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Abstract

Organic semiconductors combine the benefits of organic materials, i.e., low-cost pro-
duction, mechanical flexibility, lightweight, and robustness, with the fundamental semi-
conductor properties light absorption, emission, and electrical conductivity. This class
of material has several advantages over conventional inorganic semiconductors that
have led, for instance, to the commercialization of organic light-emitting diodes which
can nowadays be found in the displays of TVs and smartphones. Moreover, organic
semiconductors will possibly lead to new electronic applications which rely on the
unique mechanical and electrical properties of these materials.

In order to push the development and the success of organic semiconductors forward, it
is essential to understand the fundamental processes in these materials. This thesis con-
centrates on understanding how the charge transport in thiophene-based semiconduc-
tor layers depends on the layer morphology and how the charge transport properties
can be intentionally modified by doping these layers with a strong electron acceptor.

By means of optical spectroscopy, the layer morphologies of poly(3-hexylthiophene),
P3HT, P3HT-fullerene bulk heterojunction blends, and oligomeric polyquaterthiophene,
oligo-PQT-12, are studied as a function of temperature, molecular weight, and process-
ing conditions. The analyses rely on the decomposition of the absorption contributions
from the ordered and the disordered parts of the layers. The ordered-phase spectra are
analyzed using Spano’s model. It is figured out that the fraction of aggregated chains
and the interconnectivity of these domains is fundamental to a high charge carrier mo-
bility. In P3HT layers, such structures can be grown with high-molecular weight, long
P3HT chains. Low and medium molecular weight P3HT layers do also contain a signif-
icant amount of chain aggregates with high intragrain mobility; however, intergranular
connectivity and, therefore, efficient macroscopic charge transport are absent. In P3HT-
fullerene blend layers, a highly crystalline morphology that favors the hole transport
and the solar cell efficiency can be induced by annealing procedures and the choice
of a high-boiling point processing solvent. Based on scanning near-field and polariza-
tion optical microscopy, the morphology of oligo-PQT-12 layers is found to be highly
crystalline which explains the rather high field-effect mobility in this material as com-
pared to low molecular weight polythiophene fractions. On the other hand, crystalline



dislocations and grain boundaries are identified which clearly limit the charge carrier

mobility in oligo-PQT-12 layers.

The charge transport properties of organic semiconductors can be widely tuned by
molecular doping. Indeed, molecular doping is a key to highly efficient organic light-
emitting diodes and solar cells. Despite this vital role, it is still not understood how
mobile charge carriers are induced into the bulk semiconductor upon the doping pro-
cess. This thesis contains a detailed study of the doping mechanism and the electrical
properties of P3HT layers which have been p-doped by the strong molecular acceptor
tetrafluorotetracyanoquinodimethane, F4;TCNQ. The density of doping-induced mo-
bile holes, their mobility, and the electrical conductivity are characterized in a broad
range of acceptor concentrations. A long-standing debate on the nature of the charge
transfer between P3HT and F,TCNQ is resolved by showing that almost every F,TCNQ
acceptor undergoes a full-electron charge transfer with a P3HT site. However, only 5%
of these charge transfer pairs can dissociate and induce a mobile hole into P3HT which
contributes electrical conduction. Moreover, it is shown that the left-behind F;TCNQ
ions broaden the density-of-states distribution for the doping-induced mobile holes,
which is due to the long-range Coulomb attraction in the low-permittivity organic semi-

conductors.
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1 Introduction

Organic semiconductors have gained much attention during the last decades driven
by the ambition to realize electronic devices such as organic solar cells, organic light-
emitting diodes, and organic field-effect transistors with novel properties® or at low
costs that are not attainable using conventional inorganic semiconductors. Typically,
such devices comprise one or several layers of molecular, oligomeric, and/or polymeric
organic semiconductors that have been prepared by evaporation or by a solution-based
process. Especially the deposition of soluble compounds promises low-cost mass pro-
duction via printing, blading, or spraying techniques. (1]

One major obstacle in the understanding and physical description of organic semicon-
ductor layers is their complexity with regard to the layer morphology. Many solution-
cast organic semiconductors, in particular the alkyl-substituted poly- and oligothio-
phenes that are dealt with within this thesis, form layers with a heterogeneous mor-
phology which is made up of more or less defined domains with different qualities
of molecular order. The heterogeneity, i.e., the variation of molecular constitution and
conformation, the variety of intermolecular interactions, and the occurrence of spatial
disruptions (grain boundaries) in these layers, has dramatic impact on the fundamental

semiconductor properties. 218!

A plain example of how layer morphology determines the behavior of an organic semi-
conductor is the molecular weight dependence of the charge carrier mobility in organic
tield-effect transistor (OFET) devices made from poly(3-hexylthiophene), P3HT. Ex-
perimentally, it has been found that the mobility typically increases by four orders of
magnitude from 107 to 1072 cm?/(Vs) upon an increase of the polymer’s molecular
weight from 3000 g/mol (referred to as low molecular weight) to 30000 g/mol (high
molecular weight).[14‘l6'18] Atomic force microscopy and X-ray diffraction studies re-
vealed that the layer morphology changes drastically within this regime.[1%14-251 Ag
seen in Fig. 1.1a-d, crystallization of low molecular weight P3HT chains leads to the for-

mation of well-defined needle-like nanocrystallites, while high molecular weight layers

* Such novel properties include, for instance, the potential mechanical flexibility and robustness of devices
and the versatile adjustability of the optical and electronic properties of the organic semiconductors by
synthetic chemistry.
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Figure 1.1: Atomic force microscopy topography and phase images of (a,b) low molecular weight and
(c,d) high molecular weight P3HT layers by Kline et al.[!4] (e,f) Transmission electron microscopy

dark- and bright-field images of a low molecular weight P3HT layer by Zen et al.[17] Reprinted with
permissions from Ref. [14] (a-d, Copyright 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim)
and Ref. [17] (e-f, Copyright 2006 American Chemical Society).

have, depending on the preparation conditions, a granular or lamellar structure which
implies an intimate mixture of ordered and disordered domains.

Ambiguity arises in the interpretation of these data, in particular because the detailed
layer structures are generally not experimentally accessible on a molecular scale. Kline
et al. attributed the low field-effect mobility in low molecular weight samples to charge
carrier trapping at the grain boundaries of the needle-like crystallites. [ In high molec-
ular weight P3HT, ordered domains might be interconnected by long P3HT chains
which act as pathways for efficient charge transport.['’l On the contrary, Zen et al.
pointed out that low molecular weight P3HT layers consist of highly ordered domains
(the crystalline needles) which are actually embedded into a disordered matrix of non-
planarized, coiled chains (see transmission electron microscopy images, Fig. 1.1e,f) and
that these layers have a lower overall crystallinity than their high molecular weight
counterparts.[117] Consequently, it has been proposed that the charge transport in
P3HT and related polymer semiconductor layers is not determined by the perfection
of the molecular packing, but by the overall degree of crystallinity of these samples.

Higher field-effect mobilities in the range of 0.1 to 1 cm?/ (Vs), which is on the order
of the mobility in technologically relevant hydrogenated amorphous silicon, have been
observed in a-oligothiophene-based layers deposited by evaporation.[2¢27] Unlike the

heterogeneous multi-phase morphologies of P3HT films, the structure of these layers



1 Introduction 8

500 nm

Figure 1.2: AFM topography images of a-6T layers with various nominal thicknesses on mica de-
posited from the vapor phase. Reprinted with permission from Ref. [29]. Copyright 2004 American
Chemical Society.

exhibits high polycrystalline order (Fig. 1.2).[262°] Crystallization is presumably facili-
tated by the chemical homogeneity of oligomer-based materials, in contrast to the typ-
ical distribution of molecular chain lengths in polymer samples. Structural studies on
a-oligothiophene samples show that the molecules are almost planar and oriented per-
pendicularly to the substrate which is advantageous for the fast motion of charge car-
riers in a typical field-effect transistor geometry. 9.26.2729] However, even in layers with
very high crystallinity, macroscopic charge transport across the channel of an OFET
might ultimately be determined by the presence of grain boundaries and packing de-
fects. The typically lower mobilities (1072 to 10~! cm?/ (Vs)) of solution-processed olig-
othiophenes such as &,w-dihexylsexithiophene, for instance, have been attributed to
imperfections in the chain packing quality, although the crystallinity of such layers is
generally high. 3331 In line with this interpretation, it has been shown computation-
ally that paracrystalline disorder, i.e., fluctuations in the lattice spacing, leads to trap
states in the band gap of the semiconductor which are detrimental to charge carrier

transport. 34!

A common way to modify the charge carrier transport properties of organic semicon-
ductors is to apply doping. Being widespread in the field of inorganic semiconductors,
the concept of doping organic materials is very similar: By introducing appropriate
electron-accepting (for p-type doping) or -donating (for n-type doping) species, addi-
tional charge carriers (holes or electrons, respectively) are created in the bulk semicon-
ductor. These charge carriers relax in the energetic landscape and will eventually fill
deep trap states and increase the charge carrier mobility. Correspondingly, doping has
been successfully applied to enhance the field-effect mobility of transistors as compared
to undoped devices.!*3° Moreover, doped layers with high electrical conductivities
are frequently used as hole- or electron-injecting layers in proximity to the electric con-
tacts of organic light-emitting diodes.**4!l Due to the doping-induced charge carrier
density, the width of the Schottky depletion zone at the electrodes is reduced which
results in better injection of charges and, consequently, leads to an increase of the lumi-

nance of these devices.
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Reasonably stable p-type doping of solution-processed organic semiconductors has
been achieved by using strong, soluble molecular acceptors such as tetrafluorotetra-
cyanoquinodimethane (F4,TCNQ). [36-38,42-49] T(y date, the combination of F;TCNQ and
P3HT has resulted in the highest conductivities of up to 100S/cm.[#?! On the other
hand, systematic studies of the doping mechanism and its effects on the charge carrier

density and transport are rare.

Typical doping-related phenomena such as the often-reported low doping efficiency,
which means that the charge carrier density induced by doping is much less than the
dopant density,[#50-%3] and the nonlinear dopant density dependence of the conduc-
tivity[®* are not well addressed in literature.

In the first part of this thesis, which includes the work presented in sections 4.1 and 4.2,
we clarify the quality and size of the aggregates in pure P3HT films and P3HT:fullerene
bulk heterojunction layers by means of optical absorption spectroscopy. By applying
the linear H-aggregate absorption model of Spano,!®! spectra recorded at various tem-
peratures or after different annealing procedures are analyzed in terms of the aggre-
gate width and the molecular order. These results are then linked to the local and
macroscopic charge transport properties obtained from microwave conductivity mea-

surements, organic field-effect transistors, and solar cells.

In the second part of this thesis, which includes the work presented in section 4.3, we
investigate the highly ordered morphology of an oligomeric didodecyl-substituted po-
lyquaterthiophene (oligo-PQT-12) sample, which has been fractionated from a polymer
batch with a wide molecular weight distribution. We have recently shown that oligo-
PQT-12 layers exhibit a field-effect mobility of typically ~ 1072 cm?/(Vs), which is un-
usually high for a low molecular weight polythiophene fraction. ! Using scanning
near-field and polarized optical microscopy, we characterize the molecular order in the
ten-to-sub-micrometer range by taking advantage of the distinct optical properties of
planarized and distorted molecules in ordered and less ordered (or disordered) envi-
ronments. Although the crystallinity of oligo-PQT-12 layers is very high, we reveal local
fluctuations of the quality and direction of molecular order, as well as the presence of
grain boundaries which are otherwise not resolved by common topography-mapping
techniques and which are probably adverse to charge carrier transport.

In the third part of this thesis, which includes the work presented in sections 4.4-4.7, we
aim at understanding the process of doping P3HT with F4sTCNQ and the electrical char-
acteristics of such doped layers. Using infrared and optical spectroscopy, we study the
localized nature and the efficiency of the charge transfer. These results are compared
to the density of doping-induced mobile holes which we have measured in a broad
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range of doping ratios from the ppm to the per cent regime by means of admittance
spectroscopy and surface potential measurements. Moreover, we elucidate the effect
that ionized dopant molecules supposedly have on the charge transport by analyzing
conductivity and mobility data using a model of Arkhipov et al.[3-%0] These results are
compared to absorption and charge transport data of F,TCNQ-doped layers of poly(2-
methoxy-5-(2’-ethylhexyloxy)-p-phenylene vinylene), MEH-PPV.

In what follows, we continue with an explanation of the principal concepts and models
that are used in the present studies (Chapter 2). Chemical compounds and experimen-
tal procedures are subsequently described (Chapter 3). After that, a concise summary
of the results and the interpretations of the present studies is given in Chapter 4. In
Chapter 5, the main conclusions from this work are emphasized. Finally, Chapter 6
contains the list of publications related to this thesis and a detailed declaration of the
authors’ contributions. The publications and supplemental information are reprinted
in the Appendix.



2 Theoretical background

2.1 Basic principles of organic molecular and polymeric semiconductors

Generally, organic molecular and polymeric semiconductors are hydrocarbon-based
compounds with a conjugated binding pattern, i.e., with an alternating single and dou-
ble bond sequence between the carbon atoms which make up the molecular backbone.
In this configuration, the carbon atoms feature sp? hybridization, where the one p. or-
bital is perpendicular to the three sp? orbitals in a common plane, see Fig. 2.1. At a
carbon-carbon double bond, e.g., in ethylene, o and 7 molecular orbitals are formed
due to sp?-sp? and p,-p- overlap of the two involved carbon atoms, respectively. Along
a conjugated chain, p, orbital overlap is not only across the double bonds, but occurs
along the length of the conjugated segment, which gives single bonds a 7r-character as
well. Consequently, extended 7w molecular orbitals are formed, where the ground-state
electron-occupied 7t orbital with the highest energy (highest occupied molecular or-
bital, HOMO) and the unoccupied 7 orbital with the lowest energy (lowest unoccupied
molecular orbital, LUMO) are of special importance for the semiconductor properties
of these materials. In particular, the energy difference between HOMO- and LUMO-
derived states, called band gap, is in the range of the energy of visible light which
enables optical light absorption and emission.

A charge carrier, i.e., a hole or an electron, can reside in the HOMO or the LUMO of
an organic semiconductor, respectively. Unlike in inorganic crystalline semiconductors,
where charge carriers move rather freely in delocalized bands, strong electron-phonon
coupling in organic semiconductors leads to the formation of polarons which become
localized on individual molecules or chain segments. The strong binding of charges
to the molecular backbone is particularly evident from the fact that a change of the
charge distribution of a molecule, e.g., by optical absorption or ionization, will cause
a change of the molecule’s geometry in concomitance. Vice versa, molecular geom-
etry variations, for instance in terms of a distribution of different conformations and
constitutions in a thin film, cause a distribution of energetic states. Commonly, the
density-of-states (DOS) distributions of the HOMO- and LUMO-derived states in semi-

conducting polymers are assumed to have a Gaussian shape. Charge transport within
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Figure 2.1: Scheme of the formation of the molecular 7r-orbitals in organic conjugated semiconduc-
tors. Involved sp?-hybridized carbon atoms feature three sp? atomic orbitals in a common plane and
one perpendicular p orbital (upper left). In ethylene, H,C=CH,, two sp? orbitals and two p orbitals
form the sp?-sp?-0- and the p-p-7r-bond, respectively, with molecular - and 7r-orbitals ("*' denotes
the antibonding character of some orbitals) (center). Along a conjugated chain, p; orbitals overlap
and result in an extended electronic 7t-system. The energetic distance between the highest-energy
rt-orbital which is occupied with two electrons in the ground state (HOMO) and the lowest-energy
unoccupied 7t-orbital is the band gap Eg (right). Due to the strong localization of charge carriers to
the molecular backbones, hole and electron transport proceeds via hopping in energetically distributed
manifolds of HOMO- and LUMO-derived states, respectively (lower left).

p, orbital

sp? orbitals

LUMO-derived DOS

this energetic landscape proceeds via consecutive hopping from one localized state to
the next, see Fig. 2.1 and the explanations in section 2.4.

2.2 Crystallization of polyalkylthiophenes

Thiophene-containing polymers are among the most studied soluble organic semicon-
ductors due to their good performance in organic field-effect transistors and organic
solar cells. In particular, regioregular hexyl-substituted polythiophene, i.e., P3HT, was
widely used in the past due to its high field-effect mobility and the high solar cell ef-
ficiency in combination with fullerene acceptors. A P3HT polymer chain is made up
of thiophene repeat units, where each thiophene unit has a hexyl side chain in the 3-
position which makes the polymer soluble in organic solvents such as chloroform and
toluene. The chemical structure of P3HT is depicted in Fig. 2.2c. Regioregularity refers
to the strict head-to-tail coupling of the thiophene units along the chain, which avoids
steric hindrances between the side chains and allows the polythiophene backbone to

planarize upon film formation.

Typically, thin films of alkyl-substituted polythiophenes are prepared by, e.g., spin-
coating from a polymer solution, for instance in chloroform, where the polymer chains
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Figure 2.2: (a,b) Atomic force microscopy phase images (1 pmx1pum) of P3HT layers drop-cast
from toluene with molecular weights My, = 2.4 and 7.0 kg/mol, respectively. (c) Schematic drawing
of the molecular packing of P3HT chains. (d,e) Scheme of the morphology of a semicrystalline P3HT
layer with ordered lamellae and disordered zones. Subfigures reprinted with permissions from Ref.
[18] (a-b, Copyright 2006 American Chemical Society) and Ref. [61] (d-e, Copyright 2012 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim).

adopt a coiled conformation. In general, these layers are semicrystalline with disor-
dered and ordered domains, whose fractions depend largely on the preparation con-
ditions. Disordered domains contain polymer chains which did not planarize upon
solvent evaporation. Ring-to-ring torsion and kinks within these chains interrupt the
rt-conjugation. As a result, the conjugation lengths in the disordered domains are
widely distributed. Ordered domains, in contrast, are formed due to the interchain
alignment of planarized polymer chains. High-resolution structural measurements re-
veal that ordered domains often correspond to needle-like or fibrillar structures, see
Fig. 2.2a,b. Based on transmission electron and atomic force microscopy of P3HT lay-
ers, it was shown that the polymer chains crystallize in a lamellar fashion, where the
planarized thiophene backbones are essentially oriented perpendicularly to the fibril
long axis.[82! Thus, the fibril width correlates linearly with the contour length of the
polythiophene chains for low and medium molecular weight samples. [8]

Fig. 2.2c shows the crystalline packing of P3HT chains on a molecular scale. In the a- or
[100]-direction, sheets that incorporate the alkyl side chains are alternating with sheets



2 Theoretical background 14

that comprise the thiophene backbones. In this direction, intermolecular coupling of
the 7r-systems is absent due to the insulating nature of the alkyl substituents. In the
b- or [010]-direction, planarized thiophene chains are cofacially stacked, such that elec-
tronic intermolecular 7t-7-interactions occur, which alter the optical and charge trans-
port properties in comparison to disordered, noninteracting chains. Finally, the c- or

[001]-direction points along the polythiophene chains’ long axes.

Fig. 2.2d,e shows the current notion of P3HT layer morphology.[®!l Due to the polydis-
persity, i.e., the distribution of polymer chain lengths, and constitutional, conformal or
chemical defects of the polymer sample, many chain ends protrude beyond the edges of
the crystalline fibrils, which results in disordered regions in between the fibrils. The dis-
ordered zones may also be made up of polymer chains which were not able to planarize
during film formation. For a low molecular weight P3HT fraction, it has been suggested
that the amorphous phase is primarily formed by the short chains of the chain length-
distributed polymer sample.['” Occasionally, chains that have been expelled from a
tibril may fold back and re-enter the same fibril again. Back-folding of P3HT chains has
indeed been observed on highly oriented pyrolytic graphite substrates.®?l Moreover,
some chains can also bridge two different fibrils, especially in high molecular weight
P3HT samples, which has beneficial consequences for the efficiency of interfibrillar,
macroscopic charge transport, as we show in the course of this thesis. Indeed, back-
folding of chains and the presence of tie chains are phenomena which are common to
many high molecular weight polymers with fibrillar structures. [6364]

2.3 Optical absorption of 7r-stacked linear polyalkylthiophene aggregates

The strength of an electronic-vibrational (vibronic) absorption is generally given by the

square of the quantum mechanical transition dipole moment, i.e.,

Ao | (¥ | ¥g)?,

(2.1)

where ¥, and Y, are the electronic-nuclear wave functions of the ground and excited
state, respectively, and fi is the dipole moment operator. Within the Born-Oppenhei-
mer approximation, the wave functions can be separated as ¥(7,R) = ¢(7, R)x(R),
where ¢ and x denote the electronic and nuclear wave functions, and 7 and R are the
electronic and nuclear coordinates, respectively. Moreover, the dipole moment operator
can be written as a sum of the electronic and nuclear dipole moment operators, ji =
flel + finuc. For electronic transitions between two electronic states ¥, and ¥, Eq. 2.1
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can be transformed to![6°!

[l

, (2.2)

A ‘m [(Xelxs)

where the squared electronic transition dipole moment (first factor, averaged over the
nuclear displacement during the transition) and the squared nuclear overlap integral
(second factor) are separated. ‘( XelXg) ‘2 is also called Franck-Condon factor. Often,
the absorption spectra of amorphous organic semiconductors, where interchain 7-71-
interactions are insubstantial, can be assigned to a single electronic excitation in con-
junction with the excitation of the first and higher excited states of essentially one vi-
brational mode starting from the ground-state, see Fig. 2.3. Based on modeling the
nuclear wave functions with Hermite polynomials, the intensity series of such vibronic

transitions from the ground-state to the m-th excited vibrational state (0-m transition)

can be described by
SMexp(—S
| (Xm|x0) | = nf!( ), 2.3)

where the Huang-Rhys factor S measures the mean level of vibrational excitation con-

comitant with the electronic transition.

If intermolecular 7r-7r-interactions between two or more molecules are present, such
as in polythiophene aggregates, the system Hamiltonian includes an interaction term
H’, which accounts for the electrostatic interaction between the 7t orbitals of each two
molecules n and m. In the simplest case of a dimer with identical molecules 1 and 2,
the ground-state wave function can be expressed by ¥, = ¥1'¥> and has an energy of
E¢ = 2Egiso + Wy, where Eg s, is the ground-state energy of an isolated molecule and
Wy is the Coulomb binding energy for the pair (W, < 0) given by (¥4|H'[¥,). Upon
electronic excitation, the coupling term H’ leads to a mixing of the states described by
Y1Y;2 and ¥1¥7 and, thus, two dimer states

Yo = (Y ¥1¥3)/V2 (2.4)
with different energies
Ei = Ee,iso + Eg,iso + We + |,B‘ (25)

emerge. Here, E ;s is the excited-state energy of an isolated molecule and W, is the
Coulomb interaction energy between the charge distributions of the excited and the
unexcited molecule, W, = (¥;¥2|H'|¥5Y2) = (¥1¥5|H/|¥1Y;) < 0. |B| denotes
the resonance interaction energy, which stems from the terms +| (¥;¥,|H'[¥1¥3) | =
+| (¥1¥5|H'|¥7Y2) |, and is equal to half of the energetic distance between E* and E™.
Fig. 2.3 depicts the split-up of the excited states in a dimer. Note that in H-aggregates,
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Figure 2.3: (a) Optical absorption spectra of planarized non-interacting (solid line) and weakly exci-
tonically coupled molecules (dashed line), modeled with Eqns. 2.2, 2.3, and 2.6, assuming a Huang-
Rhys factor of S = 1, a vibrational energy of E, = 0.3eV, and a linewidth of o = 0.12eV for both
spectra; additionally a free exciton bandwidth of W = 0.1eV is assumed for the aggregate spectrum.
The labeled bands refer to the 0-m vibrational transitions starting from the vibrational ground-state,
where m is the quantum number of the target vibrational state. (b) In excitonically coupled dimers,
excited states split up. In weakly coupled linear H-aggregates, where the transition dipole moments
of the individual molecules are perfectly parallel, the excited-state split-up leads to the formation of
vibrational bands, labeled by 11, where only transitions to the top of these bands are optically allowed.

where the transition dipole moments of both molecules are parallel, only transitions to
the high-energy state are optically allowed, which leads to a spectral blue-shift of the

absorption as compared to non-interacting molecules. 6!

In his model, Spano treated the far more complicated case of N weakly excitonically
coupled polythiophene chains.®>%7l Due to the strong electron-phonon coupling, i.e.,
weak excitonic coupling, vibronic excitations are considered to be located on one molec-
ular chain in the 7-stack, while all other molecules remain electronically and vibra-
tionally unexcited. As a consequence of the weak intermolecular interaction, Spano
shows that the vibronic states split up into N states with an energetic distance which
is lower than the vibrational energy. As a result, narrow vibrational bands are formed,
see Fig. 2.3. Due to the H-aggregate nature of the parallel aligned planarized polythio-
phene chains in an ordered domain, i.e., the parallel orientation of the individual tran-
sition dipole moments, transitions to the top of the bands carry the oscillator strength,
while all other transitions are optically forbidden. According to Spano’s model and as-
suming a Gaussian line shape with a width of ¢, the absorption spectrum of aggregated
P3HT chains can be described by

m -5 o\ E— Ey—mE, — Lwsme<)?
A«Z(S)<1‘W6 Yo >) exp (E=Fo-mEy— 357 , (26)

=\ m! 2E, Zn!(n—m 202

where Ej is the 0-0 transition energy of the aggregated species, E, is the vibrational en-
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ergy (fixed to 0.179 eV)*, m counts the vibrational excitations, the Huang-Rhys factor is
fixed to S = 105568691 and W is the free exciton bandwidth which is related to the elec-
tronic interaction energy and the energy difference between the top and the bottom of
the vibrational bands. In Eq. 2.6, the bracketed weight factors correspond to the Franck-
Condon factor of the aggregate absorption. Compared to Eq. 2.3, the Franck-Condon
factor of non-interacting molecules, it can be seen that aggregation causes a modifica-
tion of the vibronic intensity series. In particular, the intermolecular electronic coupling
causes a reduction of the 0-0 band intensity relative to higher transitions, see Fig. 2.3.
The correction of the transition energy by half of the bandwidth, i.e., by §WS™e~5 /m!,}
considers that only transitions to the top of the bands are optically allowed. Excita-
tions to lower states of the bands become allowed if disorder is present; however, these

transitions have very weak oscillator strengths and are, therefore, neglected.

As was shown by Beljonne et al.[”?l and Gierschner et al.[”%], the free exciton bandwidth
W is related to the length of the cofacially stacked, planarized chain segments. We use
the data from Ref. [73], assuming infinitely long linear polythiophene aggregates and
including screening due to the polarizability of the surrounding molecules, to deter-
mine the width of the polythiophene fibrils, which shall be equivalent to the results
from structural studies.

2.4 Charge carrier transport in semicrystalline polyalkylthiophene layers

In organic semiconductors, charge carriers are strongly bound to the molecular back-
bones. Therefore, charge transport is governed by a thermally activated hopping pro-
cess from one site to another. The hopping rate v is usually assumed to be Miller-Abra-
hams-like, 747! je.,

E—Es '

exp | —=—+ if E;>E

v o exp(—29r) ) p( kT ) 1 t 7, (2.7)
else

where the first factor introduces the distance dependence along the coordinate r and
the second factor is a weight that accounts for the temperature activation of a jump
from a site with energy E; to a site with energy E;. 7 is the inverse localization radius
which is related to the electronic coupling of the two sites; kpT is the thermal energy.

* This corresponds to the C=C symmetric stretch, which is the vibrational mode that is the most coupled to
the UV/Vis electronic transition of P3HT.[68]

T Note that the transition energy correction term in Eq. 2.6 erroneously lacks the 'm!" in Refs. [70] and [71].
This has, however, no practical consequences, because the fit bounds cover only the 0-0 and 0-1 band
range where m! =0! = 1! = 1.



2 Theoretical background 18

The hopping rate can be alternatively expressed, according to Marcus, 7! as

1 A A 2
Vo |][2kB—Texp <_kBC7i> with AG = 1 <1 + G;tee> , (2.8)

where ]| is the electronic coupling or transfer integral. In this model, charge carrier hop-
ping requires that the energy barrier AG is overcome. Gy is the resulting Gibb’s free
reaction energy, and A is the reorganization energy which stems from a relaxation of
the molecular geometries and the change of polarization of the surrounding. Based on
these hopping rates, several models have been developed by, for instance, Béssler et
al.,[”7] Vissenberg and Matters, 1781 and Arkhipov et al., [79] that describe the mobility of
charge carriers in organic matter where the localized sites are energetically distributed.
Practically, the relevant charge carrier densities in organic electronic devices are far
lower than the total density of states (DOS). Therefore, charge transport is mainly lo-
cated in the tail of the DOS distribution. Typically, DOS distributions of organic semi-

conductors are assumed to have a Gaussian or exponential dependence on energy.

All of the above-mentioned models have in common that they inherently assume that
the charge transport properties and parameters are constant throughout the semicon-
ductor under consideration. On the other hand, it has been pointed out in section
2.2 that polyalkylthiophene layers have a rather inhomogeneous structure with or-
dered and disordered regions. Clearly, the charge carrier mobility is higher in ordered
domains than in disordered material due to the extended intermolecular 7r-stacking.
Moreover, it has been pointed out by Sirringhaus et al.[’! that charge transport within
a polyalkylthiophene stack is anisotropic. These authors found that the charge carrier
mobility in field-effect transistors depends on the orientation of the 7-stacking direction
with respect to the direction of charge transport. In the b- and c-direction, i.e., parallel
to the 7r-stacking direction and parallel to the conjugated molecules’ long axes, respec-
tively, charge transport is very efficient (see Fig. 2.2c for a visualization of the crystal
packing). Street et al. estimated the hole mobility to be on the order of 10 cm?/ (Vs) and
300cm?/(Vs) or less in the b- and c-direction, respectively.!®! Charge transport along
the a-direction is, in contrast, much less efficient due to the insulating nature of the

alkyl side chains.

Street et al.[®] discuss a charge transport model for polymer layers with heterogeneous
layer structure, which can explain the peculiarity that the field-effect mobility in such
layers features a temperature-dependent activation energy. In particular, the DOS dis-
tribution is chosen to be a superposition of a DOS distribution with a sharp band edge
which corresponds to the ordered portions of the layer, and an exponential DOS dis-
tribution which is contributed by the disordered domains. In addition, the mobility

in the exponential band tail is chosen to depend on the position of the Fermi energy.
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Figure 2.4: (a) Hopping transport of localized charge carriers in the tail of a DOS distribution is
mainly between sites close to the transport energy Ei. (b) Starting from a site with energy Eg,
the positional and energetic distance of a hop is controlled by the hopping parameter u. Given a
particular u, the shaded region shows the accessible range of target sites in terms of their energy and
spatial distance. This region is used for the integration in Eq. 2.10. (c) Scheme of the overlap of the
dopant ions’ Coulomb potentials with the DOS distribution in the weak and strong doping regime
according to Arkhipov et al.[89.60] The dopant ions constitute traps for the mobile charge carriers
with a depth given by the Coulomb energy e?/(4mege,a). e is the elementary charge, ege; is the
absolute permittivity of the semiconductor, and a corresponds to the distance between dopant ion
and the nearest semiconductor site. Upon strong doping, neighboring Coulomb potentials overlap
such that the trap depth is essentially reduced by U, (F, Ny).

This study is an example of how the heterogeneous properties are usually satisfactorily
treated: Since there is no means of modeling the exact, and partially unknown, local
electrical properties of such layers, effective values of the DOS distribution, the mo-
bility, and other quantities are used in conjunction with the charge transport models

which were originally derived for disordered matter.

2.5 Arkhipov’s mobility model in doped disordered media

The model of Arkhipov and coworkers provides a concept to calculate the charge car-
rier mobility in arbitrary DOS distributions g(E) at low electric field, where diffusion
dominates the motion of charges.!®798182] Based on Miller-Abrahams-type hopping
rates, see section 2.4, it is assumed that charge carrier transport comprises mainly sites
that are close to a certain transport energy, as is shown in Fig. 2.4a. This assumption was
motivated by earlier numerical studies of the hopping conduction in exponential band
tails.[®3 Here, following Arkhipov et al., we consider the transport of electrons; mod-
ification of the following equations to account for hole transport is, however, straight-

forward.
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In an energetic distribution of states, the hopping rate is given by

~E=Lif E>E
v=1vpexp(—u) with u=2yr+ kT : ’, (2.9)
0 else

where vy is the attempt-to-hop frequency, u is the hopping parameter, -y is the inverse
localization radius, E; and E; are the energy of the target and start site, respectively,
and kpT is the thermal energy. For a given u, the number of available target sites in a
spherical volume with radius r around a start site with energy E; is

u _ Et—Es

27 E, 27 7 2ykpT Eo+kpTu
n(u, Es) = 47 / / ¢(En)r?drdE; + 4rt / / ¢(E)rdrdE,. (2.10)
0 —o0 0 Es

The integration range corresponds to the shaded area in Fig. 2.4b. The first term in Eq.
2.10 accounts for hops that are downward in energy, and the second term accounts for
upward jumps. In a relaxed system, i.e., under thermal equilibrium conditions, and at
sufficiently low charge carrier concentration, most charge carriers reside in the tail of
the DOS distribution. Within an acceptable distance around these states, vacant high-
energy sites are far more numerous than states that are deeper in energy. Therefore,
jumps that are downward in energy, i.e., the first term in Eq. 2.10, will be neglected.
Substituting E. = Es + kgTu in the second term and evaluating the integral over r, Eq.
2.10 turns into

Etr
7T
1(Ew, Es) = g('kaT)’3/g(Et) (Ew — E/)2dE;. @.11)
Es

As a further simplification, the lower integration bound E; can be replaced by —co if the
DOS function g(E) has a tail that drops faster than |E~*|. This is indeed the case for the
tails of exponential- or Gaussian-shaped DOS functions that are commonly assumed
for organic semiconductors. As hopping from one site to another becomes probable
starting from n(Ey, Es) ~ 1, the transcendent equation

Ey
%(’YkBT)s = / 8 (Et) (Ex — E¢)*dE (2.12)

defines the effective transport energy Ei at low charge density. In order to account for
the fact that some states in the DOS distribution are occupied and, thus, not available

as target sites, the DOS function is replaced by the density distribution of vacant sites,
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ie., by ¢(E)[1— (1+exp[(E — Ef)/(kgT)])~'].%8 Thus, Eq. 2.12 turns into

Etr

) 3
k T / E. — E;)°dE;, 2.13
7 B 14 exp(— Ep)/kBT)( t t)"dE; ( )

where Er is the Fermi energy. Note that Ei is not necessarily the true transport energy,

since downward jumps and, therefore, also back jumps to the start site, are neglected.

In order to calculate the charge carrier mobility, it is assumed that charge transport is
governed by diffusion. According to the classical Einstein relationship, the mobility is
related to the diffusion coefficient D via
eD  evF?

= — = — 2.14
= keT ~ ksT' 214)
where D is the product of the mean square jump distance 7> and the average jump rate
7. Since the previous assumptions about the DOS function include that most of the
available sites are close to E, the average hopping distance is, according to Ref. [58],

1/3

7= </_Eoo g(E)dE) o (2.15)

where, interestingly, the correction of g(E) in terms of unavailable occupied states is
not considered. Averaging of the hopping rates of all present charge carriers yields

T e () ar

7
Ey

f FE)aE

<

(2.16)

where f(E) = ¢(E)/(1+exp((E — Er)/kpT)) is the density distribution of the occu-
pied states. Interestingly, in Eq. 2.16 Arkhipov et al. omit the distance dependency of
the hopping rate, which is given by Eq. 2.9. The denominator of Eq. 2.16 is roughly
equal to the charge carrier density n, which is related to the Fermi energy and the DOS

function via

_ 8(E)
"= / 1+exp((E — Ep)/kgT) dE. @17)

Finally, combining Eqns. 2.14-2.17 gives the charge carrier mobility

Etr
ey Eg 2/3 g(E) E_E,
= T [/_oo g(E)dE] | Trepl(e- 5 kT © p( T >dE. (2.18)



2 Theoretical background 22

Computationally, the closed set of Eqns. 2.13, 2.17, and 2.18 is solved numerically for a
given DOS function g(E) and given values of the parameters vy, v, n, and T.

