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On the Correlation Between Structural Order and Molecular Dop-
ing in Semiconducting Polymers - In contrast to the improved under-
standing of pristine organic semiconductors that has been developed
over the last decades, fundamental questions about the complex inter-
play between molecular doping and structural order in semiconduct-
ing polymers are still to be answered. In the present work, new in-
sights on this interplay were unveiled using electron diffraction, spec-
troscopic methods, and electrical characterization. The doped poly-
mer P3HT was explored in three states: in the solution before film for-
mation, in the static thin film, and in a dynamic non-equilibrium state.
Mechanisms related to the charging upon doping were found to gov-
ern the formation of order in the polymer P3HT already in the solu-
tion state. In doped solid films, the controversially discussed change
of polymer crystal lattice spacing upon doping was examined, and a
model explaining the changes based on the doping-induced charges
was developed. In non-equilibrium conditions, the semi-crystalline
morphology of the polymer P3HT was found to be an important
prerequisite for the diffusion of dopants. Furthermore, an electric-
field-controlled drift of molecular dopants was demonstrated and
analyzed in detail for the first time. Proof of concept memory and
memristive devices illustrate potential applications of this controlled
dopant drift.

Uber den Zusammenhang struktureller Ordnung und moleku-
larer Dotierung in halbleitenden Polymeren - Wahrend die Struk-
turbildung in reinen organischen Halbleitern in der Vergangenheit
Gegenstand intensiver Forschung war, gibt es bei dotierten Polyme-
ren noch keinen Konsens iiber die Ausbildung struktureller Ordnung
sowie deren Auswirkung auf die Dotiereffizienz. In dieser Arbeit
konnte mittels Elektronendiffraktion, spektroskopischen Methoden
und elektrischer Charakterisierung gezeigt werden, dass eine Inter-
aktion des Polymers P3HT mit Dotanten im Losungsmittel die spa-
tere Strukturbildung dominiert. Weiterhin klédrte ein Vergleich ver-
schieden grofier Dotanten sowie eine Variation des Dotierprozesses
die Einlagerung und rdaumliche Position der Dotanten in kristallinem
P3HT auf. Ein Modell wurde entwickelt, welches eine in dieser Ar-
beit gemessene und in der Literatur kontrovers diskutierte Anderung
der Kristallebenenabstinde durch die von der Dotierung induzierte
Ladung des Polymers erklaren kann. Uber die Untersuchung der sta-
tischen Eigenschaften hinaus wurde die semikristalline Morphologie
von Polymeren als wichtige Voraussetzung fiir die Diffusion moleku-
larer Dotanten identifiziert. Zusitzlich zur Diffusion wurde erstmalig
ein Drift geladener Dotanten in einem elektrischen Feld nachgewie-
sen und charakterisiert. Zudem zeigt diese Arbeit, dass ein solcher
Drift potenziell in Speicherelementen und memristiven Bauteilen An-
wendung finden kann.
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INTRODUCTION

We believe the polyacetylene halides may be the forerunners of a new
class of organic polymers with electrical properties which may be
systematically and controllably varied over a wide range by chemical
doping.
Hideki Shirakawa
Alan G. MacDiarmid

Alan J. Heeger
J.C.S. Chem. Comm., 1977

With this quote, Shirakawa, MacDiarmid, and Heeger concluded
their article on the discovery that the polymer polyacetylene can be
doped with halogens in the late 1970s [1]. The prediction quoted
above came true as this discovery and related work initiated research
activities that led to the emergence of the field of organic electron-
ics [2]. For their early work, the Nobel Prize for Chemistry 2000 was
awarded to the three authors “for the discovery and development of
conductive polymers” [3]. Based on these findings, the first genera-
tion of dopants for semiconducting polymers comprised species that
form monoatomic ions, for example halogens such as iodine or elec-
tropositive metals, for example strontium or lithium [1, 4, 5]. How-
ever, the strong tendency to diffuse that these dopants show [6] does
not allow for a usage comparable to doped inorganic semiconduc-
tors, where stable p-n-junctions provide the fundamental basis for
light emitting diodes or solar cells [7]. As a consequence, the first
organic photovoltaic cells (OPVCs) and organic light-emitting diodes
(OLEDs) utilized two different materials that imitate the p- and n-
doped inorganic counterpart [8, 9]. Such devices convert photons to
charge carriers or vice versa in the direct vicinity (tens of nanometers)
of the interface between the two materials, which was realized as a
planar heterojunction in the beginning. In the case of OPVCs, this
planar interface developed to more complex interdigitated bulk het-
erojunctions over time [10]. Despite these developments, the complex
alignment of energy levels at interfaces, the low conductivity of trans-
port layers, and the need for a certain thickness of transport layers
to optimize absorption or outcoupling of light in OPVCs and OLEDs
limited device performance. Therefore, molecular dopants that can be
larger in size in combination with small molecule host materials were
developed. These allow for p-i-n structured devices in which charge
transport, injection, or extraction layers are doped. This principle is
now successfully applied in OPVCs [11, 12], OLEDs [13, 14], and or-
ganic field-effect transistors (OFETs) [15]. Furthermore, the field of
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organic thermoelectrics makes use of molecular dopants which allow
for an increase of the electric conductivity without changing the ther-
mal conductivity strongly at the same time [16, 17].

The objective of the present work is to shed light on some of the
presently unsolved questions regarding the doping of organic semi-
conductors: First, what are the mechanisms leading to structural or-
der in blends of host and dopant and what influence does the solvent
have in particular? Second, what are the morphological characteris-
tics of doped films—for example, how do the observed changes in
lattice spacing correlate to an intercalation of dopants in crystallites of
P3HT? Third, which morphological and molecular parameters dom-
inate the diffusion of dopants in a host matrix and can there be a
drift of charged dopant molecules in an externally applied electric
tield? The following gives a short introduction to the state of the art
in molecular doping and motivates the research questions this thesis
focuses on.

Figure 1.1: Chemical structures of the polymer P3HT and the molecular p-
type dopant F,TCNQ, together with a schematic of the investi-
gated blend microstructure.

While high-performance devices such as commercially available
OLEDs are processed by thermal evaporation of small molecules in
vacuum conditions, the long-term goal of printed organic electron-
ics requires a basic understanding of film formation from the solu-
tion state. This starts with understanding the interplay between sol-
vent and organic materials to gain full control over the formation of
structural order and intermixing effects upon drying. Finally, an exact
understanding of the morphology-related properties of the resulting
(doped) organic thin films is key. Such structure-property relation-
ships and the relevant parameters that allow for a precise control of
the structure were established in the past for many pristine materi-
als such as the thoroughly investigated polymer P3HT [18]. When
combined with molecular dopants though, the charge transfer can
significantly alter the formation of structural order due to changed
interactions with solvents and surrounding material. One prominent
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host:dopant combination used widely in literature is P3HT:F,TCNQ,
for which the microstructure to be investigated is schematically de-
picted in Figure 1.1. The present work elucidates previously noticed
discrepancies between existing studies [2] by a structural and spectro-
scopic study of solutions and thin films of doped P3HT. A detailed
comparison of thin films processed from two solvents that differ in
boiling point and polarity in addition to optical spectroscopy on the
still dissolved host-dopant blend uncovers that in case of doped P3HT,
the formation of structural order upon drying is dominated by the sol-
vent polarity. This is in contrast to pristine P3HT, where the boiling
point is decisive. Hence, new processing guidelines are needed for
the preparation of thin films from blend host-dopant solutions.

Although doped transport and injection layers are already a part
of functioning devices, the fundamental processes of doping organic
semiconductors are not fully understood yet. One example is the still
missing unifying description of doped organic semiconductors com-
prising small molecules and polymers [2]. Whereas doping of poly-
mers usually leads to full transfer of a charge between dopant and
polymer (integer charge transfer, ICT), doping of small molecules of-
ten leads to the formation of charge transfer complexes (termed CTC
or CPX) [2]. A unifying explanation of doping could allow to pre-
dict the charge transfer and doping efficiency based on the molecular
structure of dopant and host, which is not possible to date [2, 19]. In
addition, a clear understanding of how the structural order of semi-
crystalline polymers is connected to the doping efficiency is not estab-
lished and the roles of structure, spatial position and orientation of
the dopant are still subjects of investigation. Especially the question
if molecular dopants can reside in crystallites of P3HT and their spa-
tial position in the crystalline structure is controversially discussed
[20—23]. The present work contributes to this debate with the com-
parison of structure-revealing electron diffraction measurements on
P3HT doped with differently sized dopants. From the measurements
shown here, an intercalation of dopants in the 7-7t stacking of P3HT
crystallites is found to be unlikely.

A recent development that circumvents the difficulties arising from
the complex interplay of host, dopant, and solvent upon film forma-
tion is a sequential doping technique which allows for a solution-
processed doping of already formed thin films of polymers [24, 25].
Using this technique, it is possible to analyze the influence of the
host morphology on doping efficiency and charge transport of doped
polymers [22, 23]. As this technique relies on the ability of the dopant
to diffuse into the polymer, knowledge about the diffusion behavior
and its dependence on the structural order is needed. However, few
studies have yet been conducted that measure diffusion constants of
neutral and ionized dopants and explore the complex interplay with
chemical structure of host and dopant [19, 26—28]. The present work
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provides insight on the influence of structural order in the host matrix
on the diffusion of dopants. For this purpose, and to determine the
general impact of doping on the structural order, the semi-crystalline
polymer P3HT and a fully amorphous version of it were sequentially
doped with different techniques and dopants. The semi-crystalline
morphology is found facilitate diffusion. In addition to diffusion,
an electric-field-induced drift of charged molecular dopants was ob-
served and characterized in this work for the first time. Such a drift
can be cause to severe device degradation since the electrical proper-
ties change significantly upon de-doping of contact regions. On the
other hand, the present work demonstrates that a controlled drift of
dopants can be utilized in memory and memristive devices, for which
proof-of-principle studies are presented. To succeed in achieving sta-
ble and high-performance polymer-based devices, a detailed study of
the dynamic processes is essential. Further optimization of the chem-
ical structures and thin film morphology is necessary in order to con-
trol or inhibit the diffusion and drift of molecular dopants. This work
constitutes one step towards this goal, providing the analysis of chem-
ically modified n-type dopants that were specifically synthesized by
the research group of Prof. Bunz at the Institute for Organic Chem-
istry to be immobilized in a host matrix. An azide group is intended
to chemically bind the dopant to the host matrix upon thermal or op-
tical activation [29, 30].

One analytic method used in this thesis is transmission electron
microscopy (TEM) with a focus on electron diffraction. With high-
resolution TEM, imaging of ordered polymer domains is possible
[31], and electron diffraction reveals detailed information about the
crystalline content, especially the lattice spacings of crystalline do-
mains. In addition to this powerful technique that characterizes the
structural order in doped thin films, optical spectroscopy in the UV-
Vis spectral range in combination with theoretical models to corre-
late the observed absorption features with structural and electronic
properties [32, 33] was employed in this work. Electrical measure-
ments accompany the analyses to determine the conductivity upon
doping, and chronoamperometry was used to investigate the dopant
drift. Collaborations and joint measurements with colleagues are pre-
sented in this thesis where they contribute essential insights.
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1.1 OUTLINE

This thesis is structured as follows: Chapter 2 introduces the relevant
theoretical background of charge transport and doping in organic
semiconductors together with the theory behind electron diffraction,
ionic-electronic diffusion and drift, as well as memristive systems.
The experimental techniques used in this thesis are introduced in
Chapter 3, and relevant measurement parameters and conditions are
provided. Chapter 4 summarizes the relevant characteristics of the
used materials and gives a description of sample layouts and prepa-
ration for the various measurement techniques. The results and cor-
responding discussions are split in two parts: Part I comprises Chap-
ter 5 to Chapter 8 and focuses on the fundamental changes in struc-
tural order and related effects that occur upon doping. Chapter 5
introduces the structural features, characteristic optical spectra, and
conductivity measurements of pristine and doped organic semicon-
ductors used throughout this thesis. The influence of solvent on the
formation of structural order and related parameters in P3HT doped
from blend solutions is discussed in Chapter 6. Going from blend to
sequential doping, Chapter 7 gives an overview on how sequential
doping influences the ordered domains of P3HT and the correspond-
ing electronic properties. The impact of doping on the 7-7t stacking
in P3HT crystallites and the resulting implications are discussed in
Chapter 8 on basis of electron diffraction measurements and corre-
sponding density functional theory calculations. Part II of the results
and discussions focuses on the dynamic processes of diffusion and
drift of molecular dopants in organic semiconductors. After a short
literature review in Chapter 9, Chapter 10 discusses the dependence
of dopant diffusion on the structural order of P3HT. The electric-field-
induced drift of dopant molecules is then shown and characterized
in detail in Chapter 11. This chapter additionally presents proof of
principle memory and memristive devices based on a dopant drift.
Finally, Chapter 12 concludes on the results of this thesis and gives a
short outlook of expected future developments.
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This chapter summarizes the basic theoretical concepts needed for an
understanding of the measurements that are discussed throughout
this thesis. After a short general introduction to organic semiconduc-
tors, a framework to describe charge transport in intrinsic and doped
organic semiconductors is presented. Prevalent doping models and
the physics of optical transitions between molecular states are dis-
cussed to facilitate the understanding of UV-Vis and infrared spectra
of doped and undoped organic semiconductors. Finally, the theoretic
background of electron diffraction is shortly introduced, followed by
the description of ionic-electronic drift and diffusion and an introduc-
tion to the concepts of the memristor and memristive systems.

2.1 ORGANIC SEMICONDUCTORS

The class of organic semiconductors comprises carbon-based mate-
rials that reveal properties comparable to inorganic semiconductors
such as a band gap of a few electronvolt (eV) [34]. In contrast to the
crystalline lattice of single atoms that gives rise to the formation of
bands such as the valence and conduction band in inorganic semicon-
ductors, single molecules or sections of polymers that are separated
by kinks or twists in the backbone make up the basic units of or-
ganic semiconductors [35]. These basic units are—in a majority of
organic semiconducting materials—not part of one single crystal and
hence, the classical description of band formation is limited [34]. In
addition, the bonds between the single units are not covalent, but
of the significantly weaker van der Waals type. In contrast to inor-
ganic semiconductors, this class of materials requires consideration
of the properties of the basic units rather than a collective description.
The conjugation which is the overlap of p-orbitals of adjacent atoms,
usually carbon, enables a delocalization of electrons in a molecule or
along a polymer, which gives rise to the charge transport properties of
such materials. The atomic orbitals of the single atoms in a molecule
combine and form new orbitals with a splitting in energy that defines
a highest occupied and lowest unoccupied molecular orbital named
HOMO and LUMO, respectively [34].

When the view is expanded from single molecules or units to the
entirety of many units in a solid, the disorder in molecular alignment
and hence energetic surrounding determines the electronic proper-
ties of the system [35]. The molecular orbitals in different surround-
ings vary in energetic position and sum up to a density of states that



THEORY

is broad and—due to the stochastic distribution—usually described
with a Gaussian. The sum of energetic positions of all HOMO and
LUMO values of the single molecules then defines what is usually
compared to the valence and conduction bands in inorganic semicon-
ductors [34].

2.2 CHARGE TRANSPORT

The following introduces the fundamental mechanisms that deter-
mine the charge transport in organic solids to provide a basis for
doping-induced effects. Charge transport in organic solids can be
governed by several contributions, leading to descriptions that range
from disorder-based models to band transport, depending on the
material’s structural order [35-37]. The one-electron Hamiltonian for
low charge carrier densities and negligible electron correlation and
coulomb interaction effects is generally given by [36]:

H = Hg + Hyip + Het + Hgg + Heg - (2.1)

Here, Hg describes the electronic, Hy;, the vibrational, He; the elec-
tron transfer, Hyq the dynamic disorder, and Hgq the static disorder
term. A description of the single contributions and an assignment
which contributions dominate in which case are given in the follow-
ing, based on references [37] and [35].

The total energy of the system without intermolecular interactions
is described by He and Hyjp. Here, the molecules and the lattice can
be electronically and vibrationally excited. Hey governs the transfer
of an electron from one site to another and Hgyq introduces polaronic
effects, meaning interactions of the electronic excitation with the lat-
tice. The polaronic effects include a site-energy reduction due to the
interaction with lattice vibrations and a change of probability of tran-
sitions between two sites. Vibrations can occur between molecules
(inter) and within one molecule (intra). Hyg governs changes in site
energy (often termed diagonal) and transition probabilities due to
static structural variations (off-diagonal), i.e. static variations of inter-
and intra-molecular distances as well as orientations. The three limit-
ing cases are pure band transport, polaronic transport, and disorder-
based transport:

¢ Band transport: The interaction between neighboring molecules
dominates the system, leading to a delocalization of the charge
carriers and band transport. However, band transport in organic
semiconductors can only be observed for a charge carrier mobil-
ity around 10 cm? V™! s7! and higher [37], which is not given for
the materials studied in this thesis.

¢ Polaronic transport: The reduction of the site energy emerg-
ing from a coupling of electronic excitations to inter- or intra-
molecular vibrations has to be overcome by thermal activation.
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Charge transport between two sites takes place as a phonon-
assisted hopping process and the term Hyy dominates the sys-
tem.

¢ Disorder-based transport: It takes place when the density of
states is broad due to large variations in site energy and tran-
sition probability amplitude. In this case, thermal activation is
required to allow for a hopping transport between the distinct
sites.

For the materials investigated in this thesis, disorder-based charge
transport dominates the system. Polaronic transport possibly adds,
depending on the conditions given by material and processing.

A description of disorder-based transport can be given with the
Gaussian disorder model (GDM) that describes hopping between dis-
tinct sites. The dependence of the charge carrier mobility on tempera-
ture and electric field can be described with a model that takes into ac-
count energetic (diagonal) disorder as well as positional (off-diagonal)
disorder:

5 46° 2 2
uw(6, F) = poexp —5 | exp [C(G -z )ﬁ] for £ >1.5,
(2.2a)
. 462 >
1(6,F) = poexp [——5—| exp [C(c —2.25)x/ﬂ for £ <15.
(2.2b)

Here, X is the positional disorder parameter, o an energetic disorder
parameter, 6 = 9/kT, and C a constant that depends on the site sepa-
ration. This model predicts a Poole Frenkel-like field dependence of
Inp o< V/F and a temperature-dependence of In p oc 1/72.

This description disregards polaronic effects such as readjustments
of bond lengths when an electron is removed or added. To include
this, Fishchuk et al. developed an analytical theory based on the effec-
tive medium approach (EMA) [38]:

e [_E O 615 [eaF caf \
=Hoexp (— — 8q2 exp gV o exp 1q7KT ) 3

Here, a is the lattice constant, ¢ = /1 —0%/8eakT, and E, is de-
fined as half of the polaron binding energy. The equations presented
above were successfully applied to organic semiconducting polymers,
whereas it depends on the material system if polaron or disorder ef-
fects dominate [37].

Figure 2.1a describes the electron transport in the LUMO level
for low charge carrier concentrations. Electrons that are generated
or injected relax in energy so that the occupational density of states
(ODOS) is shifted to lower energy by o°/kzT compared to the initial
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DOS [39]. For a low charge carrier density, the Fermi level is far from
the Transport energy (Et) that allows for optimum hopping trans-
port [40]. Hence, the hopping transport requires large activation and
is greatly enhanced by increased temperature, large electric fields, or
photo-generation of high-energy charges.

a) A

\Qn DOS
0
Er X A Transport Energy
0oDOS \ /
o?/KkTH ® °
Er ® Fermi Energy
® {¢]
n(E) trap state/

b)

Gaussian DOS

0
ET * L2l Transport Energy

e e ® Fermi Energy
[ ] () ®
)
° °
n(E)

Figure 2.1: Schematic that illustrates charge transport in the case of a low
(a) and high (b) charge carrier density. The black line shows the
center of the Gaussian DOS representing the LUMO. Gray empty
and blue filled circles show available empty and occupied states,
respectively. The blue arrows illustrate thermal relaxation of gen-
erated or injected charge carriers. a) Charge transport requires
thermally activated transitions of charge carriers from the occu-
pational DOS (ODOS) to the transport energy Et in the low car-
rier limit (red arrow). b) In the presence of space charges, Fermi-
Dirac statistics governs the DOS occupation. Activation from the
Fermi level Ep to Et is required for charge transport. A broad-
ening of the DOS due to counter-charges (dopants) is neglected
here [35].

2.3 DOPING OF ORGANIC SEMICONDUCTORS

To provide a basis for the electrical measurements shown in this the-
sis, the changes in charge transport upon doping are discussed in the
following. Furthermore, the peculiarities of molecular doping of or-
ganic semiconductors are introduced, together with prevalent models
that describe the doping process.
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2.3.1  Charge Transport Upon Doping

The charge carrier density can be strongly increased by doping or
high induced currents as for example in the channel of an organic
field-effect transistor (OFET) due to the gate bias. In the case of dop-
ing, the distribution of the internal electric field can be distorted by
trapped space charges and the DOS is additionally modified by ion-
ized dopant molecules [37]. In an OFET or situation where a space
charge limited current (SCLC) exists, tail states are occupied by the
large currents flowing. Hence, the interactions between single charges
are no longer negligible. In this case, where the DOS is filled beyond
the quasi-equilibrium which lies energetically below the center of
the DOS by ¢%/k;T, the carrier statistics change from Boltzmann-like
to Fermi-Dirac-like [37]. Since charge carriers no longer start from
a temperature-dependent occupational DOS, the charge carrier mo-
bility changes from Inp o< T2 to an Arrhenius-like dependence of
Inp o< T-! for increasing concentrations [35]. Figure 2.1b schemati-
cally depicts the situation for a high charge carrier concentration. In
this case, the activation energy to reach the transport level is strongly
decreased, which leads to an increase in charge carrier mobility [37].
Experimentally, the prediction that u depends on the charge carrier
density n was confirmed by measurement of a charge carrier mobil-
ity in FETs that can be up to three orders of magnitude higher com-
pared to a diode [41]. In the case of doped organic semiconductors,
the the ionized and oppositely charged dopants lead to an additional
broadening of the DOS [37, 42] and can act as traps themselves [43].
Generally, the observed conductivity

0 =nepn (2.4)

depends on the interplay between the number of free charge carriers
generated by doping which increase the total charge carrier density
n and the charge carrier mobility p, which can strongly depend on
the structural order of the organic semiconductor, as discussed in this
thesis.

2.3.2 General Considerations

Doping of inorganic semiconductors is achieved by replacing atoms
of the semiconductor with atoms that possess one valence electron
more (n-doping) or less (p-doping) than the host in a crystal lattice.
In contrast, doping of organic (usually disordered) semiconductors
is realized by addition of entire molecules that act as p- or n-type
dopants. For the case of doping inorganic semiconductors, the bind-

11
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ing energy Ep of a hole to the dopant site can be estimated analogue
to the binding energy of an electron in the hydrogen atom
1 m;e?
fp=——-—n~ :

B 2 (4meger)?h2 (25)
where m; is the effective mass of the hole, €y the vacuum permittiv-
ity, and e, the dielectric constant. Calculation of Ep for silicon with
m{ = 0.3me and e,;5; = 11.7 [44] yields roughly 30 meV binding en-
ergy, which is comparable to kgT at room temperature. For organic
semiconductors, the Coulomb interaction energy

e2

.6
4mepera (26)

l:—Coulomb =
with the distance between dopant and host molecule a can be used to
approximate the binding energy that has to be overcome by a charge
carrier. a is typically on the order of 5A to 10A in organic semi-
conductors [22] and the dielectric constant of €, = 3 —4 is signifi-
cantly smaller compared to the inorganic counterpart [34]. This leads
to binding energies of hundreds of meV inducing a strong localiza-
tion of charge carriers and low doping efficiencies whereas in the case
of inorganic semiconductors, each dopant introduced is assumed to
contribute one free charge carrier. To understand why doping can
still be observed in OSC’s, a closer look at the energetic landscape
the doped molecules are embedded in [45] and the energetic readjust-
ment of electronic orbitals [46] is taken in the next sections. Because
of the low doping efficiency, dopant concentrations of 10 mol % to
10~! mol % are common for organic semiconductors [2] compared to
107*mol % to 1073 mol % in the inorganic case [44].

2.3.3 Doping Models

In the following, the two prevalent doping models Integer Charge
Transfer (ICT) and Charge Transfer Complex Formation (CPX or CTC)
are discussed on the example of p-type doping.

2.3.3.1 Integer Charge Transfer

To generate one additional hole on the host in case of p-doping, a
dopant molecule must receive one electron from the organic host. To
allow for this process, the electron affinity (EA) of the dopant has to
be lower in energy (corresponding to a higher binding energy) than
the ionization energy (IE) of the host, which is depicted in Figure 2.2a.
In this case, the integer charge transfer between host and dopant leads
to one additional hole in the host’s HOMO which potentially can con-
tribute to charge transport. However, Coulombic interaction can still
bind the hole to the dopant, turning the pure integer charge trans-
fer into a necessary but not sufficient prerequisite for a high doping
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efficiency. Whereas the energy levels of the neutral host and dopant
molecules determine if charge transfer happens, they do not remain
constant upon charge transfer. Due to on-site Coulombic interaction,
the occupied and unoccupied HOMO sublevels of the cation split in
energy with a splitting termed Hubbard U. The reorganization en-
ergy determined as the difference of frontier molecular orbital in the
neutral and the charged state is usually called reorganization energy
A. Figure 2.2b schematically illustrates how these readjusted energy
levels of charged dopant and host molecules are arranged energeti-
cally within the surrounding undoped molecules [46]. The right side
of Figure 2.2b shows the DOS of neutral and newly introduced occu-
pied and unoccupied states. Although the situation here is depicted
for separate molecules, polymers as host usually behave comparably
due to twists or kinks in the polymer backbone which reduce the
conjugation length to a few repeat units. Therefore, polymers can
be described as a sequence of weakly coupled sub-units comparable
to small molecules [37]. However, this description breaks down for
highly ordered polymers or polymers with a planar and torsion-free
backbone that even may possess a near-amorphous microstructure

[37, 471
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Figure 2.2: a) Schematic of ICT p-doping where the electron affinity of the
dopant is lower in energy compared to the ionization energy
of the host. b) Energy levels of neutral and p-doped OSC, and
dopant anion together with the corresponding DOS in the inte-
ger charge transfer scheme. A and U are the reorganization en-
ergy and Hubbard, respectively. (b) is reprinted from [46].

2.3.3.2  Charge Transfer Complex Formation

Besides the integer charge transfer, a process termed ground state
charge transfer complex (CPX or CTC) formation is known. This pro-
cess takes place if the overlap of electronic orbitals of dopant and
host favors the formation of supramolecular hybrid orbitals instead
of a complete charge transfer from host to dopant molecule. These
orbitals form as symmetric and antisymmetric linear combinations
of the doubly occupied HOMO of the host and the empty LUMO of
the dopant [2]. The new doubly occupied bonding and empty anti-
bonding orbitals of the CPX are illustrated in Figure 2.3a. The charge
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transfer § is defined by the share of the CPX-orbitals located on the
host molecule and can be a non-integer value in case of CPX forma-
tion. In a Hiickel-type model, the energetic position of the HOMO (H)
and LUMO (L) of the CPX are given as

Hosc + Ly
Ecpxn/L = % + \/(Hosc — Laop)? +4p2. (2.7)

Here, Hosc and Lgop are the HOMO of the organic semiconductor
host and LUMO of the dopant molecule, respectively, and 3 is the
resonance integral [46]. CPX formation does not require Lyqp to be
lower in energy than Hosc. Figure 2.3b shows the energetic position
of the CPX in the environment of a solid film. The charge transfer
complex forms in the neutral state, which leads to one occupied level
below and one empty level above the HOMO of the OSC. If Lcpy is
accessible for electrons in the HOMO of the OSC via thermal activa-
tion, the neutral CPX itself can act as dopant and an electron can be
transferred from Hpge to Lepx.

b
neutral OSC CPX neutral )
p-dopant — >

Hap — ;; F Jﬁ.i>

neutral
y 4 neutral  CPX 0SC osc DOS

L ] i cation
v CPX anion

a)

Binding Energy
binding energy

Figure 2.3: a) Schematic of charge transfer complex (CPX) formation. b) En-
ergy levels of neutral host, neutral CPX, doped host, and CPX
anion together with the corresponding DOS (only contribution
of neutral CPX shown) with the reorganization energy A. (b) is
adapted from [46].

ICT Versus CPX Formation

Doping via integer charge transfer is usually desirable since it directly
yields spatially separated charge carriers and molecular orbitals on
host and dopant. However, CPX formation can occur for energetic
configurations of Lqop, > Hosc which are usually not accessible for
ICT. But, to actually dope the OSC, Lcpx has to be comparable in
energy to Hosc. The design of an efficient dopant therefore strives to
lower Lcpy in case of CPX formation or to reduce Lyop in the first place
to ensure ICT. However, to achieve ICT, the intermolecular resonance
integral 3 has to be low, which could be reached by sterically shield-
ing the orbitals of host and dopant with chemical side groups [48].
For the organic semiconducting polymer P3HT investigated in this
thesis, ICT occurs with the dopants F,TCNQ and Mo(tfd-CO,Me);.
However, the small molecule 4T composed of four thiophene units
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which also make up the functional backbone of P3HT was shown to
form charge transfer complexes with F,TCNQ and nominal charge
transfer of & = 0.25 [49]. This highlights, that detailed knowledge
about the specific material system in terms of energy levels and elec-
tronic orbitals as well as spatial alighment and orientation of dopant
and host are necessary to predict, if ICT or CPX formation occurs.

2.4 TRANSITIONS BETWEEN MOLECULAR STATES

To understand the spectral signature of molecular transitions and
what can be learned from it, an introduction based on reference [35]
is given in the following. The wavefunction of a molecular state W,
can be approximated by the product of the (many-electron) electronic
wavefunction ¥, the spin wavefunction Wspin, and the vibrational
wavefunction W,,:

Wiotal = \yelwspinlyvib . (28)

In this picture, ¥, depends on the positions of the electrons as well as
of the nuclei. Yypin is a combination of the individual electron spins,
and Vi, depends on the positions of the atomic nuclei. This approach
to separate the overall wavefunction into a product of electronic and
nuclear wavefunctions (Born-Oppenheimer approximation) is legit-
imate as long as there are no significant interactions between the
single contributions. In the case of optical excitation, this is given
since the nuclei move slow compared to electrons. An optical exci-
tation of a molecule described as a system of coupled oscillators in
this picture can be illustrated with potential energy curves that repre-
sent the molecule in certain molecular configuration coordinates Qj.
Each potential represents one electronic state of the system, for ex-
ample the ground state Sy or the first electronically excited state Sy.
In each electronic state, vibronic excitation is possible, which gives
rise to distinct vibronic states within the potential curve. The form
of such a potential can be described analogue to a Morse potential
for a diatomic molecule with a minimum that is reached for a certain
configuration coordinate and an exponential increase towards closer
nuclei distances. In vicinity of the equilibrium, a harmonic oscillator
potential can be used to approximate the potential shape. Figure 2.4a
schematically illustrates the described situation and further processes
that are discussed in the following.

For the case of light absorption and the assumption that the en-
ergy of the molecule is changed only a little when excited, the dipole
operator ef can be used as perturbing Hamiltonian that excites the
molecule. With this approach, it is possible to derive, how the tran-
sition k;s between initial and final state depends on the perturbation:

2
kif = F’n ‘ <\yel,f\yspin,f\yvib,f‘ ef }Wel,i\yspin,i\yvib,i> ‘Zp ’ (29)
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where the molecular wavefunction Wi, is already divided into its
constituents, and p gives the density of the final states. Since the in-
cident electromagnetic wave oscillates too fast to affect the heavy nu-
clei and the change in magnetic field induced by the electromagnetic
wave is too small to have an effect on the spins, the dipole operator
ef solely acts on W, [35]. This leads to the following expression:

llIspin,i> ‘2‘ <\yvib,f ‘yvib,i> ‘2 . (2'10)

ef ‘Wel,i> ‘2‘ <\yspin,f

2
kif = %p | (et

In the following, the electronic, vibronic, and spin contributions to
the rate and intensity of an optical transition are briefly discussed.

2.4.1  Electronic Factor

If the electronic contribution | (Wei¢| ef [Wer;) ‘2 is different from zero,
the transition is dipole-allowed (otherwise dipole-forbidden). The value
of this contribution scales with the overlap of initial and final state
wavefunctions, which means that rates for orbitals localized on the
same part of the molecule such as m-7t*-transitions are higher than
rates of for example charge-transfer transitions that are located on dif-
ferent positions. In addition to the orbital overlap, the rate increases
with spatially more extended orbitals. This was for example shown
on the absorption of conjugated oligomers, which increases with in-
creasing oligomer length [35, 50]. With this knowledge, the strength
of an absorption signal can be used to determine its nature [35].

2.4.2  Vibronic Factor

Whereas the electronic factor determines the absorption intensity, the
vibronic factor | (Wyip ¢|Wvin,i) 2 also known as the Franck-Condon
factor, controls the spectral shape of the absorption. With an excita-
tion energy around 100 meV and higher, the molecules are usually
in their vibronic ground state at room temperature. The electroni-
cally excited state S has a molecular configuration coordinate that is
shifted by AQ; compared to Sp. At the same time, the heavy nuclei
are too slow to adapt on a time scale of the electronic excitation upon
absorption of an incident electromagnetic wave. Therefore, the transi-
tion probability Ip_., of a transition from the vibronic ground state
in Sy to any vibronic state m in Sy is usually not maximum for m = 0.
Figure 2.4a illustrates this process with vertical lines representing the
excitation. For a treatment of the oscillation in the potential depicted
in Figure 2.4a as harmonic oscillator with reduced mass M, force con-
stant k = Mw?, and angular frequency w,, the Frank-Condon factor
is related to AQ; by:

2 m -S
To—m = | (Wyib[Wyibi) | = € (2.11)
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Figure 2.4: Illustration of the Franck-Condon principle with simplified po-
tential curves for the electronic ground and excited states Sg
and S; that are shifted in molecular configuration coordinates by
AQ);. Optical excitations from Sy to S; are represented by vertical
arrows, illustrating the overlap of the vibrational wavefunctions
in each potential that determines the shape of absorption (b) and
emission spectra.
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(2.12)

is the Huang-Rhys parameter. Equation 2.11 determines the absorp-
tion (and emission) spectrum of a certain molecule. For molecules
with rigid bonds that do not change much upon excitation, the 0-0
transition dominates, whereas molecules with greater change in con-
formational coordinates reveal absorption spectra where for example
the 0-2 transition dominates, as depicted in Figure 2.4b. Whereas the
transitions can be observed as distinct lines in the gas phase, spec-
tra from solution or solid films reveal line broadening due to vari-
ations in the surroundings of the molecules. This can be accounted
for with introduction of a lineshape function I', usually a Gaussian
or Lorentzian. Together with the influence of the photon-density-of-
states in the surrounding medium, which is introduced with a factor
of [n(hw) - hw], the normalized absorption spectrum can be described
as:

Iaps = M(hw) - hw] - Z %efs T o(hw — (hwo + mhwy)) . (2.13)

Here, n(hw) is the refractive index at the given energy hw, m gives
the vibrational level with energy hw,, hwy is the 0-0 transitional
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energy, and 0 the Delta-function that defines the energetic position
of the 0-m transition. The formalism introduced above was extended
by Spano and coworkers, who considered the coupling of electronic
states to molecular vibrations and explain how the Franck-Condon
progression of a single molecule or polymer is changed when embed-
ded in an aggregate [32, 33, 51]. Together with a Frank-Condon fit
of optical absorption spectra, this allows for a calculation of the free
exciton bandwidth, which is directly related to the intrachain order
and conjugation length of a polymer. In Section 5.1.2, this theory is
utilized to assess the structural order of differently processed P3HT
thin films.

