300 K. Whereas the disorder parameter for P3HT:PC4BM is
smaller for 7" > 180 K with o7 = 58 meV, it is quite similar for 7" < 180 K
with 05 = 44 meV.

The reason for the observed bend in the temperature dependent charge
carrier mobility is not fully understood yet, however, is often observed in
organic disordered systems [168]. One possible reason might be that additional
states are available in the tail of the GDOS making it easier for the charge
carriers to hop to a neighboring state, which leads to a increased charge carrier
mobility compared to the one expected from the fit at high temperatures
(07). Those deep states might originate from a DOS shape deviating from
the proposed GDOS, which may result from trap states overlapping with the

intrinsic tail states. Furthermore, at low temperatures the charge transport
might occur in terms of tunneling processes instead of thermally activated
hopping steps. However, further investigations have to be done to address the
origin of this experimental observation.

Finally, we note that the here presented novel OTRACE technique arose
from the experience gained in this work. Thereby, it does by no means dimin-
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ish the correctness of the previously discussed and published photo-CELIV
results.

11.4 Conclusion

The advanced measurement technique of OTRACE is a powerful tool to study
the charge carrier dynamics in organic bulk heterojunction solar cells under
operating conditions. It accounts for the drop in V,. due to charge carrier re-
combination by adapting the V. transient for electric field compensation. Due
to only minor charge injection from the contacts the RC time is minimized in
the OTRACE technique and hence the time resolution is improved especially
at room temperature. Applying the OTRACE technique to the blend compo-
sition of PCDTBT:PC;;BM1:4 we were able to resolve a shoulder in the ex-
traction peak especially at low LED intensities. We attributed this shoulder to
either an unbalanced charge transport of electrons and holes or to charge car-
riers being released from deep states with the aid of the external electric field.
From temperature dependent measurements two slopes could be determined
in the In(p) vs 1/T? plot indicating two different energy disorder parameters.
Compared to the reference material system P3HT:PCg BM a larger energetic
disorder is found in PCDTBT:PC;1BM for temperatures above T" = 200 K.






CHAPTER 12

Conclusions

Zusammenfassung

Ziel dieser Arbeit war es den Transport und die Rekombination von Ladungs-
trégern in organischen “bulk heterojunction” (Heterogemisch, BHJ) Solarzel-
len zu untersuchen. Dazu fand neben der transienten Photoleitfahigkeit (TOF)
hauptséachlich die transiente Ladungsextraktionsmessmethode, genannt photo-
CELIV, groffe Anwendung. Ein grofser Vorteil dieser Messmethode ist, dass
neben der Beweglichkeit der Ladungstriger auch die Konzentration derer si-
multan bestimmt werden kann. Im Vordergrund der Untersuchung standen
dabei hauptsichlich organische Solarzellen mit dem Materialgemisch beste-
hend aus Poly-3-(Hexyl) Thiophen (P3HT) und [6,6]-Phenyl Cg; Buttersiure
Methylester (PCg;BM), das als Referenzsystem fiir neuartige Materialzusam-
mensetzungen verwendet wurde.