Usually, it is assumed that the DOS functions of organic semiconductors are exponen-
tial- or Gaussian-type. On the other hand, a broadening of the DOS distribution upon
doping has been repeatedly suggested.#%71 Arkhipov and coworkers point out that
this broadening is probably caused by the Coulomb potentials of the ionized dopants
which overlap with the DOS distribution of the undoped organic semiconductor, %]
see Fig. 2.4c. In other words, the dopant ions exert a rather long-range Coulomb attrac-
tion which leads to trapping of the majority charge carriers. Therefore, in their model,
Arkhipov et al. replace the transport site closest to each dopant ion by a single trap,
shifted in energy by the energy of the Coulomb attraction. The resulting DOS function,

for mobile electrons and dopant cations, reads ™!

 N-N; 2

g(E) ng(E) + %gi (E +

Ireoen U (F, Nd)> , (2.19)
where Nj is the density of dopant ions, N is the total density of states in the intrinsic
semiconductor, g;(E) is the intrinsic DOS function, €, is the relative permittivity, and
a is the distance between a trapped charge carrier and a dopant ion, which should
correspond physically to the distance of the dopant ion and the next semiconductor
site. The non-trivial term U,,(F, N;) accounts for the overlap of neighboring Coulomb
potentials at high dopant ion densities, where F is the electric field due to the externally
applied bias. In this case, the effective trap depth is reduced, see Fig. 2.4c.

Using Eq. 2.19 as a DOS function for the calculation of mobilities can lead to a rather
complex behavior of the mobility as a function of dopant ion concentration, i.e., doping
ratio. Arkhipov et al. have observed that, especially for intrinsic DOS functions with
a low energetic breadth, the mobility can decrease with increasing doping ratios in the
regime of weak doping.[®! This is against the common notion that doping-induced
charge carriers fill up the tail of the (intrinsic) DOS distribution and, thus, lead to an
increase of the mobility. Arkhipov et al. show that the mobility decrease is due to the
effect of Coulomb trapping which overcompensates for the fill-up of the DOS distribu-
tion. At high doping ratios, where neighboring Coulomb potentials overlap and trap
depth is reduced, this imbalance is reversed and, accordingly, mobility increases. ]

Although Arkhipov’s model is widely used and established, it shall not be concealed
that criticism of this model has been raised by other authors.[38 In particular, in the
derivation of the trap depth, Arkhipov et al. treat the doped layers such as if they are
depleted from the charge carriers and, thus, electrically charged. Generally, however,

charge carriers are present and their electrical field should also be considered. The over-
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(a) Integer charge transfer (b) Hybrid charge transfer complex (CTC)
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Figure 2.5: Contradictory models of the charge transfer between P3HT and F,TCNQ. (a) Integer
charge transfer model that presumes full ionization of donor and acceptor, resulting in a hole-F4, TCNQ
anion pair that is bound or can split up. (b) Hybrid charge transfer model which presumes the
formation of hybrid supramolecular orbitals upon electronic interaction of P3HT and F4,TCNQ. Free

charge generation might occur by intermolecular excitation involving the HOMO of unreacted P3HT
and the LUMO of a nearby CTC.

lap of neighboring dopant ions” Coulomb potentials is considered only in one direction,
whereas it should be accounted for in three dimensions.

On the other hand, in this thesis, Arkhipov’s mobility and DOS model for doped or-
ganic semiconductors is successfully used to explain quantitatively both the experi-
mental work function data and the relationship between mobility or conductivity and
doping ratio. We note that, avoiding Arkhipov’s notion of a superposition of the DOS
distribution and the spatially extended Coulomb potentials, the doped-layer DOS dis-
tribution can be essentially justified based on the argument that the (occupied) sites
which are closest to the F,TCNQ anions are lowered in energy by the Coulomb binding
energy as compared to their original energetic position in the undoped (intrinsic) layer.
Of course, then the notion of the overlap of the neighboring ions” Coulomb potentials
becomes redundant, but, on the other hand, this term has little relevance (U,, < 0.1eV)

in the doping ratio range which we investigate here.

2.6 Models of the donor-acceptor ground-state charge transfer

It is well established that the doping effect in organic semiconductor thin films, i.e., the
increase of the majority charge carrier density, is based on a charge transfer reaction
involving an appropriate donor and acceptor. Two contradictory models that are com-
monly used to explain the donor-acceptor ground-state interaction are sketched in Fig.
2.5. Here, motivated by the aims of this thesis, we use the example of P3HT as a donor

being p-doped with F4sTCNQ as a molecular acceptor.
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In the integer charge transfer model (Fig. 2.5a), an electron is completely transferred
from P3HT to the F4,TCNQ acceptor. Due to the typically low dopant concentration,
the transferred electron remains fixed at the F,TCNQ molecule. The associated hole on
P3HT can either be Coulombically bound by the F,TCNQ anion, or may move freely
within the bulk matrix of P3HT. The notion of a strong Coulomb binding is in line
with the common observation that the free charge carrier density is often far lower
than the dopant concentration.60] Charge carrier dissociation might be favored by
dissociation pathways in the energetic landscape of the transport sites.[®?] The exact
mechanism that leads to the split-up of doping-induced charge pairs is, however, yet

unknown.

Fig. 2.5b pictures an alternative model of molecular doping which relies on the for-
mation of hybrid charge transfer complexes upon the interaction of the donor and ac-
ceptor. For the interaction between P3HT and F,TCNQ, hybridization of the donor’s
HOMO and the acceptor’s LUMO was suggested by density functional theory calcu-
lations. [42:%0] Accordingly, a supramolecular charge transfer complex (CTC) is formed,
whose HOMO and LUMO are distributed across both the donor and acceptor moiety.

Following the explanations in section 2.3, the electronic interaction term H’ between
donor and acceptor leads to a mixing of wave functions which results in states that
generally differ in energy from the states of the neutral, non-interacting donor-acceptor
couple. Note that in contrast to the electronic interaction in molecular and polymer
aggregates described in section 2.3, where wave function mixing is between the one-
exciton states ¥7¥> and ¥ Y} (in case of a dimer; *” denotes the electronic excitation of
one of the molecules), the donor-acceptor interaction considers the mixing of the wave
functions of the donor’s HOMO (¥p) and the acceptor’s LUMO (Y 4). In the present
case that (¥p) and (¥ ) are not identical, the mixed-state wave functions are [

1+ 1
gt = ZSTDi jSTA (2.20)

and have energies of

1
Ei:%iidﬁ+ﬂﬁw (2.21)

where s = 6/ /02 + 4H3, Eo is the average of the energy of the precursor states (Eg =
1/2[Ep+Ea + (Yp|H'|¥p) + (¥Ya|H'[¥A)]), where the last two terms are usually small,
and ¢ is the energy difference between these states (6 = Eg = Ep — Ea + (Yp|H'|¥p) —
(Ya|H'|¥A)), where the last two terms are usually small. Hap refers to the resonance

interaction energy terms (Ya|H’|¥p) and (¥p|H'|¥a) which are equal. Accordingly,
mixing of states becomes efficient if the energies of the precursor states are close in
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energy (0 — 0, s — 1). On the other hand, mixing becomes less probable if this energy
difference is high.

In the hybrid CTC model, holes are created due to the electron deoccupation of P3HT
HOMOs (and electron occupation of CTC LUMOs) as a consequence of Fermi-Dirac
statistics. Whether these holes are free or Coulombically bound to charged CTCs is

open to question.
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3.1 General sample preparation

The chemical structures of the herein used organic semiconductors are drawn in
Fig. 3.1. Layers of regioregular poly(3-hexylthiophene), P3HT, poly(3,3”’-didodecyl-
[2,2:5°,2”: 57,2""]-quaterthiophene), oligo-PQT-12, and poly(2-methoxy-5-(2"-ethylhex-
yloxy)-p-phenylene vinylene), MEH-PPV, have typically been prepared by spin-coating
from chloroform solutions on cleaned substrates in a N»-filled glovebox at low contam-
inant level (Oy, H,O < 1ppm). The P3HT and oligo-PQT-12 fractions were provided
by Prof. U. Scherf, Universitit Wuppertal, and by Dr. S. Janietz, Fraunhofer IAD, Pots-
dam. The MEH-PPV sample was provided by Prof. H.-H. Horhold, Universitit Jena.
Substrate cleaning was done by consecutive ultrasonication in various organic solvents
(acetone, Hellmanex® cleaning solution, deionized water, and isopropanol). The semi-
conductors’ solution concentrations and spin-coating speed were chosen according to
the desired layer thickness. Note that some of the PBHT samples have deuterated side
chains. Deuteration was chosen to enable neutron scattering experiments which are
not subject of this thesis. Our extensive investigations show that the structural and
electronic properties are not altered by the deuteration and that the performance of
these P3HT fractions is comparable to non-deuterated P3HT in field-effect devices. For
simplicity, usage of deuterated variants of P3HT is not explicitly mentioned in the fol-

lowing presentation.”

Bulk heterojunction samples of regioregular Sepiolid P200 P3HT, purchased from BASEF,
and [6,6]-phenyl-Cg;-butyric acid methyl ester, PCBM, purchased from Solenne, were
spin-coated from a mixed P3HT:PCBM weight ratio mixture in either chloroform or o-
dichlorobenzene to give ca. 100 nm-thick layers. Some of these samples were thermally
annealed at a selected temperature for 10 min. DCB-cast samples were stored in a Petri
dish for 30 min (solvent annealing) prior to heating. As a reference for the PCBM optical
absorption in a polymer matrix, a molar 1:1 mixed film of PCBM and polystyrene, PS,
has been spin-coated from chloroform. PS was purchased from Fluka AG.

* Where applicable, deuteration of P3HT is, of course, indicated in the original articles.
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Figure 3.1: Chemical structures of the investigated semiconductors poly(3-hexylthiophene)(P3HT),
poly(3,3"'-didodecyl-[2,2":5",2":5",2"""]-quaterthiophene) (oligo-PQT-12), poly(2-methoxy-5-(2'-eth-
ylhexyloxy)-p-phenylene vinylene) (MEH-PPV), [6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM),
and tetrafluorotetracyanoquinodimethane (F,TCNQ).

P-doping of P3HT and MEH-PPV was realized with the strong molecular acceptor
tetrafluorotetracyanoquinodimethane, F;,TCNQ, purchased from Sigma-Aldrich. Lay-
ers with various thicknesses and mixing ratios have been prepared by spin-coating
from common solutions of the polymer and F4,TCNQ in chloroform. Heat treatment
of these samples has been avoided in order to prevent the volatilization of F,TCNQ.

Note that all electrical measurements have been performed in the inert glovebox at-
mosphere or on encapsulated samples. Encapsulation was done using Araldite 2011
epoxy resin. Optical measurements were typically done directly after sample prepara-
tion in air. For exemplary samples, short-term stability of these samples with respect to

ambient exposure was ensured by repeated measurements.

3.2 Optical absorption spectroscopy

UV-Vis-NIR absorption measurements have been performed on polymer solutions and
thin films on glass substrates using a Cary 5000 photospectrometer. Typically, solution
spectra have been recorded by averaging five consecutive scans in order to improve
the signal-to-noise ratio. Thin film spectra have typically been measured using an inte-
grating sphere. In the study of the optical properties of undoped and doped P3HT and
MEH-PPV layers, ten consecutive transmission/reflection scans have been averaged.
From the transmission and reflection spectra, the optical absorbance can be calculated
by
100 — %R

OD = lg (77,1_,, (31)
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where %R and %T are the percentage reflectance and transmittance spectra.

Optical absorption spectra of P3HT and P3HT:PCBM layers have been analyzed with
respect to the absorption of P3HT aggregates. Typically, the absorption of P3HT layers
consists of a low-energy vibronic progression with a 0-0 peak at ca. 600 nm (2.05eV)
which originates from the absorption of the planarized chains in the ordered domains,
and a rather unstructured high-energy part which stems from the twisted chains in
disordered domains.[®®! In order to analyze the aggregate part of the absorption, Eq.
2.6 was fitted to the low-energy part of the spectra, essentially covering the 0-0 and
0-1 absorption features. In this procedure, the parameters 0-0 transition energy Ey,
linewidth o, free exciton bandwidth W, and a global factor were varied according to
nonlinear least squares Marquardt-Levenberg algorithm implemented by gnuplot. The
sums in Eq. 2.6 have been truncated after the summands which correspond to m = 6
and n = 10, respectively. Confidence in the fitting range has been achieved by varying
the upper and lower fit bounds around the 0-0 and 0-1 features which resulted in only

little variation of the best-fit parameters.

3.3 Admittance measurements

Admittance measurements were performed on a sample geometry which corresponds
to the traditional metal-insulator-semiconductor (MIS) structure. From these measure-
ments, the charge carrier densities and bulk conductivities of undoped and p-doped
P3HT and MEH-PPV have been extracted.

Fig. 3.2 shows the organic semiconductor MIS structure. Samples were prepared on
cleaned glass substrates with a prepatterned indium-tin-oxide (ITO) electrode. First, a
butanone solution of 90%/10% phenyl-/methyl-substituted polysilsesquioxane (PSQ),
purchased from Gelest Inc., was spin-coated and cured at 350°C to give a ca. 160 nm-
thick insoluble insulator layer. Then, the undoped or doped polymer solutions were
spin-coated in inert atmosphere to give layer thicknesses in the range of 300-1200 nm.
As an ohmic back contact, 5nm MoO3 and 100nm Al were thermally evaporated in
high vacuum through a shadow mask in order to prepare an electrode which partially
overlaps the ITO contact. The resulting sample area was 16 mm?2. The samples were

finally encapsulated.

The home-built admittance spectroscopy setup consists of a lock-in and a current-volt-
age amplifier. The lock-in oscillator supplies an AC voltage with selectable frequency
to the circuit of the MIS sample and the current-voltage amplifier. The amplitude of

the oscillator signal was typically Vims = 25mV in order to measure the small-signal



3 Experimental methods

29

Accumulation
2.4 probe freq. ||
=—5Hz
V<V, (h] G — o
_||| 2.0- 30Hz |
O —70 Hz
@ * 220 Hz
~ 1.6 =995 Hz q
o° 6000 Hz
1.2
glass/pat- insulator  p-type se- MoO,/Al
terned ITO  (PSQ) miconductor ohmic contact 08
6 4 -2 0 2 4 6
Depletion VIV
5 :
- | DC bias
V>V, = " — 5V ||
—-1V
o— 8 - . oy
- | £ 34 —+1V|q
s +5V
=] Z,
2
R, o 1/ ]
)
Ci Cq "4
— —o 0
I— 10 100 1000 10000
Co flHz

Figure 3.2: Left: Scheme of the MIS sample structure and the formation of an accumulation or
depletion zone at the semiconductor-insulator interface depending on the DC bias V at the ITO con-
tact. Vj,; is the built-in voltage. The MIS sample can be modeled by the equivalent R-C circuit shown
at the bottom. Top right: Exemplary C,-V curves at different frequencies. Mott-Schottky analysis
of the depletion region is used to determine the ionized dopant density. Bottom right: Exemplary
Gp/w-f curves show a characteristic maximum fmax when the sample is biased in accumulation,
which is used to calculate the bulk conductivity.

response of the sample. The current-voltage amplifier translates the resulting AC cur-
rent into a voltage signal which is passed back to the lock-in amplifier. The lock-in
amplifier detects the 0°- and 90°-components of this signal with respect to the oscil-
lator signal. For convenience, this output is translated into the parallel conductance
and capacitance, G, and C,, respectively, i.e., the real and imaginary components of
the admittance, Y = G, + iwC,. Upon applying a DC bias V' to the ITO electrode, ac-
cumulation (V < W, for a p-type semiconductor, where V;; is the built-in voltage) or
depletion (V > V};) of charge carriers occurs at the insulator-semiconductor interface.
The DC voltage is provided by the current-voltage amplifier.

The MIS sample structure can be described by the equivalent circuit shown in Fig. 3.2.
In principle, each layer is represented by a parallel R-C element. In practice, the resis-
tances of the insulator and of the depletion zone are infinite and therefore neglected.
Ci, C4, and C,, are the capacitances of the insulator, depletion zone, and bulk layer,
respectively. Ry is the bulk resistance. The equivalent circuit relates to the parallel con-



3 Experimental methods 30

ductance and capacitance as follows:

2 202
G, — w RbCi Cd (3 2)
P WIR2[C?(Cy + Ci)2 + Ci(2C4C2 + C2Cy) + C3C2] + (Ci + C)? ‘
w?R2[C(C4CE + C2C,) + CiC3C2] + CiC% + C2Cy 63)

C, =
P WIR2[C?(Cy + Ci)2 + Ci(2C4C2 4+ C2Cy) + C3C2] + (Ci + C4)?

Thereby, C;, Cp, and R;, depend on the width of the depletion zone W according to
Cy = e€9e0A/W, Cp = €0€0A/(L—W),and R, = (L — W) /(0 A), where €, is the relative
permittivity (assumed to be 3.5 and 3.0 for P3HT and MEH-PPV, respectively), A is
the sample area, L is the semiconductor layer thickness, and ¢ is the low-field bulk
conductivity. Turning to accumulation, W vanishes, which means that C; approaches

infinity mathematically or, equivalently, C; cancels from the equivalent circuit.

For measuring the charge carrier density in the semiconductor, we consider the de-
pletion region of the C, versus V curves at low frequency. Under this condition, the
voltage-dependent width of the depletion zone is able to follow the small perturbation
of V by the oscillating voltage Vims instantaneously, i.e., the charge carriers in the bulk
layer redistribute in phase with the AC voltage. At low frequency, w — 0, Eq. 3.3
simplifies to

1 1)\ !
C,=[—+— , 34
, (Ci + Cd) (3.4)

i.e., a connection of C; and C; in series. In accumulation (C; — o0), the parallel ca-
pacitance is equal to the insulator capacitance, see Fig. 3.2. When depletion occurs, C4
becomes finite and the total sample capacitance drops. If inversion layer formation is
absent, the depletion zone will grow until the whole semiconductor layer is depleted.
Then, C, yields the geometric capacitance of the MIS stack. In the depletion range, C;
and C; carry equal charge en AW, where 7 is the number density of ionized dopants
in the depletion zone, which is equivalent to the density of mobile holes in p-type
P3HT and MEH-PPV. The applied external bias drops across C; and C; according to
V = V; + V; — W,;, where W, is the built-in voltage. It can be shown that V; and V;
relate to the depletion zone width as V; = ;.- W? and V; = %W. Solving for W and

2€p€,

using the definition of the depletion capacitance and Eq. 3.4, the Mott-Schottky relation

1 2 1
— = —(V =Wy — 3.5
Cjz eoerenAz( bl) + Cl‘2 ( )

can be derived which is conveniently used to determine the mobile charge carrier den-

sity n from the linear region of a 1/ C%—V plot.
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For determining the bulk conductivity of the organic semiconductor layers, we consider
the G, frequency spectra under accumulation conditions, i.e., C; — oo (for our samples,
V is typically chosen to be -5V). Eq. 3.2, expressed in terms of the loss function G,/w,
simplifies to

. (URhCZZ
N (,UZR%(CZ' +Cp)2+ 1’

Gp/w (3.6)
which describes a Gaussian bell shape in a G,/w-logw plot with a maximum at
wmax = 1/(Ryp(C; + Cp)). Indeed, such a curve is experimentally observed for our
samples, see Fig. 3.2 (the frequency in the graph is expressed in terms of f = w/(27)).
Physically, the accumulation zone charge and discharge during the AC cycles starts to
lag behind the voltage signal at frequencies around wmax. Concomitantly, the accumu-
lation capacitance drops toward the geometric capacitance. Considering the bulk resis-
tance and capacitance in accumulation, R, = L/(cA) and C, = €pe, A/ L, the frequency

maximum can be used to determine the bulk conductivity according to
0 = 27T fmax (€0€r + LC;/ A) . (3.7)

Note that these values represent the conductivity at low electric field, because the DC
voltage drops entirely across the insulator capacitance.

3.4 Surface potential (Kelvin probe) measurements

Surface potential measurements with the Kelvin probe method have been performed
in order to gather information about the electronic structure and mobile hole density
in the bulk of formally undoped and doped P3HT layers. Generally, the deposition of
an organic semiconductor on a substrate with sufficiently low or high work function
leads to the injection of electrons or holes into the semiconductor’s manifold of LU-
MOs or HOMOs, respectively, which is driven by the formation of a constant Fermi
level throughout the sample (see Fig. 3.3). As a result, band bending occurs, i.e., the
semiconductor work function becomes layer thickness dependent. In case the semicon-
ductor is p-doped, a classical Schottky contact forms on a low-work function electrode.
In addition to minor electron injection into the LUMO manifold, Fermi level alignment
is achieved here by the formation of a negative space charge zone at the semiconductor-
metal interface, which is due to the depletion of mobile holes. As a consequence, a ho-
mogeneous distribution of negatively charged dopant ions is left behind which yields a
characteristic parabolic shape of the work function versus layer thickness curve within
the depletion width (see bottom right panel in Fig. 3.3).
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Figure 3.3: Scheme of the electron and hole transfer of undoped (left panels) and doped (right
panels) P3HT layers on a high (Cu, upper panels) and a low work function (Al, lower panels) metal

substrate.

Experimentally, undoped and doped P3HT layers were deposited from chloroform so-
lutions by spin-coating on metal substrates. The solution concentrations were varied
in order to prepare layers with different thicknesses in the range of ca. 5-200nm. As
low- and high-work function electrodes aluminum and copper, respectively, have been
evaporated under high-vacuum conditions. The surface potential is measured using
the capacitor-like configuration of a Kelvin probe setup.” The potential difference be-
tween the sample and a reference tip is adjusted such that the gap in between those is

tield-free. The work function of the sample is then calculated by

Dosc(L) = Psup — P(L), (3.8)

where ®g, is the work function of the metal substrate, L is the semiconductor layer

thickness, and ¢(L) is the surface potential, referenced to ¢ = 0 at the metal electrode.

* The instrument is a SKM KP 4.5 from KP Technologies Ltd. with 2-mm-diameter gold probe, calibrated
against a highly ordered pyrolytic graphite reference sample with a work function of 4.6 eV.
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In order to extract information on the density of mobile holes and the DOS distribu-
tions, the work function curves have been reconstructed by solving the following set of
equations. The electrical potential ¢(x) in a p-doped semiconductor layer follows the
Poisson equation

d?¢(x) CdF(x) _ e

o2 = dx e, M) = p(x) + Na), (3.9)

with the boundary condition %(L) = F(L) = 0, which is given by the measurement

conditions of the Kelvin probe experiment (i.e., the electric field F vanishes between
the sample surface and the Kelvin probe tip). In Eq. 3.9 n(x) and p(x) are the elec-
tron and hole densities in the LUMO and HOMO manifolds, respectively, N, is the
density of ionized acceptors which is equal to the density of mobile majority charge
carriers in the semiconductor bulk, x is the distance from the electrode, and ¢, is the
relative permittivity. Integration of Eq. 3.9 with respect to x is not feasible, because
the position dependencies of n and p are not known. Therefore, we use the substitu-
tion % = g—gi—ﬁ = j—‘ﬁ% (—j—‘ﬁ) such that the left-and right-hand sides of Eq. 3.9 can be
integrated with respect to j—i and ¢, respectively. The integration bounds are from a po-

sition x within the semiconductor towards the semiconductor surface at x = L:[9192]

0 / / PL
d d / / /

[(5) (5 - ¢/ o (nd) - p(9) + ) a9 6.10)

do

) oL 1/2
d 2 ,
Ligrg) = (eo;/ (n(¢") = p(@') + Ny) d¢) : (3.11)

b

where the primes indicate the integration variables and ¢; = ¢(L) is the surface po-
tential. The equilibrium local charge densities are related to the HOMO- and LUMO-
derived DOS distributions gnomo and grumo, the Fermi level Er, and the local potential

according to

n(¢) = gLUMO(E:Z‘P) dE and (3.12)
- 1+exp< kBTF>
p(9) = / gromo (E + ed) JdE. (3.13)

P 1+exp (E,fB_TE>

The surface potential ¢y is related to the layer thickness L and Eq. 3.11 according to

o-1- [ (%) w "
B ) dx ' '
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The set of Eqns. 3.11-3.14 are solved at given values of N; and T and given DOS func-
tions gnomo and grumo using numerical procedures. Surface potentials are translated

into work function values using Eq. 3.8.
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4.1 Quantitative analysis of the temperature-dependent optical
absorption of P3HT layers with respect to layer morphology and the
local and macroscopic charge transport properties*

The molecular weight dependence of the morphology and charge carrier mobility of
P3HT layers has been pointed out in the Introduction. In this section, we make use of
the analytical model of Spano!! to evaluate the optical absorption of layers prepared
from two different P3HT molecular weight fractions and measured at various temper-
atures. By this, information about the size, number, and packing quality of molecularly
ordered domains in these layers are gained. These insights into layer morphology are
then linked to the local (intragrain) and macroscopic charge transport properties.

Optical absorption spectra and local and macroscopic charge carrier mobilities of P3HT
layers have been previously investigated in the course of the author’s diploma the-
sis.[5¢] Fig. 4.1 shows the absorption spectra of two different P3HT batches with high
and medium molecular weight, M,, = 35800g/mol and M,, = 9200g/mol, respec-
tively. Molecular weights have been determined by gel permeation chromatography. It
has been found that significant spectral changes are induced upon heating the medium
molecular weight P3HT layers at temperatures far below the melting range.” In par-
ticular, a pronounced blue-shift and the loss of vibronic structure is exhibited which
implies that the P3HT chains adopt a less planarized backbone conformation. After
cooling, the initial absorption spectrum is almost recovered, i.e., the modification of
the nanomorphology is mostly reversible. For comparison, the absorption spectrum of
high molecular weight P3HT is much less affected by heating and recovers completely

upon cooling.

Local and macroscopic charge transport in P3HT has been previously investigated by

* This section is based on P. Pingel, A. Zen, R. D. Abellén, F. C. Grozema, L. D. A. Siebbeles, and D.
Neher, "Temperature-Resolved Local and Macroscopic Charge Carrier Transport in Thin P3HT Layers",
Adv. Funct. Mater. 20, 2286-2295 (2010).

T The onset temperature of melting can be read off from the calorimetry thermograms shown in the inset of
Fig. 4.1. For medium and high molecular weight P3HT T, is ca. 150°C and 220°C, respectively.
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Figure 4.1: In-situ temperature dependence of the optical absorption of (a) medium and (b) high
molecular weight P3HT layers upon a cycle of heating (upper panels) and subsequent cooling (lower
panels). The absorption of P3HT in chloroform solution is shown for comparison. The insets show
DSC thermograms of the solution-crystallized samples.

pulse-radiolysis time-resolved microwave conductivity (PR-TRMC) and organic field-
effect transistor (OFET) measurements, see Fig. 4.2. The PR-TRMC technique induces a
back-and-forth movement of charge carriers within the individual ordered domains of
the sample. In contrast, charge transport in the channel of an OFET typically requires
that charge carriers have to cross various morphological phases and grain boundaries.
While the local PR-TRMC mobilities of medium and high molecular weight P3HT are
rather similar and show both an increase upon heating, the macroscopic OFET mobili-
ties are very different and show contrary temperature dependencies. In particular, we
found that the macroscopic charge transport is thermally activated in high molecular
weight PBHT while the macroscopic mobility drops strongly upon heating in medium
molecular weight P3HT. Based on the changes of the optical absorption, we have qual-
itatively concluded that macroscopic charge transport is limited by the presence of dis-
ordered domains in the pathway of the charge carriers in medium molecular weight
P3HT.

Extending the previous qualitative arguing, we now performed a precise quantita-
tive analysis of the absorption spectra of the P3HT layers using the Spano model.
Spano’s analytic model describes the optical absorption of linear H-aggregates, which
are formed in the ordered domains of P3HT layers due to the lamellar cofacial pack-
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Figure 4.2: In-situ temperature dependence of local (PR-TRMC) and macroscopic (OFET) charge
carrier mobilities in (a) medium and (b) high molecular weight P3HT. OFET mobilities were recorded
in a cycle of heating and subsequent cooling. The lines are guides to the eyes.

ing of the planarized thiophene chains. A detailed review of the molecular packing of

P3HT chains and the Spano model are given in sections 2.2 and 2.3, respectively.

The absorption spectrum of P3HT in chloroform solution, where the polymer chains
adopt a non-planar conformation, suggests that the absorption of the solid disordered
P3HT phase is insignificant at energies below 2.3 eV, see Fig. 4.3a. Therefore, in or-
der to decompose the absorption spectra of P3HT layers into the contributions which
stem from the aggregated and the disordered phases, Eq. 2.6 (the equation of the Spano
model that describes the absorption of the H-aggregates) was fitted to the low-energy
parts of the spectra, covering the 0-0 and 0-1 transition features. In this procedure, the
0-0 transition energy Ey, the Gaussian linewidth parameter o, the free exciton band-
width W, and a global scaling parameter were varied. An example of a fit is shown
in Fig. 4.3a, and the resulting best-fit parameters for the medium and high molecular
weight P3HT fractions are plotted in Fig. 4.3b,c as a function of the temperature. Note
that the residual, i.e., the difference of the experimental and the modeled aggregate
spectrum which should correspond to the disordered-phase spectrum, exhibits weak
vibronic features while the absorption spectrum of a completely amorphous phase
should be featureless. This suggests that the assumption of single values for Ey, o,
and W (instead of distributions) and the choice of Gaussian line shapes may be too
simplistic. However, based on the coincidence of the energetic positions of the residual
with the absorption of coiled P3HT chains in chloroform, we assume that the modeled
absorption curve is representative for the aggregate absorption and covers most of this

species present in the investigated layers.

Noticeably, the values for the 0-0 transition energy Eg and for the linewidth ¢ are very
similar for both P3HT fractions and their temperature dependence is weak. This sug-
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Figure 4.3: (a) Example fit of Eq. 2.6 (bold line) to the region of aggregate absorption (2.0-2.3 ¢V,
comprising the 0-0 and 0-1 features) of a medium molecular weight P3HT layer at 50°C. The
disordered-phase spectrum (line with closed symbols) is calculated by subtracting the fitted curve
from the experimental data (line with open symbols). This spectrum has an energetic position similar
to the solution spectrum of P3HT dissolved in chloroform (dashed line) (b,c) Best-fit parameters Ey,
o, and W, being the 0-0 transition energy of the aggregates' absorption, the width of the Gaussian
line shape, and the free exciton bandwidth, respectively.

gests that the local electronic properties of the aggregated chains in the ordered do-
mains are only weakly affected by molecular weight and temperature. The large spec-
tral changes upon heating of medium molecular weight P3HT can, however, be ex-
plained by an overall decrease of aggregate absorption and a significant redistribution
of oscillator strength among the vibronic transitions. This is expressed in terms of a
strong increase of the free exciton bandwidth W in the medium molecular weight sam-
ple, while W remains almost constant and is generally lower in high molecular weight
P3HT.

The behavior of the free exciton bandwidth W gives insight into the changes of the
domain size and interchain distances of aggregated thiophene chains during the heat-
ing/cooling cycle. According to theoretical studies, an increase of W can be caused

by three reasons: 273"

a decrease of the intermolecular 7r-stacking distance, a growth
of the aggregate with respect to the number of interacting thiophene chains, and/or a
smaller length of the interacting planarized chain segments (correlation length). Based
on earlier studies,??! we can exclude that a shrinkage of the r-stacking distance can
cause the observed dependency of W." A growth of aggregate size by an increase of
the number of chains can be likewise discarded, because despite that crystal growth
is a known effect upon annealing, the subsequent shrinkage of aggregate size, which
would be required to explain the decrease of W upon cooling, is unlikely. Consequently,
we attribute the increase and decrease of W during the cycle of heating and cooling to a

reversible shortening of the interacting planarized chain segments at high temperature,

* In fact, Gierschner et al.["3] report the behavior of the excitonic coupling V4 which is W/2 in aggregates
with a large number (> 10) of thiophene chains.

T In particular, we have observed an abrupt decrease of the 77-7r lattice spacing of only 3% at 50°C and not
a continuous change with temperature as is seen for W.
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Figure 4.4: (a) Evolution of the free exciton bandwidth and the coherence length of intermolecularly
interacting P3HT chains upon a cycle of heating and subsequent cooling. The dashed arrows indicate
the contour length of the P3HT chains based on their number-averaged molecular weights, which
have been corrected according to Liu et al. 193] Open-symbol data points have been adapted from
Gierschner et al.[73] using W = 2Vy4p. (b) Visualization of the decrease of coherence length upon
heating in both P3HT fractions.

as is shown in Fig. 4.4.

A quantitative relationship between the free exciton bandwidth and the length of the in-
teracting chain segments is available due to Gierschner et al.”?], see Fig. 4.4a. Translat-
ing the temperature dependence of W accordingly, we find that the number of interact-
ing repeat units decreases from ~ 25 at room temperature to ~ 16 at 120°C in medium
molecular weight P3HT (corresponding to a shortening of these segments from 10 nm
to 6nm). A comparison to the contour length of this PBHT fraction, which is 27 repeat
units on average,” suggests that the medium molecular weight chains are fully elon-
gated within the aggregates at room temperature. Upon heating to 120°C, which is
well below the melting temperature, the aggregates undergo a "pre-melting", probably
starting from the edges. This process is visualized in Fig. 4.4b.

The effect of heating is much weaker in high molecular weight P3HT. Within the same
temperature regime, the number of interacting repeat units changes only slightly from
~ 31 to ~ 28 upon heating (corresponding to a change of segment length from 13nm to
10nm), which might be due to the higher melting temperature of this P3HT fraction.
Taking into account that the contour length of high molecular weight P3HT is much
longer (66 repeat units), it is likely that some chains fold back into the same aggregate.
Back-folding possibly stabilizes the aggregates as has been suggested by Brinkmann
et al.?ll, and, therefore, pre-melting from the edges of the crystallites might be im-
peded.

* The number-average molecular weights of the P3HT batches have been corrected as suggested by Liu et
al.[931 in order to account for the typical error of gel permeation chromatography which is due to the larger
stiffness of the P3HT chains as compared to the polystyrene standards.
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From the previously measured charge transport data, we compiled the local and macro-
scopic charge carrier mobilities at room temperature of a number of P3HT samples with
varied molecular weights, see Fig. 4.5. It can be seen that the local mobility is almost
independent of molecular weight, which seems to be in opposition to the markedly
different aggregate widths in medium and high molecular weight P3BHT. However, it
has been shown that changes of the aggregate width (within the range which is present
here) have almost no effect on the transfer integral which determines the intragrain
charge transport.[”3l On the other hand, the values of the 0-0 transition energy Ey and
of the linewidth parameter o, which are indicative for the degree of intra- and inter-
molecular energetic disorder, are very similar in medium and high molecular weight
P3HT layers. We, therefore, conclude that the intragrain charge transport is rather un-
affected by molecular weight, which is presumably due to a similar energetic disorder
in the aggregates of the different P3HT fractions.

The decrease of the macroscopic mobility in medium molecular weight P3HT upon
heating, see Fig. 4.2a, can be conclusively explained by the decrease of the aggregate
width, which goes along with the widening of the disordered zones between the crys-
talline nanoribbons. Concomitantly, the disorder in the noncrystalline regions of the
P3HT layers (in terms of a wider distribution of conjugation lengths due to torsion and
kinks along the P3HT chains) is likely increasing as is suggested by the blue-shift of the
absorption of this phase. Therefore, we conclude that the presence of the low-mobility
disordered phase limits the macroscopic charge transport in low and medium molec-
ular weight P3HT, which is in contradiction to the interpretation of Kline et al.!1415]
that charge transport is mainly limited by charge carrier trapping at grain boundaries
in these samples. In high molecular weight P3HT, in contrast, crystalline domains are
probably interconnected by long chains that by-pass the disordered regions. There-
fore, the macroscopic mobility is much higher than in samples with lower molecular
weight.

