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Summary

Organic solar cells have emerged as an alternative to first generation inorganic solar
cells. The ability to print organic solar cells on large areas by roll-to-roll based production
methods makes them very attractive for future technological applications. In bulk-
heterojunction organic solar cells, consisting of a blend of a donor and acceptor, fullerene
derivatives have been the work horse for acceptor materials; however their relatively high
price and limited absorption stimulated the search for alternative n-type materials. In recent
years new n-type materials have gained an increased attention in order to replace the well-
known n-type fullerene derivatives in organic bulk heterojunction solar cells. Perylene
diimide derivatives aroused as an attractive class of materials due to the possibility to tune
their structural, optical, and electronic properties via their functional positions. In this way,
materials with desired properties for opto-electronic applications can be developed,
including a high absorption in the visible part of the spectrum. However, the performance
of solar cells using perylene diimide derivatives remained mainly below those of the well-
known fullerene derivatives.

In order to further improve the device performance of organic solar cells,
understanding of their fundamental device physics and loss processes is required in order to
develop new promising materials. An important loss process is the recombination of charge
carriers. The nature of the recombination can be studied by measuring the dependence of
the open-circuit voltage on light intensity. In this thesis the effect of non-ohmic contacts on
the light intensity dependence of open circuit voltage of bulk heterojunction organic solar
cells is studied. Furthermore, the charge transport in solar cells and single carrier devices
based on perylene diimide acceptors is investigated. To this end, current-voltage
characteristics of solar cells, electron-only and hole-only devices are performed and
modeled with drift-diffusion simulations.

The effect of non-ohmic contacts on light intensity dependence of open circuit
voltage are studied in conventional MEH-PPV:PCBM bulk heterojunction organic solar
cells (Chapter 2). In these solar cells deliberately non-ohmic contacts are created either in
the cathode or anode. It is known from literature that in the case of trap-free charge
transport and ohmic contacts, a slope of kT/q is observed for the open-circuit voltage versus
light-intensity dependence of organic solar cells. In our study, it is demonstrated that in the
case of contact barriers a reduced light-intensity dependence is found when the open-circuit

voltage surpasses the built-in voltage, leading to a slope of kT/2q for a device with one non-



ohmic contact and a slope of zero for a device with two non-ohmic contacts. For the case of
one non-ohmic contact also an analytic expression was derived demonstrating a slope of
kT/2g9. We demonstrate that the reduced light-intensity dependence of the open-circuit
voltage is not caused by entering a contact-recombination-limited regime, but by the
absence of band bending in the vicinity of a non-ohmic contact.

The electron and hole transport of blends of regioregular poly(3-hexylthiophene) (rr-
P3HT) donor and commercial planar perylene-3,4,9,10-perylene tetracarboxylic acid
diimides (PDI-1) are investigated using electron-only and hole-only devices (Chapter 3).
Trap-free space-charge-limited electron and hole currents are shown for electron and hole-
only devices of as-cast P3HT:PDI-1 blends, respectively. The lower mobility of electrons
and holes in the as-cast devices correlate with an increased energetic disorder in
P3HT:PDI-1 blends as compared to the well-known P3HT:fullerene blends. Furthermore, it
is shown that thermal annealing of P3HT:PDI-1 leads to injection-limited electron currents.
Therefore, the effect of annealing on the electron mobility cannot be determined directly
from the current-voltage characteristics. After studying the electron and hole transport solar
cells of the same blend are studied (Chapter 4). Upon annealing of complete devices, the
prominent loss in open-circuit voltage is accompanied by an increase in photocurrent. The
decrease in open-circuit voltage is consistent with the formation of an electron injection
barrier upon annealing in electron-only devices. The presence of an injection barrier is
confirmed by the occurrence of a slope of kT/2q at high light intensities, which is a
fingerprint of an injected-limited contact in organic solar cells. The mobility of electrons in
the annealed case is estimated using drift-diffusion simulations of as-cast and annealed
solar cells under light conditions. The simulations show that electron mobility in the order
of 1079 m?2/Vs is necessary to explain the increase in photocurrent upon annealing and the
open-circuit voltage behavior

For comparison, ortho- substituted perylene diimide derivatives are studied in
electron-only devices and solar cells (Chapter 5). As compared to the commercial planar
PDI-1 derivative a slightly lower electron-mobility is observed together with a small
increase of the energetic disorder. Furthermore, in the as-cast devices the solar cell
performance is increased due to an increased photocurrent. The effect of annealing on
electron transport and solar cell performance is also studied.

Lastly, the electron transport in the n-type Poly{[N,NO-bis(2-octyldodecyl)-
naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,50-(2,20-bithiophene) }[P(NDI120D-

T2)], known also as Activink N2200 polymers is investigated for various molecular



weights (Chapter 6). No systematic dependence of the electron transport on molecular
weight is observed. Compared to the commercial N2200 all compounds exhibit a lower
mobility and higher energetic disorder. A possible reason for the reduced electron transport

can be the occurrence of electron traps remaining from the synthesis.






Zusammenfassung

Organische Solarzellen haben sich zu einer Alternative zu Solarzellen der ersten
Generation entwickelt. Sie sind besonders interessant fiir zukiinftige Anwendungen, weil
sie mit einem Rolle-zu-Rolle-Verfahren groBflachig gedruckt werden konnen. In
sogenannten bulk-heterojunction Solarzellen, die aus einer Mischung eines Donors und
eines Akzeptor bestehen, werden tiblicherweise Fullerene als Akzeptor-Material verwendet.
Aufgrund des hohen Materialpreises und der geringen Lichtabsorption der Fullerene wurde
in den letzten Jahren nach alternativen Akzeptor-Konzepten als Ersatz far die

Fullerenderivate gesucht.

Dabei haben Perylenediimid-Derivate besonderes Interesse geweckt, da deren
optische, strukturelle und elektronische Eigenschaften gezielt durch die funktionellen
Gruppen eingestellt werden konnen. Dadurch lassen sich Materialien mit definierten
Leistungs-vermdgen, beispielsweise einer hohen Absorption im sichtbaren Spektrum
erzielen. Die Kennwerte der Solarzellen waren allerdings stets schlechter als die Fulleren-

basierten Referenzsolarzellen.

Fiir eine Optimierung der Solarzellen mit Perylenediimid-Derivaten als Akzeptor ist
ein besseres Verstindnis der Verlustprozesse und der Physik dieser Halbleiterbauelemente
im Allgemeinen notwendig. Beispielsweise gibt die Abhédngigkeit der Leerlaufspannung
von der Lichtintensitit wichtige Erkenntnisse iiber die Ladungstrigerrekombination,
welche einen entscheidenen Verlustprozess darstellt. In dieser Arbeit wird unter anderem
der Einfluss von Nicht-Ohmschen Kontakten auf die Relation zwischen Lichtintensitdt und
Leelaufspannung analysiert. AuBerdem wird der Ladungstransport in Solarzellen und
ladungstrigerspezifischen Dioden untersucht. Die gemessen Strom-Spannungskennlinien
werden mit Drift-Difussions-Simulationen modelliert.

In Kapitel 2 wird zundcht die Abhédngigkeit zwischen Lichtintensitdt und
Leerlaufspannung fiir Solarzellen mit Fullerenen als Akzeptor untersucht. Dies dient als
Referenz mit Nicht-Ohmschen Kontakten. Bei Ohmschen Kontakten, und wenn der
Ladungstransport unabhéngig von Fallenzustidnden ist, dann ergibt sich gemaf} Literatur fiir
die Abhéngigkeit zwischen Leerlaufspannung/Lichtintensitit eine Gerade mit Steigung
kT/q.

Wenn allerdings eine der beiden Kontakte eine signifikante Barriere aufweist, dann

ergibt sich eine Steigung kT/2g. Ein analytischer Ausdruck fiir diesen Fall wurde erarbeitet,
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der zeigt, dass die neue Abhingigkeit dadurch hervorgerufen wird, dass nahe am nicht-
ohmschen Kontakt keine Bandverbiegung auftritt. Falls beide Kontakte nicht-ohmsch sind,
dann verschwindet die Steigung ganz.

Der Ladungstransport in Blends bestechend aus regioregulirem Poly(3-
hexylthiophene) (rr-P3HT) als Donor and kommerziell erhéltlichem Perylene-3,4,9,10-
perylentetra-carbonséurediimid (PDI-1) als Akzeptor wurde in ladungstragerspezifischen
Dioden in Kapitel 3 untersucht.

Sowohl Elektronen als auch Locher gehorchen physikalischen Space-charge-limited
Transport-Modellen ohne Einfluss von Fallenzustinden. Die geringere Beweglichkeit von
Elektronen und Lochern im Vergleich zu P3HT:Fulleren-basierten Dioden ist auf eine
hohere energetische Unordnung zuriickzufiihren. Da thermische Nachbehandlung der
P3HT-PDI-1 Diode zu Elektronentransport fiihrt, der durch Injektion an der Elektrode
begrenzt wird, kann der Einfluss der Warmebehandlung auf den Elektronentransport nicht
direkt aus den Strom-Spannungskennlinien abgeleitet werden.

Nachdem der selektiven Analyse von Elektronen- und Lochtransport wurde im
nichsten Schritt die Solarzelle selbst untersucht (Kapitel 4). Warmebehandlung der
Solarzellen flihrte zu einem Anstieg des Photostroms bei einer gleichzeitigen Verringerung
der Leerlaufspannung. Letztere ist im Einklang mit der bereits oben erwéhnten Bildung der
Injektionsbarriere am Kontakt. Die bei hohen Lichtintensititen beobachtete Steigung von
kT/q bestitigt diesen Befund, da sie charakteristisch fiir injektionslimitierten Transport in
organsischen Solarzellen steht.

Die Beweglichkeit von Elekronen vor und nach der Wérmebehandlung wurde mit
einem  Drift-Difussion-Modell  simuliert. Eine Elektronenbeweglichkeit in  der
GroBenordnung von of 107°m?/Vs wird demnach bendtigt, um den Anstieg des
Photostroms und die Verringerung der Leerlaufspannung nach der Wéarmebehandlung zu
erkléren.

In Kapitel 5 werden zum Vergleich ortho- substituierte Perylendiimide-Derivative
elektronisch charakterisiert. Diese weisen eine leicht geringe Elektronenbeweglickeit auf
Grund einer leicht erhohten energetischen Unordnung auf. Die Solarzellen zeigen hohere
Effizienzen bedingt durch den hoheren Photostrom. Auch fiir dieses Blend wurde der
Einfluss der Warmebehandlung untersucht.

Schliellich wurde in Kaptiel 6 der Elektronentransport in dem Polymer Poly {[N,NO-
bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,50-(2,20-
bithiophene) }[P(NDI20OD-T2)], besser bekannt als Activink N2200, fiir verschiedene

VI



Molekulargewichte untersucht (Kapitel 6). Der Elektronentransport zeigt keine
systematische Abhingigkeit vom Molekulargewicht. Verglichen mit dem kommerziellen
N2200 zeigen alle Gemische geringere Mobilitdt und hohere energetisch Unordnung.

Fallenzustdnde fiir die Elektronen resultierend aus der organischen Synthese konnten

hierfiir ursichlich sein.
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1. Introduction

In this introduction chapter, the physics of organic electronic devices is discussed.
The concept of single carrier devices (electron-only and hole-only devices) and solar cells
are introduced, together with the overview of the fundamental concepts and theoretical
basis for the charge transport, charge recombination and numerical device simulations. The
fundamental differences between organic and inorganic solar cells are addressed. The scope

and outline of the thesis is defined as a guide to the following chapters.



Chapter 1: Introduction

1.1. Introduction
The lasting pollution of the environment in the last decades with fossil fuels as main energy

sources causes increase in the earth’s temperature and leads to a climate change [1]. In
order to prevent a catastrophic end for our environment there is an urgent need to replace
our fossil energy usage by renewable energy sources. Additionally, fossil fuels are finite
[2], and together with the increasing need for energy, renewable energy sources such as
solar and wind will play an important role in the future. Harvesting the energy from the sun
is one of the most attractive renewable energy sources, because to cover the worldwide
energy consumption of 500 ExaJoule/year only 0.01% of the energy of incoming sunlight
on the earth surface needs to be harvested [3].

Solar cells that turn the light into electricity were invented at Bell Laboratories in
1954 [4]. The principle is based on the work done by Becquerel in 1839 and by Hertz in
1887 [5,6]. Since their invention solar cells have been further developed and the so-called
first generation silicon based solar cells are being applied for roof-top applications, where
they can provide 20 % efficiency with 5 to 20 years warranty.

Organic solar cells have emerged as an alternative to first generation inorganic solar
cells. The electrical conductivity in organic materials was firstly discovery in anthracene
[7]. In 1977 it was discovered that the conductivity in conjugated polymers can be strongly
enhanced by doping, for which Shirakawa, MacDiarmid and Heeger were awarded the
Nobel Prize in chemistry in 2000 [8]. These studies paved the way for the development of
solar cells, light-emitting diodes and field effect transistors based on organic
semiconductors. The research on organic solar cells was driven by their potential to lower
the cost as compared to silicon based inorganic solar cells [9]. Moreover, conjugated
polymers or organic small molecules can dissolve in common organic solvents, such that a
thin layer of semiconducting material can be applied by means of printing technologies.
The ability to print organic solar cells on large areas by roll-to-roll based production
methods make them very attractive for future technological applications [10]. Furthermore,
they have potential for wider applicability by means of their flexibility and
(semi)transparency.

Currently, multi junction organic solar cells can provide 13.2 % power conversion
efficiency [11]. Figure 1.1 shows the current status of solar technology based on various
types of solar cells [12]. As can be seen from Figure 1.1, for organic solar cells
improvement of the power conversion efficiency is required in order to compete with

silicon or the recently introduced perovskite based solar cells. To understand their



limitations research on the fundamental device physics is needed, leading to the

development of new organic semiconductors with improved opto-electronic properties.
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Figure 1.1. National Renewable Energy Laboratory (NREL) chart for best solar cell efficiency for
various solar cell technologies [12].

1.2. Conjugated polymers
Conjugated polymers and small molecules are the building blocks of organic electronic

devices, such as organic solar cells (OPVs), organic light emitting diodes (OLEDs) and
organic field effect transistors (OFETs). Conjugation is shown in Figure 1.2 (a) for
polyacatlylene, which has alternating single and double bonds between its carbon atoms.
Carbon (C) has a 1s?2s?2p® ground state electronic configuration with four covalent bonds.
In the configuration of several carbon atoms, the orbitals can hybridize and form new
hybrid orbitals. Thereby, c-bonds are formed by overlapping the sporbitals of two carbon
atoms and n-bonds are formed from overlapping p,-orbitals that are perpendicular to the o-
bonds, as shown schematically in Figure 1.2 (b) for ethene [13]. The conjugated system is

the alternating configuration of 6-bonds (single bonds) and c-and n-bonds (double bonds).
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Figure 1.1 (a) Alternating single and double bounds in the simplest conjugated polymer
polyacetylene and (b) o-bonds from overlapping of two sp-orbitals and n-bonds from overlapping of

two p,-orbitals in ethane [13].

The electrical conductivity of conjugated polymers originates from their delocalized
m-electrons; the electrons in the strongly localized c-bonds do not contribute to the charge
transport. Additionally, p, orbitals occur in a bonding (x) and antibonding (z*)
configuration, the highest 7 orbital that is filled by electrons is called the highest occupied
molecular orbital (HOMO) and lowest (z*) orbital that does not contain electrons is called
the lowest unoccupied molecular orbital (LUMO), which are the equivalent of the valence
and conductions bands in inorganic semiconductors, respectively [14]. These HOMO and
LUMO are separated by an energetically forbidden area, stemming from a difference in the
inter-atomic distance between single and double bonds, also called Peierls instability [15].
However, conjugated polymers are not perfect materials and the conjugation is interrupted
by chain defects, kinks in the chains etc. [16,17]. As a result a polymer chain consists of
conjugated segments with varying length. Due to quantum confinement every conjugated
segment has slightly different HOMO and LUMO energies. This leads to a broadening of
the HOMO- and LUMO levels, which is termed as energetic disorder. Due to the broken
conjugation the charge transport happens by hopping between the conjugated segments
[16]. Therefore, the band transport theory of inorganic solar cells cannot be applied to the

organic semiconductors because of their spatial and energetic disorder [18].

1.3. Working principle of organic solar cells
Organic solar cells are devices which convert light into the electrical power. Starting from

the absorption of light and ending by extraction of the free carriers in the external circuit,



several processes need to successfully happen. The main difference between organic- and
inorganic solar cells is that the absorption of light does not directly create free carriers in
organic materials due to the low dielectric constant of (2-4) [19], as compared to inorganic
materials (13-16) [20]. Due to the low dielectric constant the photogenerated electron-hole
pairs are strongly bound, which still need to be separated to obtain free carriers and the
resulting photocurrent.

In the conventional design of organic solar cells, a thin layer of a donor/acceptor
blend is sandwiched between the cathode and a transparent anode material. Ohmic contacts
are created by matching the HOMO of the donor material and the LUMO of the acceptor
material with the work functions of anode and cathode, respectively. In order to generate
photocurrent, several processes need to happen sequentially inside the device. These
processes are schematically shown in Figure 1.3, where solid lines correspond to LUMO
and HOMO of a donor material and of an acceptor material. Upon solar radiation a photon
is absorbed either by acceptor or donor or both (in Figure 1.3 the case for the donor is
shown) and an exciton is created (Frenkel exciton) [13] with a typical binding energy of 0.5
eV [13] (Figure 1.3 no.1). Then, the exciton diffuses until it reaches the donor-acceptor
interface. Here the exciton dissociates by means of an electron transfer from the donor to
the acceptor and a bound electron hole pair is formed at the interface, with the hole in the
donor phase and the electron in the acceptor phase. The energy offset between the LUMO
levels of the donor and acceptor creates the driving force for exciton dissociation. Since the
diffusion length in organic semiconductors is typically limited to the range of 5-10 nm the
typical domain size of the donor should not exceed 20-30 nm [21]. In case of larger
domains most of the excitons will not reach the donor-acceptor interface and therefore will
not dissociate but recombine, leading to low solar cell efficiencies (Figure 1.3 no.2). As a
result, the morphology of the blends plays an important role. In the conventional design of
organic solar cells, donor materials are mostly a conjugated polymer and fullerene
derivatives are used as acceptor. The spatially separated but still bound electron-hole pair
this is formed after exciton dissociation still has to be separated in order to create free
charge carriers. The separation of the bound electron-hole pair is expected to depend on the
electric field and temperature [22]. In organic semiconductors free charge carriers are
named as polarons, since the presence of electrons or holes leads to a local distortion of the
atomic configuration around them [23]. As a next step the free charges have to be
transported to the respective electrodes (Figure 1.2 no.4) where they are extracted into the

electrical circuit (Figure 1.3 no.5). For this to happen the BHJ morphology has to be formed
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in such a way that percolative pathways for both donor- and acceptor phase exist towards
the electrodes.