Mit Hilfe der TOF Messmethode konnte fiir ein Gewichtsverhéltnis von
Donator zu Akzeptor von 1:1 ein ausgeglichener Ladungstransport von Elek-
tronen und Léchern gefunden werden. Der Rekombination von Ladungstra-
gern in organischen BHJ Solarzellen wurde eine “bimolekularen” Dynamik,
und folglich einem Prozess zweiter Ordnung zugeordnet. Allerdings weicht
der experimentell bestimmte zeitliche Abfall der Ladungstriagerkonzentration
oft von der Ordnung zwei ab. Diese Abweichung kann unterschiedliche Ursa-
chen haben. Es konnte in dieser Arbeit gezeigt werden, dass der Prozess der
Rekombination von lichterzeugten Ladungstrager sowohl von der raumlichen
Unordnung, also der Morphologie, sowie von der energetischen Unordnung
der aktiven Schicht stark beeinflusst wird. Bevor Ladungstriger zu den je-
weiligen Elektroden transportiert werden koénnen, miissen sie die Coulomb-
Anziehungskraft ihres Partners iiberwinden. Dieser Trennungsprozess wird
durch die Morphologie entscheidend gepriagt. Im Materialgemisch pBTCT-
C12:PCg;BM 1:1, das eine feine Durchmischung der Donator- und Akzeptor-
bereiche aufweist, wurde eine erhéhte “geminale” Rekombination gefunden.
Dabei fiihrt die feine Durchmischung dazu, dass nur wenig Perkolationspfade
zu den Elektroden entstehen, so dass Ladungstriagerpaare (Polaronenpaare)
an der Grenzflaiche nur erschwert die Anziehungskraft iiberwinden kénnen
und rekombinieren. Der Ladungstransport in organischen BHJ Solarzellen ist
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raumlich beschriankt. Elektronen werden typischerweise auf Fullerenmolekii-
len transportiert, wohingegen Locher bevorzugt auf dem Polymer hiipfen. Eine
Rekombination von Elektron und Loch kann generell nur an einer Donator—-
Akzeptor Grenzflache stattfinden, wobei vor allem das Finden beider Ladungs-
trager die Rekombinatinonsdynamik mit entscheidend beeinflusst. Zu tiefen
Temperaturen hin wird die Rekombinationsrate deutlich verlangsamt, was auf
die reduzierte Beweglichkeit der Ladungstrager zuriickzufiihren ist. Des wei-
teren wird der Ladungstransport bei tiefen Temperaturen vor allem durch
die geringe Anregungsenergie, die fiir die Hiipfprozesse benétigt wird, und
den dadurch entstehenden vielen Einfang-Prozessen wahrend des Transportes
geprigt. Dies wiederum wirkt sich auf die Rekombinationsdynamik der La-
dungstrager aus, indem eine erhéhte Rekombinationsordnung experimentell
bestimmt wird. Dies wurde vor allem in thermisch unbehandelten Solarzellen
verstiarkt beobachtet. Diese Schlussfolgerungen wurden durch die Untersu-
chungen an P3HT:bis-PCs BM BHJ Solarzellen bekréaftigt, die im Vergleich
zum Referenzsystem PSHT:PCg,BM eine grofere energetische Unordnung auf-
weisen und damit auch mehr tiefe Zustédnde, die den Ladungstransport und die
Rekombinationsdynamik deutlich verlangsamen. Eine &hnlich verminderte Re-
kombinationsdynamik wurde auch festgestellt nachdem P3HT:PCg BM BHJ
Solarzellen synthetischer Luft ausgesetzt worden sind. Sauerstoff dotiert vor-
nehmlich das Polymer der aktiven Schicht, wobei die Dotierung wiederum eine
Verbreiterung der DOS verursacht. Die erhhte Unordnung im System fiihrt
zu einem verringerten Ladungstransport und zu einer verlangsamten Rekom-
binationszeit. Dadurch ist auch die erhohte Lebensdauer von Elektronen und
Lochern zu erkldaren, die in degradierten Proben beobachtet wurde. In bei-
den Féllen, ob durch Sauerstoff induzierte energetische Unordnung oder aber
durch Verringerung der thermischen Energie, konnte der verlangsamte La-
dungstransport sowie verminderte Rekombinationsrate von Elektronen und
Locher auf einen Storstellen-limitierten Transport zuriickgefithrt werden. Da-
bei ist die Zeit, die zwei Ladungstriager bendtigen um zu rekombinieren, stark
davon abhéngig, ob und wie schnell sie aus tiefen (Stor-)Stellen freigelassen
werden.

Schlieflich wurde die photo-CELIV Messmethode im Rahmen dieser Ar-
beit erweitert und verbessert. Die sogenannte OTRACE Messmethode nutzt
auf der einen Seite die Vorteile des photo-CELIV Experiments gewéhrleistet,
aber andererseits eine moglichst geringe RC Einschriankung sowie die Ver-
wendung von niedrigen Lichtleistungen. Des weiteren wird in der erweiterten
Messmethode der zeitliche Verlauf der Leerlaufspannung, die aufgrund der
Rekombination von Ladungstriagern abféllt, beriicksichtigt. Dies ermdoglicht es
zum ersten Mal, den Transport und die Rekombination von Ladungstrigern
in organischen BHJ Solarzellen unter realen Betriebsbedingungen einer Solar-
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zelle, also bei Raumtemperatur und mit niedrigen Lichtleistungen, simultan
zu untersuchen.