Circumventing charge transport through the disordered phase may also be the reason
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why the local and macroscopic mobilities exhibit similar temperature dependencies
in high molecular weight P3HT, as is evident from Fig. 4.2b. Interconnection of the
ordered domains renders the macroscopic charge carrier mobility less susceptible to
changes of the morphological heterogeneity. As a more general conclusion, we point
out that efficient charge transport in organic semicrystalline semiconductors requires
a high overall crystallinity with good interconnection of the ordered domains in these
layers.

4.2 Quantitative analysis of the optical absorption of P3HT:PCBM layers
with respect to morphology and the charge transport in solar cells*

The properties and performance of organic bulk heterojunction solar cells made
from the prototypical donor-acceptor blend of P3HT and [6,6]-phenyl-Cg;-butyric acid
methyl ester (PCBM) vary largely with the preparation conditions, e.g., the annealing
time and temperature, and the solvent used for casting these layers. In particular, spin-
coating from chloroform (CF) or other low-boiling point solvents is known to produce
layers with rather disordered P3HT domains and a fine dispersion of PCBM due to
the fast drying time, which is non-optimal with regard to the solar cell efficiency.!**!
Annealing procedures are then conventionally applied to induce a morphology change
towards larger molecular order and purer domains.®! Recent structural studies have
shown that thermal annealing of P3BHT:PCBM blend layers stimulates the crystalliza-
tion of the P3HT chains and allows for the diffusion and aggregation of PCBM.[*®! As a
result of P3HT crystallization, percolation pathways for the hole transport are formed
which lead to a higher hole mobility, a reduced charge carrier recombination, and, con-

sequently, to a better solar cell efficiency. 67!

Despite that numerous studies on the relationship between morphology and solar cell
performance of P3HT:PCBM blend layers exist, exact knowledge of the evolution of
the morphology during processing, for instance, about the degree of aggregation and
the intragrain disorder, is lacking. From X-ray diffraction data it is commonly hard to
discriminate the intensity contributions of aggregated and disordered material, which
is owing to the poorly resolved crystalline peaks for these layers. Moreover, determi-
nation of the absolute crystallinity of such samples would require a reference sample
with 100% polymer crystallinity, which is not available. More sophisticated techniques,
such as electron tomography, offer impressive insights into the three-dimensional layer

morphology.®l However, these techniques are usually very demanding in terms of

* This section is based on S. T. Turner, P. Pingel, R. Steyrleuthner, E. J. W. Crossland, S. Ludwigs, and
D. Neher, "Quantitative Analysis of Bulk Heterojunction Films Using Linear Absorption Spectroscopy and
Solar Cell Performance", Adv. Funct. Mater. 21, 4640-4652 (2011).
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the measurement procedure, data evaluation and/or sample preparation. On the other
hand, we have shown in section 4.1 that analyzing the optical absorption of the P3HT
part of the spectra using Spano’s model provides a simple means to access the aggre-

gate content, size, and intragrain disorder of the P3HT phase.

Here, we use Spano’s model to analyze the optical absorption of 1:1-weight ratio
P3HT:PCBM bulk heterojunction layers, spin-cast from a solution in either CF or o-
dichlorobenzene (DCB).* In contrast to spin-coating from CF, DCB-casting usually re-
sults in a highly crystalline, near-optimized layer structure due to the long drying time
of the film.[*l The layers were either used as-prepared or underwent 10-min annealing
at different temperatures well below the melting points of P3HT and PCBM. The re-
sults from the optical analyzes are used to explain the origin of the efficiency increase

of CF-cast solar cells upon thermal annealing.

For a meaningful analysis of the P3HT absorption in the P3HT:PCBM blend layers, it
is essential to subtract the contribution of the PCBM phase. Fortunately, the absorp-
tion bands of P3HT and PCBM are rather distinct, i.e., PCBM exhibits a single but
broad absorption peak at 336 nm. A proper reference spectrum was obtained from a
PCBM:polystyrene (PCBM:PS) sample which has been spin-coated from CF. After nor-
malization of all spectra to 336 nm, 90% of the reference spectrum was subtracted from
the PBHT:PCBM spectra. In this case, the resulting spectra of the P3HT phase closely
resemble the short-wavelength absorption of a pristine PBHT layer. These spectra have
been analyzed as has been described in section 4.1 by fitting Spano’s absorption model
to match the low-energy aggregate absorption.

The best-fit values for the free exciton bandwidth W and the linewidth parameter o ob-
tained from the analysis are shown in Fig. 4.6a,b along with results from as-prepared,
non-annealed P3HT layers. Additionally, the percentages of PBHT chains contained in
aggregates were deduced by a comparison of the integrated aggregate- and disordered-
phase absorption spectra (Fig. 4.6c). Almost no change occurs in any of the values of
Eo (not shown), o, W, and the percentage of aggregated chains upon annealing of the
DCB-cast P3BHT:PCBM samples and these parameters are nearly identical to those of
corresponding pristine P3HT layers. This suggests that the PCBM component plays lit-
tle to no role in the formation of the P3BHT morphology in the slowly drying DCB-cast
samples. Using the aforementioned relationship between the free exciton bandwidth
W and the length of the interacting thiophene segments by Gierschner et al., the nar-
row range of W translates into approximately 40 planarized repeat units (i.e., 15nm)
which is comparable to the width of P3HT nanorods in similarly prepared blend sam-
ples found by electron tomography.[®®! The low values of W and the line shape param-

* The herein used P3HT sample has an average molecular weight of M, = 20-30kg/mol, similar to the
high molecular weight P3HT sample used in section 4.1.
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Figure 4.6: (a,b) Free exciton bandwidth W and Gaussian linewidth ¢, respectively, stemming from
the analysis of the absorption spectra of CF- and DCB-cast P3HT:PCBM films with the Spano
model. (c) Percentage of P3HT chains contained in aggregates, determined by a comparison of the
integrated aggregate and disordered-phase absorption spectra. (d,e) Solar cell characteristics of CF-
and DCB-cast P3HT:PCBM films, as-prepared and annealed at various temperatures. (f) Electron-
and hole-only currents at 2V in P3HT:PCBM unipolar devices spin-cast from CF. Light-gray areas
correspond to the glass transition regime. The temperatures beyond this range are highlighted in
dark gray.

eter ¢ in DCB-cast samples suggest that casting from a high-boiling point solvent and
subsequent solvent annealing leads to large aggregates with a low degree of intra- and
interchain disorder.

In contrast, a marked decrease of the free exciton bandwidth W (i.e., an increase of
the number of interacting planarized thiophene repeat units from ca. 17 to 26), and an
increase of the percentage of aggregated chains is observed upon annealing of the CF-
cast blend layers. These changes occur mainly at annealing temperatures up to 70°C
which is apparently related to the glass transition regime of the amorphous intermixed
P3HT:PCBM phase. Therefore, the onset of segmental chain motion within the glass
transition range seems to be sufficient to allow for the rearrangement of P3HT chains
which is required for the growth of the number and length of P3HT segments contained
in the aggregates. Annealing above the glass transition temperature does not lead to
further overall aggregation, but mainly improves the local order as is expressed by a
steady decrease of c. However, even at the highest annealing temperature the length of
the aggregated chains and the crystallinity remain lower than in the DCB-cast samples
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and in the pristine PBHT samples cast from CF, i.e., the disordered morphology of the
as-prepared CF-cast layers is not completely equilibrated upon thermal annealing dur-
ing the chosen time interval. Apparently, the presence of PCBM substantially disrupts
the crystallization of P3HT in these samples.

The j-V characteristics of as-prepared and thermally annealed solar cells are shown in
Fig. 4.6d,e. While the characteristics are rather unaffected by annealing for the DCB-cast
samples, thermal annealing of the CF-cast devices leads to substantial increases of the
short-circuit current, the fill factor, and, therefore, of the power conversion efficiency.
Most interestingly, the solar cell efficiency of CF-cast samples increases with increasing
annealing temperature up to 180°C, which is far above the glass transition range of
the amorphous phase and in a regime where aggregate growth has been finished (as is
expressed by the constant values of W and the percentage of aggregates above 70°C).
Data on the hole and electron currents in single-carrier devices show that the solar
cell efficiency goes along with an increase of the hole current, see Fig. 4.6f. In CF-cast
layers which have not been subject to 180°C-annealing, the hole current density is much
lower than the electron current density, suggesting a small hole mobility. Consequently,
space-charge build-up leads to a high bimolecular recombination and, therefore, to a
low power conversion efficiency in these devices.[’!

The low hole current density in the as-prepared CF-cast samples, being conducted by
the P3HT phase, is likely a consequence of the small P3HT aggregates and the overall
low crystallinity in these layers. Within the investigated range of annealing tempera-
tures, the hole current density increase shows to regimes; a steep rise up to the end of
the glass transition regime at ca. 70°C, followed by a less steep rise at higher tempera-
tures. The initial steep rise coincides with a strong growth of the aggregate width and
an increase of the percentage of aggregated chains. At higher annealing temperatures,
where aggregate growth is essentially completed, the hole current density increase can
be explained by the continued reduction of the energetic disorder in the aggregated
domains of the P3HT phase (as is expressed by the steady decrease of the linewidth
parameter ). This interpretation is in line with the decrease of the power law order of
the hole-only j-V characteristics with increasing annealing temperature, which means

that hole trapping becomes less significant after thermal annealing.

Rivnay and coworkers®® have shown that energetic disorder is typically present in
aggregates of a thiophene-based polymer as a consequence of fluctuations of the 7r-7
crystal lattice spacing (paracrystallinity). Such fluctuations can be caused by stacking
defects and conformational changes and show up as diffraction order dependent peak
broadening in X-ray diffractograms. Using a model aggregate where the spatial dis-
tances between isoenergetic sites are chosen from a Gaussian distribution, Rivnay et al.

have shown that an exponentially shaped sub-band gap tail emerges, whose energetic
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breadth increases with increasing paracrystallinity.

Based on the observed decrease of the intragrain energetic disorder, we infer that ther-
mal annealing of the non-optimized, CF-cast P3HT:PCBM layers reduces the paracrys-
tallinity of the P3HT aggregates. Probably, structural defects within the aggregates can
be healed at elevated temperatures due to the increased segmental motion or due to re-
crystallization upon cooling. A low degree of intra- and interchain disorder and, within
the observed range, a high content and size of aggregated chains in the P3HT phase,
which can be reached by spin-coating from a solution in DCB or thermal annealing
of CF-cast layers, is most favorable for hole transport and, therefore, for the efficient
extraction of photogenerated charge carriers in P3HT:PCBM bulk heterojunction solar

cells.

4.3 Molecular order and orientation of highly crystalline oligomeric
PQT-12 layers probed by polarization and scanning near-field optical
microscopy*

Typically, layers of low molecular weight polyalkylthiophene fractions exhibit a rather
low charge carrier mobility in field-effect transistors, which is due to the low over-
all crystallinity and the poor interconnection of the ordered domains, see section 4.1.
In low molecular weight P3HT layers, it has been suggested that especially the short
polymer chains of the molecular weight distribution are not able to crystallize and,
consequently, form a disordered phase.['”] On the other hand, it has been shown that
oligothiophenes, i.e., molecular compounds with chemical homogeneity, form poly-
crystalline layers with a high field-effect mobility which often exceeds 0.1cm?/(Vs).
These small molecules are almost planar and stand up-right on the substrate, which is
particularly advantageous for the fast motion of charge carriers along the 7r-stacking
direction, i.e., parallel to the substrate plane, in a typical transistor geometry.

In our earlier work (particularly including the author’s diploma thesis),!®* we in-
vestigated the layer morphology of an oligomeric low molecular weight fraction of
the polythiophene derivative poly(3,3”’-didodecyl-[2,2":5",2”:5”,2"’]-quaterthiophene),
oligo-PQT-12. In contrast to low molecular weight P3HT films, these layers were highly
crystalline, which we attributed to the specific synthesis scheme of this polymer that re-
sulted in a very narrow molecular weight distribution. As a result of the polymerization
from quaterthiophene monomers and appropriate solvent extraction, the oligo-PQT-12

* This section is based on S. Kiihn, P. Pingel, M. Breusing, Th. Fischer, J. Stumpe, D. Neher, and Th.
Elsasser, "High-Resolution Near-Field Optical Investigation of Crystalline Domains in Oligomeric PQT-12
Thin Films", Adv. Funct. Mater. 21, 860-868 (2011).
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Figure 4.7: Microscopy images of thin oligo-PQT-12 layers: (a,b) AFM topographies on two length
scales, (c,d) TEM bright- and dark-field images, (e) white-light polarization microscopy images with
perpendicular polarizations (0° and 90°), and (f) polarized-light absorption spectra of a selected 6 pm
x 6 pm domain (indicated in the inset) as a function of the polarizer angle.

sample consists of mainly quaterthiophene dimers (8 thiophene units), except for traces
of trimers (12 thiophene units) and tetramers (16 thiophene units). Due to the high
crystallinity of the oligo-PQT-12 layers, field-effect transistor measurements yielded
a rather high charge carrier mobility (~ 1072 cm?/(Vs)) as compared to the typical
field-effect mobility of low molecular weight P3HT fractions (~ 1076 cm?/ (Vs)). [16:5657]
However, inspection of the atomic-force microscopy (AFM) and transmission electron
microscopy (TEM) images of oligo-PQT-12 layers has lead to an indefinite picture of
the layer structure. The AFM images show elongated crystalline needles with some
degree of orientation correlation at the layer surface (Fig. 4.7a,b), while the TEM im-
ages display a plate-like crystalline texture with domains on the micrometer scale (Fig.
4.7¢,d). In order to obtain a conclusive picture of the molecular chain packing and the
degree of order in the oligo-PQT-12 layers, here, we extend our structural studies by
using polarized far- and scanning near-field optical microscopy measurements.

Fig. 4.7e displays far-field optical microscopy images for two polarization directions of
the transmitted light. To our surprise, these images reveal domains with homogeneous
in-plane dichroism on the length scale of up to ten micrometers, which is much larger
than the domains seen in the TEM images. The in-plane dichroism is caused by the
strong orientation correlation of the molecules’ transition dipole moments within the
domains. Due to this anisotropy, light transmission is maximal or minimal, depending

on whether the incident light is polarized perpendicularly or parallel, respectively, to
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the transition dipole moment direction. The dichroic ratio of the transmission through
a single domain is ca. 16, which suggests that the intragrain molecular orientation is
highly uniform, see Fig. 4.7f. Moreover, the high in-plane dichroism observed here
requires that the oligo-PQT-12 chains lie parallel to the substrate surface, because the
transition dipole moment in oligo-PQT-12 is essentially oriented along the molecular
backbone. 5!

Up to this point, we have observed, using three different methods, that molecular or-
der is present in oligo-PQT-12 layers on three different length scales. Namely, topo-
graphical AFM images show elongated crystalline needles at the layer surface, TEM
images show plate-like crystalline domains on the micrometer scale, and far-field po-
larized microscopy images reveal dichroic domains on the ten-micrometer scale. We,
now, use scanning near-field optical microscopy (SNOM) as a tool which can resolve
details of the layer morphology on a scale ranging from the sub-micrometer to the tens-
of-micrometer regime. Thereby, we make use of the dichroic optical properties of the
thin films and of the different optical spectra of ordered (planarized) and disordered

(non-planarized) polythiophene chains, see section 4.1.

Firstly, using white-light and essentially unpolarized illumination,” local absorption
spectra were recorded during the scan of the SNOM tip. These spectra were decom-
posed with respect to the absorption spectra of a prototypically perfectly ordered and a
disordered phase. The ordered reference spectrum has been obtained on a sample with
distinct isolated microcrystals by recording and averaging local spectra at various posi-
tions of these crystals. The disordered reference spectrum was obtained by measuring
the far-field absorption spectrum of an oligo-PQT-12 film in the melted state, which,
eventually, represents the most disordered, isotropic state of the molecular arrange-
ment. During melting, the evolution of the absorption spectra exhibits an isosbestic
point (IBP), which implies that the local absorption spectra can be reconstructed as a
sum of the two reference spectra. The amount of ordered molecules relative to the total

amount of molecules is introduced as an order parameter

g — Aordered (VIBP) ) ( 41)
Aordered (VIBP) + Adisordered (VIBP>

where A and vigp = 2.77 eV are the absorbance and the energy at the IBD, respectively.

The order parameter ¢ obtained from a portion of an oligo-PQT-12 layer is mapped
in Fig. 4.8a. It is seen that ¢ varies from 60% to 100%. The finite lower limit im-

plies that well-ordered, crystalline material is present throughout the entire scan area

* Polarization control over a broad spectral range is illusive, mainly due to asymmetries in the fiber tip shape.
Therefore, a specific linear polarization has been selected from the transmitted light for the absorption
measurement.
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Figure 4.8: (a) Molecular order parameter ¢ within a section of an oligo-PQT-12 layer, determined
from the decomposition of the local absorption spectra. (b) Local absorption spectra at the represen-
tative positions 1-3 marked in (a). (c) Absorption spectra at the positions 4 and 5, based on various
polarization angles of the transmitted light.

which is consistent with the vibronic peak structure seen in each of the sample spectra
(Fig. 4.8b,c). Additionally, pronounced dichroism, exemplary shown for position 4 in
Fig. 4.8¢, is exhibited throughout the entire film except at physical defects and domain
boundaries (such as position 5, see below).

As a second approach to study the molecular packing of the oligo-PQT-12 layers, we
performed SNOM measurements using a polarization dependent detection of the trans-
mitted light, in order to map the local dichroism. For that, the output at the SNOM
probe was adjusted such that the sample was illuminated by monochromatic, circu-
larly polarized light. Using a revolving polarizer (analyzer) in the detection path and
a phase-sensitive detector locked in the same position as the angle of the polarizer, the
amplitude and the phase of the detector signal are related to the local dichroism and
molecular orientation, respectively. These data are shown in Fig. 4.9a,b.

Distinct 5-20 pym-sized domains with only little variations of the dichroism are seen.
Apparently, these domains correspond to the features seen in the far-field microscopy
images, see Fig. 4.7f. Moreover, domain boundaries and defects can be easily identi-
fied. At such locations (e.g., position 5 in Figs. 4.8a and 4.9a), the dichroism vanishes
and, often, a sudden change of the molecular orientation occurs. We conclude that such
defects and grain boundaries make up ca. 5% of the film area.” The grain boundaries
have a width on the order of 100 nm or less and are not visible in the topography data
(not shown). Within the domains with high dichroism, the molecular orientation is not

* The domain size and area-density of defects have been estimated from measurements of larger areas of the
oligo-PQT-12 films.



4 Summarized presentation 49

a) dichroism oo, m=m] 100% b) orientation 00&1800 c) electron diffraction

e Y -

Figure 4.9: (a) Local dichroism and (b) molecular orientation within a section of an oligo-PQT-12
layer. Local dichroism has been measured based on the maximum and minimum transmission of
monochromatic light (2.7 €V) which passed through a revolving polarizer (analyzer). The molecular
orientation is with respect to the angular position of the analyzer. (c) TEM selected-area diffraction
pattern of a portion of an oligo-PQT-12 layer.

strictly constant over an entire domain, but shows continuous variations on the order of
tens of degrees on the micrometer scale. Such an orientational variety has also been ob-
served in TEM selected-area diffraction patterns of oligo-PQT-12 films (Fig. 4.9¢), 0701
where the diffraction spots are smeared out over small circular segments. The lateral
size of the sub-domains with a constant orientation corresponds roughly to the features
previously seen in the TEM data, see Fig. 4.7c,d. Probably, these domains serve as a
template for the orientation of the needle-like structures at the layer surface seen in the
AFM data in Fig. 4.7a,b. In a similar manner, three-dimensional crystal growth upon
film formation starts probably from a dense nucleation layer with very homogeneous
molecular orientations at the substrate surface, as is typical for the crystallization of

small molecules upon evaporation or solution processing. [*’!

Based on the overall high order parameter, dichroism, and large orientational coher-
ence, we hypothesize that there are different degrees of crystalline order in the oligo-
PQT-12 films, rather than a binary mixture of distinct ordered and disordered phases
co-existing side-by-side. This is in contrast to the typical morphology of low molecular
weight polyalkylthiophene fractions, where crystalline domains are clearly separated
and surrounded by disordered material. The reasons for the finite orientational corre-
lation length and for the variations of the local spectra in oligo-PQT-12 layers may be
sought in the structural imperfections of the molecular crystal order that affords some
flexibility of the in-plane lattice spacings. As is evident from the polarization depen-
dent transmission data, the formation of hard grain boundaries seems to be avoided
if the molecular orientations of neighboring crystalline domains are not too different.
This requires that the crystal axes are allowed to bend slightly. Finally, the overall high
crystallinity of oligo-PQT-12 layers may cause the good charge transport properties in
OFET devices based on this material.
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4.4 Electrical characteristics of F,TCNQ-doped P3HT layers in a broad
range of dopant concentrations*

Molecular doping has been successfully used to overcome efficiency limitations of
organic electronic devices. In this context, doping is commonly applied to evapo-
rated small-molecule semiconductors in proximity to the electrodes of organic light-
emitting diodes in order to promote charge carrier injection, transport, and, finally, lu-

e.l4041 Molecular doping has also been frequently used in polymeric field-effect

minanc
transistors, where effects on the charge carrier mobility, the threshold voltage and the
hysteresis were reported. %38 Generally, an increase of field-effect mobility and a re-
duction of hysteresis was observed and attributed to the filling of deep traps in the

channel region by doping-induced charge carriers.

Despite the emerging importance of doped organic semiconductors, studies of the ef-
fect that molecular doping has on the electrical characteristics are rare and usually cover
only a very limited range of dopant concentrations. Particularly, the mechanism of dop-
ing (see section 2.6) and the doping efficiency, i.e., the fraction of dopants which lead
to fully mobile charge carriers, are controversially discussed. Often, it is observed that
the density of mobile charge carriers is far lower than the dopant concentration. [46:50-531
This has been explained by suggesting significant formation of isolated clusters of neu-
tral dopants,**! or in terms of a strong Coulomb interaction of the charge carriers
with the ionized dopants [5054] In contrast, it has been reported that the charge carrier
density does not depend on temperature in some F,TCNQ-doped small-molecule or-
ganic semiconductors. (100-102] These authors argue that all acceptors are ionized and, if

at all, only shallow trapping of the doping-induced charge carriers occurs.

Studies on p-type doping of various polymeric semiconductors focus mainly on using

tetrafluorotetracyanoquinodimethane (F,TCNQ) as an electron acceptor [36-38,42,44,46,49]

due to its solubility in organic solvents and its high electron affinity (5.24eV).[1%I
High electric conductivities of up to 100S/m have been reported in F;,TCNQ-doped
P3HT layers.[*?l Here, we systematically investigate the electrical characteristics of p-
type F4,TCNQ doped P3HT layers with respect to charge carrier density, mobility, and
conductivity in a wide range of dopant concentrations from the ppm to the percent

regime.

The density of mobile holes in undoped and F,TCNQ-doped P3HT layers has been
determined by measuring the admittance, i.e., the frequency-dependent complex sum

* This section is based on P. Pingel, R. Schwarzl, and D. Neher, "Effect of molecular p-doping on hole
density and mobility in poly(3-hexylthiophene)", Appl. Phys. Lett. 100, 143303 (2012), and P. Pingel and
D. Neher, "Comprehensive picture of p-type doping of P3HT with the molecular acceptor F4, TCNQ", Phys.
Rev. B 87, 115209 (2013).
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Figure 4.10: (a) Density of mobile holes in F4,TCNQ-doped P3HT layers as a function of doping
ratio. Data have been obtained from admittance spectroscopy measurements on MIS samples and
from numerical modeling of the work function curves of doped layers with varied thickness on metal
substrates. The line corresponds to the linear function p = 2.0 x 102 m=3x + 102! m=3. (b)
Conductivity determined from admittance spectroscopy measurements on MIS samples and from [-V
characteristics of hole-only devices. The line is the predicted conductivity based on the mobile hole
densities and the mobility model of Arkhipov et al, [58-60] using the parameters given in Table 4.1.
The inset shows the calculated mobility values.

of capacitance and conductance, of samples in a metal (oxide)-insulator-semiconductor
(MIS) geometry, where the metal (oxide) electrode is indium-tin-oxide (ITO) and the
insulator is a spin-coated and cured layer of a polysilsesquioxane derivative. Details
on the sample preparation and measurement method can be found in section 3.3. In
practice, the p-type semiconductor layer is depleted starting at the insulator surface by
applying a positive DC voltage to the ITO electrode. The growth of the depletion zone
depends on the number of ionized, left-behind acceptor molecules, i.e., those acceptors
which contribute mobile holes to the bulk of the P3HT layer. The according dependence
of the capacitance on the DC bias can hence be evaluated in terms of the mobile hole
density which is induced by doping. Note that this procedure is not feasible at doping
ratios higher than 10~ due to the coincidence of depletion and inversion features in
the capacitance data. In addition, the frequency dependence of the conductance of the
MIS samples contains information on the bulk conductivity of the doped layers which

is discussed further below.

The doping-induced mobile hole densities are shown in Fig. 4.10a. A doping ratio
of x = 1074, or equivalently 1:10000, means that one F4,TCNQ molecule is added
per 10000 thiophene repeat units of P3HT. A significant increase of the mobile hole
density is seen at doping ratios x exceeding 1076. The data can be well described
by a linear function of the form p = Dx + po, considering a background density of
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Figure 4.11: (a) Experimental data (symbols) and numerical calculated work functions (lines) of
undoped and F4 TCNQ-doped P3HT layers on aluminum and copper. Numerical calculations assume
Arkhipov’s DOS distribution including doping-induced tail states (solid lines) or a single-Gaussian
DOS shape (dashed lines). (b) Corresponding HOMO DOS distributions based on Arkhipov’s model.
The unshaded energy range is probed in the Kelvin probe experiment. A minor contribution of LUMO
levels (dotted line) is inferred from the work function curve of undoped P3HT on aluminum.

po = 1.2 x 102! m 2 and a slope parameter of D = 2.0 x 10%® m~3. The linear increase of
the amount of doping-induced mobile holes with increasing concentration of dopants
is in accordance with previous reports on F;,TCNQ-doped P3HT and poly(2-methoxy-
5-(2’-ethylhexyloxy)-p-phenylene vinylene) (MEH-PPV).[4546] We can estimate, taken
the mass density of PSHT %! of 1.1 g/cm? and the molar mass of a thiophene unit, that
the number density of thiophene units per volume is 4.0 x 102 m~3. Hence, the doping
efficiency amounts to ca. 5%, i.e., every twentieth applied F;,TCNQ dopant contributes
a mobile hole which takes part in electrical conduction.

At high doping ratios (x > 10%), the mobile hole density data stem from the analysis
of surface potential (Kelvin probe) measurements of F;,TCNQ-doped P3HT layers on
copper and aluminum. Moreover, this methods yields information on the electronic
DOS distribution of the polymer bulk.[1%®! The surface potential ¢ of the semiconductor
is related to the sample’s thickness-dependent work function via

Posc (L) = Psup — (L), 4.2)

where ®g, is the work function of the metal substrate and L is the thickness of the
semiconductor layer. Work function curves as a function of L are shown in Fig. 4.11a.
Electrical contact of a metal and a semiconductor leads, if feasible, to Fermi level align-
ment through the formation of a space charge in the semiconductor layer. For the un-
doped and doped P3HT layers on copper this means that holes are injected from the
metal into the HOMO manifold of P3HT. Consequently, the positive surface potential
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leads to a decrease of the work function with increasing layer thickness, as is seen in
Fig. 4.11a. Analogue to this, weak electron injection occurs from aluminum into the
tail of the LUMO manifold of P3HT, which leads to a negative surface potential and,
for an undoped layer, to a slow increase of the work function with increasing layer
thickness.

In the p-doped layers on aluminum, on the other hand, a space charge is formed mainly
by depletion of the contact-near region. As in a classical Schottky contact, the mobile
doping-induced holes drift towards the aluminum electrode and get neutralized at the
metal interface. The immobile F,TCNQ anions are left behind and form a negative de-
pletion zone. For a homogeneous spatial distribution of the anions, the work function
curves have a parabolic shape for layer thicknesses smaller than the depletion width.
From the depletion width, the anion density, and, therefore, the mobile hole density
can be calculated. These data are shown in Fig. 4.10a and connect well to the mobile
hole densities at lower doping ratios which were determined from the admittance mea-
surements. Note that the Kelvin probe and the admittance measurements have been
performed on different sample geometries including various metal electrodes, which
substantiates that the mobile hole densities are characteristic for the bulk of the doped

layers.

Aiming for a more quantitative analysis of the work function data, we attempt to model
the work function-layer thickness curves numerically. As has been discussed in section
3.4, the curvature of ¢(L) on a high or low work function electrode includes infor-
mation about the DOS distributions of the HOMO- and LUMO-derived states of the
semiconductor. At first, we assume a single Gaussian-shaped DOS distribution for the
HOMO-derived states. While the calculated work functions for layers with different
thicknesses on copper (not shown) are in satisfactory agreement with the experimental
data, there are distinct discrepancies for the doped P3HT layers on aluminum (dashed
lines in Fig. 4.11)." Most strikingly, the assumption of a simple Gaussian DOS shape
is not in line with the long tail of the work function curves towards saturation which
indicates that a proper description must account for doping-induced states at the tail of
the DOS distribution.

Indeed, a broadening of the DOS distribution due to ionized dopants has been re-
peatedly suggested.®371 Arkhipov et al. discussed a model that accounts for the
Coulomb interaction of the doping-induced charge carriers with the left-behind ionized
dopants. %% The foundations of this model are explained in section 2.5. Briefly, the
superposition of the original Gaussian-shaped DOS distribution g;(E) and the binding
energies caused by the Coulomb binding between the charge carriers and the dopant

* Note that for a proper description of the undoped-P3HT work function data a minor injection from aluminum
into the tail of the P3HT LUMO distribution has been taken into account in all calculations.
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ions leads effectively to a broadened DOS distribution

N — N, N, e?
gdoped (E) = ngl (E) + del <E - um (Nd)> ’ (4-3)

B 4rtepera
where the density of ionized dopants Nj; shall be equal to the mobile hole density, a
shall correspond to the distance of a dopant ion and the closest semiconductor site,
and, according to Arkhipov et al.,!®! the nontrivial value of U,, (N;) accounts for the

overlap of neighboring dopant ions” Coulomb potentials at high doping ratios.

Using the DOS function from Eq. 4.3, numerical calculations of work function curves
at the different doping ratios have been performed as is described in section 3.4. With
the parameter set N, ¢, and a given in Table 4.1 and the hole densities from Fig. 4.10a,
a good agreement between the calculated and the experimental work functions is ob-
tained (see solid lines in Fig. 4.11a). The according DOS distributions are plotted in
Fig. 4.11b. As a result of the good reproduction of the work function curves using
Arkhipov’s DOS function Eq. 4.3, we infer that F;,TCNQ-doping introduces deep states
in the tail of the distribution of HOMO-derived states in P3HT caused by the Coulomb
potentials of left-behind ionized F4TCNQ molecules. This is substantiated by the good
agreement between the density of these tail states and the density of ionized acceptors
which has been extracted from the initial parabolic shape of the work function curves
at small film thicknesses.

Electrical conductivities of the F4,TCNQ-doped P3HT layers in the MIS geometry have
been determined by analysis of the frequency dependence of the admittance, see sec-
tion 3.3, and are shown in Fig. 4.10b. For consolidation, conductivities at high doping
ratios have also been extracted from the linear regime of the I-V characteristics of hole-
only devices. The conductivities exhibit a monotonous and nonlinear increase with
increasing doping ratio.” This implies, in conjunction with the strictly linear increase
of the mobile hole density upon doping, a rather complicated relationship between the
doping ratio and the mobility of the mobile holes. In particular, we find a sublinear
increase of the conductivity at low to moderate doping ratios (x < 10~%) which means
that the mobility decreases in this regime. At higher doping ratios the conductivity
increase is superlinear and, thus, linked with an increase of the mobile hole mobility.

The observed doping ratio-dependence of the conductivity and mobility can be ex-
plained with the closed-form mobility model by Arkhipov et al.,[%8-%0] see section 2.5.
Arkhipov’s model provides a scheme to calculate the charge carrier mobility in the

* Note that the undoped hole-only device suffers from an increased conductivity which is probably due to the
degradation of the polymer sample during the more-than-one-year delay between the I-V and the previous
admittance measurements. This is supported by repeated admittance measurements on a freshly prepared
undoped P3HT MIS device which yielded an increased mobile hole density and bulk conductivity.
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total density of states N 7 x 10°°m 3
‘ DOS width parémetera 78 meV Table 4.1: Parameters used in the nu-
anion-trapped hole distance a 0.57 nm merical calculations of the work function
inv. hole localization radius y 29nm™! curves (upper part of the Table) and of
attempt-to-hop frequency vy 3 x 1012s7! the mobile hole mobility and conductiv-

electric field . 2 x 10 Vm~1 ity (upper and lower part of the Table)
300K of F4,TCNQ-doped P3HT layers, see Fig.

4.10.

temperature T

broadened DOS distribution given by Eq. 4.3. Using the parameter set given in Table
4.1, the calculated curves reproduce the experimental conductivity and mobility data
well, see the solid lines in Fig. 4.10b. Among these seven parameters, the DOS distribu-
tion parameters N, ¢, and a are already known from the analysis of the work function
data. The values of the electric field F (being roughly estimated based on the effec-
tive AC voltage) and the temperature T are given by the experimental condition of the
admittance measurements.

Following Arkhipov et al.,[?%0 we infer that the reduction of the mobile hole mobil-
ity at low to moderate doping ratios, i.e., the sublinear increase of conductivity with
increasing doping ratio, is most likely caused by the broadening of the DOS distribu-
tion due to the Coulomb interaction of the charge carriers with the ionized left-behind
F4,TCNQ molecules. The broadening counteracts the fill-up of the low-mobility tail
of the DOS distribution upon doping. This prediction is in contrast to the usual pre-
sumption that the mobility is always increased upon doping due to the filling of traps
by the doping-induced charge carriers.[%*1%] On the other hand, a reduced mobility
has also been observed at low doping ratios in electrochemically doped P3HT.[17] At
higher doping ratios, the Coulomb potentials of individual ionized F4,TCNQ dopants
may overlap such that the effective barrier for the release of trapped holes is lowered.
As a consequence, the mobility becomes increasingly controlled by the fill-up of the
DOS distribution in the strong doping regime and, hence, increases.

4.5 Localized nature of the charge transfer in F;TCNQ-doped
thiophene-based donor polymers*

It is well established that the doping effect, i.e., the increase of the majority charge
carrier density, is based on a charge transfer reaction involving an appropriate donor
and acceptor. However, our previous investigation of the efficiency of doping P3HT
with F4,TCNQ has shown that the fraction of F4,TCNQ which induces mobile holes to the

* This section is based on P. Pingel, L. Zhu, K. S. Park, J.-O. Vogel, S. Janietz, E.-G. Kim, J. P. Rabe,
J.-L. Brédas, and N. Koch, "Charge-Transfer Localization in Molecularly Doped Thiophene-Based Donor
Polymers", J. Phys. Chem. Lett. 1, 2037-2041 (2010).
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P3HT bulk is as low as 5%. Inevitably, this observation puts the physical character of the
charge transfer reaction between these compounds into question. Two contradictory
models that are commonly used to explain the donor-acceptor ground-state interaction

are introduced in section 2.6.