2.4.3 Spin Factor

The integral <lyspin,f‘lyspin/i> which represents the spin component of
Equation 2.10 is 1 if the spins of initial and final state are equal
and 0 if the spins differ. Hence, transitions between singlet and sin-
glet (fluorescence) or between triplet and triplet are generally spin-
allowed, whereas transitions between triplet and singlet states (phos-
phorescence) are spin-forbidden. However, phosphorescence is ob-
served when spin-orbit coupling perturbs the wavefunctions so that
a change in spin angular momentum can be counterbalanced by an
opposite change in orbit angular momentum. Prominent examples
for this process are molecules that include heavy atoms for the use in
phosphorescent OLEDs.

2.4.4 Transitions of Charged Molecules

Before discussing the transitions between charged molecules, the ter-
minology is clarified in the following. The molecular structure of
organic semiconductors leads to a different usage of the term po-
laron compared to inorganic semiconductors, which is important to
be aware of. The initial definition of a polaron is based on a crys-
tal in which a charge or charged site distorts the crystal lattice by
changing the distance to neighboring units due to the different po-
larization. The charge with the surrounding lattice distortion is cor-
rectly termed polaron. While this definition holds true for molecular
crystals, charged molecules in an amorphous solid need an adapted
description. In addition to the inter-molecular (outer) reorganization
energy that dominates in the classical polaron definition, there is a
significant intra-molecular (inner) reorganization energy for organic
molecules or polymers. A doped and hence charged and excited
molecule usually has a different molecular geometry compared to its
neutral state. The transition energy between both is termed inner re-
organization energy. The overall reorganization energy is then given
by A = Ainner + Aouter- In (partly amorphous) organic semiconductors,
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Ainner 18 large compared to Aouter [35]. However, the term polaron is
still used in the context of amorphous molecules or polymers, but
now refers to the combination of charge and the connected distortion
which is mainly intra-molecular.

Charging of molecules can be described analogue to the above in-
troduced picture. Adding (n-doping) or removing (p-doping) an elec-
tron leads to reorganization of the molecule with a shift of the confor-
mational coordinates AQ; and a corresponding change in electronic
orbitals and respective energy levels. Whereas the electronic excita-
tion of a molecule preserves the overall neutrality, the charging does
not. This leads to an interaction energy and hence polarization of the
surrounding that scales with v=% compared to the r~° dependence in
the case of an excited state [35]. A charged molecule hence impacts
its surrounding in a larger radius.

Figure 2.5a illustrates the HOMO and LUMO energetic positions
of the neutral molecule or polymer. ST depicts the optical excitation
of an electron from the HOMO to the LUMO. Figure 2.5b shows the
situation for a positively charged system that originates from the Su-
Schrieffer-Heeger (SSH) model for conjugated polymers which was
developed to explain effects like the optical band gap of polyacety-
lene [34, 35]. This band gap originates from the dimerization of car-
bon bonds in a polymer chain (Peierls” distortion) that is energetically
favorable compared to equidistant carbon bonds. A lattice mismatch
where the two senses of bond alternations meet carries a spin that
originates from the unpaired electron which does not participate in
bonding. It is called soliton and has an energy in the middle of the
band gap. As most other polymers do not have a degenerate ground
state, the SSH model was extended and instead of one state, two
states in the band gap appear. The spatial distortion that accompa-
nies the mid-gap states led to the terminology polaron. Whereas this
model was developed for ordered polymers, it is widely applied also
for solids of amorphous small molecules. Figure 2.5b depicts the situ-
ation of a positively charged system where the two states in the band
gap lead to observable absorptions P1 and P2. For the polymer P3HT
that is mainly investigated in this thesis, P1 is observed in the infrared
range around 0.5eV and P2 at energies around 1.5eV. Figure 2.5c il-
lustrates the model of a polaron that is delocalized not only along
the molecule or polymer backbone (intra-molecular), but also across
molecules or polymer chains, usually in the direction of -7t stacking.
In this case, the term 2D polaron is used and absorptions DP1 and
DP2 are observed for lower and higher energies than P1 and P2, re-

spectively [54].

Although often used, the underlying SSH model has significant
shortcomings when applied to disordered organic semiconductors.
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Figure 2.5: a) Scheme of an optical transition S1 in a neutral molecule or
polymer. b) Traditional energy level schematic of a positively
charged molecule with two polaron levels in the bandgap that
give rise to absorptions P1 and P2. ¢) As in (b), but the po-
laron is delocalized inter- and intra-molecular. d) Recently pro-
posed scheme for polarons on polymers (left) [52] and small
molecules (right) [53] that includes electronic interactions with
the surrounding.

One main assumption of this model is that electronic interactions
such as the Coulomb interaction of 7-electrons are small. For organic
semiconductors with a dielectric constant between 3 and 4, this is not
given. Recent studies by Winkler et al. and Heimel include the elec-
tronic interactions and propose the energy-level assignment shown
in Figure 2.5d [52, 53]. The left side illustrates the energetic situation
for a polymer where CB and VB are the conduction and valence band,
respectively. On the right side, a system composed of small molecules
is depicted with analogue LUMO (L) and HOMO (H) in the neutral
state. The discrete levels depict the charged molecule in the center
with the newly established level in the bandgap that gives rise to P1
and the energetically shifted LUMO level that gives rise to P2. The
neighboring molecules are affected by the charge which is indicated
by a shift in energetic position that decreases for increasing distance
to the charged molecule. This new model is currently under discus-
sion in the community and an extension to describe also 2D polarons
is yet missing, which leads to a mixed usage of both models in current
literature [55, 56].

2.5 THEORETIC BACKGROUND OF ELECTRON DIFFRACTION

In the transmission electron microscope (TEM), different types of in-
teractions between the incident electrons and the specimen can oc-
cur, with elastic and inelastic scattering as prominent examples. Elas-
tic scattering occurs usually to low angles from 1° to 10°. For thin
and crystalline specimens, elastic scattering is coherent in most cases,
whereas coherence can be lost for high scattering angles [57]. Inelas-
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tic scattering mostly occurs to low angles < 1° and is usually inco-
herent. Inelastic scattered electrons lost energy due to interactions
with the atoms in the specimen, e.g. via plasmonic or electronic ex-
citation. The following theoretical description focuses on elastic scat-
tering which dominates the formation of the investigated diffraction
patterns recorded in the TEM.

As displayed in Figure 2.6a, a wavefront normal defined by inci-
dent electrons is named kg, the diffracted wavefront normal is k1,
and the difference or scattering vector is defined as . Furthermore,
kol = |k1| = 27¢/A since elastically scattered electrons do not lose en-
ergy. Geometric considerations yield |q| = 2|k¢|sin(©/2), where O is
defined as the angle between scattered and incident electron beam. To
account for the phase difference between scattered waves, the struc-
ture factor F(®) can be introduced:

F©) =) 5(0)exp(—igq ). (2.14)
j

Here, f; is the scattering factor and r;j the coordinate of atom j. The
phase factor is given by ¢ - rj and the sum is derived for all atoms
in one unit cell [58]. An alternative expression of F(®) illustrates that
the structure factor is closely related to the Fourier transform of the
lattice potential:

F(O) x JV(r) exp(—q-r)dr. (2.15)

The integral is carried out over all volume elements within the unit
cell and V(r) is the scattering potential [58]. [F(©)2 gives the intensity
for a wave scattered with the angle O relative to the incident beam.
It is maximum where the scattered waves are in phase, which can be
visualized analogue to classical optics with Bragg’s law. Figure 2.6b
shows a schematic where atoms are arranged in the planes P; and P,
and incident electrons are scattered elastically from three exemplary
points A, B, C on these planes. The condition for a constructive inter-
ference is that the path difference due to scattering at two different
points equals nA, where n is an integer and A = 277/|x,| the wave-
length of incident electrons [57]. With the incident angle ©/2 and the
inter-plane distance d, Bragg’s law can be derived to

2dsin<§)> =nA. (2.16)
It defines the conditions for which diffracted electron wavefronts in-
terfere constructively, which can be detected in the experiment. The
incident angle ©/2 = Og that fulfills Equation 2.16 is termed Bragg
angle.

An alternative approach can be given with the Laue equations. In
this description, the vectors a, b, and c are the unit-cell translations
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Figure 2.6: a) Illustration of the incoming wavefront normal ko, the
diffracted wave normal k4, scattered by the angle ©, and the
scattering vector (. b) Incident electrons scatter from points A,
B, and C on the two planes Py and P,. The path difference for
scattering from A and B equals the path difference for scattering
from points A and C and is 2d sin(®/2). c) False-color electron
diffraction pattern of a polymer composed of randomly oriented
small crystallites, showing Debye-Scherrer rings.

of the lattice in real space. The scattering vector ¢ then must satisfy
the Laue equations to yield constructive interference:

q-a= h (2.17&)
q-b—k (2.17b)
q-c=1. (2.17¢)

Here, (hkl) are called Miller indices and must be integer numbers.
They, together with the reciprocal unit-cell translational vectors a*,
b*, and c* define the reciprocal lattice where

g =ha*+kb* +1lc* (2.18)

is the reciprocal lattice vector. Bragg’s law and the Laue conditions are
equivalent and both approaches can be transformed into each other
mathematically [44, 57].

2.5.1 Diffraction of Polycrystalline Materials

For wavefronts of electrons scattered from one single crystal, discrete
spots at positions in reciprocal space where constructive interference
occurs show up in the recorded diffraction pattern. The distance from
the center and the position in reciprocal space which is imaged by a
diffraction measurement correspond to stacking distances and orien-
tation of the crystal [57, 59]. Many crystallites with random orienta-
tions that are distributed within the illuminated volume of the sample
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cause diffraction spots distributed randomly in azimuth angle (hori-
zontal angle, in the plane of detection). For a number of crystallites
large enough or the size of the crystallites small enough, the entirety
of diffraction spots forms Debye-Scherrer rings, exemplary shown in
Figure 2.6¢ for the semi-crystalline polymer P3HT. Each combination
of hkl with non-zero structure amplitude F forms one ring [59]. The
integrated intensity of a total ring with Miller indices hkl can be ex-
pressed as
2.22,2

Ihkt = s MhinleKNvephkﬂng exp(—2Mg)A*dhit,  (2.19)
where js is the electron current density in the specimen plane, K the
number of crystallites with an average of N unit cells, each of volume
Ve. Phi is the multiplicity of planes with the specific hkl values. Vg
gives the so-called lattice potential that is decreased by the Debye-
Waller factor exp(—2Mg) due to thermal vibrations of the nuclei and
hence the lattice [59]. Equation 2.19 shows that the intensity of the
Debye-Scherrer rings depends on the absolute number of unit cells
(K- N) the electron beam passes through, but not on the dimensions
and shape of the single crystals. However, this only applies to ran-
domly oriented crystals and the ring intensities can change if a pref-
erential orientation (texture) is apparent. Additionally, the so-called
shape effect that describes the peculiarities of diffraction from small
volumes leads to a broadening of the diffraction spots of each crystal-
lite and hence to a broadening of the observed rings [60].

2.6 IONIC-ELECTRONIC DRIFT AND DIFFUSION

In Part II of the results and discussion of this thesis, the diffusion and
drift of dopant molecules is investigated. The following provides the
theoretic background that describes the motion of (charged) dopant
molecules as ions in addition to the electronic currents of electrons
and holes. In this basic consideration, the charged host molecules or
parts of a polymer chain are assumed to be spatially stable.

The Poisson equation links the distribution of electrostatic potential
¢ (x) to the local charge density with

€0erAP(x) = —ep(x) + en(x) + efj(x)Nj(x) . (2.20)

Here, p(x) and n(x) are hole and electron densities, f;(x) an ionization
factor, and Nj(x) the ion (dopant) concentration [61]. The charge q on
the dopant in the case of p-type doping is negative and hence —e. An
electric field can be generated by internal charge density variation
and an external potential. Such an electric field E in the simplest case
leads to a drift of ions according to v; = WE with the drift velocity v;
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and the drift mobility p;. The ion drift current density is then given
by

Jaritt = —eNjyE = qNjv;. (2.21)

In addition to the drift current described in Equation 2.21, a contribu-
tion of ion diffusion adds to the total ion current density. According
to Fick’s first law, the diffusion current density depends on the diffu-
sion constant D; and the gradient of the ion concentration [7]. Both
contributions add up to the total ion current density

Jion(x) = eDiVNi(x) 4+ eNi(x) i V(x) . (2.22)

The diffusion constant D; and ion mobility p; are coupled via the
Nernst-Einstein equation [7]. A short discussion if this equation holds
true in the system investigated here is given in Section 11.1.3. Ana-
logue considerations hold for the currents of electrons (n) and holes

(p)
Jnp(x) = FeDnpVNpp(x) £ eNpp(X)pnp Ve (x) . (2.23)

The ion flux as well as electron and hole flux are furthermore char-
acterized by the continuity equation [7]

aNi(X) _ 1 )
ot - Ev : Jl(x) (2.24&)
0 1
P 19 gt (2:24)
on(x) 1
) 19 . (2240)

In these equations, it is assumed that all dopant molecules are ion-
ized and independent of the counter-charge they generate. One possi-
ble extension would be the addition of generation and recombination
rates to introduce a doping efficiency below 100 % that could change
with conditions such as the electric field or temperature. This addi-
tion would then be necessary for the continuity equation of ions and
holes since one ionized dopant ideally corresponds to one free charge
carrier, which is a hole in case of p-doping.

2.7 THE MEMRISTOR & MEMRISTIVE SYSTEM

The following gives a brief introduction to the concept of the ideal
memristor proposed theoretically by Chua in 1971 and extends the
description to memristive systems in general.
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2.7.1  The Ideal Memristor

The four circuit parameters relevant for electronic theory and appli-
cation are charge Q, current I, voltage V, and magnetic flux @. Two
relations link the charge to the current and the flux to the voltage:

Q
dt
(2.25)
o _
a7

Furthermore, charge, voltage, current, and flux are known to be re-
lated via the following equations:

dv

—_ —R

dI

dQ

—<_C 2.26
dv ( )
do

— =1L.

dI

Here, R is the resistance, C the capacitance, and L the inductance.
However, a possible connection between flux ® and charge Q was
not discussed until Chua in 1971 proposed the following relation:

dd

0"
M is defined as memristance, which is the characteristic property of a
theoretically proposed device called memristor [62]. It is displayed in
Figure 2.7a as fourth fundamental circuit element, since its properties
cannot be reproduced by a combination of resistors, capacitors, and
inductors. A memristor is a nonlinear element and behaves like a re-
sistor which changes the resistance with the charge flowing through
it. Due to the ability to keep the resistance it had due to the charge
flow history, Chua gave it a name that combines memory and resistor:
the memristor. Having been proposed already in 1971, a team from
the Hewlett-Packard Labs described the practical realization of a de-
vice that behaves like a memristor in 2008 [63]. From that point on,
memristors gained attention and more and more devices were pub-
lished as memristors. However, the claim that the perfect memristor
was realized and the question if a practical realization in the strict
description of 1971 is possible at all is under debate [64]. Due to this
inconsistency in literature, the term ideal memristor is used for the de-
vice originally proposed in 1971, whereas memristor and memristive
device is used for the extended description of memristive devices that
Chua gave in 1976 [65].

M. (2.27)
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Figure 2.7: a) Connections between the four circuit parameters voltage V,
charge Q, magnetic flux @, and current I, linked by the funda-
mental curcuit elements resistor, capacitor, inductor, and mem-
ristor. Resistors and memristors are part of the broader class of
memristive systems. b) A current-voltage curve with large hys-
teresis and zero current at zero voltage is characteristic for a
voltage-controlled memristive system.

2.7.2  Memristive Systems

The ideal memristor is part of the broader class of memristive sys-
tems, which are generally defined by

x = f(x,u,t) (2.28)
2.2
y=g(xut) u.

In these equations, u denotes the input, y the output, and x the state
of the system [65]. The multiplication of the scalar function g with the
input is what defines the special property of memristive systems: The
output y at zero input is always zero, regardless of the state x. The
case that is investigated in this thesis can be identified as a voltage-
controlled memristive one-port device [65]:

x =1(x,V,t)

I=G(x,V,t)-V. (2.29)

Here, V and I are the voltage and current, respectively, and G denotes
the conductance. The second part of Equation 2.29 defines that in
such systems, the input-output Lissajous figure (in this case, the I-V
curve for a sweep between two boundaries) always passes through
the origin as depicted in Figure 2.7b. Another property of the system
is a dependence on the excitation frequency w. The higher w, the
narrower the Lissajous figure gets, until it approaches a straight line
through the origin [65]. Hence, the hysteretic effect decreases with
a frequency increase until the properties resemble that of a solely
resistive system. Systems like temperature-dependent resistors or the
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Hodgkin-Huxley circuit model of the nerve axon membrane can be
described as current- or voltage-controlled memristive systems with
this approach [65].






EXPERIMENTAL TECHNIQUES

This chapter provides an introduction to the experimental techniques
used throughout this thesis and introduces the main modes of opera-
tion that are relevant for shown measurements. In addition, relevant
measurement parameters are listed and explained. The TEM and spa-
tially resolved IR spectroscopy measurements were performed at Hei-
delberg University, while all other measurements were carried out at
the InnovationLab in Heidelberg. The InnovationLab is a joint plat-
form with competences ranging from fundamental research to sim-
ulations, device physics, and application-driven development in the
context of organic and hybrid printed electronics.

3.1 TRANSMISSION ELECTRON MICROSCOPY

The transmission electron microscope (TEM) used for all measure-
ments presented in this thesis is a Carl Zeiss Libra 200 MC Cryo DMU
(Kronos). It is equipped with a field-emission gun, in which electrons
are extracted by an applied voltage, marked as Source in Figure 3.1a.
In this TEM, the extracted electrons can be accelerated with 60kV
or 200kV acceleration voltage, whereas all measurements within this
thesis were performed in the 60kV mode. Between source and con-
denser system, the TEM is equipped with a monochromator that
allows for a narrowing of the energy and hence wavelength band-
width of electrons, thus creating a more coherent beam [57]. This is
especially useful for high-resolution electron energy loss spectroscopy
(EELS) and electron spectroscopic imaging (ESI). In the condenser sys-
tem, electromagnetic lenses focus the beam to the front focal plane of
the objective (specimen position) in case of imaging and the back focal
plane of the objective in case of diffraction [66]. After interaction with
the specimen and passing objective lenses, the electron beam enters
further electron-optical systems, summarized as Final Imaging System
in Figure 3.1a. The TEM used for measurements within this thesis
is equipped with a Cs corrector that corrects for spherical aberration
and an w energy filter which allows for an energy resolution down
to 70 —90meV at 60kV acceleration voltage. The image or diffraction
pattern can finally be recorded with a camera (TemCam F416, TVIPS
GmbH, Germany). The whole beam path from source to camera is
kept under vacuum to exclude any interaction of the electron beam
with particles or atoms in the beam path excluding the specimen.
For the measurements presented in Chapter 6, a two-axis tilt sample
holder was used that could also be used for electron tomography. For
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Figure 3.1: a) The basic setup of a transmission electron microscope. b) Beam
path illustrated for the case of diffraction. To obtain a diffraction
pattern on the screen or camera, the imaging system must be
focused on the back focal plane of the objective, which corre-
sponds to the first image plane for the electron diffraction pat-
tern. SAD: selected area diffraction. (a,b) are reprinted with per-
mission from [66], Copyright 2008 by John Wiley Sons, Inc.

these measurements, a dose of ~ 670 electrons per nm~2 was applied.

For all other measurements, a cryo sample holder in which the sam-
ple is cooled with liquid nitrogen to minimize beam-induced damage
in the specimen was used and a dose of up to ~ 1800 electrons per
nm~2 was applied. All TEM images and electron diffraction patterns
shown in this thesis were measured directly after sample preparation
in a glovebox at the InnovationLab and transport to the TEM which
is located at Heidelberg University.

3.1.1  Electron Diffraction

Figure 3.1b shows the electron beam path for the case of diffrac-
tion. After passing the sample, the electron beam is focused to the
back focal plane of the objective (diffraction plane) at which the se-
lected area diffraction (SAD) aperture is located. It can be used to
select specific parts of the image that are particularly interesting for
diffraction measurements. Depending on the TEM, several electron-
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optical components like lenses or stigmators follow until the screen
or camera is reached where the diffraction pattern is displayed or
recorded [66]. One important measurement parameter is the camera
length (CL) which defines the magnification of the diffraction pattern
on the screen or camera. It is adjusted with electromagnetic lenses.
Calibration of the TEM for electron diffraction for the measurements
presented in this thesis was done with polycrystalline gold for which
the (111)-orientation shows a spacing of 2.35 A. Due to inelastic scat-
tering, a halo can occur around single diffraction spots [58]. Filtering
the electrons that lost energy due to the inelastic scattering hence
leads to sharper Bragg spots and less background between the sin-
gle spots. This procedure is called zero-loss (ZL) filtering, since only
elastically scattered electrons or electrons that did not interact with
the specimen at all arrive at the camera [58]. Electron diffraction pat-
terns presented in this thesis were measured with exposure times
between 500ms and 1000 ms. Diffraction patterns with varying ex-
posure times were compared to exclude artifacts from beam dam-
age. Diffraction patterns were evaluated with the Fiji distribution of

CA CL Nlu MC ZL Mag

[pm]  [mm] [pm]
P3HT & P3HTrra 15 225 8 no yes 89x10°
P3HT:Mo 15 225 8 no yes 89x103
P3HT:F4 375 288 13 2 yes 89 x 10°

Table 3.1: Measurement parameters for electron diffraction measurements.
CA: condenser aperture, CL: camera length, Illu: level of illu-
mination, MC: monochromator aperture, ZL: zero-loss filtered,
Mag: magnification. P3HT:Mo and P3HT:F4 represent the mea-
surements on doped thin films of P3HT:Mo(tfd-CO,Me); and
P3HT:F,TCNQ, respectively.

Image] [67]. To increase the signal-to-noise ratio, radial integration
over parts of the spectrum was performed, whereas deviations from
the ideal perfectly round diffraction patterns were considered in cal-
ibration as well as the evaluation of peak positions. Table 3.1 lists
the relevant measurement parameters for diffraction profiles shown
in Chapter 5 (P3HT & P3HTrra), Chapter 7 (P3HT:Mo(tfd-CO,Me);),
and Chapter 6 (P3HT:F,TCNQ).

3.1.2 Bright-Field Mode

If the transmission electron microscope is operated in the imaging
mode, the objective aperture and a beam tilt can be utilized to obtain
different kinds of contrast. If the objective aperture is small enough
to limit the angle of acceptance o« to smaller values than the Bragg
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angle © for all scattered electrons, a bright-field shadow projection is
obtained, imaging only the intensity variations of the electron beam
current transmitted by the specimen [66]. A dark field image can be
obtained by tilting the beam in a Bragg angle so that not the di-
rectly transmitted beam is imaged but specific coherently scattered
electrons. For an aperture that allows for acceptance angles o > 20,
interference patterns resulting from electron path length differences
add to the bright-field image. This phase contrast depends on several
factors such as the (chromatic and spherical) aberration coefficient of
the microscope, the focus, and more [66].

To understand the phase contrast that dominates image formation
for carbon-based organic materials, the specimen or object investi-
gated can be described as a number of point sources. f(r) (in radial co-
ordinates) describes the electron wave distribution in the object plane
with g(r) representing the phase and amplitude of f(r) in the image
plane at the end of the beam path. g(r) can be described as the con-
volution of f(r) with a point-spread function h(r):

g(r) = Jf(r')h(r—r’) dr' =f(r) x h(r—1/). (3.1)

h(r) defines how the electron wave distribution function f(r) is al-
tered between each object point and any image point. This describes
the contribution of the microscope column the electron beam passes
before it is recorded in the image plane. In reciprocal space, g(r) is
given by a Fourier transform

g(r) =) (G(u)exp(2miu-r) with G(u) =H(u)F(u).  (3.2)

F(u) and H(u) are defined as the Fourier transform of f(r) and h(r),
respectively. H(u) is termed contrast transfer function (CTF) and de-
scribes the properties of the electron microscope that define the phase
shift of an electron wave propagating through the microscope column.
It can be written as a product of the contribution of apertures A(u),
the attenuation E(u), and the aberration of lenses B(u):

H(u) = A(u)E(u)B(u). (3-3)

The aberration function B(u) contains the underfocus of the objective
lens, the wavelength, and the spherical aberration coefficient of the
objective lens Cs. The objective aperture can hence be used to reduce
the error in C; by limiting the acceptance angle «.

3.2 UV-VIS SPECTROSCOPY

Optical absorption spectroscopy in the visible and ultraviolet (UV)
spectral range was performed with the AvaSpec-ULS3648 spectrom-
eter. With a halogen light source (AvaLight-DH-S-BAL) for the visi-
ble and a deuterium lamp that emits in the UV, a wavelength range
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from 200 nm to 1100 nm is covered. The spectra presented in this the-
sis for thin films and solutions were measured in the transmission
mode. Since the measurement setup is located outside the glovebox,
all samples were transferred to ambient conditions directly before the
measurements.

The attenuation of light in an absorbing substance can be described
with the Lambert-Beer law as

I
E)\Zlg <I?) =€x-Cc-z, (3-4)

where E, is the molar attenuation coefficient, e, the extinction coeffi-
cient at a wavelength A, c is the molar concentration, and z the pene-
tration depth [34]. An alternative formulation describes the intensity
I at a certain penetration depth z as

1(2) = T el = Iy exp(-2n"z), (.5)

where o = 2n”w/c is the absorption coefficient, n” the extinction
coefficient, w the angular frequency of the probing light, c the speed
of light, and Iy the initial intensity.

Effects that introduce errors to the measurements are reflections
and scattering to angles larger than the collection angle. These light
beams are not detected. For strongly scattering and reflecting sam-
ples, an integrating sphere that allows for the detection of all contri-
butions is hence desired. The measurements presented in this thesis
were performed without such a sphere. However, the samples inves-
tigated did not strongly reflect or scatter which minimizes the error.

3.3 INFRARED SPECTROSCOPY

With the energy of photons in the mid-IR range, bonds in organic
molecules can be excited. Such vibrations represent fingerprints of the
molecules and their dielectric background and can hence be used to
identify molecular species. In addition to molecular vibrations, states
in the bandgap of charged polymers can be electronically excited in
this spectral region. Since the infrared (IR) spectroscopy measure-
ments presented in this thesis were performed together with or by
members of the group of Professor Pucci from the Kirchhoff-Institute
for Physics, the following gives only a brief introduction to the mea-
surement principles and setup that was used. A detailed description
can be found in [68].

All IR spectra in this thesis except of the spatially resolved ones
were measured with the Vertex 8ov Fourier transform infrared (FTIR)
spectrometer from Bruker which can record spectra at wavelengths
between 2.5 um to 5 pm corresponding to 200 cm™! to 4000 cm™!. This
spectrometer has a sample chamber into which samples are trans-
ferred from ambient conditions and measured at a pressure of 4 mbar.
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Alternatively, samples can be measured in a UHV chamber which is
connected to the spectrometer. This was necessary only for the mea-
surements shown in Chapter 7 (Figure 7.2). The measurement setup is
based on a Michelson interferometer, which uses a beam splitter and a
movable mirror to induce a path length difference Ax between trans-
mitted and reflected beam that leads to interference of both beams.
Figure 3.2 illustrates the beam path in the spectrometer. In the fol-

‘ fixed mirror

aperture
"= < wheel

IR sources

Figure 3.2: Beam path in the Vertex 8ov spectrometer. The beam splitter and
mirror system represent the Michelson interferometer. Adapted
from [68].

lowing, a short derivation illustrates how the interferogram I(Ax) is
linked to the spectral intensity I(¥).

The measured intensity is defined by I(Ax) = [E(Ax, t)[? with the
amplitude of the electromagnetic wave E(Ax,t), which is a combi-
nation of the direct beam E; and the beam that has a variable path
length E;:

E(Ax,t) = By + Ey = % (ei(ZTr\”/xfwt) n ei(ZTﬁ/(x+Ax)7wt)) . (36)

Here, Ey is the field strength of the initial beam, ¥ = A1 and w is
the angular frequency of the light. The intensity can then be derived
to

2
I(Ax) = % (1+ cos (2mvAX)) (3.7)

To obtain the intensity for the whole spectrum, integration over all
wavenumbers ¥ is performed:

I(Ax,¥) = J I(¥) (1 + cos (2tvAX)) dv
0

o0 (3.8)
=C+ J I(¥V) cos (2tvAX) d¥ .
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In this equation, C denotes a constant and the integral gives the
Fourier transform of the spectral intensity 1(¥), which yields the de-
sired spectrum:

I(¥v) = 21771 J I(Ax) cos (2vAx) dAx . (3.9)

To eliminate influences of the setup and to distinguish between
the material that is investigated and the substrate, the recorded spec-
trum is divided by a reference spectrum of a bare substrate. For the
measurements in this thesis except the ones for spatially resolved IR
spectroscopy (see next section), silicon was used as substrate and the
spectra were measured in transmission.

Spatially Resolved IR Spectroscopy

In a spectrometer like the one described above, the beam spot diame-
ter is on the order of millimeters. For infrared spectroscopy where a
spatial resolution down to micrometers is desired, a setup combined
of a spectrometer and an infrared microscope can be used. The spa-
tially resolved IR spectra shown in Section 11.1 were recorded with
the Hyperion 100 IR microscope coupled to the Tensor 27 FTIR spec-
trometer from Bruker. A custom-made sample holder (described in
[69]) allows to bias the electrodes and measure the current flow be-
tween them before and after the spectroscopic measurement, which
is spatially confined to a small spot in between the electrodes (see
Section 4.3.3 for a description of the substrate layout). Optical and
IR measurements in this setup are performed in transmission, which
requests for transparency in the visible as well as the infrared spec-
tral range. Calcium fluoride (CaF,) was used for the measurements
shown in this thesis. Apertures between 8.3 um and 104 um can be
chosen to define the spatial resolution. Since a better spatial reso-
lution implies less signal, a trade-off between integration time and
spatial resolution has to be found. The measurements in this thesis
were performed with an aperture of 21 pm, 250 scans for each spec-
trum, and a spectral resolution of 4cm™. During the measurement,
the sample compartment is constantly flushed with dry air to ensure
stable measurement conditions and no influence of water or residual
gases.

3.4 METHODS TO DETERMINE THE CONDUCTIVITY

In the following, the methods two-terminal and four-terminal sens-
ing are introduced. All measurements were performed directly after
production of the thin films or devices in an inert N, atmosphere and
at room temperature.
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3.4.1 Two-Terminal Sensing

To analyze the current-voltage correlation of a specific material, a de-
vice layout comparable to Figure 3.3a with a thin film between two
electrodes (in lateral or vertical direction) is usually chosen. The cur-
rent between the two electrodes depends on the contact resistance Rc
which is defined by energy level alignment of electrode and organic
semiconductor and the resistance of the organic semiconductor thin
film Rps. To obtain meaningful data, Rc < Rps must be fulfilled. The
conductivity of the organic thin film is then given by

1T d 1 d 1

B:K.RT)S:K.V' (3.10)

where d is the distance between the electrodes, A the cross-section
area, and I the measured current at voltage V. This evaluation only

a) b) 3 o V2R
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Contact 3 loc V2 o]

log(1)
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Figure 3.3: a) Schematic illustration of a two-electrode device for current-
voltage measurements. b) Current-voltage curve in a double-
logarithmic plot with ohmic and SCLC regime.

yields the intrinsic conductivity of the material if the charge transport
is in the ohmic regime, where I o< V. For higher voltages, charge in-
jection leads to trap-filling and finally a space-charge-limited current
(SCLC), where 1 o V2. Figure 3.3b illustrates the different current
regimes. The IV-measurements presented in this thesis are measured
with a Keithley 2636A Sourcemeter. In cases where Rc > Rps, a four-
terminal sensing allows for a measurement of the thin film conduc-
tivity, as described in the following.

3.4.2 Four-Terminal Sensing

In the thin films investigated in this thesis with thicknesses between
20nm and 100nm, the charge transport occurs mostly in lateral di-
rection. Hence, the sheet resistance Rgpeet is the relevant variable [70]
and is defined as:

1 1

P
Reheet = — = — = . 11
heet = 1 = 51 T qlnpn () L prp (P))E (3.11)




3.5 SCANNING KELVIN PROBE MICROSCOPY

In this equation, p is the electrical resistivity, which is the reciprocal of
the electrical conductivity o. t defines the film thickness, q the charge,
and n and p the electron and hole density, respectively. The electron
and hole mobility u,(n) and py,(p) can depend on the densities. For
the doped layers investigated in this thesis, the p- or n-term is ex-
pected to dominate for p- and n-doping, respectively. Rgheet is given
in units of Q7! to differentiate from the bulk resistance.

One way to measure the sheet resistance is four-terminal sensing.
For this technique, four contacts are necessary. A defined current flow
is set between two electrodes, whereas the voltage drop over the re-
maining two electrodes is measured. In this way, the contact resis-
tance is eliminated in the voltage measurement. Since contact resis-
tance can be comparable in magnitude to the resistance of the thin
film, this method is superior to two-electrode methods where large
errors can be obtained. In principle, the four electrodes can be at ran-
dom positions with the van der Pauw method [71]. The geometry that
is used within this thesis is a linear configuration of the electrodes
with constant defined distances d between the probes, as shown in
Figure 3.4. In this configuration, the sheet resistance is given as

m V
Rsheet = m 17 (3.12)

where [ is the set current and V the measured voltage. With the sheet
resistance and the film thickness, the conductivity can be calculated
using Equation 3.11. A Keithley 2400 Sourcemeter was used for the
four-terminal sensing measurements.

it

Figure 3.4: Schematic illustration of a four-terminal sensing setup with lin-
early aligned electrodes in fixed equal distances d and a thin film
of thickness t on a not conductive substrate. A defined current
flows between electrodes A and D, whereas the voltage is mea-
sured between electrodes B and C.

organic semiconductor
substrate

3.5 SCANNING KELVIN PROBE MICROSCOPY

Since the scanning kelvin probe microscopy (SKPM) measurement
shown in this thesis was not performed by the author of this thesis,
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only a short introduction is given, together with the measurement pa-
rameters that were used for the shown measurement. SKPM is a vari-
ant of atomic force microscopy (AFM) in which the work function
difference of the scanning tip and the sample surface is measured.
With knowledge of the work function of the scanning tip, the work
function of the surface can be extracted. Furthermore, this method
allows for a measurement of the lateral distribution of the surface
potential which corresponds to the potential drop induced by an ex-
ternally applied electric field in the thin-film two-electrode geometry
displayed in Figure 3.3a. Details about the measurement principle
and setup are given in reference [72]. The measurements shown here
were performed in the amplitude-modulated single-pass mode of an
ambient atomic force microscope (AFM) from DME (Semilab). A Pt-Ir
coated Si-cantilever with a spring constant of k = 42Nm™! and a res-
onance frequency of 236.5 kHz was mechanically excited with a —30 %
offset. The Kelvin probe signal was measured with a frequency offset
of 20 kHz at the same resonance. The measurements were carried out
in ambient conditions at room temperature.