Interessant wird es sein, die neue Messmethode zusammen mit komplemen-
tdren Methoden wie der transienten Photospannung und des Photostromes
anzuwenden. So lassen sich die Beweglichkeit und die Lebensdauer der La-
dungstriger in organischen BHJ Solarzellen unter realen Arbeitsbedingungen
effizient bestimmen. Des weiteren konnen zusétzliche Experimente, wie die
transiente Absorption, dazu dienen gerade die Rekombinationsdynamik fiir
Zeiten im sub-ns Bereich zu untersuchen, um so umfassendere Erkenntnisse
iiber Rekombinationsverluste in organischen Solarzellen zu gewinnen.
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Conclusions

The primary focus of this thesis was to investigate the charge transport and
recombination dynamics in organic bulk heterojunction (BHJ) solar cells us-
ing the experimental techniques of transient photoconductivity (TOF) and
charge carrier extraction by linearly increasing voltage (CELIV). The great
advantage of the latter method is that the mobility and concentration of the
photogenerated charge carriers can be determined simultaneously. In this
work mainly the material blend composition of poly(3-hexylthiophene-2,5-
diyl) (P3HT) and [6,6]-phenyl-Cg;butyric acid methyl ester (PCgqBM) was
studied and used as a reference material system for new donor—acceptor com-
positions.

Using the TOF experiment an ambipolar transport was found in
P3HT:PCgBM devices with a balanced electron and hole mobility at a
weight ratio of around 1:1. The polaron recombination dynamics in bulk
heterojunction solar cells were assigned to be bimolecular, however, with a
recombination order mostly deviating from two. This deviation can have
different origins: The dynamics were found to be strongly dependent on
the morphology, i.e. spatial disorder, as well as on the energetic disorder
of the blend system. Before polarons can be transported to the electrodes
they have to overcome the Coulomb attraction from their counterpart. The
phase segregation plays an important role in this process. In pBTCT-
C12:PCs:BM BHJ 1:1 solar cells consisting of fine intermixed phases an
enhanced geminate recombination was observed due to the lack of percolated
pathways impeding the process of polaron pair dissociation. In organic
bulk heterojunction solar cells the transport of electrons is restricted to
the acceptor and the hole transport to the donor phase. Generally, the
non-geminate recombination is determined by the time, which is needed for
the charge carriers to find each other at the heterointerface. During their
transport, charge carrier may get trapped energetically or spatially in isolated
phase domains influencing the recombination dynamics as was illustrated for
the dynamics in pPBTCT-C;5:PCg BM blends.

At low temperatures the recombination rate decreases mainly due to a
reduced charge carrier mobility. Thereby, already deep tail states in the DOS
may act as traps due to less thermal energy available for the hopping jumps,
which impede the polaron hopping motion and hence lead to a charge trans-
port, which is affected by multiple trapping and release (MTR) processes.
Thus, the experimentally observed charge carrier concentration decay order
in PSHT:PCgBM BHJ solar cells typically increased with decreasing temper-
ature, which was found to be more pronounced for pristine devices. These con-
clusions are confirmed by the fact that the recombination dynamics are even
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more delayed when P3HT:bis-PCg BM is considered, whereas bis-PCg; BM ex-
hibit typically broader DOS than PCg BM with an increased number of tail
states. A similar reduction in the charge recombination dynamics was found
as we exposed P3HT:PCg BM BHJ solar cells to synthetic air. The poly-
mer is doped by the oxygen, which then leads to a broadening of the DOS.
At a given temperature, the oxygen induced deep tail states led again to a
reduced charge carrier mobility and increased the effective charge carrier life-
time with exposure time. Both, the increased order at low temperatures and
the increase due to oxygen exposure can be explained by a trap-limited charge
transport either by tail states of the DOS below the transport energy acting
as trap states or due to oxygen induced traps broadening the DOS. Generally,
the charge carrier recombination dynamics are highly affected by the release of
energetically trapped charge carriers, which leads to a delay in recombination.

Finally, the commonly used technique of photo-CELIV was extended in
this work. The OTRACE technique uses the advantages of photo-CELIV to
determine the mobility and lifetime of charge carriers simultaneously, however,
with minimized RC limitations and low light intensities. Furthermore, the
extended method accounts for the transient decay of the open circuit voltage
due to charge carrier recombination. For the first time it became possible to
investigate the dynamics of organic solar cells under operating conditions, i. e.
room temperature and low light intensities.

Using the new transient extraction method in combination with the com-
plementary techniques of transient photovoltage and photocurrent will build a
powerful experimental setup to determine the mobility and lifetime of charge
carriers in organic solar cells very efficiently under operating conditions. Fur-
ther studying the charge carrier dynamics by experimental techniques such as
transient absorption at sub-ns time scales will result in a more comprehensive
insight in the recombination losses in organic solar cells.
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