Because of the existence of loss mechanisms in organic solar cells, not every
absorbed photon can contribute to the photocurrent generation. As mentioned above if an
exciton cannot reach to the donor-acceptor interface it will decay to the ground state either
by photon emission (radiative decay) or it can decay non-radiatively [24]. The bound
electron-hole pairs at the D-A interface can also recombine before the electron and hole are
separated (geminate recombination). Finally, the free charge carriers that are transported to
the electrodes can recombine with a carrier of opposite sign via bimolecular-non-geminate
recombination [25-28]. Therefore, understanding the transport and recombination
characteristics of the individual charge carriers is of great importance to investigate and

improve solar cell performance.

1.4, Device performance of organic solar cells
After absorption of photons in a solar cell charge carriers are generated in the active layer

and a photocurrent (Jy) is produced [29]. With regard to the current-voltage characteristics
solar cells work in the so-called fourth quadrant, and the important parameters in order to
define solar cell performance are shown in Figure 1.4. When the net current is zero, i.e.
charge generation is compensated by recombination, the open circuit voltage (Vo)
condition is reached. When the applied voltage is zero the short circuit current (Jg)
condition is reached. The band diagrams at these conditions are simply illustrated in Figure
1.5. At applied voltages higher than V., the charge extraction process is reversed and the
carriers are injected. The difference between the work functions of the electrodes in the
solar cell is the built in voltage (Vy;) and it regulates the rectifying J-V behavior of organic

solar cells.
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Figure 1.3. The sequential steps that have to be followed in organic solar cells in order to extract
charges. When a photon is absorbed, an exciton is formed (no. 1), that diffuses towards the donor-
acceptor interface (no. 2). Here, the electron is transferred from the donor to the acceptor material
(no. 3), and a bound electron-hole pair is formed. After separation of the bound e-h pair the free

charges are transported to the respective electrodes (no. 4) where they are extracted (no. 5).

The solar cell performance is evaluated by the maximum electrical power (Mypp) that
a solar cell can give under illumination. Maximum power correlates to the point where the
product of current (Jupp) and voltage (Vuep) is at the maximum. The device efficiency (5) is
then defined by dividing the generated electrical power by the illumination intensity (lign).
In order to equally compare all devices, standard test conditions (STC) have been defined.
Here, the light intensity is equal to 1 Sun (1000 W/m?), the solar cell temperature is 25°C
and AM. (air mass) 1.5 is considered for the spectral distribution of the light. As shown in
Figure 1.4, the fill factor (FF) is another important parameter as it defines the squareness of
the current-voltage characteristics of the solar cell, being described by the ratio of Vypp X
Jupp and V,. x J... The power conversion efficiency (») of a solar cell is then defined by
the following relation,

— YuppJmpp _ VocJscFF 11
Ilight Ilight
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FF =

Voc

Current Density |m.-\.’cn|2|

Voltage [V]

Figure 1.4. Current-voltage characteristics and important parameters of a solar cell under

illumination. V., Jscand maximum-power point is shown together with the fill factor (FF).

IEL N

Figure 1.5. Band diagram of a solar cell under open-circuit (I1=0) and short-circuit (\VV=0) conditions.

1.4.1. Light intensity dependence of the open circuit voltage in organic

solar cells
In the conventional p-n junction model for ideal solar cells, as used for silicon based cells,

it is assumed that the photogenerated current is independent of the applied voltage. For
such an ideal solar cell the open-circuit voltage V. is expected to depend on light-intensity
according to [30],

Voc =nkT/qUsc/]s +1) 1.2

where J; is the saturation current density. However, for organic solar cells the photocurrent
increases for higher voltages due to an increased dissociation of the bound electron-hole
pairs [30]. For this case, Koster et al. derived an alternative expression for organic solar
cells based on the metal-insulator-metal system with ohmic contacts and constant quasi

Fermi levels. According to this model, V. is defined as [30],



B KT (G 1.3

V.=
oc q q PG

with E; = Eyomo — ELumo, P is the dissociation probability of a bound electron— hole
pairs into free charge carriers and G is the generation rate and defined as
G =ynp (1 —P)/P, where y is the Langevin recombination constant, n and p are the
electron and hole density, respectively. Since the generation rate (G) is proportional to the
light intensity, V,. depends on the natural logarithm of the light intensity with a slope (S) of
kT/q. The kT/q dependence is different from the p-n junction model where the slope is
given by nkT/q [30]. It should be noted that in the derivation of Eqg. 1.3 only bimolecular
recombination is included as a loss process. The observed dependency of V., where by
definition there is no current extraction and all generated charge carriers recombine, on
light intensity with S=kT/q for organic solar cells therefore implies that the dominant
recombination process is of bimolecular nature.

In the literature it has also been shown that a deviation from the slope of, i.e. kT/q
higher slopes than kT/q, can occur due to trap-assisted recombination [31]. For the situation
where trap-assisted recombination is dominant, as is the case in diodes based on poly[2-
methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) it has been shown that
the slope of V,-light intensity approaches 2kT/q [31,32].

1.5. Device characteristics of single carrier devices
In order to characterize the charge transport characteristics in bulk heterojunction solar

cells, the hole transport in the donor phase of the blend and the electron transport in the
acceptor phase have to be determined. This can be achieved by using selective contacts that
only inject holes or electrons, the so-called single carrier devices. Therefore either
electron-only (Figure 1.6 (a)) or hole-only (Figure 1.6 (b)) devices are made with Ohmic
contacts for injection while preventing injection of the carrier of opposite sign with
appropriate blocking contacts, respectively.

In single carrier devices of undoped organic materials the injection of charges leads
to the build-up of space-charge. For applied voltages lower than the built-in voltage Vy;,
which occurs when electrodes with different work functions are used, the electric field in
the device is opposite to the current, and the current is dominated by diffusion [33]. For
voltages larger than Vy; the current is dominated by drift of charge carriers in the electric

field. In that case, the current is equal to the space-charge limited current (SCLC), which is
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the maximum current that is electrostatically allowed and is described by the Mott-Gurney
Law [34],

9 V-Vp)?
J =2ent e 1.4
8 L3
LUMO LUMO
w
- -
Hole-blocking Electron-injecting
Hole-injecting Electron-blocking
— I -
p
HOMO HOMO
(@ ®)

Figure 1.6. (a) electron-only device and (b) hole-only device with selective electrodes. Injecting- and

blocking contacts are indicated.

1 is the mobility and ¢ is the dielectric constant of the material. V is the applied voltage and
L is the thickness of the active layer. The derivation of this equation includes the
assumptions that the device is trap free, that the electric field at the is zero and that
diffusion is negligible [34,35]. As can be seen from the equation the SCLC scales with the
square of the applied voltage and with the third power of device thickness. From Eq. 1.4 the
mobility of the corresponding charge carrier can be directly extracted from the J-V
characteristics when the active layer thickness is known. In the case of injection-limited
contacts, the SCLC cannot be reached and devices have lower current than SCLC. In that
case an injection barrier is formed between the semiconductor and electron or hole injecting
contact. This injection barrier limits the amount of carriers in the sample such that space-
charge effects become negligible and the current scales with the applied electric field (V/L)
[36]. It has been shown in the literature that for barriers smaller than 0.3 eV the contacts
can still supply the SCLC current, for higher barriers device current becomes injection
limited [37-39].

In order to fully explain the device characteristics, also at low voltages below V;,
both diffusion and drift of the charge carriers need to be taken into account. As organic
materials are undoped semiconductors, de Bruyn et al. developed an analytical model for
the diffusion current, based on the Schottky diffusion theory [40,41]. They assumed a

metal-insulator-metal (MIM) device with asymmetric contacts. It was demonstrated that the
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analytical model describes the total current of a device for the whole voltage range by
summing the contribution of diffusion current and space charge limited drift current [40].
The model also includes band bending at the Ohmic contact, which originates from the
diffusion of charge carriers from the metal electrode into the semiconductor at zero bias,
thereby creating an accumulation region at this contact. It is defined earlier that diffused
charge carriers from an ohmic contact into the semiconductor create an accumulation
region [42] and the diffusion of charge carriers cause band bending at this contact [40].
Using the model the transition from diffusion to drift current at Vy; enables then a direct
determination of V,; from the J-V characteristics. Therefore, Vy,; can be directly determined
from the equation [40]. In the case of injection limited contacts, the band bending is absent

due to the decreased amount of injected charges [40].

1.6. Current-voltage characteristics of organic solar cells
As described in Section 1.3 in organic solar cells, exciton dissociation at the D-A interface

does not directly create free carriers, but instead bound electron-hole (e-h) pairs are formed.
The bound electron-hole (e-h) pair still needs to be separated into free charge carriers in
order to be collected and extracted at the respective electrodes. The total amount of free
charge carriers, which contribute to the photocurrent, then depends on the competition
between dissociation of bound e-h pairs and recombination of free charge carriers.
Goodman and Rose studied the generation of current in a photoconductor with non-
injecting contacts [43]. They demonstrated that the photocurrent has three main regimes,
depending on the applied voltage. In their model the diffusion of charge carriers is
neglected and the drift length of the charge carriers is defined as W, n) = pen)Te(n), Where
Uey 1S the electron (hole) mobility and z,) is the life time of the electrons (holes),
respectively [43]. At low voltages the drift length of both electrons and holes is smaller
than the sample thickness, leading to a linear relation of the photocurrent with the applied
voltage. It should be noted that alternatively a linear behavior can also originate from the
competition between drift and diffusion at low voltages [44]. At intermediate voltages, in
the case of unbalanced transport meaning that one carrier has a higher mobility than the
carrier of opposite sign, the drift length of the fastest carrier is larger than the sample
thickness, whereas the drift length of the slow carrier is still smaller than the sample
thickness. This will lead to an accumulation of the slowest carrier in the device. In that case

a V2 voltage dependence of the photocurrent is derived, given by [45],

11
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Jon = 4G (Ue(nyTen)) Y/ *V 2 15

This photocurrent is also termed wz- or recombination-limited photocurrent. At high
light intensities, when the transport is strongly unbalanced, the amount of slow carriers in
the photoconductor can become so large that space-charge effects become important. For
this specific case the maximum electrostatically allowed photocurrent or space-charge

limited photocurrent is defined as [45],

1/4
Jon = q (FELLW) T G3/ay/2 16

where gy, is the dielectric permittivity. The SCL photocurrent also has a V*? dependence
on voltage but can be discriminated from the recombination-limited photocurrent (Eq. 1.4)
by its dependence on G, which is proportional to the incident light intensity. Space charge
limited photocurrents scale with G** whereas a recombination-limited current scales with
G [45]. At high voltages, when the drift lengths of both slow and fast carriers are larger
than the sample thickness, the saturated photocurrent given by | = eGL is observed. In that
case there is no recombination and the photocurrent is equal to the amount of absorbed
photons per unit of time, and is therefore independent of the applied voltage. However, for
organic solar cells this saturated photocurrent is not really observed. It has been proposed
[46] that with increased voltage and electric field the dissociation of the bound e-h pairs
becomes more efficient. In that case the free carrier generation rate G is dependent on the
electric field. The generation rate (G) of free carriers is then defined by the probability (P)

of charge separation of all photogenerated bound e-h pairs Ga [28], given by
G(T,E) = Gy P(T,E) 1.7

Onsager firstly described the dissociation of geminate bound pairs in the 1930s [47].
Later on, Braun refined the story of Onsager by adding that the bound (e-h) pairs have a
finite lifetime [48]. Braun proposed that the probability (P(T,E)) of charge dissociation

depends on the decay and dissociation rate (kp) into free carriers according to,
P(T,E) = kp(T,E)/[kp(T,E) + kg (T)] 18

where the dissociation rate is defined as;

2 b3 b4- ] 19

3 — b
kD:kR_4na3e EB/kT[l+b+?+E+E
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kr is the bimolecular recombination rate, representing the rate of separated free carriers that
again form a bound pair, and it is defined by Langevin recombination. Furthermore, a is the
initial separation distance of a bound (e-h) pair. As can be seen from Eqg. 1.8 a larger
distance between the carriers of the bound pair gives rise to an enhanced dissociation. Eg is
the binding energy of (e-h) pair and b = q3E/8meye, k?T?, the effective field parameter.
The illustration of dissociation, decay and recombination is schematically shown in Figure
1.7.

In 2005, Koster et al. developed a numerical device model for the current-voltage
characteristics of bulk heterojunction solar cells with ohmic contacts [44]. The model
solves the stead-state continuity equations for electrons and holes and takes into account the
drift and diffusion of the carriers, as well as recombination and space charge effects [44]. In
the model a and kg are fitting parameters to the experimental data. The details of the
numerical drift-diffusion simulation will be given in the device modeling section.

Last but not least, the morphology in the blend systems has a huge effect on the
separation of charges. The effect of morphology, which is a random configuration, is not
explicitly taken into account in the Onsager-Braun model. The 1D drift diffusion model
assumes that the electric field is perpendicular to the donor-acceptor interface, which is not

necessarily correct.

electron-hole pair free carriers
kp v
@ —_—
XQ Jj ke
Lk

Figure 1.7. Donor and acceptor interface in an organic solar cell. kp is the dissociation rate of the
bound electron-hole pair at the D-A interface, kg is the recombination rate of free carriers and kg is

the decay rate of the bound electron-hole pair.
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1.7. Charge carrier recombination in organic solar cells
In order to generate a photocurrent in a solar cell, charge carriers need to be extracted at

their respective electrodes. However, electrons and holes can recombine in the organic
layer before their extraction at the contacts. Recombined carriers cannot contribute
anymore to the photocurrent and therefore bimolecular recombination is a loss process in
organic solar cells [28].

Bimolecular recombination in organic semiconductors is of the Langevin type; i.e.,
the rate-limiting step is the diffusion of electrons and holes toward each other in their
mutual Coulomb field. Such a behavior is characteristic of materials, in which the mean
free path of the charge carriers is smaller than the critical Coulombic capture distance.
Another type of recombination that limits device performance is trap-assisted
recombination, where a charge carrier that is trapped in a state in the forbidden gap
recombines with a mobile charge carrier of the opposite sign. In many conjugated
polymers, it is shown that the electron transport is limited by traps, while the hole transport
is characterized by the trap-free space charge limited behavior [30, 49, 50]. Such a trap-
limited electron current causes severe decrease in the device performance. The microscopic
origin of the electron traps is still not clear, suggestion made in literature range from
chemical defects, morphological defects, water-oxygen complexes etc. [51]. It was revealed
by Nicolai et al. that for a number of organic semiconductors the electron traps are located
at a certain energy level, typically ~-3.6 eV below the vacuum level, with a trap density of
3 x 10%31/m3 and with a trap distribution width of ~0.1 eV [52]. As a result, for acceptor
materials with the LUMO below ~-3.6 eV the electron trap is outside the band gap and the
transport is trap-free.

In an organic solar cell, the bimolecular recombination is proportional to the product

of free electron- and hole concentration given by [53];
Rg = kR(np - nlz) 1.10

where kp is the coefficient for bimolecular recombination, n and p are the electron and hole
concentrations, respectively and n? is the intrinsic carrier concentration of electrons and
holes and defined as n? =NCVexp[—Egap/kT] [39]. As mentioned above in organic

semiconductors, the bimolecular recombination is of the Langevin type [54], and the

recombination coefficient is given by,
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k, = q“:o_::h) 111
where g is the elementary charge, € = €& is the permittivity of the material and ., is the
electron (hole) mobility. The recombination coefficient is thus defined by the sum of the
carrier mobilities divided by the permittivity of material.

It is shown in the literature that for some organic solar cells a deviation from
Langevin theory is present, meaning that the bimolecular recombination coefficient is lower
than the Langevin value [55]. It was suggested by Koster et al. that in polymer/fullerene
blends the recombination rate might be defined by the slowest carrier. Different than in a
pristine semiconductor, in a blend system the recombination happens only at the interface,
therefore the fastest carrier needs to wait for the slower carrier to reach the interface [55].
Numerical simulations assuming that the slowest carrier is dominant in the recombination
strength showed a good agreement with experiment. Later on, it was proposed by Juska et
al. that in systems as P3HT:PCBM where crystalline lamella are formed the Langevin
recombination might be strongly reduced due to the 2-D character of such a structure [56].

For the case of trap-assisted recombination [57], specifically where a trapped
electron that is immobile catches a free hole to recombine, the recombination rate is defined
by the Shockley-Read-Hall (SRH) equation [58];

CnCpNe

T [enman)+C,(p+p)] 1.12

RSRH

Rsru defines the rate of trap-assisted recombination, C, is the capture coefficients for
electrons that can be captured by a neutral site and C, is the hole capture coefficient for a

trapped electron that can be captured by a hole. It has been demonstrated that the capture
coefficient is given by Cy,) = %.un(p) [57]. Furthermore, N, equals the density of traps, and

n and p are the density of free electrons and holes, respectively. In the absence of traps in
single carrier organic devices the drift current is given by the space charge limited current.
In the presence of traps the current is strongly reduced, and shows a stronger dependence
on thickness and voltage [50]. In disordered semiconductors the trap states in the band gap
are typically distributed in energy. The energy distribution of the trap states is often
described as an exponential or Gaussian distribution [59]. Electron traps lie energetically

below the LUMO energy of the material, and they are divided into shallow and deep traps,
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depending whether the Fermi level lies below or above the center of trap distribution,
respectively [59].