Here, we make use of the distinct infra-red (IR) spectroscopic signatures of neutral and
ionized F4TCNQ to monitor if all FsTCNQ acceptors undergo charge transfer and to
estimate the degree of this charge transfer, i.e., the amount of (partial or onefold) neg-
ative charge which is transferred to a F4,TCNQ unit. This idea is inspired by the obser-
vation that F;,TCNQ undergoes a significant conformational change from a quinoidal,
planar to a more aromatic, bent structure upon ionization.*21%l In conjunction, the IR
bands that are assigned to the asymmetric stretching vibrations of the C=N groups of
F,TCNQ shift to lower wave numbers. This red shift was found to increase linearly

with increasing degree of charge transfer.[10%110]

We study F,TCNQ-doping of P3HT and of a series of P3HT-related statistical copoly-
mers in which the 3-hexylthiophene (3HT) repeat unit sequence is interrupted by a var-
ied content of 1,4-dithienyl-2,3,5,6-tetrafluorobenzene (TFB) units. The electron accept-
ing character of the TFB units leads to a systematic variation of the polymers’ ionization
potentials with varied TFB content. (111] 15y particular, the ionization potential increases
from 4.8 eV for P3HT to 5.1 eV for the copolymer with the maximum TFB molar content
of 9.5%. Charge transfer upon doping is nevertheless expected for all (co)polymers due
to the large electron affinity (5.24 eV) of F;,TCNQ.[1%] However, differences in the de-
gree of charge transfer and the fraction of reacted F;TCNQ molecules might occur due
to different charge distributions along the thiophene main chains caused by the varied

amount of TFB units.

IR spectra in the C=N stretching modes region of F;,TCNQ and F,TCNQ:(co)polymer
films at 1:10 and 1:3 F4,TCNQ:(thiophene unit) molar ratio are shown in Fig. 4.12. In
neutral F,TCNQ films, two bands (labeled A and B) are seen, which, following Mene-
ghetti et al.[1% and the results of our supporting density functional theory (DFT) cal-
culations, can be assigned to the by,- and by,-symmetry vibration modes shown aside
in Fig. 4.12. The bsg- and ag-symmetry modes are IR-forbidden in the planar neutral
F4,TCNQ molecule. Note that the strong intensity of feature A as compared to feature
B points to a high crystallinity of the pure F,TCNQ layers. Upon charge transfer, i.e.,
upon ionization of the F;TCNQ acceptors, the bands are considerably red-shifted. Fea-
tures C and E can now be assigned to the by, and by, modes, respectively. According to
the DFT calculations, feature D is due to the formerly IR-forbidden ag-symmetry mode.
In addition, feature E contains a contribution of the bzg-labeled mode. The occurrence
of formerly IR-inactive modes upon charge transfer points to a strong geometry change
of the ionized F4,TCNQ molecule towards a non-planar conformation.
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Figure 4.12: IR spectra and assigned C=N stretching modes of neutral F,TCNQ and F4TCNQ
blended with P3HT and the 3HT-TFB copolymers. (a) shows 1:10 and (b) shows 1:3 F4 TCNQ:(thio-
phene unit) molar ratio.

The red shift of the C=N vibration modes is commonly used to determine the degree
of charge transfer.[1%110] In fact, the present red shift points to a full onefold ioniza-
tion of F4,TCNQ upon charge transfer with each of the tested (co)polymers. This result
is, however, not shared by the accompanying DFT calculations which predict partial
charge transfer between F,TCNQ and a series of model donors, including quaterthio-
phene (4T), quinquethiophene (5T), and a block of thiophene and TFB units. Thereby,
the amount of transferred charge depends highly on the exact position of the accep-
tor with respect to the donor. Based on the position and linewidth of the measured IR
bands, such a variety of local conformations is, however, not observed in our experi-
ments. As a consequence, it appears that, even at high doping ratios of 1:10 and 1:3,
only one single charge transfer species is predominantly formed in which F;,TCNQ is
fully onefold ionized.

Note that essentially no neutral F4sTCNQ is present at 1:10 doping ratio (features A
and B are absent for these samples). At 1:3 doping concentration, a weak signature of
neutral F,TCNQ occurs in the IR spectra, indicative of the full occupation of all avail-
able donor sites by F,TCNQ. Hence, the low doping efficiency of doping P3HT with
F,TCNQ, which has been found in section 4.4, cannot be explained by phase separation
into domains of rather pure P3HT and pure (partly neutral) F4,TCNQ.
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Our finding that only one specific charge transfer species is formed in the F4TCNQ-
doped layers is particularly remarkable for the copolymers that incorporate TFB units.
Upon increasing the TFB content, the average length of uninterrupted thiophene blocks
decreases.” Thus, deduced from the absence of a significant amount of neutral F,TCNQ,
adjacent charge transfer donor-acceptor pairs form along the same uninterrupted thio-
phene segment. Despite this close proximity, a shift or broadening of the IR bands at
1:3 doping concentration is not observed. If neighboring donor-acceptor pairs were to
interact, a decrease of the amount of charge transfer or a rejection of charge transfer
with further F4sTCNQ acceptors may have been expected, because a single thiophene
donor would have had to donate charge to multiple acceptors. Thus, we point out
that the charge transfer interaction with F4,TCNQ is a highly localized phenomenon,
approximately limited to the spatial extend of F4,TCNQ, or, equivalently, a quaterthio-
phene unit. This also implies that the charge transfer interaction is governed by the
local electronic properties of quaterthiophene, i.e., the local ionization potential” of the
4T segment, rather than depending on macroscopic parameters such as the ionization
potential obtained from photoemission methods.

4.6 Comprehensive picture of p-doping P3HT with F,TCNQf

In order to gather a conclusive picture of the mechanism of doping P3HT with F;,TCNQ,
we performed UV-Vis-NIR absorption spectroscopy to monitor the spectroscopic signa-
ture of neutral and ionized F4sTCNQ, and P3HT polarons in the near infra-red. From
these data, we will finally conclude that, despite the low doping efficiency, almost ev-
ery F,TCNQ dopant that is added to the P3HT solution will be present as an ionized
molecule in the blend layers.

Fig. 4.13a shows the optical absorbance normalized by layer thickness of undoped and
F,TCNQ-doped P3HT layers. Upon doping, pronounced sub-band absorption occurs
in addition to the absorption of undoped P3HT. A qualitative comparison of the NIR
region with literature data allows a clear assignment of the doping-induced features
to P3HT polarons (rectangular-shaped absorption band at 1.2-1.8 eV and increasing ab-
sorption below 1eV)[113114] and singly negatively charged F,TCNQ (peaks at 1.43 and
1.62 eV)[112115], According reference spectra of ionized F4,TCNQ and of iodine-doped
P3HT in chloroform solution are shown in Fig. 4.13b. In order to quantify the absolute
concentration of ionized acceptors, we seek to decompose the NIR absorption into the

* The average length of uninterrupted thiophene blocks is roughly 10 in case of the 3HT-TFB sample with
9.5% TFB content (including the unsubstituted thiophene units of the TFB monomer).

T This section is based on P. Pingel and D. Neher, "Comprehensive picture of p-type doping of P3HT with
the molecular acceptor F4, TCNQ", Phys. Rev. B 87, 115209 (2013).
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Figure 4.13: (a) Thickness-normalized absorbance spectra of undoped and F4,TCNQ-doped P3HT
layers. (b) P3HT polaron and F4;TCNQ anion reference spectra. The F;TCNQ anion spectrum is
reprinted with permission from Ref. [112]. Copyright 1989 American Chemical Society.

P3HT polaron and F,TCNQ anion parts. However, because consistent spectra of the ex-
tinction coefficient of polarons in a P3HT layer are not available, we start by analyzing
the absorption spectra of F,TCNQ-P3HT blends in chloroform solution.

The spectra of F4sTCNQ-P3HT chloroform solutions with varied doping ratios are dis-
played in Fig. 4.14a. Qualitatively, these spectra coincide with the spectra of the doped
layers, meaning that the charge transfer takes place already in solution upon the ad-
mixture of F4,TCNQ and P3HT. Next, we reconstruct the NIR absorption of the doped
solution spectra by weighted sums of a F;TCNQ anion and a P3HT polaron reference
spectrum. An example of the reconstruction of the 1:100-doped sample is plotted in Fig.
4.14b. The F4,TCNQ anion reference spectrum stems from published absorption data of
a charge transfer salt, in which F;TCNQ is singly ionized.[!!?! The P3HT polaron refer-
ence has been prepared by doping the P3HT powder by exposure to iodine vapor and
subsequent dissolution of the doped compound into chloroform.

The algebraic reconstruction of the F4sTCNQ-P3HT solution spectra yields concentra-
tions of ionized F4,TCNQ which are in the range of 50-70% of the actually applied
F4,TCNQ dopant concentrations upon blending with P3HT. Assuming that the F,TCNQ
anion and donor-acceptor charge transfer pair concentrations are equal, we can calcu-
late the molar extinction coefficient of the charge transfer pairs. At 1.52 eV, the notable
minimum in between the two major F;,TCNQ anion peaks, the molar extinction coeffi-
cient amounts to ca. 8.3 x 10*1/mol/cm. Using this value, and assuming that the molar
extinction coefficient is similar in the doped layers, we can estimate the concentration

of donor-acceptor pairs that have undergone charge transfer in the F,TCNQ-doped
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Figure 4.14: (a) UV-Vis-NIR absorbances normalized by the cuvette length (1 mm) of P3HT solu-
tions in chloroform doped with various amounts of F4;TCNQ. The undoped sample had a concentra-
tion of 2g/l. (b) Exemplary reconstruction of the P3HT polaron/F,;TCNQ anion absorption of the
1:100-doped P3HT sample from reference spectra.

P3HT film samples. It turns out that the concentration of ionized F,TCNQ in these lay-
ers is only little lower (50-80%) than the molar concentration of intentionally applied
F,TCNQ upon preparation (assuming a mass density of 1.1 g/cm?3 of the solid film[1%4)).
This means that the majority of applied F4TCNQ acceptor molecules undergo charge
transfer with P3HT.

Recalling the two models of molecular doping introduced in section 2.6, we can now
confirm that doping P3HT with F,TCNQ proceeds via a very efficient one-electron
transfer from P3HT to the F;,TCNQ acceptor, which results in the formation of a P3HT
polaron and a F4sTCNQ anion. A significant formation of isolated domains of neutral
F,TCNQ is thus ruled out. However, most of the donor-acceptor charge carrier pairs
remain strongly bound and are not available for electrical conduction. This strong bind-
ing may be explained by the low permittivity of hydrocarbon-based semiconductors.
On the other hand, 5% of these pairs are able to dissociate. The origin of the dissoci-
ation remains, however, unclear. According to the simulations of Mityashin et al., the
split-up is favored by dissociation pathways within the energetic landscape of transport
sites. 3] However, these pathways are due to the electrostatic interaction of neighbor-
ing charge pairs which implies a doping ratio dependent dissociation efficiency and,
in particular, that almost no dissociation occurs at low doping ratios. Both of these

predictions disagree with our experimental observations.

Note also, considering the model of hybrid charge transfer complex formation, that a
significant amount of LUMO-derived states that could stem from these charge transfer

species, would be detectable in the Kelvin probe measurements presented in section 4.4.
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If such species were formed between P3HT and F,TCNQ in the samples on aluminum,
we should observe a rather sudden increase of the work function from the work func-
tion of aluminum to the level of those charge transfer complex-related states according
to the density of applied FsTCNQ acceptor molecules. This is clearly not the case for
the charge transfer interaction between P3HT and F,TCNQ.

4.7 Molecular p-doping of MEH-PPV with F,TCNQ*

In addition to the studies of doping P3HT with F;,TCNQ, we investigate F;TCNQ-
doping of MEH-PPV layers, with respect to the mobile hole density, conductivity,
and optical absorption. Note that MEH-PPV has a lower ionization potential (typi-
cally ~5.1 eV116]) than P3HT, which is yet higher than the electron affinity of F;,TCNQ
(5.24 eV193]), Previous studies of F;TCNQ-doped MEH-PPV layers by Zhang et al. [444]
focused on modeling of the j-V characteristics of space-charge limited hole-only de-
vices. From these analyses, it was concluded that the doping efficiency is about 1% and
that the hole density increases linearly with the doping ratio (however, this was shown
only for the narrow range of 0.11-0.17 mol% doping). Furthermore, it was proposed
that the dissociation of the hole-anion charge transfer pairs is assisted by the electric
field. This conclusion was based on the analysis of temperature-dependent j-V data
and capacitance-voltage measurements on metal-semiconductor junctions.

The mobile hole density and bulk conductivity are extracted from admittance spec-
troscopy measurements of MIS samples and are shown in Fig. 4.15a,b. Low-field con-
ductivities have also been determined from the I-V characteristics of hole-only devices.
A significant and strictly linear rise of the density of mobile holes in the MEH-PPV bulk
can be observed for doping ratios exceeding 10~*. Thus, considering that the back-
ground charge carrier density in undoped MEH-PPV layers is similar to that of P3HT
layers, it turns out that the efficiency of doping MEH-PPV with F,TCNQ is consider-
ably lower than for F;TCNQ-doping of P3HT. Assuming a mass density of the undoped
and doped MEH-PPYV layers of 1 g/cm?, we can estimate the doping efficiency in these
samples to be ca. 0.14%. Note that this value is one order of magnitude lower than the

doping efficiency reported by Zhang et al.[4¢!

Upon F4,TCNQ-doping at moderate dopant concentrations (xy ~ 107%), the bulk con-
ductivity of these layers is notably lower than that of the undoped MEH-PPV samples,
despite the significantly higher density of mobile charge carriers. This is probably due
to the trap nature of ionized F4TCNQ acceptor molecules, as has been pointed out for
doped P3HT samples above, see section 4.4. Accordingly, for increasing doping ratios

* These results are currently unpublished.
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Figure 4.15: (a) Mobile hole density in F;TCNQ-doped MEH-PPV layers. The line corresponds
to the linear function p = 3.2 x 10%*m 3y + 8.2 x 102°m~3. (b) Experimental and simulated
conductivity of the doped layers. The inset shows the calculated mobility function and the simulation
parameters. The meaning of these parameters is the same as in Table 4.1. (c) Absorption normalized
by layer thickness of F4, TCNQ-doped MEH-PPV samples (solid lines, doping ratios given in the figure)
and of an I, vapor-doped MEH-PPV layer (dashed line).

the conductivity increases linearly at moderate doping ratios until 103 and superlin-
early at higher doping ratios. Note that the experimental conductivities are well repro-
duced by the mobility model of Arkhipov et al. [58-60] using the parameters given in Fig.
4.15b.

Although the electrical properties of F,TCNQ-doped P3HT and MEH-PPV layers have
close similarities — in particular, the linear increase of the mobile hole density, and the
drop and increase of mobility at low and high doping ratios, respectively — the optical
absorption spectra of F4,TCNQ-doped MEH-PPV layers indicate that the doping mech-
anism might be very different. Fig. 4.15c shows the UV-Vis-NIR spectra of undoped
and doped MEH-PPV layers. As for doped P3HT, near infra-red absorption bands
emerge upon increasing doping ratio. However, for the F;,TCNQ-doped MEH-PPV
samples these features cannot be related to the ionized form of the donor or acceptor.
In particular, the double-peak feature which is typical for singly ionized Fs#TCNQ is
absent. Comparison with the NIR spectrum of an I,-doped MEH-PPV layer, which is
presumably prototypical for the absorption of MEH-PPV polarons, yields no similar-
ity with the F;TCNQ-doped samples. Thus, we presume that the notion of an integer
charge transfer, which does occur between P3HT and F4sTCNQ, may not be valid for the
charge transfer between MEH-PPV and F,TCNQ. Instead, partial charge transfer and
the formation of hybrid charge transfer complexes, which has also been experimen-
tally observed for other donor-acceptor pairs,® might occur upon F4TCNQ-doping
of MEH-PPV. Unlike for FsTCNQ-doped P3HT, charge transfer complex formation be-
tween F,TCNQ and MEH-PPV might be favored by the closer energies of the F,TCNQ
LUMO and the MEH-PPV HOMO, as has been outlined in section 2.6. Proof of the ex-
istence of such complexes and their related electronic states may be subject to ongoing

research.
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This thesis focuses on the structural and electrical characteristics of polyalkylthiophene
layers. We have investigated the morphology of such layers by analyzing the local and
far-field optical absorption, which includes information about the ratio of aggregated
and disordered polymer chains, the intra- and interchain disorder, molecular orienta-
tion and the size of aggregates. These structural characteristics are used to explain the
charge transport properties of the layers, which is a key to understand the device be-
havior of, for instance, organic field-effect transistors and solar cells. Moreover, we
have investigated how the charge transport properties can be controlled and altered by
molecular doping. We have presented a detailed study of the electrical properties of p-
doped P3HT and MEH-PPV layers. Electrical measurements and optical spectroscopy
were used to gain a conclusive picture about the mechanism of charge transfer between
P3HT and the strong electron acceptor F4,TCNQ.

In the first part of this thesis, we have shown that detailed information about the amount,
size, and disorder of P3HT aggregates can be extracted from optical absorption spec-
tra of pure P3HT layers and P3HT:PCBM mixed layers. We have used the aggregate
absorption model of Spano to separate the absorption contributions of aggregated and
non-aggregated P3HT chains. The parameters obtained from this analysis are related
to the intragrain disorder, the percentage of aggregates in the films, and the aggre-
gate width, which were well in accordance with published data determined from other
methods. Thus, Spano’s model provides an unelaborate tool to study the morphology

of layers that feature molecular or chain aggregation.

Comparing the properties of medium and high molecular weight PBHT, we have seen
that the disorder in the P3HT aggregates of both layers is almost equal. This is most
probably the reason why the intragrain charge carrier mobilities in these layers, as mea-
sured with microwave conductivity methods, are very similar. Furthermore, we have
observed that the aggregate width in medium molecular weight P3HT corresponds to
the length of the fully planarized P3HT chains. This is in contrast to the width of high
molecular weight P3HT aggregates, which is much less than the contour length of the
P3HT chains. Therefore, we presume that tie chains interconnect the ordered domains
in high molecular weight P3HT, which explains the high macroscopic charge carrier
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mobility in these layers. In contrast, intergrain connections are not possible in medium
and low molecular weight P3HT samples. Therefore, the macroscopic charge trans-
port must involve charge carrier motion through the disordered P3HT phase in these
layers, which is the reason for the typically observed low field-effect mobilities in the

low-to-medium molecular weight range.

Furthermore, we have analyzed the absorption spectra of PZHT:PCBM bulk heterojunc-
tion layers with respect to the Spano model. We have seen that thermal annealing of
fast-drying chloroform-cast layers, which have a rather non-optimized and disperse
morphology, causes both an increase of the size and number of P3HT aggregates and
a reduction of the intragrain disorder if the annealing temperature is within the glass
transition range. This is in accordance with the increase of the solar cell power con-
version efficiency upon annealing. In addition, we have pointed out that the efficiency
increase continues at higher annealing temperatures above the glass transition regime
where aggregate formation and growth have been finished. In this regime, the im-
provement of the solar cell performance can be attributed to the continuous reduction
of the disorder in the P3HT aggregates which leads to an increase of the hole current
density and, therefore, to a balanced electron and hole transport at high annealing tem-
peratures. On the other hand, spin-coating and solvent annealing using slowly evapo-
rating dichlorobenzene as a solvent leads to a rather optimized morphology and solar
cell performance of the PBHT:PCBM layers which is not improved further by thermal

annealing.

In the second part of this thesis, we have investigated the layer morphology of an
oligomeric polyquaterthiophene molecular weight fraction using far-field and scan-
ning near-field optical microscopy. These layers are highly crystalline with domain
sizes on the micrometer to tens-of-micrometer scale, which is probably due to the near-
monodispersity of the oligo-PQT-12 sample. This is in contrast to the usual layer mor-
phology of low molecular weight polythiophene fractions which contain a significant
portion of disordered material. We have observed that the crystalline oligo-PQT-12
domains exhibit a strong in-plane dichroism which points to a high correlation of the
molecular orientation. Investigating the molecular order and orientation in detail, we
have found that the tens-of-micrometer-sized domains, which are separated by hard
grain boundaries, consist of sub-domains with molecular orientations which differ
slightly by not more than a few ten degrees. It appears that due to a certain flexibility in
the crystalline lattice parameter and crystal axes, the formation of grain boundaries is
avoided between these sub-domains. The exceptionally high crystallinity of the oligo-
PQT-12 layers is probably the reason for the rather high field-effect mobility in these

films.

In the third part of this thesis, we have derived a conclusive picture of the p-type dop-
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ing of P3HT with the strong molecular acceptor F4,TCNQ with respect to the mech-
anism of charge transfer and the electrical characteristics of such doped layers. We
have shown that the doping-induced concentration of mobile holes increases linearly
with the dopant concentration; however, only 5% of the F,TCNQ molecules create mo-
bile holes. On the other hand, by quantitative analysis of the sub-band absorption of
the doped P3HT layers we have proven that almost every F4TCNQ that is introduced
into the P3HT chloroform solution is present in the spin-coated layer as an anion. That
means that the charge transfer mechanism between P3HT and F,TCNQ is a full-electron
charge transfer, ruling out the formation of a charge transfer complex via the hybridiza-
tion of the donor’s HOMO and the acceptor’s LUMO. The finding that the density of
mobile holes is much less than the concentration of ionized FsTCNQ molecules must
mean that the majority of the charge transfer pairs does not dissociate and remains
strongly bound. We emphasize that the full-charge transfer mechanism present be-
tween P3HT and F;TCNQ may, however, not be generally valid for all donor-acceptor
ground-state interactions, as is indicated by the absorption spectra of F,TCNQ-doped
MEH-PPV layers.

Moreover, we have pointed out that the presence of the F;,TCNQ anions in the doped
layers of PBHT and MEH-PPV strongly affects the charge transport properties as com-
pared to the undoped polymer layers. In contrast to the common rash notion of a
mobility increase upon doping due to trap filling, we have observed that the hole mo-
bility is lower in weakly doped layers than in undoped samples. According to an es-
tablished model of Arkhipov et al., this behavior is attributed to the rather long-range
Coulomb attraction between the mobile, dissociated holes and the remaining F;,TCNQ
anions. The doping ratio dependence of the mobility and conductivity is successfully
modeled using Arkhipov’s closed-form mobility model, which describes the mobile
hole-anion attraction in terms of an effective broadening of the DOS distribution by
deep trap states. Indeed, we have shown independently by using Kelvin probe mea-
surements that a broadened DOS distribution is present in the F;TCNQ-doped P3HT
layers. Thus, the ionization of the dopants introduces additional tail states into the en-
ergetic landscape of the polymer layer, which serve as hole traps. The emergence of
these traps counteracts the fill-up of the DOS tail by the doping-induced charge carri-
ers and, in sum, a mobility decrease is seen at low doping ratios. At high doping ratios
(in the mol% regime), the energetic landscape might flatten due to the high density of
F,TCNQ anions and, therefore, the mobility increases in this regime.
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1. Introduction
Previous investigations of the field-effect mobility in poly(3-hexylthiophene)

(P3HT) layers revealed a strong dependence on molecular weight (MW),
which was shown to be closely related to layer morphology. Here,

charge carrier mobilities of two P3HT MW fractions (medium-MW:

M,, = 7200 g mol~'; high-MW: M,, = 27 000 g mol ') are probed as a function
of temperature at a local and a macroscopic length scale, using pulse-
radiolysis time-resolved microwave conductivity (PR-TRMC) and organic
field-effect transistor measurements, respectively. In contrast to the
macroscopic transport properties, the local intra-grain mobility depends only
weakly on MW (being in the order of 10 2 cm? V' s ') and being thermally
activated below the melting temperature for both fractions. The striking
differences of charge transport at both length scales are related to the
heterogeneity of the layer morphology. The quantitative analysis of
temperature-dependent UV/Vis absorption spectra according to a model of
F. C. Spano reveals that a substantial amount of disordered material is
present in these P3HT layers. Moreover, the analysis predicts that aggregates
in medium-MW P3HT undergo a “pre-melting”’ significantly below the actual
melting temperature. The results suggest that macroscopic charge transport
in samples of short-chain P3HT is strongly inhibited by the presence of

Organic electronics are expected to play a
major role in the future markets, making
research in this field of great interest for
science and industry.™ Solution-processa-
ble organic macromolecules, e.g., poly(3-
hexylthiophene) (P3HT), are of consider-
able interest for the realization of low-cost
electronic devices.”™ For many electronic
applications of organic thin films, the
charge carrier transport inside the organic
layer, i.e., the hopping of charges in an
electric field through the arrangement of
innumerous molecules, determines the
functionality and device performance. It
is now well established that the charge
carrier mobility in polymer-based devices
depends critically on the chemical and
electronic structure of the individual mole-
cules as well as on the morphology of the
active layer."~'")

A strong correlation between the field-

effect mobility and the molecular weight
(MW) has been observed for P3HT and
related polymers. In general, the field-effect
mobility was seen to significantly increase
by four orders of magnitude, typically from
10 °t0 102 cm? V' s}, with an increase in the molecular weight
from ~3000 g mol™* to 30000 g mol~*."*'>*317] This finding
stimulated detailed studies related to the morphology of the layers
made from different molecular weight P3HT.>*'153 Kline
et al. showed in their original work that low molecular weight
P3HT layers appear to be more crystalline in atomic force
microscopy (AFM) and X-ray investigations than their higher
molecular weight counterparts.!'”! In particular, the AFM images
suggested the formation of rod-like nanocrystallites in low
molecular weight samples. The trapping of charges at the grain
boundaries between such crystals was proposed to be the cause of
the poor field-effect mobility in these samples. In a later study, the
same authors pointed out that long polymer chains might bridge
the ordered domains in high molecular weight P3HT.') In 2006,
Kline et al. reported a high mobility in low molecular weight
P3HT prepared on a Si/SiO, substrate that was treated with

disordered domains, while in high-MW P3HT the low-mobility disordered
zones are bridged via inter-crystalline molecular connections.
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octadecyltrichlorosilane (OTS).2" Based on the results of X-ray
rocking-curve measurements, the authors concluded that low
molecular weight P3HT on an OTS-treated substrate exhibits
highly-oriented crystals at the buried interface to the gate dielectric.
High mobilities were attributed to a reduced number of grain
boundaries as a consequence of a more uniform crystallite
orientation. This interpretation is in good accordance with the
outcome of X-ray and mobility experiments undertaken by Karl
et al. on layers made from small molecules.**

On the contrary, Zen et al. considered that such layers consist of
ordered domains with highly-planarized chains and disordered
areas with coiled chains. The transport through the disordered
areas was proposed to determine the carrier mobility on a
macroscopic scale.l’”) Zen et al. later showed that the nanorods
seen in the AFM images of low molecular weight P3HTare actually
embedded in an amorphous phase.'®! Also, a strong dependence
of the melting temperature and melting enthalpy on chain length
was shown. It was proposed that the amorphous areas consist
mainly of very short chains (which are not able to crystallize) and
that the macroscopic mobility is largely determined by the degree
of crystallinity of the samples and not by the perfection of chain
packing within the ordered domains. Further, detailed structural
investigations revealed that the perfection of alignment of the
crystalline domains in low molecular weight samples improves
largely with decreasing layer thickness.*”! However, despite the
very uniform orientation of the crystallites in ultra-thin layers, the
field effect mobility remained low for all thicknesses. This was
attributed to the presence of amorphous regions between highly
crystalline domains.

Chang et al. investigated the morphology and transistor
properties of P3HT fractions with high molecular weights
(M,,=15000 to 270000 g mol ").*) They found that the
morphological nanostructure is largely determined by the speed
of film formation, which may be varied by spin coating, drop-
casting, or solvent parameters. Variations may give rise to extended
nanoribbons, uniformly oriented nanoribbons (upon slow solvent
evaporation), or comparatively amorphous structures with a bi-
modal orientation of conjugated domains (upon fast solvent
evaporation, e.g., by spin-coating from chloroform). For such fast-
cast layers, the field-effect mobility was limited to relatively low
values, which was explained by the presence of disordered regions.

High-resolution transmission electron microscopy (HR-TEM)
on P3HT samples grown by directional epitaxial solidification
clearly revealed the presence of disordered regions (denoted as
amorphous interlamellar zones) between the rod-like nanocrys-
tals.>*! It was shown that these effectively isolate the individual
crystalline lamellae in samples of low molecular weight P3HT
(M,,=7300 g mol'). Interestingly, these studies revealed the
presence of tie-crystallites for a molecular weight higher than
18000 g mol ™!, constituting conjugated bridges between the
ordered domains. It is, however, also worth mentioning that the
sample preparation by Brinkmann et al. differs significantly from
the spin-coating process commonly applied for OFET device
preparation and that the conclusions drawn from those studies
may not be valid for spin-coated samples.

A common result of the studies described above was that
decreasing the molecular weight only has a small effect on the
chain packing in the crystalline domains, despite a small decrease
of the distance between the main chain (thiophene) layers and a
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concomitant increase in the m—n stacking distance. All studies
agree in the interpretation that the crystallites in low molecular
weight samples consist of fully extended chains, meaning that the
width of these crystals is determined by the contour length.[**71%)
It has also been proposed that the chains in high molecular
weight samples fold back to form nanoribbons.!'®!%?22%] Besides
these differences, the electronic properties of chain segments
embedded in the crystalline domains should depend only weakly
on molecular weight. In fact, a recent analysis of the optical
absorption of P3HT in solution and the solid state revealed that
the molecular weight has very little effect on the transition
energies.”®* The significant increase of the 0-0 band at ~2.05 eV
(or 600nm) in absorption with higher molecular weight could
be consistently explained by applying a model developed by
Spano.?®?% Hereby, the conjugated chains are assumed to form
H-aggregates. In the limit of weak exciton coupling, the relative
intensities of the individual transitions of the vibronic progression
are mainly determined by the exciton bandwidth, which itself
depends on the length of the correlated conjugated segments in
the crystalline domains.?® Tt was predicted that this length has
rather little effect on the transfer integral, implying the rate of
intermolecular hopping of carriers in crystalline domains shall
be rather independent of the actual length of planarized chain
segments.

In this paper, we present results on the local (nanoscopic) and
macroscopic charge transport in layers of P3HT with different
molecular weight. The local transport was probed as function of
temperature by the measurement of the pulse-radiolysis time-
resolved microwave conductivity (PR-TRMC), while the macro-
scopic transport properties were investigated in the common
bottom-gate, top-contact organic field-effect transistor (OFET)
geometry. We link these results with information on the length
of planarized chain segments as obtained from a detailed analysis
of the temperature-dependent UV/Vis absorption spectra. These
data provide strong evidence that the mobility in samples from
low and medium molecular weight P3HT is controlled by the
probability of carriers to cross the disordered regions between
nanocrystals.

2. Results and Discussion

The chemical structure of the investigated compound is drawn in
Scheme 1. We investigated in detail two molecular weight fractions
of regioregular P3HT (denoted by medium-MW and high-MW),
the hexyl side chains of which have been deuterated (P3dHT) for
potential use in neutron scattering. A former investigation on the
molecular weight dependence of field-effect mobility and
morphology of P3dHT and P3HT thin films did not reveal any
difference in the physical properties of the deuterated fractions as
compared to non-deuterated P3HT fractions.*>'®! Additionally,
we report OFET and PR-TRMC mobility data of deuterated and
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Scheme 1. Chemical structure of P3dHT.
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Figure 1. Molecular weight dependence of OFET and PR-TRMC charge
carrier mobility of P3dHT and P3HT fractions at room temperature. The
lines are guides to the eyes.

non-deuterated P3HT fractions of rather different molecular
weight using the same polymer batches as in refs. [15,16].

2.1. Local (Nanoscopic) versus Macroscopic Transport

Figure 1 summarizes the local and macroscopic mobilities
measured for deuterated and non-deuterated P3HT for various
molecular weights at room temperature. PR-TRMC mobilities
have been calculated from the after-pulse microwave conductiv-
ities, while the macroscopic OFETmobilities have been taken from
the saturation regime of the output characteristics. As published
earlier, the OFET mobility exhibits a pronounced increase with
molecular weight. Contrary to this, the PR-TRMC values increase
only slightly (by a factor of ~2) with chain length. Noticeably, the
macroscopic mobility in high molecular weight P3HT differs only
slightly from the value measured by PR-TRMC, while there is a
huge difference when considering low molecular weights.

In PR-TRMC experiments the charge transport is probed on a
local scale and charges moving back and forth inside a single grain
of the material contribute mainly to the microwave conductivity
signal. Therefore, PR-TRMC mobilities are generally expected to
be higher than OFET mobilities, since in the former the mobility is
not limited by the charge transport across grain boundaries or by
charge carrier trapping on longer time scales. It should be noted
that the PR-TRMC mobilities are the minimum values, assuming
that all the charge that is initially generated survives until after the
pulse. Since charges may decay by recombination and trapping
already during the irradiation pulse, the actual microwave mobility
is expected to be significantly higher. Due to this complication, itis
difficult to compare absolute values for the microwave mobility
with data obtained from OFET measurements.

2.1.1. Temperature-Dependent PR-TRMC Studies

In order to identify the processes leading to the difference between
local and macroscopic transport in our P3HT samples, the
temperature dependence of mobility has been studied in detail for
two different molecular weights (Table 1). Also, measurements
have been performed on alow-MW P3dHT fraction and the results
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Table 1. Molecular parameters of the investigated molecular weight frac-
tions of P3dHT (determined from GPC against polystyrene standards),
including weight-average molecular weight (M,,), number-average molecu-
lar weight (M,,), and polydispersity index (PDI).

P3dHT fraction M, [g mol™'] M, [gmol™"] PDI Denotation
Hexane fraction 9200 7200 1.3 medium-MW fraction
Chloroform fraction 35800 27000 1.3 high-MW fraction

are presented in the Supporting Information. We find that low-
MW P3dHT essentially behaves like the medium-MW fraction,
however, transport and optical properties of the former are more
severely affected at lower temperatures due to its lower melting
point. During the PR-TRMC experiment the samples were heated
step-wise from —75 to 120°C and the transient microwave
conductivity was recorded.

Figure 2a and b show PR-TRMC transients for the medium- and
high-MW P3dHT fraction, respectively, at three different
temperatures. Since the signal has been normalized to the dose,
the absolute height of the signal is a direct measure of the change in
conductivity induced per unit charge. For both samples the end-of-
pulse conductivity increases with temperature, indicative of
temperature-activated transport. Figure 3 summarizes the
temperature dependence of the mobility extracted from these
data. While these values are slightly lower for the medium-MW
fraction, the temperature dependence above room temperature
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Figure 2. Microwave conductivity transients of the P3dHT medium-MW
(a) and high-MW (b) fraction at different temperatures. End-of-pulse
conductivities are marked by arrows.
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Figure 3. Temperature-dependent charge carrier mobilities of the P3dHT
medium-MW (a) and high-MW (b) fraction from PR-TRMC (open symbols,
during heating) and OFET experiments (filled symbols, upright and down-
ward triangles during heating and subsequent cooling, respectively). The
lines are guides to the eyes.

follows a rather similar trend for both samples. An increase of the
microwave mobility with temperature has been often observed for
organic conjugated materials and has been attributed to
temperature-activated hopping over barriers or detrapping from
shallow traps.>'* We also observed a rather high microwave
mobility in our PR-TRMC studies on a low-MW P3dHT fraction
(see Supporting Information). Here, the mobility increases
continuously upon heating up to the melting temperature. At
even higher temperatures, the mobility drops again, which we
assign to the melting of the crystallites.

Regarding the transients shown in Figure 2, the decay
characteristics are quite similar for both fractions, discarding
the data measured at the lowest temperature of —100°C. In a
detailed study on high molecular weight P3HT samples, this decay
has been attributed to carrier trapping rather than recombination
with opposite free charges.*"! A good fit to the experimental
after-pulse transients was obtained by assuming first-order decay
(see Supporting Information), meaning that the number of traps
is constant over time and significantly larger than the number
of mobile charges generated in the PR-TRMC experiment.
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From these fits, the mean decay times have been computed. For
both fractions we find the decay times to increase with temperature
(see Table S1 of the Supporting Information). This observation is
consistent with the assumption drawn from earlier temperature-
dependent microwave mobility data that the transport is
determined by temperature-activated transport in a density-of-
states distribution, where the charges are detrapped from shallow
traps at higher temperature that would otherwise remain
immobilized at low temperatures.*'**) On the other hand, the
rather rapid initial decay of the microwave conductivity signal at
low temperatures (Fig. 2) is assigned to the immobilization of
charges by shallow traps, leading to a fast decay of the number of
free charges that initially contribute to the microwave conductivity
signal.