MATERIALS & DEVICE PREPARATION

This chapter provides detailed information about the organic semi-
conductors and molecular dopants that are used within this thesis.
Furthermore, the processing and doping techniques are introduced
and details about sample preparation and electrode layouts are given.

4.1 MATERIALS

The following summarizes relevant characteristics of host and dopant
materials, such as the energetic positions of HOMO and LUMO levels
and the chemical structures.

4.1.1  Host Materials

P3HT Poly(3-hexylthiophene-2,5-diyl) is a semi-crystalline polymer
with a backbone of linked thiophene units and hexyl side chains at-
tached to it. In this work, three different types of P3HT with varying
regioregularity are used as summarized in Table 4.1. The position
between the sulfur atom and the alkyl chain is called head, and per-
fectly regioregular P3HT exhibits only head-tail coupling. The per-
centage of thiophene units that shows this coupling defines the re-
gioregularity, which determines the degree of structural order that
can be formed in thin solid films [18]. Figure 4.1a and b display the
chemical structure of perfectly regioregular P3HT with only head-
tail coupling and regiorandom P3HT where the coupling is random.
The HOMO and LUMO energy levels for regioregular P3HT are po-
sitioned at 4.65eV and 2.13eV, respectively [73]. For regiorandom
P3HT (P3HTrra), a lower-lying LUMO at 5.25 eV was found. The shift
compared to regioregular P3HT could possibly be induced by the in-
creased backbone twist [74]. P3HT absorbs in the visible range be-
tween 400nm and 600 nm and is employed in organic photovoltaics
(OPV) [18], organic field-effect transistors (OFETs) [75], and thermo-
electrics [17]. P3HT was purchased from Merck KGaA (lisicon SPoo1),
P3HTrra from Rieke Metals, and P3HTrr was obtained from BASF SE.

Spiro-MeOTAD N2,N2,N2’,N2’,N7,N7,N7’ N7 -octakis(4-methoxy-
phenyl)-9,9’-spirobi[gH-fluorene]-2,2’,7,7'-tetramine is a small molecule
that forms amorphous thin films [76]. It is used as hole transport
material in OLEDs and organic as well as perovskite solar cells [77,
78] and has a LUMO energy of 5.21eV [79]. Figure 4.1c displays the
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My [gmol™!] Regioregularity [%] Polydispersity

P3HT 24320 93.7 2.10
P3HTrr 26623 96.7 1.75
P3HTrra 57000 - 29

Table 4.1: Characteristic parameters molecular weight M,,, regioregularity,
and polydispersity (PD) of the used P3HT.

a) P3HTrr b) P3HTrra

c) Spiro-MeOTAD d) N2200

OCH; OCH,
© H; 7C8)\

for

CioHay

f) 0-MeO-DMBI  g) 0-BnO-DMBI h) 0-AzBn-DMBI

Figure 4.1: Molecular structures of regioregular P3HT (a), regiorandom
P3HT (b), Spiro-MeOTAD (c), N22oo (d), PCBM (e), 0-MeO-
DMBI (f), 0-BnO-DMBI (g), 0-AzBnO-DMBI (h), Mo(tfd-CO,Me)4
(i), and F,TCNQ ().
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molecular structure. Spiro-MeOTAD was purchased from Lumines-
cence Technology Corp. (Lumtec).

N2200 poly([N,N’-bis(2-octyldodecyl)-1,4,5,8-naphthalenedicarbox-
imide-2,6-diyl]-alt-5,5"-(2,2"-bithiophene)), also named P(NDI2OD-T2)
is a semi-crystalline electron-transporting polymer. It is used in n-
channel transistors due to a high charge carrier mobility, stability at
ambient conditions, and good solubility that allows for printing [80].
LUMO and HOMO values are 3.91eV and 5.36 eV, respectively [81].
Figure 4.1d shows the chemical structure. N220o was purchased from
Polyera Corporation with a molecular weight of 31.8kgmol™ and a
polydispersity of 2.3.

PCBM  Phenyl-Cg,-butyric acid methyl ester is a solution process-
able fullerene derivative which is often used as electron acceptor ma-
terial in organic photovoltaics [18]. Due to the three-dimensional sym-
metry, the charge transport is isotropic which eases processing. The
LUMO and HOMO values are 4.3eV and 6.1 eV [82] and the molecu-
lar structure is displayed in Figure 4.1e. PCBM was purchased from
American Dye Source, Inc.

4.1.2  P-Dopants

F,TCNQ 2,3,5,6- tetrafluoro-7,7,8,8- tetracyanoquinodimethan is a
commonly used p-type dopant with low-lying LUMO level of 5.24eV
[83]. It can be thermally evaporated and solution-processed. However,
the solubility in common solvents like chlorobenzene is limited to
~ 0.5g L1, but a better solubility in acetonitrile and dichloromethane
that do not dissolve P3HT allow for a sequential processing of F,TCNQ
on top of P3HT [24, 25]. F,TCNQ was purchased from Sigma-Aldrich
and the chemical structure is displayed in Figure 4.1j.

Mo(tfd-CO.Me); Molybdenum tris[1-(methoxycarbonyl)-2-(trifluo-
romethyl)- ethane-1,2-dithiolene] is a derivative of the usually ther-
mally evaporated dopant Mo(tfd); and is well soluble in solvents like
chlorobenzene or chloroform [84]. Furthermore, it can still be ther-
mally evaporated, allowing for a comparison of differently doped
thin films. The LUMO of Mo(tfd-CO,Me); is positioned at 5.0eV
[84] and the chemical structure is shown in Figure 4.1i. The Mo(tfd-
CO,Me); used in this thesis was synthesized by Yadong Zhang.*

Yadong Zhang is part of the group of Prof. S. Marder at the Center for Organic Pho-
tonics and Electronics and the School of Chemistry and Biochemistry at the Georgia
Institute of Technology, USA.
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4.1.3 N-Dopants

0-MeO-DMBI  2-(2-methoxyphenyl)-1,3-dimethyl-2,3-dihydro- 1H-
benzoimidazole is a small molecule that—after hydrogen transfer—is
a radical, which is soluble in chloroform and dichloromethane and
was shown to efficiently dope for example PCBM [85, 86]. Due to the
hydrogen-transfer, the SOMO (singly occupied molecular orbital) en-
ergy is relevant and was determined to be 2.53 eV [86]. The chemical
structure is shown in Figure 4.1f. All three n-type dopants used in
this thesis were synthesized by Simon Benneckendorf.*

0-BnO-DMBI  2-(2-(benzyloxy)phenyl)-1,3-dimethyl-2,3-dihydro-1H-
benzoimidazole is a chemically modified version of 0-MeO-DMBI
with one benzene ring attached to the oxygen. This modification is
intended to not alter the doping properties but to provide a reference
that allows for a comparison of 0-MeO-DMBI to 0-AzBnO-DMBI. Fig-
ure 4.1g displays the chemical structure.

0-AzBnO-DMBI  2-(2-((4-azidobenzyl)oxy)phenyl)-1,3-dimethyl-2,3-
dihydro-1H-benzoimidazol is a chemically modified version of 0-BnO-
DMBI, where an azide group (N3) is attached to the additionally in-
troduced benzene ring. This azide is intended to react with the sur-
rounding host matrix via insertion to a C-H-bond to spatially immo-
bilize the dopant molecule [29, 30, 87]. Activation of the azide group
can be initiated via thermal annealing above 119 °C or by irradiation
with UV light at a wavelength of 250nm.3 The molecular structure is
shown in Figure 4.1h.

4.2 PROCESSING TECHNIQUES

In the following, the processing and doping techniques used for sample-
preparation in this thesis are explained and used parameters are
given. Unless otherwise noted, all samples are produced under inert
N, atmosphere with O, and H,O concentration below 15ppm and
25 ppm, respectively.

4.2.1  Spin Coating and Drop Casting

The thin films characterized in this thesis were produced with the
spin coating technique, in which a certain amount of material, dis-
solved in a solvent of choice, is given on the substrate, which then
rotates for a defined time with a certain speed and acceleration. This

Simon Benneckendorf is part of the group of Prof. Bunz at the Institute of Organic
Chemistry (OCI) at Heidelberg University.

Concluded from thermogravimetric analysis and UV-Vis absorption spectroscopy
carried out by Simon Benneckendorf.
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technique can yield well-defined thin films down to a few nanometers
in thickness, whereas the parameters velocity, acceleration, and dura-
tion depend on the material, solvent, and final film thickness that is
aimed at. Typical spin coating parameters to get films of 50 nm thick-
ness for P3HT dissolved in chlorobenzene at 13.6gL™! are 1200 rpm,
600 rpm sl and 30s for velocity, acceleration, and duration, respec-
tively. The films of around 3 pm to 4 um thickness for the memristive
devices shown in Section 11.5 are produced with a drop casting tech-
nique, in which a defined amount of dissolved material is given onto
the substrate where the solvent evaporates and a solid film forms. To
minimize unwanted drying effects, the sample is placed on a spin
coater which rotates at 50 rpm while drying.

4.2.2  Blend Doping

Doping from blend solutions of host and dopants is the standard tech-
nique to obtain solution-processed doped thin films. Host and dopant
are first dissolved separately in the same solvent. For the p-doped ma-
terials in this thesis, chlorobenzene or chloroform was used in which
the materials were stirred at 50 °C for several hours on a hotplate
until the materials are perfectly dissolved. Then, both solutions are
mixed with defined amounts to yield the desired doping ratio. The
blend solutions for this work were stirred again for 3h prior to spin
coating. Note that the stirring time and temperature can influence the
dopant-host interaction in solution [88, 89].

4.2.3  Sequential Doping

In this thesis, two sequential doping techniques are used: a sequential
doping from solution and sequential doping by thermal evaporation
of the dopant in vacuum. Both methods are introduced in the follow-

ing.
4.2.3.1  Sequential Doping from Solution

In this technique, a thin film of the host material is produced first. In
a second step, the dopant, dissolved in an orthogonal solvent which
does not dissolve the host film is spin cast onto the host. For a sequen-
tial doping of P3HT, for example acetonitrile or dichloromethane can
be used. Recent literature suggests that the solvent swells the amor-
phous parts of P3HT, but not the crystallites [22]. However, the ne-
cessity for a swelling is questioned in Chapter 7 of this thesis where
it is shown that evaporated dopants can also diffuse into P3HT and
comparably dope it without any solvent present. Prior to the sequen-
tial deposition, the dopants are dissolved in a concentration of 1 gL
in acetonitrile and stirred for a few minutes. It is then given onto
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the P3HT thin film where it resides for 5s before spin coating with
1000 rpm and 1000 rpm s~ for 30s.

4.2.3.2  Sequential Doping by Thermal Evaporation

If the dopants are thermally stable, sublimation at elevated tempera-
tures in vacuum can be used to sequentially dope a thin film if the
dopant diffuses into the host film. This is given for Mo(tfd-CO,Me);
and F,TCNQ used in this thesis. Mo(tfd-CO,Me); can be evaporated
at around 130 °C under vacuum conditions. The thermal evaporation
of Mo(tfd-CO,Me); shown in Chapter 7 was performed by Patrick
Reisert and Jakob Bernhardt>. Due to the low evaporation temper-
ature of around 100 °C of F,TCNQ in vacuum, it was not thermally
evaporated in vacuum conditions. Instead, a vapor doping at ambient
conditions as described in [23] was done for measurements shown in
Figure A.6.

4.3 SAMPLE PREPARATION

The various measurement techniques require specific sample materi-
als, electrode geometries in case of electrical measurements, or even
holey samples in case of transmission electron microscopy. The differ-
ent requirements and samples are described in the following.

4.3.1  Samples for TEM Measurements

To exclude interactions of the transmitted electrons with anything but
the the thin film investigated in a transmission electron microscope,
it must be free-standing. To achieve this, a carrier film of Poly (3,4-
ethylenedioxythiophene) -poly(styrenesulfonate) (PEDOT:PSS) (Her-
aeus Clevios) which is soluble in water is spin cast onto borosilicate
glass substrates. After filtering with a 0.45 pm PTFE filter, PEDOT:PSS
is spin coated in a two-step sequence: 1000 rpm and 4300 rpms~! for
10s, followed by 4300 rpm and 4300 rpm s~ for 30s. To get rid of wa-
ter residues, the PeDOT:PSS thin film is thermally annealed on a hot-
plate at 130 °C for 30 min and transferred into a glovebox. The organic
thin film of interest is then spin coated onto the PEDOT:PSS. After
processing, the organic thin film is floated on deionized water, which
dissolves the underlying PEDOT:PSS. The film is then skimmed with
a copper grid (200 mesh) which is coated with a holey carbon film
(QUANTIFOIL 3.5/1). Prior to the skimming, the grids are treated
with argon plasma for 10s to make them hydrophilic. The copper

4 Materials Science Department, Surface Science Division, TU Darmstadt
5 Kirchhoff Institute for Physics, Heidelberg University
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grid and an electron microscopy image of the holey carbon film are
shown in Figure 4.2e and f.°
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Figure 4.2: a, b) Electrode structures for IV-measurements with varying
channel lengths between 10 pm and 240 pm. c) Electrode struc-
ture for spatially resolved IR spectroscopy measurements. The
channel length is 140 um. d) Electrode structure for vertical mem-
ristive devices. The electrode overlap defines the active area and
is 1mm?. e, f) TEM copper grid and electron microscope image
of holey carbon film on the grid.

4.3.2  Samples for IV-Measurements

Current-voltage measurements were conducted with two-electrode
structures shown in Figure 4.2a and b. For p- and n-doping, gold and
silver was used as electrode material, respectively, to minimize barri-
ers due to an energy-level mismatch. The electrodes were thermally
evaporated to thickness of 60 nm. As substrate, borosilicate glass (Bo-
rofloat 33, Schott) with a roughness of < 2nm was used. Four-point
probe measurements were conducted on thin films that were spin
coated onto bare borosilicate glass substrates of size 2.5 cm x 2.5cm.

4.3.3 Samples for IR Spectroscopy

Thin films for IR spectroscopy were spin coated onto intrinsic silicon
of 1 mm thickness since silicon is transparent in the IR spectral range
of interest. For spatially resolved IR spectroscopy, CaF, was used as
substrate material to allow for simultaneous optical microscopy and
IR spectroscopy in transmission mode. Since an electric field must be
applied to observe electric-field-induced drift of dopants (see Chap-
ter 11), gold electrodes of 60nm thickness displayed in Figure 4.2c
were thermally evaporated onto the CaF, substrate. Spatially resolved
IR spectra were recorded in the channel of the electrodes.

6 Images from http://www.quantifoil.com, accessed on 11/15/2017.
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4.3.4 Samples & Solutions for UV-Vis spectroscopy

Thin films for UV-Vis measurements were spin coated onto bare borosil-
icate glass substrates and measured under ambient conditions in trans-
mission mode. UV-Vis spectra of solutions were measured in trans-
mission through a glass cuvette. The solutions were prepared similar
to solutions for spin coating, but diluted to 0.012mgmL™! directly
before the measurement. The temperature of the blend solutions was

~ 50 °C to ensure comparability to solutions for spin coating.

4.3.5 Memristive Devices

Memristive devices were fabricated in a crossbar architecture on borosil-
icate glass substrates. Through a shadow mask, a bottom electrode
of 100nm silver was thermally evaporated in a vacuum chamber.
The electrode structure is shown in Figure 4.2d. Without contact to
ambient atmosphere, the substrate with bottom electrode was then
transferred to a glovebox with inert N, atmosphere. There, the doped
P3HT layer was drop cast as described in Section 4.2.1. Subsequently,
the sample was transferred back to the vacuum chamber, where an
injection layer of 5nm MoO; was thermally evaporated, followed by
100 nm silver. After transfer back to the glovebox, the devices were
measured in the glovebox as well.



Results & Discussion
Part1

STRUCTURAL ORDER IN DOPED
SEMICONDUCTING POLYMERS

Part I of the results and discussion starts with an intro-
duction of the structural order of the polymer P3HT to
provide the basis for an evaluation of doping-related ef-
fects. In Chapter 5, properties ranging from optical absorp-
tion to electrical conductivity are analyzed for pristine as
well as p- and n-doped organic semiconductors to intro-
duce the dopants that are used in this thesis. After these
preliminary studies, the influence of processing in terms
of the used solvent is analyzed in detail in Chapter 6, il-
lustrating the necessity to reevaluate existing processing
guidelines when working with doped instead of pristine
polymers. Chapter 7 expands the view to sequential dop-
ing techniques, which circumvent the problems that arise
from the insights gained in Chapter 6. A detailed analy-
sis of how the crystalline packing is affected by doping a
polymer such as P3HT is given in Chapter 8 on the ba-
sis of electron diffraction measurements. DFT calculations
are presented that allow to approach the underlying mech-
anism of changes in crystalline spacing upon doping.
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This chapter evaluates the fundamental properties of the organic semi-
conductors used throughout this thesis to provide the basis for a dis-
cussion of doping-related effects. First, the structural properties of
the pristine materials as well as doping-related spectral signatures in
the infrared (IR) and ultraviolet-visible (UV-Vis) spectral range are
introduced. Then, an evaluation of the doping efficiency based on
conductivity measurements is presented.

5.1 STRUCTURAL ORDER OF THE PRISTINE POLYMER P3HT

To understand the influence of dopants on organic semiconducting
polymers, it is necessary to understand the basic structural properties
of the undoped materials. Most investigations presented in this work
are conducted with the polymer P3HT. This material is widely used
as benchmark system for structural investigations as well as appli-
cations ranging from transistors to photovoltaics and thermoelectrics
[18, 90—92]. Thus, this material provides a suitable starting point for
further investigations. In the following, electron diffraction measure-
ments and Franck-Condon fits to UV-Vis spectra of pure P3HT pro-
vide a basis for the investigation of doped P3HT thin films.

5.1.1 Electron Diffraction

To access the structure on the nanoscale, (cryo-) transmission elec-
tron microscopy (TEM) is used in this thesis. With this technique, an
impression of the overall morphology can be obtained in the bright-
field-mode (BF). Furthermore, electron diffraction can be used to ex-
tract detailed information on crystallinity and stacking distances in
crystallites. All bright-field as well as electron diffraction measure-
ments shown here were recorded with the microdose focusing mode
to reduce beam damage. Additionally, the samples were cooled with
liquid nitrogen to obtain the highest possible stability in the electron
beam. Figure 5.1a shows an exemplary BF-TEM image of regioreg-
ular P3HT and a Fourier transform (FFT). The main contrast in the
overview image is due to thickness variations, but a closer look re-
veals distinct phases of unstructured and structured appearance. The
inset shows a zoom, in which ordered domains are resolved that re-
semble the appearance of crystalline domains of P3HT observed with
high resolution TEM before [93]. The line profile across the crystalline
lamellae in Figure 5.1b reveals a constant spacing of 16 A, fitting to the
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Figure 5.1: a) Bright-field TEM image of P3HT with a zoom-in to visualize
the nano-structure. The inlay displays the FFT of the shown im-
age. b) Line scan of the black arrow shown in (a).

(100)-orientation that is expected for crystallites of P3HT [94, 95]. This
spacing of 16 A is also confirmed by the bright circle in the FFT which
illustrates the occurrence of this spacing in all (in-plane) directions of
the measured thin film. The BF-TEM image hence allows for the as-
sumption that regioregular P3HT is neither completely amorphous
nor made of one single crystal, since several ordered but differently
oriented and spatially separated domains are visible throughout the
thin film.

To confirm this assumption and to assess the details of crystallinity,
electron diffraction measurements were performed on P3HT with dif-
ferent degrees of regioregularity. The regioregularity is defined by
the orientation of neighboring thiophene units and thus regulates the
molecular packing which directly correlates to the structural order in
a P3HT thin film. A higher regioregularity leads to better ordered thin
films. The molecular structure and the properties of the three differ-
ent types of P3HT used in this thesis—regiorandom P3HT (P3HTrra),
regioregular P3HT (P3HT), and highly regioregular P3HT (P3HTrr)—
are described in Section 4.1.1. Figure 5.2a displays the structure of a
P3HT crystal as it is usually depicted in literature [96] and an exem-
plary diffraction pattern of a thin film of P3HT. Details on the forma-
tion of such a diffraction pattern are given in Section 2.5.1. Figure 5.2b
shows a radial profile, integrated over a certain part of the diffrac-
tion pattern as indicated in Figure 5.2a. Here, two main peaks are
visible. The first at 0.595nm™! (1.68 nm) corresponds to the stacking
in (100)-direction, also referred to as lamellar stacking. The peak at
2.63nm~! (0.38 nm) can be assigned to stacking in the (010)-direction,
which describes the direction in which the delocalized 7-orbitals of
neighboring P3HT chains face each other in P3HT crystallites. The
measured values fit well to measurements reported in literature for
regioregular P3HT [96—98]. The observation of speckles in the inner
ring ((100)-direction) and a continuous intensity in the outer ring cor-
responding to the (010)-orientation indicates a preferred edge-on ori-
entation (lamellar stacking vertical to substrate) of P3HT crystallites
on the substrate which is in line with literature [18]. Recent studies
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Figure 5.2: a) Schematic drawing of a P3HT crystallite and an electron
diffraction pattern with the rings corresponding to the (010)- and
(100)-orientation of P3HT. The shaded area indicates that diffrac-
tion profiles are usually radially integrated over a certain part of
the pattern. b) Radial profiles of electron diffraction patterns of
thin films made of P3HT and regiorandom P3HT.

determined the crystalline content of regioregular P3HT to be in the
range of 45% to 70 %, whereas it strongly depends on the molecu-
lar weight, regioregularity, and also the measurement technique [99].
The non-crystalline rest is mostly believed to be amorphous, contain-
ing chain folds and ends as well as tie molecules that bridge between
single crystallites [31]. However, Shen, Hu, and Russell provide evi-
dence for the existence of an ordered amorphous component which
would add to the commonly described amorphous and crystalline
content of the film [99]. For comparison, Figure 5.2b also shows the
radial profile of an electron diffraction pattern of regiorandom P3HT,
which lacks long-range order and possesses an amorphous structure
in addition to a possible local short-range order [99].

5.1.2 Franck-Condon-Fits to UV-Vis Absorption Spectra

The previous section illustrates the power of electron microscopy to
analyze the nanostructure of thin polymer films. However, it is fur-
thermore illustrative to take a closer look at UV-Vis absorption spec-
tra. Before discussing how the UV-Vis absorption spectrum changes
upon doping in Section 5.2.1, the spectral signatures of differently
ordered P3HT thin films shall be discussed here. Figure 5.3a dis-
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plays the UV-Vis absorption spectra of P3HT dissolved in chloroben-
zene and of already dried thin films of regioregular and regiorandom
P3HT.
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Figure 5.3: a) UV-Vis absorption spectra for dissolved, regiorandom (RRa),
and regioregular P3HT. b) Franck-Condon fit to the absorption
spectrum of a P3HT thin film.

The absorption of the dissolved and hence not aggregated regioreg-
ular and the already dried thin film of regiorandom P3HT peak at
almost identical energies and do not differ significantly in shape.
This fits to the electron diffraction data of regiorandom P3HT and
to findings from literature, emphasizing the amorphous structure of
P3HTrra [100, 101]. The broad, less well resolved shape of the spec-
trum of P3HTrra compared to the one of P3HT can be explained by a
wider distribution of conjugation lengths leading to inhomogeneous
broadening of the transitions [100]. This leads to similar spectra of
dissolved P3HT and thin films of P3HTrra. In contrast, the spectrum
of the regioregular P3HT thin film shows several distinct peaks and
shoulders at lower energy. As it is extensively discussed in literature,
UV-Vis spectra of P3HT are composed of two contributions: At low
energies, domains of ordered P3HT which form weakly interacting H-
aggregate states contribute well defined peaks and shoulders [33, 51].
Disordered polymer chains (comparable to the dissolved and regio-
random P3HT) add a broad absorption peak at higher energies [32, 33,
100, 102]. To describe the low energy part, the Franck-Condon princi-
ple is used. The distinct peaks and shoulders originate from vibronic
transitions. The absorption of a photon excites the molecule from the
electronic (Sp) and vibronic ground state to an electronic (S1) and vi-
bronic excited state. The difference of molecular coordinates between
vibronic ground and excited states determines the probability for a
certain transition. Hence, there is a difference in transition probabil-
ities between well ordered and hence more planar [103, 104] chain
segments and amorphous chains. Expressed in a more quantitative
way, the free exciton bandwidth of aggregates W together with Ep,
the energy of the main intramolecular vibration that couples to the
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electronic transition, connects the ratio of intensities of 0-0 and 0-1
vibrational absorptions with the nearest-neighbor interchain Coulom-
bic coupling [51]:

w2
AO*O ~ ] — OZ4E7P ' (51)
Ao—1 1+ 0.073%

When assuming that the interchain order in the thin films is similar,
the value of W is inversely related to the intrachain order and conjuga-
tion length of the P3HT chains [105-107]. This means that an increase
of conjugation length which is directly related to the structural order
in such films leads to a decrease in free exciton bandwidth W. To
obtain W, Ep can be set to the energy of the C=C symmetric stretch
vibration at 0.18eV [107, 108]. The ratio Ap_o/Ao—1 is defined by
the measured UV-Vis absorption spectra, which can be fitted with a
Franck-Condon model. Figure 5.3b shows such a fit for a regioregular
P3HT thin film. The following function was used to fit the absorption
spectrum in a range from 1.8eV to 2.25eV:

sm We =S sn
A_k'Z(ﬁ)' - 2Ep Z n!(n—m)

In this equation, k denotes a constant with fitted amplitude, m is
the vibrational level and n depicts the vibrational quantum number.
The last exponential describes a gaussian lineshape with the same
width for all vibronic transitions. The fit range was restricted to be-
low 2.25eV since amorphous P3HT absorbs at higher energies. S is
the Huang-Rhys factor that describes the electron-phonon coupling
which can be set to S = 1 in non-interacting and planar polythio-
phene chains [33]. In the weak coupling regime, S should not change
upon changes in aggregation [33]. To be able to analyze the influ-
ence of order on charge transport properties, UV-Vis absorption spec-
tra and conductivity values of differently prepared P3HT films were
measured. Since the solvent that is used to dissolve and spin coat the
P3HT is known to affect the order in the resulting thin film [33, 107,
109], the P3HT used herein was spin coated from chloroform (CF),
chlorobenzene (CB), and dichlorobenzene (DCB). The drying time of
spin coated thin films is directly related to the amount of order that
can form in thin P3HT films. Therefore, the solvents were chosen to
show large differences in boiling point which determines the drying
time: T, (CF) = 61°C, T,,(CB) = 131°C, T,(DCB) = 174°C. In addi-
tion, P3HT with an even higher regioregularity of 96.7 % (P3HTrr) in
contrast to 93.7 % (P3HT) was used for comparison. This P3HTrr is
expected to reach higher amounts of structural order, since the re-
gioregularity is the main limiter for the alignment of chains [110].
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Figure A.1 and Table A.1 in the appendix show Franck-Condon fits
to all spectra, including residuals and fit-parameters. According to
Equation 5.2, the free exciton bandwidth W was directly extracted
from the fit for each spectrum. Values of around 50 meV for highly re-
gioregular and hence ordered thin films and 150 meV for comparably
low crystallinity fit to existing literature [22, 33]. Note that differences
in molecular weight, regioregularity, and processing render a detailed
comparison of values to literature difficult, even if the same solvent
was used.

5.1.3 Correlation of Structural Order with Conductivity

In Figure 5.4, the free exciton bandwidth W is plotted together with
the conductivity for each P3HT thin film. To exclude any influence
of contact resistance, the four-point probe technique was used. When
increasing the boiling point from 61 °C (CF) to 131 °C (CB) and 174 °C
(DCB), the conductivity of P3HT as well as of P3HTrr increases signif-
icantly. Simultaneously, 1/W follows the same trend with a different
change in absolute value, implying a non-linear relationship. An ex-
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Figure 5.4: Conductivity and inverse exciton bandwidth W~ for thin films
of P3HT (left) & P3HTrr (right) spin cast from solvents with
boiling points of 61 °C (chloroform), 131 °C (chlorobenzene), and

174 °C (dichlorobenzene). The relation between conductivity and
W~ is non-linear (different scales on axes).

planation for the observed behavior is based on the boiling point that
can allow the chains in the still wet film to align over time if the dry-
ing time is long enough. For chloroform as a solvent, the time until
most of the solvent left the film is too short to reach the equilibrium
state in which the chains are allowed to develop ordered domains.
This is observed for both P3HT and P3HTrr. When increasing the boil-
ing point of the solvent, the chains can form more ordered structures.
However, a saturation seems to set in for boiling points higher than
that of chlorobenzene, since the conductivity and inverse free exciton
bandwidth for P3HT do not increase strongly from chlorobenzene to
dichlorobenzene. The comparison of P3HT with P3HTrr both from
dichlorobenzene confirms that the higher regioregularity of P3HTrr
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allows for a higher maximum amount of order in case the drying
conditions allow polymer chains in the film to equilibrate.

5.1.4 Discussion

The results presented above are important for the interpretation of
the subsequently shown effects of dopants. It is necessary to keep in
mind that the conductivity—a frequently used quantity to evaluate
the doping efficiency [24, 27, 97, 111]—is determined by two main
factors:

o=q-n-u (5.3)

Here, n denotes the charge carrier concentration, u the charge carrier
mobility, and q the charge. The doping efficiency is usually defined
as the ratio of generated free charge carriers that can contribute to a
current to the total number of introduced dopant molecules. The fol-
lowing chapters show that there are several possible states between a
not-transferred charge and a completely free charge. As seen above,
the conductivity of P3HT without any dopant can vary drastically, de-
pending on the processing conditions. Since all films were produced
under similar conditions, n is not expected to change. What is known
to be heavily dependent on the structural order is the mobility p [102,
104, 112]. Hence, the observed differences in conductivity are mostly
driven by changes in mobility. As it becomes evident in Chapter 6,
this consideration is crucial to be able to discriminate between a real
difference in doping efficiency and a morphology-driven change in
conductivity upon doping.

5.2 P-TYPE DOPANTS FOR SEMICONDUCTING POLYMERS: F,TCNQ
& MO(TFD-CO,ME);

The basic effects upon doping P3HT in terms of spectroscopic changes
and conductivity are discussed in the following to provide a basis for
the subsequent chapters. Unless otherwise stated, doping concentra-
tions are set to 10:1, meaning one dopant molecule per ten thiophene
units of the P3HT host polymer. Doping is achieved using blend dop-
ing, where dopant and host material are separately dissolved using
the same solvent first. Subsequently, both solutions are mixed prior
to spin coating the blend (see Section 4.2 for experimental details).
Chlorobenzene was used as solvent for the measurements shown in
the following.

5.2.1 Charge Transfer to the P3HT: UV-Vis & Infrared Spectroscopy

The UV-Vis and IR spectra shown in the following introduce the
effects that occur upon doping to provide a basis for the fits and
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analyses in following sections and chapters. Figure 5.5 displays the
UV-Vis absorption spectra of P3HT doped with F,TCNQ and Mo(tfd-
CO,Me);, together with spectra of the pristine materials. The single
spectra are scaled to visualize the main contributions and are not
used to fit the spectra in this case. The spectrum of charged F,TCNQ
(labeled as F,TCNQ anion) was extracted from literature [88, 113]. In
the case of F,TCNQ-doped P3HT, the spectrum reveals contributions
from pure P3HT and charged F,TCNQ. Although a minor contribu-
tion of neutral F,TCNQ can not be excluded from the UV-Vis spec-
trum, IR-spectra shown in the following are able to rule out detectable
amounts of uncharged F,TCNQ in the films at the given dopant con-
centration. When combining the mentioned components, a further
contribution between ~ 1.25eV and ~ 1.9eV is needed to match the
spectrum of the doped P3HT. This contribution is generated by the P2
polaron absorption of charged P3HT (see chapter Section 2.4.4 for the-
oretic background). A similar picture is given by P3HT doped with
Mo(tfd-CO,Me);: A broad spectral feature below the bandgap shows
up that is assigned to the P2 polaron absorption of charged P3HT. The
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Figure 5.5: UV-Vis absorption spectra of P3HT:F,TCNQ (top) and
P3HT:Mo(tfd-CO,Me); (bottom) with spectra of pristine P3HT,
F,TCNQ, charged F,TCNQ (F,TCNQ anion), and pristine
Mo(tfd-CO,Me);.

intensity of this P2 polaron absorption was previously used to deter-
mine the doping efficiency for a fixed doping concentration [113, 114]
and as indicator for the doping concentration in case of a sequential
doping technique [25]. However, the cross section of this absorption
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might additionally depend on the structural order, rendering a cal-
culation of accurate doping efficiency questionable [22]. Additionally,
the numbers of how many dopant molecules are ionized in the first
place strongly vary: Whereas IR spectroscopy does not detect any
neutral F,TCNQ for doping concentrations investigated (discussed
in the following), estimations from F,TCNQ anion absorption in the
visible spectral range yield values ranging from 20 % to 63 %, strongly
depending on the processing conditions such as deposition tempera-
ture [88, 113, 115].

As described and explained in Section 2.4.4, the P2 polaron ab-
sorption feature in the visible spectral region is accompanied by ad-
ditional polaronic absorptions P1 and DP1 in the infrared spectral
region. Figure 5.6a shows infrared spectra complementary to the UV-
Vis spectra discussed above for P3HT:F,TCNQ as well as P3HT:Mo(ttd-
CO,Me);, measured by Vipilan Sivanesan’. The spectrum of pristine
P3HT shows narrow absorption lines around 1500 cm~! and 3000 cm™*
that mainly originate from stretching modes of the thiophene rings in
the backbone and CH,, as well as CH; groups of the hexyl side chain
[116, 117]. Upon doping, a broad electronic excitation that (in these
examples) peaks between 3000 cm~! and 5000 cm™~! becomes visible. It
can be assigned to the lowest optical transition P1 of polarons. In the
notation of previous studies, the spectral shape and peak position of
the P1 polaron absorption can be assigned to mostly one-dinemsional
(1D) polarons. 1D in this case describes dominating intrachain delo-
calization. 2D polarons exhibit a stronger absorption DP1 between
500 cm ! and 1500 cm™ [54, 118] in addition to a strongly red-shifted
P1 absorption which was previously associated with stronger inter-
chain coupling compared to the 1D case that is dominant here [54].
Superimposing the DP1 polaron peak, strong absorption lines of vi-
brations that are not IR-active in the neutral state are visible for doped
P3HT. These IR-active vibrations (IRAV) are visible below 1500 cm™.
The features described above were observed before and can be as-
signed to successful doping of P3HT [49, 54, 88, 113, 116]. A compar-
ison of F,TCNQ-doped and Mo(tfd-CO,Me);-doped P3HT reveals a
different shape and position of the polaron absorption. As it is dis-
cussed in Chapter 6 in detail, this difference is only indirectly related
to the different dopants. Instead, the morphology of the doped P3HT
thin film that is formed due to the presence of the dopants plays a
major role.