1.8. Charge transport characteristics in organic semiconductors
In inorganic semiconductors, the charge carriers in the valance and conduction bands are

delocalized by means of the strong covalent coupling between atoms within the ordered
lattice. Therefore, the charge carriers can move fast and typically at high temperatures
transport is only interfered with lattice vibrations [23]. The main difference between charge
transport in organic materials and inorganic systems is that in organic semiconductors the
coupling between the molecules is of the weaker VVan der Waals type. This weaker coupling
is easily broken by spatial and energetic disorder, leading to the existence of localized
states. For conjugated polymers it is expected that the charge transport between polymer
chains is slow, (inter-chain transport), whereas the transport over a chain should be
relatively fast (intra-chain transport). However, also the intra-chain transport can be
hindered by imperfections in the chains like kinks, defects etc. [16]. The reason for the
easily disturbed inter-chain transport is the weak Van der Waals forces between different
chains; therefore the electronic coupling between adjacent chains is destroyed by an even
small amount of disorder. Due to the existence of localized states the transport in organic
materials occurs via hopping between these states, i.e. between the two adjacent filled z-
orbitals or two adjacent empty z*-orbitals by phonon assisted tunneling [23]. The hopping
nature of the charge transport in organic semiconductors is the reason for the low charge
carrier mobilities that are often observed [60].

A model for hopping transport in disordered organic semiconductor has been
developed by Bissler et al [60]. In this model the energetic distribution of the transport

sites, the density of states (DOS), is described by a Gaussian distribution according to,

1 ( - c)z
p(E) = == exp |- 1.13

with ¢ the center of the DOS and and o the energy width of the Gaussian distribution. The
Gaussian shape of the DOS is rationalized by the polarization energy difference around
molecules. Furthermore, for polymers the conjugated chain segments might not all have the
same size, leading to a spread in their energy levels due to the quantum confinement effect
[61]. After injection, charge carriers will typically relax into the tail states of the Gaussian

distribution. In order to move, carriers hop to available sites by emission or absorption of
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phonon. The rate for such a hopping process is described by Miller and Abrahams [62]
according to,
Eji—&j

j e s e
kBT) P& > & 1.14
1 ;€j<€i

ARij) exp (—

Vij = Vo exp (—ZyaT
The first exponential term includes the hopping distance AR;j; and wave-function decay
parameter y that describes the wave-function overlap and tunneling probability, and a is the
inter-site distance. The second term contains g-¢;, which is the energy difference between
the initial and the final state. The hopping rate exponentially depends on this energy
difference and temperature, as is typical for a Boltzmann factor. In case that the energy of
the final state j is higher than the energy of the initial state i, the hopping transport is
thermally assisted. In the reverse case, i.e. lower energy of the final states the exponential
term goes to unity [62].

The mobility of the charge carriers, which is a measure of how fast carriers move in
the semiconductor under an applied field, is of great importance for the device
performance. In organic materials, charge carriers relax into the tail states of the Gaussian
DOS and need be thermally activated towards sites higher in energy in order to contribute
to the charge transport. Therefore, the mobility is temperature dependent and increases with
increasing temperature [63]. The mobility of charge carriers is also enhanced by the electric
field, which mainly decreases the energetic barrier for carrier jumps in the direction of the
electric field [60]. In strongly disordered materials the charge carriers occupy states deep
in the tail of the Gaussian distribution, and as a result the activation energy for charge
transport is increased. Bissler et al. developed a model for hopping conduction in
disordered materials; this is the so called Gaussian Disorder Model (GDM) predicts the
temperature- and field dependence of the carrier mobility in disordered semiconductors. In
the GDM model, the hopping rate among the sites that are energetically distributed in a
Gaussian DOS is assumed to be of the Miller-Abrahams type. From Monte Carlo
simulations Béssler obtained the field-(E) and temperature (T) dependence of mobility in

disordered materials as [60],

u(o,%, T,E) = pgexp [—(32%)2] exp [C {(%)2 — 22}\/17?] 1.15

with o the width of the Gaussian DOS also termed the (energetic) diagonal disorder

parameter, and X is the off-diagonal disorder parameter, representing spatial disorder.
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Furthermore, the prefactor u, represents the zero field mobility and C = 2.9 X
10~*(cm/V)'/2, an empirical constant that depends on the hopping distance and governs
the field- and temperature dependence of the mobility. The GDM predicts that the mobility
depends on temperature asIn(u) « 1/T? and on the electric field as exp(vVE). A similar
relation of the mobility on electric field was previously described by Poole-Frenkel [64],
according to u oc\/y_E, where y is a field enhancement parameter. In initial charge
transport studies on conjugated polymers the steeper increase of the SCLCs at high voltages
was attributed to the field dependence of the mobility. Later on also the effect of the charge
carrier density on carrier mobility was considered [65]. In SCL diodes, an increase of the
applied voltage simultaneously increases the applied field as well as the charge carrier
density. Therefore, the effect of charge carrier density and electric field on charge carrier
mobility is not explicit [66]. The so-called Extended Gaussian Disorder Model, described
by Pasveer et al., includes also the dependency of the mobility on carrier density, together
with temperature and electric field [65]. The numerical equations in the model are
described as,

pn (T, 0, E) = un (T, n)f (T, E) 1.16
tn (T, 1) = uo(T)exp E (6% — 6)(2na3)5] 1.17
to(T) = pexp[—C6?] 1.18
§ = o m(8?=8)-In(n(4)) 119

82

F(T,E) = exp {0.44(63/2 —22) [ /1 +0.8 (Ef’T“)2 - 1]} 1.20

where 10(T) is the mobility at zero charge carrier density and electric field, a is the average
intersite spacing, q is the elementary charge, n is the charge-carrier density, & = o/kT and
¢=0.42. In the model uo(T), a and o are the fitting parameters to describe the experimental
J-V characteristics. The authors conclude that the calculated mobilities should be
considered as the average of the interchain and intrachain hopping [65]. It has been showed
that at room temperature the mobility is affected more by the carrier density as compared to
electric field [66].
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1.9. Drift-diffusion modeling of organic semiconductors
Numerical simulations of semiconductor devices (solar cells, organic light emitting diodes

and single carrier devices) are of great importance in order to interpret and predict their
performance. For this purpose a one dimensional drift-diffusion model to simulate the
current-voltage characteristics of organic diodes has been developed [45]. In this model,
drift and diffusion of charge carriers, the effect of space charge on the electric field,
density-dependent mobility, Langevin-type recombination, universal trap distribution for
the electrons, and a field- and temperature-dependent generation rate of free charge carriers
are included. In the drift-diffusion simulations device parameters like charge carrier
mobility, amount of disorder, and the average intersite spacing are used as fit parameters to
describe the J-V characteristics of single carrier devices. In the case of solar cells, the
maximum generation rate, decay rate of the bound e-h pair and their initial separation are

used as fit parameters.

1.10.  Scope and outline of the thesis
In this thesis the effect of non-ohmic contacts on the open circuit-light intensity dependence

and charge transport characteristics in n-type organic materials are studied. In recent years
new n-type materials have gained an increased attention with as main aim the replacement
of the well-known n-type fullerene derivatives in organic BHJ solar cells. Although
fullerenes have been the work horse for acceptors in organic solar cells, their relatively high
price and limited absorption have stimulated the search for alternative n-type materials.

In chapter 2, the effect of non-ohmic contacts on the open circuit-light intensity
dependence is studied in MEH-PPV:PCBM solar cells, using intentionally created electron
and hole injection barriers. Both from experiments and from drift-diffusion simulations it is
shown that the dependence of the open circuit on light intensity is decreased in the case of
non-ohmic contacts, and an analytical formula is derived for this particular case. This study
shows that the decreased slope of open circuit-light intensity dependence is the result of the
absence of band bending in the vicinity of non-ohmic contacts.

In chapter 3, electron- and hole charge transport is studied in blends of P3HT (donor)
and a commercial perylene diimide derivative (PDI) (acceptor). As-cast hole-only and
electron-only devices of the blend have been fabricated and analyzed. It is shown that upon
annealing the electron transport becomes injection limited. Due to this injection limitation

the electron current is not space-charge limited and the electron mobility cannot be
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extracted directly from the J-V characteristics. The hole transport is space-charge limited
before and after annealing.

In chapter 4, the electrical behavior of solar cells based on P3HT:PDI blends are
studied. For these solar cells a decrease in open circuit voltage is observed upon annealing.
This open-circuit voltage decrease is correlated with the occurrence of an electron injection
barrier upon annealing. In agreement with the observation in Chapter 2 this leads to a
decreased dependence of the open circuit-light on light intensity dependence for the
annealed P3HT:PDI solar cells. The electron mobility after annealing is estimated from
drift-diffusion simulations of as-cast and annealed solar cells. The increase in photocurrent
in the solar cells upon annealing is attributed to the increased electron mobility upon
annealing.

In chapter 5, the charge transport and solar cell performance are studied in blends of
P3HT and ortho-substituted perylene diimide derivatives. Drift-diffusion simulations are
carried out for the hole-only and electron-only devices of these blends. As compared to the
commercial PDI derivative (chapter 4) solar cells performances are slightly improved. The
effects of injection barriers upon annealing both in electron-only devices and in solar cells
are discussed.

In chapter 6, the effect of molecular weight on the electron transport of a conjugated
polymer with naphthalene diimide core and bithiophene unit (N2200) is studied. N2200 is a
promising n-type organic semiconductor. Compared to the commercial N2200 we find that
in the series studied here with different molecular weights, the electron transport is reduced
by an order of magnitude. This reduction is attributed to trapping sites, which most
probably remained from the synthesis of the materials. It is shown that the electron mobility

of N2200 is not strongly affected by the molecular weight with the change in the mobility.
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2. Effect of non-ohmic contacts on the light intensity dependence of the
open-circuit voltage in organic solar cells

The effect of contact barriers on the light-intensity dependence of the open-
circuit voltage of organic solar cells is investigated in experiment and simulation.
Reduced light-intensity dependence is found when the open-circuit voltage surpasses
the built-in voltage, leading to a slope of kT/2q for a device with one non-ohmic
contact and a slope of zero for a device with two non-ohmic contacts. It has been
shown that the reduced light-intensity dependence of the open-circuit voltage is not
caused by entering a contact-recombination-limited regime, but by the absence of band

bending in the vicinity of a non-ohmic contact.



Chapter 2: Effect of non-ohmic contacts on the light intensity dependence of the
open-circuit voltage in organic solar cells

2.1. Introduction
In the introduction of the thesis it has been explained that the photogenerated charge

carriers are transported through the donor and acceptor phases of the bulk heterojunction
(BHJ) blend, followed by charge extraction at the electrodes [1]. However, part of the
photogenerated carriers is lost through nongeminate recombination processes. Nongeminate
recombination in organic semiconductors is manifested as bimolecular recombination or
trap-assisted recombination [2,3]. It has been shown that to address the nature of
nongeminate recombination, the open-circuit voltage can be studied as a function of light
intensity [4]. At the open-circuit voltage, the current is zero, implying that all carriers
recombine.

In case of only bimolecular recombination the open-circuit voltage (Vo) can be described
as[4]

:E‘Zﬂ—z—Tln (VTNCz) 21

where Eg, is the energy gap between the highest occupied molecular orbital (HOMO) of

oc

the donor and the lowest unoccupied molecular orbital (LUMO) of the acceptor, which is
closely related to the charge-transfer state energy [5], q is the elementary charge, k is the
Boltzmann constant, T is the temperature, y is the bimolecular recombination strength, N, is
the density of states, and G is the generation rate of charge carriers. Note that for a system
with Gaussian energetic disorder, Eg,y is reduced by a term o?IKT [6,7]. Since the generation
rate is proportional to the light intensity (1), the open-circuit voltage increases with
increasing light intensity, characterized by a slope (S) of kT/q when V. is plotted against
the natural logarithm of light intensity. However, when trap-assisted recombination is
present, this slope increases [8]. As a result, the light-intensity dependence of V,. can be
used to determine the dominant recombination process in organic solar cells.

It has been shown in literature that the open-circuit voltage can be limited by contact
recombination (minority carriers leaving the device through the contact), which would
result in a reduction of the V-light intensity slope [9,10]. Such process is on the other hand
not likely to occur in a solar cell with ohmic contacts, since the (majority-carrier) charge
density in the vicinity of the electrodes is so high that bimolecular recombination is
favorable [11].

Here, we investigate the effect of non-ohmic contacts on the light-intensity
dependence of the open-circuit voltage, noting that the Eq. 2.1 is valid only in the case of

ohmic contacts. A reduced light-intensity dependence is found when the open-circuit
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voltage surpasses the built-in voltage, leading to a slope of kT/2q for a device with one non-
ohmic contact and a slope of zero for a device with two non-ohmic contacts. Interestingly,
in these regimes, the device is dominated by bulk recombination, rather than contact

recombination.

2.2. Ohmic and non-ohmic contacts in an organic diode and their

effect on open circuit voltage
In an undoped organic diode, such as an organic solar cell, the built-in voltage (Vi) is

determined by the difference in work function of the electrodes. The built-in voltage is
maximized in the case of an ohmic electron and hole contact. In case of an ohmic electron
contact, the fermi level of the electrode is pinned to the LUMO of the acceptor. Diffusion
of electrons into the semiconductor results in band bending, which reduces the built-in
voltage [12]. The same holds for an ohmic hole contact, resulting in band bending of the
HOMO of the donor.

Upon irradiation with light, a photogenerated current is established, which is driven
by the built-in electric field. At the open-circuit voltage, the photogenerated current is
compensated by the diffusion-driven current of charges injected by the electrodes.
Increasing the light intensity results in an enhanced photogenerated current, this has to be
compensated by an increased injection current at V., requiring a higher applied voltage.
As a result, V, increases with light intensity. In case of non-ohmic contacts, the built-in
field is reduced, resulting in a lower open-circuit voltage [13].

At sufficiently high light intensities, the open-circuit voltage may become higher
than the built-in voltage, which corresponds to the situation of essentially flat energy bands,
apart from band bending effects at the contacts. In case of an ohmic contact, high light
intensities will give rise to a decreased band bending at the contact under open-circuit
conditions. This is the result of a high photogenerated carrier density throughout the bulk of
the layer, reducing the net effect of the band bending due to diffused carriers from the
contact. The reduced band bending gives rise to an increased open-circuit voltage, and
results in a light-intensity dependent V,. even when it surpasses the initial V. In case of a
non-ohmic contact, band bending at the contact is not present, limiting the open-circuit
voltage when flat-band conditions are reached.

As depicted in Figure 2.1, these effects result in different light intensity

dependencies for different contact configurations. For the device with two ohmic contacts
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Chapter 2: Effect of non-ohmic contacts on the light intensity dependence of the
open-circuit voltage in organic solar cells

(Figure 2.1(a)), the difference in fermi levels of the contacts (defining V,) continues to
increase with increasing light intensity, even when the initial built-in voltage is surpassed.
For the device with a non-ohmic electron contact (Figure 2.1(b)), the Fermi level of the
electron contact no longer rises with increasing light intensity when flat-band conditions are
reached (at the built-in voltage). The Fermi level of the hole contact, on the other hand,
continues to lower as a result of band-bending reduction. This results in a reduced light-
intensity dependence of V.. when it surpasses the built-in voltage. For the device with two
non-ohmic contacts the built-in voltage is determined by the difference in work function of
the two electrodes (Figure 2.1(c)). In that case, band bending at the contacts is not present;

giving rise to intensity independent V,. once the built-in voltage is reached.

Cathode

Figure 2.1. Energy band diagrams for solar cells in open circuit with two ohmic contacts (a), a
barrier at the cathode and an ohmic anode (b), barriers at both electrodes (c). The diagrams are
drawn going from solid, via dashed, to dotted lines with increasing light intensity. The arrows
indicate the movement of the electrode Fermi levels with increasing light intensity, where the
difference between the anode and cathode levels defines the open-circuit voltage. In case of a non-
ohmic contact, the dotted line overlaps with the dashed line at the contact, indicating that a

maximum has been reached (flat bands).

2.3. Effect of contact barriers on dependence of open circuit voltage

on light intensity
In order to investigate the effect of contact barriers at either one or both contacts, drift

diffusion simulations are pursued [14]. In Figure 2.2 simulations are shown for a device
with different barriers at the contacts and bulk recombination is assumed to be bimolecular,
while the contact recombination velocity is implicitly assumed to be infinite. As expected,

when both contacts are ohmic, the slope of V. vs In(l) amounts to kT/q over the complete
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light-intensity range. When the barrier at the electron contact is increased, a transition to a
kT/2q intensity dependence is observed at high light intensities. It is observed that this
transition takes place when V.. equals to the built-in voltage, in agreement with the
aforementioned reasoning. In the case that there is a barrier present at both electron- and
hole contact, which are kept equal in the simulations, at sufficient light-intensity no slope is
observed as mentioned in the previous section.

The open-circuit voltage in case of a non-ohmic electron contact can also be
described analytically. Eg. (2.1) can be rewritten as

Ega kT NZ
Ve 2%—7ln(a) 2.2

and the electron density at the cathode in terms of the contact barrier ¢, reads

n = N.exp(—¢,/kT) 2.3
The generation rate equals the recombination rate at V.., and can be written as G = ynp.
Substitution of Eq. (2.3) into Eq. (2.2) and using the approximation n = p gives

E kT N? E, kT N?
Voczﬂ_ﬂ__ln(_C)zﬂ_ﬂ__ln(VTC) 2.4

Indeed, the analytical formula predicts a slope of kT/2q for V.. vs In(l). For a device with
two non-Ohmic contacts, as discussed on the basis of the band diagrams in Figure 2.1, the
simulations show an intensity-independent V.. once the built-in voltage is reached (red

line), which is given by exactly the difference in the Fermi levels of the contacts.