Interestingly, the decay of the conductivity signal for the
medium-MW fraction at room temperature and above is rather
slow (slower than for the high-MW fraction, compare Fig. 2a
and b), meaning that the carriers created in this sample are
less susceptible to immobilization. Taking into account the
rather similar intra-grain mobilities of charges in high- and
medium-MW P3dHT (and low-MW P3dHT as well; see
Supporting Information), this implies that chain ends (the density
of which is higher in the short-chain medium-MW fraction) or
grain boundaries do not affect the carrier transport on a local
scale.

2.1.2. Temperature-Dependent OFET Mobilities

Charge carrier mobilities were extracted from the OFET
characteristics at different temperatures in a cycle of heating
from 25 to 120°C (110°C for the medium-MW fraction) and
subsequent cooling back to room temperature and these values are
also shown in Figure 3. The temperature dependence is clearly
different for both fractions, where a decrease in the mobility of the
medium-MW P3dHTsample is opposed to a strong increase in the
mobility of the long-chain high-MW fraction. Similar like for the
medium-MW fraction, OFETs made from low-MW P3dHT show a
decrease of mobility at 50 °C as compared to room temperature
(see Supporting Information).

Note that we have recently reported a significant drop of the
OFET mobility above ~100 °C for a different P3HT sample with
intermediate molecular weight.** Extensive X-ray studies on these
layers suggested that the impairment of transport properties at
higher temperatures cannot be explained by thermally induced
morphological changes within the well-ordered crystalline
domains, but that this effect must be related to inter-grain
transport properties (i.e., the transport through disordered
domains). Indeed, the n—n stacking of the aggregated P3HT
chains has been shown to stay intact even up to temperatures close
to melting (~220°C). Moreover, we found the in-plane n—n
stacking distance to be slightly reduced above 50 °C as compared to
room temperature—the expected benefit of this reduction with
regard to intra-grain transport was, however, not reflected in the
temperature-resolved mobility measurements.

The analysis of the OFET mobility data of the high-MW fraction
yields an activation energy of ~60 meV, which is quite comparable
to 54 meV as reported by Kline et al. for another high molecular
weight P3HT fraction (M, =35000 g mol ') below room
temperature.™! Interestingly, our experiments yield a rather
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similar temperature dependence of the microwave mobility and
the OFET mobility for our high-MW P3dHT. Although absolute
mobility values are difficult to compare, as pointed out above,
similar activation energies for transport on the local and
macroscopic scale suggest that charges can move rather freely
between crystalline domains, without the need to overcome
significant energy barriers.

On the other hand, the data summarized above for medium-
MW P3dHT provide convincing proof for the conclusions from
structural studies, that the transport of charges over larger
distances is actually not determined by the local motion within the
individual grains, but by the morphological heterogeneity of the
sample, namely the presence of disordered areas in-between
crystallites.

2.2. In situ Thermal Dependence of UV/Vis Absorption

A. Zen et al. have shown that the absorption of solid layers of short
chain P3HT exhibits a significant blue shift when heating the
sample above room temperature.['® Pronounced spectral changes
of absorption as a function of temperature (thermochroism) are
generally known for polythiophenes and are explained in terms
of a thermally-induced conformational variation of the absorbing
molecules.>*~**! It is believed that heating causes the conjugated
molecular backbones to deplanarize by enhanced twisting between
adjacent thiophene units, resulting in shorter conjugation lengths
and wider conjugation length distribution. This very qualitative
explanation was further supported by temperature-dependent
X-ray investigations, showing that the packing of molecular chains
is indeed affected already below melting temperature.!*®**

Figure 4a shows absorption spectra measured at different
temperatures for alayer of medium-MW P3dHT. Upon increasing
the temperature, the absorption maximum blue-shifts continu-
ously and looses absorption strength. In particular, the strength of
the 2.05 eV (600 nm) transition reduces rapidly with temperature,
pointing to significant changes of the nanomorphology. After
cooling, the initial absorption is almost recovered, including the
reoccurrence of the vibronic structure. The same behavior is found
for low-MW P3dHT (see Supporting Information); however, the
vibronic structure is far less distinctive than for medium-MW
P3dHT due to the lower crystallinity of low-MW P3dHT."® Note
that all spectra have been recorded at temperatures below the
melting transition, which occurs above 150 °C, for medium-MW
P3dHT (see the differential scanning calorimetry (DSC) scan
inserted in Fig. 4a). For comparison, the absorption of the high-
MW P3dHT fraction is shown in Figure 4b, where the thermally
induced blue shift is far less pronounced and completely
reversible. The DSC scan inset in Figure 4b shows that the
melting transition of high-MW P3dHT occurs above 220 °C, which
is much higher than the maximum temperature applied in our
optical and electrical studies.

J. Clark et al.*>*¢ published a sound analysis of the optical
absorption data of P3HT layers with respect to the film
nanostructure, using a model by Spano.”®??! In general, the
absorption of P3HT in the solid state consists of a low energy
vibronic progression attributed to the absorption by planarized
chains contained in aggregates, and a broad high-energy part
caused by twisted chains in disordered areas. This assignment is
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Figure 4. Temperature-dependent UV/Vis absorption of medium-MW
(a) and high-MW (b) P3dHT layers during a cycle of heating (upper graphs)
and subsequent cooling (lower graphs). The spectra have been normalized
to the maximum absorption at 30°C. Spectra in solution are plotted for
comparison. The insets show DSC thermograms of respective solution-
crystallized P3dHT samples.

supported by the rather blue-shifted and featureless absorption of
P3HT in dilute solution.

As pointed out in the Introduction, Spano modeled the optical
properties of P3HT films by assuming the formation of H-
aggregates of parallel-aligned cofacially-packed conjugated
chains.”®?! In the case of weak excitonic coupling, the splitting
of the electronic levels due to Coulombic interactions is
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considerably smaller than the vibrational energy.?#***”! As a
consequence, interchain coupling leads to a formation of vibronic
bands, with their width basically being determined by the exciton
bandwidth W. For symmetry reasons, only transitions from the
ground state to the highest energy states of these individual bands
are optically allowed. In this limit, the aggregate absorption of
P3HT can be modeled according to
2
m))

Sm
m=0 :
mE, — 1wsme=S)

(E—Eo—
- €Xp 202

We=S
2E,

Sn
I(n —
et nl(n

1)

)

where E, is the 0-0 transition energy of the aggregated species, E,
is the frequency of the vibronic transition, o is the width of the
line shape that is assumed to be Gaussian, S is the electron—
phonon coupling strength (Huang-Rhys factor) and m counts the
vibrational excitation. Hereby, the squared pre-factor in brackets
is a modification of the Franck-Condon factor including
interband mixing. The transition energies are corrected for the
blue shift due to the energy splitting, considering only excitations
to the top of the exciton bands to be optically allowed. Equation (1)
neglects, however, that transitions to lower states within the
vibronic bands become weakly allowed if disorder is introduced
into the aggregates. It, additionally, assumes that the linewidth o
is the same for all transitions. Evidently, the exciton bandwidth W
affects both the position and the relative strength of the individual
vibronic transitions. As pointed out in the original paper by
Spano,*” increasing W causes a considerable reduction of the
relative 00 transition strength. As shown later by Beljonne et al.
and Gierschner et al., W is related to the length of the cofacially
arranged chain segments L in the crystallites (Fig. 5), which shall

i

gy

<+ —>

Aggregate Width L

Figure 5. Schematic sketch of the molecular arrangement in a P3HT aggregate (medium-MW
fraction, i.e., no chain folding present). The crystallite’s long axis is indicated with dotted lines (as

virtual third dimension).
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be equivalent to the width of the nanoribbons seen in the
structural studies described above.?***!

We have used Equation (1) to model the aggregate part of our
temperature dependent P3dHT spectra. Hereby, we considered all
terms up to the 06 transition. In the fitting procedure, Ey, o, W,
and a global factor were varied as free parameters, while S and E;
were fixed to 1.0 and 0.179 eV, respectively, as reported in the
literature. 2282945464950 1 P3HT, the main vibrational mode
coupled to the UV/Vis electronic transition is known to be the C=C
symmetric stretch at 0.179eV.***! The main difficulty to fit
model Equation (1) to the absorption spectra was to identify the
contribution stemming from aggregated chains. Experimental and
simulated absorption spectra reported by Clark etal. suggested that
contributions of non-aggregated molecules should be insignificant
at energies below ~2.3eV.[**! In order to test the consistency of
the best-fit parameters, we varied the energy range used to fit the
spectrato Equation (1) (see Supporting Information). The values of
Ey, 0, and W were found to vary only slightly (max. £0.5%, +2%,
+4%, for Ey, o, W, respectively) within lower and upper bounds of
1.92-2.05 and 2.20-2.35 eV, respectively. Thus, we considered the
spectral range from 2.00 to 2.30 eV for the following analysis.

Figure 6 shows exemplary fits of absorption spectra of medium-
MW P3dHTrecorded at 50 and 120 °C. Further examples for fits to
the spectra of the medium- and high-MW fractions are included in
the Supporting Information. The black line of the model spectra
reproduces very well both 0-0 and 0-1 intermolecular transition
features. The difference between the experimental and calculated
spectra (lines and filled circles) mostly represents the amorphous
phase in the sample, although it is not fully identical to the
absorption of P3HT chains in dilute solution. Possibly, the
different environment of the chains in the disordered solid
state and in solution is mainly responsible for this shift.
In addition, the residual is weakly structured, indicating that
the fit to Equation (1) does not fully explain the aggregate
absorption spectrum over the whole wavelength range. As pointed

out above, the applied model does not account

for transitions to lower energy states in the

vibrational bands, which become weakly
-~ allowed due to disorder. Additionally, our choice
of a Gaussian line shape might be too simplistic
= for aggregate absorption.

o~ The best-fit parameters of the aforemen-

tioned procedure are summarized in Figure 7.

Values for the transition energy E, and for the
~ line width o are relatively similar for both
o medium- and high-MW samples. Additionally,
both samples show the same weak dependence
of temperature on E,. This suggests that the
local electronic properties of the chains in the
ordered domains are only weakly affected by the
molecular weight, in accordance with the results
from the PR-TRMC studies described above.
Upon heating from 30 to 120°C, the inter-
molecular 0-0 transition energy increases by
maximal 40 meV, corresponding to a blue shift
of only 10nm for the aggregates of both
fractions. We assign this to thermally-induced
local torsions of the conjugated backbones
within the aggregates. This shift appears to be
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Figure 6. Absorption spectra of medium-MW P3dHT at a) 50 and
b) 120°C (lines and open squares). The spectra have been normalized
to the maximum absorption of the 30°C spectra (Fig. 4). The best-fits
according to Equation (1) to the region of aggregate absorption (2.0-
2.3eV) are shown as bold lines, as well as the individual electronic-
vibrational transitions (thin grey lines). The differences of the experimental
and aggregate model spectra are displayed as lines and filled circles. The
spectra of P3dHT in chloroform solution are plotted for comparison
(dotted lines, normalized to 0.5).

insignificant regarding the large spectral changes occurring upon
heating for the medium-MW sample in Figure 4a and even when
considering the apparent blue shift of the absorption maximum for
the high-MW fraction in Figure 4b.

The evaluation of the spectra shows that the thermal
dependence of the absorption includes, in addition to the minor
blue shift, an overall decrease of the aggregate absorption (Fig. 6
and Supporting Information) and also a significant redistribution
of the oscillator strength within the aggregate absorption. The
latter can be attributed to a change of the exciton band width in the
aggregates of cofacially arranged chains with temperature. In fact,
the value of W extracted from the fits is markedly higher for the
medium-MW batch and it increases strongly with temperature
(while for high-MW P3dHT the free exciton bandwidth remains
almost constant over the whole temperature region, Fig. 7). For a
large number of chains in an aggregate, the free exciton bandwidth
W is twice the exciton coupling strength V. Gierschner et al.*”
have performed theoretical calculations on aggregates of
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Figure 7. Parameters of the best-fits of Equation (1) to the experimental
spectra of medium-MW (solid symbols) and high-MW P3dHT (open
symbols) in the region of aggregate absorption (2.0-2.3eV). E,, o and
W are the 0-0 intermolecular transition energy, the width of the Gaussian
line shape, and the exciton bandwidth, respectively.

thiophene chains with N repeat units (determining the correlation
length I) for different values of the intermolecular distance
and the number of interacting aggregated chains. According
to these calculations, the observed increase in W when heating
the medium-MW layer can be caused by a) a decrease of the
intermolecular n—n stacking distance, b) a larger number of
molecules constituting the aggregate, and c) a smaller correlation
length.

In recent X-ray studies we observed a slight decrease of the
relevant n—r stacking distance by 3% when the layer was heated
from room temperature to its melting regime (starting from
~220°C).2 Surprisingly, this decrease occurred abruptly at 50 °C
and the intermolecular distance remained constant at higher
temperatures. In contrast, the increase of W with temperature
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)
Makeros,

www. MaterlalsVnews.com

30°C

120°C

www.afm-journal.de

by Holdcroft and co-workers when
studying the thermochroism of high-

Medium-MW: -

dli

MW regioregular P3HT at higher

10 nm heating

~
. e

M/

High-MW:

temperatures.*” They suggested that

this continuous blue shift is caused by

6 nm the transition between three (rather

than two) phases with distinctive
absorption properties, namely a crystal-
line, a quasi-ordered, and a disordered
phase. This interpretation was, how-
ever, based on the presumption that the
absorption of the crystalline phase is

independent of temperature. Our ana-

13 nm

Figure 8. Visualization of the effect of heating of the P3dHT aggregates below the melting temperature.

is continuous, ruling out that the temperature-induced change
in stacking distance is the main cause of the continuous and
reversible increase of W.

An increase of the number of aggregated molecules, i.e., a
growth of crystal size with increasing temperature, which is
reversible upon cooling, does not seem plausible. Crystal growth
during annealing is a known effect and might be the origin of the
offset (~20 meV) between the free exciton bandwidths before and
after annealing. The shrinkage of the aggregate size upon cooling
is, however, highly unlikely.

As a result, we attribute the increase of the free exciton
bandwidth in medium-MW P3dHT to the shortening of the
interacting conjugated segments upon heating. The process is
visualized in Figure 8. Using the simulation data from Gierschner
et al. (Fig. 9), an exciton bandwidth of 140meV, as found for
medium-MW P3dHT at room temperature, is equivalent to ~25
interacting repeat units (or an interacting chain length of ~10 nm).
This is nearly equivalent to the contour length of the medium-MW
chains (27 repeat units on average after molecular weight
correction according to Liu et al.’?)), which means that the chains
are fully elongated within the aggregates. This result is fully
consistent with the findings from structural studies as discussed
above. Upon heating to 120°C, the interacting chain length
shortens towards 16 repeat units (equivalent to ~6nm). This
process occurs well below the actual melting temperature of the
sample, implying that the medium-MW P3dHT aggregates
undergo a “pre-melting,” probably starting from its edges.

Inhigh-MW P3dHT the temperature dependence of the exciton
bandwidth is much less pronounced: Wincreases nearly reversibly
from 114 to 123 meV upon heating from room temperature to
120 °C. This corresponds to a change from 31 to 28 interacting
repeat units (or ~12.5 to 11 nm), compared to a contour length of
~26.5 nm). One possible reason for this weak effect of temperature
on the interaction length may be the higher melting temperature of
the high-MW P3dHT fraction. Alternatively, the number of chains
folding back into the same aggregates might become larger with
increasing chain length, as suggested by Brinkmann™® and such
backfolds might impede the pre-melting from the edges of the
crystallites.

It is worth noting that the thermochroism in our medium-MW
sample is characterized by a continuous blue shift and that it does
notexhibitan isosbestic point. A similar situation was encountered
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lysis of thermochroism in medium-
MW P3HT shows conclusive evidence
for a significant redistribution of oscil-
lator strength between the individual
vibronic transitions upon heating. Thereby, increasing the
temperature causes transitions to higher vibronic states to become
more intense. As a result, the overall envelope of the crystalline
absorption appears to blue-shift with temperature, though the
individual transition energies remain almost unaffected.

3. Conclusions

Our investigation of the intragrain charge transport in solid P3HT
by pulse-radiolysis microwave conductivity reveals that the local
mobility depends only weakly on molecular weight, despite the
large effect of chain length on the OFET performance. Local
transport is temperature-activated for the low-, medium- and
high-MW P3dHT fractions well below the melting temperature,

vy
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Figure 9. Dependence of the exciton bandwidth on the interacting chain
length of aggregated P3HT molecules in terms of planarized thiophene
repeat units. Circles show the results of simulations by Gierschner et al.
(ref. [30], Fig. 3,) on the exciton coupling energy as function of the number
of interacting thiophene rings, taking into account screening effects. The
solid curve is a guide to the eye. Bold arrows display the evolution of
the interacting chain length upon heating and cooling, as obtained from the
analysis of the absorption spectra in Figure 4. Dashed arrows mark
the average contour chain length of medium- and high-MW P3dHT as
calculated from the number averages in Table 1 and the molecular weight
correction according to Liu et al. P2, Portions adapted with permission
from Reference [30]. Copyright 2009, American Institute of Physics.
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which can be attributed to hopping in a density-of-states
distribution.

In contrast to the local transport properties, we found that the
macroscopic mobility of medium-MW P3dHT layers is two orders
of magnitude lower than the local mobility and it decreases
with increasing temperature. The striking differences of charge
transport at both length scales are related to the layer
nanomorphology. From the comparison of local and macroscopic
mobilities, we conclude that macroscopic transport is not actually
determined by the local motion of charges within ordered grains,
but by the transport through disordered material surrounding
these grains.

The quantitative analysis of temperature-dependent UV/Vis
absorption spectra suggests that the aggregates in medium-MW
P3dHT undergo a “pre-melting” significantly below the actual
melting temperature. As aresult, the interacting chain length (i.e.,
the number of interacting repeat units) of the molecules that
constitute an aggregate becomes smaller, i.e., the aggregate width
decreases. The concomitant increase in width of the interlamellar
zones, as well as the likely increase of disorder in these amorphous
regions (as evidenced by the blue-shift of the absorption of the
disordered phase) is presumably the main reason for the drop in
the macroscopic mobility of short chain P3dHT upon heating. In
contrast, long chains may interconnect the crystalline domains in
high-MW P3dHT, thus by-passing the disordered interlamellar
regions, and rendering the macroscopic charge transport in this
material less susceptible to changes of the sample heterogeneity.

4. Experimental

For the investigations, P3dHT was prepared by the Grignard metathesis
procedure according to McCullough and co-workers [53]. The deuteration
of side chains was chosen in order to perform neutron scattering
experiments, which are the subject of further investigations. The raw
polymer was fractionated by applying the solvent extraction method [54].
Subsequent extraction steps, with solvents of increasing solubility for
P3dHT, yielded polymer fractions with polydispersity indices between 1.3
and 1.4. The average molecular weights were determined by using gel
permeation chromatography (GPC) with THF as the solvent (calibration
with narrowly distributed polystyrene standards). Powders of the P3dHT
fractions were precipitated from solvents into non-solvents, where such
powders are often highly crystalline.

Optical absorption spectra were measured in situ with a Perkin-Elmer
Lambda 19 UV/Vis spectrometer at various temperatures. Thin polymer
films (~50-80 nm in thickness) were spin-coated from chloroform
solutions (typically 10g L™") on glass substrates that were covered by a
transparent indium tin oxide (ITO) electrode on the backside. The sample
temperature was controlled by resistive heating of the ITO, where the actual
temperature at the polymer surface was measured using a PT100
temperature sensor glued to the front side of the substrate. For technical
reasons, the maximum temperature was 120 °C.

PR-TRMC was performed in order to investigate the local charge
transport properties. Details about the instrumentation and sample
preparation can be found in refs. [31,55,56]. The sample is contained in a
microwave cell with rectangular dimensions. Pulsed irradiation with high-
energy (3 MeV) electrons leads initially to a low (micro-molar) concentra-
tion of positive and negative charge carriers uniformly distributed in the
samples. After the incident pulse (1-50 ns duration), the conductivity of the
sample is probed as a function of time by monitoring the attenuation of a
reflected microwave (frequency range of 28-38 GHz and maximum electric
field strength of 10V m™"). The fractional change in microwave power
reflected by the cell is directly proportional to the change in conductivity
(Ao). The concentration of charges that is generated initially can be
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estimated using dosimetry measurements [57]. Using this estimation the
charge carrier mobility can be calculated. Due to trapping or charge carrier
recombination during the pulse, PR-TRMC results in a lower limit for the
charge carrier mobility (ttmin). As both positive and negative charge carriers
can contribute to the conductivity signal, jtmin represents the sum of hole
and electron mobility, the latter is expected to be negligible in P3HT [31].
For a more detailed description of the PR-TRMC technique see refs. [31,56].

For the investigation of charge transport covering macroscopic
distances we evaluated the electrical properties of OFETs. In the present
OFET geometry, charge carriers—primarily holes in case of P3HT on top of
SiO,—have to move 100 wm from the source to the drain electrode
through the polymer layer, parallel and close to the semiconductor-
insulator surface. Assuming a domain size of 10nm [16], holes have to
cross 10000 domains and domain boundaries for crossing the channel.
Therefore, the field-effect mobility, as calculated from OFET characteristics,
is a macroscopic effective value that results from all local mobilities within
the different domains and from potential transport barriers at the domain
boundaries.

OFETs were prepared in bottom-gate, top-source/drain geometry.
Homogeneous polymer layers with a thickness in the range of 50-80 nm
were formed by spin-coating from chloroform solution onto n-doped
silicon substrates that are covered with a ~300 nm thick insulating SiO,
layer. Prior to all processing, the SiO, surface was thoroughly cleaned
with several common solvents and underwent an oxygen plasma
treatment (5min at a power of 200W), followed by silanization using
hexamethyldisilazane (HMDS) for 26 h at 60°C. Finally, 100 nm thick
evaporated interdigitating gold electrodes served as source and drain
contacts. Device characteristics at specific temperatures were recorded
using an Agilent 4155C semiconductor parameter analyzer. The
temperature was controlled using a Digit Concept DCT 600 thermal
controller and heating chuck. Preparation and measurements were
performed in an inert nitrogen atmosphere. Charge carrier mobilities
were calculated from the saturation region of the output characteristics
(drain current, Ips vs. source-drain voltage, Vps) according to

WC;

Ips,sat = T:U“sat(vDS - VO)Zv )

where W=14.85cm and L=100um are the channel width and length,
respectively, C;=11.9 nF cm™2 is the capacitance per unit area and V; is
the onset voltage.
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Local and macroscopic charge carrier mobilities and optical absorption of a low-MW P3dHT
fraction

For comparison to our medium-MW P3dHT fraction, we present here the temperature-dependencies
of local and macroscopic charge carrier mobilities and of the optical absorption of a low-MW P3dHT
fraction (Mn = 2,600 g mol”, Mw = 3,600 g mol”, PDI = 1.4).

Figure S1 shows the dependencies of microwave (PR-TRMC) mobility and field-effect mobility on
temperature. We find that the microwave mobility increases with temperature up to the melting region
(see DSC thermogram in Figure S2), followed by a rather sharp drop which is most likely related to the
melting of the crystallites. On the other hand, macroscopic field-effect mobility is at least three orders
of magnitude lower than the local microwave mobility. Upon heating to 50C, field-effect mobility drop s
as compared to room temperature. Unfortunately, we could not observe transistor behaviour at higher
temperatures than 50T (transistor behaviour did not recover upon cooling due to dewetting of the
polymer layer from the SiO, substrate; however, we observed that transistor behaviour recovered
upon more subtle sample treatment for another low-MW P3HT fraction[R”). Essentially, the same
temperature dependencies as for medium-MW P3dHT are exhibited, though being shifted to lower

temperatures due to the lower melting temperature of low-MW P3dHT.
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Figure S1. Temperature-dependent charge carrier mobilities of the P3dHT low-MW fraction from PR-
TRMC (open symbols, during heating) and OFET experiments (filled symbols, during heating).
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Figure S2 shows the temperature-dependence of absorption of a low-MW P3dHT layer. Upon heating,

the absorption exhibits a pronounced blue-shift that is associated with (a) the melting of the crystallites

and (b) the shortening of the conjugation lengths due to increased main chain torsion in the whole

sample. Note that the intermolecular 0-0 transition at 2.05 eV [600 nm] is barely visible at low

temperatures and vanishes upon heating. Therefore, a quantitative analysis according to Spano’s

model is not possible for that MW-fraction.
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Figure S2. Temperature-dependent UV/Vis absorption of a low-MW P3dHT layer during a cycle of
heating (upper graphs) and subsequent cooling (lower graphs). The spectra have been normalized to
the maximum absorption at 30C. The spectrum in sol ution is plotted for comparison. The inset shows
the DSC thermogram of a solution-crystallized low-MW P3dHT sample.
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Quantitative analysis of the PR-TRMC decay signals
A good fit to the experimental after-pulse transients (Figure S3) was obtained by assuming first-order

decay kinetics,

d
ﬁ%:%mm, (81)

meaning that the number of traps is constant over time and significantly larger than the number of
mobile charges n;, generated in the PR-TRMC experiment. The trapping coefficient k(t) is assumed to
be time dependent according to

k(t) o< "™, (S2)

where 8 # 1 accounts for the dispersive nature of charge transport in our P3dHT samples. Equation
(S2) relies on the assumption of a distribution of charge carrier hopping times which emerges from
energetical and positional disorder and relaxation in the density-of-states.**™* The general solution of

this differential equation is

S0l
n(t) = n, exp| — [;) ] . (S3)

As shown in Figures S1a and S1b, this stretched exponential gives rather good fits to the
experimental transients (with the fit parameters given in Table S1).

It is believed that the non-exponential decay of mobile charge carrier density as expressed by
equation (S3) arises from the distribution of the relaxation times, which is connected to the dispersity
of charge transport. Therefore, a direct comparison of the characteristic decay times 1’ for different
samples is problematic, because the distribution function p(7) is unknown. As a consequence, we

used the logarithmic moments of 7, <In 7,5 8 which are related to the mean activation energy in
case of temperature activated transport (because 7 =7, exp(— E(T)/(kBT)) is assumed, where

E(T) is the activation energy). The first logarithmic moment of a relaxation function ¢(f) can be

computed using

(In7) = Eu+[In¢] (S4a)
with
[In¢] = I d lnt(— da;ﬁtjlnt, (S4b)
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where Eu = 0.577... (Euler-Gamma constant) and ¢ = n(t)/n, is the normalized after-pulse decay.[RG]

For a Kohlrausch-type decay (equation (S3)) this yields the analytic expression

Eu+Inz. (S5)

<1nz'> = (I—ﬂ

The values of the mean decay times exp(<in 7>) are reported in Table S1. For both fractions, the

mean decay times increase with temperature.
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Figure S3. Normalized after-pulse decay of the microwave conductivity of the P3dHT medium-MW (a)
and high-MW (b) fraction at different temperatures and respective fits according to equation (S3). Only
every second data point is displayed for clarity.

Table S1. Fit of normalized eqn. (S3) to normalized after-pulse decay (standard errors in parentheses).

For the medium-MW fraction it was necessary to assume a constant background conductivity n..:

T B exp <Inr>

medium-MW P3dHT [ns] [ns]
-100C 52.6 (7.8 %) 0.254 (3.5 %) 10

20T 1202 (3.3 %) 0.325 (1.1 %) 362

100C 1280 (2.5 %) 0.333 (0.9 %) 403

high-MW P3dHT

-100C 359 (3.1%) 0.181 (1.2 %) 26

20T 273(1.2%) 0.384 (0.8 %) 108

120C 363 (1.7 %) 0.402 (1.1 %) 154
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Analysis of the temperature dependent UV/Vis absorption spectra for medium- and hig
P3HT

The following figures display the absorption spectra of medium- and high-MW P3dHT layers at specific
temperatures (red lines and points). The best-fits according to eqn. (1) (see article) to the region of
aggregate absorption (2.0 eV - 2.3 eV) are shown as black lines, as well as the individual electronic-
vibrational transitions (grey lines). The differences of the experimental and aggregate model spectra

are displayed as blue lines. The figures appear according to the experimental sequence.
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High-MW P3dHT
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Lower and upper bounds have been varied in order to test the consistency of our model fits to the
absorption spectra. The parameters E, g, and W and their standard errors are plotted below. We find
that an optimum of the stability of the fit parameters, minimal standard errors, and the inclusion of as
much of the experimental data as possible is granted for lower and upper bounds of 2.0 eV and 2.3 eV,

respectively. These bounds have been used for all absorption data fits throughout this article.

Variation of the lower bound

ADVANCED
FUNCTIONAL
Submitted to MATE RIALS

Variation of the lower and upper bounds for fitting Spano’s model to the absorption spectra of
medium-MW P3dHT at 120C
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Variation of the upper bound

Free exciton bandwidth W / eV

0-0 transition energy / eV

0.24 T T T T T
| §§§§§§§§§§§§§§§§§§
0.224 . 22
| o R
0.20- #ﬁ
0.18-
0.16
0.14 - L¥y
2.20 2.25 2.30 235
Upper fit bound (2.00:X) / eV
T T T T 0-3
° E (1]
2.4- o o
-0.2
2.3
2.2- O@@@@@®®@® . _0 1
Soecoossossse0000000000 ’
21 1 !!....‘ ‘_.........!!.j
T T T 0-0
2.20 2.25 2.30 2.35

Upper fit bound (2.00:X) / eV

goolooooooiltoo

line width parameter ¢ / eV



FUNCTIONAL
Submitted to MATE RIALS

References

[R1]

[R2]

(R3]

[R4]

(R3]

[R6]

A. Zen, M. Saphiannikova, D. Neher, J. Grenzer, S. Grigorian, U. Pietsch, U. Asawapirom, S.
Janietz, U. Scherf, |. Lieberwirth, G. Wegner, Macromolecules 2006, 39, 2162.

G. Dicker, M. P. de Haas, D. M. de Leeuw, L. D. A. Siebbeles, Chem. Phys. Lett. 2005, 402,
370.

G. Pfister, H. Scher, Adv. Phys. 1978, 27, 747.

H. Scher, E. W. Montroll, Phys. Rev. B 1975, 12, 2455.

H. J. Winkelhahn, T. K. Servay, D. Neher, Ber. Bunsen-Ges. Phys. Chem. Chem. Phys. 1996,
100, 123.

R. Zorn, J. Chem. Phys. 2002, 116, 3204.

0oo120000001200

98



-
™
¥
g
-l
wl
=
™

FUNCTIONAL

99

www.afm-journal.de

'a\
M"\“\)iié

www.MaterialsViews.com

Quantitative Analysis of Bulk Heterojunction Films Using
Linear Absorption Spectroscopy and Solar Cell Performance

Sarah T. Turner, Patrick Pingel, Robert Steyrleuthner, Edward J. W. Crossland,

Sabine Ludwigs, and Dieter Neher*

A fundamental understanding of the relationship between the bulk mor-
phology and device performance is required for the further development of
bulk heterojunction organic solar cells. Here, non-optimized (chloroform cast)
and nearly optimized (solvent-annealed o-dichlorobenzene cast) P3HT:PCBM
blend films treated over a range of annealing temperatures are studied via
optical and photovoltaic device measurements. Parameters related to the
P3HT aggregate morphology in the blend are obtained through a recently
established analytical model developed by F. C. Spano for the absorption of
weakly interacting H-aggregates. Thermally induced changes are related to
the glass transition range of the blend. In the chloroform prepared devices,
the improvement in device efficiency upon annealing within the glass transi-
tion range can be attributed to the growth of P3HT aggregates, an overall
increase in the percentage of chain crystallinity, and a concurrent increase

in the hole mobilities. Films treated above the glass transition range show
an increase in efficiency and fill factor not only associated with the change
in chain crystallinity, but also with a decrease in the energetic disorder. On
the other hand, the properties of the P3HT phase in the solvent-annealed
o-dichlorobenzene cast blends are almost indistinguishable from those of the
corresponding pristine P3HT layer and are only weakly affected by thermal
annealing. Apparently, slow drying of the blend allows the P3HT chains

to crystallize into large domains with low degrees of intra- and interchain
disorder. This morphology appears to be most favorable for the efficient

1. Introduction

Research efforts in the field of organic
solar cells continue to expand due to the
promise of a more cost efficient energy
technology. The bulk heterojunction
(BHJ) solar cell system comprising highly
regioregular poly(3-hexylthiophene)
(P3HT) and [6,6]-phenyl-Cq;-butyric acid
methyl ester (PCBM) is one of the most
extensively studied organic-based solar cell
systems to date. Nonetheless, knowledge
about the evolution of the P3HT:PCBM
blend morphology during processing is
still rather incomplete. In order to push
advances in the field forward, the multi-
faceted relationship between morphology
and device performance requires further
exploration.

BHJ solar cell current generation
relies on the efficiency of the following
steps: photon absorption, exciton diffu-
sion, exciton dissociation at the donor/
acceptor interface, generation of free car-
riers, and collection of these carriers at
the electrodes. Effective charge generation
and extraction are provided by a balance

between the interfacial area and the perco-
lation pathways.[l Charge recombination
detrimental to device efficiency may be
reduced by achieving a fast and balanced
transport via an increase in the order and crystallinity within
the individual phases.’? Thermal annealing of P3HT:PCBM
blend films with a non-optimized morphology is known to
improve these factors.’l Upon heating, the crystalline P3HT
chains deplanarize and upon cooling replanarize into m-stacked
lamellar structures, often with a larger than initial conjugation
length.l Recent in-situ X-ray diffraction studies have shown
that following this initial crystallization of the P3HT phase, a
separation between the two components takes place.P! This pro-
motes the formation of percolation pathways due to the simul-
taneous aggregation and diffusion of PCBM components out
of the amorphous P3HT phases,®”] in turn allowing the P3HT
chains to form crystallites with high intra- and interchain
order.
The relationship between device performance and mor-
phology in BH]J solar cells has been studied in depth over the
past decade;1*%8 however, these studies typically examine

generation and extraction of charges.

S. T. Turner, P. Pingel, R. Steyrleuthner, Prof. D. Neher
Institute of Physics and Astronomy

University of Potsdam

Karl-Liebknecht-Strafde 24-25, 14476 Potsdam, Germany
E-mail: neher@uni-potsdam.de

Dr. E. ). W. Crossland

Clarendon Laboratory

Parks Road, Oxford, OX1 3PU, UK

Prof. S. Ludwigs

Institute of Polymer Chemistry

University of Stuttgart

Pfaffenwaldring 55, 70569 Stuttgart, Germany

S. T. Turner

Current address: Institute of Chemistry

Stranski Laboratory for Physical and Theoretical Chemistry
Technical University of Berlin

Strafle des 17. Juni 124, 10623 Berlin, Germany

DOI: 10.1 002/adfm.201 101583
Adv. Funct. Mater. 2011, 21, 4640-4652

4640 wileyonlinelibrary.com © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



s
Mt oS
www.MaterialsViews.com

one annealing temperature with a variation in the annealing
time. For example, Keivanidis et al. found an increase in the
charge pair separation upon thermal annealing, which they
associate with an increase in the P3HT crystallinity and the
domain sizes of both components.!®! Nevertheless, the details
of the temperature dependent changes related to the device
performance and morphology are missing. Other studies
have used a large range of annealing temperatures; how-
ever, only focused on the resulting device performancel®!% or
the resulting morphology,'''!'2 making a direct comparison
between the two difficult. In this study, a quantitative analysis
of the evolution of the P3HT morphology in the BH]J film
structure as extracted from the optical spectra is related to
changes in the solar cell device performance over a range of
thermal annealing temperatures.