Figure 5.6b and c focus on the spectral region where absorptions of
the dopant molecules are located. F,TCNQ in the neutral state shows
a C=N-stretching peak at 2228 cm™ with a smaller contribution at
2214cm™! [119]. In the mixture P3HT:F,TCNQ, the two absorptions
are red-shifted to 2194 cm™! and 2169 cm™, respectively. It was shown

1 Group of Prof. Pucci, Kirchhoff-Institute for Physics, Heidelberg University
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Figure 5.6: Relative transmittance at normal incidence of P3HT (black),
F,TCNQ (orange), Mo(tfd-CO,Me); (green), P3HT:F,TCNQ
(purple), and P3HT:Mo(tfd-CO,Me); (blue) for doping concen-
trations of 10:1 spin cast from blend solutions in chlorobenzene.
The broad absorption band in (a) is caused by the P1 polaron
absorption of positively charged P3HT. (b) displays the spectral
region of the C=N stretching vibration of F,TCNQ (top) and (c)
the C=0 stretching vibration of Mo(tfd-CO,Me); (bottom).

that this shift increases linearly with an increasing share of the charge
located on the F,TCNQ molecule [120-123]. Additionally, these dis-
crete vibrations interfere with the broad electronic excitation P1 of
the polaron, resulting in an asymmetric Fano-type line shape. This ef-
fect was previously observed by Osterbacka et al. for the intramolec-
ular interference of P3HT IRAV modes with the polaron excitation
[54]. Depending on the polaron peak position and hence the inter-
ference strength, this asymmetric Fano-type line shape must be fit-
ted to reliably extract the position of the C=N-stretching peak. This
holds true as well for the C=O-strechting vibration at 1737 cm™! of
Mo(tfd-CO,Me);, where a determination of the exact peak position
in the doped case is only possible with a fit. This fit reveals no shift
of the C=0O-stretching peak upon doping within the measurement ac-
curacy [69, 124]. Since the detailed evaluation of the Fano-fitting for
P3HT:F,TCNQ and P3HT:Mo(tfd-CO,Me); was not performed by the
author of this thesis, the interested reader is referred to [89] and the
thesis of Sivanesan [69]. Figure 5.6 b additionally shows that in the
case of F,TCNQ-doped P3HT, no signature of the C=N-stretching vi-
bration at 2228 cm™! is visible any more. This reveals that all F,TCNQ
molecules within the detection limit underwent charge transfer.> Note

Neutral F;,TCNQ can be detected reliably down to a molecular concentration of
one neutral F,TCNQ molecule per 100 thiophene repeating units of P3HT for the
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Host:Dopant Solvent Conductivity [S m!]
P3HT chlorobenzene (234+0.6) x 1074
P3HT:F,TCNQ chlorobenzene 03+0.1

P3HT:Mo(tfd-CO,Me); chlorobenzene 49.3+9.7

Table 5.1: Thin film conductivity for pristine and doped P3HT at doping
ratios of 10:1 and spin coating from blend solutions. The solvent
that was used is given for comparison.

that a successful integer charge transfer does not necessarily lead to
a free charge that can contribute to charge transport. The underlying
mechanisms of charge separation and the connected doping efficiency
are still being part of the ongoing discourse. Chapter 6 discusses this
in more detail.

5.2.2  Doping Efficiency

To prove that both dopants generate additional charges that contribute
to the electrical conductivity, Table 5.2 summarizes the thin film con-
ductivity for P3HT:F,TCNQ and P3HT:Mo(tfd-CO,Me); with a dopant
concentration of 10:1. For comparison, both films were prepared from
blend solutions under identical conditions. Chlorobenzene was used
as solvent and spin coating was performed from solutions at 50 °C
onto borosilicate glass substrates. The conductivity of doped P3HT
was measured using the four-point probe technique which eliminates
the influence of contact resistance. Current-voltage characteristics were
used to extract the conductivity of undoped P3HT (see Section 4.3
the details on the electrode layout). It can be seen that P3HT:Mo(tfd-
CO,Me); reaches a higher absolute conductivity of 49 S m™! compared
to 0.3Sm™ for P3HT:F,TCNQ.

These values imply a better doping efficiency of Mo(tfd-CO,Me);
at first sight. However, as it is shown in the next chapter, interac-
tions of the solvent with dopant and host can strongly influence
the formation of structural order in thin films. Whereas F,TCNQ
dissolves in chlorobenzene only to a limited amount [27], Mo(tfd-
CO,Me); was specifically designed to suit solution processing [84].
As it is reported in the next chapter, this could lead to an overall
higher amount of order in thin films of P3HT:Mo(tfd-CO,Me); com-
pared to P3HT:F,TCNQ. This in turn would enhance the charge car-
rier mobility in P3HT:Mo(tftd-CO,Me);-films and further increase the
conductivity without the necessity for a higher doping efficiency. Ad-
ditionally, the structural order itself impacts the charge carrier sepa-
ration and hence the doping efficiency [20, 21], although the increase

measurement conditions chosen for this experiment. A higher film thickness or a
longer integration time could further improve the detection.
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of mobility upon increasing structural order might dominate changes
in conductivity, as indicated recently [22, 23]. This sheds light on the
complex interplay of film formation, structural order, and doping ef-
ficiency, which is picked up as central theme in Chapter 6.

Concluding, both dopants strongly increase the electrical conduc-
tivity of P3HT. A detailed comparison of doping efficiency however
is beyond the scope of this thesis. The frequently used approach in
literature is based on careful analysis of optical absorbance spectra,
where the intensity of the P3HT polaron an F4TNCQ anion peaks
are used as indicators for successful charge transfer [21, 88, 113, 114].
However, a charge transfer per se does not necessarily lead to a free
charge that can contribute to charge transport [113] and absorption
cross sections might change with the structural order [22].

5.3 DMBI-DERIVATIVES AS N-TYPE DOPANTS FOR ORGANIC SEMI-
CONDUCTORS

To face the problem of dopant diffusion and drift that is discussed
in detail in Chapter 10 and Chapter 11, DMBI-derivatives that con-
tain specific functional groups were synthesized by Simon Benneck-
endorf.3 A description of the chemical composition and functionaliza-
tion is given in Chapter 4. Since the characterization of these materials
regarding a diffusion and drift is conducted in Chapter 11, the follow-
ing focuses on the doping effect of the different dopants in a small
molecule and a polymer host material.

5.3.1 Doping Effect of DMBI-Derivatives: Conductivity

Table 5.2 summarizes the results of the conductivity measurements,
with N220o and PCBM as host materials. PCBM is a soluble Cg,-
derivative and hence a small molecule. It is widely used in organic
photovoltaics [125, 126] and gained attention recently as hole trans-
port material for perovskite solar cells—in a pristine and doped form
[127]. N2200 is a semi-crystalline polymer that is mostly used in
transistor applications [80]. The dopants are based on the literature-
known n-dopant 0-MeO-DMBI [86, 128, 129]. 0-BnO-DMBI extends
the molecule by an additional benzene ring attached to the oxygen
as a reference to 0-AzBnO-DMBI, which contains an azide group (Nj;)
attached to the benzene unit. This azide unit is intended to react with
surrounding organic molecules upon external stimulus to immobilize
the dopant atom. Chapter 4 shows the chemical structures as well as
a discussion of the doping mechanism whereas Section 11.4 focuses
on experiments to test the immobilization.

Table 5.2 reveals that pristine dopants as well as pristine N220o and
PCBM are poor conductors with conductivities around 107°Scm™.

3 Group of Prof. Bunz, Institute of Organic Chemistry (OCI), Heidelberg University.
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Host:Dopant Conductivity [Sm™!]
0-BnO-DMBI <5x107°
0-MeO-DMBI <5x107°

N2200 (6.6+7.8) x 107°

N2200:0-BnO-DMBI
N2200:0-MeO-DMBI
N2200:0-AzBnO-DMBI

(2242.4) x 107!
(4.9 +1.4) x 1072
(4.54+1.6) x 1072

N2200:0-AzBnO-DMBI (therm. activated) (7.7 +2.8) x 1072

PCBM <5x107°
PCBM:0-BnO-DMBI (3.96 + 1.24) x 1073
PCBM:0-MeO-DMBI (4.1940.22) x 1073

Table 5.2: Thin film conductivity of PCBM and N220o doped with various
DMBI-derivatives. Thin films were spin coated from blend solu-
tions in chloroform and doping ratios of 10:1. Thermal activation
where indicated was performed at 130 °C for 10min in nitrogen
atmosphere.

All values for doped materials are extracted from current-voltage
characteristics, the layers are processed from blend solutions with
chloroform and a doping ratio of 10:1. For PCBM, both 0-MeO-DMBI
and 0-BnO-DMBI increase the conductivity by three orders of mag-
nitude, confirming that a doping effect takes place. The increase for
N2200 as a host material is even higher with a conductivity of up
to 1071 Sm™! for 0-BnO-DMBI as dopant and 1072Sm™! for 0-MeO-
DMBI and 0-AzBnO-DMBI.

A detailed comparison of the differences in conductivity as indica-
tor for the doping efficiency however is difficult: Recent studies found
a tendency of related DMBI-derivatives to phase separate at high con-
centrations in N22oo and PCBM [127, 130]. This could change the
amount of dopants that is actually able to undergo charge transfer,
falsifying the calculation of a doping efficiency. In contrast to the
rich absorption spectra of pristine and doped P3HT in the visible
spectral range, the spectra of doped PCBM and N22oo do not reveal
prominent features such as polaron absorption upon doping. Spectra
for pristine PCBM, 0-MeO-DMBI, and 0-BnO-DMBI as well as doped
PCBM are shown in Figure A.2 in the appendix. Corresponding spec-
tra of pristine and doped N2200 are given in Figure A.3 and Fig-
ure A.4 in the appendix.

61






INFLUENCE OF SOLVENT UPON DOPING:
PARADIGM CHANGE IN PROCESSING

As discussed in the previous chapter, the morphology of P3HT thin
films can have a severe impact on charge transport properties. This
raises the question if an equivalent importance of the structural order
in case of doped P3HT is given. One of the first who studied this con-
nection were Gao et al. By comparison of (doped) regiorandom with
regioregular P3HT and J-aggregate nanofibers with less ordered poly-
morphic H-aggregate nanofibers, they emphasize the need for highly
ordered domains of P3HT to efficiently separate charges, which is the
key to a high overall doping efficiency [20, 21, 131].

For pristine P3HT, the deliberate tuning of thin film morphology
and structural order has been subject of intense research in the past
[92, 102, 132, 133]. As is was discussed also in the previous chapter,
the boiling point of a solvent regulates the amount of -7 stacking in
thin films [107, 134]. In the past, there were mainly two solvents used
in the preparation of P3HT:F,TCNQ thin films: chloroform [113, 135,
136] and chlorobenzene [20, 97, 131, 137]. Although discrepancies be-
tween studies of P3HT:F,TCNQ processed from these two solvents
were noticed [2], no thorough investigation was performed in litera-
ture prior to the one presented herein." As discussed in Section 5.1.2,
chlorobenzene with the higher boiling point (131 °C versus 64 °C for
chloroform) allows the film to dry slower, enabling the formation of a
higher degree of order in the case of pristine P3HT. As the following
measurements show, this direct relation is overruled in the case of
mixed solutions of P3HT and F,TCNQ. A first hint that an additional
mechanism is at work in mixed solutions of P3HT and F,TCNQ was
given by Duong et al. who found that the temperature of the blend
solution prior to spin coating impacts the thin film conductivity [137].

This chapter presents a thorough comparison of F,TCNQ-doped
P3HT thin films processed from chloroform and chlorobenzene under
identical conditions. First, electron diffraction measurements as well
as infrared and UV-Vis spectroscopy reveal the structural properties
of the thin films. Conductivity measurements are presented to under-
line the importance of the observed differences and UV-Vis spectra of
solutions shed light on the underlying mechanisms.

The study presented in this chapter was published in following publication: L.
Miiller et al., 2016, Charge-Transfer-Solvent Interaction Predefines Doping Efficiency in
p-Doped P3HT Films, [89].
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6.1 ASSESSING THE STRUCTURE: ELECTRON DIFFRACTION & UV-
VIS ABSORPTION SPECTROSCOPY

All thin films investigated in this chapter were spin-cast from blend
solutions at 50 °C with a doping ratio of 10:1. In Figure 6.1, radial
electron diffraction profiles are shown for pristine as well as F,TCNQ-
doped P3HT processed from chloroform and chlorobenzene. Corre-
sponding bright-field images and diffraction patterns are shown in
the Appendix (Figure A.5). In Figure 6.1, analogue to Figure 5.2 in the
previous chapter, the characteristic peaks of (100)-orientation (lamel-
lar stacking, 1.68 nm) as well as the (o10)-orientation (7-7t stacking,
0.38 nm) are visible in the undoped thin films. The lamellar stacking
shows an increase in peak height in films from chlorobenzene upon
doping, whereas this peak only broadens in the case of chloroform.
The intensity of the m-7r stacking peak does not change significantly
from chlorobenzene, but there is a strong increase in 7-7t stacking
for thin films spin-cast from chloroform in the doped case. This in-
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Figure 6.1: Radial profiles of electron diffraction patterns measured on thin
films of P3HT:F,TCNQ and pristine P3HT. Chlorobenzene (top,
blue) and chloroform (bottom, red) were used as solvents. Char-
acteristic stacking distances are marked with dashed lines.

crease can be attributed to either a different orientation of the crys-
tallites with respect to the substrate (and hence the probing electron
beam) or an increase of the degree of order. In detail, the number
of aggregated chain segments or the size of the stacks and there-
with the length of planarized chain segments could increase to evoke
the observed change in 7-7t stacking. To discuss the possibility of an
alignment change, it is illustrative to study the work of Scholes et al.,
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who observed increased orientation isotropy for low doping concen-
trations with the solvent o-dichlorobenzene [24]. However, for higher
doping concentrations towards the concentration used herein, a de-
crease in isotropy was observed, which hence does not support the
assumption that a change in orientation could be responsible for the
observed effect. Although this cannot completely rule out a change
in orientation, the possibility of a higher amount of structural order
as main driver for the increase in 7-7t stacking remains more likely,
which is furthermore supported by UV-Vis and IR spectra shown in
the following.

In addition to the change in peak intensities upon doping, there
is also a change in peak positions, representing a change in stack-
ing distances. The lamellar stacking increases from 1.71nm (1.64 nm)
for pristine P3HT films from chloroform (chlorobenzene) to 1.86 nm
(1.96 nm) in doped films. At the same time, the 7-7t stacking distance
decreases for chloroform-cast thin films from 3.86 A for pure P3HT
to 3.71 A in the doped case. For chlorobenzene-cast films, a double-
peak is visible, composed of one contribution with a spacing compa-
rable to that of pristine P3HT and one shifted to smaller spacings.
This finding allows for the interpretation of two separate phases that
are present in thin films spin-cast from chlorobenzene: ordered do-
mains of pure and hence undoped P3HT and domains where both
P3HT and F,TCNQ are present. Note that with this diffraction tech-
nique, only ordered domains are probed and no direct statement
about the amorphous regions between crystallites can be made. The
underlying mechanism behind the shift of crystalline spacings is still
discussed in literature and opposing positions exist, claiming that
F,TCNQ molecules incorporate into P3HT crystallites [97, 138] or re-
side in the side chains and therefore mainly influence the lamellar
stacking [22, 139]. The origin of this shift in 7t-7t spacing upon doping
is discussed in detail in Chapter 8 with additional electron diffrac-
tion data of P3HT:Mo(tfd-CO,Me); and DFT-calculations of charged
P3HT crystallites. An explanation based on the formation of F,TCNQ-
crystals can be excluded based on IR measurements discussed in the
following. In summary, the electron diffraction data point towards a
more ordered thin film from the low-boiling point solvent chloroform,
which—based on the behavior of pristine P3HT—is not intuitively un-
derstandable.

A closer look at UV-Vis spectra of pristine P3HT from both sol-
vents in Figure 6.2a reveals a clearer vibronic structure and a red-
shifted absorption for films spin-cast from the high-boiling point sol-
vent chlorobenzene. Additionally, the absorption at the energy of the
0-0 vibronic peak of the thin film from chlorobenzene is higher than
that of the film from chloroform when normalized to the 0-1 vibronic
peak at 2.2eV. This confirms what was already discussed in Chap-
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Figure 6.2: Normalized UV-Vis absorbance spectra of F,TCNQ-doped
(right) and pristine (left) P3HT, spin coated from chlorobenzene
(blue) and chloroform (red). The spectra are normalized to the
0-1 transition at 2.2eV. The 0-0 transition at 2.04eV is marked
with a dashed line.

ter 5: The free exciton bandwidth which is directly related to the con-
jugation length and crystal quality (defined by the ratio of 0-0 to 0-1
vibronic peak) is higher for the high-boiling point solvent chloroben-
zene, revealing a more ordered thin film compared to the film spin-
cast from chloroform. In the doped case however, the intensity of the
absorption at the energy of the 0-0 peak is higher for the chloroform-
cast thin film compared to the absorption of the film spin-cast from
chlorobenzene in spectra that are normalized to the 0-1 vibronic peak.
The ratio is inverted compared to the case of pristine P3HT, matching
the observations from electron diffraction discussed above. However,
due to absorptions of the F,TCNQ-anion and the P2 polaron peak
below the band gap, a thorough analysis is not possible. The spectra
of doped thin films are therefore not fitted to extract the free exciton
bandwidth W.

6.2 CHARGE TRANSFER & POLARON DELOCALIZATION: INFRARED
SPECTROSCOPY

To investigate possible differences in charge transfer and polaron
properties, IR spectra of thin films of pure and doped P3HT from
chloroform and chlorobenzene are analyzed.? Figure 6.3a displays
overview spectra with the broad polaronic excitation and IRAV-modes,
whereas Figure 6.3b focuses on the spectral region in which the C=N-
stretching vibration absorbs. Since a detailed discussion of the spec-
tral features of pure and doped P3HT is given in Section 5.2.1, the
following analysis focuses on the differences and their implications.
Doped films from both solvents exhibit broad polaron absorptions of

2 The measurement was performed by Tobias Glaser from the group of Prof. Pucci at
the Kirchhoff-Institute for Physics, Heidelberg University.



6.2 CHARGE TRANSFER & POLARON DELOCALIZATION

a) b) LI | B
5 St - :
£ ey |
& S N ) N
8 § ) L21%4om 18
2 2T ‘.::’ . '§
8 Bl0% 1V Ao~
I 1 ™~
1 11 1
1 rn 1
.8 _8 r [
g g 5\ : | 4 €
D (| ‘5
8 Bt N ! 18
5 | N 5
gl gr N 16
% I IZ% PBHT:FATONQ g 05% N e ]
B ’ E 1 ~
N R B :I L1 [ C . ] L A ] \
1000 2000 3000 4000 5000 6000 7000 2000 2100 2200 2300 2400

Wavenumber [cm™] Wavenumber [cm™]

Figure 6.3: a) Relative transmittance of P3HT and P3HT:F,TCNQ spin cast
from chlorobenzene (top) and chloroform (bottom). The dashed
lines mark the position of the broad polaron absorption of doped
P3HT. b) The peaks shown originate from the excitation of the
C=N-stretching vibration of F,TCNQ that shifts upon charging
of the F,TCNQ molecule. The dahed green line shows a fit of
these peaks.

comparable strength. Remarkably, the peak of this polaron absorption
in films from chloroform is positioned at 3900 cm™ !, 850 wavenum-
bers lower in energy than the polaron peak of films from chloroben-
zene (4750 cm™). Figure 6.3b reveals a shift of the C=N-stretching
vibration from 2228cm™! to 2194 cm™! for films from chlorobenzene.
Due to the red-shifted polaron absorption, the interference of the dis-
crete vibration with the broad electronic excitation is stronger in the
case of films from chloroform. Hence, the analysis of the peak po-
sition in the case of chloroform as solvent is only possible with a
Fano-type fit of the peaks (green dashed lines in Figure 6.3b). As
explained in Section 5.2.1, a detailed discussion of the fits is not con-
ducted in this thesis. The outcome of the fit, however, is that also the
peak position in films from chloroform is shifted to 2194 cm™!. Since
the shift of the spectral position of the C=N-stretching vibration in-
creases linearly with increasing share of the charge on the F,TCNQ
molecule [120-123], an integer charge transfer can be identified in
both thin films. The non-existing absorption at the wavelength of
the neutral F,TCNQ at 2228 cm™! furthermore excludes the existence
of pure F,TCNQ-crystals, since these would not contain P3HT and
hence could not transfer a charge.3 The red-shift of the polaron in case
of films from chloroform can be explained by a stronger polaron de-

Based on the signal-to-noise ratio, dopant concentrations down to 1:100 can be de-
tected reliably with film thickness and integration time used for these measurements.
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localization [22, 140]. Whereas the intensity of the DP1 polaron peak
between 500 cm~! and 1500 cm™! relates to the strength of interchain
delocalization, the P1 polaron peak mainly describes intrachain delo-
calization. Since the intensity of the DP1 peak does not strongly differ
between thin films from chloroform and chlorobenzene, the shift of
the P1 peak can be attributed to a higher intrachain delocalization.
Despite of the shift in P1 absorption, the spectral shape and position
in both films still represent 1D polarons [54]. In order to enable the
observed higher intrachain delocalization in films from chloroform, a
higher conjugation length is necessary, which is directly related to the
degree of structural order in P3HT. This finding fits to the observation
from electron diffraction, where a higher amount of -7t stacking is
measured in films from chloroform. Summarizing, all measurements
presented to this point imply more order in F,TCNQ-doped P3HT
films from chloroform compared to chlorobenzene. This is contra-
dictory to the properties of thin films of pristine P3HT, for which
the higher boiling point of chlorobenzene leads to more ordered thin
films.

63 IMPACT ON CHARGE TRANSPORT

Before the origin of this behavior is approached in the next section,
the consequences of the higher amount of order in films from chlo-
roform are analyzed in terms of conductivity these films exhibit. Fig-
ure 6.4 shows conductivity measurements of pristine P3HT as well as
F,TCNQ-doped P3HT thin films. The conductivity of pristine films
was calculated from IV-measurements. Since the impact of contact re-
sistance increases with decreasing thin film resistance, the four-point
probing technique was used in the case of doped thin films which ex-
hibit a conductivity orders of magnitude higher than that of pristine
P3HT. Figure 6.4a reveals a higher conductivity of pristine P3HT spin-
cast from the high-boiling point solvent chlorobenzene compared to
chloroform, which is in line with the UV-Vis measurements of pris-
tine P3HT thin films (Figure 6.2) and the literature [33, 107, 109].
This interrelation is inverted in the case of F,TCNQ-doped P3HT, dis-
played in Figure 6.4b: Films of P3HT:F,TCNQ show a significantly
higher conductivity of 455Sm™! when spin coated from chloroform
compared to chlorobenzene (0.3Sm™!). This highlights the practical
importance of the investigated effect. The absolute values of a few
Sm™! for P3HT:F,TCNQ in the given concentration match roughly
with expectations from literature [97]. However, a detailed compari-
son remains difficult since the conductivity is very sensitive to addi-
tional parameters such as the regioregularity [141] or the temperature
of the P3HT-F,TCNQ blend prior to spin coating [137].



64 APPROACHING THE UNDERLYING MECHANISM

a) [ J " T 1 0 [
__3.0x10" pristine PBHT Al P3HT.F, TONQ ]
el | £ 1
5, 4L 1 o ¢
> 2.5x10 = 1 )
= =
B 2.0x10° - 1 5
3 )
2 r 32} i
8 15x10* + 1 8 |

L ] L |

1.0x10" - E - _
L | ‘ | ] . + | |
Chlorobenzene  Chloroform Chlorobenzene  Chloroform

Figure 6.4: Lateral conductivity of pristine (left) and F,TCNQ-doped (right)
P3HT thin films. The conductivity of undoped P3HT was ex-
tracted fom IV-measurements, whereas the four-point probe tech-
nique was applied for doped P3HT.

64 APPROACHING THE UNDERLYING MECHANISM: UV-VIS SPEC-
TROSCOPY ON SOLUTIONS

The effects observed and discussed so far were obtained on already
dried thin films. Since all processing steps were kept identical be-
tween the films from chloroform and chlorobenzene, the degree of
order that forms upon drying could already be predefined in the so-
lution state by interactions of solvent and solutes: single P3HT chains
and F,TCNQ molecules. To investigate the blends, UV-Vis spectra of
the mixed solutions were recorded. These and corresponding fits are
shown in Figure 6.5 for chloroform and chlorobenzene. As fit inputs,
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Figure 6.5: UV-Vis absorbance spectra of doped P3HT dissolved in
chlorobenzene (left) and chloroform (right). The black line shows
the measured spectrum and the red line represents a fit com-
posed of the shown components (dotted lines). Pristine dissolved
F,TCNQ (purple) and P3HT (blue) were measured and used as
fit input. The F,TCNQ anion spectrum (green) was extracted
from [88, 113] and the aggregate (yellow) and polaron (orange)
contribution was approached with a gaussian.

several contributions were taken into account:
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* neutral, disordered P3HT and F,TCNQ. The spectra were recorded
separately with dissolved P3HT and F,TCNQ.

* charged F,TCNQ (labeled as F,TCNQ anion). The spectrum
was extracted from references [113] and [88] and used as input
for the fit.

¢ charged P3HT (polaron). The polaron is approached with a
gaussian. From the fits to the spectra, the true nature of the
charged P3HT absorptions cannot be deduced: It could origi-
nate from polarons or bipolarons, which were described as the
equilibrium charge storage configuration in the solution state in
the past [134, 142].

e P3HT aggregates (ordered domains). To minimize the amount
of fitting parameters, this contribution is approached with a
gaussian, centered at 2.2eV. Physically correct, this contribu-
tion would be fitted with a Franck-Condon series as done for
pristine P3HT in Section 5.1.2. Since the spectra of pristine dis-
solved P3HT do not show additional absorptions in the spec-
tral range below 2.5eV, the aggregates are to be comprised of
charged P3HT.

Detailed fit parameters are listed in the appendix, Table A.2. A com-
parison of the measured spectra and corresponding fits reveals signif-
icantly stronger absorptions below 2.5eV in solutions of chloroben-
zene. In this spectral range, charged P3HT and F,TCNQ as well as
P3HT aggregates absorb. While the correlation between an increase
in absorption of charged P3HT and charged F,TCNQ is clear, the
question arises, why the measured spectra indicate a correlation of
the absorption of these charged species with P3HT aggregate forma-
tion. Gao, Niles, and Grey answer this question with the finding that
polaron and F,TCNQ-anion absorptions only occur in solutions of
regioregular P3HT, whereas they are not observed in regiorandom
P3HT, which is not able to form ordered structures [20]. An interplay
between the ability to form ordered structures and a further stabiliza-
tion of the doping and polaron due to the planarization upon charge
transfer [131] and aggregation could be a possible mechanism. These
findings imply that F,TCNQ-doped P3HT in chlorobenzene already
forms ordered domains in the solution state whereas this aggregate
formation is significantly smaller in chloroform and not present at
all in pristine P3HT. Such an aggregate formation in chlorobenzene
solutions was also observed by Jacobs et al. [25].

The question why such aggregates form in chlorobenzene solution
can be answered by analysis of the solubility. It was shown in the past
that for pristine P3HT, the addition of a solvent that poorly dissolves
P3HT leads to precipitation of ordered aggregates (for regioregular
P3HT) [134]. However, both pristine P3HT and F,TCNQ are known
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to dissolve without aggregation in the used concentrations in chloro-
form [49, 107, 113, 131, 136, 137] and chlorobenzene [20, 88, 97, 131].
This can also be deduced from the UV-Vis spectra of solutions in Fig-
ure 6.5. The feature of P3HT aggregates at 2.2eV only emerges in
blend solutions and mainly in chlorobenzene. This implies that not
the solubility of the pristine materials in chloroform and chloroben-
zene is crucial, but the solubility of the charged molecules or even
molecule-pairs in the case of P3HT:F,TCNQ-complexes. Being po-
lar themselves due to the charge transfer, the solubility of charged
molecules can strongly depend on the polarity of the solvent. The
question if charge transfer takes place at all already in solution can
be answered by the observation of a rapid color-change upon mix-
ing F,TCNQ and P3HT solutions, indicating immediate charge trans-
fer. A possible parameter to evaluate the polarity of a solvent is the
normalized molar electronic transition energy of a solvatochromic
dye EY (whereas a higher value corresponds to a higher polarity):
E-]F'(CB) = 0.188 kcal mol~! compared to E-]F’(CF) = 0.259 kcal mol ™
[143]. This implies a better solubility of charged molecules and hence
less aggregation in chloroform compared to chlorobenzene—which is
exactly what is observed in the UV-Vis spectra. This effect of aggrega-
tion is expected to become more and more apparent when increasing
the concentration of charged molecules from pristine P3HT towards
highly doped P3HT. In addition to the static polarity, polarizability ef-
fects which are accounted for with the dielectric constant might play
a role: The higher dielectric constant of 5.54 for chlorobenzene com-
pared to 4.77 for chloroform [144] could, for instance, facilitate the
formation of aggregates due to an increased screening of charges on
dopant and host.

65 FROM BLEND SOLUTIONS TO THIN FILMS

What is the mechanism that leads from a state where aggregation
is observed in chlorobenzene solutions to dried thin films which are
less ordered and less conductive than those from chloroform? Several
aspects might play a role here. First, there is evidence in literature
that the aggregates forming in solution could be made up of aggre-
gated P3HT with F,TCNQ-molecules surrounding them [25]. In the
process of film formation, this could hinder the inter-connectivity of
such aggregates via tie-chains, which are known to be crucial for the
overall conductivity [18, 112]. However, this mechanism alone can
not explain the significantly more pronounced 7-7t stacking in films
spin-cast from chloroform. In chloroform, several prerequisites for
the formation of an ordered P3HT film are fulfilled. First, P3HT and
F,TCNQ are homogeneously distributed in the solution. Second, as
charge transfer takes place already in solution, the backbone planarity
is significantly increased [131]. This is an ideal starting point for the
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formation of crystallites upon drying since the backbones need to
planarize in any case to be able to form -7t stacks [18, 103, 104]. In
chlorobenzene solutions, host and dopant molecules are not homo-
geneously distributed and already pre-aggregated. These aggregates
seem to hinder the formation of a degree of order comparable to
the one arising from chloroform solutions. This picture fits to the ob-
served -7t double-peak in films from chlorobenzene and the strong
-7t stacking measured in films from chloroform with electron diffrac-
tion (Figure 6.1).

6.6 DISCUSSION

Studies on P3HT:F,TCNQ in the past often used either chloroform
or chlorobenzene, leading to inconsistencies as recently noticed by
Salzmann and Heimel [2]. This work can fill the gap and help to re-
solve the open questions. As a summary, the whole process of P3HT
and F,TCNQ interacting in solution and the formation of more or
less ordered thin films is depicted in Figure 6.6. Note that—as dis-
cussed in Chapter 8—the dopants are believed to reside in the lamel-
lar stacking and not in the 7-7r stacking of P3HT crystallites which
is indicated in the zoom-in in of Figure 6.6. Concluding, the doping
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Figure 6.6: Schematic drawing of the formation of order from the dissolved
state to dried thin films for P3HT spin cast from the solvents
chloroform and chlorobenzene.

of P3HT in case of chloroform as solvent led to an increase of order
in terms of 7-7t stacking compared to undoped P3HT, measured with
electron diffraction. This effect can be traced back to interactions of
dopant, polymer, and solvent already in the solution state, leading
to aggregation in chlorobenzene solutions. These aggregates exhibit
distinct absorptions around 2.2 eV and enable furthermore the obser-
vation of P3HT polaron and anion absorptions. The solvent polarity
is identified as main driving factor. In dried thin films, the increased
-7t stacking in films from chloroform leads to increased conjugation
length of the polymer chains which allows the polarons to delocal-
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ize more. This induces a red-shift of the P1 polaron absorption in
IR spectra. As a consequence, the lateral conductivity is significantly
higher in thin films from chloroform. This finding demonstrates that
the processing guidelines for pristine materials cannot be transferred
to doped materials. The charging enables additional mechanisms that
in the shown case dominate the thin film formation. In the case of
P3HT:F,TCNQ, the boiling point of the solvent hence does no longer
represent the most important solvent parameter in the production of
highly conductive thin films as it is the case for pristine P3HT. While
this relationship can be seen as general, additional factors such as the
overall solubility of dopant and host might also play a role in other
material systems.
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COMPARISON OF BLEND AND SEQUENTIAL
DOPING

As discussed in the previous chapter, the processing of doped poly-
mer layers from blend solutions demands for extensive knowledge
about the materials as well as interactions between materials and sol-
vents. Additionally, solvents are needed that dissolve both the poly-
mer and the dopant. Especially in case of F,TCNQ, this is challenging
since a solubility is only given in comparably low concentrations of
up to 1gl™! whereas P3HT for example is soluble with tens of gl~!.
In the past, doped thin layers were mainly produced from blend so-
lutions or by simultaneous thermal evaporation in vacuum (which
is not possible for polymers such as P3HT). However, one property
of small molecule dopants gained increasing attention recently: the
ability to diffuse readily at room temperature in and into P3HT lay-
ers [145, 146]. Such dynamic dopant movements in organic semicon-
ducting materials are analyzed in detail in Part II of the results and
discussion. Here, only a brief introduction is given and equilibrium
situations are analyzed. One way to utilize this diffusion property is
to thermally evaporate dopant molecules in vacuum on a solution-
processed P3HT thin film. Although this technique allows for a pre-
cise control of critical parameters like dopant concentration, substrate
temperature, evaporation rate, and more, it contradicts the original in-
tention to use solution-processable polymers in the first place: the po-
tential to print—ideally all parts of—organic semiconductor devices
from solution.

A possible solution to this problem was recently introduced by Sc-
holes et al. and Jacobs et al. They propose a technique with which
a sequential processing of small molecule dopants from solution be-
comes possible: by spin coating the dopants from a solvent that on
the one hand dissolves the dopant, but on the other hand does not
dissolve the underlying P3HT layer [24, 25]. Such orthogonal solvents
can be found for the combinations of P3HT with F,TCNQ and also
with Mo(tfd-CO,Me);: While the beforehand mentioned solvents like
chloroform or chlorobenzene are used for P3HT, acetonitrile dissolves
both dopants without impact on a P3HT thin film. As described in
Section 4.2, dopant and host material are separately dissolved us-
ing the orthogonal solvents first. P3HT is then spin coated, and the
dopant is subsequently spin-cast on the already dry P3HT thin film.
The additional benefit of this technique is that the underlying P3HT
layer can be tuned in terms of film thickness and morphology as de-
scribed in Chapter 5 before getting in touch with the dopant.
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In the following, differently doped P3HT layers are compared to
shed light on whether comparable film properties can be achieved.
Although sequentially spin coated F,TCNQ-doped P3HT layers were
shown to achieve comparable and even higher doping efficiencies
than films from blend solutions [25], a comprehensive comparison in-
cluding sequential deposition from thermal evaporation was not yet
shown for the dopant Mo(tfd-CO,Me);. This chapter aims at compar-
ing the properties with electron diffraction and infrared spectroscopy.