2.4. Role of contact- and bulk recombination on the open circuit

voltage at high light intensities
The decreased slope at high intensities in an open-circuit voltage vs light intensity plot has

been associated with a contact-recombination-limited regime in literature, whereas the
higher slope in the low-intensity regime was associated with bulk recombination [9].
However, by examining the rates of charge carriers that are lost at the contacts in
comparison to the bimolecular recombination rate, it is found that in the S=kT/2q regime
bulk recombination is dominant, whereas contact recombination is dominant in the S = kT/q
regime. This is displayed in Figure 2.3, where the electron and hole currents in the device at

Vo are compared to the bimolecular-recombination current density, calculated as Ji. =
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gynpL, with L the layer thickness. The electron current towards the cathode is driven by the
electric field and is compensated by an equal diffusion-driven hole current towards the
cathode, ensuring that the total current equals zero (open circuit). At high light intensities
where S=kT/2q (solid lines), the calculated recombination current is substantially higher
than the currents at the cathode, while at low intensities (dashed lines), the relative amount
of bimolecular recombination decreases. This result is expected when considering the band
diagrams in Figure 2.1. The electric field at the cathode is reduced at increased light
intensities, lowering the driving force for electrons to escape at the cathode and thus

promoting bimolecular recombination.

T T T T T T T
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Figure 2.2. Simulated open-circuit voltage as a function of generation rate (proportional to light
intensity) for devices with barriers at only the cathode (blue lines) and both cathode and anode (red
lines). The dotted lines indicate the built-in voltages for devices with only one barrier, defined by
qVbi = Egap - @e - b, where b = 0.27 eV is the band-bending parameter at the anode for a layer
thickness of 100 nm [12]. The simulations are performed with Eg, = 1.5 eV, mobilities ue = un =

1x10¥ m?V*s™, and Langevin recombination.

2.5. Experimental verification of light-intensity dependence of open

circuit voltage in organic solar cells
In order to experimentally verify the effect of contact barriers on the slope of the open

circuit voltage-light intensity dependence at high light intensities, solar cells with ohmic

contacts and with intentionally created contact barriers are studied. As active layer a blend
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of MEH-PPV:PCBM in 1:4 ratio is used. As ohmic contacts PEDOT:PSS (holes) and
Ba/Al (electrons) are used, for non-ohmic contacts we use Al (electrons) and Au (holes).
The sample preparation procedure is given in Section 2.7. Figure 2.4 shows the
experimental open-circuit voltage as a function of incident light intensity for the fabricated
solar cells. As expected, the open-circuit voltage decreases when contact barriers are
introduced. Moreover, for the devices with contact barriers, a transition is observed to a
weaker light-intensity dependence at higher illumination intensities. Indeed, for the device
with only a barrier at the electron contact (Al), the slope of V. vs In(l) decreases from kT/q
to kT/2q with increasing illumination intensity, while for the device with an ochmic electron
contact (Ba/Al) the slope remains at kT/g. In the device with barriers at both the anode (Au)
and cathode (Al), the open-circuit voltage is observed to saturate to a constant value at high
light intensities, corresponding to the built-in voltage (0.32). The experimental results are in
agreement with the corresponding simulations, which yield an electron barrier of 0.4 eV at
the Al contact, and a hole barrier of 0.75 eV at the Au contact. In the simulations, the
generation rate was obtained from the photogenerated current and was 15 % lower for the
device with the semitransparent Au contact.

.- Electron current
Hole current
Recombination current

0 20 40 60 80 100

Distance from cathode [nm]

Figure 2.3. Electron, hole and recombination currents densities, normalized by the total photocurrent
density qGL, across a device with a layer thickness of 100 nm for G = 1x10® ms™ (solid lines) and
G = 1x10%® m?s™ (dashed lines), using the same simulation parameters as in Figure 2.2. The figure
indicates an increasing contribution of bimolecular recombination with respect to contact

recombination with increasing intensity.
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o [PEIDOT:PSS]I-[Ba/AI] ' ' '
08} A [PEDOT:PSSIA]
o [AulA]

0.01 0.1 1 10 100 1000
Intensity [W/m?]

Figure 2.4. Experimental open-circuit voltage as a function of light intensity with different contact
barriers (symbols) with corresponding simulations (solid lines) with Eg,, = 1.42 eV. The dotted line
is calculated with Eq. (2.4).

Finally, to investigate if the transition to a slope of kT/2q indeed occurs at the built-in
voltage for the device with one non-ohmic contact, the built-in voltage is determined from
the dark current density-voltage characteristics, using an analytical drift-diffusion model
[12], as displayed in Figure 2.5. The built-in voltage is the voltage at which a transition
from a diffusion-governed current to a drift current occurs [12]. The model gives a built-in
voltage of 0.64 V, corresponding well with the transition point in the Vo vs In(l)
characteristic (Figure 2.4). A built-in voltage of 0.30 V was determined for the device with
two non-ohmic contacts, in good agreement with the saturated V. of 0.32 V. The built-in
voltage of the device with ohmic contacts was determined to be 0.90 V, which is above V.

for the complete intensity range.

2.6. Conclusions
In conclusion, the effect of contact barriers on the light-intensity dependence of the open-

circuit voltage was investigated. Both in simulation and experiment, it was shown that a
barrier at one contact causes a transition in the V. vs intensity behavior, resulting in a slope
of kT/q at low intensities and a slope of kT/2q at high intensities. The transition takes place

when V.. reaches the built-in voltage. An analytical formula was derived, which confirms
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the slope of kT/2g. In the case of barriers present at both contacts, the open-circuit voltage
saturates at the built-in voltage and becomes intensity independent. Contrary to earlier
reports, it was shown that a decreased light-intensity dependence of V. is not the result of
contact-recombination effects becoming dominant, but is the result of the absence of band

bending in the vicinity of non-ohmic contacts.

o [PEIDOT:PSSI]-[Ba/AI]I
A& [PEDOT:PSSJ-AI ,
o [AuA] '

-1.0 -0.5 0.0 0.5 1.0 15 2.0

Figure 2.5. Experimental dark current vs voltage (symbols) indicating the shift in built-in voltage as
a result of the barrier at the cathode. The solid lines are fits to the experiment using an analytical

drift-diffusion model [12], to obtain the built-in voltages (dashed lines).

2.7. Experimental
Devices were fabricated on glass substrate with indium tin oxide (ITO). ITO substrates

were cleaned with detergent agent and ultrasonicated in acetone and isopropanol, and
cleaning finished with UV-ozone treatment. The solar cells consist of a poly(2-methoxy,5-
(2-ethyl-hexyloxy)-1,4-phenylenevinylene) (MEH-PPV) donor and 6,6-phenyl C61-butyric
acid methyl ester (PCBM) acceptor in a 1:4 ratio in the active layer. For devices with two
ohmic contacts, the active layers were sandwiched between a bottom anode of ITO
substrates coated with poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) anode (2000 rpm, 55 nm) and Barium(Ba)(5 nm)/Aluminum(Al)(100 nm)
cathode, which are ohmic hole and electron contacts, respectively. In order to introduce a

barrier on the cathode side, the Ba interlayer was omitted in some devices. For devices with
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contact barriers on both sides, an additional barrier at the anode was introduced by using a
semitransparent 10 nm gold (Au) layer on top of the ITO substrates. The fabricated solar
cells were measured in a nitrogen atmosphere in dark and under illumination of a white
halogen lamp with an irradiance of 1460 W/m? with Keithley 2400 source meter. A set of

neutral density filters is used to vary the illumination intensity.
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3. Charge transport in P3HT:perylene diimide blends

The electron and hole transport of blends of regioregular poly(3-hexylthiophene) (rr-
P3HT) donor and commercial perylene-3,4,9,10-perylene tetracarboxylic acid diimides
(PDI-1) is investigated using electron-only and hole-only devices. Trap-free space-charge-
limited electron and hole currents are shown for electron and hole-only devices of as-cast
P3HT:PDI-1 blends, respectively. The mobility of electrons and holes in the as-cast devices
are lower as compared to the well-known P3HT:fullerene blends. Upon annealing the
electron current in the P3HT:PDI-1 blend becomes injection-limited, and the electron
mobility cannot be determined directly from the J-V characteristics.



Chapter 3: Charge transport in P3HT:perylene diimide blends

3.1. Introduction
Perylene-3,4,9,10-perylene tetracarboxylic acid diimides (PDIs) have aroused as new

alternative materials for fullerene derivatives, the common acceptor material for organic
electronic applications. PDIs have been applied in solar cells, single carrier devices and in
field-effect transistors (FETs) [1-8].

The common fullerene acceptors have a unique tree dimensional structure, but the
possibility to tune their LUMO energy is limited [9]. Another drawback of fullerene
acceptors is their relatively low optical absorption. In addition, the synthesis of fullerene
derivatives is difficult and therefore fullerenes are relatively expensive [10]. These
drawbacks turned the interest to materials with higher optical absorption and lower cost and
higher stability [11,12]. At this point, PDIs became an attractive class of alternative
acceptor materials. They compromise strong light absorption in the visible part of the
spectrum [13]. Moreover, unlike fullerene derivatives, PDIs have several functional
positions to make synthetic modifications, like the peri-, bay- and ortho- positions as
schematically shown in Figure 3.1 [13]. This is a very important advantage of PDlIs in order
to design new materials for future organic electronic applications with desired properties. It
has been shown in literature from FET measurements that PDI derivatives have an electron
mobility of 6 x 10~ m?/Vs in the crystalline phase [6,13]. Although PDIs exhibit a
higher absorption than fullerene derivatives, the efficiency of solar cells with PDI acceptors
remained significantly lower than solar cells with fullerene acceptors [2]. The low
performance of solar cells with PDI acceptors has been attributed to self-trapping of
excitons in their large aggregated domains [2]. In a study by Singh et al., the formation of
PDI aggregates at different annealing temperatures was investigated and it was shown that
PDI aggregates actually contribute to the photogeneration of charge carriers. However,
their improper alignment is thought to be responsible for the decreased solar cell
performance in annealed PDIs [8]. In order to add more insight to the device operation of
PDI-based bulk heterojunction solar cells, it is crucial to investigate the charge transport
characteristics. This can be carried out by studying temperature-dependent electron and

hole currents in single-carrier devices of blends with PDI as the acceptor material.

38



R: peri-function

R*:
ortho-
function

Figure 3.1. Molecular structure of perylene-3,4,9,10-perylene tetracarboxylic acid diimide structure

with its functionalizing positions.

In organic semiconductors, electron transport is frequently limited by electron
trapping, while hole transport shows trap-free charge transport characteristics [14]. It was
demonstrated that a universal trap level located at ~-3.6 eV below vacuum level is
responsible for the trapping of electrons. As a result, it is expected that organic
semiconductors with a LUMO below 3.6 eV, meaning that the trap-level is outside the band
gap, should exhibit trap-free electron transport. Next to trap-free electron transport such
semiconductors would also be more stable against the presence of water and oxygen
[15,16]. Typical PDI materials, also the commercial PDI derivative used in this chapter (see
Figure 3.2b), fulfill this requirement with their deep LUMO ~-3.8 eV, the HOMO is located
around ~-5.8 eV. In this chapter, the electron and hole transport in P3HT:PDI-1 blends are
studied using electron-only and hole-only devices, respectively. The results demonstrate
trap-free electron and hole transport in as-cast P3HT:PDI-1 blends. Additionally, the effect
of annealing on the electron contact and electron and hole-currents in P3HT:PDI-1 blends

are discussed.
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Figure 3.2. Molecular structure of regioregular poly(3-hexylthiophene) rr-P3HT donor and

commercial perylene-3,4,9,10-perylene tetracarboxylic acid diimides (PDI-1).

3.2. Morphology of P3HT:PDI-1 blends
Planar PDI molecules show strong aggregation due to the strong @ — m stacking of the

material in the film. According to Singh et al. the size of the aggregates increases with
increasing annealing temperature [8]. Our films of P3HT donor material blended with PDI-
1 acceptor material show a highly crystalline morphology and the ribbon like crystals in the
film are attributed to the PDI aggregates in the blends [8]. In the next chapter, it will be
shown that as-cast solar cells of P3HT:PDI-1 show a very poor photocurrent, which
prominently increases upon annealing of the devices. In literature, the morphology of PDI
materials and, in particular, commercial PDI-1 and its blend with P3HT, is extensively
studied [2,5,6]. It was shown by scanning electron microscopy that for a higher (1:3 ratio
P3HT:PDI-1) ratio of PDI-1 in P3HT:PDI-1 blends, PDI-1 crystals are embedded in a
P3HT matrix (Scanning electron microscopy) [6]. In the case of lower PDI-1 blend ratio
(3:1 ratio P3HT:PDI-1) PDI-1 crystals have a tendency to stick out of the film, even up to a
height of 500 nm [6]. Here a brief study is conducted with atomic force microscopy (AFM)
on as-cast and annealed P3HT:PDI-1 films at 120°C, which are spin casted from either
chloroform or chlorobenzene solutions.

Figure 3.3 shows the AFM height images of P3HT:PDI-1 films. Figure 3.3a shows
the as-cast P3HT:PDI-1 films spin coated from chloroform and it is observed that in as-cast
P3HT:PDI-1 films no large and separated PDI-1 domains are formed. Zooming in on the

AFM images (Figure 3.3al, 3.3a2 and 3.3a3) even reveal a nano-scale morphology.
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However, upon annealing these films at 120°C for 10 min. separated PDI-1 domains close
to a micron size (~600 to 1100 nm) are formed (Figure 3.3b). When P3HT:PDI-1 films are
spin coated from higher boiling-point solvents like chlorobenzene, the crystalline structure
appears even in the pristine films due to the slower evaporation of the solution (Figure
3.3¢). In order to show if the presence of P3HT affects the formation of PDI-1 crystals, as a
reference also the pristine PDI-1 material is spin coated from chloroform solution and the
corresponding AFM image is shown in Figure 3.3d. We observe that the film of pristine
PDI-1 shows a completely different morphology than its blends with P3HT. In the pristine
PDI-1 film, the domains are around 2 times larger than in P3HT:PDI-1 films and are more
like clusters. This shows that the presence of P3HT actually helps to prevent big and
separated cluster like domains in the as-cast films of P3HT:PDI-1 blends. As a next step
the transport of electrons and holes in P3HT:PDI-1 blends from chloroform solution, before

and after annealing, will be evaluated.

‘ ‘ ‘ ‘v
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Figure 3.3. Atomic force microscopy (AFM) height images of (1:1) ratio P3HT:PDI-1 pristine film
(@) in chloroform, (al), (a2) and (a3) are the closer images of the same film at indicated different
scales. (b) is the annealed image of P3HT:PDI-1 film at 120°C 10 min. spin casted from chloroform
solution. (c) is the pristine film of P3HT:PDI-1 spin casted from chlorobenzene solution. (d) is the
pristine PDI-1 film spin casted from chloroform solution.
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3.3. Electron transport
In Figure 3.4a the measured electron currents of an as-cast device of a P3HT:PDI-1 blend

in a 1:1 wt. ratio with a thickness of 120 nm are shown. The electron current shows an
asymmetric behavior in forward and reverse bias. Surprisingly, the current in reverse bias,
where electrons are injected from the Al bottom electrode, is higher than in forward bias,
where electrons are injected from the Ba/Al top electrode and is supposed to be a better
injecting contact. The lower current in forward bias demonstrates the existence of a small
injection barrier at the top electrode. As a result the forward current is slightly injection
limited, meaning that bulk charge transport properties cannot be directly obtained from the
J-V characteristics. Therefore, the higher current in the reverse bias is considered to
examine the electron transport. The reverse-bias current shows a quadratic dependence on
voltage at moderate electric fields, which is characteristic for a space-charge-limited current
that is described by the Mott-Gurney law according to [17]

V—Vbi2
L3

3.1

= gfosrﬂ
To verify if the electron current is indeed space-charge limited we also investigated the
thickness dependence of the electron current. Figure 3.4b shows the fits of the electron-
current at two different layer thicknesses with the Mott-Gurney equation. The currents
indeed show a L™ dependence on thickness and are thus well-described by Eq. 3.1. The
zero field electron mobility in the PDI-1 phase of the P3HT:PDI-1 (1:1) blend is found to
be 4.5 x 10711 m? /Vs. The electron mobility in PDI-1 is prominently lower than in as-cast
P3HT:PCBM blends, for which the mobility for electrons through PCBM is around 1 x
1078 m?/Vs [18]. It has been shown that in as-cast devices of P3HT:PCBM, the transport
is strongly unbalanced and dominated by electrons. However, upon annealing of the
devices above 60°C the hole mobility increases by three orders of magnitude (from 10
m?/Vs to 10°® m?/Vs), whereas the electron mobility increases to 1 x 10~7 m2/Vs [18].