A recent model by F. C. Spano enables a quantitative
analysis of regioregular P3HT absorption spectra in relation
to the morphology. This model was developed to describe the
absorption of and the emission from H-aggregates comprising
parallel-aligned, cofacially packed conjugated chains in the case
of weak excitonic coupling.’34 In this limit, the splitting of
the electronic levels due to Coulombic interactions is consider-
ably smaller than the vibrational energy. As a result, interchain
coupling leads to the formation of vibronic bands with their
width essentially determined by the exciton bandwidth W. An
important prediction of this model is that the relative intensi-
ties of the individual transitions of the vibronic progression in
the absorption are largely affected by the exciton bandwidth
according to:

2

sm We=S sr
A(E)O(Z(%>X - 2E, Zn!n—(m)

m=0 n#Em

2 1
(E— Eoo—mE, — T Wse™s) ()

202 ’

X exp

where A is the absorbance as a function of the photon energy
(E), S is the Huang-Rhys factor, m and n are differing vibra-
tional levels, Ey, is the 0-0 transition energy, E, is the intermo-
lecular vibrational energy, and o is the Gaussian linewidth. The
second bracketed term in Equation 1 is a modification of the
Franck-Condon factor to account for the aggregate absorption.
The model assumes that only transitions from the ground state
to the highest energy state of each vibronic band are optically
allowed, as shown in Figure 2 of the original publication by
F. C. Spano.¥ This is included as a correction to the transi-
tion energy by adding half of the vibronic bandwidth, % WS™e~5,
to the energy of the isolated single chain. Within the weak
excitonic coupling regime this term is likely small compared
to the vibronic energy and therefore not considered by Clark
et al.” Excitations to the lower states of the bands become
optically allowed if disorder is present; however, these transi-
tions do not contribute to the absorption in practice due to their
weak oscillator strength.'3 The free parameters in the fit of a
polythiophene absorption spectrum are: W, Ey,, 0, and a pro-
portionality constant. S is fixed at a value of 1.0, as taken from
a Franck-Condon fit of the photoluminescence spectra of a

Adv. Funct. Mater. 2011, 21, 4640-4652
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regioregular P3HT film.!! E, is taken to be 0.179 eV assuming
that the C = C symmetric stretch dominates the electronic tran-
sition coupling.['®!

Although the Spano model has been reliably applied to the
absorption spectra of pure, thin regioregular P3HT films,*13-17]
it has not yet been used to analyze the P3HT component of
blend spectra. Previous studies applying this model to the
absorption spectra of pristine P3HT films have focused on the
effect of varying the solvent typel'>!%l and the polymer molec-
ular weight!*l on the fit parameters. Clark et al. cast P3HT films
from various solvents and found an almost monotonic decrease
of the W values with the boiling point of the solvent. Films
cast from high boiling point solvents were proposed to contain
larger aggregates with high conjugation lengths and interchain
order, enabled by the slow drying of the layer. This was verified
by atomic force microscopy (AFM) studies of the layer surface.
Moreover, layers with lower W values were found to exhibit
high mobilities in thin film transistors.!”)

The morphological changes in the polythiophene aggregates
caused by variations in the processing conditions are more
easily understood by relating W to the length of the planarized
interacting chain segments (L) forming these aggregates,!'® as
shown in Figure 1. Such a relation is available in a model devel-
oped by Gierschner et al. that considers non-nearest neighbor
interactions in an infinite 1D stack of thiophene oligomers
taking dielectric screening effects into account. For sufficiently
long oligomers, there is an inverse relationship between W
and the number of interacting repeat units N.'® According
to this model, the values of W reported for high molecular
weight P3HT thin films by Clark et al. translate into 25 to
30 planarized repeat units (L ca. 10 nm) for layers cast from
chloroform and more than 60 repeat units (L exceeding 20 nm)
for layers cast from high boiling point solvents.’! Also, low-
ering the molecular weight has been shown to increase W,*
meaning that the length of the planarized thiophene segments
in the aggregates is lowered. It is well known that P3HT crys-
tallizes in the form of nanoribbons, whiskers, or nanofibers,
with P3HT chains normal to the long axis of the nanocrystal-
lites.19-21 Interestingly, the range of values reported for the
width of these crystalline fibers corresponds rather well to L
deduced from the optical analysis of P3HT layers. This means
that the application of the Spano-model is suited to extract
information related to the morphological aspects of P3HT
aggregates. Following these arguments, the observed increase
of mobility with decreasing W (increasing L) was attributed to
a reduction of the amount of amorphous material separating
the individual nanorods.

In this work, a quantitative analysis of thermally induced
morphological changes in the P3HT phase of a blend with
PCBM is performed by means of linear absorption spectros-
copy modeling. Chloroform (CF) and solvent-annealed o-
dichlorobenzene (DCB) P3HT:PCBM layers were used to deter-
mine the effect of thermal annealing on both a non-optimized
and a nearly optimized film morphology, respectively. The dif-
ferences in the preparation methods and the boiling points
of the solvents, 61.2 °C for CF and 180.5 °C for DCB, are the
cause for the variation in the initial morphology of the films.
The results are compared with solar cell device performance,
single-carrier device measurements, and AFM image analysis.
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Figure 1. Schematic of the P3HT aggregate adapted from Pingel et al.,ll where the aggregate width (L) is the length of the interacting chain segments
comprising a number N of interacting thiophene repeat units. The long axis of the aggregate is indicated with dotted lines.

2. Results and Discussion

2.1. Linear absorption spectroscopy modeling
of P3HT:PCBM films

The morphological evolution of the P3HT component in a
blend with PCBM was studied through modeling of the absorp-
tion spectra to obtain fit parameters describing the length of
cofacially arranged P3HT chain segments in the polymer
aggregates, as well as the degree of crystallinity in the film.
Blend P3HT:PCBM film absorption spectra were constructed
using transmission and reflection measurements taken on ca.
100 nm thick blend layers with the use of an integrating sphere
to obtain spectra free of distortions due to scattering or reflec-
tions. As distortions were minimized by using thinner layers
prepared from filtered solutions, the performance of the solar
cells was poorer compared to devices prepared from 200 nm
thick layers cast from unfiltered solutions. Individual films
were annealed for 10 min directly from the as-prepared state
to the target temperature with values ranging between 30 °C
to 180 °C. All films were prepared on a PEDOT:PSS/ITO/glass
substrate to obtain a film morphology most comparable to the
photoactive layer in solar cells.

In order to properly account for the PCBM contribution to
each absorption spectrum, the absorption spectrum of a ca.
100 nm thick as-prepared blend film comprising PCBM and
polystyrene (PS) in a 1:1 weight ratio was measured on a
PEDOT:PSS/ITO/glass substrate. The PS component was used
to mimic the morphology of PCBM in a polymer matrix. A selec-
tion of the blend absorption spectra, as well as the PCBM:PS

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

and the pristine P3HT spectra are shown in Figure 2a and 2c for
films cast from CF and DCB, respectively. All spectra have been
corrected for the substrate absorption and they display a similar
absorbance at 336 nm, which is the wavelength of the max-
imum absorption of the PCBM component. Interestingly, the
1:1 PCBM:PS blend with comparable layer thickness exhibits
an almost identical absorbance at this wavelength, meaning
that the contribution of P3HT to the absorption spectra is small
at short wavelengths. For the following analysis, the blend
absorption spectra were first normalized to the absorbance at
336 nm. Then, 90% of the normalized PCBM:PS spectrum was
subtracted from each blend spectrum to account for the small
P3HT absorbance at this wavelength. With this procedure, the
spectra of the blends closely resemble the short wavelength
absorption of the pristine P3HT layer. The subtracted spectra,
as well as the pristine P3HT spectra, of films cast from CF and
DCB are shown in Figure 2b and 2d, respectively.

Equation 1, based on weakly interacting H-aggregates in poly-
thiophenes, was used to separate the absorption contributions
of aggregated and amorphous P3HT regions and to analyze the
former. Exemplary fits are shown in Figure 3 for the P3HT absorp-
tion component of the blend films cast from each solvent and
annealed at 180 °C. The fits to all of the measured spectra can be
found in the Supporting Information. The spectral range of 641 nm
to 550 nm (1.93 eV to 2.25 eV) was used for analysis, as this
range was shown to be fully dominated by aggregated chains!*'®!
(see Supporting Information for details on the consistency in the
resulting fit parameters). The absorbance of the polymer chains
in the amorphous phase is determined by subtracting the mod-
eled aggregate absorbance from the total measured absorbance. It
is expected that the amorphous absorbance be unstructured (see

Adv. Funct. Mater. 2011, 21, 4640-4652
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Figure 2. a,c) UV-Vis absorption spectra of ca. 100 nm thick P3HT:PCBM blend films as-prepared and thermally annealed (10 min), and of as-prepared

PCBM:PS blend films of similar thickness. Also shown are the absorption

spectra of pristine P3HT films (arbitrary units). b,d) Absorption spectra

normalized to 336 nm peak after subtraction of 90% of the PCBM:PS blend layer. Films were cast from CF and DCB. Note that both of the PCBM:PS

spectra were cast from DCB.

measurements of P3HT in solution);#!>1% however, it can be seen
that the P3HT amorphous contribution resulting from the anal-
ysis of the blend spectra is increasingly more structured with an
increase in the aggregate content. This structuring is most likely
an artifact proceeding from Equation 1 not fully accounting for
the electronic transitions at higher energies, e.g. due to the effects
of charge transfer interactions.*!3l Additionally, small and weakly
structured residuals are observed at low energies, suggesting that
the Gaussian shaped disorder may be too simple to completely
describe the optical properties of a heterogeneous aggregated
layer.|

The glass transition range of a 1:1 blend of P3HT:PCBM has
been observed by differential scanning calorimetry (DSC) to
range from ca. 10 °C to 70 °C.122l Moreover, recent spectroscopic

Adv. Funct. Mater. 2011, 21, 4640-4652
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ellipsometry measurements on P3HT:PCBM blend films with a
volume ratio of 60:40 have shown a change in the rate of film
expansion to occur between 60 °C and 70 °C, likely associated
with the glass transition temperature (Tp).?*) In the following
figures, the glass transition range is highlighted in light grey
and the annealing temperatures beyond this range are high-
lighted in dark grey.

The best-fit parameters obtained from the analysis of the
P3HT components in the absorption spectra of the blend films,
as well as from pristine P3HT films, are shown in Figure 4.
The as-prepared CF cast film has a W value of 197 £ 10 meV.
In annealed films the W values are found to be lower than in
the as-prepared film, where the most significant changes in W
are found to occur within the glass transition range. At higher
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Figure 3. P3HT component of the P3HT:PCBM absorption spectrum for
films annealed at 180 °C cast from CF (top) and DCB (bottom). The
aggregate P3HT absorbance results from the best fit of the low energy
absorbance obtained using Equation 1. The amorphous P3HT absorb-
ance component is the difference between the total measured P3HT
absorbance and the fit of the aggregate absorbance. The individual vibra-
tional transitions in the aggregate absorption are also shown.

annealing temperatures the Wvalue approaches ca. 140+ 10 meV.
As pointed out above, W is inversely related to the width of
the cofacially packed chain segments in the P3HT aggregates.
The pristine P3HT film cast from CF shows a lower W value
than achieved in any of the annealed blend films, suggesting
that the aggregate widths in the blend never achieve the same
W value that is reached without PCBM present. The DCB
cast solvent-annealed films show only a slight variation in
the W values over the entire range of thermal treatment with
a minimum value of 76 + 10 meV at 50 °C and a maximum
value of 92 + 10 meV at 160 °C. The W value of the pristine
P3HT film cast from DCB is within the error limits of all of
the blend film W values, suggesting that the PCBM component
plays little to no role in the formation of the P3HT morphology.
Overall, the W trends suggest an increase and a slight decrease
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Figure 4. Best-fit parameters of the aggregate P3HT component of the
absorption spectra of P3HT:PCBM blend films cast from CF and DCB
versus annealing temperature, as well as the pristine P3HT layers cast
from each solvent. Thermal annealing was performed on as-prepared
films for 10 min at the indicated temperature. The fit parameters
were obtained using Equation 1: Epq is the 0-0 transition energy, o is
the Gaussian linewidth and measure of energetic disorder, and W is the
free exciton bandwidth inversely related to the conjugation length.
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are simulations for infinite 1D polythiophene aggregates considering
non-nearest neighbor interactions and dielectric screening effects.*18l
The solid line is a guide to the eye. The W fit parameters were obtained
using Equation 1 to fit the P3HT component of each P3HT:PCBM blend
film absorption spectrum. Arrows show the trend upon an increase in
annealing temperature. Note that the as-prepared films were each treated
directly at the target annealing temperature and were not heated step-
wise. Solid squares show W values as a function of N from an analysis of
the optical spectra and the AFM images by Crossland et al.l'’]

in aggregate width with an increase in annealing temperature
for the CF and DCB prepared films, respectively.

Figure 5 shows the predicted relationship between W and the
number of interacting thiophene repeat units (N) by Gierschner
et al.l'8l Additionally, experimental data by Crossland et al.l'”) was
used to estimate the relationship between W and N for large N
values. In this previous study, the solvent vapor pressure was
varied to prepare pure P3HT films with different degrees of
crystallinity. These films were crystallized for 2000 s at a solvent
vapor pressure of 91% and drying proceeded by decreasing the
solvent vapor pressure by 2% per minute. AFM measurements
on these layers exhibited extended lamellae of crystallized
polymer chains separated by amorphous areas. The absorption
spectra of the films were used to calculate W according to Equa-
tion 1 and the percentages of film aggregation were determined
using the method by Clark et al.' The length of the lamellar
long spacing as a function of Py, as shown in Figure 5 of
Crossland et al.,['”] was obtained using fast Fourier transform
(FFT) of the tapping mode AFM images.l'”] The lamellar long
spacing is shown schematically in Figure 6. By assuming that
the fraction of the surface area occupied by crystallized chains
is equal to the degree of crystallinity obtained from the optical
analysis, the number of interacting repeat units may be esti-
mated according to:

_ Long spacing [nm] x % Aggregate
- 0.385 [nm r.u-!] '

(2)

where 0.385 nm ru.™! is the length of a P3HT repeat unit
(ru.) estimated by X-ray diffraction.?) See the Supporting
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Figure 6. Schematic of the lamellar long spacing in polymer aggregates
with an arbitrary chain length distribution. Polymer aggregates with a
width of L are separated by amorphous regions.

Information for the absorption spectra, long spacing,% Aggre-
gate, and W versus solvent vapor pressure plots. The simi-
larity between the Gierschner et al. theoretical calculations of
W versus N and the approximations based upon the experi-
mental data by Crossland et al. show that these estimations are
reasonable.

Upon thermal annealing as-prepared films, the lengths of
the interacting P3HT chain units increase in size in the CF cast
films and decrease in size in the DCB cast films. For CF cast
films annealed at 180 °C, N is ca. 25 r.u., corresponding to a
planarized chain of ca. 10 nm. Note that N in annealed CF cast
blends does not reach the same value as the films cast from
DCB, despite the fact that the same level of energetic disorder
is achieved. Van Bavel et al. deduced the P3HT aggregate width
in P3HT:PCBM blend films cast from DCB and annealed for
20 min at 130 °C from electron tomography (ET) measure-
ments, revealing P3HT nanorods with a width of ca. 15 nm.[’]
This corresponds to ca. 39 repeat units and is within the range
of widths determined by our optical analysis of the DCB pre-
pared films.

The energetic disorder (o) comprises contributions from
both the interchain packing and the intrachain conformation,
relating it directly to the charge and energy transfer behavior in
BH]J organic solar cells.?®! The CF cast films show a near steady
decrease in ¢ with an increase in the annealing temperature,
from an initial value of 80 £ 1 meV down to 72 + 1 meV at
the highest annealing temperature, where ¢ continues to dra-
matically change beyond the glass transition range, in contrast
to W. On the other hand, the ¢ values of the DCB cast films
show a variation of only 70 + 1 meV to 72 £+ 1 meV. The striking
approach of ¢ values in the films cast from both solvents at
high annealing temperatures, despite marked differences in the
values of percent crystallinity (Figure 7) and W, suggests that
the maximum order available in the system is not directly cor-
related to the degree of crystallinity and the length of the cor-
related chain segments. The ¢ value of the largely disordered
as-prepared sample from CF agrees well with the ¢ value of
82 + 1.5 meV obtained by Pingel et al. for a high molecular
weight P3HT sample at an in situ temperature of 130 °C.[¥
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Figure 7. Percentage of aggregates within the P3HT phase of the
P3HT:PCBM films annealed at varying temperatures and cast from CF
and DCB.

Significantly higher values of ¢ were reported by Clark et al. for
pure P3HT layers cast from CF (113 + 1 meV) and isodurene
(97 £ 1 meV).>10 These differences may be caused by variations
in the degree of regioregularity, molecular weight distribution
or preparation conditions. The o values from the pristine P3HT
films cast from DCB are within the error limits of the blend
o values. On the contrary, the o value from the pristine P3HT
film cast from CF is at the same value achieved in the blend
film annealed at the end of the glass transition range. This
shows that beyond the glass transition range annealing facili-
tates the achievement of higher molecular ordering beyond that
possible in the as-prepared pristine state.

Finally, we find the 0-0 transition energy (E.q) to vary little
over the range of thermal treatment for both of the film types.
This indicates relatively constant local electronic properties of
the individual polymer chains. As pointed out above, only the
transition from the ground state to the highest energy state
of each vibronic band is optically allowed in the absence of
disorder. The slight increase in the Ej, values in the CF cast
films treated at higher annealing temperatures may therefore
partially be caused by an increase in order, as suggested by the
decrease in the linewidth.

The percentages of P3HT chains contained in aggregates
were deduced from the absorption spectra using the approach
published by Clark et al. in 2009/ and are shown in Figure 7.
The pristine P3HT film cast from CF was found to have ca. 49%
of aggregation. The P3HT component in the as-prepared blend
film was determined to have ca. 33% of aggregation, less than
two-thirds the value of the pristine film. Upon thermal annealing
the degree of aggregation approaches that of the pristine film,
but does not reach the same level. For DCB cast solvent-annealed
layers, we find a crystallinity of ca. 53% for the as-prepared film,
which drops gradually to 50% with increasing annealing tem-
perature. Within the error limits, the crystallinity values of the
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as-prepared and thermally treated solvent-annealed DCB cast
blends are the same as that of the crystallinity value in the pris-
tine P3HT film. Recent ET measurements on thermally treated
100 nm thick 1:1 P3HT:PCBM films cast from DCB showed an
overall crystallinity of 55%.1”) The good correspondence between
our values deduced from analysis of the optical spectra and the
P3HT crystallinity deduced from ET data is rather striking.

Based upon this work, we conclude that P3HT chains cast
from CF do not have enough time during solution casting to
form large aggregates, where the high solvent boiling point of
DCB and the subsequent solvent annealing applied to the films
allows for the formation of large P3HT aggregates. Interest-
ingly, the major increase in P3HT crystallinity in the CF cast
blend upon annealing is accompanied by a significant decrease
in W and these changes are most pronounced for an annealing
temperature of up to 70 °C. Apparently, the onset of segmental
chain motion within the glass transition range is sufficient to
allow for the rearrangement of the P3HT chains required for
the observed growth of the number and length of P3HT seg-
ments contained in the aggregates. Further annealing above
the glass transition range causes additional changes in the
local interchain order, as expressed by the decrease in o, but
no added improvements in the overall aggregation beyond that
which occurred within the glass transition range.

The low values of W and o observed for the P3HT aggre-
gates in the DCB cast blend films suggest that casting from the
high boiling point solvent and subsequent solvent annealing
leads to large and well-ordered aggregates. Noticeably, the crys-
tallinity and the length of the aggregated chains are lower in the
CF cast films even after annealing at the highest temperature.
This means that the thermal energy supplied during annealing
on the tested time-scale was not sufficient to induce a complete
transition from the non-equilibrium disordered morphology of
the as-prepared CF cast layers to the highly ordered structure
seen in the solvent-annealed DCB cast films. On the other hand,
the observed increase in W in the DCB cast films at higher
temperatures also suggests that the cooling rate is too fast to
recover the same size aggregates obtained by solvent annealing
and/or that the aggregation of PCBM upon annealing blocks
the recrystallization of the polymer chains.

2.2. Surface Morphology

AFM analysis was completed to determine the root mean square
(RMS) roughness of the CF and DCB prepared films. Although
this method is only sensitive to the surface-near morphology
and maps features from both the P3HT and PCBM compo-
nents, an increase in the RMS roughness may be associated
with an improvement in the selforganization of the blend.?®!
As PCBM aggregation is known to occur upon annealing of the
P3HT:PCBM blend,[®’! this may also contribute to the changes
in the RMS roughness. As a result, large PCBM peaks in the
AFM images were not taken into account in the RMS rough-
ness determination. Figure 8 shows the RMS roughness values
plotted versus annealing temperature, where an increase is seen
in the CF cast films and a decrease is observed in the DCB cast
films. This suggests that the P3HT aggregate sizes increase upon
annealing in the CF prepared films and decrease upon annealing
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Figure 8. Root mean square roughness versus annealing temperature
from AFM images of P3HT:PCBM blend films cast from CF and DCB.
Note that the as-prepared films were each treated directly at the target
annealing temperature.

in the DCB prepared films, which corresponds well with the
trends we obtained from analysis of the absorption spectra of the
films shown in Figure 5. AFM images used for RMS roughness
analysis are shown in the Supporting Information.

2.3. Solar cells

The photoactive layer in each BH] P3HT:PCBM solar cell
was prepared in the same manner as the films used in the
absorption spectroscopy investigations. Figure 9 shows exem-
plary current density-voltage (J—V) characteristics of solar cell
devices and Figure 10 shows the full range of device proper-
ties versus annealing temperature. Both device types are seen
to improve over the entire range of thermal treatment, where
the improvement is most significant within the glass transi-
tion range for the CF cast devices. The overall improvement
in CF prepared device performance is mainly caused by two
processes: a pronounced increase in the short circuit current
(Jsc) for annealing within the glass transition range and a con-
tinuous increase of the fill factor (FF) for annealing at or above
50 °C. Agostinelli et al. recently observed that improvements
in the structural order and in the photovoltaic performance
upon annealing at a fixed temperature of 140 °C proceeds in
two time windows.’! While a large increase in the Jgc was
seen in the first window (the first 5 min), prolonged annealing
for up to 30 min led to an increase of mainly the FF. This
is quite comparable to the two-step process seen here. The
dependence of the open circuit voltage (Voc) on annealing
temperature is rather complex; however, we note a weak anti-
correlation between the trends of V¢ and of the percentage
of aggregates shown in Figure 5. It is plausible to assume that
the aggregation of polymer chains causes the highest occupied
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Figure 9. Select J-V curves of solar cell devices with ca. 100 nm photo-
active layers cast from CF (top) and DCB (bottom), as-prepared and with
a range of annealing temperatures. Devices were tested under AM1.5
illumination conditions in an inert atmosphere.

molecular orbital (HOMO) of P3HT to move to higher ener-
gies, thus decreasing the V.

Interestingly, the efficiency of both solar cell types reaches
the same value (ca. 2.5%) within the standard error at an
annealing temperature of 180 °C. It was shown via the absorp-
tion spectroscopy modeling that the width of the P3HT conju-
gated segments in the films cast from CF are smaller than in
the films cast from DCB throughout the entire range of thermal
treatment. Furthermore, the power conversion efficiency (PCE)
of the DCB cast layers increases with annealing temperature
while the aggregate widths were seen to decrease upon thermal
annealing. This suggests that as long as the P3HT aggregate
widths are within a certain range, the precise size does not con-
trol the device performance. On the other hand, the disorder
was found to be the same for the devices prepared from both
CF and DCB at an annealing temperature of 180 °C. As pointed
out above, the coating conditions for our blend layers have
been optimized for the optical analysis rather than for high
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Figure 10. BH) P3HT:PCBM solar cell device characteristics, power con-
version efficiency (PCE), fill factor (FF), short circuit current (Js¢), and
open-circuit voltage (Voc) versus annealing temperature. Photoactive
layers cast from CF and DCB.

efficiencies. A PCE of typically 3.5% is achieved when coating
thicker blend layers from unfiltered solutions.

The low FF values of the CF prepared devices treated within
the glass transition range may be attributed to field dependent
free charge carrier generation, bimolecular recombination, or
space charge effects.?] In order to clarify the origin of these low
FF values, the solar cells were tested over a range of light intensi-
ties, where a linear dependence on the photocurrent versus light
intensity is expected if space charge buildup is not present.3% The
resulting photocurrent in the working range of 0.4 V was plotted
versus the light intensity on a log-log scale, as shown for select
devices cast from CF and DCB in Figure 11a and 11D, respectively.
The resulting slopes are plotted versus the annealing temperature
in Figure 11c. With a slope of ca. 3/4, the photogenerated current
is space charge limited and bimolecular recombination occurs.*"
It can be seen that space charge effects are likely present in the
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Figure 11. Photocurrent at 0.4 V versus light intensity of P3HT:PCBM
BH) solar cells cast from a) CF and b) DCB. The slopes of these plots on
a log-log scale versus the annealing temperature are shown in (c).
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CF prepared devices annealed at temperatures within the glass
transition range. This may be due to the small width and/or con-
nectivity of the P3HT aggregates, which reduces the percolation
pathway in the BH]J system.

2.4. Mobility trends

Single carrier device measurements were completed to deter-
mine the trend of the electron and hole mobilities as a function
of annealing temperature in the CF prepared devices. MoOs
served as the hole-injecting contact in hole-only devices while
Sm/Al was used as the injecting top contact in the electron-only
devices. Under these conditions, the current should be deter-
mined by the bulk transport rather than by the efficiency for
carrier injection. Unambiguous proof of space charge limited
transport would require measurements on a series of devices
with different layer thickness,332 given as: J(E) «d~!. On
the other hand, work by Mihailetchi et al. proposed that cur-
rents through P3HT:PCBM photoactive layers are transport-
limited even when using PEDOT:PSS and LiF/Al as injecting
contacts in hole- and electron-only devices, respectively.['

The resulting current density versus voltage curves of the
single carrier devices are shown in Figure 12. The electron-
only devices exhibit a quadratic dependence of the current
on the bias, as is predicted for trap-free space charge lim-
ited transport. The hole-only as-prepared device exhibits a
slope of ca. 5, where a slope larger than two in most hole-
only devices indicates that traps affect the transport through
the sample.2?3334 The slope decreases monotonically with
increasing annealing temperature, consistent with a reduc-
tion of the electronic disorder found in the optical spectra.
Note that the slope is 1.35 in the device annealed at 140 °C,
which implies that the transition from the ohmic to the space
charge limited range has not yet been reached. For a slope
unequal to two, the free carrier mobility cannot be determined
directly from the J-V curves. We, therefore, plotted the cur-
rent density at 2 V versus annealing temperature for a quali-
tative comparison of the carrier mobility in the electron- and
hole-only devices. The electron current at this bias increases
by almost an order of magnitude up to the end of the glass
transition range, while it decreases slightly above this range.
This decrease might be caused by the growth of large isolated
PCBM clusters. The hole-only currents show a steep rise up
to the end of the glass transition range and a less steep rise at
higher annealing temperatures.

The trends obtained in this work compare very well to the
results shown in Mihailetchi et al.l'% The hole mobility trend
versus annealing temperature suggests that the sublinear
decrease of the photocurrent with intensity at low annealing
temperatures results from the low hole mobility as already
proposed by Mihailetchi et al.'% Furthermore, it is proposed
that the low hole mobilities are a result of small P3HT aggre-
gates and low overall crystallinity, as indicated by the Spano fits
shown in Figure 4. On the other hand, the structural changes
caused by annealing at temperatures beyond the glass transi-
tion region lead to sufficiently high mobilities for electrons and
holes to suppress any of the build-up of space charge at AM1.5
illumination conditions.
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3. Discussion and Conclusions

A quantitative determination of morphological properties in
P3HT:PCBM BH]J systems was achieved through absorption
spectra analysis. The Spano-model, based upon weakly inter-
acting H-aggregates, was successfully applied to analyze the
P3HT component of the blend P3HT:PCBM absorption spectra.
The results were compared with solar cell device characteris-
tics, mobility, and AFM results. A low- and a high boiling point
solvent were used to prepare films for analysis under a range of
thermal treatment, where the former produced a non-optimized
initial film morphology and the latter used in conjunction with
solvent annealing produced a near optimized initial film mor-
phology. As-prepared films of each type were thermally treated
directly at the target temperature and not through a stepwise
increase, providing a better determination of the effects of indi-
vidual annealing temperatures.

The non-optimized initial morphology in the as-prepared CF
cast layer comprised small P3HT aggregate widths and low total
film crystallinity: only 33% of the P3HT chains are contained in
aggregates, the length of the interacting chains (corresponding
to the width of the aggregate along the chain direction) is rather
small and the Gaussian linewidth is large. In particular, the
degree of aggregation and the aggregate width are substantially
smaller than in the pristine P3HT layers cast from CF. It has
been pointed out that the presence of PCBM substantially
disrupts the crystallization of P3HT.'2 Recent studies of as-
prepared P3HT:PCBM blends cast from chlorobenzene (CB)
displayed 10 nm PCBM rich domains randomly distributed
in a P3HT phase comprising both amorphous and aggre-
gated chains.® Also, recent studies with grazing incidence
X-ray diffraction (GIXD) showed that the polymer crystallites
in the as-prepared blends are rather imperfect and possess
a significant degree of paracrystalline disorder in the alkyl
stacking direction.*®3”! J. Loos and coworkers pointed out that
P3HT crystals in solution cast P3HT:PCBM blends are rather
imperfect and full of stacking defects.1’]

Upon thermal annealing the non-optimized films, two dis-
crete temperature regimes were found describing changes in
the film morphology: the first comprising the glass transi-
tion range up to ca. 70 °C and the second comprising tem-
peratures beyond the glass transition range. Within the
glass transition range, the fraction of chains contained in
P3HT aggregates increases substantially from ca. 33% to
almost 50%, accompanied by an increase of the aggregate
width from ca. 7 nm to 10 nm. Beyond the glass transi-
tion range, annealing has a surprisingly weak effect on the
further changes to the degree of crystallinity. Neither the
percentage of aggregated P3HT chains nor the aggregate
width of annealed CF cast layers reaches the same level as
found in the pristine P3HT layer cast from CF or as found
in any of the DCB cast blends. It is plausible to assume that
a further growth of P3HT crystallites in the CF cast layers
upon annealing at higher temperatures is prevented by the
network of PCBM crystallites that has already formed by
the agglomeration of PCBM-rich domains.*® The melting
temperature of the crystalline phase of PCBM in a 1:1
P3HT:PCBM blend was shown to be ca. 250 °C,[?2l which is
well beyond the temperature range considered here.
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On the other hand, the Gaussian linewidth of the CF cast
films decreases continuously with the annealing temperature
throughout the entire temperature range studied here with the
largest change above the glass transition range. The absorp-
tion linewidth in H-aggregates is determined by the statistical
variation of the transition frequencies of the individual chain
segments forming the stack (diagonal disorder) or by changes
of the electronic coupling between neighboring segments (off-
diagonal disorder).'3] Recently, paracrystalline disorder along
the n—n stacking direction was predicted to cause significant
broadening of the density of state distribution in H-aggregates
of a semicrystalline semiconducting polymer.3® Though we do
not know the exact physical process determining the absorp-
tion linewidth in our samples, its continuous decrease with
annealing temperature in our CF cast samples points to a
steady improvement of intra- and/or interchain order, e.g. by
the reduction of the number of stacking faults in the P3HT
aggregates.’l It has been pointed out that annealing CB cast
1:1 P3HT:PCBM blends at 140 °C substantially reduces the
paracrystalline disorder along the alkyl stacking direction.®!
Unfortunately, comprehensive information on the degree of
structural order along the n—m stacking direction is currently
missing, though this direction is most relevant for the transport
of excitons and charges.

In contrast to the CF cast blends discussed above, the proper-
ties of the P3HT phase in the solvent-annealed DCB cast blends
(as deduced from the optical analysis) are almost indistinguish-
able from those of the corresponding pristine P3HT layer and
are only weakly affected by thermal annealing. Apparently, slow
drying of the blend allows the P3HT chains to form large aggre-
gates with a low degree of intra- and interchain disorder. This
morphology appears to be most favorable for the efficient gen-
eration and extraction of charges.

We now turn to the relation between structural and (opto-)
electronic properties. There is a firm belief that the current-
voltage characteristics of 1:1 blends of highly regioregular
P3HT with PCBM is determined by the competition between
the field-induced extraction and the bimolecular recombination
of photoinduced free carriers.[***2 Also, recent studies showed
consistently that the efficiency for free carrier formation in as-
prepared and annealed P3HT:PCBM blends is not dependent
upon the electric field.*043-%] In other words, the number of
free carriers formed upon photoexcitation in these blends is not
limited by geminate recombination in competition with field-
driven exciton dissociation. For our CF cast as-prepared device,
the solar cell performance is deteriorated by space charge effects
in combination with bimolecular recombination. This is clearly
seen by the sublinear increase in photocurrent with intensity.
Most likely, these effects are caused by poor hole transport in
the highly disordered P3HT phase, which is additionally dis-
rupted by small PCBM-rich domains. The structural changes
induced by annealing of the blend in the glass transition range
cause the hole mobility to rise significantly and space charge
effects become essentially irrelevant in samples annealed
at 80 °C or above. At the same time the short circuit current
approaches values comparable to those measured on high
temperature annealed CF cast blends or on DCB cast layers.
Accordingly, the improvement of the device performance upon
annealing beyond the glass transition range is primarily caused
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by the continuous increase of the FF. As space charge effects
are absent in these devices and the efficiency of carrier genera-
tion is independent of bias, the main reason for the increase of
the FF must lie in the reduction of the bimolecular recombina-
tion rate. Several groups reported that the bimolecular recom-
bination coefficient in annealed P3HT:PCBM blends is largely
inhibited when compared to the value predicted for the recom-
bination of point charges in a homogeneous medium.[434647]
This reduction has been attributed to the phase separated layer
morphology. Interestingly, we find an apparent anticorrelation
between the energetic disorder in the P3HT crystallites (as
expressed by the Gaussian linewidth) and the FF. In fact, CF
and DCB cast blends exhibit almost identical values of the FF
and the linewidth after annealing at high temperatures, though
they differ significantly in the degree of aggregation and in the
aggregate width. Increasing the diagonal and off-diagonal order
will decrease the probability that holes become localized on spe-
cific chain segments, which in turn might render them less vul-
nerable for bimolecular recombination.

We, finally, would like to point out that according to our
analysis the as-prepared CF cast layer already contains a sig-
nificant number of aggregated chains. It has been postulated
that free carrier generation in P3HT-based solar cells is assisted
by the delocalization of holes along fully conjugated chain
segments.*®l Such chain segments are mainly located within
H-aggregates, as chains within the amorphous regions exhibit
significant twisting and bending. Howard et al. reported that
68% of the charge transfer excitons formed at the P3HT:PCBM
heterojunction in the as-prepared blends cast from either CB
or CF dissociate into free carriers.* Annealing at 120 °C
increased this fraction only slightly to about 85%. We, there-
fore, conclude that the number of aggregated P3HT chains in
as-prepared CF cast samples is sufficiently high for the efficient
photogeneration of free carriers, while the poor structural order
in these layers prevents the efficient extraction of free carriers
to the external circuit.

4. Experimental Section

Materials: Regioregular P3HT Sepiolid P200 was purchased from
BASF. PC[61]BM was purchased from Solenne. Poly(3,4-ethylenedio
xythiophene):Poly(styrenesulfonate) (PEDOT:PSS) (Baytron P VP Al
4083) was purchased from H.C. Starck. Polystyrene (PS) 81410 (M,, =
94,900 g mol~' and M, = 89,300 g mol™") was purchased from Fluka AG.
All materials were used as received.