7.1 ANALYSIS OF THE STRUCTURAL ORDER: ELECTRON DIFFRAC-
TION

Figure 7.1 displays radial profiles of electron diffraction patterns for
differently doped P3HT thin films. The left part focuses on the diffrac-
tion signal of the (100)-orientation (lamellar stacking) with a spacing
of around 1.6nm and the right part shows the region around 3.8 A
where the (010)-orientation (7-7t stacking) becomes visible. P3HT rep-
resents the undoped reference profile with clearly visible peaks from
lamellar as well as 7-7t stacking. P3HT ac is a control experiment
to study the impact of pure acetonitrile on the ordered fraction of
P3HT. Jacobs et al. assume that acetonitrile is capable of swelling only
amorphous regions of P3HT without swelling or dissolving crystal-
lites [25], which was recently supported by X-ray diffraction measure-
ments [22]. In the electron diffraction profile of P3HT ac, it can be
seen that upon spin coating pure acetonitrile on top of a dried P3HT
film, both spacings remain visible, although the ratio of intensities
between them changes in favor of lamellar stacking. Importantly, the
stacking distances do not change, implying that ordered regions in
the P3HT retain their structure. P3:Mo-mix depicts a P3HT:Mo(tfd-
CO,Me); thin film that was prepared from a blend solution with a
defined doping ratio of 10:1. No signal of lamellar stacking is visible
in this case. The 7-7t stacking however can still be observed, although
the spacing decreased by roughly 0.08 A. Such a shift in 7t-7 spacing
was already observed for F,TCNQ-doped P3HT in Chapter 6. Possi-
ble origins of this shift in 7-7t spacing are discussed in detail in Chap-
ter 8. The formation of phase-separated Mo(tfd-CO,Me);-crystals can
be excluded as reason for this shift since ordered domains of Mo(tfd-
CO,Me); do not show a spacing comparable to that of either the
(100)- or (o1o)-orientation of P3HT (purple dotted line labeled as
Mo in Figure 7.1). An exact analysis of the absolute peak intensity
is not performed here since an identical alignment of the transmis-
sion electron microscope would be required for each measurement.
Variations in the electron dose can alter the measured peak inten-
sity and small deviations in film thickness and doping ratio would
further falsify intensity analyses. P3:Mo-seq-s describes sequentially
doped P3HT with the dopant being applied from solution. In this
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Figure 7.1: Radial profiles of electron diffraction patterns measured on thin
films of pristine and differently doped P3HT. P3HT ac: P3HT
thin films washed with acetonitrile. P3:Mo-mix: P3HT & Mo(tfd-
CO,Me); both dissolved in chlorobenzene and mixed prior to
spin coating. P3:Mo-seq-s: Mo(tfd-CO,Me); spin coated from
acetonitrile onto an already dried P3HT thin film. P3:Mo-seq-
v: Mo(tfd-CO,Me); evaporated with (15+5) Amin~! (A) and
2.6 Amin~! (B) onto an already dried P3HT film in UHV con-
ditions.

case, Mo(tfd-CO,Me); was dissolved at a concentration of 1 gl in
acetonitrile and spin coated on top of the dried P3HT film. Due to
the ability of Mo(tfd-CO,Me); to diffuse into the P3HT film [146]
which is further facilitated by the supposed swelling [22, 25], this
technique leads to intermixed films of P3HT and Mo(tfd-CO,Me);. It
can be seen that in this case, the lamellar spacing is still observed and
hence not destroyed by the sequential deposition of Mo(tfd-CO,Me);.
The two profiles shown demonstrate that with this technique, the lo-
cal structural order can vary. Some regions show an even stronger
signal from the lamellar stacking compared to the 7-7r stacking. Re-
markably, a shrinkage of the 7-7t spacing comparable in magnitude to
the mixed doping is observed. Additionally, the spacing of the lamel-
lar stacking increases, just as for the case of F,TCNQ-doped P3HT in
Chapter 6. As third doped P3HT sample, two profiles named P3:Mo-
seq-v are shown in Figure 7.1. Both profiles are recorded from P3HT
films with thermally evaporated Mo(tfd-CO,Me); on top. They differ
in the rate the Mo(tfd-CO,Me); was evaporated (P3:Mo-seq-v-A with
10 Amin~! to 20 Amin~' and P3:Mo-seq-v-B with 2.6 Amin!). As in
the case of the mixed doping technique, no signal of lamellar stacking
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is observed for the evaporation rate A, and only a small peak is visible
for evaporation rate B, which is shifted to a larger spacing compared
to pristine P3HT. As in both differently doped samples before, the
-7t stacking remains visible, but shifted to smaller spacings for both
evaporation rates.

Since the change in 7-7t spacing is analyzed in detail in the fol-
lowing chapter, the discussion presented here focuses on the lamel-
lar spacing. The extinction of the lamellar stacking peak in the case
of mixed doping could be due to a residence of Mo(tfd-CO,Me);
molecules at the side chains of P3HT crystallites. With this, the forma-
tion of well ordered lamellar stacking would be inhibited. The obser-
vation of this peak in the sequential doping from solution would fit to
this hypothesis when keeping in mind that in this case, lamellar stack-
ing is already formed in the pristine P3HT film prior to the doping.
The supposed swelling effect of acetonitrile in this case would not
tear apart the ordered domains in the (100)-orientation. Even for an
infiltration of the lamellar stacking by the comparably large Mo(tfd-
CO,Me); molecules, the crystallites in the lamellar stacking directions
would sill be preserved—with a larger lamellar spacing. However, effi-
cient doping in terms of a conductivity enhancement and a peak shift
of the m-7t spacing is observed. This hints to a doping mechanism
where charged dopant molecules reside at the boundary of crystal-
lites or at the side chains in lamellar direction. In this situation, the
positive charges are transferred to the inside, the polymer backbone,
as previously proposed for a different host:dopant system by Gao,
Niles, and Grey [20]. At first sight, the (almost complete) disappear-
ance of the lamellar spacing peak of the sequential doping from ther-
mal evaporation of the dopant in Figure 7.1 (P3:Mo-seq-v) contradicts
this idea. Also here, the lamellar stacking is formed prior to doping
and ideally should be preserved by evaporation of the dopant. A pos-
sible explanation can be given by the excess energy that dopants have
when they impinge the polymer film due to the process of thermal
evaporation. To explain the observed diffraction profiles, this energy
would need to be larger for a higher evaporation rate which is reason-
able since the evaporation rate is controlled by the temperature and
hence energy that is transferred to the dopant molecules. A higher
evaporation rate would then lead to less lamellar stacking, which is
observed. Due to the introduced energy, Mo(tfd-CO,Me); molecules
could not only intercalate in the lamellar spacing but even tear apart
crystallites in this orientation. However, the magnitude of this effect is
surprising since the evaporation temperature of Mo(tfd-CO,Me); in
vacuum conditions is comparably low (~ 130 °C) and a heating of the
substrate during evaporation is not indicated by in situ IR measure-
ments in comparable experiments. Additionally, the dopants would
have to “carry” this energy through the complete film thickness of
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50nm. A future experiment could investigate this phenomenon with
evaporation of Mo(tfd-CO,Me); onto cooled samples, where effects
of introduced energy should be less pronounced.

7.2 POLARON DELOCALIZATION & CHARGE TRANSFER: INFRARED

SPECTROSCOPY

To expand the comparison further, Figure 7.2 displays IR spectra
of differently doped P3HT films, measured by Vipilan Sivanesan.!
P3:Mo-seq-s labels sequentially doped P3HT from solution (Mo(tfd-
CO,Me); from acetronitrile). P3:Mo-seq-v describes sequentially doped
P3HT by thermal evaporation of Mo(tfd-CO,Me);. The abbreviations
LT and RT denote low temperature (190K) and room temperature
and describe the temperature at which the substrate was kept dur-
ing evaporation of the dopant. However, the spectra shown are all
measured at room temperature, the LT-sample was hence allowed to
equilibrate to room temperature before the spectrum was recorded.
P3:Mo-mix is the P3HT:Mo(tfd-CO,Me); thin film that was processed
from blend solution. The spectra are shifted but not stretched or com-
pressed along the y-axis to facilitate a comparison of peak positions.
Figure 7.2 reveals that all sequentially doped P3HT thin films show
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Figure 7.2: Relative transmittance at normal incidence of sequentially and
blend (P3:Mo-mix) doped P3HT thin films. P3:Mo-seq-s: Mo(tfd-
CO,Me); spin coated from acetonitrile onto a dried P3HT thin
film. P3:Mo-seq-v: Mo(tfd-CO,Me); evaporated onto dried P3HT
film in UHV conditions. Whilst Mo(tfd-CO,Me); was evaporated
at 190K (LT) and room temperature (RT) onto P3HT thin films,
IR-spectra were measured at room temperature. The spectra are
shifted with respect to each other in direction of the y-axis.

a comparable overall shape of the spectrum. The broad electronic ex-
citation of the positively charged P3HT (P1 polaron absorption) does
not differ significantly in shape and position. It peaks for all three
processing conditions at roughly 3100 cm~!. Furthermore, the IRAV-
modes below 1500 cm™! resemble each other in appearance. In con-

1 Group of Prof. Pucci, Kirchhoff-Institute for Physics, Heidelberg University
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trast, the polaron peak of the sample from mixed doping is shifted to
lower wavenumbers, peaking at around 2700 cm~'. The observation
of almost identical P1 polaron absorptions from dopant evaporation
onto cooled P3HT thin films and sequential processing from a solvent
questions the importance of swelling that was highlighted as funda-
mental for sequential doping recently [22].

The differences between mixed and sequentially doped P3HT films
can be rationalized with the different morphologies these films de-
velop during film formation. While all films for the sequential doping
are made of pristine P3HT prior to doping, both Mo(tfd-CO,Me); and
P3HT are present during film formation for P3:Mo-mix. As it is dis-
cussed in Chapter 6 in detail, the interactions between solutes and sol-
vent can largely influence the thin film morphology and with that the
structural order. The lower energy of the polaron peak in the mixed
case points towards a more delocalized polaron which is connected to
a higher conjugation length in such films. This is surprising, since this
film was spin cast from chlorobenzene, which showed inferior forma-
tion of structural order in case of P3HT:F,TCNQ. However, the excel-
lent solubility of Mo(tfd-CO,Me); compared to F,TCNQ could coun-
terbalance the diminishing solubility of charged species in chloroben-
zene which would explain the observed behavior. The similarities be-
tween the sequentially doped films in the IR spectra point towards
an almost unchanged structure in the (010)-orientation (7t-7t stacking),
although the presence of lamellar stacking varies strongly between
the samples as shown above in Figure 7.1. Spectra of sequentially
doped films of different temperatures onto which Mo(tfd-CO,Me);
was evaporated do not differ significantly. As discussed in part two of
this thesis, the diffusion of small molecule dopants is a temperature-
activated process. Anticipating the results discussed in that chapter,
Mo(tfd-CO,Me); does not diffuse into the P3HT layer at a temper-
ature of 190K (LT). It can therefore be safely assumed that except
for the upper layers of P3HT, the P3HT and its structure is not influ-
enced by the evaporation of Mo(tfd-CO,Me); molecules. Just upon
equilibrating towards room temperature, the dopant molecules start
to diffuse into the P3HT film. The observation that both the cooled
and not cooled P3HT reveal a similar IR transmittance spectrum in
the doped case furthermore supports that the intrachain order and
conjugation length—which is stabilized by stacking along the 7-7t
direction—is not altered significantly by diffusion of Mo(tfd-CO,Me);
into the P3HT layer.

Since the position of the characteristic C=O-stretching vibration of
Mo(tfd-CO,Me); does not shift measurably upon doping, a reliable
evaluation of the amount of charge transfer cannot be made. How-
ever, conductivity measurements indicate comparably strong doping
in all cases, ruling out a partial charge transfer which was described
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to be much less efficient in generating free charges [2, 14]. Further-
more, the varying amount of order in the lamellar stacking direction
is not expected to heavily influence charge transport since the inter-
chain conductivity in this direction is in any case significantly lower
compared to the intrachain and interchain conductivity in 7t-7t stack-
ing direction (due to the bad electrical conductivity of the side chains)
[132]. A detailed comparison of conductivity and doping efficiency is
not given here due to the numerous parameters that—additionally
to the doping concentration—impact these quantities. Among them
are the effects of temperature while evaporation, including a desorp-
tion of dopants in the vacuum that would reduce the total number of
dopants in the film, the undefined number of dopant molecules that
enter the film in case of solution sequential doping, and more.

7.3 SUMMARY

In summary, different sequential and mixed doping techniques seem
to mainly affect the structure of P3HT thin films in the lamellar stack-
ing as it could be deduced from electron diffraction measurements
(Figure 7.1). One possible explanation for the observed effects is a
residence of dopant molecules in or at the side chains which is detri-
mental for the formation of order in the lamellar direction. Whereas
the 7-7t spacing shrinks upon doping for all doping techniques, IR
spectroscopy (Figure 7.2) implies only minor differences in intrachain
order and the connected conjugation length between all sequentially
doped samples, as concluded from the position of the P1 polaron ab-
sorption. The following chapter focuses on the origin of the decrease
in 7T-7t spacing.
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INFLUENCE OF DOPING ON CRYSTALLINE
PACKING IN POLYMERS

As noted in the previous chapter, the lattice spacing in the 7-7t stack-
ing direction shrinks upon doping. The following gives a brief overview
of existing related observations in literature and prevalent hypotheses
that could explain this effect. After a discussion of the m-7t stacking
measurements conducted for this thesis, a novel approach to explain
the observed change in lattice spacing is presented.

The impact of doping on the structural order of organic semicon-
ducting polymers was mainly investigated on the prominent exam-
ple of P3HT:F,TCNQ in literature. Duong et al. observed a change
in crystal packing at doping concentrations exceeding a dopant mo-
lar fraction of 0.03 [97, 137]. They propose the formation of mixed
crystals of P3HT and F,TCNQ that lead to a shift of the -7t spacing
and the formation of a double peak in X-ray diffraction. This picture
was picked up by numerous publications, which led to the preva-
lent believe that the change in 7-7t spacing upon doping is caused
by intercalation of F,TCNQ molecules into the 7-7t stacking of P3HT
crystallites [24, 25, 88, 97, 137, 138]. The observed shorter spacing in
X-ray [24, 97, 137, 147] or electron [25, 89] diffraction would then no
longer be the -7 stacking of adjacent P3HT chains, but the spacing
between P3HT chains and the planar, intercalated F,TCNQ molecules.
However, Gao et al. draw a picture in which F,TCNQ is located at the
boundaries of ordered domains. The transferred charges in this pic-
ture separate into the crystallites in an energetically more favorable
state, which is caused by the higher conjugation length of the more
planar P3HT chains in such a crystal, allowing the charge to delocal-
ize stronger in comparison to unaggregated chains [20, 21, 148]. More
recently, Scholes et al. present measurements implying that the pic-
ture of F,TCNQ intercalating into the -7 stacking of P3HT might be
wrong [22], which is supported by a work that finds no alignment
of F,TCNQ molecules with the 77 stacking direction in strongly
aligned rubbed P3HT thin films [139]. The following sections provide
further evidence that an intercalation of dopants cannot be respon-
sible for the shrinking 7-mt spacing. Furthermore, DFT calculations
are utilized to shed light on the underlying mechanism that induces
changes in m-7t stacking of P3HT crystallites upon doping, which was
not yet discussed thoroughly in literature.
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8.1 MEASURING THE STACKING DISTANCES IN CRYSTALLITES:
ELECTRON DIFFRACTION

As it was briefly mentioned in the previous chapter, the shrinkage of
m-7t spacing in P3HT crystallites is observed independent of dopant
(E,TCNQ and Mo(tfd-CO,Me);) and doping technique (mixed and
sequential doping from solution or thermal evaporation), as summa-
rized in Figure 8.1. This graph shows the -7t spacing measured by
electron diffraction in a TEM for untreated and acetonitrile-washed
pristine P3HT (P3HT & P3HT ac), P3HT:Mo(tfd-CO,Me); (P3:Mo),
and P3HT: F,TCNQ (P3:F4). Three different doping techniques are
compared for P3HT:Mo(tfd-CO,Me);: films spin cast from a blend
solution (mix), sequential doping from acetonitrile solution (seg-s),
and thermal evaporation of Mo(tfd-CO,Me); (seq-v). The value of 7-
7t spacing for F,TCNQ-doped P3HT is displayed for spin cast films
from blend solutions in the solvents chloroform (CF) and chloroben-
zene (CB). The complete diffraction profiles are shown in previous
chapters (Figure 6.1 for P3HT: F,TCNQ and Figure 7.1 for P3HT:Mo(tfd-
CO,Me);). Doping concentrations for the blend doping are 10:1. The
exact amount of dopants in the films prepared by sequential doping is
not exactly known, but expected to be comparably high. As it can be

L ' ' ' IR e

- | = | | PaHTac

= f A | 1 P3:Mo-mix

L p——aA—— —- P3:Mo-seg-s
L —aA—— i P3:Mo-seq-v
L —eo—| 1 Pa:F4-mix-CF
L f ® ! 1 P3:Fa-mix-cB
N e e T e
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Figure 8.1: -7t stacking distances extracted from electron diffraction mea-
surements for doped and undoped P3HT. Irrespective of dop-
ing technique and dopant, the m-7r stacking distance is smaller
in doped compared to pristine P3HT. The errors originate from
sample-variation as well as from local variations on the mea-
sured samples.

seen in Figure 8.1, pristine P3HT reveals a spacing of (3.79 4 0.01) Ain
contrast to spacings around 3.71 A for doped P3HT. Within the error
that is calculated from deviations of measurement spots on the same
sample and measurements of different samples, all values are equal.
This means that the 7-7t spacing shrinks independent of dopant and
doping technique by roughly (0.08 +0.01) A. If, as usually assumed,
the intercalation of the dopant into 7-7t stacks of P3HT chains would
be the main driving factor for the observed shift, Mo(tfd-CO,Me);



8.1 MEASURING THE STACKING DISTANCES IN CRYSTALLITES

should induce a different spacing compared to the differently sized
F,TCNQ. While F,TCNQ is a flat molecule which can be imagined to
easily fit in between the backbones of quite flat adjacent P3HT chains,
Mo(tfd-CO,Me); has a three-dimensional structure and larger spatial
dimensions. Figure 8.2a shows the three-dimensional optimized ge-
ometry of Mo(tfd-CO,Me);. To estimate the height of such a molecule,
the distance between planes spanned by the three topmost fluorine
atoms A; and the plane spanned by the lowest three hydrogen atoms
A, is calculated to 6.15 A. From this rough estimation, it becomes clear
that an intercalation of Mo(tfd-CO,Me); in between P3HT chains in
the 7-7r stacking direction would be unlikely to cause diffraction pat-
terns similar to that of F,TCNQ-doped P3HT, including the same shift
of 0.08 A in 7-7t spacing. For comparison, the molecular structure of
F,TCNQ in a top- and side-view is displayed in Figure 8.2b and c.

a)

b) c)

Figure 8.2: 3D molecular structures of Mo(tfd-CO,Me); (a) and F,TCNQ (b,
). The planes A; and A, are used to estimate the height of a
Mo(tfd-CO,Me); molecule. The colors represent different atomic
species as given in the legend.

Further evidence that such a change in n-7t spacing is a general
phenomenon is given by literature: Thelen et al. observed a shrinkage
of m-7t spacing upon electrochemical doping P3HT with bis(trifluoro-
methanesulfonyl) imide (TFSI™) anions [147]. They—as confirmed by
Guardado and Salleo—conclude that, at voltages high enough, the
TFSI™ anions are able to enter the alkyl side chain regions of crys-
tallites, which represent the connecting elements in lamellar stack-
ing direction [149]. This leads to an irreversible expansion of the
lamellar spacing, similar to what is observed in molecular doping
in this thesis (see Figure 6.1 for P3HT:F,TCNQ and Figure 7.1 for
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P3HT:Mo(tfd-CO,Me);). Based on the molecular packing calculated
by Himmelberger et al. [150], the geometric effect of straightening
alkyl side chains initialized by intercalated anions is given as one
possible explanation for the contraction of 7-7t stacking in this case
[149]. The planarization of P3HT chains upon doping was given as
alternative explanation in the past [23]. Interestingly, a contraction of
m-1t stacking is not only observed for P3HT, but also for the poly-
mer PBTTT?, doped with F,TCNQ [151]. This polymer also develops
a semi-crystalline structure with crystallites made of lamellar and 7t-
nt stacked polymer chains [152]. The amount of shrinkage found by
X-ray diffraction is quite comparable to the one found for electro-
chemical doping of P3HT [147, 149]. The finding that a contraction
of -7t spacing is measured for two different polymers and strongly
differing dopants, ranging from small ions to the planar F,TCNQ
molecule and the voluminous Mo(tfd-CO,Me); dopant, questions the
mere straightening of alkyl side chains by intercalation of dopants as
explanation. In the following section, the charging of the polymer
backbone that is common to all previously described material com-
binations and processing techniques, is investigated as possible basic
cause of the smaller -7t stacking distance for the first time.

8.2 APPROACHING THE UNDERLYING MECHANISM: DFT CALCU-
LATIONS

Density functional theory (DFT) calculations are shown in the follow-
ing as an approach to access the structural change of P3HT or sim-
ilar crystals upon charging. The DFT calculations were performed
by Wenlan Liu.? Equilibrium geometries of the bulk P3HT and poly-
thiophene were calculated with the PBE [153] functional in combi-
nation with the projector-augmented wave (PAW) method [154, 155],
which are implemented in the VASP code [156, 157]. The oligomers
structures were optimized at the B3-LYP/TZVP level [158-162] with
the TURBOMOLE program package [163], and localized molecular or-
bitals were obtained with a modified Pipek-Mezey method [164, 165].
Since an atomistic reproduction of complete P3HT thin films with
DEFT is not possible with computing power available to date, simplifi-
cations and reductions to smaller systems have to be made. The ques-
tion arises, which minimal system still appropriately describes the
real situation, but at the same time, keeps the need for computational
power at a reasonable level.

For the calculations shown here, a dimer system of two molecules
with a variable amount of thiophene units with and without side
chains is chosen. The distance between these chains represents the
-7t spacing . Since the thiophene units are not completely planar, but

1 poly(2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene)
2 Group of Andreas Kohn, University of Stuttgart.
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instead tilted with respect to each other [103, 104], parallel planes
are introduced for which the sum of the root mean square devia-
tions (RMSD) of the distances between the atoms and the respective
plane is minimized. However, P3HT chains are more planar in or-
dered structures compared to single chains and planarize even more
when charged [103, 131], reducing the error introduced by this ap-
proach. Since P3HT as a polymer is comprised of chains that contain
tens to hundreds of thiophene units, depending on the molecular
weight, the question arises how many thiophene units are necessary
to appropriately describe the charging upon doping. Previous studies
point to an interaction of one F,TCNQ molecule with four thiophene
units [20, 49, 97, 120], which is used here as minimum meaningful
length. First calculations to understand the basic properties of this
system consider the dimer of two molecules made of four thiophene
units each (quaterthiophene, 4T) without side chains, as shown in Fig-
ure 8.3a. The system with alkyl side chains is depicted in Figure 8.3b.
Before discussing the calculation of spacing between the molecules, a
closer look at the electronic orbitals is instructive.

a) 4 thiophene - dimer c)

single molecule dimer

LUMO
- e O To-co-oeg.

Energy

'H_ -Fe88geee
ST 8888888

" e

HOMO
A it o

Figure 8.3: a, b) Relaxed 3D molecular structures of a quaterthiophene dimer
without (a) and with (b) alkyl side chains in. ¢) Highest occupied
(HOMO) and lowest unoccupied (LUMO) molecular orbital of
the single quaterthiophene as well as the dimer.

Figure 8.3c shows the HOMO and LUMO energetic position of the
single molecule and of the dimer. It can be seen that for the dimer, a
splitting occurs due to interaction of the single orbitals. In the ground
(uncharged) state, the LUMO orbitals are not occupied, whereas the
HOMO is fully occupied. Upon p-doping, one electron is removed
from the system. Due to the pursuit of energy minimization, this elec-
tron is missing in the upper level of the depicted two HOMO states,
which is an antibonding molecular orbital in contrast to the lower
bonding orbital. From this rather elementary consideration, it be-
comes clear that in the p-doped state, the bonding orbital is weighted
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stronger compared to the antibonding orbital, making a decrease of
the m-7t spacing plausible.

DFT calculations to access the 7-7t spacing directly were carried out
on the same dimer system with and without side chains for a varying
number of thiophene units. Figure 8.4a shows the 7-7t spacing of the
neutral dimer in blue and the positively charged (cation) dimer in red.
The difference between the corresponding neutral and cationic values
represents the decrease of 7-7t spacing that in a second step can be
compared to the shift observed with electron diffraction for p-doped
P3HT. The spacing of the neutral dimer is larger than the spacing of
the charged system for all lengths calculated. Two effects are visible.
First, the 7-7t spacing decreases for the neutral dimer when increasing
the chain length from four units up to 14 units. At the same time, the
spacing of the cation increases between four and eight units, reaching
a steady state then. This leads to a decrease of the difference in 7-
7t stacking between the neutral and charged state A, for increasing
length of the dimer.

The observation that the 7-7r spacing is generally smaller for the
charged system shows that already the charging without any dopant
molecules present affects the system in the direction that is observed
with electron diffraction on real doped P3HT samples. The decrease
of spacing of the neutral dimer with increasing length can be ex-
plained by a relaxation of the system when increasing the size. For the
cation, the charging effect decreases with increasing length, since the
single additional charge can delocalize stronger, weakening the effect
per single thiophene unit. Both effects combined then lead to a de-
crease of 7-7t stacking contraction for larger dimers. However, when
concerning the finding from literature that the dopant F,TCNQ inter-
acts only with four thiophene units, the spacing distance A; for four
thiophene units should be the most relevant. For the system without
side chains, A, is calculated to be 0.08 A, which fits well to the mea-
sured value of (0.08 +0.01) A from electron diffraction of differently
doped P3HT (see Section 8.1).

Figure 8.4b shows m-7t spacing calculations of the same system, but
with two charges (bication). For this system, the spacing of the cation
is large for a small length, reaches a minimum for eight thiophene
units length and increases again for longer dimers. The absolute val-
ues from eight units to higher length are—as for the cationic case—
smaller than the spacing of the neutral dimer. The observation that
the system reaches the minimal 7t-7t spacing distance for exactly eight
units length when charged twice shows that the calculations are con-
sistent with the system of one charge that reached its minimum at
four units. Below eight units, the dimer is over-saturated with posi-
tive charges, leading to a coulombic repulsion of the molecules. For
eight units, the system is saturated and dilutes for longer dimers.
The difference between neutral and bicationic spacing for eight units
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Figure 8.4: Calculated 7-7t spacing distances for neutral (blue), cationic (red),
and bicationic (orange) dimers of quaterthiophene (a, b) and
quaterthiophene with hexyl side chains (c). The length of the
dimer in units of thiophene monomers is given on the x-axis. The
background color-gradient indicates the charge-saturation of the
dimer for the cationic or bicationic state.

length A, resembles the 0.08 A that were observed for four units in
the cationic state and electron diffraction measurements of real doped
P3HT.

To take one step towards a more realistic system, Figure 8.4c shows
calculations of the 7-7t spacing for a neutral and singly charged dimer
with alkyl side chains, reproducing the chemical structure of P3HT. A
decreasing spacing of the neutral dimer for increasing chain length
shows the same trend as without side chains. Furthermore, the spac-
ing of the charged dimer is smaller compared to the neutral sys-
tem, preserving the general trend. The spacing of the cation is min-
imal with four thiophene units also with side chains, but does not
monotonically increase with increasing length—a local maximum is
reached for five units length. The absolute spacing difference between
neutral and cationic dimer at four units length A;= 0.22 A however
is much larger than measured experimentally and calculated without
side chains.

89



90

INFLUENCE OF DOPING ON CRYSTALLINE PACKING IN POLYMERS

8.3 DISCUSSION

The DFT calculations for dimers with and without side chains show
a clear trend of decreasing 7-7t spacing upon removing one electron
from the system. This fits to the measurements presented in this thesis
and observations by others for doped P3HT as well as doped PBTTT
[22, 24, 25, 88, 89, 97, 137, 138, 147, 149, 151]. The question if the
absolute amount of change in -7t spacing that is induced by a charg-
ing of the crystallite is enough to fully explain the experimentally
observed shift is not easy to answer. From the calculations shown
in Figure 8.4, the dimer structure with side chains (c) is closest to
the real situation. Nevertheless, the system is still strongly simplified.
Crystallites in real P3HT thin films consist not only of a dimer struc-
ture with a few thiophene units in length but can be much larger [24,
93, 166], depending on material properties like the regioregularity
and processing conditions as shown in Chapter 5. Although a larger
crystal domain is able to host more than one charge, delocalization ef-
fects can play a role, which strongly affect the amount of -7t spacing
change as shown in Figure 8.4c: a difference of 0.22 A is calculated
for four thiophene units dimer length and an increase to six units
already decreases this value to 0.05A. Additionally, the influence of
side chains can be strong as the differences between the calculations
of dimers with and without side chains illustrate. Furthermore, the
calculated dimer system with side chains differs from a real dimer
which is embedded in a surrounding of amorphous P3HT or other
ordered P3HT chains in a larger crystallite. The alignment of chains
can be strongly influenced by the surrounding and reversely influ-
ences the packing of polymer chains [150]. As suspected by Scholes
et al., dopant molecules located at or in the side chains could further
change the angle of the side chains relative to the backbone, enabling
a registry shift in along the backbone direction [22].

A combination of the considerations leads to the following conclu-
sion: The calculations shown above clearly reveal a decrease of m-7t
spacing caused by the pure charging without any dopant molecules
or restricting surrounding being present. Although this approach of
regarding solely the charging provides an important insight by decou-
pling it from all external influences, it is a weakness at the same time,
since absolute values can strongly depend on the exact surround-
ing. The calculations presented herein therefore cannot exclude that
previously suggested mechanisms like the reduced dihedral angle
between single thiophene units (planarization of the backbone) [23]
upon charging or the reorganization of side chains [139] additionally
contribute to the reduction of 7-7t spacing in doped P3HT crystallites.
Although still considered as possible option to date [23, 138], the in-
tercalation of dopant molecules as cause for the shift is found to be
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rather unlikely as indicated by the comparison of diffraction data of
F,TCNQ- and Mo(tfd-CO,Me);-doped P3HT, which is furthermore
supported by recent studies [22, 139].

The results presented in this chapter have implications exceeding
the fundamental understanding of molecular arrangement. Thelen et
al. previously found a clear correlation between charge carrier mo-
bility and doping-induced lattice strain dominated by a decrease in
m-1t spacing [167]. Hence, the effect of charging on the molecular or-
der and the corresponding change of charge carrier mobility would
need to be considered charge transport models for organic field-effect
transistors. During operation of OFETs, the switching between charge
transport of the intrinsic semiconductor with a low current (off-state)
and high current in the on-state is achieved by accumulation of a
significant charge carrier density at the interface to a dielectric by
application of a gate voltage. The magnitude of charge carrier den-
sity of 10°°cm™ for sequentially F,TCNQ-doped P3HT [22] is close
to the charge carrier density in a P3HT field-effect transistor, which
is typically around 10'° cm= [41]. Hence, it can be speculated that
a charge-induced decrease in -7t spacing comparable to what was
described in this chapter for doped P3HT could be expected in the
on-state of transistor operation as well. First measurements employ-
ing X-ray diffraction in the channel of a bottom-gate P3HT thin film
field-effect transistor were initiated at the end of the experimental
work for this thesis. However, experimental difficulties did not allow
for an evaluation of the obtained data and future measurements have
to show if the proposed mechanism can be observed in OFETs. The
change in lattice spacing could extend existing transistor models, ad-
ditionally to previously considered effects like static side-chain and
backbone packing, defects in regioregularity, and occurrence of dif-
ferent polymorphs for P3HT [168].
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Results & Discussion
Part II

DOPANT DYNAMICS: DIFFUSION & DRIFT OF
MOLECULAR DOPANTS

In Part II of the results and discussion, the dynamic pro-
cesses of diffusion and drift of molecular dopants are dis-
cussed with focus on the latter. First, a brief overview sum-
marizes existing literature on dopant diffusion in Chap-
ter 9. Then, the influence of the host morphology on dopant
diffusion is discussed on the basis of optical, IR, and pho-
toelectron spectroscopy measurements in Chapter 10. The

controlled drift of molecular dopants is investigated in

Chapter 11. This dynamic motion is revealed and ana-
lyzed with microscopic and spectroscopic techniques. The

influence on charge transport is discussed and the emerg-
ing current signature that indicates dopant drift is utilized

to compare various material combinations to approach

the underlying mechanisms. With the long-term goal of a

chemical immobilization, the drift behavior of chemically

modified n-type dopants is investigated. This part finishes

with the demonstration of memristive devices based on

the controlled drift of dopants in P3HT. This class of de-
vices recently gained increasing attention due to their po-
tential use in memory technology and neuromorphic hard-
ware.






A SHORT LITERATURE REVIEW

Whereas the first part of the results and discussion focused on static
properties of doped thin polymer films, Part II is dedicated to the
influence of parameters like concentration gradients or externally ap-
plied electric fields on the spatial stability of dopants. In state of the
art organic electronic devices such as OLEDs or OFETs, doping is
usually restricted to spatially confined regions [15, 169, 170]. A dif-
fusion of dopants out of the designated charge transport or injection
layers into for example the emission layer of an OLED or the channel
of a transistor would severely deteriorate device performance [171-
174]. The following motivates, why dopants can be prone to diffusion
or drift, and a brief overview of existing studies on the diffusion of
dopants is given.

In inorganic semiconductors, dopants occupy vacancy sites in the
crystal lattice of the host and are covalently bound to the surround-
ing atoms. Doping of organic semiconductors fundamentally differs
in two points: First, the host material is usually amorphous or semi-
crystalline, especially in the case of polymers. Second, dopants are
weakly bound to the matrix via van der Waals forces. After charge
transfer between dopant and host, electron and hole are in many
cases still localized, which can lead to additional binding via Coulom-
bic forces. Many organic polymers undergo glass transition at tem-
peratures between 0°C and 200 °C, which increases the probability
to overcome the already weak bonds that keep dopant molecules at
place [19]. The first generation of dopants was based on monoatomic
ions such as iodine or electropositive metals such as lithium. Al-
though they allow for a high conductivity, films doped with these
dopants showed poor stability due to diffusion and even sublima-
tion of the dopants [5, 6]. Over time, larger molecular dopants were
developed, ranging from the size of F,TCNQ to bulky molecules
like Mo(tfd-CO,Me); or CgoFs6. Surprisingly, even though Cg,Fs6 al-
lowed for thermally more stable hole transport layers in OLED de-
vices with the host BE-DPB* [175], it was shown to diffuse into the
small molecule host MeO-TPD? at room temperature [145]. However,
the time scales differ compared to the much smaller F,TCNQ, which
readily forms well mixed films when thermally evaporated onto films
of the same host material [145]. There are several studies that find or
exclude diffusion of various dopants, depending on the host-dopant
combination and external parameters such as the temperature. Gao

1 N,N’-[(Diphenyl-N,N’-bis)9g, 9,-dimethyl-fluoren-2-yl]-benzidin
2 N,N,N’,N’-tetrakis(4-methoxyphenyl)benzidine
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and Kahn find spatial stability of F,TCNQ in the small molecule host
a-NPD3 up to 80 °C [176], whereas Tyagi, Tuli, and Srivastava observe
diffusion already at room temperature [173]. Duhm et al. also find dif-
fusion of F,TCNQ in the more crystalline host CBP# [177] and several
other studies investigate a dopant diffusion in small molecule host
materials [83, 178, 179].