In Figure 3.5 drift-diffusion simulations of the temperature-dependent current of the
as-cast electron-only device are shown. From the simulations using the extended Gaussian
disorder model [19], the average intersite spacing (a) is 1.80 nm and the energetic disorder
parameter ¢ amounts to 0.1476 eV. From the transport measurements on PCBM, a much
lower disorder parameter of 0.073 eV has been found, consistent with the higher electron
mobility in PCBM [20]. The strong energetic disorder in as-cast P3HT:PDI-1 electron-only
devices leads to a very low electron mobility, which is expected to negatively impact the

efficiencies of P3HT:PDI-1 solar cells, which will be discussed in the following chapter.
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In literature, electron transport in P3HT:PDI-1 blends has been studied before, both
in electron-only diodes [5] and in field effect transistors (FETs) [6]. In these studies,
electron mobilities in P3HT:PDI-1 blends are found to be 1.05 x 10~*'m?/Vs for
electron-only diodes and 6 x 1077 m?/Vs for FETs. Furthermore, the effect of a
chloronapthalene (CN) additive on the electron mobility is also studied. It was found that
the CN additive positively affects the electron mobility and it increased to 3.45 X
10711m?2/Vs for 75 % CN [5]. In the latter case, the electron mobility is measured for a
device annealed at 120°C for 20 min. The electron mobility reported from FET
measurements is substantially higher. In an FET, in-plane electron transport at the
dielectric-semiconductor interface is measured, whereas in solar cells vertical transport
through the bulk is relevant. In addition the carrier density in a FET is typically 2-3 orders
of magnitude higher than in a solar cell. Therefore, the FET mobility can be vastly different
from the mobility extracted from electron-only diodes [21]. Commercial PDI-1 has also
been studied by Sharenko et al. in a blend with a narrow band gap small molecule donor
material and the electron mobility from SCLC measurements was calculated to be 1 x
1078 m?2/Vs [7]. This shows the high importance of an appropriate donor combination

with PDI materials for better morphology and higher electron mobility.

3.4. Hole transport
The hole current of an as-cast P3HT:PDI-1 blend is measured using a hole-only device with

a thickness of 200 nm, as shown in Figure 3.6a. The hole current shows a quadratic
dependence on voltage, as is expected for space-charge limited currents (Eq. 3.1).
Furthermore, also the thickness dependence is consistent with the Mott-Gurney Law, as
shown in Figure 3.6b where the hole currents for two different layer thicknesses (140 nm
and 200 nm) are described according to Eq. 3.1. The zero field hole mobility is calculated
to be 7.5 x 1071%m? /Vs. The temperature dependence of the current of the as-cast hole-
only device is measured and simulated with a drift-diffusion model, as shown in Figure 3.7.
From the simulations, the average intersite spacing (a) is determined to be 1.6 nm and the
disorder parameter ¢ is 0.131 eV. In as-cast P3HT:PCBM blends, the hole mobility only
amounts to 4 x 10™ m?Vs, which is considerably lower than we find here in the P3HT-
PDI-1 blends. However, upon annealing the hole mobility in P3BHT:PCBM blends increases
more than three orders of magnitude, reaches to 1078 m?2/Vs [18]. In the literature, the
P3HT mobility in as-cast P3HT:PDI-1 blends is found as 6.31 x 10~ m?/Vs from SCLC
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measurements and in the same study it is shown that CN additive decreases the hole

mobility in P3HT:PDI-1 blends [5]. An important question is now whether also in

P3HT:PDI-1 blends the hole mobility strongly increases upon annealing, as observed for

P3HT:PCBM blends.
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Figure 3.4. The current-voltage (J-V) characteristics of (1:1) ratio P3HT:PDI-1 as-cast electron-only
devices; (a) J-V characteristic for L=120nm (b) SCLC fit (Eq. 3.1, solid lines) of the reverse J-V

characteristics (symbols) at two different thicknesses.
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Figure 3.5. Drift-diffusion simulation of the J-V characteristics of as-cast P3HT:PDI electron-only

devices in (1:1) ratio. Symbols are the experimental J-V characteristics at indicated temperatures

and solid lines are fits to the experimental data. The simulation parameters a and o are

indicated in the graph.
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Figure 3.6. The current-voltage (J-V) characteristics of (1:1) ratio P3HT:PDI as-cast hole-only
devices; (a) J-V characteristic for L=200 nm (b) SCLC fit (Eq. 3.1, solid lines) of the J-V

characteristics (symbols) at two different thicknesses of 140 nm and 200 nm.
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Figure 3.7. Drift-diffusion simulation of the J-V characteristics of as-cast P3HT:PDI hole-only
devices in (1:1) ratio. Symbols are the experimental J-V characteristics at indicated temperatures and
solid lines are fits to the experimental data. The simulation parameters a and ¢ are also indicated in

the graph.

3.5. The effect of annealing on electron and hole current
In Figure 3.8a and 3.8b the J-V characteristics of electron and hole-only devices as

previously discussed in this chapter (Sections 3.3 and 3.4) after thermal annealing (120°C
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for 10 min.) are shown. As can be seen from Figure 3.8a, the electron current continues to
exhibit asymmetric behavior upon annealing. However, the current increases in forward
bias and decreases in reverse bias. As shown in Section 3.3 the electron current before
annealing was injection limited. An increase of the injection limited current indicates that
either the contact barrier or the bulk charge transport of the PDI-1 has been improved. The
decrease of the current in reverse bias, which was space-charge limited before annealing,
shows that annealing has deteriorated the injection properties of the Al contact. To verify if
the highest current (forward bias) is still space-charge limited we first observe that the
forward J-V characteristics after annealing are not quadratic with voltage. Furthermore, by
analyzing two different thicknesses of annealed electron-currents we observe that the
thickness scaling of L™ according to SCLC is not fulfilled. This result shows that the
electron current after annealing is clearly not space-charge limited, but rather injection
limited and therefore the electron mobility cannot be extracted directly from J-V
characteristics of the annealed electron-only device. As a next step, in Figure 3.8b, the as-
cast and annealed (120°C 10 min.) hole-only device is seen. The hole current in forward
bias, that was space-charge limited before annealing, does not show a significant difference
between as-cast and annealed device. As a result we can conclude that the hole mobility in
P3HT:PDI-1 blend is not enhanced by annealing, in contrast to the observation for
P3HT:PCBM blends. Apparently, the P3HT morphology in the blend is already fixed by
the presence of PDI-1 directly after casting.

3.6. Conclusions
The charge transport in P3HT:PDI-1 blends is investigated with electron- and hole-only

devices. From the electron- and hole-only devices, the calculated zero-field electron- and
hole mobilites in the blend are 4.5 x 1011 m?/Vs and 7.5 x 10719m?2/Vs, respectively.
These mobilites are prominently lower than the electron and hole mobilities measured in
annealed P3HT:PCBM single-carrier devices. The electron transport appears to be subject
to a high degree of energetic disorder. The measured mobilities show that for as-cast 1:1
P3HT-PDI-1 blends the transport is governed by holes. Annealing of the electron-only
devices enhances the crystallinity of PDI-1 but does not increase the electron current due to
the occurrence of a contact barrier. As a result the electron mobility cannot be determined
from the J-V characteristics since the currents are not space-charge limited but are limited

by injection. The hole current does not show a prominent change upon annealing.
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Figure 3.8. (a) The current-voltage characteristics of a (1:1) ratio P3HT:PDI-1 electron-only device
before (black line) and after annealing (red line) at 120°C 10 min. The thickness of the device is
L=120nm. (b) The current-voltage characteristics of a (1:1) ratio P3HT:PDI-1 hole-only device

before (black line) and after annealing (red line) at 120°C 10 min. The device thickness is 200 nm.

3.7. Experimental
In this work, commercial PDI derivative (PDI-1) with shortly branched alkyl chains in the

imide position has been used together with regioregular poly(3-hexylthiophene) rr-P3HT
donor material. rr-P3HT donor and commercial perylene-3,4,9,10-perylene tetracarboxylic
acid diimide (PDI) acceptor were blended in a 1:1 ratio and spin coated from chloroform
solution at 1000 rpm. The concentration of the solutions is 6.6 mg/ml. Hole-only devices
were fabricated on glass substrate with indium tin oxide (ITO). ITO substrates were cleaned
with detergent agent and ultrasonicated in acetone and isopropanol, and cleaning finished
with UV-ozone treatment. In electron-only devices glass substrates were used and cleaned
in the same way of ITO substrates. The bottom contact is Al (30 nm) and the top contact is
LiF (1nm)/Al (100nm) in electron-only devices. In hole-only devices, the blend is
sandwiched between ITO/PEDOT:PSS (poly(3,4-ethylenedioxythiophene)/
poly(styrenesulfonate) anode and 100 nm gold (Au) cathode. Devices are measured under a
nitrogen atmosphere Keithley 2400 source meter. Devices are annealed at 120°C 10 min. in

glovebox. The annealing temperature is chosen according
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to the work done in the literature [2]. Nanoscope Dimension 3100 from Bruker is used for
the atomic force microscopy (AFM) study.
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4. The effect of annealing on open circuit voltage of P3HT:PDI solar
cells

Solar cells based on blends of regioregular poly(3-hexylthiophene) (rr-P3HT) as
donor and commercial perylene-3,4,9,10-perylene tetracarboxylic acid diimides (PDI-1) as
acceptor are investigated. As-cast devices show very low photocurrent and the photocurrent
increases upon annealing at 120°C for 10 min. However, upon annealing there is a
prominent loss in open-circuit voltage. The decrease in open-circuit voltage is consistent
with the formation of an electron injection barrier upon annealing. The presence of an
contact barrier is confirmed by the dependence of the open circuit voltage on light intensity.
The observed slope of kT/2q at high light intensities is a fingerprint for solar cells with an
injected-limited contact.



Chapter 4: The effect of annealing on open circuit voltage of P3HT:PDI solar cells

4.1. Introduction
Conjugated polymers as donor and fullerene derivatives as acceptor are the main materials

in the conventional design of the bulk heterojunction solar cells [1,2]. In recent years,
research has been accelerated for the new acceptor materials in order to replace fullerene
derivatives [3-7]. One of the main reasons is the low absorption of the fullerene derivatives
in the visible part of the spectrum that limits the maximum achievable efficiency in solar
cells. Perylene diimide derivatives (PDIs) offer a high absorption in the visible part of the
spectrum and their chemical structure can be tuned at various functional positions.
Therefore, varying the electronic, optical and physical properties in PDIs by functionalizing
their chemical structure is considered as an important advantage [8].

PDIs have already a quite broad history for solar cells: the first organic solar cell that
was utilized by Tang in 1986 had a perylene tetracarboxylic derivative as the acceptor,
together with copper phthalocyanine as donor and the solar cell utilized 1 % efficiency [9].
The perylene derivative he used was not soluble in common organic solvents and was
deposited by evaporation. Later on perylene derivatives with good solubility were
developed and utilized in bilayer and bulk heterojunction devices [8]. In more recent work
Howard et al. studied the charge generation and recombination in poly(9,9-dioctylfluorene-
alt-benzothiadiazole) (F8BT):perylene solar cells spin coated from chloroform and toluene
with femtosecond transient-absorption experiments [10]. They discussed two loss processes
in solar cells with perylene acceptors; firstly, when perylene is finely dispersed in a
conjugated polymer donor, fast bimolecular recombination limits the device performance
[10]. When the morphology of the blend is coarser, excitons are relaxing into stabilized
intermolecular states rather than contributing to the charge transfer [10]. Moreover, PDIs
tend to create micron sized crystals, which then hinder solar cell performance by inefficient
exciton quenching [8]. Therefore, in order to utilize PDIs in bulk-heterojunction solar cells
it is crucial to decrease or control their aggregation [11]. As an example, Kamm et al.
showed that ortho- substitution in PDIs actually decreases aggregation, leading to an
enhancement of the device performance of perylene based organic solar cells [12].

In this chapter, bulk heterojunction (BHJ) solar cells of regioregular poly(3-
hexylthiophene) rr-P3HT as donor material and commercial PDI-1 as acceptor are studied.
The solutions consisted of a 1:1 donor/acceptor ratio and were spin casted from chloroform.
Solar cells of P3HT:PDI-1 show very low photocurrent in as-cast devices and gain
photocurrent upon annealing of the devices, which is however accompanied by a loss of

open circuit voltage (Vo). Such a loss of V, is consistent with the occurrence of an electron

52



injection barrier upon annealing, as observed in Chapter 3. As shown in Chapter 2 the
presence of an electron injection barrier also affects the dependence of V,. on light
intensity. Therefore, the V-light intensity dependence is investigated before and after
annealing of the same devices. The reduced dependence of V.. upon annealing is correlated

with the presence of an injection barrier.

4.2. Current-voltage characteristics of P3HT:PDI-1 solar cells
Figure 4.1 shows the current-voltage characteristics of a P3HT:PDI-1 solar cell under

illumination and the solar cell parameters are listed in Table 4.1. It appears that as-cast
P3HT:PDI-1 solar cells suffer from a very low fill factor and low device current, leading to
low device efficiency. Compared to P3HT:fullerene solar cells (0.6 V) the as-cast
P3HT:PDI-1 solar cells studied here have a slightly lower V.. (0.56 V), although PDI-1 has
a similar LUMO energy (~-3.8 eV) as compared to the fullerenes. The very low device
current typically observed in as-cast P3HT:PDI-1 solar cells is attributed to fast bimolecular
recombination [8]. Upon annealing the P3HT:PDI-1 solar cells (120°C 10 min.) the device
current prominently increases. The increase of the photocurrent is accompanied by an
increase of the external quantum efficiency (EQE), as shown in Figure 4.2. Before
annealing the device shows a very low EQE while upon annealing EQE significantly
increases. A possible reason for the increased EQE after annealing could also be an
increase of the optical absorption. In Figure 4.3 the absorption spectrum of PDI-1, P3HT
and P3HT:PDI-1 blends in (1:1) ratio, before and after annealing at 120°C 10 min. is
shown. In as-cast P3HT:PDI-1 blend there are three peaks at 200 nm, 490nm and 530 nm.
Compared to absorption spectrum of the pristine materials (either PDI-1 or P3HT) the peak
at shorter wavelengths (<300 nm) in the blend is attributed to the PDI-1 material. Between
450 nm and 600 nm there is a strong overlap in absorption between P3HT and PDI-1.
Comparing as-cast and annealed P3HT:PDI-1 blends, the main absorption peak is slightly
broadened on the short wavelength side (400 nm - 500 nm). However, this slight change in
absorption cannot be responsible for the strong increase in the photocurrent and EQE upon
annealing. The increase of the photocurrent also leads to an increase of the power
conversion efficiency upon annealing. However, the efficiency increase is strongly limited

by a huge loss in V. of around 190 mV upon annealing.
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Figure 4.1. Measured J-V characteristics under illumination of an as-cast and subsequently annealed
(120°C 10 min.) P3HT:PDI-1 solar cell with a thickness of 198 nm.

Table 4.1. Solar cell parameters of current-voltage characteristics in Figure 4.1.

Device Voo [V] | Jc [A/M?] | FF [%] | PCE [%]
(1:1)As-cast 0.56 0.6 29 0.016
(1:1)Annealed | 0.38 3.3 24 0.050
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Figure 4.2. External quantum efficiency of (1:1) wt. ratio P3HT:PDI-1 solar cells before and after
annealing at 120°C 10 min.
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Figure 4.3. Normalized absorption spectrum of PDI-1, P3HT and P3HT:PDI-1 in (1:1) blend ratio,
before and after annealing at 120°C 10 min. In all cases measurements are done on a glass substrate

and corrected for the substrate absorption.

To study the V. loss as a first step we look at the dark currents (Figure 4.4.) of solar
cells before and after annealing. At voltages lower than the built-in voltage (Vy;) the electric
field in the device is opposite to the current, which is driven by diffusion. This diffusion-
limited current is characterized by an exponential dependence on voltage. For voltages
larger than Vy; the current becomes dominated by drift, resulting in the quadratic space-
charge limited current. The transition voltage from the exponential to the quadratic regime
then corresponds to Vy,; [13]. As can been from Figure 4.4, after annealing the dark current
J-V is shifted to the left (lower voltage) by 0.2 V, meaning that after annealing Vy,; has
decreased by 0.2 V. This is consistent with the decrease of 190 mV of the open-circuit
voltage under illumination. Typically, Vy; has its maximum value in case of two ohmic
contacts, but decreases when an injection barrier exists at one (or both) of the contacts. The
simultaneous decrease of Vy; and V. can be therefore be explained by the formation of an
injection barrier during annealing. This injection barrier could in principle be either on the
hole contact, electron contact or both. However, from the charge transport studies presented
in Chapter 3 the occurrence of an electron injection barrier upon annealing was already
established. To further verify the presence of an injection barrier the dependence of V,.—on

light intensity is investigated.
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Figure 4.4. Experimental J-V characteristics in the dark of as-cast and annealed (120°C 10 min.)
P3HT:PDI-1 solar cell with a thickness of 198 nm.

4.3. Open circuit voltage-light intensity measurements in P3HT:PDI-

1 solar cells
Figure 4.5 shows the V. -light intensity dependence of the as-cast and annealed devices that

were shown in Figure 4.1. The as-cast device has the slope of 1.07 kT/q. This results shows
that both contacts are ohmic and that the dominant recombination mechanism is
bimolecular recombination in P3HT:PDI-1 solar cells before annealing [14]. However, in
the annealed device not only V. is reduced, but also the slope of the V. -light intensity
dependence is decreased at high light intensities and approaches to kT/q [15]. This confirms
that upon annealing in P3HT:PDI-1 devices a single injection barrier is formed that is
responsible for the decrease in V..

Figure 4.6 shows the V., of P3HT:PDI-1 solar cells with different annealing times (2
min., 10 min. and 20 min.) at 120°C. It is seen that the prominent decrease of the V. is
already present at short annealing times (2 min.) with increasing annealing time V.
continues to decrease slowly. At all indicated annealing times the slope of V. versus light

intensity is equal to kT/2q, pointing out the presence of an injection barrier upon annealing.
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Figure 4.5. V. versus light intensity dependence for as-cast and annealed P3HT:PDI-1 solar cells.
The filled triangles correspond to V. values of the as-cast device and filled squares correspond to the
annealed device. Solid lines correspond to a slope of kT/q and the dotted line corresponds to slope of
kT/2q.