Solutions: Blend P3HT:PCBM and PCBM:PS solutions were prepared
in 50:50-wt%. The CF solutions were prepared at a concentration of
14.5 mg mL™" and the DCB solutions were prepared at a concentration
of 21.0 mg mL™". The solutions were filtered at room temperature with a
0.45 um PTFE filter and mixed to the desired concentration.

Device Preparation: Fully coated indium tin oxide (ITO) glass
substrates (Prizisions Glas & Optik GmbH) were used for absorption
spectroscopy sample preparation. The substrates were cleaned by
ultrasonic treatment implementing a range of solvent and rinsing
steps. The cleaned substrates were subjected to an oxygen plasma
surface treatment for 2 min at 200 W. PEDOT:PSS was filtered through a
0.2 um nylon filter and solution cast onto the clean and cooled substrate
under ambient conditions. The substrates were then dried at 180 °C for
10 min under inert atmosphere. The prepared 50:50-wt% solutions were
cast onto the dried PEDOT:PSS layer to produce an active layer thickness
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of 100 £ 5 nm. The samples cast from DCB were further subjected to
solvent annealing directly after solution casting for 30 min in a closed
Petri dish. Thermal annealing was applied to the as-prepared films
at various temperatures between 30 °C and 180 °C for 10 min each.
Structured U-shaped ITO coated glass substrates were used for solar
cell device preparation. The fabrication followed as outlined above with
the additional step of top electrode vacuum deposition comprising a
20 nm samarium layer topped with a 100 nm aluminum layer. The
hole-only devices were prepared on an ITO pattern prepared via wet
etching of the fully coated ITO glass substrates. The preparation
followed as for the solar cell devices with the top electrode comprising
a 20 nm molybdenum trioxide layer topped with a 100 nm aluminum
layer. Electron-only devices were prepared on PEDOT:PSS covered glass
substratesB4. After PEDOT:PSS drying, a 50 nm layer of aluminum
was applied via vacuum deposition. The active layer and top electrode
deposition proceeded as outlined above for the solar cell devices.

Measurements: UV-Vis absorption spectra were recorded with a
Varian Cary 5000 spectrophotometer in combination with a DRA 2500
integrating sphere accessory. The current-voltage characteristics of
the solar cell devices were measured using AM1.5 solar simulation
(K.H. Steuernagel Lichttechnik GmbH) with a Keithley 2400 Sourcemeter
under inert atmosphere. The single-carrier devices were measured with
a Keithley 2400 Sourcemeter under inert atmosphere. Layer thicknesses
were determined with a Dektak 3ST (Veeco) profilometer.
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1 Spano Fits

Figures S1 and S2 show the individual absorption spectra of the PS3HT component in a BHJ P3HT:PCBM
blend for films cast from CF and DCB, respectively. The spectrum of a 100 nm thick 1:1 PCBM:PS film cast
from DCB was chosen to subtract the PCBM contribution from all spectra (even for the CF cast blend films)
as the subtraction of this background led to more reasonable final spectra for analysis with the Spano-model,
matching the trend of the pristine P3HT film. This is likely a result of the slower drying time provided by
the DCB solvent, which better mimics the PCBM aggregation upon annealing even in the CF blend films.
Equation 1 (see article), developed by F.C. Spano based upon weakly interacting H-aggregates [F. C.Spano,
J. Chem. Phys. 2005, 122, 234701], was used to fit these spectra in the energy regions of 1.93eV to 2.25eV.
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Figure S1: P3HT component of the P3HT:PCBM absorption spectrum for films annealed at the given temperature, cast from CF.
The aggregate PSHT absorbance results from the best fit of the low energy absorbance obtained using Equation 1 (see article).
The amorphous P3HT absorbance component is the difference between the total measured P3HT absorbance and the fit of the
aggregate absorbance. The individual electronic vibrational transitions are also shown.
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Figure S2: P3HT component of the P3HT:PCBM absorption spectrum for films annealed at the given temperature, cast from DCB.
The aggregate PSHT absorbance results from the best fit of the low energy absorbance obtained using Equation 1 (see article).
The amorphous P3HT absorbance component is the difference between the total measured P3HT absorbance and the fit of the
aggregate absorbance. The individual electronic vibrational transitions are also shown.
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2 Variation of upper and lower bounds

The lower and upper bounds used to fit the P3HT component of the blend PSHT:PCBM absorption spectra were
analyzed for consistency. Absorption spectra from the following films were used for analysis: the as-prepared
film cast from CF and the films annealed at 180 °C cast from CF and DCB. The best fitting upper boundary
was chosen by holding the lower boundary constant at 1.93eV. The fit parameters obtained from Equation 1
(see article) are plotted versus the upper boundary value in Figure S3. With the upper boundary set below
2.20eV the 0-1 absorbance peak is not properly accounted for and deviations are seen in the fit parameters.
With the upper boundary set above 2.25eV the ¢ and FEy_¢ values show deviations. As a result, the best fitting
upper boundary was chosen to be 2.25eV to allow for the largest fit region possible while remaining in the
plateau regions of all of the fit parameters for all of the samples. The lower boundary was then varied while
holding the upper boundary constant at 2.25eV. The fit parameters versus lower boundary value are shown in
Figure S4. At energies below 1.93 eV no deviations were found in any of the fit parameters and the absorption at
lower energies than this is negligible. As a result, 1.93 eV was chosen to be the lower boundary. The absorption
spectra between 2.25eV and 1.93 eV were further analyzed using the model by F.C. Spano (see Equation 1 in
main article [F. C. Spano, J. Chem. Phys. 2005, 122, 234701]).
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Figure S3: Fit parameters obtained from Equation 1 (see article) by holding the lower boundary constant at 1.93eV and varying
the upper boundary. The best-fit upper boundary is highlighted with a grey line at a value of 2.25eV. ag is the proportionality
constant, Eg_q is the 0-0 transition energy, o is the Gaussian linewidth, and W is the free exciton bandwidth.
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Figure S4: Fit parameters obtained from Equation 1 (see article) by holding the upper boundary constant at 2.25eV and varying
the lower boundary. The best-fit lower boundary is highlighted with a grey line at a value of 1.93eV. aq is the proportionality
constant, Eg_q is the 0-0 transition energy, o is the Gaussian linewidth, and W is the free exciton bandwidth.
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3 W versus N approximations from Crossland et al. data

Absorption spectra and AFM images from Crossland et al. [E. J. W. Crossland et al., Adv. Funct. Mater. 2011,
21, 518.] were used to estimate the relationship between W and N for comparison to the theoretical calculations
by Gierschner et al. [J. Gierschner et al., J. Chem. Phys. 2009, 130, 044105.] Figure S5 shows the absorption
spectra of pristine P3HT films prepared by crystallization for 2000 s at varying solvent vapor pressures and dried
by decreasing the pressure by 2 % per minute. These absorption spectra correspond to the lamellar long spacing
measurements shown in Crossland et al. [E. J. W. Crossland et al., Adv. Funct. Mater. 2011, 21, 518.] W values
were determined using Equation 1 (see article). The long spacing and % Aggregate, shown in Figure S7, were
used to approximate the number of repeat units and are correlated to the value of W, as shown in the main
section of the paper.
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Figure S5: Normalized absorption spectra of pristine P3HT films dried under varying concentrations of a CSg solvent vapor pressure.
Films were dried by decreasing the pressure by 2 % per minute.
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Figure S6: W value of the corresponding absorption spectra determined using the Spano method (see Introduction) versus the
solvent vapor concentration used to prepare the pristine P3HT films.
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Figure S7: The long spacing and % Aggregate, calculated by the Clark et al. [J. Clark et al., Appl. Phys. Lett. 2009, 94, 163306.]
method, versus the solvent vapor concentration used to prepare the pristine films.
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4 AFM

AFM images of the P3HT:PCBM films cast from CF and DCB on a PEDOT:PSS/ITO/glass substrates are
shown in Figures S8 and S9, respectively. The RMS roughness values are shown in Figure 8 in the main article.
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Figure S8: AFM images of PSHT:PCBM films cast from CF on PEDOT:PSS/ITO/glass substrates. Films were thermally annealed
at the given temperature for 10 min.
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Figure S9: AFM images of P3HT:PCBM films cast from DCB on PEDOT:PSS/ITO/glass substrates. Films were thermally

annealed at the given temperature for 10 min.
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High-Resolution Near-Field Optical Investigation of
Crystalline Domains in Oligomeric PQT-12 Thin Films

Sergei Kuehn,* Patrick Pingel, Markus Breusing, Thomas Fischer, Joachim Stumpe,

Dieter Neher, and Thomas Elsaesser

The structure and morphology on different length scales dictate both the
electrical and optical properties of organic semiconductor thin films. Using a
combination of spectroscopic methods, including scanning near-field optical
microscopy, we study the domain structure and packing quality of highly
crystalline thin films of oligomeric PQT-12 with 100 nanometer spatial resolu-
tion. The pronounced optical anisotropy of these layers measured by polar-
ized light microscopy facilitates the identification of regions with uniform
molecular orientation. We find that a hierarchical order on three different
length scales exists in these layers, made up of distinct well-ordered dichroic
areas at the ten-micrometer-scale, which are sub-divided into domains with
different molecular in-plane orientation. These serve as a template for the
formation of smaller needle-like crystallites at the layer surface. A high degree
of crystalline order is believed to be the cause of the rather high field-effect

linear c-oligothiophenes.[*%  Structural
studies on these high-mobility samples
revealed that the molecules are almost
planar (with a very small torsion angle
between the thiophene rings) and that the
conjugated molecules are oriented per-
pendicular on the substrate.”19-12 This
provides pathways for the fast motion
of charge carriers in a typical transistor
geometry. However, macroscopic charge-
carrier transport across the channel of an
OFET might ultimately be determined by
the presence of grain boundaries. Layers
of soluble oligothiophenes, for instance,
o-@-dihexylsexithiophene, processed from
solution exhibit lower mobilities of typi-

860  wileyonlinelibrary.com

mobility of these layers of 1073 cm? V' s71, whereas it is limited by the pres-

ence of domain boundaries at macroscopic distances.

1. Introduction

The enormous potential of organic semiconductor materials
for the technologically undemanding and low-cost realiza-
tion of electronic devices has generated a broad interest in the
detailed understanding of their physical working principles.
Thiophene-containing conjugated molecules have attracted
attention because of their relatively high charge-carrier
mobility, which is essential, for instance, in organic field-effect
transistors (OFETs).' This class of materials can be generally
divided into small, oligomeric molecules (oligothiophenes) and
polymers (polythiophenes). Mobilities of 10! to 1 cm? V! 57!
have been reported for evaporated multicrystalline layers of
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cally around 1072 cm? V! s7LI1314 Again,
molecules were shown to stand upright on
the substrate."121415] The overall poorer
performance compared to the evaporated
layers has been attributed to imperfections
in the chain packing quality, in other words, the formation of
less-ordered domains, which arise from the rapid solidification
of the dissolved molecules during, for instance, spin coating or
doctor blading.

For polythiophenes, high mobilities were reported if the solu-
bilizing chains were attached at the 3-position of the thiophene
heterocycles, such as in poly(3-hexylthiophene) (P3HT).[16-30
Naturally, the morphology of polymer layers at the mesoscopic
scale is highly complex because of the long contour length
(often several tens of nanometers) and the chemical inho-
mogeneity (polydispersity). In particular, solution-processed
layers of P3HT were shown to exhibit domains of planar and
fully crystallized chain segments, separated by disordered
regions containing mainly chain backfolds and chain ends.
It was further proposed that long chains interconnect these
crystallites, allowing charges to rapidly bypass disordered
regions.['7-20-2325-31 This model explains the dramatic increase in
OFET mobility, from typically 10°°cm? V157 t0 102 cm? V' 57!
upon a 10-fold increase of molecular weight (from ca.
3 kg mol™ to 30 kg mol™)."71921:2530 Within the crystallites,
sheets of co-facially stacked conjugated backbones are separated
by isolating sheets of alkyl chains. These sheets lie flat on the
substrate, with upright-standing side chains and the conjugated
chains are oriented parallel to the substrate plane.['7:18:20-23.27-30]
This particular arrangement guarantees efficient in-plane trans-
port of charges along and between the conjugated chains within
individual crystallites.['®!

Adv. Funct. Mater. 2011, 21, 860-868
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In general, the morphology of layers processed from solution
is highly hierarchical and different processes and interactions
determine the order at the nanoscopic or mesoscopic scale.
These structural inhomogeneities are seen as a major cause for
current performance limitations. On the molecular scale, the
conformation of the conjugated segments, the crystal structure
and the perfection of molecular packing within the individual
crystallites determine the electrical and optical properties, such
as optical absorption and luminescence, as well as charge car-
rier motion, charge separation and recombination, which are
fundamental to device operation. On the mesoscopic scale, two
major morphological defects have been identified to be detri-
mental for charge carrier transport: these are grain bounda-
ries between crystalline domains and the presence of extended
disordered zones within the pathway of charge flow. Though
different in nature, both kinds of morphological defects affect
the transport of charges over larger distances in a similar
way. The occurrence of these features is highly dependent on
the layer preparation conditions and the molecules’ chemical
structure [1-316,18,19,2432-34]

Up to now, incomplete knowledge of the heterogeneous
morphologies of solution-processed layers render reasoning of
structure-mobility relationships extremely difficult. X-ray dif-
fraction has intensively been applied to reveal detailed informa-
tion about the local packing and molecular orientation of the
charge transporting units within the crystalline regions, but
this method typically lacks the spatial resolution to investigate
the chain packing and orientation at the micro- to nanoscopic
scale. Current technological advances, however, promise to fill
this deficiency though under highly restrictive experimental
conditions.353% Transmission electron microscopy (TEM), on
the other hand, is highly suited to image the layer morphology
with ultra-high resolution, but this method requires potentially
perturbing preparation techniques.’’! In particular, TEM inves-
tigations of organic layers on insulating substrates (e.g., the gate
insulator) have thus far been impossible to carry out. Atomic
force microscopy (AFM) 8 or scanning tunneling microscopy
(STM) are restricted to the surface regions of the layer and the
information gained from these methods cannot account for the
bulk morphology, though these methods are particularly useful
for studying phenomena in field-effect devices having a top-
gate geometry. In contrast, laterally resolved optical spectros-
copy and polarimetry are powerful tools to study the actual film
characteristics.

Here, we show the results of a detailed investigation of
the morphology of oligo-PQT-12, a short-chain fraction of
poly(3,3"”-didodecyl-[2,2":5",2”:5",2""]-quaterthiophene), PQT-
12,3941 using spectrally resolved and polarized optical micro-
scopy. By combining conventional, confocal, and scanning probe
near-field optical microscopy (SNOM), we obtain detailed informa-
tion about the chain orientation and the quality of chain packing
from the micrometer-scale down to the level of individual crys-
tallites. In particular, the high spatial resolution of SNOM of the
order of 100 nm provides new and highly specific insight into the
morphology and allows a clear separation of different domains
from a structural point of view. Moreover, laterally resolved
optical absorption spectroscopy allows us to link information
on the quality of crystalline packing and the molecular order
with information on topography, domain size, and orientation.

Adv. Funct. Mater. 2011, 21, 860-868
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We reveal a hierarchy of three different length scales in oligo-
PQT-12 films, which is made up of areas at the ten-micrometer
scale that are delimited by clear domain boundaries and sub-
divided into domains with different uniform molecular in-plane
orientation with less abrupt transition regions, the counterparts
of which can be found in TEM and AFM images. These domains
finally host extensions in the form of oriented needle-like crys-
tallites at the layer surface.

2. Results and Discussion

2.1. Chemical Structure and Common Layer Morphology

The chemical structure of oligo-PQT-12 is shown in Scheme 1.
Details on the synthesis can be found in the literature.*) In
short, our oligo-PQT-12 is a solvent-extracted molecular weight
fraction (M, = 1.65 kg mol™, M,, = 1.7 kg mol™!, polydispersity
index: 1.1) of a polydisperse PQT-12 polymer sample. The use of
a quaterthiophene building block as a monomer and the choice
of a suitable extraction solvent lead oligo-PQT-12 to consist of
mainly quaterthiophene dimers (ca. 85 mol%) and only small
traces of the corresponding trimer and tetramer. In contrast to
small molecular weight fractions of other polythiophenes, oligo-
PQT-12 exhibits a relatively high field-effect mobility of about
107 cm? V-'sl. AFM and TEM revealed a highly crystalline
layer morphology with micrometer-sized, plate-like crystals.*’]
The high-quality and anisotropic orientation of these crystals
in the layer is documented by the results of X-ray diffraction
studies (see Supporting Information, Figure S1).

Figure 1 displays information on the layer morphology of
oligo-PQT-12 films obtained with different methods and at
different length scales. Topographical AFM images (Figure 1a
and b) show tabular sheets decorated with elongated crystalline
needles. Interestingly, these needles form distinct regions that
have a common, correlated orientation of their long axes. In
contrast, TEM bright- and dark-field images (Figure 1c and d)
of the same layers mostly display the underlying plate-like crys-
talline texture with domains on the micrometer scale. Selected-
area electron diffraction revealed that these crystals are well
ordered.*! Distinct morphological features can also be observed
in conventional optical polarization microscopy (Figure 1e and f).
Here, orientation-correlated anisotropy is present on the ten-
micrometer scale.

2.2. Far-field Optical Microscopy

Figure 2 shows the results of optical investigation by means
of a microscope spectrometer under polarized light. In poly-
thiophenes, the absorption and emission dipoles are essentially

C,H C,H

127725

25

Scheme 1. Chemical structure of oligo-PQT-12.
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Figure 1. Images of oligo-PQT-12 film: a,b) AFM topography, c) TEM bright-field, d) TEM dark field, e,f) optical polarization microscopy.

oriented along the molecular backbone, with a small perpen-
dicular component that is experimentally insignificant for
octathiophene oligomers.*~*8 When illuminated with unpolar-
ized light, the predominant orientation of the molecular axis
with respect to the crystal axes causes a relative macroscopic
dichroism defined according to:

P = (Inac — Imin)/(Imax + Imin) (1)
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Figure 2. Optical absorption of linearly polarized light of a selected
6 um x 6 um oligo-PQT-12 domain (black square in the inset figure)
using polarization angles in steps of 5°.
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Here, I, and I,,,,, denote the extreme values of transmitted
intensity when passed through a linear polarizer in front of
the detector. For the data displayed in Figure 2 the degree of
dichroism amounts to p = 69%.

The very high optical anisotropy on the micrometer
scale confirms an almost perfect orientation of the oligo-
PQT-12 molecules parallel to the substrate. As pointed
out above, parallel chain alignment is commonly observed
for alkyl-substituted polythiophenes on a passivated sur-
face,[1718:20-23.27-30] whereas soluble oligothiophenes (with alkyl
substituents at the terminal positions) tend to stand upright
on the substrate surface.''?l Therefore, our oligo-PQT-12
fraction displays the properties of a low-MW polymer but with
the field-effect performance and large-area crystallization of a
typical oligothiophene.

Interestingly, spectra measured at different positions within
an area of 5 um x 5 um using a confocal scanning micro-
scope were noticeably different. Comparison with the spatially
averaged spectrum shows deviations in the spectral power dis-
tribution among the vibronic progression at the high and low
energy tails of the spectral envelope. When normalized at vy ; =
2.5 eV, these deviations can be accounted for by comparing the
spectral power in the low-energy (2.18-2.34 eV, LE) and in the
high-energy (2.64-2.88 eV, HE) part of the spectra. Increased
absorption at lower energies is attributed to planar molecules
with higher effective conjugation and therefore to highly
ordered areas. Vice versa, an increase in spectral power in the
high-energy part is assigned to the presence of chains with large
inter-ring torsion, implying less-ordered regions that are rich in
packing defects. An absorbance difference map (Figure 3a) can
be constructed by calculating the difference

= ()~ (), &

of the spectrally averaged absorbances:

Adv. Funct. Mater. 2011, 21, 860-868
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a) spectral difference map

b) spatially resolved spectra
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c) thermally resolved spectra
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Figure 3. a) Absorption difference map, displaying less-conjugated regions in blue and more-ordered areas in red color. b) Optical absorption spectra
at representative positions as marked in (a). c) Absorbance spectra of solid (red), heated (green), and melted (blue) oligo-PQT-12 films (solid lines).

The solution spectrum is shown for comparison (dashed line).

<a>LE,HE

Here, less-ordered and more-ordered regions appear in blue
and red color, respectively. Figure 3b shows exemplary spectra
at different red (R), yellow (M), and blue (B) positions that are
marked in the map. It becomes evident that the molecular order
of the film varies on the micrometer scale and that there are
regions with different crystalline perfection. The limited spa-
tial resolution, on the order of 500 nm for the confocal images,
appears to be insufficient to resolve the true size of order-related
domains and at the same time underestimates the true magni-
tude of the spectral deviations, that is, the degree of molecular
order. The two length scales in question — the size of plates and
the size of needles — can be accessed using optical near-field
scanning probe microscopy.

To obtain quantitative information on the degree of molecular
order from the optical absorption spectra we recall that dis-
order can also be purposefully induced by heating of the film.
Eventually, the melted film represents the most disordered, iso-
tropic state in the molecular arrangement. The corresponding
optical absorption spectrum is shown in Figure 3c (blue curve,
at 60 °C). It is important to note the existence of an isosbestic
point, IBP, in the evolution of the temperature-dependent
film spectrum from the original film (red curve, at 20 °C). It
arises due to the fact that the molar extinction coefficient for all
states of the film has the same value at one particular energy
Vigp = 2.77 €V (see Figure 3c and Figure S4 in the Supporting
Information). Once an arbitrary spectrum is decomposed into
its constituent neat component spectra o,(v) (c: crystalline,
a: amorphous), the relative amount of each phase can directly
be read from the absorbance values o ,(vigp) at the IBP. The
amount of ordered molecules relative to the total amount of
molecules is thus expressed as:

[ a(v)dv (2b)

AVLE HE 1EHF

_ o (Vigp) 3
¢ = 0c(Vigp) + O (ViBp) G

and has the meaning of an optical order parameter. Although
this relation is typical for two-phase transitions commonly
encountered in polymers, the model also applies to the situa-
tion where disorder is due to distributed order-related defects
within the crystal lattice, which is shown to apply to oligo-
PQT-12 films.

Adv. Funct. Mater. 2011, 21, 860-868
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2.3. Microcrystal Structure and Morphology

The spectrum of the pristine crystalline phase could not be
obtained by conventional methods as to our knowledge bulk
single crystals have not been grown for oligo-PQT-12. In order
to study the optical properties of the purely crystalline phase
we produced a sample that consisted of isolated microcrystals
being distinctly distributed across the substrate surface. These
samples were prepared by spin-coating from a dilute solution
(2 mg mL™), resulting in relatively large elongated crystallites
of several micrometers in length that were several hundred
nanometers wide and up to 100 nm high. Details of the oligo-
PQT-12 crystallite morphology are shown in the AFM image
(Figure 4a). The general morphology is polycrystalline with co-
aligned daughter crystals frequently originating from a germi-
nating point around the center of the structure (see Figure S3
in the Supporting Information). In some cases crystallites of
different orientation grow on top of each other as reflected by
a non-uniform topographical height over such structures (e.g.,
in the top-left region of Figure 4a). The existence of single crys-
tals cannot be proven with our current experimental methods.
Crystal facets are clearly distinguished, yet there is signifi-
cant irregularity, particularly at the ends of the crystals where
dendritic extensions protrude. Away from the germinating
points, unhindered volume reconstruction at room temperature
presumably leads to the formation of a well-ordered molecular
structure that can be regarded as prototypically crystalline.
Spectra recorded at such locations therefore serve as a refer-
ence for the crystalline phase in the investigation of continuous
oligo-PQT-12 layers.

Local absorption spectra of oligo-PQT-12 microcrystals
measured by SNOM are shown in Figure 4b (curve A). Similar
to the far-field spectra of the more-ordered regions of oligo-
PQT-12 films, they display a vibronic progression with its origin
at 2.3 eV. The zero-phonon peak is further suppressed, which
might indicate stronger intermolecular interactions within
aggregates of improved crystallinity at these spatially selected
locations, although this conclusion is controversial (see the
report of Spano et al.¥% vs. that of Kim et al.?%). Absorption
spectra measured at different crystals and sites all lay within
the gray shaded area in Figure 4b. The data points of a typical
spectrum (black dots) are shown along with the average spec-
trum (black line), which serves as the reference for a struc-
turally well-ordered, crystalline phase. The spectrum of the
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Figure 4. a) AFM topography of microcrystals. b) Reference spectra for the two constituent phases: A) Spectrum of microcrystallites recorded by
SNOM, B) spectrum of melted oligo-PQT-12 at 70 °C recorded on a UV-vis spectrometer. c—e) SNOM images of optical properties and topography of
oligo-PQT-12 crystallites. c) Topography. d) Degree of linear dichroism p at 2.29 eV. e) Molecular orientation from (d).

disordered phase (curve B in Figure 4b) was recorded in the far
field on an encapsulated film several hundreds of nanometers
thick and heated above 70 °C, well beyond the melting point of
oligo-PQT-12, which is around 35 °C (see Figure S4). A lower
boundary for the accuracy in the determination of the order
parameter is estimated from the variation in the shape of the
crystal spectra. The deviations from the mean crystalline spec-
trum allow for the addition/subtraction of about + 5% of the
spectrum B (normalized at vpp).

Figure 4c, d, and e show the topography, the spatially resolved
magnitude of the dichroism p, and the orientation ¢, corre-
sponding to the polarization angle under which I,;, is observed,
measured at a photon energy of 2.79 eV using SNOM. The mag-
nitude of the dichroism ranges between 60-90% depending on
the crystal height. At the edges of the crystals light scattering
leads to depolarization and p is poorly defined until it eventu-
ally vanishes in the space in-between on the bare substrate. The
orientation ¢ remains uniform across each crystal structure
which evidences the well-directed alignment of the molecules.
(For clarity, ¢ has been made gray in regions of vanishing dichr-
oism.) This strongly suggests a single-type, uniform crystalline
order within one microcrystallite and confirms the assignment
of the spectrum to a highly crystalline phase of oligo-PQT-12.

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

The shape of the crystals and the molecular orientation are
obviously not linked. Different molecular orientations exist
relative to the elongated direction of the microcrystals, without,
however, affecting the magnitude of the dichroism. In all cases,
the molecular backbone thus retains its in-plane alignment
relative to the substrate.

2.4. Thin-Film Structure and Morphology

Having characterized the optical signature of isolated ordered
and disordered oligo-PQT-12 phases, we now present our evalua-
tion of the laterally resolved optical spectra on continuous oligo-
PQT-12 films. Absorbance spectra measured with SNOM were
decomposed into the spectra of the crystalline and disordered
phases and the local optical order parameter £ was determined
as described in the preceding section. Figure 5a maps the order
parameter in a region of 10 um x 10 um and Figure 5b gives
three representative examples of the fitted spectra at different
positions with different compositions. The procedure involved
an unbiased least-squares fit of the reference curves with only
the two respective weights as free parameters. The confidence
interval for the spectral weight estimated from the fit is in the
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Figure 5. Optical and topographical data of the oligo-PQT-12 film: a) Order parameter £ determined from the optical spectra: gray regions: at film
defects (holes are shown in black to blue color in (d)) the absorbance vanishes and spectral fitting fails. Below: Zoom-in with reduced pixel size and
extended integration time. b) Example spectra and fits for three locations in (a), including residuals over the fitting range. c) Absorption spectra at
two locations in (a/e) and at different polarizations: 4: crystalline region (polarizations with highest, 45°, and lowest, 135°, absorbance), 5: domain
boundary (series of spectra for different polarizations in steps of 22.5°). d) Topography. e) Linear dichroism at 2.7 eV. f) Dichroic orientation at the
same location as in (a). Cross-sections are shown in the Supporting information (Figure S7).

percent range (<3%, see Figure S5 ) and the deviation of the
fitted curve from the data (residuals) rarely exceeds 5% (see
residuals in Figure 5b), meaning that there are no systematic
deviations between the model and experimental spectra.

Large variations of & from 100% down to 60% on the sub-
micrometer scale are clearly resolved in Figure 5a. The finite
lower limit implies that a well-ordered, crystalline material is
distributed throughout the entire scan area. This is supported
by the well-pronounced vibronic peak structure in each of the
sample spectra in Figure 5b regardless of the magnitude of &. A
portion of the scan (inset in Figure 5a) was repeated with higher
resolution (smaller pixel size) and extended integration time to
obtain a more detailed picture of the structural morphology of
the film. Both the magnitude and spatial distribution of £ are

Adv. Funct. Mater. 2011, 21, 860-868
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well reproduced validating the original image. The smallest fea-
ture size remains in the range of 300 nm despite the higher
resolution of the image. It is conceivable that the actual resolu-
tion is set by the thickness of the film rather than by the size
of the probe aperture. According to Leviatan the resolution of
an aperture-type SNOM starts to deteriorate rapidly at probe-
sample separations exceeding the aperture diameter, which in
our case is around 100 nm.P! Although the nominal thickness
of the film is around 100 nm partial dewetting and reconstruc-
tion may give rise to topographical features up to 200 nm in
height and holes down to the substrate.

A critical question in this context is the issue of topographical
artifacts which may give rise to an optical signature that is caused
by the vertical movement of the tip rather than by the actual
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composition of the film material. Our experimental results, how-
ever, show that these effects are negligible in our measurements:
first, the near-field data are in excellent agreement with the far-
field spectra; second, we see virtually no optical signal when
the polarization of the analyzer is turned perpendicular to the
molecular orientation. As a typical example the spectrum shown
in Figure 5c (4) was recorded at polarizations of maximal (4: 45°)
and minimal (4: 135°) optical density at location (4) in Figure 5a.
It evidences the pronounced dichroism present throughout the
entire film except at physical defects and domain boundaries.
The vanishing absorbance at one particular polarization means
that the experiment truly measures the absorption of the film
and parasitic scattering is insignificant in the absorption range.

Location (5) turned out to be of special interest. Here, spectra
were recorded for different analyzer settings in steps of 22.5°.
The absorbance and the spectral shape remain nearly unaf-
fected (Figure 5c¢). To obtain a clearer picture, the dichroism and
the dichroic orientation were recorded from the same area on
the sample at 2.79 eV (IBP). From Figure 5e and f it becomes
evident that point (4) is located within a crystal domain whereas
point (5) lies on a domain boundary. The sudden change in the
polarization direction is accompanied by a line of vanishing
dichroism and — depending on the width of the transition
region — by a reduction in the structural order. The transition at
(5) has a width below 200 nm and is possibly beyond the optical
resolution limit of SNOM. The optical order parameter &
remains at a high level of 80 + 6%, which is evident for a rather
narrow transition region between highly crystalline domains.
Bearing in mind the spatial resolution, we conclude that the
crystalline domains are close to each other, separated only by a
very narrow transition region of disordered material. Also note
that the domain boundary (5) does not appear in the topograph-
ical image and is only revealed by optical methods.

Throughout large areas of the film, the dichroism remains
high varying only between 80-100% depending on the film
thickness. Exceptions are only found at physical defects of
the film and at grain boundaries, which is in agreement with
the changing molecular orientation of Figure 5f. Moreover, the
orientation is not strictly constant over an entire domain, but
shows continuous variations on the order of tens of degrees
on the micrometer length scale (see Figure S6). Such an ori-
entational variety has also been observed in TEM diffraction
studies of oligo-PQT-12 films where the diffraction spots are

'a\
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smeared out over small circular segments.*! The cause for the
finite orientational correlation length may — just as the spec-
tral variations — be sought in the structural imperfections of the
molecular crystal order affording some flexibility to the in-plane
lattice spacing and allowing the crystal axis to bend gently.

To our very surprise, a local correlation between order and
dichroism is not very evident (Figure 6a). Moreover, we do not
observe optical signals that originate from the isotropically ori-
ented material throughout the domains. The molecular orienta-
tion is preserved throughout the depth of the film, which rules
out the existence of a multilayered film with differently ori-
ented crystalline sheets as a cause for the slow variations in the
dichroic orientation. It remains open whether the film consists
of contiguous domains at the nanoscale or of an ensemble of
closely packed elongated nanocrystallites that are oriented in the
same direction. However, the absence of a correlation between
the geometry and molecular orientation that we observed in
the isolated oligo-PQT-12 crystallites does not support in-depth
dichroism. We therefore adopt the hypothesis, that there are
different degrees of crystalline order, that is, order-related defect
concentrations, in the film rather than a binary mixture of dis-
tinct phases co-existing side-by-side.l>%

When the optical order parameter is locally compared to the
film thickness, a weak negative correlation of —0.31 (Pearson
coefficient, see Figure 6b) can be noted, meaning that thicker
film regions appear to be less ordered than thinner ones. Judging
by the AFM topography this may indicate that the top portion of
the film is less ordered whereas the crystalline material resides
at the bottom. This would have implications for the design of
OFET devices where it is desirable to obtain the best film quality
within the conductive channel close to the gate electrode.

2.5. Thin-Film Global Morphology

We now turn to the third length scale in the morphological
hierarchy, the size of the crystalline domains. As the acqui-
sition of absorption spectra with high spatial resolution
is rather time-consuming, we restricted the optical anal-
ysis to the dichroism at a single photon energy of 2.29 eV.
As stated above, the linear dichroism allows the visualization
of film defects, domain boundaries, and the molecular orienta-
tion. Domain boundaries are regarded as a main impediment

to carrier mobility in organic semiconductor

films.?2 Their identification is therefore
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important in order to assess the relationship
between the morphology and the device per-
formance. The dichroic orientation is helpful
to visualize the crystalline domains and to
identify grain boundaries that are often con-
cealed in topography and dichroism maps
because of limited resolution and contrast.
The experimental results for a sample area
of 30 um x 30 pum are presented in Figure 7.
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Figure 6. a) Scatter plot of crystalline order £ against the degree of dichroism (obtained from
Figure 5). b) Scatter plot of crystalline order against topographic height. A Pearson correlation

coefficient of —0.31 is found.
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The major part of the sample exhibits a
high dichroism of 80-100% (Figure 5a).
The domain size ranges from 5 to 20 pum.
Although a preferred orientation exists within
a domain, there is considerable variation in
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orientation on the micrometer length scale (see Figure S6).
Adjacent domains can have a different or the same dichroic ori-
entation. No globally preferred orientation is evident. Defects
and grain boundaries make up roughly 5% of the area of the
film. Defects usually are on the sub- to one micrometer length
scale and are accompanied by high orientational disorder. The
width of grain boundaries is on the order of 100 nm or less.

To date, the conditions that cause the formation of specific film
discontinuities have not been investigated. They may be related
to the growth mode of the film from several independent seeding
sites on the surface, an initial domain structure of the underlying
monolayer of silanization molecules, and the hydrodynamics
and the dynamics of solvent evaporation during the spin-coating
process. Inspection of the dichroic orientation map in Figure 7b
and particularly the star-shaped defects shows a striking similarity
to liquid crystals although our preliminary experiments showed
no evidence that such a phase exists for oligo-PQT-12 films.

3. Conclusions

We have found that spin-coated oligo-PQT-12 films consist of
three-dimensional interconnected domains of crystalline mate-

a) dichroism

b) dichroic orientation

=5

Figure 7. Extended area (30 um X 30 um) SNOM images of oligo-
PQT-12 at 2.29 eV. a) Degree of polarization for the transmitted light.
b) Orientation of the transmitted polarization. For easier navigation grid
lines are drawn with a spacing of 3 um. Cross-sections are shown in
Figure S6 of the Supporting Information.
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rial that are several tens of micrometers in size. The crystal-
linity of the film was estimated by local absorption spectroscopy
to be 60-100% within these domains. A pronounced linear
dichroism indicates a distinctive molecular orientation that is
uncorrelated with the crystallinity. The reduced crystallinity is
thus proposed to be caused by disorder on the molecular scale
rather than by the co-existence of different phases. On the
micrometer scale, this high orientational order is maintained,
in particular throughout the depth of the film. Beyond several
micrometers, however, the orientational correlation is lost, even
when no domain boundaries are crossed. The slight imperfec-
tions of the crystal structure afford a liquid-like flexibility in
the film morphology whereby hard grain boundaries seem to
be avoided. Finally, the increasing crystallinity with decreasing
film thickness indicates that close to the supporting substrate
the film is more ordered. These two facts may be the cause for
the good charge-transport properties observed in OFET devices
based on this material.