Whereas small molecule host materials are usually amorphous or
crystalline, polymers often exhibit a semi-crystalline structure, which
is tunable by processing conditions such as the used solvent or anneal-
ing steps, as shown in Chapter 5. A complete understanding of which
parameters control dopant diffusion in such systems is not yet estab-
lished. Previously, diffusion of F,TCNQ was for example observed in
the semi-crystalline polymer PBTTT and P3HT [145, 180]. In the semi-
crystalline polymer P3HT, the F,TCNQ-derivative F,MCTCNQ?, which
possesses greater solubility compared to F,TCNQ [27], was shown to
diffuse more slowly than F,TCNQ [181]. The reason for this behav-
ior is not yet fully understood. Molecules as large as C¢, are able to
diffuse in and into P3HT at temperatures exceeding 50 °C [182]. Dai
et al. could show that the small molecule dopant Mo(tfd-CO,Me);
diffuses into regioregular P3HT at room temperature, whereas this
diffusion was significantly suppressed when mixing P3HT with the
Cgo-derivative ICBA® prior to contact with the dopant [146]. This sug-
gests a major influence of the host morphology in terms of free vol-
ume and possible pathways that dopants can take. When available
volume is occupied, pathways are no longer accessible for a diffusion
of dopants. However, a detailed comparison of host materials to gain
insight into mechanisms that allow for the formation of free volume
and accessible pathways is difficult due to varying processing condi-
tions and different measurement techniques used in existing studies.
One approach was made by Li et al., who replaced the alkyl side
chains of P3HT with poly(ethylene oxide) (PEO) side chains [183].
They show evidence that F,TCNQ interacts with the PEO side chains,
rendering the new polymer more attractive than P3HT. In their exper-
iment, this leads to a migration of F,TCNQ from P3HT into the new
polymer [183]. A comparable study by Kroon et al. found a higher
thermal stability of a F,TCNQ-doped polymer with PEO side chains
compared to P3HT doped with F,TCNQ , indicating that side chain
engineering might be one way to hinder dopant molecules from mi-
grating into adjacent layers [184].

The following chapter follows another approach by comparing two
host systems that only differ in structural order, but not in chemical
composition or processing conditions: regiorandom and regioregular
P3HT.

3 N,N’-diphenyl-N,N’-bis(1-naphthyl)-1,1" -biphenyl-4,4’-diamine
4 4,4 -bis(N-carbazolyl)biphenyl

5 tetrafluoromethyl-oxycarbonyltricyanoquinodimethane

6 indene-Cg, bis-adduct



DOPANT DIFFUSION IN DEPENDENCE ON THE
THIN FILM MORPHOLOGY

P3HT is well suited for a study in which only the structural order be-
tween samples should be changed. The regioregularity, which is de-
fined by the order of linked thiophene units (see Chapter 4) has large
impact on the formation of ordered domains in thin films. As dis-
cussed in Chapter 5, regioregular P3HT has a semi-crystalline struc-
ture in contrast to amorphous regiorandom P3HT. Furthermore, the
degree of crystallinity can be tuned by the regioregularity, whereas
single crystals covering whole P3HT films cannot be achieved. In the
following, the influence of structural order on the diffusion proper-
ties of the small molecule dopants F,TCNQ and Mo(tfd-CO,Me); is
discussed.

10.1 SEQUENTIAL DOPING OF DIFFERENTLY ORDERED P3HT FILMS

Figure 10.1 shows UV-Vis absorption spectra of differently ordered
F,TCNQ-doped P3HT thin films. P3HTrra:F,TCNQ-seq-s abbreviates
regiorandom P3HT, doped sequentially from acetonitrile solution. The
highly regioregular P3HT (RR= 96.7 %) is labeled as P3HTrr, whereas
P3HT is still considered regioregular, but with a lower regioregularity
of 93.7 %. As it is discussed in Chapter 5, the differences in the UV-Vis
absorption spectra of the undoped P3HT (black lines in Figure 10.1)
directly relate to differing degrees of order. To approach the question,
whether the structural order in such thin films impacts the diffusion
behavior of small molecule dopants in and into these films, sequential
doping with F,TCNQ from acetonitrile solution was performed on all
three samples. As introduced in Chapter 5, characteristic absorption
features appear, originating from the absorption of the charged P3HT
(P2 polaron) around 1.5eV and the F,TCNQ anion with a double-
peak structure below the bandgap of P3HT and around 3 eV. The dot-
ted line in Figure 10.1 shows the absorption of a 10:1 P3HT:F,TCNQ
thin film that was processed from a blend solution. This spectrum
serves as reference for the sequentially doped samples. It can be seen
that the characteristic doping-related absorptions show up in inten-
sities that are comparable to the film spin coated from blend solu-
tion. This observation is independent of the thin film morphology
and comparable intensities show up for regiorandom as well as both
regioregular P3HT films. Interestingly, the position of the P2 polaron
absorption does not seem to shift significantly with changing degree
of order and hence conjugation length as the P1 component of the
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polaron in the IR spectral region does (see Chapter 6). The observa-
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Figure 10.1: UV-Vis absorption spectra of (doped) regiorandom P3HT (a),
P3HT with high regioregularity (b), and very high regioregular-
ity (c). F,TCNQ was sequentially processed onto dried P3HT
films from acetonitrile solution (-seq-s, red solid lines). The ab-
sorption spectrum of a 10:1 F,TCNQ-doped P3HT film that was
processed from blend solution is given in (b) as reference (-mix,
blue dotted line).

tion that the doping-related absorption features emerge independent
of the film morphology is a clear hint that not only a doping at the in-
terface of separated dopant and polymer layers occurs as it would be
expected for no diffusion of F,TCNQ into P3HT. Rather, the dopant
must be embedded in the whole volume of the thin film to cause such
strong absorption features. This can only be explained in terms of a
dopant diffusion into the P3HT films. However, the doping technique
of sequentially processing the dopant from acetonitrile solution may
also play a role in the observed diffusion. A swelling of the amor-
phous domains is expected to take place [22, 25, 185]. The enlarged
free volume forming during such a swelling may permit a diffusion
that could be inhibited in a case of no additional solvent present. Due
to the high volatility of F,TCNQ, it is not easily evaporated in a con-
trolled manner in vacuum, rendering this control experiment difficult.
Furthermore, since only the final equilibrium state can be observed
with this technique, it is not clear if the films behave comparable or if
other dynamics that are related to the structural order determine for
example the diffusion constant and dopant mobility.
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To check if the observed dopant-diffusion in P3HT is dominated by
solvent-effects and differently ordered P3HT films impose different
degrees of freedom to molecular dopants, or if the structural order
actually does not significantly impact dopant diffusion in terms of
mobility and diffusion constant, IR and Photoelectron spectroscopy
measurements of Mo(tfd-CO,Me);-doped P3HT are discussed in the
next section.

10.2 A DETAILED ANALYSIS WITH PHOTOELECTRON & INFRARED
SPECTROSCOPrY

The study described in this section is currently in preparation for
publication.” Since the experimental contribution of the author of this
thesis is limited to the determination of the thin films” morphology
via electron diffraction, the results are only briefly summarized to
provide a basis for the discussion of dopant drift in the next chapter.

In this study, the dopant Mo(tfd-CO,Me); is sequentially evapo-
rated in UHV onto already dried P3HT films of 50 nm thickness and
varying regioregularity. Electron diffraction measurements of such
films are displayed in Figure 5.2 (Chapter 5), showing that regioran-
dom P3HT (P3HTrra) has a fully amorphous morphology, whereas
regioregular P3HT (P3HT, RR = 93.7 %) is semi-crystalline. It there-
fore possesses amorphous and crystalline domains. When evaporat-
ing Mo(tfd-CO,Me); onto these layers, IR transmission spectroscopy
can be used to observe the occurring charge transfer in terms of the
broad electronic excitation that can be assigned to the P1 polaron
absorption of the charged P3HT. It is observed that within the mea-
surement time of a few minutes, this polaron peak strongly emerges
beyond the value that would be expected for only a surface coverage.
This effect can be shown for both P3HT and P3HTrra, revealing that
Mo(ttd-CO,Me); readily diffuses into these layers upon arrival at the
surface. To determine whether this diffusion is temperature-activated,
the same experiment is performed with P3HT films cooled to -80 °C.
In this case, a separate, neutral layer of Mo(tfd-CO,Me); forms at
the surface of the P3HT film, showing no charge transfer except of
the inter-facial layer between P3HT and Mo(tfd-CO,Me);. Continu-
ous measurement of IR spectra during warm up to room tempera-
ture show that between 5°C and 10 °C, the spectral signatures that
indicate charge transfer (IRAV modes below 1500 cm~! and the P1 po-
laron absorption) increase significantly. This shows that the diffusion
is a thermally activated process.

Patrick Reiser, Lars Miiller, Vipilan Sivanesan, Robert Lovrincic, Stephen Barlow,
Seth R. Marder, Annemarie Pucci, Wolfgang Kowalsky, Wolfram Jaegermann, Eric
Mankel, and Sebastian Beck: Diffusion Properties of Molecular Dopants in Sequentially
Doped Semiconducting Polymers, in preparation.
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Whereas these results prove that diffusion of Mo(tfd-CO,Me); gen-
erally takes place in regiorandom and regioregular P3HT, it is not
clear if there are differences in diffusion constants and mobility. To
evaluate this, photoelectron spectroscopy can be deployed to inves-
tigate the concentration of different atomic species at the surface of
the thin films. This technique is sensitive to the first few nanometers
since the mean free path of the electrons investigated is restricted
to this length scale. This allows to monitor the decrease of Mo(tfd-
CO,Me); concentration at the surface while it diffuses into the P3HT
film. Tracking this surface concentration over time, the diffusion be-
havior can be extracted. It has to be noted that—due to experimental
limitations—the measurements can only be performed after evapo-
ration, when a large amount of dopants already diffused into the
film. Hence, the extracted properties represent diffusion in the case
of almost saturated P3HT films. Figure 10.2 shows the molar frac-
tion of Mo(tfd-CO,Me); molecules to P3HT monomers for P3HT (a)
and P3HTrra (b). The values are extracted using the emission spec-
tra of 1s electrons of fluorine, which is solely present in the dopant,
and carbon. The solid lines represent fits assuming Fickian diffu-
sion that is locally independent of the dopant concentration. The
dashed lines show the concentration development if only desorption
of dopant molecules into the vacuum is considered (0.05 nm h™). The
color scale represents different nominal layer thicknesses of Mo(tfd-
CO,Me); that were evaporated onto the P3HT thin films.
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Figure 10.2: Surface molar fraction of Mo(tfd-CO,Me); molecules to P3HT
monomers for P3HT (a) and regiorandom P3HT (b). The rela-
tive errors for molar fractions are estimated to be 15 %. Solid
lines represent fits to the data according to a Fickian diffusion
model. The dashed lines show the time dependence assuming
solely desorption with a rate of 0.05nmh™! of a top layer of
dopants on P3HT.

It can be seen that for regioregular P3HT, the surface molar fraction
shows minor changes for high nominal layer thicknesses and increas-
ingly strong changes for low layer thicknesses of Mo(tfd-CO,Me);
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in the displayed time span of 800 min. P3HTrra shows a comparable
trend. However, a strong change is observed at much lower amounts
of dopant compared to regioregular P3HT. Additionally, the slope of
molar fraction, especially at low dopant loading differs significantly
from the dashed lines that describe desorption only—for both regio-
random and regioregular P3HT. The fits assuming Fickian diffusion
in both cases match the observed trends.

Especially when observing a fast change in surface molar frac-
tion, the strong discrepancy between the observed behavior and the
dashed lines in Figure 10.2 that only consider desorption shows that
such a desorption cannot fully explain the decrease in surface dopant
concentration. Therefore, a diffusion is confirmed with this method.
Due to the sensitivity of the electronic orbitals to a charging of the
dopant molecule, photoelectron spectroscopy can distinguish between
charged and neutral Mo(tfd-CO,Me);. At the surface of both regioran-
dom and regioregular P3HT, the amount of charged Mo(tfd-CO,Me);
seems not to change, whereas the amount of neutral Mo(tfd-CO,Me);
decreases. Additionally, the surface concentration of charged dopant
molecules for low dopant film thicknesses does not decrease to values
that would be expected for a homogeneous distribution of dopants
throughout the volume of the P3HT thin film. This points to a dif-
fusion of mainly neutral dopants, which fits to the observation of Li
et al. that the diffusion constant of neutral F,TCNQ in P3HT is signif-
icantly higher than that of charged F,TCNQ [181]. The increasingly
fast change in molar fraction when comparing higher to lower layer
thicknesses (which directly relates to the absolute amount of dopant
molecules) shows that a faster diffusion takes place when less Mo(tfd-
CO,Me); molecules already occupy available sites in the volume of
P3HT. The fits reveal a lower diffusion constant for the fully amor-
phous regiorandom P3HT compared to the regioregular one. Addi-
tionally, the diffusion constant decreases exponentially with increas-
ing dopant concentration. This can be rationalized by considering the
decrease in available sites that Mo(tfd-CO,Me); molecules can occupy
if the film is already filled with a certain amount of molecules. The
highest values of the diffusion constant D extracted from the fits in
Figure 10.2 are in the order of 10715 ecm?2 s~!. However, note that this
diffusion constant is only valid for the case of almost saturated P3HT
films, since the immediate diffusion upon thermal evaporation that
was observed by IR spectroscopy takes place prior to the measure-
ments shown in Figure 10.2.

The observed lower diffusion constant of Mo(tfd-CO,Me); in regio-
random P3HT compared to regioregular P3HT at similar amounts of
dopant molecules available requires a detailed evaluation. Keeping
in mind the spatial dimensions of Mo(tfd-CO,Me); as discussed in
Chapter 8, it is clear that Mo(tfd-CO,Me); does not move in the 7-7t
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stacks of P3HT crystallites. However, the amorphous regions and the
interlamellar spacing of ordered domains remain as possible path-
ways for a diffusion. In comparison to the amorphous regions, or-
dered domains usually exhibit denser packing, pointing to a more
likely movement in the amorphous regions. Additionally, as shown
in Figure 7.1, thermal evaporation of Mo(tfd-CO,Me); is to a certain
degree able to break up the lamellar stacking of P3HT crystallites,
forming new amorphous regions. The fractional free volume of the
amorphous P3HT would be expected to be larger than that of re-
gioregular P3HT [99, 186]. However, this expectation does not match
with the observed slower diffusion in P3HTrra. One possible explana-
tion can be based on the influence of crystallites. Upon formation of
the denser ordered domains, the local density at the grain boundaries
would be reduced. This could enable a better diffusion in the vicinity
of crystallites. The work of Lee and Dadmun supports this hypothe-
sis by finding that the non-crystalline regions in regioregular P3HT
possess a lower density than completely amorphous P3HT [187].

Summarizing, the small dopant molecule Mo(tfd-CO,Me); readily
diffuses into regioregular and regiorandom P3HT as shown with IR
spectroscopy. The diffusion process is thermally activated with activa-
tion temperatures around 5 °C. The diffusion rate of Mo(tfd-CO,Me);
for almost saturated P3HT films is higher in semi-crystalline regioreg-
ular P3HT compared to fully amorphous regiorandom P3HT, as found
by monitoring the change of surface molar fraction of Mo(tfd-CO,Me);
molecules on a P3HT thin film with time-dependent photoelectron
spectroscopy. The difference between regiorandom and regioregular
P3HT points to the importance of irregularities in local density, which
can form at grain boundaries, for the diffusion process.



CONTROLLED DRIFT OF SMALL MOLECULE
DOPANTS

In the previous chapter, the diffusion of molecular dopants in poly-
mers was discussed. Such a diffusion is driven by a concentration
gradient and is not unique for molecules that undergo charge transfer
with a host material. However, charged dopant molecules—although
potentially bound by coulombic forces—might be affected by elec-
tric fields. In an ideal case, the coulombic binding is weak because
efficient doping would generate free charges that can contribute to
charge transport in the host material—and would not be bound to
the dopants. The following sections show that such a drift can indeed
occur and investigate the consequences this drift has for charge trans-
port and the application of doping. To the knowledge of the author,
the possibility of a directed drift of molecular dopants was not stud-
ied thoroughly in the past: Tyagi et al. observe an increased diffusion
length upon application of an electric field in F,TCNQ-doped hole
transport layers of OLEDs [26]. They use the small molecule x-NPD
as hole transport material, which shows already a limited diffusion
of F,TCNQ [173, 176], rendering a strong dopant drift unlikely. Sec-
ond, Li et al. mention the general possibility of a dopant drift with
electric field stress, but do not investigate this [27]. Rep et al. report
on effects that lead to observations comparable to the ones studied
in this chapter [188]. They investigate the redistribution of Na* ions
that leave an alkali-rich glass substrate at high electrical fields and
induce higher local charge carrier densities in the bulk and near the
respective contact [188].

In the following, the fundamental mechanisms of an electric-field-
induced drift of molecular dopants are examined on the polymeric
host material P3HT, in which many dopants already show a strong
tendency to diffuse. To approach the underlying mechanisms, differ-
ent host materials and dopants are compared, ranging from polymers
to small molecules, including both p-type as well as n-type dopants
and hosts. Finally, the application of dopant drift in memristive de-
vices is evaluated.”

Some of the results presented in this chapter are published in the following article:
L. Miiller et al., 2017, Electric-Field-Controlled Dopant Distribution in Organic Semicon-
ductors, [124].
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11.1 MICROSCOPIC AND SPECTROSCOPIC CHARACTERIZATION
OF DOPANT DRIFT IN P3HT

To verify that the dopants F,TCNQ and Mo(tfd-CO,Me); can be prone
to a drift upon application of an external electric field in P3HT, two-
electrode devices with a defined channel of doped P3HT were studied
with optical microscopy as well as spatially resolved IR spectroscopy.
The geometry used is schematically shown in Figure 11.1.

11.1.1  Optical Microscopy

For optical microscopy, the two gold electrodes were thermally evapo-
rated onto glass substrates. Hereafter, the P3HT layer was spin coated
either from blend solution in the case of P3HT:Mo(tfd-CO,Me);or as
pristine material with subsequent sequential deposition of the dopant
from acetonitrile solution for P3HT:F,TCNQ. While one of the elec-
trodes is grounded, the second electrode is biased with different volt-
ages, leading to a defined electric field over the channel of varying
length (125 pm in most cases). The electrode structure for the experi-
ment shown in Figure 11.1 was imaged during application of certain
voltages for defined times with an optical microscope.

Figure 11.1a displays an optical micrograph after an electric field of
1.2V um™ was applied in a way that the left electrode was biased neg-
atively whereas the right electrode was grounded. It can be seen that
in the channel, two regions form: One with a greyish appearance and
one with a purple color near the negative electrode. Before applica-
tion of the field, the whole channel appeared in the greyish color. This
measurement was performed in the transmission mode. Figure 11.1b
displays an analogue experiment for P3HT:Mo(tfd-CO,Me);. Here,
the negative bias was applied on the right electrode, leading also to
the formation of two distinct regions in the channel: One compara-
bly small region that appears brighter and the rest of the channel,
which remains darker. Before application of the field, the whole chan-
nel appeared in this darker color. The measurement for P3HT:Mo(tfd-
CO,Me); was performed in the reflection mode, which is the reason
for the differing appearance of the colors and electrodes between Fig-
ure 11.1 a and b. It should be noted that the appearance with the two
distinct regions remains stable upon turning off the electric field at
least for the duration of the experiment (minutes to hours).

To understand the two states forming, it is instructive to take a look
at the absorbance spectra of the materials involved: pristine, F,TCNQ-
doped, and Mo(tfd-CO,Me);-doped P3HT (see Figure 5.5 in Chap-
ter 5). Pristine P3HT absorbs mainly between 2.0 eV, corresponding to
600nm, and 2.75eV (450 nm), giving the P3HT film a purple appear-
ance. P3HT: F,TCNQ shows additional absorption features at higher
and lower energy, leading to a broader absorption and hence a more
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Figure 11.1: Optical micrographs of P3HT doped with F,TCNQ (transmit-
tance mode, a) and Mo(tfd-CO,Me); (reflection mode, b) in
a channel between two gold electrodes after application of
1.2Vum~! for 30s as depicted in the schematic. The red area
in (a) and the brighter region in (b) indicate dedoped P3HT.

greyish appearance. For P3HT:Mo(tfd-CO,Me);, the difference is less
pronounced since charged Mo(tfd-CO,Me); does not have specific
absorptions in the visible range. Therefore, only the P2 polaron ab-
sorption of P3HT around 1.5eV adds in case of doping with Mo(tfd-
CO,Me);. The purple region in Figure 11.1a and the brighter region
in Figure 11.1b can therefore be interpreted as undoped P3HT. This is
a first indication that the application of an electric field high enough
is able to induce a drift of dopants. This drift is directed along the
field lines of the electric field from the negative towards the posi-
tive electrode, since the dopants are of p-type, and hence negatively
charged. As a result, the drift leads to the formation of an undoped
region of a certain width close to the negative electrode. Figure A.7 in
the appendix shows that the length of this dedoped region increases
linearly with the electric field applied to the doped polymer on the ex-
ample of P3HT:F,TCNQ. The factors that determine the exact width
of the region are discussed in the following sections. It should be ad-
ditionally noted that this drift, leading to the formation of a dedoped
region, only occurs above a certain threshold electric field on time
scales of seconds. A real time video, showing the formation of the
dedoped region at different electrodes, depending on the polarity of
the electric field, can be seen in the supporting information of [124].2
The video is captured with the optical microscope on the example of
P3HT:F,TCNQ for different field strengths.

2 http://onlinelibrary.wiley.com/doi/10.1002/adma.201701466/abstract


http://onlinelibrary.wiley.com/doi/10.1002/adma.201701466/abstract

106

CONTROLLED DRIFT OF SMALL MOLECULE DOPANTS

11.1.2  Spectroscopic IR-Microscopy

Although the optical micrographs discussed in the previous section
provide evidence for a dopant drift due to the similarities of absorp-
tion spectra and color of the regions that are thought of as dedoped,
a proof has to be given that indeed the majority of dopants leaves this
volume. One technique that is predestined for such an investigation
is IR spectroscopy, since the whole volume of the illuminated spot
is measured in the transmission mode and the dopants have unique
absorption features: the C=N stretching mode in case of F,TCNQ,
and the C=0 stretching mode in case of Mo(tfd-CO,Me);. The lim-
itation of a rather large spot size can be circumvented with a spec-
troscopic IR microscope, which is able to focus the IR beam down
to micrometers and allows to record full spectra of this spatially
limited region. Such a spectroscopic microscope is operated by the
group of Professor Pucci at the Kirchhoff-Institute for Physics, where
the subsequently shown measurements were performed.3 On a CaF,-
substrate, the same electrode structure as depicted in Figure 11.1 was
used, and two positions near the electrodes were chosen to monitor
the spectra after application of certain electric fields (A & B). The
black lines in Figure 11.2 show the IR transmission spectra at po-
sitions A and B before application of an electric field. Figure 11.2a
shows an overview spectrum, whereas Figure 11.2b displays a zoom
in to the spectral range of the C=0 stretching vibration that is specific
for Mo(tfd-CO,Me); at position A. It can be seen that in the unbiased
state, both positions reveal the spectral signature of Mo(tfd-CO,Me);
-doped P3HT with the broad polaron absorption around 2500 cm™!
and IRAV modes below 1500 cm~!. The C=0 peak at 1737 cm™! is also
visible. When applying 1.8V pum™ for 90s the first time, the spec-
tra do not change significantly. The origin of this is not clear. After
inverting the voltage, the spectral shape changes significantly. At po-
sition A, the P1 polaron peak and the IRAV modes strongly decrease
to the baseline that would be expected for pristine, undoped P3HT.
Additionally, Figure 11.2b reveals that the C=O stretching vibration
is no longer detectable. At position B, the P1 polaron peak and the
IRAV modes increase. In this configuration, the electrode near posi-
tion A was biased negatively, the electrode near position B positively.
A further inversion of the field and application for 90s inverts this
picture: the polaron and IRAV modes gain intensity again at position
A, whereas they decrease in intensity at position B.

An explanation of the observed effects can be given by a drift of
dopants. When a positive voltage is applied at the electrode near po-
sition A and a negative voltage at the position near position B, the
negatively charged Mo(tfd-CO,Me); molecules are forced towards

Measurements were performed together with Vipilan Sivanesan and Jakob Bern-
hardt under the supervision of Dr. Sebastian Beck.
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Figure 11.2: Spatially resolved IR relative transmission spectra of
P3HT:Mo(tfd-CO,Me); spin cast from 10:1 blend solutions,
measured in a channel near the two electrodes (positions A &
B) as depicted in the schematic. Spectra are measured before
and in between application of electric fields of alternating
polarity to form a dedoped region near one of the electrodes.
(a) shows an overview spectrum with the broad P1 polaron
absorption of charged P3HT and the IRAV modes below
1500cm™!, depending on the position and applied voltage.
(b) shows the spectral region of the C=O stretching vibration
that can be used as a direct indicator for the presence of
Mo(tfd-CO,Me); in the beam spot.

position A. If they drift in this direction, a depletion region must
form at position B, leaving undoped P3HT there. Ideally, no signa-
ture of the dopant (peak of the C=O stretching vibration) and no
signature of doped and hence charged P3HT (IRAV modes and P1
polaron absorption) is observed in this dedoped region. At position
A, the dopants would accumulate and hence, the doping-related sig-
nals would increase. This state together with the IR beam at position
A and B is schematically drawn in Figure 11.2. The imperfections of
the measured spectra in terms of spectral shape and not fully dimin-
ishing doping signature can have several reasons: First, the process
could lead to irreversible change of host and dopant. Since a spot
size of 21 pm was necessary to achieve a decent signal to noise ratio,
the electric field strength had to be strong enough to create a dedoped
region with a width of these 21 ym plus a few additional micrometers.
These are necessary since interactions of beam and electrodes should
be avoided to obtain a reliable spectrum. This trade-off between a
perfect spectrum and closest position to the electrode possible can
also explain unwanted baseline effects as seen for example in Fig-
ure 11.2a around 1000 cm™!. The mentioned strong fields could lead
to irreversible changes in the P3HT morphology and with this change
the spectra and ability of Mo(tfd-CO,Me); to move. As shown in sub-
sequent sections on the electrical implications this drift has, a drift at
moderate field strengths can be initiated many times without signif-
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icant effect on the electronic properties. As comparison, Figure A.8
in the appendix shows similar measurements for the material combi-
nation P3HT:F,TCNQ. Also in this case, the drift can be proven with
the spectral signatures of the polaron, IRAV, and the C=N stretching
vibration of F,TCNQ that appear or disappear at a position near the
electrode.

11.1.3  Calculation of Dopant Mobility

From the data presented in the previous sections, a drift mobility of
the dopants can be estimated. For this calculation, the volume that
the dopants leave in a certain time and under a certain electric field
strength is evaluated. Figure 11.3 shows a schematic drawing of a
P3HT thin film between two electrodes. In this P3HT film, a certain
number of molecular dopants is present. Figure 11.3a describes the
initial state with a homogeneous distribution of dopant molecules
throughout the P3HT layer. Figure 11.3b describes the final state,
where the dopants were forced towards one electrode by the exter-
nally applied voltage that defines the electric field. To calculate the
mobility, the volume V is necessary, as well as the area A the dopants
pass through.

a) initial state b) final state ___ v

| © dopant
area A
volume V

\ o

substrate Au electrode P3 Peg

HT

Figure 11.3: a) Schematic of a doped P3HT film in between two electrodes.
b) Schematic showing the formation of a dedoped region near
the negative electrode, formed through the dopant drift that is
indicated by red arrows. The depleted volume V and the area
A the dopants leave through are indicated.

The particle (dopant molecules) current density is defined as

, AN 1
J:q'E‘K/ (11.1)
where A a the area the dopants pass through, as depicted in Fig-
ure 11.3b. AN gives the number of charged dopants with the charge
q, that leave the considered volume in the time At. The dopant cur-
rent density j also depends on the dopant density n, the electric field
E, the charge of the dopants g, and their mobility p:

j=q-m-p-E. (11.2)
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When d is the length of the dedoped volume, V = A -d is given.
The density of dopant molecules in this volume is then calculated by
n=N/Vv= %. Combining Equation 11.1 and Equation 11.2 leads to
the mobility

AN 4
h= N At-E_AtAN:N-E'

(11.3)

Atan=n is defined as the time when all dopants have left the volume
V. This value is experimentally difficult to obtain since the concentra-
tion is only detectable down to a certain amount of dopant molecules,
and the detectivity is dependent on the measurement technique.

The mobility of F,TCNQ can be estimated with Equation 11.3 from
the recording of the dopant drift in the optical microscope, which
was introduced in Figure 11.1. From these recordings, the time At
from a homogeneous distribution of dopants to the formation of the
dedoped region is extracted. With the electric field that is defined
by the channel length and the applied voltage, and the length of the
dedoped region d which is measured with the optical microscope,
the mobility is calculated. Mobility values for F,TCNQ are evaluated
for 12 cycles with electric fields from 0.32Vum™ to 1.6 Vum™'. Since
the error of determining the time At is too high to resolve a trend,
and the aim of this estimation is to obtain the order of magnitude
such a mobility has, the values at different electric fields are aver-
aged. As result, the mobility of F,TCNQ in P3HT is found to be
(7+4) x108ecm?V-1sl

The mobility of Mo(tfd-CO,Me); in P3HT is estimated with the
same formalism, but from spatially resolved IR spectroscopy. V in
this case is defined as the volume that is illuminated by the mea-
surement spot with diameter d = 21 pm. This measurement spot
is located near the negative electrode from which the dopants are
pushed away by the electric field. For this evaluation, a constant elec-
tric field of 1.7V um™! was periodically applied for 10s per cycle. Af-
ter each voltage pulse, an IR spectrum was recorded at the chosen
spot near the negative electrode and the signal of the C=0O stretch-
ing vibration is used as a measure of the dopant concentration. For
At =~ 40s, AN = N is fulfilled, since no signal of the dopant is de-
tected after this time. Considering the signal to noise ratio and the
given measurement conditions such as the film thickness and integra-
tion time, the doping concentration has decreased to 10 % or less of
the original concentration of 10:1. This only represents the upper limit
and the vanishing polaron peak and IRAV modes in the dedoped re-
gion further point towards a negligible number of remaining dopant
molecules. With the considerations given above, the drift mobility of
Mo(tfd-CO,Me); in P3HT is evaluated to (3+£1) x 107 em? V-1s7L.
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11.1.3.1 Discussion

Summarizing the calculations of the previous section, F,TCNQ seems
to have a higher mobility of (7+4) x 108 cm? V15! compared to
(3£1) x 10 em? Vs for Mo(tfd-CO,Me); in P3HT. This would
be expected from the basic idea that the mobility is limited by avail-
able sites the molecules can transfer to. As the F,TCNQ molecule
is smaller than Mo(tfd-CO,Me); (compare Figure 8.2 in Chapter 8),
more possible sites are available for a movement. Although this sim-
ple derivation allows for the estimation of the order of magnitude of
the drift mobility, several simplifications are made. First, the forma-
tion of an additional voltage drop at the electrode is neglected. It is
shown in a following section that this voltage drop can be of signif-
icant strength. With such an imperfect contact, the electric field that
drops over the doped semiconductor is decreased significantly and
the mobility is underestimated. Additionally, once the dedoped re-
gion is forming, the electric field is not constant throughout the chan-
nel, which is assumed in the simple model for the mobility. As sec-
ond estimation, all dopants are assumed to drift with the same speed,
which leads to a resulting averaged value. Since the electronic proper-
ties of P3HT already change at low doping concentrations [2, 113], a
minority of fast dopants or some slow dopants could already lead to
detectable changes. Furthermore, in this model, the positive electrode
towards which the dopants drift is not implemented as a boundary.
The accumulation of dopants at this electrode and the general con-
centration gradient of dopants could lead to an additional internal
electric field. Hence, a correct theoretical description of the dopant
drift in an electric field would require a coupled set of drift-diffusion
equations together with the Poisson equation for both charge carriers
and dopants, as theoretically described in Section 2.6. An implemen-
tation of this model is beyond the scope of this thesis.

To compare the calculated mobility with measurements of diffusion
coefficients from literature, the Nernst-Einstein relation can be used
as first ansatz:

LLkBT

D= q (11.4)

Here, D is the diffusion coefficient, kg is Boltzmann’s constant, T
the temperature, and q the charge of particles that diffuse—in this
case the dopants that drift and diffuse. Their charge is assumed to
be unity, since integer charge transfer is observed both dopants in
P3HT (see Chapter 5). However, it is not clear if the Nernst-Einstein
relation holds in this case for a solid polymer and (charged) dopant
molecules that generate counter-charges wherever they are. Using
Equation 11.4 to calculate the diffusion coefficient from the measured
drift mobility of F,TCNQ yields a value of 10~ cm?s™!. A comparison
of this number to the measured diffusion coefficients of neutral and
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ionized F,TCNQ by Li et al. reveals large discrepancies: D,-neutral=

1072 em?s7! and Dgy-anion= 107 cm?s7! [181]. Previous studies on

ionic currents in (also solid) electrolytes found that the Nernst-Einstein
relation in these cases holds for low ion concentrations, whereas ion-
pairs form neutral complexes that contribute to diffusion but not to a

directed drift at high concentrations. This leads to an overestimation

of the drift current with the Nernst-Einstein relation [189-191]. In the

present case of charged dopant molecules, the relation is inverted: the

equation leads to higher diffusion constants than observed. This de-
viation can have various reasons. First, as described above, the model

used for calculation of the drift mobility neglects several effects such

as the boundaries represented by the electrodes. Second, the validity

of the Nernst-Einstein relation is questionable in this case. Although

an integer charge transfer is measured for F,TCNQ, many dopant an-
ions and polymer cations are still coulombically bound. This becomes

clear by estimations of the doping efficiency of F,TCNQ in P3HT: Pin-
gel and Neher find, that only 5% of all dopants introduced generate

free charge carriers that contribute to the conductivity [113]. This ob-
servation in turn means that many charged dopants are coulombi-
cally bound to the countercharge located on the polymer. While this

effect is originally unintended, it might help to significantly reduce

the diffusion of dopants. Application of an electric field could over-
come this coulombic bond and dissociate the polymer-dopant pair,

rendering the Nernst-Einstein relation invalid for this specific prob-
lem. This model is in line with the observation of a threshold field

strength, above which the drift is initiated, which is further discussed

in the following sections.

Although it is not possible to directly compare the drift mobility
with diffusion measurements from literature, it is instructive to take
a closer look at the numbers to get an picture of the stability of such
dedoped regions with dimensions of micrometers. With a drift mo-
bility of 108 cm?2V-1s! at room temperature, F,TCNQ molecules
are able to drift one micrometer in a field of 1Vum™ per second.
Taking into account the highest diffusion constant found by Li et
al. (DEyneutral= 1072 em?s71), F,TCNQ molecules exhibit a diffusion
length of 10nm per second—two orders of magnitude smaller than
the drift length.