As shown in Section 3.2 the annealing process strongly affects the morphology of the
P3HT:PDI-1 films. Crystallization of PDI-1 will also lead to a lowering of the band gap
(HOMO-LUMO separation) and as such the effective band gap of a P3HT:PDI-1 solar cell
is decreased, leading to a reduction of V.. A similar effect was observed for
polymer:fullerene solar cells upon annealing [16]. However, for P3BHT-PDI-1 blends we do
not observed a red-shift in EQE upon annealing. To investigate the effect of the effective
band gap on V.. and its light intensity dependence numerical simulations are carried out. In
Figure 4.7 numerical simulations are shown for the case of solar cells with two different
band gaps and ohmic contacts in a model system with 200 nm active layer thickness and
equal electron-hole mobilities (u and up, respectively) in the order of 10711 m?2/Vs. The
generation (light intensity) is varied over four orders of magnitude (10%-10%* 1/m®s) while
all other parameters (mobility, thickness, temperature, dielectric constant) are kept the
same. It is shown that in the case of a decrease in the band gap the V.. indeed drops, but
that the slope of V,-light intensity dependence is not affected. A slope of kT/q is observed

over the full of generation range.
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Figure 4.6. Effect of annealing times on the decrease of V. in (1:1) P3HT:PDI-1 solar cells. The

solid line corresponds to a slope of kT/q and the dotted lines to a slope of kT/2q.
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Figure 4.7. The slope of V,-light intensity dependence depicted, when Eg,,=0.96 eV and
Egap=0.70eV. Solid lines corresponds to slope of kT/q.

4.4. Modelling of the photocurrent of P3HT:PDI-1 solar cells
The measured J-V characteristic of an as-cast (1:1) ratio P3HT:PDI-1 solar cell under

illumination is simulated and shown in Figure 4.7, together with the dark current of the

same device. As input for the numerical simulations, the mobilities for electrons and holes

58



are experimentally determined from electron-only and hole-only devices (Chapter 3),
respectively. The effective band gap (Egp) of the blend is estimated from the LUMO
energy of the acceptor and the HOMO energy of the donor material. The relative dielectric
constant (&) is taken as 3. To calculate the dissociation probability P(T,E) of a bound
electron-hole pair the Onsager-Braun model is used [17,18]. In this model the dissociation
of the bound pair is characterized by two parameters, the initial separation distance a
between the electron and hole and the decay rate (lifetime) k; of the bound pair. From the
numerical simulation of the J-V characteristics of a P3HT:PDI-1 solar cell under
illumination a charge separation distance (a) of 0.87 nm is found, together with a decay rate
(ke) of 2x 10*1/s.As a comparison, in P3HT:PCBM based solar cells the charge
separation distance is reported as 1.8 nm, whereas k; is also found to be 2x10* 1/s [19,20].
A smaller charge separation distance implies that the e-h pair is tightly bound, and therefore
the charge separation is difficult in P3HT:PDI-1 blends. A large decay rate (short lifetime)
reduces the probability for dissociation. For the P3HT:PDI-1 the dissociation probability is
calculated at V-V = 0.1 V as 9.9 x 1072 from Ju/(qGmaxL). This means that at V=0V
(short-circuit) only 6.14 % of the photo-generated hole pairs are dissociated. This value is
about 15 times lower as compared to P3HT:PCBM cells [21].

In Figure 4.8 it is also shown that the photocurrent has a strong dependence on
(reverse) bias. With increasing electric field more and more of the strongly bound e-h pairs
are dissociated, leading to an increase of the current. As very high applied electric field all
photogenerated e-h pairs will be separated and the photocurrent will reach its maximum
value qGnaL. From the simulation, a maximum generation rate in P3HT:PDI-1 blends of
2 x 10%1/m3s is found. This low generation rate means that in spite of the higher
absorption coefficient of PDI-1 as compared to PCBM less electron-hole pairs at the D-A
interface are formed. The reason is most likely the formation of PDI-1 domains of which
the size is much larger than the exciton diffusion length. Then, most of the excitons that are
created in the PDI-1 will recombine before they reach the D-A interface where electron
transfer occurs and a bound pair is formed. From the simulations on the as-cast P3HT:PDI-
1 solar cell we can therefore conclude that the low photocurrent is the result of a low
generation rate of bound pairs at the D-A interface, combined with a low dissociation
probability of those pairs. Besides, low mobility leads to higher bimolecular recombination

and decreased FF together with field dependent generation rate.
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In order to simulate the P3HT-PDI-1 solar cell after annealing the decrease in Vg,
gives us direct information on the magnitude of the electron injection barrier. However, a
problem we encounter is that after annealing the electron currents in the electron-only
devices are injection limited and not space-charge limited. As a result, we cannot determine
the electron mobility after annealing. In order to estimate the electron mobility after
annealing we have simulated the photocurrent of the annealed device, with the electron
mobility as a fitting parameter, as shown in Figure 4.9. The injection barrier is estimated by
comparing the V. in as-cast and annealed devices. The simulation of the as-cast device is
taken as a starting point. In order to get the correct V. an injection barrier of 0.45 eV has to
be added while all other parameters are kept same. However, it can be clearly seen that the
observed increase in the photocurrent J,, cannot be explained. We know from single-carrier
measurements that the hole mobility does not change upon annealing. Therefore, the
increase of the photocurrent cannot be explained by an increase of the hole mobility. As
shown in Figure 4.9 it appears that a higher electron mobility leads to a higher photocurrent
(Jon). In order to reach the level of the experimental photocurrent the electron mobility need

to be increased to the order of 1.5 x 1072 m?/Vs.
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Figure 4.8. Numerical simulation of the (1:1) ratio of an as-cast P3HT:PDI-1 solar cell under
illumination. The black symbols represent the experimental photocurrent, red symbols are the dark
current and blue symbols are the annealed (120°C 10 min.) device. The black solid line is a fit to the
experimental photocurrent, using the fit parameters a and kg of 0.87 nm and 2 x 10*1/s,

respectively. G = 2 X 10%°1/m3s from the simulation and the device thickness is 180 nm.
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4.5. Modeling of open circuit voltage-light intensity measurements in
P3HT:PDI-1 solar cells
As a final step numerical simulations are carried out to model the V, -light intensity

measurements in P3HT:PDI-1 solar cells. The mobilities for electron and holes for the as-
cast case are taken from single carrier devices, which have been discussed in Chapter 3.
The V,-light intensity measurements in the annealed case can be used to calculate the
injection barrier and the electron mobility of the annealed device. The hole mobility for the
annealed case is again taken from the space-charge limited single carrier devices. In both
cases (as-cast and annealed) the generation rates set to real device values, which are shown
in Figure 4.1. The simulations are shown in Figure 4.10. The as-cast V. -light intensity
measurements is simulated with no barriers and with mobilities as obtained from as-cast
single carrier devices. In the annealed case, a contact barrier of 0.45 eV and an electron
mobility of 1.5x 107°m?/Vs is used in order to simulate the V,-light intensity
measurements. Similar to the simulation of the photocurrent of the annealed P3HT-PDI-1
solar cells (Section 4.4) and electron mobility of ~10° m?%Vs is required to correctly
describe the light-intensity dependence of the V... With this enhanced electron mobility all

the device characteristics of the annealed device are consistently explained.

4.6. Analysis of P3HT:PDI-1 solar cells in 1:4 weight ratio
In Chapter 3 electron and hole-only devices of P3HT:PDI-1 blends are studied before and

after annealing. Before annealing, the electron and hole transport are strongly unbalanced.
The electron mobility amounts to 4.5 x 10~11m?/Vs, whereas the hole mobility is equal
to be 7.5 x 1071%m?2/Vs. This strong imbalance in the transport leads to the build-up of
space charges and is detrimental for solar cell performance. After annealing the electron
mobility increases, but solar performance is hindered by a loss in V.. Another option to
obtain a more balanced transport without the necessity to anneal the devices is to increase
the amount of PDI-1 in the blend. For this purpose, we also investigate the device
properties of P3HT-PDI-1 blend solar cells in a (1:4) wt. ratio. P3HT:PDI-1 solar cells and
single carrier devices in (1:4) ratio are studied and compared to the results of the (1:1) ratio.
In Figure 4.11a and 4.11b the electron and hole currents of as-cast devices are shown. Both
the electron and hole currents exhibit a quadratic dependence on voltage, indicating that the
current is space-charge limited, and can be described by the Mott-Gurney Eqg. 3.1. The zero

field mobilities are found as 9 x 10~19m?/Vs for electrons and 1 x 10~°m?/Vs for
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holes. The electron mobility is prominently higher as compared to the (1:1) ratio, while the
hole mobility in the P3HT phase is nearly equal to the (1:1) ratio and thus only weakly
depends on the PDI-1 ratio. As a result the electron and hole transport is highly balanced in
as-cast (1:4) ratio P3HT:PDI-1 blends.
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Figure 4.9. Black symbols are for the experimental as-cast current and red symbols are for the
experimental annealed current (120°C 10 min.) of P3HT:PDI-1 solar cell. Solid lines are the
numerical simulations. Black line is the numerical simulation of as-cast device with no barrier, the
calculated zero-field electron- and hole mobilites from single carrier devices are
45x 107 m?/Vsand 7.5 x 1071°m?/Vs and G =1 X 1026 1/m3s . Blue line shows that in
order to compensate the decrease in V, in the annealed case 0.45 eV electron barrier (p.) is needed.
However, numerical simulation of annealed case (red line) shows that the increase in photocurrent
can be compensated with an increase of electron mobility to 1.5 x 1072 m?2/Vs (red solid line) and
Gpgx = 4 X 10%°1/m3s .
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Figure 4.10.V,—Versus light intensity dependence of as-cast and annealed P3HT:PDI-1 solar cells.

The as-cast devices are simulated with two ohmic contacts whereas the annealed devices are

simulated with a 0.45 eV electron contact barrier. The device thickness amounts to 198 nm.
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Figure 4.11. (a) Experimental electron current (symbols) and SCLC fit (line), (b) experimental hole

current (symbols) and SCLC fit (line). Both devices have a thickness of 140 nm.

In Figure 4.12 as-cast and post-annealed (1:1) and (1:4) ratio solar cells are shown

under illumination. The corresponding device parameters are shown in Table 4.2. In the as-

cast devices, we observe that the V. is slightly higher (0.06 V difference) in the (1:4) ratio

as compared to (1:1) ratio solar cell. Furthermore there is a 12 times increase in the Jg in
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(1:4) ratio as compared to (1:1) ratio, which can be correlated with the strongly increased
electron mobility in the (1:4) ratio. Also for the (1:4) ratio a decrease of V. is observed.
However, the decrease of 70 mV is far less as compared to decrease observed in the (1:1)
ratio (190 mV). Similar to the (1:1) case also the photocurrent increases upon annealing, it
nearly doubles, but with regard to the solar cell performance the current increase is
neutralized by the decrease of open-circuit voltage. To further investigate the open-circuit
voltage decrease we also annealed the devices before evaporation of the LiF/Al cathode. It
appears that annealing leads to a similar decrease in V. both in the pre- and post-annealed
case. With regard to the photocurrent increase in current is more prominent in the post-
annealed devices. This result shows that post-annealing is the preferred treatment of the

P3HT-PDI-1 solar cells in order to gain photocurrent.

— As-cast (1:1)

» Annealed (1:1)
| — As-cast (1:4)
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Figure 4.12. Experimental J-V characteristics of (1:1) and (1:4) ratio P3HT:PDI-1 solar cells. Lines
are for as-cast devices, symbols represent the same devices upon annealing at 120°C 10 min. Red
line and symbols show the photocurrents of the (1:1) ratio blends, black line and symbols are for the

(1:4) ratio blends. The device thicknesses are around 200 nm.

Table 4.2.V,., Js., FF and PCE of (1:1) and (1:4) ratio P3HT:PDI-1 solar cells.

Device Voo [V] | I [A/M?] | FF [%] | PCE [%]
(1:1)As-cast 0.54 0.5 36 0.016
(1:1)Annealed | 0.35 3.3 26 0.050
(1:4)As-cast 0.60 6.0 40 0.24
(1:4)Annealed | 0.53 11.7 34 0.35
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As a next step we have studied P3HT:PDI-1 (1:4) ratio solar cells with different
cathode materials, both in conventional structure and in the inverted structure. Furthermore,
also the annealing temperature was varied. Inverted solar cells have the structure of
ITO/ZnO/P3HT:PDI-1/Mo0Os/Al, so the cathode (ZnO) is here the bottom electrode and the
MoO; anode the top electrode. The J-V characteristics of the various solar cells are given in
Figure 4.13. and the device performances are summarized in Table 4.3. For the as-cast
devices the solar cell with a (Ba\Al) top contact has the best performance, with a slightly
higher V. and also a higher photocurrent. Upon post-annealing at 80°C, the V. of the solar
cell with Ba/Al cathode decreases around 80 mV, while for the LiF\AI top contact and the

inverted structure Vo, doesn’t change.

Annealing at 100°C significantly lowers the V. for the LiF/Al top contact and
inverted solar cells. Annealing at 120°C even further decreases the V, of both the solar cell
with LiF/Al top contact and the inverted cell. The solar cell with Ba/Al cathode does not
further loose V, and remains on the value reached after annealing at 80°C. Between as-cast
devices and solar cells annealed at 120°C the decrease in V. is lowest for the Ba\Al (70
mV) cathode, than the LiF\AI cathode (120 mV) and is largest for the inverted (210 mV).
As a result, the conventional solar cell device structure with a Ba\Al top contact annealed at
120°C shows the best performance. External quantum efficiency (EQE) measurements for
(1:4) P3HT:PDI-1 blend solar cells with Ba/Al cathode before and after annealing are
shown in Figure 4.14. Compared to (1:1) ratio blends discussed in Chapter 4 (Figure 4.2),
the EQE shows a prominent increase, both for the as-cast and annealed devices. For the
annealed solar cells with (1:4) P3HT:PDI-1 ratio the EQE reaches to about 20 % at 480 nm.
The simulated photocurrents of as-cast and annealed (120°C and 10 min.) (1:4) ratio
P3HT:PDI-1 devices are shown in Figure 4.15. In order to simulate the decrease in V,. and
increase in photocurrent, electron injection barrier of 0.35 eV and electron mobility of
7 x 107°m?/Vs is used. While the as-cast device simulated with the electron and hole
mobilities of single carrier devices (Figure 4.11). It is seen that the small contact barrier is
formed upon annealing and the electron mobility is increased around 7 times compared to

as-cast device.
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Figure 4.13. Measured J-V characteristics of (1:4) ratio P3HT:PDI-1 solar cells with Ba/Al, LiF/Al
cathode in conventional structure and in inverted structure. Lines are as-cast devices and symbols are

the same devices upon post-annealing at 120°C 10 min. The device thicknesses are around 200 nm.

Table 4.3. (1:4) ratio P3HT:PDI-1 solar cells with Ba/Al, LiF/Al cathode and inverted structure. The
annealing temperatures are 80°C, 100°C and 120°C.

Devices As-cast 80°C 100°C 120°C
Ba/Al V,:=0.60 V V=052V | V=047V | V=053V
cathode J.=6 A/m? Jo=7T AIm* | J=6 AIm*> | Ji =11.7 A/m?
FF=40 % FF=30 % FF=40 % FF =34 %
PCE=0.24% | PCE=0.18 % | PCE=0.18 % | PCE=0.35 %
LiF/Al V,:=0.55 V V=053V | V=046V |V,=0.43V
cathode J.=5.4 AIm®* | J=5.4 AIm* | J=6.6 A/Im* | J:=6.7 AIm*
FF=40 % FF=21 % FF=26 % FF=25 %
PCE=0.19% | PCE=0.10 % | PCE=0.13 % | PCE=0.12 %
Inverted V,:=0.52 V V=052V | V=038V |V,=0.31V
structure J=2.5 AlIm?* | J.=4.5 AIm? | J=4.4 AIm? | J=3.1 A/Im?
FF=30 % FF=33 % FF=35 % FF=33 %
PCE=0.065 % | PCE=0.13 % | PCE=0.1 % | PCE=0.053 %
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Figure 4.15. Numerical simulation of an as-cast (1:4) ratio P3HT:PDI-1 solar cell under illumination

(red line) and numerical simulation of the photocurrent where decrease in V.. is compensated with

an electron barrier (p,) of 0.35 eV and mobility of 7 x 1072 m?/Vs (blue line). Red symbols are for

the experimental as-cast current and blue symbols are for the experimental annealed current.
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For comparison also the V. -light intensity dependence of as-cast and annealed
(120°C 10 min.) (1:4) ratio P3HT:PDI-1 solar cells with Ba/Al and LiF/Al cathodes are
compared, as shown in Figure 4.16a and 4.16b, respectively. For Ba/Al devices, although
the V. shows a decrease of 70 mV, the slope of the V,-light intensity dependence in as-
cast and annealed devices is not affected and amounts to kT /q. In contrast, for the case of
the LiF/Al contact the decrease in V. is higher, around 120 mV, and at high light intensities
the slope is decreasing to kT /2q for the annealed devices. Apparently, the slope of V-
light intensity dependence is only affected when the electron injection barrier is sufficiently
high.

0.8

(1:4)-Ba/Al cathode ' “|(1:4)-LiF/Al cathode |
_osf . _
2,

Souls _
= As-cast = As-cast
L@ . « Annealed] _[*(b) . ~+ Annealed
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Figure 4.16. V, -light intensity dependence of as-cast and annealed (120°C 10 min.) (1:4) ratio
P3HT:PDI-1 solar cells with Ba/Al (a) and LiF/Al (b) cathode. Solid lines are the slope of kT/q,
while the dotted line is slope of kT/2q.