11.2 CONSEQUENCES OF DOPANT DRIFT ON CHARGE TRANSPORT

In the previous sections, the drift of F,TCNQ and Mo(tfd-CO,Me);
in P3HT was proven and characterized. This section is dedicated to
the consequences such a drift has on electric properties. As discussed
in Chapter 5, the conductivity of doped P3HT can be higher by more
than four orders of magnitude compared to pristine P3HT. Therefore,
the formation of a dedoped region with dimensions of 10 % or more
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of the total channel length can have severe effects on the total channel
resistance. Additionally, doping strongly decreases contact resistance
[192-194]. Hence, the total resistance of the system should further
increase in case of a directed drift away from one electrode.

11.2.1  Electrical Characterization

To study the actual impact, current-voltage (IV) curves were recorded
on lateral two-electrode devices comparable to the ones used for
the studies described in the previous chapters. Figure 11.4 shows IV
curves for pristine P3HT as well as P3HT:F,TCNQ and P3HT:Mo(tfd-
CO,Me); for increasing voltages and hence electric field strengths.
Both doped thin films were spin cast from a blend solution of host
and dopant in chlorobenzene and a doping ratio of 10:1. As it can be
seen for pristine P3HT in Figure 11.4a, the current increases linearly
with increasing voltage and the absolute current values are as low as
a few nanoampere. No hysteresis is observed for increasing and de-
creasing sweeping direction. For Mo(tfd-CO,Me);-doped P3HT, the
current at low electric fields increases also linearly, but with absolute
values of milliampere (Figure 11.4b). Further increasing electric field
strength leads to a superlinear increase of the current until it reaches
a peak at around 0.6 V um™. For higher fields, the current decreases
for increasing voltage, showing a negative differential resistance of
the device. In the backward direction from high voltages to zero, a
strong hysteresis is observed, as the current is constantly lower than
for equal voltages in the forward sweep. F,TCNQ shows a compa-
rable behavior but a sharper peak. Additionally, the peak occurs at
higher electric fields between 2.8 Vum~' and 3Vum™. The curves
R;, R,, and R, represent three different scan rates of 0.008 Vum™'s7t,
0.041Vum™'s7!, and 0.11 Vum=!s!. For faster scan rates, the peak
is shifted to higher electric fields. In the back sweep, the current is
similar for all scan rates.

The IV characteristics of pristine P3HT resembles that of an intrin-
sic semiconductor: The overall current is low compared to the doped
case, and a linear increase following Ohm’s law without hysteresis
is observed. In the doped case however, strong deviations occur. The
current which is roughly six orders of magnitude higher confirms suc-
cessful doping. The occurrence of a peak with following negative dif-
ferential resistance can be rationalized with the dopant drift starting
above a certain field strength. Once the dopants move, a dedoped re-
gion with significantly larger resistivity forms, increasing the overall
resistance of the two-electrode device. This leads to a decrease of cur-
rent. With increasing field strength, this region grows, increasing the
total resistance even further. Once the electric field starts to decrease
again in the backward sweep, the dedoped region remains, since the
diffusion is too slow to equalize the dopant concentration within the
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Figure 11.4: Current-voltage measurements of P3HT (a), P3HT:Mo(tfd-
CO,Me); (b), and P3HT:F,TCNQ (c). The electric fields calcu-
lated from the voltage and channel length are given on the
x-axes to allow for a better comparison. The sweeping direc-
tion is indicated by arrows. In (c), measurements with increas-
ing scan rates R;= O.OOSme‘1 s7l, R,= 0.041 me‘1 s and
Ry;=0.11Vpum™s! are given.

measurement time (as calculated in the previous Section 11.1.3). As a
consequence, the resistance of the whole electrode structure remains
at its maximum value, leading to the large hysteresis with an overall
lower current in the back-sweep.

Comparison of F,TCNQ-doped with Mo(tfd-CO,Me);-doped P3HT
shows that the peak is reached at lower field strength for the larger
dopant. A possible explanation is based on the spatial separation of
electron and hole: As discussed in the previous section, a large num-
ber of dopants is initially still coulombically bound to the polymer
chain. The strength of this bond is related to the spatial separation
of electron on the dopant and hole on the polymer chain. As dis-
cussed in previous chapters, a higher degree of crystallinity with
larger conjugation lengths of the polymer leads to a stronger delo-
calization of the polaron, which increases the mean distance between
hole and electron [22]. This in turn increases the doping efficiency
due to a larger number of free charges that can contribute to charge
transport [20, 21]. A comparable effect could be responsible for the
lower threshold electric field of Mo(tfd-CO,Me);-drift compared to
F,TCNQ-drift in P3HT. Whereas F,TCNQ is a rather small and pla-
nar molecule, not allowing for a strong spatial separation of electron
and hole, Mo(tfd-CO,Me); is a volumetric molecule. Figure 11.5 visu-
alizes the spin density of negatively charged Mo(tfd-CO,Me);, with
the negative charge displayed in red.# This reveals that the negative
charge is mostly located at the molybdenum core in the center of the
molecule. This initially separates the charges more than in the case
of F,TCNQ and might require a smaller electric field to overcome

4 The spin density was calculated by Wenlan Liu.
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the coulombic bond. Additionally, the local structure of the formed
films may vary, depending on effects like solubility of the dopant and
interactions of solute and solvent as shown in Chapter 6. As an exam-
ple, a lamellar stacking is not observed anymore for mixed doping of
P3HT with Mo(tfd-CO,Me); (see Figure 7.1), whereas this stacking is
preserved in the case of F,TCNQ (see Figure 6.1). This might permit
Mo(tfd-CO,Me); to move more freely than F,TCNQ, which is most
likely located at the alkyl side chains in the lamellar stacking.

Figure 11.5: DFT calculations of the spin density distribution of a singly
charged Mo(tfd-CO,Me); molecule. Red indicates a negative,
blue a positive spin density. The electron is located mainly at
the core of the molecule.

The superlinear increase of current observed for both F,TCNQ-
and Mo(tfd-CO,Me);-doped P3HT for electric fields below the field
at which the current peaks can have several reasons. One possibil-
ity is a contribution of the ionic displacement current that occurs
when a drift is initiated. In this case, a mixed ionic-electronic current
would be observed leading to an overall superlinear increase. How-
ever, chronoamperometric current measurements at constant electric
fields presented in a following section do not support this hypothe-
sis, since no drift signature is observed for electric fields significantly
smaller than the value around which the current peaks. A comparison
of the current at 0.5V pm™! in Figure 11.9 for P3HT:Mo(tfd-CO,Me);,
where no drift signature is observed, but the apparent superlinear
increase in current (Figure 11.4) at this field strength illustrates this
point. A second possible explanation can be given by the coulombic
bond that can inhibit a separation of electron on the dopant and hole
on the polymer, hence decreasing the doping efficiency. The applied
electric field exerts a force on electron and hole in opposite directions
and hence seeks to separate them, which would increase the absolute
number of holes that can participate in charge transport. A theoret-
ical study which finds an increasing hole delocalization for increas-
ing electric field strengths supports this hypothesis [195]. The result
would be an increase of charge carrier density with increasing elec-
tric field and hence the conductivity and current which is measured
in Figure 11.4. In future measurements, the polaron delocalization
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could be accessed by IR spectroscopy while electric fields are exter-
nally applied to prove this hypothesis. Another possibility could be a
transition to a space charge limited current (SCLC) regime, where the
current increases quadratic with voltage [35]. However, Figure A.g in
the appendix shows that an SCLC behavior does not represent the
measured current sufficiently.

As shown on the example of P3HT:F,TCNQ in Figure 11.4c, the
scan rate determines at which electric field the peak is measured.
This points to rather slow dynamics of the initiation of a collective
dopant drift. Although the variation of the peak position for this ex-
amples is below 10 % for scan rates ranging from 0.008 Vum™s! to
0.11Vum~!s7!, a scan rate slow enough so that the system can reach
its equilibrium before the next voltage step is set should be chosen for
a detailed comparison of peak positions as indicator for a threshold
electric field.

11.2.2 Scanning Kelvin Probe Microscopy

The analysis of current-voltage characteristics is able to unravel the
consequences of a directed dopant drift on the resistance and hence
performance of doped thin films. However, from such measurements
it is not possible to infer which effects and to which amounts they
contribute to the overall increase in resistance. Two contributions can
play a key role: First, the mere conductivity of the dedoped region
which should be greatly reduced when most dopants leave this part
of the thin film. Second, the contact resistance which is known to
be strongly reduced upon doping at an interface [192—194]. To shed
light on this question, Scanning Kelvin Probe Microscopy (SKPM)
is a suitable method. For the measurements shown in Figure 11.6,
two-electrode devices on glass with a channel length of 140 pm and
P3HT:Mo(tfd-CO,Me); with a doping ratio of 10:1 was spin cast from
a blend solution.> The SKPM settings are listed in Chapter 3.

For the measurements shown in the following, different voltages
were subsequently applied to the electrodes, leading to electric fields
between 0 Vum™ and 2.86 Vum~!. For each step, an optical micro-
graph was recorded, as displayed in Figure 11.6a. The purple area
on the right side is the negative electrode, and the greyish material
left of it is P3HT:Mo(tfd-CO,Me);. It can be seen that with increas-
ing field strength, a dedoped region of increasing width is formed.
The positive electrode is not displayed to obtain comparable scales as
for the SKPM images, which are restricted by the maximum scanner
range. Figure 11.6b shows SKPM images of the regions displayed in
the optical micrographs. The bright region on the right side is the
gold electrode, the darker regions left of it are the dedoped regions

The SKPM measurements shown here were performed by Seon-Young Rhim and
Sebastian Hietzschold.
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and the Mo(tfd-CO,Me);-doped P3HT. Line scans of these images
are shown in Figure 11.6¢c. The region of x-values above 32.5um is
assigned to the electrode. For the measurements shown, a bias volt-
age of 5V, corresponding to 0.04 Vum~!, was applied, and the poten-
tial distribution along the channel was measured. From this potential
distribution, the voltage drop and hence the local resistivity can be
spatially resolved. For field strengths up to 0.72V um™, a continuous
voltage drop over the doped P3HT insinde the channel is observed.
Additionally, the surface potential does not show an extra step at the
electrode, supporting the assumption of negligible contact resistance
in the case of highly doped P3HT at the electrode. For 0.72V pm™!,
the surface potential drops sharply at the electrode. At higher electric
fields, there is no longer only one defined potential step, but a sec-
ond which contribution becomes more prominent with an increasing
electric field.

a) b)
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Figure 11.6: a) Optical micrographs of a lateral two-electrode structures
(only the right electrode is visible in purple color). P3HT:Mo(tfd-
CO,Me); at a concentration of 10:1 from blend solutions cov-
ers the structure with a thickness of 50 nm. For each measure-
ment cycle, an electric field of given strength was applied for
60s, followed by recording of an optical micrograph and ambi-
ent SKPM measurements on the same spot. b) SKPM measure-
ments recorded with a bias of 5V, corresponding to a field of
0.04me’l, which is below the threshold for a dopant drift. c)
Contact potential difference profiles extracted from the SKPM
images in (b).

The optical micrographs presented in Figure 11.6a resemble the be-
havior observed and described in Section 11.1: The changed optical
absorption in the visible spectral region due to dedoping of the P3HT
host matrix can be observed in the optical microscope, and an increas-
ing width is found for increasing electric fields. Furthermore, no such
region is observed below a certain threshold field, in this case for the
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applied field below 0.72 V um~!. For such low fields, the voltage drops
linearly across the channel, as it would be expected for a spatially in-
dependent resistance of the channel. The observation that no voltage
drop is found directly at the interface of P3HT:Mo(tfd-CO,Me); to
gold shows that the contact in this case is ohmic [194]. The greatly
increased charge density due to doping leads to a mechanism com-
parable to the band bending in crystalline inorganic semiconductors:
a narrower space charge region forms when increasing the charge
carrier density, greatly enhancing the tunneling and hence injection
and extraction of charges [192-194, 196]. The sharp step in surface
potential directly at the electrode for higher electric fields can then be
assigned to the changed contact resistance when a dedoped region
forms at the interface. The contact is no longer ohmic and a share of
the potential that depends on the ratio of contact and channel resis-
tance drops at the interface to the electrode. This explains the trend
in line scans for increasing field strength in Figure 11.6: As the the
dedoped region grows, its resistance increases and is comparable in
magnitude to the contact resistance—whereas both are significantly
larger than the resistance of the doped P3HT in the channel. At the
example of fields around 2V pm~!, both voltage drops are clearly
visible and comparable in magnitude. The additional second kink in
potential drop for high electric fields above 2 V um™! is not straightfor-
ward to explain and might be related to the measurement procedure
of applying higher and higher voltages in a stepwise manner.

11.2.3 Discussion

The results presented in this section demonstrate the practical impact
of a directed dopant drift when comparing the used electric fields
with device-relevant parameters: A state of the art OLED for example
consists of several layers with a total thickness of around 150 nm and
is operated at around 5V [77]. This leads to electric fields that exceed
the observed drift threshold fields, showing that a drift of dopants in
transport and injection or extraction layers could have severe impact
on the device performance. However, the ability to drift in general—
as shown in the subsequent section—and the fields that are neces-
sary to induce such a drift (see Figure 11.4) are material-dependent.
The mere size of a molecule seems not to be the critical parameter
for the threshold electric field. Mo(tfd-CO,Me); as larger molecule
compared to F,TCNQ shows drift above fields of around 0.7 V pm™
compared to roughly 2.8Vum™! for F,TCNQ. As discussed, the lo-
calization of the charge inside the dopant molecule and the resulting
separation of electron and hole might be a decisive factor since it de-
fines the coulombic binding of the dopant molecule to the polymer
which has to be overcome in case of a field-induced drift. This can also
play a role in the observed higher conductivity of Mo(tfd-CO,Me);-
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doped P3HT compared to P3HT:F,TCNQ for equal concentrations
(see Chapter 5).

11.3 APPROACHING THE UNDERLYING DRIFT MECHANISM: MA-
TERIAL COMBINATIONS & PARAMETER VARIATION

One way to unveil a drift of dopants in a host matrix is to record
the current for increasing voltages applied to a two-electrode lateral
structure as shown in Section 11.2.1. However, with this method, the
scan rate influences the result and high fields can irreversibly damage
the thin film. An other way to approach the drift electrically is to ap-
ply constant voltages and hence electric fields of alternating polarity
to doped P3HT in the same architecture. The measurement principle
is depicted schematically in Figure 11.7. Starting from a state where
a dedoped region already formed, the initial overall conductivity is
comparable low (region A). Applying a positive bias to the electrode
close to the depleted region leads to a drift of negatively charged
dopants towards this electrode, filling up the dedoped region and in-
creasing the overall conductivity up to a certain level (point B). At
some point, the drift leads to the formation of a dedoped region at
the opposite electrode, which decreases the conductance and hence
the current again (region C). When inverting the applied voltage, the
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Figure 11.7: Exemplary measurement of current for a constant voltage that
is applied for 35s on a 200:1 P3HT:Mo(tfd-CO,Me); thin film,
then inverted. The electric field is displayed in the bottom part.
In the initial state, a dedoped region already exists. This region
fills up with dopants, leading to an increase in current (A). Af-
ter the current has reached its maximum (B), a dedoped region
forms at the opposite electrode (C). Inversion of the voltage ini-
tiates the same process in opposite direction.

same process is initialized, but in the opposite direction. The signa-
ture of this current response over time, the corresponding electric
field, and a schematic drawing of the device states is shown in Fig-
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ure 11.7. The time at which the peak is reached depends on the elec-
tric field strength, whereas high field strengths correspond to faster
drift speeds according to Vp| = - |E|. Here, ¥p is the drift velocity, p
the drift mobility, and E the electric field.

To confirm that the measured current is governed by the described
mechanism, Figure 11.8 shows optical micrographs of a device where
voltage pulses of 30s duration and alternating polarity were applied.
While the microscope images were taken, the current response of the
device was recorded to correlate the observed behavior. For this ex-
ample, P3HT was doped sequentially with F,TCNQ from solution.
As it can be seen in Figure 11.8, the images with a homogeneous dis-
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Figure 11.8: Optical microscope images of a P3HT:F,TCNQ thin film be-
tween two electrodes (black), recorded during application of a
constant voltage of alternating polarity for 30s each. (1,3) dis-
play the state at which the dopants are distributed homoge-
neously. In (2,4), the dedoped region is visible near one of the
electrodes. The corresponding current is given on the right side.

tribution of dopants (1,3) coincide with the peak currents as expected
for the previously described model. When the current has decreased
after reaching the peak, the optical signature of a dedoped region is
visible in the micrographs (2,4). In the following, this current signa-
ture is utilized to study and verify an electric-field-induced drift of
various dopant molecules in different host materials to check if dif-
ferent material classes allow for a determination of parameters that
enable or inhibit a dopant drift.

11.3.1  Influence of Host Matrix and Dopant Size

Figure 11.9 shows electrical measurements where voltage pulses of
a defined duration and alternating polarity were applied to differ-
ent host-dopant combinations. After three cycles each, the electric
field strength was increased to finally reach a value that induces a
drift, if possible. For P3HT:F,TCNQ and P3HT:Mo(tfd-CO,Me); in
Figure 11.9a and b, the current for a constant electric field is constant
below the threshold for a dopant drift, as it would be expected for a
stable doped system. Above electric fields that induce a dopant drift,
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the signature that was introduced in Figure 11.7 is clearly visible,
confirming the occurrence of a directed drift motion. The observed
threshold values of 2Vum™! to 3Vpum™ for F,TCNQ and around
0.75Vum~™ for Mo(tfd-CO,Me); at doping concentrations of 10:1 are
in line with the values estimated from current-voltage characteristics
presented in Figure 11.4. Figure 11.9b and c show similar measure-
ments for both F,TCNQ and Mo(tfd-CO,Me); in the small molecule
host material Spiro-MeOTAD. In contrast to the semi-crystalline poly-
mer P3HT, no drift signature is observed up to electric fields of 8 V um™!
for both dopants in Spiro-MeOTAD.
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Figure 11.9: Currents at various alternating electric fields for doped P3HT
(a,b) and Spiro-MeOTAD (c,d). A drift signature is visible
for doped P3HT but not for Spiro-MeOTAD for fields up to
8Vum.

Discussion

The current measurements of doped P3HT corroborate the findings
presented in the previous sections and demonstrate that the observed
drift and resulting electric properties of such layers are field-dependent
and can be controlled reversibly. In contrast to the drift in the poly-
crystalline polymer P3HT, no drift is observed for the amorphous
small molecule Spiro-MeOTAD for neither the dopant F,TCNQ nor
Mo(tfd-CO,Me); up to 8 Vum™!. One possible reason could be no or
only partial charge transfer between host and dopant, leading to a
strong localization of the charges. This option can be ruled out by the
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observation of a conductivity that is increased by a factor of 10° for
F,TCNQ and 10? for Mo(tfd-CO,Me), with doping concentrations of
10:1. Additionally, integer charge transfer is measured with IR spec-
troscopy in the case of F,TCNQ-doped Spiro-MeOTAD. While the
shift of the C=N stretching vibration in F,TCNQ can be used as mea-
sure for the charge transfer, the C=O stretching vibration in Mo(tfd-
CO,Me); does not significantly shift upon charge transfer and hence
cannot be used as indicator. Although integer charge transfer occurs
in the doped Spiro-MeOTAD-layers, the coulombic binding of the
charges is presumably still stronger in the amorphous matrix where
one dopant interacts with one host molecule compared to the semi-
crystalline P3HT, where charges can be delocalized over several thio-
phene units in the P3HT backbone. This can be inferred from the
position of the P1 polaron absorption in the IR spectral range which
is strongly blue-shifted for doped Spiro-MeOTAD compared to P3HT
[124]. In addition to the delocalization, the charge separation initially
could be larger in case of P3HT crystals, where the dopant molecules
do not reside in the -7t stacking of the P3HT crystals, but rather in
between the side chain stacking. The alkyl side chains might therefore
represent a further spatial separation which is not present in Spiro-
MeOTAD. These factors could lead to tightly bound electron-hole
pairs in case of doped Spiro-MeOTAD which then can only hardly
be overcome by an external electric field. The observation of F,TCNQ
not drifting in Spiro-MeOTAD is in line with a lack of diffusion of
F,TCNQ in Spiro-MeOTAD that was observed previously [178]. The
separation of charges might not be the only parameter influencing the
ability to drift. The structural order of the host matrix needs to pro-
vide sites the moving dopants can occupy. Whereas P3HT is made up
of crystallites surrounded by an amorphous matrix, Spiro-MeOTAD
is fully amorphous [197]. The small molecule Spiro-MeOTAD can
fill the volume quite densely due to its mono-molecular structure
compared to long polymer chains of P3HT. This could hinder a site
change of dopant molecules which is a necessary prerequisite for a
dopant drift as well as diffusion. A closer look on the morphological
parameters that allow for a dopant drift is taken in the following.

11.3.2  Polymer Morphology: The Necessity of Structural Order

To find out if the observed differences between the polymer P3HT and
the small molecule Spiro-MeOTAD arise from fundamental differ-
ences between polymers and small molecules or if the semi-crystalline
structure compared to the amorphous nature of Spiro-MeOTAD is de-
cisive, Mo(tfd-CO,Me);-doped regiorandom P3HT (P3HTrra) is inves-
tigated. As shown with electron diffraction in Chapter 5, the P3HTrra
used for this study has a completely amorphous morphology but the
same chemical composition. Hence, the materials only differ in struc-

121



122

CONTROLLED DRIFT OF SMALL MOLECULE DOPANTS

tural order. Figure 11.10a displays—as shown above for P3HT:Mo(tfd-
CO,Me);—a drift signature measurement with constant electric fields
between 1Vum™" and 4Vpm™ that alternate in polarity. It can be
seen that a drift signature is not at all visible below 3Vum™. For
higher field strengths, the current is no longer perfectly constant for
constant electric field, but the signature is not comparable in intensity
to the one observed for Mo(tfd-CO,Me);-doped regioregular P3HT in
Figure 11.9b. This impression is corroborated by the current-voltage
measurements presented in Figure 11.10b. The current shows a lin-
ear dependence on the electric field up to the maximum applied
value of 5V um™, which is far above the electric field of 0.6 Vum™!
where drift in P3HT:Mo(tfd-CO,Me); set in (indicated by the current
peak) in corresponding IV-measurements (see Figure 11.4). A compa-
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Figure 11.10: a) Current at various alternating electric fields for Mo(tfd-
CO,Me);-doped regiorandom P3HT (P3HTrra) with a dop-
ing ratio of 10:1. b) Current-voltage measurement of
P3HTrra:Mo(tfd-CO,Me); with electric field strength marked
in red where the current peak is observed for (regioregular)
P3HT:Mo(tfd-CO,Me); for a similar doping concentration.

rable result was found in the master thesis of Seon-Young Rhim for
F,TCNQ-doped P3HTrra [198]. This means that the completely amor-
phous regiorandom P3HT does not allow for a drift at fields as low
as for regioregular P3HT. Only the semi-crystalline structure in the
examples investigated here seems to provide enough pathways and
possible sites for an observable dopant drift. This matches with the re-
sults presented and discussed in detail in Chapter 10 on the diffusion
of dopants in P3HT and P3HTrra. The main arguments are there-
fore only shortly reproduced here. First, the density of amorphous
regions in between crystallites is found to be lower compared to the
density of fully amorphous P3HT [187]. The formation of crystallites
which intrinsically have a high density could lead to a decrease of
density in the surrounding amorphous regions. Additionally, path-
ways of even lower density could be formed directly at the border
of such crystallites. Further pathways can be given by the lamellar
stacking regions, which at least partly widen or completely break up
when dopants are introduced (compare the electron diffraction mea-



11.3 MATERIAL COMBINATIONS & PARAMETER VARIATION

surements of Mo(tfd-CO,Me);-doped P3HT in Figure 7.1). However,
to enable a dopant drift over micrometers as observed, such pathways
in crystallites must be combined with the ability to move in amor-
phous regions so that dopants are not stuck in crystalline domains.
The observed higher ionization potential of 5.25eV for regiorandom
P3HT [23] could be a further possible explanation if it would lead to
less charges transferred between dopant and P3HT. However, this is
not supported by IR-spectra of P3HTrra:F,TCNQ that indicate integer
charge transfer for all detectable F,TCNQ molecules [124].

11.3.3 Influence of Doping Concentration

One interesting parameter that likely influences the drift is the dopant
concentration. Figure 11.11 shows the value of the electric field strength
at which the current peaks in a sweep measurement comparable to
Figure 11.4 for different doping concentrations ranging from 25:1 to
100:1 (thiophene units to dopant molecules). The values shown are
measured on P3HT:Mo(tfd-CO,Me);. The field value at which the
current peaks is used as an indicator for the threshold above which
the drift is initiated. It can be seen that the field strength needed to
initiate a drift of Mo(tfd-CO,Me); in P3HT increases with decreasing
doping concentration.
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Figure 11.11: Electric field strength at which the current peaks for a vary-
ing host:dopant concentration on the example of P3HT:Mo(tfd-
CO,Me);.

Discussion

Since the absolute number of available jump sites that are available
for a dopant molecule decreases with increasing doping concentra-
tion, the observed decrease of electric field strength that is needed
to initiate a drift for increasing dopant concentrations is not appar-
ent. One effect that could contribute to an explanation was found
by Mityashin et al.: In their work, the overall charge generation ef-
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ficiency upon doping, composed of the probabilities of ionization,
recombination, and dissociation is investigated. They find that gen-
erated electron-hole pairs, located on dopant and host, respectively,
can only overcome the Coulomb dissociation barrier when the ener-
getic disorder that is introduced by neighboring dopant molecules is
large enough [45]. Hence, a minimum doping concentration is needed
to efficiently generate free charge carriers. Theoretical investigations
analyzing the density of states and the correlated charge-carrier trans-
port support this finding [199]. Furthermore, the observation of weak
and strong doping regimes in F,TCNQ-doped P3HT at low and high
dopant loadings by Duong et al. would fit into this picture, although
it was attributed to changes in structural order by the authors [97].
Olthof et al. further provide evidence that (in a n-doped material)
the activation energy for molecular doping and hence charge separa-
tion increases strongly for a decreasing doping concentration due to
trap filling at low concentrations [200]. The charge separation that is
needed for a high doping efficiency could additionally be a necessary
prerequisite for a dopant drift, since it lowers the barrier that has
to be overcome by the electric field to separate the charged dopant
from the oppositely charged host. Therefore, the increased energetic
disorder at higher doping levels should lead to lower drift threshold
electric fields which is in line with the measurement.

11.4 A PATHWAY TO STABLE ELECTRICAL DOPING: CHEMICAL
IMMOBILIZATION

Except for some specialized applications that are discussed in the fol-
lowing Section 11.5, a diffusion and drift of dopants is not desired
since it can lead to severe device degradation or even failure, for in-
stance in OLEDs [26, 174]. In the following, several approaches to
decrease the dopant mobility are summarized.

As shown for the example of Cg,F;6 compared to F,TCNQ as dopant
in P3HT, a strong increase of the dopant’s molecular size does reduce
its ability to diffuse [145, 201]. However, as discussed in the previous
sections, a size comparable to that of Mo(tfd-CO,Me); is not enough
and even larger molecules may modify the structural order of the
host material which might lead to unwanted side-effects. A second ap-
proach to inhibit dopant mobility in a host matrix is to fill the free vol-
ume with a material that ideally does not alter the electrical or optical
characteristics of the system. It was shown that this idea works on the
example of P3HT mixed with the Cg,-derivative ICBA: The dopant
Mo(tfd-CO,Me); could no longer enter this material blend whereas is
readily diffuses into pristine P3HT [202]. However, ICBA is a known
electron conductor and is used as photovoltaic blend in combina-
tion with P3HT, hence changing the properties of the P3HT system.
Whereas this approach works for Mo(tfd-CO,Me);, the sequential
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doping of P3HT:PCBM with the smaller F,TCNQ leads to fully doped
P3HT. Similar to ICBA, PCBM is another soluble Cgo-derivative. Se-
quential doping works with both application of F,TCNQ from ace-
tonitrile solution or by vapor-doping at ambient atmosphere (for de-
tails about vapor doping, see [23, 151]). UV-Vis absorption spectra
of the doped and pristine thin films are shown in Figure A.6 the
appendix. However, in case of the doping from solution, a solvent-
induced swelling could assist the diffusion into the film, and elevated
temperatures of the host film in case of the vapor doping could also
facilitate diffusion of F,TCNQ into P3HT:PCBM. Although these mea-
surement cannot exclude that F,TCNQ might not be able to enter the
blend at room temperature and without solvent present, a stability es-
pecially for a wide temperature range is desirable from an application
point of view.

Next to a modification of the possible site choice in the host mate-
rial, it would be possible to adjust the adjacent layers in such a way
that it is energetically favorable for the dopant molecules to reside in
the intended layer. However, the electrical characteristics can still be
strongly altered even when dopants drift in a single layer as shown
in the previous sections. Alternatively, a structural modification to in-
duce a chemical reaction that binds the dopant to specific groups like
the side chains is possible. This approach was demonstrated on a bi-
layer system of a polar polythiophene and the non-polar P3HT [183].
In this study, the dopant F,TCNQ tends to reside in the polythio-
phene with polar side chains, even upon heating to temperatures be-
yond the 80 °C sublimation temperature of F,TCNQ [183]. While side-
chain engineering can be a promising route, it additionally changes
the structural order and potentially introduces unwanted side-effects
that limit the doping efficiency [183].

Instead of chemically modifying the host material, the dopant itself
can be equipped with an anchoring group that chemically binds to
ideally any host material. Following this approach, a DMBI-derivative
that acts as n-dopant was synthesized.® For a discussion of the dop-
ing properties, see Section 5.3. As reactive group that does not need
specific target groups to react with, an azide group (N) is attached to
the dopant. One possible binding mechanism can be an insertion to a
C-H bond of organic host materials [29, 30, 87]. As described in Sec-
tion 5.3, 0-MeO-DMBI and 0-BnO-DMBI are used as literature-known
dopant and modified reference to the 0-AzBnO-DMBI with attached
azide. This reaction of the azide is intended to be activated by either
UV-light at wavelengths of < 254nm or temperature above 119 °C. In
this way, the dopant can be introduced to the host material prior to
or after film formation and an activation can be triggered at any time.

Synthesis was carried out by Simon Benneckendorf in the group of Prof. Bunz at the
Institute of Organic Chemistry (OCI) at Heidelberg University.
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Since it is difficult to directly prove diffusion or the lack thereof
with the methods available, the electric-field-induced drift as indirect
indicator for the ability to diffuse and a possible immobilization is in-
vestigated. For comparison, two different host systems are analyzed:
the small molecule PCBM and the semi-crystalline polymer N220o.
A first hint that diffusion of the DMBI-derivatives might take place
in N220o is given by long-term conductivity measurements that are
displayed in Figure A.11 in the appendix. These show a strong de-
crease of the thin film conductivity over time, which however could
also be caused by material degradation. Therefore, drift measure-
ments are analyzed in the following. Figure 11.12a shows the cur-
rent for increasing electric fields for pristine PCBM, PCBM:0-MeO-
DMBI, and PCBM:0-BnO-DMBI processed from blend solutions in
chloroform at doping concentrations of 10:1. Whereas pristine PCBM
shows currents at the detection limit (107! A), the currents for doped
PCBM are orders of magnitude higher, proving that doping takes
place. As apparent, there is no peak and decrease of current up to
fields of 8 Vum™! (compare Figure 11.4, where such a peak is shown
for P3HTMo(tfd-CO,Me);), pointing towards a lack of drift for the
investigated fields in the small molecule host material PCBM. Fig-
ure 11.12b-d show current measurements over time for alternating
and stepwise increasing constant electric fields for the polymer N22oo
doped with 0-BnO-DMBI, 0-MeO-DMBI, and 0-AzBnO-DMBI. For these
material combinations, a drift signature is observed, but for compara-
bly high fields above roughly 8 Vum™.

Discussion

The lack of diffusion signature for the small molecule host material
PCBM can be rationalized analogue to the p-doped Spiro-MeOTAD.
The possibility of a (not necessarily crystalline) close packing proba-
bly does not provide enough free volume and sites the dopant can
jump to. Furthermore, a rather localized charge on the PCBM with
a dopant molecule located directly next to it might impose strong
coulomb interaction that cannot be overcome by the fields used herein.
Due to a limited amount of available dopant material caused by the
synthetic complexity and the small-molecule-like character of PCBM,
which analogue to Spiro-MeOTAD did not show a tendency for a
drift, all further measurements were carried out with the polymer
N2200. This polymer is widely used as n-type material for organic
field-effect transistors [80] and exhibits a semi-crystalline structure
[203—205]. In contrast to doped P3HT, all three n-type dopants inves-
tigated did not show a drift signature up to around 8 Vum™'. Above,
a drift signature becomes clearly visible, showing an electric-field-
induced drift. However, the measurements in Figure 11.12b-d consis-
tently show non-idealities like multiple peaks or small current break-
downs which can be assigned to the high field strength that possi-
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Figure 11.12: a) Current-field measurement for PCBM, PCBM:0-MeO-DMB]I,
and PCBM:0-BnO-DMBI showing no peak and hence no drift.
b) - d) Currents at various alternating electric fields for N22oo
doped with 0-MeO-DMBI (b), 0-BnO-DMBI (c), and 0-AzBnO-
DMBI (not activated) (d). A drift signature is visible for fields
above roughly 8 Vum™.

bly damages the host material Furthermore, high dopant velocities
once a drift is initiated could further locally damage the N220oo thin
film. In addition to comparable doping efficiencies (see Section 5.3),
the drift behavior in N220o is similar for the three chemically mod-
ified DMBI-derivatives, showing that the addition of the benzene
ring and the (not activated) azide group do not significantly alter
the dopants’ drift properties. With this basis, an activation with UV-
light for 17min at a wavelength of 254nm and by thermal anneal-
ing at 130 °C for 10 min was tested. The UV-Vis absorption spectrum
does not change significantly upon thermal activation in N220oo, as
displayed in Figure A.10 in the appendix. On the other hand, the ab-
sorption of the azide (N; group) in the infrared wavelength region
vanishes for both techniques, indicating an activation as intended
[206]. However, the observed drift signature above 8Vum™' remains
unchanged independent of the pre-treatment and resembles the one
shown in Figure 11.12d. One possible reason for this behavior could
be a Ketinimine expansion: a reaction of the azide group with the
dopant molecule itself [30, 207] instead of the desired binding to the
host. To inhibit this reaction, a further chemical modification of the
benzene ring with four fluorine atoms that can sterically hinder this
reaction [208] is planned for the future. The fluorine atoms present in
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such a modified version of the azide dopant 0-AzBnO-DMBI would
further allow to study a diffusion of the dopant molecules through a
layer of N220o with photoelectron spectroscopy. In this way, the com-
parably high electric fields that are necessary to initiate the drift can
be avoided and the mobility of the dopants could be accessed without
strong external influences.

11.5 APPLIED DOPANT DRIFT IN MEMRISTIVE DEVICES

A mobility of dopant molecules is usually unwanted as it represents
one source of device degradation. Dopants diffusing out of the des-
ignated charge transport or injection layers in OLEDs or OFETs into
adjacent layers or the channel can strongly alter device performance
[171-174] and even a drift inside a single thin film can have a severe
effect on the overall conductance as shown. However, the controlled
motion of dopant molecules between two electrodes and the result-
ing control over the total resistance of the device has potential appli-
cations as a so-called memristive device or memristor. Such devices
are subject to increasing research for a wide range of applications
such as non-volatile memory, neuromorphic circuits, chaotic systems,
and analog circuit design [209]. In the following sections, a proof of
principle memory and memristive device based on a dopant drift is
introduced. The device characteristics concerning memory and neu-
romorphic applications are measured and evaluated in the context
of a general introduction, and an overview of existing systems and
approaches is given. A general introduction to the memristor and
memristive devices can be found in Section 2.7.

11.5.1 Memory Applications

To store information in a classical computing approach, two defined
states (0/1) are required. A memristive device can achieve this with
switching between a low resistance state (LRS) and a high resistance
state (HRS). After the theoretical introduction of the memristor by
Leon Chua in 1971 [62], the first working memristive device was pre-
sented by scientists from the HP Labs in 2008 [209]. Since then, the
idea to get rid of the need for a separation of volatile and non-volatile
memory in modern computers by replacing both with a non-volatile
memristive memory was pursued by several large IT companies and
researchers. The technology which in terms of computer memory is
usually referred to as resistive random-access memory (ReRAM) is
one candidate to succeed current memory technologies [210]. Due to
the ambiguous usage in literature and the initiative by Chua him-
self to merge all resistance switching memories with two terminals
into the category of memristors [65, 211], the term memristor is used
in the following as synonym for memristive device. Memristors can
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be classified into three main categories: molecular and ionic thin-film
memristors, 3-terminal memristors, and spin-based or magnetic mem-
ristors [212]. The devices shown in this thesis belong to the first class.
Various forms of memristors were developed, ranging from devices
based on inorganic semiconductors with excellent down-scaling prop-
erties, succeeded from the development of processor technology in
the past decades, to devices made of organic semiconductors with
new properties such as processing on flexible substrates or the pro-
cessability from solution by printing techniques. Hence, a conclusion
about properties like reading and writing speed, temporal stability,
the ability to distinguish between on- and off-state, and the cost and
size of basic memory units is not generally possible.

11.5.1.1 Switching Between two States

With the possibility to initiate and control a drift of dopants for the
material system presented in this thesis on a length scale of microm-
eters, and a diffusion-driven tendency to reach the equilibrium state
orders of magnitude slower than the drift, this effect can be utilized
to store information. Figure 11.13 shows schematic of a vertical two-
electrode device with the electrodes made of silver and the active
layer made of P3HT:Mo(tfd-CO,Me);, processed from blend solution
at a doping ratio of 25:1. The film thickness for the measured de-
vices was 3.5pum. An additional layer of MoO; between the doped
P3HT and the top electrode was thermally evaporated to ensure a
good injection even in the case of less dopants near this electrode
[213]. A voltage of =10V (2.9 Vum™), applied for 4, was then used
to generate a dedoped region near the bottom contact, which strongly
increases the overall resistance of the device (OFF-state). With a volt-
age of 9V (2.6 Vum™), applied for 0.5s, the dedoped region is filled
again with dopants, but a dedoped region is not yet established at
the opposite electrode. This state has the lowest possible overall resis-
tance (ON-state). By reading the state with a voltage below the thresh-
old for a dopant movement (=0.1V = 0.03V um™!), applied for 0.1s,
the state is maintained. The graph on the right side of Figure 11.13
displays the readout at ON- and OFF-state for 20 switching cycles. By
averaging over the readout time span of 0.1 s, the displayed error bars
were obtained. With these parameters, an on-off-ratio greater than 102
was achieved. Furthermore, switching times down to 80 ms were re-
alized in the master thesis of Seon-Young Rhim with a reduction of
the on-off-ratio to one order of magnitude [198].

The results presented herein represent a proof of concept. Variation
of material combinations, doping concentrations, film thicknesses, and
measurement parameters could yield better performance. The large
difference of contact resistance between doped and undoped mate-
rial near an electrode as shown with SKPM measurements in Sec-
tion 11.2.2 could be further exploited with a change of electrode ma-
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Figure 11.13: Left: Schematic illustration of a memory device with a de-
doped region generated at the bottom electrode in the off-state
and a homogeneous distribution of dopants in the on-state.
Right: Absolute current at —0.1V (0.03Vum™!) in the states
“ON” and “OFF” for subsequent switching cycles.

terials as proposed by Smits et al. [214]. Whereas memory devices
based on organic materials often suffer from low switching speeds
or stability issues, new concepts like the use of transition-metal com-
plexes reveal a potential comparable to oxide-based memory devices,
which represent the most promising candidate in terms of applica-
tion potential today [215]. To allow for a classification of the working
principle presented herein, related approaches are introduced in the
following.

Polymer-based memristive devices generally make use of a variety
of material properties and mechanisms. Examples are conformation
changes of molecules [216, 217], ionic conduction [216, 218], charge
transfer [216—218], space charge effects and trap states [216-218], and
the formation of highly conductive metallic current bridges or carbon-
rich filaments [216—218]. Many approaches utilize small ionic addi-
tives like NaCl, LiCF;SO;, or iodide, which are highly mobile and
hence allow for fast switching [214, 219, 220]. However, this high mo-
bility usually demands for a separate layer which releases the ions
upon application of an electric field into a polymer [219, 220]. This in-
creases the structural complexity to a minimum of two layers between
the electrodes. The concept presented herein in contrast uses dopant
molecules that can be much larger in size, such as Mo(tfd-CO,Me);,
which could strongly increase the retention time. However, this ap-
proach inherently represents a trade-off between retention time and
switching time which also depends on the overall film thickness. The
structure of memristive devices in the past varied from only one
layer between two electrodes [221, 222] like the one presented herein
to more complicated structures such as three-electrode devices [223,

224].
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11.5.1.2  Stability of Memory Operation

To assess the longevity of the memristive device for many switching
cycles between the on- and off-state, an exemplary long-term mea-
surement is shown in Figure 11.14. For this measurement, P3HT:Mo(tfd-
CO,Me); at a concentration of 75:1 was processed from blend solu-
tion. The operation is similar to the one introduced in the previous
section with a readout time span of 0.1s that is resolved on the right
side of Figure 11.14.
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Figure 11.14: Absolute readout current in ON and OFF state with -0.1V
readout voltage. Data points for on- and off-state in the left and
center part are taken as the minimum of the readout current in
the measurement time span of 0.1s as shown in the right part.

During this readout, the current relaxes to a minimum value which
is shown as ON and OFF in the left and center part of the graph. For
this exemplary set of parameters, the on-off-ratio is maintained up
to roughly 2500 switching cycles. After the first 500 cycles, the on-
and off-conductance decrease similarly to a new equilibrium state,
not changing the on-off-ratio. After 2500 cycles, the on-state breaks
down and finally converges with the off-state. This could either be
explained by a material degradation or a loss of optimum operating
parameters. For this kind of devices, the on-state is reached when a
homogeneous distribution of dopants is established. Since further ap-
plication of the voltage that led to this state initiates the formation
of a dedoped region at the opposite electrode, decreasing the con-
ductance again, a tracking of the maximum conductivity would be
desirable for a stable operation of the memristive device over long
time scales and many switching cycles. A material degradation can
be further minimized by limiting the voltage, which however also de-
creases the achievable width of the dedoped region and hence the
on-off-ratio. Since the device presented herein is not optimized and
the cycle-stability of memristive devices as well as retention times
in literature vary strongly—depending on operation conditions and
technology [218]—a detailed comparison is not performed here.
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11.5.2  Operation as Memristive Device

As theoretically described in Section 2.7, a memristive device is char-
acterized by an odd-symmetric current-voltage Lissajous figure [62,
211]. Hence, the IV curve of a memristive device shows a pinched
hysteresis loop where the current is zero for no voltage applied and
additionally shows a strong hysteresis. This behavior can be repro-
duced with a device of doped P3HT between two electrodes similar
to the memory device schematically illustrated in Figure 11.13 in the
previous section. Figure 11.15 shows such a current-voltage character-
istic for which the voltage is sweeped between -3V and 4 V. Hence,
this device can be described as voltage-controlled memristive one-
port [65]. For this example, P3HT:Mo(tfd-CO,Me); with a concentra-
tion of 25:1 and a thickness of 3.5 uym was measured with a scan speed
of 3Vs7! in a vertical two-electrode architecture.
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Figure 11.15: Current-voltage sweep between -3V and 4V showing a
pinched hysteresis loop, characteristic for a memristor.

11.5.3 Memristive Devices for Neuromorphic Computing

To date, classical computation in many cases is based on the von
Neumann architecture, which determines a separation of computa-
tion and storing of data, defining a sequential processing of infor-
mation. Although current technology is able to emulate increasingly
complex structures such as the brain functionality of a mouse or a
cat [225-227], the need for parallel computation leads to an exponen-
tial growth of energy dissipation with increasing brain size [228]. The
key properties of biological neuronal systems are a large connectivity
of single neurons—on average 7000 synaptic connections each [229]—
that enables energy efficient parallel computation and the fusion of
memory and computation [230, 231].

One mechanism that is believed to be paramount for biological sys-
tems to learn and function is the property of synapses to adjust the
synaptic weight between two neurons. This synaptic weight is deter-
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mined by the ionic flow between the neurons through the synapse.
This resembles the fundamental property of memristive systems: the
conductance of the system is not constant but defined by the device
history. Memristive devices that possess this property can potentially
represent a biological synapse in a neuromorphic system. Such a sys-
tem reproduces the computation of a brain in for example a crossbar
architecture with devices that represent pre- and post-synaptic neu-
rons and memristive devices representing the synaptic connections in
between the neurons. Figure 11.16¢ illustrates the analogy. Such cross-
bar architectures recently succeeded in data classification and image
recognition [232, 233]. Furthermore, the high level of parallelism in-
herent to such systems is believed to potentially reduce energy costs
for neuronal algorithms by six orders of magnitude compared to
simulated neuronal networks [232, 233]. Figure 11.16a illustrates the
growing research interest for memristive technology in recent years.
Shown are the citations per year that are listed in the topic memris-
tor according to Web of Science [234]. The growing research activity in
the memristive context and the upcoming need for an analysis of big
amounts of data with new approaches like deep learning with neural
networks promises synergistic developments [233].
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Figure 11.16: a) Temporal evolution of citations per year for the topic mem-
ristor according to Web of Science. b) McCulloch-Pitts neural
model in a symbolic representation. c¢) Schematic of a synapse
connecting two biological neurons. The inset illustrates a mem-
ristor connecting the pre- and post-synaptic neuron in a cross-
bar architecture. (c) is reprinted with permission from [228].
Copyright 2010, American Chemical Society.

Figure 11.16b summarizes the working principle of neural commu-
nication with the McCulloch-Pitts neural model in a symbolic rep-
resentation [235]. Each input x; represents the signal of an adjacent
neuron connected to the neuron k that is considered in this model.
These signals are weighted with factors xy;. The weighted input sig-
nals sum up and, if surpassing a certain threshold, the neuron is acti-
vated. The weighting of the signals is achieved with a change of signal
conductance, depending on the synapses history, which is mimicked
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by many memristive techniques. Synaptic functions such as short-
and long-term potentiation (STP, LTP) as well as spike-timing de-
pendent plasticity (STDP) were reproduced with memristive devices
in the past [63, 236]. Recently, organic memristors gained attention
as they provide features such as flexibility, low power consumption,
bio-compatibility, and the potential to act as direct interface to the
brain [237-241]. Limitations in performance and stability that origi-
nate from mechanisms such as the slow kinetics of ion diffusion and
others are currently tackled by new concepts like decoupling the read-
ing from the writing process in a three-terminal device [224].

11.5.3.1 Long Term Potentiation & Depression

This section focuses the capability of the dopant-drift based mem-
ristive devices to be operated in a pulsed mode for long term po-
tentiation (LTP) and depression (LTD), two important properties of
synapses. In addition to the two extreme states of a homogeneous
distribution of dopants and the formation of a large dedoped region,
intermediate states with different widths of a dedoped region and
resulting intermediate conductance states of the overall device would
be necessary. The set-up shown in Figure 11.17d serves to investigate
if such a mode is possible with the shown devices. A function genera-
tor that sends voltage pulses of defined intensity, duration, and repe-
tition rate is connected to a source measure unit (SMU) that provides
a constant low voltage which is used to read out the conductance
state in between the voltage pulses. This readout voltage has to be
small enough not to initiate a drift of dopants to not alter the current
state of the device. 5mV, corresponding to a field of 1.42mV pm‘l
are used in the shown example. In addition to supplying the readout
voltage, the source measure unit constantly reads the current flowing
through the circuit, in which the function generator, the SMU, and
the memristive device are connected in series. Figure 11.17a-c display
readout currents for a pulse width between 100 ms and 200 ms and
pulse heights of 6V and 8 V. The frequency was set to 1Hz for all
measurements shown. After a defined number of pulses depending
on how fast the final states are reached, the pulses voltage polarity is
inverted.

It can be seen that for all shown parameters, the device can be
brought to the low conductance state with a small current step size,
whereas the high conductance state is reached with fewer pulses. An
increase of the pulse height from 6V to 8V leads to a larger current
change per pulse, meaning that less pulses are needed to switch be-
tween low and high conductance. An increase of the pulse duration
from 100 ms to 200 ms has a similar effect on the speed with which the
two final states are reached. Whereas many single steps from a high
conductance to the low conductance can be accessed also at higher
voltage and longer pulse width, the switching speed for high voltages
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Figure 11.17: a) - ¢) Pulsed operation of the memristive device displayed in
Figure 11.13 showing long term potentiation and depression.
The conductance G is incrementally changed in steps between
the high and low conductance state. d) The setup that was
used to apply pulses and measure the conductance, together
with a schematic that defines the relevant parameters.

and long pulses in the other direction is too fast to resolve small con-
ductance steps. Hence, only a short pulse width grants that the device
can be adjusted to many conductance states in both switching direc-
tions. Note that the results presented in Figure 11.17 are intended as
a proof of principle to show the capability of the dopant-drift based
memristive device to operate in a pulsed mode. This mode yields con-
ductance changes that emulate the long term potentiation (LTP) and
depression (LTD) of biological synapses. Optimization would need to
include—amongst others—the choice of materials, the device layout,
the circuit to apply pulses and measure them, as well as the range of
parameters that is tested for the voltage pulses.

In this chapter, an electric-field-induced drift of molecular dopants
was shown to occur in the semi-crystalline polymer P3HT. Spectro-
scopic methods and electrical characterization was used to prove the
drift, and a variation of host and dopant materials could show that
the semi-crystalline morphology of semiconducting polymers is an
important prerequisite for a drift at moderate electric fields. The de-
doping of a spatial region near the negative electrode as a conse-
quence of the directed drift was shown to strongly reduce the conduc-
tance of a two-electrode-structure by increasing the contact resistance
and the channel resistance. An approach to immobilize the molecular
dopants with a chemical anchor was presented, and the applicability
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of a controlled drift in memory and memristive devices was evalu-
ated.



CONCLUSION & OUTLOOK

This work presents three novel findings that impact future research
on doped organic semiconductors: First, charge transfer upon dop-
ing is shown to strongly impact the structural order of doped thin
films via the interaction of solvent and solute already in the solu-
tion state. This result is expected to lead to a redefinition of process-
ing guidelines for the preparation of doped organic thin films from
blend solutions. Second, the spatial position of dopant molecules in
ordered domains of P3HT which is controversially discussed in liter-
ature is clarified and an explanation for the change in crystallite spac-
ings upon doping is presented. The third major outcome of this work
is the proof and characterization of an electric-field-induced drift of
small molecule dopants in polymers, which can give rise to device
degradation, but can also be utilized to realize memory and mem-
ristive devices. In the following, the results and consequences of the
individual studies presented in this work are discussed, followed by
a brief outlook on possible future developments.

Structural Order in Doped Organic Semiconductors

To provide a basis for the analysis of doped thin films, the structural
order in the undoped semiconducting polymer P3HT was deliber-
ately changed by controlling the film drying time via the boiling point
of solvents. The inverse exciton bandwidth extracted from Franck-
Condon fits of UV-Vis spectra was shown to correlate (non-linearly)
with the thin film conductivity, which allowed following studies to
distinguish between changes in doping efficiency and morphology-
induced changes in conductivity. The p-type dopant Mo(tfd-CO,Me),
was found to outperform the smaller F,TCNQ in terms of thin film
conductivity of p-doped P3HT when prepared from blend solution at
the same doping ratio. Future studies could focus on examining the
reason for the higher conductivity. This could be either an intrinsi-
cally better doping efficiency—possibly induced by the larger spatial
separation between the electron on the dopant and the hole on the
polymer—or the better solubility of Mo(tfd-CO,Me); and hence im-
provements in the structural order in the dried thin film.

While the drying time is the dominant parameter that regulates the
formation of order in pristine P3HT thin films, this thesis shows that
the charge transfer between dopant and host, which already occurs
in the solution state, critically modifies the solubility of the charged
molecules and thus the development of structural order upon film
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formation. Electron diffraction performed in a transmission electron

microscope was used to reveal improved structural order in films

from chloroform compared to chlorobenzene, which opposes the ex-

pected behavior based on the properties of pristine P3HT. Figure 12.1

schematically summarizes these findings. The observed higher amount
of -7 stacking in thin films from chloroform directly correlates with

a conductivity that is one order of magnitude higher. These results de-
mand for a critical evaluation of not only the boiling point of the sol-
vent and the solubility of the pristine materials, but furthermore the

polarity of the solvent to obtain highly ordered and hence conductive

doped thin films. Recent studies indicate that an increase in charge

carrier mobility upon increasing the amount of structural order domi-
nates the conductivity rise rather than a higher charge carrier density

originating from a higher doping efficiency due to a stronger delocal-
ization of charges in larger crystallites [22, 23].

Chloroform
(U

Spin Coating

) F4TCNQ

Spin Coating

Chlorobenzene
AR\

Figure 12.1: Schematic that summarizes the effect of solvent polarity on ag-
gregation in solution, the resulting formation of strucutral order
in the thin film, and the spatial position of dopants in the lamel-
lar stacking of P3HT crystallites. The polaron delocalization is
defined by the conjugation length and thus crystallite size.

The described increasing complexity of film formation when pro-
cessing a blend of dopant and host recently led to the development
of a sequential doping method based on the diffusion of dopants
into a polymer film [24, 25]. This thesis provides a comparison of
P3HT doped with the two differently sized dopants F,TCNQ and
Mo(tfd-CO,Me); and three doping techniques: doping from blend
solution, sequential doping from solution, and sequential doping by
thermal evaporation of the dopant onto a P3HT thin film. Recent lit-
erature hypothesizes that a swelling induced by the solvent in case of
a sequential doping from solution is essential for efficient diffusion
and thus doping of polymer thin films [22, 24, 25]. The results pre-
sented herein question this belief since a comparably strong diffusion
and doping occurred when the large dopant Mo(tfd-CO,Me); was
thermally evaporated in vacuum. Furthermore, this thesis shows that
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electronic excitations do not differ between films doped sequentially
from solution or evaporation although the crystalline structure in the
lamellar stacking direction varies strongly. To further optimize dop-
ing of P3HT and comparable materials, a thorough understanding of
diffusion paths and crystallite stability upon sequential doping is es-
sential. In the future, electron diffraction could be used to deepen the
understanding on how varying processing conditions in sequential
doping correlate to the change in lamellar stacking of P3HT.

One important finding of the TEM electron diffraction analysis of
various sequential doping techniques and molecular dopants is a sim-
ilar decrease of spacing in the 7-7t stacking direction of P3HT crystal-
lites, independent of the dopant size (F,TCNQ compared to Mo(tfd-
CO,Me);) and doping technique. This implies that dopants do not
reside inside the 7-7r stacking of P3HT, a question which is currently
controversially discussed in literature [22, 25, 88, 97, 138, 139]. Fur-
thermore, this thesis provides a novel alternative explanation for the
change in 7-7t spacing: the charging of the P3HT backbone that is
inherent to all doping techniques for which a shift can be observed.
Density functional theory calculations of charged P3HT dimers with-
out any dopant present support this ansatz, which is reported here
for the first time. Future studies could experimentally investigate
the change in -7t spacing upon charging P3HT without any dopant
present to support the theoretical studies. This could be realized with
a transistor device, in which a gate voltage induces charge carrier den-
sities comparable to the density generated by doping. However, the
necessity for a gate electrode excludes transmission measurements,
which leaves X-ray diffraction as a possible alternative. The sequen-
tial doping methods available now allow for a separation of the struc-
ture formation and the doping process, which can be used to better
understand the mechanisms governing the doping efficiency [22, 23].
However, the effect that enables this sequential processing—the diffu-
sion of dopants—is detrimental for many applications where doping
is intended to be spatially restricted to a single layer of a multi-layer
device, for instance in OLEDs or OFETs.

Dynamic Processes: Diffusion and Drift of Dopants

Although dopant diffusion has been known for a long time, the mor-
phological prerequisites and underlying mechanisms describing the
diffusion of small molecule dopants in organic semiconductors are
poorly understood. Within this thesis, it is shown that P3HT thin
films with different degrees of order, ranging from completely amor-
phous to semicrystalline thin films can be doped successfully with the
sequential doping technique from solution up to doping levels com-
parable to blend doping. To exclude the influence of solvent swelling
on the diffusion properties, a study that combined morphological and
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spectroscopic investigations was carried out, to which electron diffrac-
tion measurements of differently ordered P3HT thin films presented
in this thesis contributed. Without any solvent swelling of the P3HT
film, the dopant Mo(tfd-CO,Me); tends to diffuse slower into fully
amorphous P3HT compared to semicrystalline P3HT. Together with
the electron diffraction studies of different sequential doping tech-
niques, this result can serve as a basis for future studies that aim at
understanding diffusion pathways. With this knowledge, a deliberate
change of either the host morphology or the properties of the dopants
might be possible to inhibit diffusion and stabilize a desired doping
profile.

Although several publications deal with the topic of dopant diffu-
sion in various host-dopant combinations, a possible drift of dopants
in an applied electric field was not discussed thoroughly before. This
thesis presents the first detailed analysis of an electric-field-induced
drift of dopants with a proof of the drift, an estimate of the drift mo-
bility, and the consequences on charge transport and charge carrier in-
jection from electrodes. This drift occurs at moderate, device-relevant
electric field strengths above a threshold value in the case of P3HT
doped with F,TCNQ as well as Mo(tfd-CO,Me);, whereas it is not
observed for moderate field strengths with the small molecule host
material Spiro-MeOTAD. Furthermore, a dopant drift does not occur
at comparable fields in fully amorphous P3HT. Combined, these find-
ings indicate that the semicrystalline morphology of P3HT which is
inherent to many polymers is crucial for a dopant drift. This finding
is relevant for the transition from vacuum-deposited small molecules
that are currently used in for example OLEDs to solution-processed
printed organic semiconductors, where polymers that cannot be ther-
mally evaporated become interesting. Figure 12.2 schematically illus-
trates the dopant drift. The revealed drift mechanism significantly
alters the electrical conductivity of doped thin films and hence can be
one mechanism for device degradation.

b) 1 — aV20e

/ i -
doped P3HT doped P3HT dedoped
P3HT

Figure 12.2: Schematic representation of dopant drift under an electric field.
a) No drift of molecular dopants takes place if the electric field
strength defined by V; is below the threshold (V1 < Vy,). b) For
V3 > Vy,, a drift of negatively charged dopants takes place.

To approach this problem of dopant diffusion and drift, this thesis
presents measurements of a joint project of the analytic groups at the
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InnovationLab and the Institute of Organic Chemistry of Heidelberg
University to develop dopants that can be deliberately immobilized
in a host matrix. The dopants that were synthesized with this goal
are chemically modified DMBI-based n-type dopants. The chemical
modifications do not reduce the ability to electrically dope the small
molecule PCBM and the polymer N2200, but are equipped with an
azide group that can induce a chemical bond to the host upon activa-
tion. However, the dopants synthesized so far did not inhibit a drift
at high electric fields, probably due to a reaction with the dopant
molecule itself instead of reactions with the surrounding matrix. Fur-
ther chemical modifications with fluorine atoms could sterically sup-
press this effect and furthermore allow for a contrast between dopant
and host in, for example, photoelectron spectroscopy. Future studies
could then investigate the diffusion in addition to the field-induced
drift. For the long-term goal of stable electrical doping of any host ma-
terial, further efforts to bind dopant molecules to the host matrix and
the development of a basic understanding of the diffusion and drift
processes are essential. Apart of the attempt to immobilize dopants
in a host matrix, this thesis shows that the controllable dopant drift
can be utilized to deliberately tune the electrical resistance of a two-
terminal device. In a proof of concept experiment, an on-off-ratio of
10? was achieved in memory operation over 2500 cycles. Furthermore,
it was shown that such devices exhibit memristive behavior, and the
synaptic properties long term potentiation (LTP) and long term de-
pression (LTD) were successfully demonstrated.

A general conclusion on the status of research on doping of or-
ganic semiconductors reveals that there is still no unifying picture
that describes the complete range of phenomena, including both dop-
ing via charge transfer complex (CPX) formation and integer charge
transfer (ICT) for both small molecules and polymers. Future work
must aim at a broader understanding to provide a reliable basis for
the synthesis of new dopants and host materials. A second gap in
the fundamental understanding is the discrepancy between observed
ionization rate of dopants which can be up to 100 % and the low
share of free charge carriers that can contribute to charge transport,
which can be as low as 5% [113]. A clarification of the underlying
mechanism, for example a trapping of charges in defect states [200,
242] or Coulombic binding could lead to pathways that might greatly
enhance doping efficiency. In addition, the continuous progress in
computational power will allow future simulations to not only calcu-
late interactions of a few molecules at a time, but will give access to
larger volumes and longer time scales. Finally, the previously iden-
tified problems must be approached in the future. This includes the
synthesis of spatially stable dopants, whereas an immobilization is
ideally induced by external stimulus as it was envisioned with the
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DMBI-derivatives analyzed in this thesis. Further chemical modifica-
tions that allow to anchor dopants to electrodes for a spatially stable
interface doping would be especially desirable for organic field effect
transistors [170, 243], and of general interest also for other applica-
tions.

In conclusion, the present work provides insight into the fundamen-
tal mechanisms that govern doping of organic semiconductors. Be-
ginning with the interplay of dopant, host, and solvent—even before
the formation of a doped solid thin film—existing beliefs and estab-
lished processes must be questioned, since the charging of molecules
can affect interactions significantly. This thesis presents the structural
measurements that answer the debated question whether dopants in-
filtrate P3HT crystallites or not—together with a hypothesis that can
explain why the lattice spacing changes without the need of a phys-
ical presence of dopant molecules in the 7-7t stacking. In addition to
elucidating the role of structural order for the diffusion of dopant
molecules in the polymer P3HT, this thesis provides the first com-
prehensive investigation of an electric-field-induced dopant drift. Be-
yond the development of a mechanistic understanding of the dopant
drift, the practical applicability in memory and memristive devices
was demonstrated for the first time.



APPENDIX

FITS TO UV-VIS SPECTRA OF P3HT

Table A.1 lists the parameters emerging from the Frack-Condon fit of

UV-Vis spectra of P3HT and P3HTrr thin films spin cast from chlo-
roform (CF), chlorobenzene (CB), and dichlorobenzene (DCB). Fits

were performed according to Equation 5.2 with the software Wolfram

Mathematica 11.

k W [eV] Eo_o[eV] o [eV]
P3HT CF 0.831 0.158 2.042 0.077
P3HT CB 0.836 0.106 2.026 0.077
P3HT DCB 0.857 0.096 2.028 0.075
P3HTrr CF 0.836 0.158 2.042 0.076
P3HTrr DCB 0.915 0.056 2.028 0.072

Table A.1: Values for amplitude factor k, free exciton bandwidth W, energy
of the 0 — 0 transition Ey_o, and the standard deviation o emerg-

ing from the Franck-Condon fits displayed in Figure A.1.
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Franck-Condon fits to UV-Vis spectra of pristine P3HT
and P3HTir spin coated from the solvents chloroform (CF),
chlorobenzene (CB), and dichlorobenzene (DCB). The left part
shows the UV-Vis spectra in blue and the resulting fits in orange
that are composed of contributions described in Section 5.1.2.
The right part shows the fit-residuals. The fit was performed
between 1.8eV and 2.25eV.
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CHARACTERIZATION OF DMBI-DERIVATIVES AS N-TYPE DOPANTS
FOR ORGANIC SEMICONDUCTORS

UV-Vis Absorption Spectroscopy of N-Doped Organic Semiconductors
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Figure A.2: UV-Vis absorption spectra of pristine PCBM, pristine dopants
0-BnO-DMBI and 0-MeO-DMBI, and doped PCBM with doping
concentrations of 10:1. Films were spin cast from blend solutions
from chloroform.
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Figure A.3: UV-Vis absorption spectra of pristine N220o, pristine dopant

0-MeO-DMBI, and N2200:0-MeO-DMBI with a doping concen-
tration of 10:1. Films were spin cast from blend solutions from
chloroform.
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Figure A.4: UV-Vis absorption spectra of pristine N220oo, pristine dopant o-
BnO-DMBI, and N2200:0-BnO-DMBI with a doping concentra-
tion of 10:1. Films were spin cast from blend solutions from
chloroform.

INFLUENCE OF SOLVENT UPON DOPING
Fits to UV-Vis Spectra of dissolved P3HT:F,TCNQ

Table A.2 lists fit parameters of the Gaussians used to describe the
polaron and aggregate absorption in Section 6.4. The software Fityk
0.9.8 was used to fit all contributions at the same time. Except of the
Gaussians, all fit inputs were measured or extracted from literature,
and adjusted with a scaling factor. The Gaussian function that is used
by Fityk is given by

2
G(h,c,w) :h.exp{ <—ln2- (XV_\}C> )}, (A.1)

where c denotes the center, h the height, and w the half width at half
maximum (hwhm).

height [(m™'] center [eV] hwhm [eV]

chlorobenzene

polaron 9.68 x 1072 1.60 0.27
aggregates 1.48 x 107! 222 0.22
chloroform

polaron 3.89 x 1072 1.60 0.32
aggregates 6.18 x 1072 222 0.19

Table A.2: Parameters height h, center c, and half width at half maximum w
that emerged from fits of P3HT:F,TCNQ dissolved in chloroform
and chlorobenzene.
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TEM Brightfield Images and Electron Diffraction Patterns

(a) BFTEM of P3HT:F,TCNQ from CF.  (b) BFTEM of P3HT:F,TCNQ from CB.

(c) ED of P3HT:F,TCNQ from CFE. (d) ED of P3HT:F,TCNQ from CB.

Figure A.5: (a,b) Bright-field transmission electron microscopy (BFTEM) im-
ages of F,TCNQ-doped P3HT with a concentration of 10:1.
Films were spin coated from chloroform (CF) (a) and chloroben-
zene (CB) (b). (cd) Electron diffraction (ED) patterns of
P3HT:F,TCNQ spin-cast from chloroform (c) and chlorobenzene

(d).
DIFFUSION OF DOPANTS

Figure A.6 displays UV-Vis absorption spectra of sequentially doped
P3HT:PCBM blends. For both sequential doping from solution and
thermal evaporation, a clear spectral doping signature is visible: the
broad P2 polaron absorption around 1.5eV and the double-peak orig-
inating from the charged F,TCNQ molecule in the same spectral re-
gion. This indicates a non-negligible diffusion of F,TCNQ into the
blend P3HT:PCBM. However, solvent swelling or a higher substrate
temperature in case of the vapor-doped thin film cannot be excluded.
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Figure A.6: UV-Vis absorption spectra of pristine P3HT, PCBM, and a blend
film as well as P3HT:PCBM sequentially doped with F,TCNQ
from acetonitrile solution (P3HT:PCBM:F,TCNQ-seq-s) and va-
por doping (seq-v) according to [23]. A strong doping signature
(see Chapter 5 for details) is visible in both sequentially doped
P3HT:PCBM blends, indicating a diffusion of F,TCNQ into the
mixed films.

CONTROLLED DRIFT OF SMALL MOLECULE DOPANTS

25 =

20 | = -
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Figure A.7: Length of the dedoped region in a two-electrode device with
a channel length of 140 um, a doping ratio of 50:1 P3HT:Mo(tfd-
CO,Me); for electric fields above the threshold for a dopant drift.
The dashed linear line is a guide to the eye.

Figure A.8 displays spatially resolved IR spectroscopy measurements
of P3HT:F,TCNQ analogue to the measurements on P3HT:Mo(tfd-
CO,Me); in Figure 11.2. The measurement spot was located near the
electrode to which the polarity of the electric field given in the legend
corresponds. The electric field strength was incrementally increased
from —1.2Vpm™ to -1.4Vum™!, then set to 1.8 Vum™' and was then
inverted again. With increasing field strength, a decrease of the P1
polaron absorption is observed, which increases again after inversion
of the voltage. This is in line with a dopant drift, since the negatively
charged dopants are expected to be pushed away from the negative
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electrode. The peak intensity of the C=N stretching vibration resem-
bles the strength of the polaron absorption, giving a direct proof that
less F,TCNQ molecules are present in the measurement spot when a
negative voltage is applied. The concentration increases again upon
application of a positive voltage.

Relative Transmission

12194 cm* unbiased
2l : | —I[1]-1.2vum?*
.g | ——121-1.3vpm*
£l —[3]-1.4Vpm™*
= [4] +1.8 Vpm™
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Figure A.8: Spatially resolved IR relative transmission spectra of

Current [A]

.
S
&

P3HT:F,TCNQ in a doping ratio of 10:1, doped by sequential
doping from acetonitrile solution. Spectra are measured before
and after application of electric fields near the electrode to
which the polarity of the electric field in the legend corresponds.
The left side displays overview spectra with the broad P1
polaron absorption of charged P3HT and the IRAV modes
below 1500 cm™!. The right side shows a zoom-in to the spectral
region of the C=N stretching vibration, characteristic for the
F,TCNQ molecule.

b) T
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Figure A.9: Double-logarithmic representation of IV measurements where

a drift of Mo(tfd-CO,Me); (a) and F,TCNQ (b) in P3HT sets
in above a certain threshold voltage. The two lines represent
the ohmic and space-charge limited current (SCLC) regime, in
which the current depends on V and V?, respectively. For low
voltages, the current shows ohmic behavior, but the superlinear
increase cannot be sulfficiently described with SCLC behavior.
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CHARACTERIZATION OF DMBI-DERIVATIVES AS N-TYPE DOPANTS
FOR ORGANIC SEMICONDUCTORS

UV-Vis spectra of N2200:0-AzBnO-DMBI
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Figure A.10: Normalized UV-Vis absorbance measurements of N2200:0-
AzBnO-DMBI after spin coating and after thermal activation at
130 °C for 10 min. The spectrum does not change significantly
upon thermal activation.

Stability of Doped N2200

Figure A.11 displays conductivity measurements of N2200:0-BnO-DMBI
and N2200:0-MeO-DMBI over a time period of roughly 20 days. The
samples were stored and measured under intert N, atmosphere. It
can be seen that the conductivity decreases strongly in this time pe-
riod, which could be related to a degradation of the dopant molecules
or the host matrix. A further explanation could be that host and
dopants phase segregate [244], which would decrease the volume
doping to a surface doping and hence significantly lower the over-
all conductivity.
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Figure A.11: Long-term conductivity measurements of N2200:0-BnO-DMBI
and N2200:0-MeO-DMBI. The samples were stored and mea-
sured under inert N, atmosphere. The measurements were per-
formed with the two-terminal sensing method.
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