As so far has been discussed, in P3HT:PDI-1 solar cells annealing of solar cells show
an important decrease in V. It was demonstrated from electron transport measurements
and solar cell dark currents and light-intensity dependence of the V,. decreases. This
decrease originates from the occurrence of an electron injection barrier. The amount of V,
decrease is dependent on the kind of top contact, on the annealing conditions and on the
P3HT:PDI-1 blend ratio. In order to investigate whether the decrease of the V, upon
annealing is specific for P3HT:PDI-1 blends or also occurs for other donor materials we
also studied BHJ solar cells with 5.Poly[(4,8-bis-(2-ethylhexyloxy)-benzo(1,2-b:4,5-
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b")dithiophene)-2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-2-
carboxylate-2-6-diyl)] (PTB7) as donor. PTB7 has its LUMO of -3.31 eV and the HOMO
around 5.15 eV (Figure 4.17). For the solar cells, PTB7 and PDI-1 are blended in (1:1) ratio
and spin casted from chloroform solution. Typical thickness of the active layer amounts to
135 nm. Similar to the P3HT:PDI-1 case the PTB7:PDI-1 solar cells are measured before
(as-cast) and after annealing (post-annealing, 120°C 10 min). Figure 4.18 shows the current
voltage characteristics of an as-cast and annealed solar cell of PTB7:PDI-1 (1:1). The
device parameters are shown in Table 4.4. For PTB7:PDI-1 solar cells the device
performance is significantly higher as compared to P3HT:PDI-1 as-cast devices. The main
increase in device performance stems from a 25 times higher Js. as compared to P3HT:PDI-
1 solar cells. Furthermore, also the V,. for PTB7:PDI-1 cells is around 151 mV higher for
as-cast devices, which originates from the deeper HOMO level of PTB7. In contrast to
P3HT-PDI-1 devices in PTB7:PDI-1 solar cells annealing does not affect V,.. Annealing
even slightly decreases the device performance due to a reduction of the photocurrent. This
results show that the observed decrease of V,. upon annealing, i.e. creation of an contact
barrier, is dependent on the donor material in the blend with PDI-1 and seems to be specific
for the P3HT:PDI-1 system. The microscopic origin of the V,. decrease in P3HT:PDI-1
blends and comparison of this origin ith PTB7:PDI-1 blends are subject of further study

Figure 4.17. 5.Poly[(4,8-bis-(2-ethylhexyloxy)-benzo(1,2-b:4,5-b")dithiophene)-2,6-diyl-alt-(4-(2-
ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)] (PTB7) molecular structure.
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Figure 4.18. Current-voltage characteristics of (1:1) ratio PTB7:PDI-1 solar cells before and after

annealing at 120°C 10 min. The device thickness amounts to 135 nm.

Table 4.4.V,., Js., FF and PCE of (1:1) ratio PTB7:PDI-1 solar cells.

Device Voo [V] | Jsc [A/M?] FF [%] | PCE [%]
PTB7:PDI-1 [ 0691 |[12.7 33 0.32
As-cast

PTB7:PDI-1 [ 0.689 |[12.1 26 0.26
Annealed

4.7. Conclusions
In this chapter the device characteristics of (1:1) ratio P3HT:PDI-1 solar cells are

investigated. As-cast devices show a very low photocurrent, which is attributed to low
generation rate of bound e-h pairs, combined with a low dissociation rate. Besides low
mobility of charge carriers increases bimolecular recombination losses. Both the low
mobility and field dependent generation rate decreases the FF. Subsequently, the solar cells

are annealed at 120°C for 10 minutes. Upon annealing, the solar cells show an increased
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photocurrent, but also a reduced open-circuit voltage. Measurements of the dark current
and open circuit voltage as a function of light intensity all indicate towards the presence of
a contact barrier, which is consistent with the observation of injection-limited currents in
electron-only devices upon annealing (Chapter 3). V,-light intensity measurements reveal
in the as-cast devices a slope of kT/q, whereas in the annealed solar cells the slope
decreases to kT/2q at high light intensities, which is the fingerprint of a contact barrier.
Annealing is a crucial step in order to gain photocurrent in P3HT:PDI-1 solar cells due to
an increased electron transport, but it simultaneously deteriorates the electron contact
leading to a loss in V,, such that the efficiency is only moderately enhanced. In order to
further investigate the P3HT:PDI-1 blends, solar cells and single carrier devices are
investigated in (1:4) ratio. In (1:4) ratio the transport is more balanced and the electron
mobility is prominently higher as compared to the (1:1) ratio, while the hole mobility in the
P3HT phase doesn’t show a prominent change compared to (1:1) ratio. As result of a better
charge transport, (1:4) ratio solar cells exhibited better solar cell performances both in the
as-cast and annealed devices.

4.8. Experimental
Regioregular poly(3-hexylthiophene) rr-P3HT donor and commercial perylene-3,4,9,10-

perylene tetracarboxylic acid diimide (PDI) acceptor are blended in a (1:1) ratio and spin
casted at 1000 rpm from a chloroform solution. Devices were fabricated on a glass
substrate that is covered with patterned indium tin oxide (ITO). Glass/ITO substrates were
cleaned with a detergent agent and ultrasonicated in acetone and isopropanol, and the
cleaning was finished with a UV-ozone treatment. Blends are sandwiched between
poly(3,4-ethylenedioxythiophene)/poly(styrenesulfonate) (PEDOT:PSS) as hole-conducting
bottom electrode and for the top contact either barium (Ba) (5 nm) /Aluminum (Al) (100
nm) or lithium fluoride (LiF) (1 nm)/ Al (100 nm) was used. Inverted solar cells have the
structure of ITO/zinc oxide (ZnO) (~20 nm)/P3HT:PDI-1/ Molybdenum trioxide (MoO3)
(10 nm)/Al, so the cathode (ZnO) is here the bottom electrode and the MoO; anode the top
electrode, where ZnO has prepared from 20 mg/ml zinc acetylacetonate hydrate/ethanol
solution. Both the ITO/glass substrate and the ZnO solution are heated to ~63°C and
solution is coated at 1000 rpm and annealed directly at 120°C 5 min. Then the blend
(P3HT:PDI-1) and cathode (MoOs/Al) is coated. In all cases, the complete devices are

annealed at 120°C 10 min. in nitrogen atmosphere. Devices are measured under a nitrogen
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atmosphere with a Keithley 2400 source meter. For the solar cell measurements, a white
halogen lamp with a set of seven neutral density filters is used for the measurements of V.
on incident light power. Solar cell efficiencies are corrected according to light intensity of
600 W/m? for P3HT:PDI-1 solar cells and 860 W/m?* for PTB7:PDI-1 solar cells.
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5. Charge transport in P3HT:perylene diiimide derivatives

The electron transport in a blend of regioregular poly(3-hexylthiophene) (rr-P3HT)
as donor and two different perylene diimide derivatives with ortho- substitution as acceptor
is studied. Drift-diffusion simulations are performed to model the electron transport. As
compared to the commercial PDI-1 derivative a slightly lower electron-mobility is observed
in the as-cast devices. The role of the electron injecting contact is discussed and correlated
to the decrease in open-circuit voltage in annealed solar cells.



Chapter 5: Charge transport in P3HT:perylene diiimide derivatives

5.1. Introduction
As discussed in Chapters 3 and 4, perlylene diimides (PDI) have been considered as new

alternative acceptor materials to replace fullerene derivatives for organic electronic
applications. An attractive feature of PDIs is the availability of their functional peri-, bay-
and ortho- positions (see Chapter 3 Figure 3.1). This opens the opportunity to modify its
electronical and optical properties to achieve the desired charge transport properties and
morphologies for organic electronic applications [1]. The first generation PDIs [1]
exhibited strong 7-m stacking of the molecules and largely phase separated aggregates are
created. These aggregates are then claimed to hinder device performance of organic solar
cells [2-4]. Therefore, for organic solar cell applications the design of new PDI derivatives
aims at decreasing and controlling the aggregation properties of PDI molecules.

In a review article by Li et al., the history of PDIs both in terms of material synthesis
and device application are extensively described [1]. It has been discussed that the core
substitution in PDI highly affects the absorption and electronic properties of the molecule.
It was also shown that the substitution in the bay- position of PDIs causes twisting of the
molecules (both in the core and between PDI molecules) and may have negative effect on
the molecular packing properties for a good morphology [1]. Via ortho- substitution the
aim is to disrupt high packing of molecules without causing twisting in the core of the PDI
molecule. Therefore, ortho- substitution is promising in order to prevent high level of
packing which leads to fast bimolecular recombination and intermolecular state formation
[1].

In this chapter electron-only devices and solar cells of two newly synthesized PDI
derivatives are studied and they are named as PDI-2 and PDI-3, as shown in Figure 5.1.
Both materials have core substitutions in the positions 2-, 5-, 8-, and 11- (see Chapter 3
Figure 3.1). Additionally, PDI-2 has a short alkyl chain in the N-position, similar to
commercial PDI-1, while PDI-3 has a longer alkyl chain in the N-position. It has been
previously shown that core substitution prevents close interactions of the molecules in the
solid state of material. This prevents strong aggregation of the material [2,5,6] and

positively affects the solar cell performance.
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Figure 5.1. Structural formulas of (a) PDI-2 and (b) PDI-3 small molecule PDI derivatives.

5.2. Electron and hole transport in PDI derivatives
Electron-only devices of (1:1) ratio P3HT:PDI-2 and P3HT:PDI-3 blends are investigated

and current-voltage (J-V) characteristics are shown in Figure 5.2. For as-cast devices the
P3HT:PDI-2 electron-only device shows a nearly symmetric J-V curve, indicating that in
forward bias (electron injection from LiF/Al) and reverse bias (injection from Al), good
electron injection is achieved. In the case of P3HT:PDI-3 electron only devices, the highest
current is seen in reverse bias, similar to the case of P3HT:PDI-1 electron-only devices in
Chapter 3. Therefore, the electron-current injected from the LiF/Al top contact in forward
bias is clearly injection limited. The representative currents in both P3HT:PDI-2 (forward
bias) and P3HT:PDI-3 (reverse bias) are nearly equal in magnitude and both show a
guadratic dependence on voltage. As a result these electron currents exhibit space-charge-
limited behavior and are described by the Mott-Gurney law [8]. In Figure 5.3a and 5.3b
drift-diffusion simulations of the temperature dependence of the electron current in
P3HT:PDI-2 and P3HT:PDI-3 blends are shown, respectively. For both blends the disorder
parameter (o) is ~0.15 eV, which is similar to what was found for P3HT:PDI-1 blends
(0.1476 eV) (see Chapter 3). As a result it is expected that the charge transport in these
blends will be relatively equal to the results found for P3HT:PDI-1 blends. The zero-field
mobility for electrons are found to be2 x 1071m?/Vs and 1x 10"11m?/Vs for
P3HT:PDI-2 and P3HT:PDI-3 from as-cast electron-only devices, respectively. These
electron mobilities are 2.25 and 4.5 times lower as compared to the electron mobility in as-
cast P3HT:PDI-1 blends. The zero field mobility for holes are found to be 3.5 X
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Chapter 5: Charge transport in P3HT:perylene diiimide derivatives

1071%m?2/Vs and 1.3 x 1072 m?/Vs for P3HT:PDI-2 and P3HT:PDI-3 from as-cast hole-
only devices, respectively (Figure 5.5). The hole mobility in as-cast P3HT-PDI-2 is 2 times
lower as compared to as-cast P3HT:PDI-1 blends, whereas for P3HT:PDI-3 blends the hole
mobility is 2 times higher. So in all cases the measured electron- and hole mobilities are
relatively close.

10 & o P3HT:PDI-2 as-cast3
8 o P3HT:PDI-3 as-cast
10 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 15 2.0
VIVl

Figure 5.2. The current-voltage characteristics of as-cast P3HT:PDI-2 and P3HT:PDI-3 electron-

only devices. Device thicknesses are 65 nm and 60 hm, respectively.
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Figure 5.3. Drift-diffusion simulation of measured as-cast electron-only currents of (1:1) ratio
P3HT:PDI-2 and P3HT:PDI-3 blends. Symbols are the experimental J-V characteristics at indicated
temperatures and solid lines are fits to the experimental data. The simulation parameters are

indicated as an inset.
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5.3. The effect of annealing on electron and hole current in PDI

derivatives
In Figure 5.4a and 5.4b the J-V characteristics of as-cast and annealed P3HT:PDI-2 and

P3HT:PDI-3 based electron-only devices are shown, respectively. In P3HT:PDI-2 devices,
the electron current decreases around 2 orders of magnitude in forward bias, while in
reverse bias there is only a slight change in the current. As a result, upon annealing the
quality of the top contact is strongly affected and the current in forward bias becomes
injection limited. In P3HT:PDI-3 devices, where the current from the top contact was
already injection limited in as-cast devices, annealing decreases the electron current around
1.5 order of magnitude both in reverse and forward bias. Since both bulk-limited (reverse
bias) and injection limited current (forward bias) of the as-cast devices decrease
simultaneously upon annealing it is not clear whether this is the result of a degradation of
both contacts or a reduction of the bulk mobility. In Figure 5.5 the J-V characteristics of as-
cast and annealed hole-only devices are seen. In P3HT:PDI-2 devices the hole current
increases by one order of magnitude upon annealing, whereas for P3HT:PDI-3 blends the
hole-currents only shows a slight change. After annealing the zero-field hole mobility
increases from 3.5 X 1071%m?/Vs to 2.2 x 10~°m? /Vs for the P3HT:PDI-2 blends.

P3HT:PDI-2 P3HT:PDI-3
10° F 3 o
(\,I_|1071 i (\',_'10'1
g g 107
107 F ) 3 <
:' g —j0?
10° E R
10*
ol —As-cast { .f ] As-cast ]
@) = Annealed (b) ~ Annealed
105_2 o 2 10° ; 2
V [V] Vv]

Figure 5.4. The current-voltage characteristics of P3HT:PDI-2 (a) and P3HT:PDI-3 (b) electron-only
devices before (solid lines) and after annealing (symbols) at 120°C 10 min. Device thicknesses are

65 nm and 50 nm, respectively.
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Figure 5.5. Current-voltage characteristics of P3HT:PDI-2 (a) and P3HT:PDI-3 (b) hole-only
devices before (solid lines) and after annealing (symbols) at 120°C 10 min. Device thicknesses are

65 nm and 50 nm, respectively

As a summary, for the P3HT:PDI-2 blends the electron transport is not affected by
annealing, whereas the hole transport is increased. In contrast, for the P3HT:PDI-3 blends

the electron current is strongly reduced, whereas the hole current remains unaffected.

5.4. Solar Cells
As a next step, the performance of P3HT:PDI-2 and P3HT:PDI-3 blends are investigated in

(1:1) ratio in solar cells. Solar cells are fabricated by sandwiching the blends between a
PEDOT:PSS anode and LiF/Al cathode. The current under illumination and the relevant
device parameters (Vo, Js., FF and PCE) are shown in Figure 5.6 and Table 5.1 for as-cast
and annealed devices (120°C 10 min), respectively. As-cast solar cells of P3HT:PDI-2 and
P3HT:PDI-3 clearly show a higher V. and Js than P3HT:PDI-1 solar cells (see Chapter 4).
The highest V.. (0.66 V) is measured for as-cast P3HT:PDI-2, which upon annealing
decreases with 120 mV to 0.54 V. On the other hand, the V,. of P3HT-PDI-3 blends
slightly increases from 0.55 V to 0.57 V upon annealing. It has been shown in Chapter 4
that the annealing process highly affects the V. in P3HT:PDI-1 blends, the decrease in V.
upon annealing amounts to 190 mV. In order to correlate the observed V,. with the electron
transport properties it should be noted that since solar cells have an evaporated LiF/Al top
electrode the forward electron-only currents of Figure 5.4 have to be considered. For the

P3HT:PDI-2 blend a strong decrease of the forward bias was observed, whereas the reverse
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bias remained unchanged. This shows that the electron transport itself is not affected by
annealing, but that the injection quality of the LiF/Al top contact is deteriorated due to the
presence of an electron injection barrier. This observation is consistent with the decrease of
Vo in P3HT:PDI-2 solar cells, similar to the case of P3HT:PDI-1 solar cells (Chapter 4).
For the P3HT:PDI-3 blend the electron current in forward bias was already injection
limited in the as-cast devices. As a result the as-cast solar cells are expected to exhibit a
lower V. as compared to the P3HT:PDI-2 case, as is also observed, see Table 5.1. Upon
annealing the forward electron current in the P3HT:PDI-3 blend decreases, but the V.. does
not really change. The even lower electron current upon annealing can therefore not be
explained by a further increase of the electron injection barrier, which would also result in a
lowering of V... A lowering of the electron mobility could also explain the simultaneous
decrease of the forward (bulk) and reverse (injection-limited) bias.

However, this explanation seems to contradict with the gain in J;. as observed for
both P3HT:PDI-2 and P3HT:PDI-3 blends upon annealing (Table 5.1). It should be noted
that an increased photocurrent not necessarily means that the electron mobility in the
P3HT:PDI-3 blends has to be increased after annealing. An eventual decrease of the
electron mobility can be compensated by an increase of the generation rate Gy due to an
improved morphology for generation of bound electron-hole pairs. The increase in
photocurrent after annealing leads to a higher device efficiency for the annealed P3HT:PDI-
2 and P3HT:PDI-3 solar cells. So far, the annealed P3HT:PDI-2 blend gives the best
performance, but the difference with the annealed P3HT:PDI-3 solar cells is small. For as
cast-devices the differences between the two material systems are more prominent. Looking
at the solar cell efficiency the core substitution in PDI positively affects the solar cell
performance, as compared to the commercial PDI-1.

In Figure 5.7 the V,-light intensity dependence of as-cast P3HT:PDI-2 and
P3HT:PDI-3 solar cells are shown, together with P3HT:PDI-1 solar cells for comparison.
The slopes of kT/q and kT/2q are indicated in the graph. It appears from Figure 5.7 that the
Voc-light intensity dependence of the P3HT:PDI-3 blends deviates from the slope of kT/q at
high light intensities and approaches to kT/2q. This behavior is characteristic for solar cells
with an injection-limited contact and is consistent with the observations of the reduced
electron current in forward bias (Figure 5.2) and reduced V,. (Figure 5.6). In the case of
P3HT:PDI-1 and P3HT:PDI-2, where the as-cast devices have an ohmic electron top

contact, the whole intensity range is described by a slope of kT/q.
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External quantum efficiencies (EQE) of as-cast and annealed P3HT:PDI-2 and
P3HT:PDI-3 blends are shown in Figure 5.8. As-cast P3HT:PDI-2 devices show a very low
EQE (4 % at peak at 530 nm), while P3HT:PDI-3 solar cells show a higher EQE around 13
% at 530 nm. Upon annealing the EQEs of both blends increase for all wavelengths and

show a similar behavior, which is consistent with the nearly equal solar cell performances,

as shown in table 5.1. Previously, P3HT:PDI-2 blends were investigated in solar cells by

Kamm et al. in solar cells [5] and by Puniredd et al. in field effect transistors [9]. Besides,

from XRD measurement it has been shown that the packing behavior is slightly affected in
P3HT:PDI-2 films upon annealing [5].

—— P3HT:PDI-2 as-cast
P3HT:PDI-3 as-cast

o P3HT:PDI-2 annealed
o P3HT:PDI-3 annealed

00 02 7 06

0.8

1.0

Figure 5.6. Current-voltage characteristics of P3HT:PDI-2 and P3HT:PDI-3 solar cells before (solid

lines) and after annealing (symbols) at 120°C 10 min. Device thicknesses are 60 nm and 50 nm,

respectively.

Table 5.1. Solar cell parameters of current-voltage characteristics of figure 5.6.

Device Voo | Jsc[A/M?] | FF [%] | PCE [%]
(1:1) As-cast P3HT:PDI-2 | 0.66 2.3 19 0.05
(2:1) Annealed P3HT:PDI-2 | 0.54 9.7 26 0.22
(1:1) As-cast P3HT:PDI-3 | 0.55 7.9 25 0.18
(1:1) Annealed P3HT:PDI-3 | 0.57 9.1 25 0.22
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Figure 5.7. The V,.-light intensity dependence in (1:1) P3HT:PDI-1, P3HT:PDI-2 and P3HT:PDI-3
solar cells. The experimental data are represented by symbols, solid line indicates a slope of kT/q and

the dotted line represents a slope of kKT/q.

5.5. Conclusions
The electron transport in blends of P3HT with various PDI derivatives has been studied.

The zero field mobilities in as-cast devices of ortho-substituted PDIs are found as 2 x
10711 m?/Vs and 1 x 1071 m? /Vs for P3HT:PDI-2 and P3HT:PDI-3, respectively. The
slightly lower electron mobility as compared to the commercial PDI-1 might arise from the
small increase of the energetic disorder. As-cast P3HT:PDI-2 electron-only devices exhibit
SCLC behavior, however upon annealing the LiF/Al top-contact quality decreases and the
electron current becomes injection limited. In P3HT:PDI-3 blends already as-cast devices
show an injection-limited current for the LiF/Al top contact, and upon annealing this
injection-limited current further decreases. When applied in solar cells, as-cast and
annealed devices of P3HT:PDI-2 and P3HT:PDI-3 show a higher photocurrent density than
devices of commercial PDI-1 blended with P3HT. Therefore, higher device efficiencies are
measured for the ortho- substituted PDI derivatives as acceptor in BHJ solar cells. Similar
to the commercial PDI-1 based blends the V. significantly decreases upon annealing in the
P3HT:PDI-2 solar cells. As-cast P3HT:PDI-3 solar cells have already lower V, values and
show a decreased V,-light intensity dependence at high light intensities, indicative for an

injection-limited contact. In order to further improve the performance of PDI based
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acceptors newly designed derivatives are necessary to reduce the losses in V. and increase
the charge generation.

20 T T T
—— As-cast P3HT:PDI-2
/A — As-cast P3HT:PDI-3
"\« -=- Annealed P3HT:PDI-2

A/‘ “\-a- Annealed P3HT:PDI-3]

A

EQE [%)]

400 500 600 700

Wavelenght [nm]

Figure 5.8. EQE (external quantum efficiency) spectrum of P3HT:PDI-2 and P3HT:PDI-3 based as-

cast and annealed solar cells at 120°C 10 min.

5.6. Experimental
Perylene diimide derivatives with N- and ortho substitution are synthesized in the group of

Prof. Klaus Miillen at the Max Planck Institute Polymer Research. In this work, ortho
substituted PDI-2 and PDI-3 (PDI-3 material has a longer alkly chain in the N-position) are
blended with regioregular poly(3-hexylthiophene) rr-P3HT as donor material in a (1:1)
ratio and spin casted from chloroform solution at 1000 rpm. The concentration of the
solutions amount to 6.6 mg/ml. Devices were fabricated on a glass substrate covered with
patterned indium tin oxide (ITO). The ITO substrates were cleaned with a detergent agent
and ultrasonicated in acetone and isopropanol, and the cleaning was finished with a UV-
ozone treatment. Blends are sandwiched between poly(3,4-
ethylenedioxythiophene)/poly(styrenesulfonate) (PEDOT:PSS) as hole-conducting bottom
electrode and for the top contact an evaporated lithium fluoride (LiF) (1 nm)/aluminum
(Al) (100 nm) contact is used in solar cells. In electron-only devices glass substrates were
used and cleaned in the same way as the glass/ITO substrates. The bottom contact is Al (30

nm) and the top contact is evaporated LiF(1nm)/Al (100nm). Devices are measured under a

84



nitrogen atmosphere with a Keithley 2400 source meter. Solar cell efficiencies are
corrected according to light intensity of 600 W/m?.

85



Chapter 5: Charge transport in P3HT:perylene diiimide derivatives

S.7.

[1]
[2]

[3]
[4]

[5]

[6]

[7]
[8]

[9]

References

C. Li and H. Wonneberger, Adv. Mater. 24, 613 (2012).

S. Rajaram, P. B. Armstrong, B. J. Kim, and J. M. J. Fréchet, Chem. Mater. 21,
1775 (2009).

Chen, Y.; Zhang, X.; Zhan, C.; Yao, J.Phys. Status Solidi A, 212, 1961 (2015).

P. E. Hartnett, E. A. Margulies, H. S. S. R. Matte, M. C. Hersam, T. J. Marks, and
M. R. Wasielewski, Chem. Mater. 28, 3928 (2016).

V. Kamm, G. Battagliarin, 1. A. Howard, W. Pisula, A. Mavrinskiy, C. Li, K.
Miillen, and F. Laquai, Adv. Energy Mater. 1, 297 (2011).

T. T. Clikeman, E. V. Bukovsky, X.-B. Wang,Y.-S. Chen, G. Rumbles, S. H.
Strauss, and O. V. Boltalina, Eur. J. Org. Chem., 6641 (2015).

G. Sauvé and R.Fernando, J. Phys. Chem. Lett. 6, 3770 (2015).

N. F. Mott and R. W. Gurney, Electronic Processes in lonic Crystals (Oxford
University Press, London, 1940).

S. R. Puniredd, A. Kiersnowski, G. Battagliarin, W. Zaja, W. Zajaczkowski, W.W.
H. Wong, N. Kirby, K. Miillen,and W. Pisula, J. Mater. Chem. C 1, 2433(2013).

86



6. Electron transport in P(NDI20OD-T2) polymer with varying molecu-
lar weights

The electron-transport in the n-type Poly{[N,NO-bis(2-octyldodecyl)-naphthalene-
1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,50-(2,20-bithiophene)} [P(NDI20D-T2)], known
also as Activink N2200 polymers is investigated for various molecular weights. No
systematic dependence of the electron transport on molecular weight is observed.
Compared to the commercial N2200 all compounds exhibit a lower mobility and higher
energetic disorder. A possible cause for the reduced electron transport is the occurrence of

electron traps remaining from the synthesis.



Chapter 6: Electron transport in P(NDI120D-T2) polymer with varying molecular
weights

6.1. Introduction
In organic semiconductors the hole transport is typically trap free and space-charge limited,

while the electron transport is limited by traps [1-3]. Therefore, organic semiconductors
with both trap-free electron and hole transport are highly wanted in order to improve the
performance of organic electronic devices such as organic solar cells, light emitting diodes
and field-effect transistors.

In recent years it was found that organic semiconductors with a LUMO deeper than
~-3.6 eV exhibit trap-free electron transport [4]. In Chapter 3 a commercial perylene
diimide derivative with the LUMO ~-3.8 eV has been discussed and trap-free electron
transport was demonstrated. In the last years, also conducting polymers with trap-free
electron transport have been developed, amongst them the well-known N2200 polymer,
developed by Polyera Corporation shown in Figure 6.1. The N2200 polymer has the
LUMO around ~-4 eV and the HOMO at ~-5.6 eV [5]. The N2200 polymer is a promising
acceptor material for organic solar cells and an efficiency of 8.27 % has been reported for
all-polymer BHJ solar cells [6].

The charge transport in the N2200 polymer has been studied by several groups [6-
15]. A high electron mobility of 1 x 10~7m?/Vs has been reported from time-of-flight
measurements [7]. In 2010, Steyrleuthner et al. studied the electron transport in N2200
based diodes it was shown that although N2200 has a LUMO at ~-4 eV the electron current
is injection limited for common cathode materials [7]. The measured electron current scaled
with the applied electric field, which is a footprint of an injection-limited current [7]. In
Chapters 3 and 5 injection limited electron currents also occurred in some of the perylene
derivatives, in spite of a deep LUMO at ~-3.8 eV, either in the as-cast or annealed electron-
only devices with the common cathode barium/aluminum as injecting contact. Later in
2012, Wetzelaer et al. studied the electron and hole transport in the N2200 polymer [14]. It
was demonstrated that a bulk-limited SCL current was obtained when cesium carbonate
(Cs,CO3) is used as cathode material. Cs,CO; is known to act as an n-type doping for
organic semiconductors upon thermal evaporation with its decomposition to cesium
suboxides [16].

In this chapter, the effect of molecular weight on the electron transport is studied in
the N2200 polymer with three different molecular weights. The polymers are synthesized in
the group of Dr. Michael Sommer at the University of Freiburg. Electron-only devices have
been fabricated using a Cs,COs/Aluminum cathode and drift-diffusion simulations have

been performed to analyze the measured electron currents. As a reference, also the
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commercial N2200 from Polyera was studied. Compared to the commercial N2200, the
materials studied here show lower electron mobility as compared to commercial N2200
material. Furthermore, there is no systematic relation between the electron mobility and the
molecular weight of the material.

CgHi7

CgHa7

CigHzy

Figure 6.2. Chemical structure of P(NDI20D-T2), also known as Activink N2200 that has naphtha-

lene diimide core and bithiophene unit.

6.2. Electron Transport in commercial N2200 from Polyera
Electron-only devices of the commercial N2200 polymer (Polyera Corporation) are studied

using a CsCOs/Al top electrode as injecting cathode. The thickness of the CsCOs interlayer
is varied between 1 nm and 2 nm and followed by 100 nm aluminum (Al) capping layer.
The N2200 polymer is spin coated from toluene. The electron currents of 12 devices are
shown in Figure 6.2a and 6.2b for a 1nm or 2 nm layer of CsCO3, respectively. The active
layer thickness amounts to 215 nm for all devices. We observe that the electron currents are
highly reproducible in both cases, i.e. on top of each other and the devices show an
asymmetric behavior of the current density. In agreement with earlier literature results, the
forward bias where electrons are injected from the CsCOs/Al top electrode is higher than
the reverse bias, meaning electron injection from the bottom Al electrode. In Figure 6.3a
and 6.3b a representative current for each case is shown in a double logarithmic scale. In
both cases, we observe a linear behavior at low voltages and a quadratic behavior at high
voltages, which is a sign of a space charge limited current. The deviation at high voltages
stems from the charge carrier density and electric field dependence of the mobility as it is
previously demonstrated in the literature for commercial N2200 [14]. The numerical drift-

diffusion simulations of the temperature dependence of the electron current are shown in
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Figure 6.4a and 6.4b. The temperature dependence in both cases is very well described by
the simulations. The zero-field and zero-density electron mobility at room temperature
amounts found to be 3.78x10~8 m?2/Vs. The density, field and temperature dependence of
the electron mobility of commercial N2200 is characterized by an average intersite spacing
(a) of 3.0 nm and an energetic disorder parameter (o) of 0.085 eV.
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Figure 6.2. Current-voltage characteristics of commercial N2200 electron-only devices with a
thickness of 215 nm using a 1nm (a) and 2 nm (b) cesium carbonate (Cs,CO3) interlayer at the top

electrode.
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Figure 6.3. Current-voltage characteristics of commercial N2200 electron-only devices with a
thickness of 215 nm with 1nm (a) and 2 nm (b) Cs,COj interlayer on a double logarithmic scale.

Solid lines indicate the linear (black) and quadratic (grey) regime.
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Figure 6.4. Temperature dependence of the electron current of commercial N2200 electron-only
devices with a thickness of 215 nm using 1nm (a) or 2 nm Cs,CO; top as interlayer for the top

electrode. Solid lines are fits by a numerical drift-diffusion model to the experimental data.

6.3. Electron Transport in N2200 with varying molecular weight
The electron currents together with the drift-diffusion simulations for RM-167, RM-215

and RM-266 materials (lowest, middle and highest molecular weight N2200, respectively)
are shown in Figure 6.5, 6.6 and 6.7, respectively. The molecular weight of the materials
amounts to 40,000 g/mol, 91,000 g/mol and 173,000 g/mol for RM-167, RM-215 and RM-
266, respectively. The commercial material from Polyera lies in between the RM-215
(middle) and RM-266 (high) in terms of molecular weight. For the commercial material the
fit parameters as obtained from the drift-diffusion simulations amount to a=3.0 nm for the
average intersite spacing, and ¢=0.085 eV for the energetic disorder. Compared to earlier
reported results (a=2.2 nm) the average intersite spacing is slightly higher, leading to a
higher field and density dependence of the mobility [14]. These parameters now serve as a
reference for the transport properties of the newly synthesized batches with different
molecular weight. The fit parameters from the drift—diffusion simulations of electron
currents of the three different molecular weights of N2200 are listed in Table 6.1. It is seen
that all three materials exhibit a higher energetic disorder of =0.095 eV, as compared to
the commercial material. Besides, the intersite spacing varies between the different
molecular weights, as seen in Table 6.1. For the high-M,, RM-266 we find a similar value

as compared to the commercial material, for the low-M,, (RM-167) and middle-M,, (RM-
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215) a higher value is obtained. The zero-field and zero-density electron mobility at room
temperature amounts to 1.15x 107°m?/Vs, 6.13x107%m2/Vs and 1.27 X
107°m?/Vs for RM-167, RM-215 and RM-266 respectively. We observe that the electron
mobilities in RM-167, RM-215 and RM-266 materials are all lower as compared to the
electron mobility in the commercial N2200 material, which amounts to 3.78 X
1078 m?2/Vs . The electron mobility of the low (RM-166) and high (RM-266) compounds
are identical, whereas the mobility of the middle M,, (RM-215) is two times lower. As a
result, the differences in mobility are small and there is not a systematic dependence of
mobility on M,,. The higher disorder and lower electron mobilities in RM-167, RM-215 and
RM-266 materials could originate from the presence of electron traps incorporated during
the synthesis of the materials. It has been previously shown that typical electron traps are
located at around ~-3.6 eV below vacuum level. Therefore, the trap-limited electron
transport in N2200 would be surprising because of it is low LUMO of ~-4.0 eV. However,
it has been demonstrated in MEH-PPV that by purification deep traps, meaning deeper than
the universal trap at ~-3.6 eV, could be removed, leading to less hysteresis in the electron
current [17]. The trapping effects due to the presence of the universal trap at -3.6 eV
however, remained after purification. Such additional deep traps would show up as shallow
traps in N2200 due to its deep LUMO. Furthermore, also in P3HT p-type defects could be

removed upon a lithium aluminum hydride treatment [18].
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Figure 6.5. Drift-diffusion simulation of lowest molecular weight (RM-167) N2200 material.
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Figure 6.6. Drift-diffusion simulation of medium molecular weight (RM-215) N2200 material.
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Figure 6.7. Drift-diffusion simulation of highest molecular weight (RM-266) N2200 material.

Table 6.1. The fit parameters to the drift-diffusion simulations in figure 6.1, 6.2 and 6.3.

Material Intersite spacing (a) | Disorder (o) [eV] Mobility [m?/Vs]
[nm] from E.G.D.M.[19]
RM-167 3.45 0.095 1.15x 1077
RM-215 3.70 0.095 6.13 x 10710
RM-266 3.00 0.095 1.27 x 107°
Commercial 2.80 0.085 3.78 x 1078
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6.4. Conclusions
The electron transport in the n-type conducting polymer N2200 has been studied for

various molecular weights. The results have been compared to the electron transport in
commercial N2200 material. Simulation of the temperature dependence of the space-charge
limited electron currents show that the polymers studied here have a lower electron
mobility and higher energetic disorder as compared to the commercial N2200. Furthermore,
there is no systematic dependence of the mobility on molecular weight. A possible reason
for the lower electron mobility and higher disorder could be the presence of shallow
trapping sites that remain from the synthesis. Such traps would mask any effect of

molecular weight on electron mobility.

6.5. Experimental
In this work, the electron transport in three different molecular weight N2200 polymers are

studied, together with commercial N2200 as a reference. The molecular weight of the
polymers amounts to 40,000 g/mol for the lowest M, (RM-167), 91,000 g/mol for the
middle M,, (RM-215) and 173,000 g/mol for the highest M,, (RM-266). Glass substrates
covered with ITO were used and cleaned with detergent agent and ultrasonicated in acetone
and isopropanol. The cleaning was finished with an UV-0zone treatment. The electron-only
devices used in this study have the structure aluminum (10 nm)/N2200/cesium carbonate
(Inm or 2nm)/aluminum (100 nm). The concentration of the solutions is 20 mg/ml and only
for the case of the highest molecular weight material 20mg/ml concentration is used. The
solutions are spin coated at 1000 rpm from toluene solution. The polydispersity of the
polymers are as follows; 3.6 for the commercial N2200, 2.35 for the lowest molecular
weight, 3.03 for the middle molecular weight and 4.02 for the highest molecular weight.

Devices are measured under nitrogen atmosphere with a Keithley 2400 source meter.
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