4. Experimental Section

Details on the synthesis, preparation, and characterization of
oligo-PQT-12 can be found in the literature.l*’] Briefly, PQT-12 films were
spin-coated onto hexamethyldisilazane (HMDS)-modified microscope
glass slides at 1500 rpm from chloroform solutions at two different
concentrations: i) 2 mg mL™, yielding a film of isolated microcrystals,
and ii) 10 mg mL™, yielding a continuous film of 100 nm mean thickness.
The material was processed under a nitrogen atmosphere in a glove box.
Although PQT-12 is stable in air,*%l optical measurements were carried
out under an oxygen-depleted (<1%) nitrogen purge.

The dichroism within a domain was measured using a micro-
spectrometer (Resultec Inc.) based on an Olympus BX 51 microscope,
equipped with a motorized rotating polarization prism placed next to the
75 W Xe arc lamp. The intensity of the transmitted light passing a mirror
with a pin hole was measured by an attached diode array spectrometer.
The linearly polarized absorbance was calculated from an object scan and
a reference scan at a PQT-free place of the sample substrate at every 5°
up to 175°. Spatially resolved studies of optical absorption and dichroism
were performed with a modified confocal microscope (Olympus, IX 71,
50x, 0.85 NA objective) and a home-built scanning near-field optical
microscope (SNOM). The pronounced dichroism of ordered molecular
layers requires the control of the polarization state of the light used
for the absorption measurement. Although the birefringence of a fiber-
based aperture tip can be easily compensated at a single wavelength it
is illusive to obtain polarization control over a broad spectral range.
This applies particularly to supercontinuum light sources.’3! Instead,
a Xe arc lamp (75 W, LOT-Oriel) was found to provide sufficiently
unpolarized light at the fiber aperture output and at reasonable power
levels in the energy range of interest (2.2 to 2.9 eV) (see Figure S2).
Variations of the illumination spectrum with polarization are also caused
by asymmetries in the tip shape, causing distortions in the absorption
spectrum of samples with strong in-plane dichroism.¥ Therefore a
polarization analyzer was used to select one specific linear polarization
for the absorption measurement. The absorbance at each polarization was
calculated using reference spectra recorded at the same polarization
in a substrate region free of PQT. The absorption spectra were then
decomposed into experimentally determined constituent components in
order to obtain the degree of molecular order at each measurement point.
The domain structure of the film was revealed by the measurement of the
linear dichroism using SNOM with shear-force proximity control. Thus
the film structure and morphology were characterized on length scales
reaching from one hundred nanometers to tens of micrometers.

Aluminum-coated fiber tips with a nominal aperture diameter of
50-80 nm (VEECO, NSOM 1730-00) were used as received. A HeNe
laser of 2.3 eV served as the light source for the measurement of the
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dichroic properties of the film. Other individual wavelengths were
selected from a photonic-crystal fiber white-light source (NKT Photonics,
FemtoWhite-800) pumped by a Ti:sapphire laser (Spectra Physics,
Tsunami) using filters, or produced by frequency doubling using a beta-
BaB,0, (BBO) crystal (typically 2.79 eV). The birefringence of the fiber at
a given wavelength needs to be pre-compensated to obtain a well-defined
polarization state at the output of the SNOM probe. Using quarter- and
half-wave plates, the input polarization of the fiber was adjusted so that
the probe output polarization became circular when observed in a film-
free region of the substrate. This adjustment was carried out before
and checked after each measurement. As a fast polarization detection
scheme we applied a revolving polarizer (analyzer) in the detection path
and a phase-sensitive detector locked in the same position as the angle
of the polarizer. The transmitted light was detected with an avalanche
photodetector (EG&G, SPCM-200 CD 2027). Spectra where recorded on a
grating spectrometer (Acton Research, SpectaPro 2500i) equipped with a
liquid nitrogen-cooled CCD camera (Roper Scientific, Spec-10 100B/LN).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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1. X-ray diffraction measurements of oligo-PQT-12 powder and thin films
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Figure S1. X-ray diffraction measurement of 0ligo-PQT-12 powder and thin film.

The high crystallinity of oligo-PQT-12 is confirmed by X-ray diffraction measurements of
powder and thin film (Figure S1). A number of distinct peaks are present for the oligo-PQT-
12 powder which are, however, still insufficient to confidently deduce the crystal structure.

Most importantly, in the thin film only one peak family is exhibited in X-ray reflection,
meaning that the oligo-PQT-12 film is preferentially oriented. The associated lattice constant
is ca. 2.5 nm, which can be related to the intermolecular stacking distance. Note that for the
high-molecular weight PQT-12 polymer slightly smaller interchain distances have been
reported (B.S. Ong et al., J. Am. Chem. Soc. 2004, 126, 3378; B.S Ong et al., Adv. Mater.
2005, 17, 1141), which indicates distinct differences in the molecular packing of oligomeric

and macromolecular PQT-12, similar to what has been shown for poly(3-alkylthiophene)s.
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2. Excitation spectrum at the fiber tip
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Figure S2: Spectrum transmitted through the SNOM tip recorded with a linear polarization
filter in the detection path for different angular settings.

The spectrum of a high pressure Xe arc lamp is rather flat in the near IR to the UV (1.4 ~ 4.1
eV) region. However, the limited transmission of the single-mode fiber and the characteristics
of the aperture strongly limit the usable region due to cutoff, high-loss and absorption effects.
Moreover, the precise shape of the fiber taper and the aperture introduce an axial isotropy to
the transmitted spectrum. The magnitude of the variation is shown in Figure S2 for different
polarization angles which have been selected using an analyzer-filter just after the objective
lens of the microscope. It is clearly seen, that the weight of the spectrum wanders between 2.5
and 2.7 eV for angles 0-90°. Now, let us assume that a molecule has an absorption spectrum
that is flat over the entire spectral range. If the molecule is aligned at 0° it will predominantly
be excited by the red portion of the spectrum while the blue component, which is orthogonal
to the molecular dipole axis, will pass unattenuted. The absorption spectrum, if measured
unpolarized, will thus have an excessive red weight. Such a distortion is avoided by the
selection of a single specific polarization for the absorption measurement in witch case the
projection of the excitation spectrum onto the molecular orientation is equal for all selected

wavelengths.
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When experimenting with coherent light from a photonic crystal white-light source, the full
rotation of the polarization occurred on the scale of 11 nm in the spectrum of the fiber output
(depending on the stress-induced birefringence of the SNOM fiber). This makes such light

sources unusable for absorption measurement of highly anisotropic material.

3. Formation and reconstruction of oligo-PQT-12 microcrystals
b)

11,0nm

0,5nm

0nm

Figure S3: AFM topography of spin-coated c-PQT-12 films. a) as cast, b) after storage under
nitrogen for several weeks, ¢) sample (b) after 1 hour annealing at 110 °C under ambient
atmosphere and subsequent shock-freezing in liquid nitrogen, d) crystal formation after 17
hours under nitrogen atmosphere at room temperature, ) same after 36 hours.

Thin films of PQT-12 do not appear to be physically stable below a certain thickness
threshold under ambient conditions. A semi-continuous film with an average height below 10
nm as shown in Figure S3a will reorganize into a system of microcrystallites in a period of
days to weeks. The result of the ripening process is shown in Figure S3b. By heat treatment
(here: for 1 hour at 110°C under ambient conditions), the facetted crystals can be partly
melted into rather shapeless droplets (Figure S3c). These will act as germinating sites for the

growth of new microcrystallites. For the same site, we followed the formation of such crystals
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by AFM over the course of two days. Figure S3d and e show the development of new
crystallites after 17 and 36 hours in a dry, nitrogen-rich atmosphere (less than 0.1% oxygen)
at room temperature. Due to the high mobility of oligo-PQT-12 molecules on the substrate it
is expected that the newly formed crystallites are highly ordered. At the original locations of
the amorphous droplets, i.e. the germination points, a portion of the material will remain in a
disordered state. Thus, spectra of the crystalline phase were preferably recorded close to the

extremities of the crystallites.

4. Thermal cycling of oligo-PQT-12 thick film

To obtain the spectral signature of the amorphous phase measurements were carried out on
heated oligo-PQT-12 films. Annealing cycles on exposed films can lead to complete,
irreversible dewetting of the substrate at temperatures above 60 °C. To prevent such
irreversible modifications of the samples, the films were encapsulated between two glasses
slides and sealed from the sides with epoxy glue. The samples were subsequently heated by
electrical resistors and the temperature was recorded at each spectrometer exposure using a
calibrated platinum resistor glued to the sample. Visible in Figure S4 is a sensitive spectral
reaction even at slightly elevated temperatures. Diminishing absorption at the red edge of the
spectrum is concomitant with a rise in the blue region around 3 eV. The well resolved
vibronic features also gradually smoothen out and are no longer recognized in the heated state
due to increasing heterogeneity in the molecular conformation. The asymptotic spectrum is
assumed above and below 40°C and 30°C during melting and solidification, respectively,
considerably lower than the 120-140°C have been reported for the octa- to decamer of PQT-
12. We explain the lowered melting temperature by the lowered enthalpy of fusion for the
dimer, where the number of t-m interacting thiophen rings per molecule is four to five times

lower. The shape of the melted phase spectrum is similar to the solution spectrum.
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Considering the observations on oligo-PQT-12 microcrystals it is likely that reconstruction
proceeds even after cool-down. In this respect it may be inaccurate to associate a specific state
of the film with the instantaneous substrate temperature on the time-scale of minutes.

Annealing cycles did not improve the field-effect mobility of oligo-PQT-12 OFET devices as
has been reported for the longer oligomers. This supports the high crystalline quality of our

as-spun films.
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Figure S4: Temperature dependent absorption spectrum of f-PQT-12. a) Absorption spectra

(in nm), b) Corresponding film temperature, c) Spectral evolution during cooling from the
melted to solid state (as indicated by the broken line rectangle in a-b).



5. Accuracy in the determination of the crystallinity

a) crystallinity [%] d) topography
4 » ‘

220 nm

horizontal cross-section

5% 90

&, 80l
2
£

£ 70
0% ]
Qo

60

0 10 20 30 40 50
x-pixel

horizontal cross-section

20% 90
80}

70

crystallinity [%]

0% 60

50

x-pixel

Figure S5: a) Map of the crystallinity and b) topography (as in main text). ¢) Estimated
confidence interval of the two-component fit. d) Mean relative deviation (fit residual) in the
fitting energy range.
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The accuracy to which & can be determined is limited by the spectral overlap, the confidence
in the absorption measurement itself, and in the reference spectra (M. Otto, W. Wegscheider.
Analytical Chemistry 1985, 57, 1 63). For an energy interval for analysis between 2.2 and 3
eV, a condition number of 4.2 is determined. This means that - as an upper boundary - the
relative uncertainty in the absorbance will translate into a 4.2-fold relative uncertainty in the
predicted concentrations. A compromise between integration time, resolution and acquisition
time limits the accuracy of the component assignment to approximately 15% as estimated
from the noise of the absorbance measurement and the condition number. Since the
concentrations here are determined by numerically fitting the reference curves A and B (as
opposed to independent measurements at all individual wavelengths of the spectrum), we
expect a somewhat better performance due to noise cancellation (L. Antonov, D. Nedeltcheva.
Chemical Society Reviews 2000, 29, 3 217).

The success of the spectral decomposition is decided from two factors: the quality of the fit
and the deviations from the model. The former depends on the inter-dependence of the fitted
parameters, the second on distortions and artifacts in the absorption measurement and the
presence of impurites, i.e. PQT-12 oligomers of different length or other molecules. Both are,
of course sensitive to measurement noise. Figure S5c¢ shows the map of the confidence
interval for the crystallinity fit associated with the crystallinity map in (S5a). Over most of the
area the value is found within the range of 1-3%. Larger deviations (see topography S5b) only
occur around film defects due to the vanishing absorption signal. The same holds for the
relative deviations from the two-component model. Here, in Figure S5d the ratio of mean
absorbance residuals to the absolute mean absorbance due to measurement noise is mostly
found to lie below 5 %, except for film defects. From the maps and cross-sections it is
evident that the accuracy is well adequate to reproduce the variations of the crystallinity in the

film.
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6. Cross-sectional cuts of optical and topographical images of oligo-PQT-12 thin film

For clarity, Figure S6 shows cross-sectional cuts for the maps of the dichroism and the
dichroic orientation of Figure 6 in the main text. Grain boundaries are clearly resolved by
drops in the dichroism and jumps in the orientation, at x-positions about 3, 22 and 24 pm. The
gradual change of the molecular orientation in the region 7-18 um is significant and amounts
to 90°. It therefore appears that the notion of clearly defined grains does not strictly apply.

The morphology is rather floating, yet clear breaks do also exist.
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g 50 25

40 0
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Figure S6: Cross-sectional horizontal cuts from along a line 1 um below the center of the
scans in Figure 7 of the main text. a) Dichroism, b) Orientation. (The orientation has been
offset by -45° to avoid breaks due to angular ambiguity at 180°.)

At this point it should be noted that the relative dichrosim, in general, cannot indicate the
presence of an isotropically oriented absorbing phase since it only depends on the thickness of
the anisotropic, uniaxial phase (see eqn. 2 in the main text). However, because the absorbance
vanishes at a particular polarization at all locations with high dichroism regardless of
crystallinity the conclusions still hold. It is possible to obtain & from the data of Ininmax/mean
under the condition that the disorderd phase is isotropic. But this is not fulfilled in the present
case. In short, we do not observe an optical signal that originates from isotropically oriented
material throughout domains. It can also be concluded, that the molecular orientation is
preserved throughout the depth of the film which rules out the existence of a multilayerd film

with differently oriented crystalline sheets as a cause for the variable dichroic orientation.

10
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Effect of molecular p-doping on hole density and mobility

in poly(3-hexylthiophene)
P. Pingel, R. Schwarzl, and D. Neher®

Soft Matter Physics, Institute of Physics and Astronomy, University of Potsdam, Karl-Liebknecht-Str. 24-25,

D-14476 Potsdam, Germany

(Received 10 February 2012; accepted 16 March 2012; published online 6 April 2012)

Employing impedance spectroscopy, we have studied the hole density, conductivity, and

mobility of poly(3-hexylthiophene),

P3HT, doped with the

strong molecular acceptor

tetrafluorotetracyanoquinodimethane, F;,TCNQ. We find that the hole density increases linearly
with the F,TCNQ concentration. Furthermore, the hole mobility is decreased upon doping at
low-to-medium doping level, which is rationalized by an analytic model of carrier mobility in
doped organic semiconductors [V. I. Arkhipov, E. V. Emelianova, P. Heremans, and H. Bissler,
Phys. Rev. B 72, 235202 (2005)]. We infer that the presence of ionized F,TCNQ molecules in the
P3HT layer increases energetic disorder, which diminishes the carrier mobility. © 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.3701729]

Molecular doping, in particular p-doping with the strong
acceptor tetrafluorotetracyanoquinodimethane, F,TCNQ, has
been widely applied to soluble and insoluble organic
semiconductors in attempting to advance organic electronic
devices. For instance, an improvement of the efficiency of
small-molecule organic light emitting diodes has been
achieved by incorporating doped layers in proximity to the
electrical contacts."> Molecular doping has also been
employed on polymer field-effect transistors, where an
improvement of the charge carrier mobility was attributed to
the filling of deep traps in the channel region by doping-
induced charge carriers.>

F,TCNQ-doping has been shown to be applicable to a
variety of hole-transporting polymers.” Apart from the gen-
erally observed increase of conductivity, systematic studies
of the doping mechanism and how it affects charge carrier
density and transport in the bulk of doped polymer layers
are, however, rare. The electrical properties of F;TCNQ-
doped poly(2-methoxy-5-(2'-ethylhexyloxy)-p-phenylene vi-
nylene), MEH-PPV, layers have been studied by Zhang et al.
Based on the modelling of unipolar /-V characteristics, they
found that only a small fraction of the applied F,TCNQ dop-
ants is active in creating free holes in the polymer layer.®
Moreover, the ionization of the F,TCNQ dopants was
reported to depend on the electric field and temperature.’
These findings are in accordance with reports on the nature
of the charge transfer in F,TCNQ-doped polythiophenes and
small hole-transporting molecules:'~' It has been suggested
that the donor-acceptor interaction leads to a bound charge
transfer (CT) state between F,TCNQ and the donor site. In
these complexes, supramolecular orbitals are formed as a
result of hybridization of the acceptor’s lowest unoccupied
molecular orbital (LUMO) and the donor’s highest occupied
molecular orbital (HOMO). The band gap of the CT complex
is significantly reduced when compared to those of the iso-
lated donor and acceptor components, and the generation of

Electronic mail: neher@uni-potsdam.de.

0003-6951/2012/100(14)/143303/3/$30.00

100, 143303-1

free charges probably involves excitation into the energeti-
cally deep-lying LUMO of the complexes.

As a point of criticism, the aforementioned electrical
studies neglect the effect that ionized dopant molecules sup-
posedly have on the charge transport in doped polymer
layers. Arkhipov et al. modeled the motion of free charge
carriers within doped disordered media.'*'> They have
pointed out that the ionized dopants act as long-range trap-
ping centers owing to the Coulomb attraction of mobile
charge carriers. Effectively, this leads to a broadening of the
density-of-states (DOS) distribution, which might cause a
reduction of mobility at low-to-moderate doping concentra-
tions. This prediction is in contrast to the usual presumption
that the mobility is increased upon doping due to the filling
of traps by doping-induced charge carriers. Interestingly, a
decrease of mobility upon molecular doping has never been
experimentally observed.

In the present Letter, we independently determine
the hole density and low-field bulk conductivity of F,TCNQ-
p-doped P3HT layers at low to moderate doping concentra-
tion. For that, we employ admittance spectroscopy to a
metal-insulator—semiconductor (MIS) structure as depicted
in the inset of Fig. 1(b). The samples were prepared on glass
substrates with a patterned indium-tin-oxide (ITO) electrode.
On top of that, we spin-cast a methyl-/phenyl-substituted
polysilsesquioxane (PSQ) solution that was rendered insolu-
ble after heat treatment. Continuing in N, atmosphere, the
F,TCNQ-doped or undoped P3HT was spin-cast from chlo-
roform solution, yielding a layer thickness in the range of
0.35 to 1.2 um. The devices were completed by evaporation
of 5nm MoOj; and 100nm Al, followed by encapsulation
using a glass sheet and an epoxy resin. Device stability with-
out noticeable change in the measurement results has been
maintained for at least one week. Details of the sample prep-
aration and experimental setup can be found in the supple-
mentary information.'®

From the complex admittance, ¥ = G, +iwC,, we
extract the parallel capacitance C,, and the loss G,/w. Fig. 1
shows exemplary C,—DC bias curves and the loss spectra of

© 2012 American Institute of Physics
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undoped and 1:40 000 F,TCNQ-doped P3HT MIS samples.
Note that a doping ratio y of 1:40 000, or equivalently
2.5 x 1073, refers to the addition of 1 F,TCNQ molecule per
40 000 thiophene repeat units of P3HT. At low frequency
and negative bias, the devices exhibit the capacitance of the
insulator layer C; due to the accumulation of holes. Sweep-
ing to positive bias, C, drops as the semiconductor is
depleted. From that region, we determine the hole density p
following standard MIS theory.!” Hence,

2
P=—"5c7

-2

C,
eee, A% =t

(1)

where A is the active area of the device and ¢ = 3.5 is
the dielectric constant of P3HT. The capacitance drop of
the 1:40 000-doped sample shows a shoulder at low fre-
quencies (f=10 Hz). This is typical of an inversion layer
at the insulator interface, whose charging/decharging dy-
namics are slower than the cycles of the applied AC volt-
age, and whose capacitance contribution is therefore less
than C;."” The coincidence of depletion and inversion fea-
tures renders the evaluation of the hole density difficult.
In order to determine p most reliably in these layers, we
evaluate the C,—V curve at a frequency at which the
inversion feature is minimized and C; is still retained at
accumulation bias. This was possible up to dopant con-
centrations of 107%.

At higher frequencies, C, is reduced towards the geo-
metrical capacitance even at negative DC bias, because
charging and discharging inside the device cannot keep track
with the applied AC voltage. Concomitantly, this leads to a
peak in the loss spectrum, which is related to the conductiv-
ity of the bulk semiconductor layer. Applying the equivalent
circuit shown in Fig. 1(c), the characteristic frequency is
given by f, = [27R,(C; +C,)]”" in accumulation, i.e., at
highly negative bias, with C; being the bulk layer capaci-
tance. Knowing the geometric dimensions of the semicon-
ductor layer, the bulk conductivity can be calculated
according to

@ 104 L)
102 (o a-
7 § £
:\E:_ 1022 D}V/g (g 1075
10%! —*"“’4/
1 1 10—6

undoped 1078 107° 107* 1073
%/ (F4TCNQ : thiophene units)

undoped 1078 1075 107* 1073
x / (F4,TCNQ : thiophene units)

o =2nf,(C; + Cb)%, @)

where d is the semiconductor layer thickness. Note that ¢ is
the conductivity at very low field where bulk transport is
governed by intrinsic charges. Applying an AC signal of
Vims = 20 mV, the rms electric field in the bulk layer typi-
cally amounts to F ~ 2 x 10* V/m.

The hole density and bulk conductivity determined in this
manner are shown in Fig. 2. A significant increase of the hole
density is seen at doping ratios y exceeding 10~ °. The data can
be well described by a linear function of the form p =Dy + po,
considering a background density of pg=1.2x 10> m and a
slope parameter of D =2.0 x 10%® m >,

From that we conclude first that the amount of doping-
induced holes is increasing linearly with the concentration of
dopants. This is in accordance with our previous finding that
CT complexes between F,TCNQ and P3HT are highly local-
ized and, thus, do not interact even if they are located on the
same P3HT chain at very high doping densities.'® Note that
linear dependencies between hole density and doping ratio
have been reported in F,TCNQ-doped MEH-PPV (Ref. 8)
and P3HT (Ref. 18) at higher doping concentrations than we
used here.

Second, the slope of the linear increase allows an esti-
mate of the doping efficiency. Taken a mass density of
P3HT (Ref. 19) of 1.1 g/cm’ and a molecular mass of one
thiophene unit of 166.28 g/mol, the number density of thio-
phene units per volume is 4.0 x 10?” m . In considering
our previous findings that, at our low doping ratios, almost
every F,TCNQ acceptor forms a CT complex with P3HT,'°
the doping efficiency amounts to ca. 5%.

The trend of the conductivity vs. doping ratio resembles
that of the hole density, i.e., a strong increase is seen at dop-
ing ratios higher than 10~° (Fig. 2(b)). However, the log-log
representation suggests a weaker, sublinear dependency
according to a power law ¢ x ' with y ~ 0.63, indicating
that the hole mobility is not constant upon doping. The hole
mobility, calculated according to u = a/(pe), is depicted in

c) FIG. 2. (a) Hole density of undoped and
doped P3HT layers. The line models a
linear increase of hole density, starting
from a background of 1.2 x 102" m~>.
(b) Low-field bulk conductivity and (c)
hole mobility. The solid lines are calcu-
lated according to the model of Arkhi-
pov et al.'” using the parameters given
in the inset. Physical symbols are the
same as in Ref. 15.
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Fig. 2(c). Compared to the undoped sample, the mobility is
steadily reduced up to doping ratios approaching 3 x 107°.
Due to the increasing uncertainty in determining p, it was
not possible to clarify if the mobility settles or eventually
increases at higher doping ratios.

Most importantly, the trends of bulk conductivity and
mobility from low to moderate dopant concentrations are in
line with the above mentioned model by Arkhipov er al.'*"
Simulated conductivity and mobility curves that reproduce
our experimental data are shown in Figs. 2(b) and 2(c) (solid
lines). We used a parameter set which contains the total site
density N = 6.5 x 10%® m >, the Gaussian disorder parame-
ter 0 = 78 meV, the bound pair distance @ =0.55nm, the
inverse carrier localization length y = 2.0 nm~!, and the
attempt-to-hop frequency vy = 1.1 x 10'? s, These values
compare well to those used by Arkhipov et al.'” for electro-
chemically doped P3HT.

Following Arkhipov et al., we infer that the reduction of
hole mobility and, hence, the sublinear increase of conduc-
tivity with increasing doping ratio is most likely caused by a
doping-induced broadening of the DOS distribution. The
actual dependence of the mobility on the dopant density is
governed by the counteracting occurrence of doping-induced
tail broadening and the filling of the DOS distribution by
doping-induced charges. Especially at low electric fields and
low intrinsic electronic disorder, the combination of these
effects can result in a reduced charge carrier mobility at low-
to-moderate doping as seen in this work.

At higher dopant concentrations, it is expected that the
individual Coulomb potentials of the countercharges overlap,
such that the trap depth is essentially reduced.'” Hence, the
drop of the mobility should be reversed at sufficiently high
doping levels. Indeed, the mobility of electrochemically or
chemically doped P3HT was shown to increase for doping
levels in the percent regime.”® This may be as well the case
for our F4,TCNQ-doped P3HT system, as indicated by our
simulation. In the strong-doping regime, the mobility
enhancement is due to the filling of the DOS distribution by
doping-induced charges.

In summary, we have measured the hole density, bulk
conductivity, and bulk mobility in F,TCNQ-doped P3HT
layers within a broad range of doping ratios, particularly
including very low dopant concentrations. The free hole den-
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sity increases linearly with doping ratio, suggesting that the
charge transfer between F,TCNQ and P3HT is electronically
localized. We point out that the mobility is decreasing from
low to moderate doping levels, which can be rationalized by
the broadening of the DOS distribution owing to the Cou-
lomb potential of the ionized acceptor molecules.
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Samples for admittance spectroscopy have been prepared in a metal-insulator-semicon-
ductor (MIS) geometry on glass substrates with patterned indium-tin-oxide (ITO). After
thorough cleaning of the substrates by ultrasonication in common organic solvents, an elec-
trically insulating layer of methyl-/phenyl-substituted polysilsesquioxane (PSQ, purchased
from Gelest Inc.) was spin-cast at 1500 rpm for 30 s from a filtered 40 mg/ml solution in
butanone. This layer was rendered insoluble by annealing at 350°C for 1 h. The following

steps were continued in an Ny glovebox under inert conditions.

Poly(3-hexylthiophene), P3HT, and tetrafluorotetracyanoquinodimethane, F,;TCNQ,
were dissolved at 60 mg/ml and 0.5 mg/ml in chloroform, respectively, applying 50°C and
stirring. The P3HT sample is a deuterated high-molecular weight fraction. Deuteration
has been done for potential neutron scattering experiments. From our extensive previous
investigations it is known that the physical properties are not altered by the deuteration and
that the performance of this P3HT fraction is outstanding in field-effect devices.!® F,TCNQ
was purchased from Sigma-Aldrich. The chloroform solutions of PSHT and F4TCNQ were
blended at the desired dopant concentration and processed immediately to prevent aggre-
gation. Upon blending, the color of the solution turned immediately dark, indicative of
the formation of charge transfer complexes. The semiconductor layer was then spin-cast
at 1000 rpm for 30 s, yielding a visually homogeneous film. Next, electrical hole-injecting
contacts were formed by evaporation of 5 nm MoOs at 2 A/s and 100 nm Al at 3-7 A/s.

Devices were completed by encapsulation with a glass sheet and Araldite 2011 epoxy resin.

In order to determine the thicknesses of the insulator and semiconductor layers, these
films were prepared on cleaned glass substrates and investigated with a DEKTAK 3 surface
profilometer. Typically, the thickness of the PSQ insulator amounts to 155 nm and the

thicknesses of the various doped polymer layers ranges from 350 nm to 1200 nm.

Admittance spectroscopy on MIS devices was performed using our home-built setup in-
cluding an EG & G DSP 7260 lock-in amplifier and a Stanford Research SR570 low noise
current amplifier. Typically, we applied an AC voltage of 20 mV to the samples.

In the following, exemplary capacitance-voltage curves and loss spectra for each of the

investigated dopant concentrations are presented.
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ABSTRACT We provide evidence for highly localized charge-transfer complex

formation between a series of thiophenetetrafluorobenzene donor copolymers
and the molecular acceptor tetrafluorotetracyanoquinodimethane (F;TCNQ). In-
frared absorption spectra of diagnostic vibrational bands in conjunction with
theoretical modeling show that one acceptor molecule undergoes charge transfer
with a quaterthiophene segment of the polymers, irrespective of the macroscopic
polymer ionization energy and acceptor concentration in thin films. The interac-
tion is thus determined by the “local ionization potential” of quaterthiophene.
Consequently, using materials parameters determined on a macroscopic length
scale as a guideline for making new charge-transfer complex materials for high
electrical conductivity turns out to be oversimplified, and a reliable material design
must take into account property variations on the nm scale as well.

SECTION Macromolecules, Soft Matter
he field of organic electronics has made tremendous
I progress within the last two decades, which has led to
electroluminescent, photovoltaic, and transistor de-
vices in the stage of (or close to) commercialization." How-
ever, there is still a lack of comprehensive understanding of
some fundamental processes in conjugated organic materi-
als, such as the nature of charge transfer and electrical con-
ductivity associated with oxidation and reduction (doping) of
organic molecular compounds. From an application stand-
point, the realization of printed all-organic circuits requires
highly conductive organic layers that can be processed from
solution, potentially even to serve as conductive wires.*> The
materials presently available for that purpose almost exclu-
sively comprise aqueous dispersions of poly(3,4-ethylenedi-
oxythiophene)/poly(styrene sulfonate) (PEDOT/PSS); how-
ever, controlling thin-film properties is challenging because
of the presence of residual water.* Replacing PEDOT/PSS in
devices is moreover desirable to avoid luminescence quench-
ing and possible acidic etching of indium tin oxide due to
excess PSS.°
A promising approach to achieving highly conductive poly-
mer films free from water is the intentional molecular doping of
conjugated polymers with organic compounds. An appropriate
combination of soluble acceptor and donor systems can lead to
ground-state charge transfer and a considerable increase in
electrical conductivity with respect to the pure materials.®”®
Recently, we reported that a high conductivity of 1 S/cm can
be reached in thin films when oxidizing (p-type doping)
poly(3-hexylthiophene) (P3HT) in solution with the strong
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acceptor tetrafluorotetracyanoquinodimethane (F,TCNQ; see
Scheme 1).” F,TCNQ doping was also applied to other con-
jugated polymers; however, to date, the combination of F,TCNQ
with P3HT has resulted in the highest conductivities.>'°~"? In
order to achieve further improvements of highly conductive
organic materials, it is important to understand the fundamen-
tal mechanisms of charge transfer and its relationship to indi-
vidual material properties.

In ref 9, we pointed out that the formation of charge-
transfer complexes between F,TCNQ and P3HT involves
hybridization of donor and acceptor molecular orbitals. More-
over, we found that only one specific charge-transfer species is
predominant in these samples, despite the potentially large
number of different local conformations that could be ex-
pected due to the flexibility of the polymer chains and the
manifold of possible interchain interactions. Hence, it appears
that charge transfer is spatially restricted such that F4,TCNQ
interacts with only a few connected thiophene repeat units.

In order to test the hypothesis of localization, we report
here on F,TCNQ-doped layers of a series of soluble thiophene-
based donor copolymers (3BHT—TFB; see Scheme 1), which
comprise various amounts of tetrafluorobenzene (TFB) units.
TFB units are introduced into the main chain in order to
interrupt the thiophene sequence and to provide a variation in
effective conjugation length of the thiophene blocks, which
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Scheme 1. Chemical Structures of F,TCNQ (1) and 3HT-TFB
(2a—c)

F F N
W\ Vi
Vi W

N F F N

Table 1. Properties of the P3HTand 3HT—TFB (2a—c) Copolymers

compound M, [g/mol] Arpprn’ [mol %] IP¢ [eV]
P3HT 19200 0 4.80+£0.05
2a 19800 3.0 5.00 £0.05
2b 14800 5.1 5.05+0.05
2c 14500 9.5 5.10+0.05

“Number-average molecular weight. ” Relative amount of TFB and
thiophene units in the main chain. “lonization potential from photo-
emission measurements.'*

are intended to interact with F,TCNQ. We find that despite
this variation and the presence of TFB, only a single charge-
transfer species is formed, that is, a highly localized com-
plex between F4,TCNQ and a thiophene segment of the main
chain.

The synthesis of the donor copolymers followed the McCul-
lough—Grignard metathesis method and is described in detail
in ref 14. 1,4-Dithienyl-2,3,5,6-tetrafluorobenzene (TFB) units
were introduced along the 3-hexylthiophene main chain, result-
ing in regioregularly linked random 3HT—TFB copolymers
(2a—c) with similar molecular weights and a moderate poly-
dispersity index of 1.5. The relevant materials parameters of
3HT—TFB are summarized in Table 1. Notably, the variation of
the TFB amount along the main chain leads to a systematic
change of the polymer ionization potential (IP) due to the
electron-accepting character of TFB, that is, the IP varies from
4.8 to 5.1 eV in going from P3HT to compound 2c¢, as
determined by ultraviolet photoelectron spectroscopy (see
Supporting Information). We recall that the electron affinity
(EA) of E,TCNQ is 5.24 eV.'® Thus, the acceptor EA is larger than
the donor polymer IP in all cases. Nonetheless, differences in
the amount of charge transfer could be expected as the charge
redistribution along the polymer chain should be impacted by
the various amounts of TFB units.

Blend films of F4,TCNQ and the various 3HT—TFB copoly-
mers were prepared by drop-casting from chloroform solution
[E4,TCNQ/(thiophene monomer) ratios of 1:10 and 1:3 were
used, typically 1 mg/mL] onto Si wafers with native oxide surf-
aces. We used infrared (IR) spectroscopy as a direct diagnostic
tool to investigate the degree of charge transfer. Upon (partial)
ionization, for example, following charge transfer, F4,TCNQ
changes its geometry from a quinoidal to a more aromatic
structure.'®'” This is accompanied by a red shift of specific
vibrational modes that serve as an indicator of charge transfer,
in particular, the IR bands that are assigned to asymmetric C=C
stretching (at 1547 and 1598 cm™") and asymmetric C=N
stretching (at 2214 and 2227 cm™ ' for neutral E;TCNQ). The
red shift of these IR bands was found to increase linearly with
increasing degree of charge transfer.'®™>'
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Figure 1. IR spectra of neutral F4TCNQ (1) and the F4TCNQ/
(co)polymer blends [F4TCNQ/(thiophene monomer) ratios of
1:10 (a) and 1:3 (b)] in the C=N stretching region, indicative of
the degree of charge transfer.

Full-range IR spectra of the pure and blended compounds
[1:10 ratio of F,TCNQ/(thiophene monomer)] are provided in
the Supporting Information, including the vibrational bands of
the thiophene-based polymers in the C=C stretching region. In
the following, we focus on the variations of the C=N stretching
modes of the F4,TCNQ cyano groups. Figure 1 shows the
corresponding region of the IR spectra of neutral F,TCNQ thin
films and of F4,TCNQ/polymer blends. In neutral F,TCNQ films,
astrong band is centered at 2227 cm™ ' (labeled A), and a weak
band appears at 2214 cm™' (labeled B). It is known that
F,TCNQ crystallizes in an orthorhombic structure when depos-
ited from solution;** following the assignment of Meneghetti
et al,'” these bands can be assigned to vibrational modes
derived from molecular modes with symmetry labels b, and
by, respectively. Our density functional theory (DFT) calcula-
tions of the vibrational frequencies (at the B3LYP/6-31G(d) level)
show that the b;,- and b, derived modes (the only ones with
significant IR intensity in this energy region) are separated by
~18cm™ " in the F,TCNO crystal (calculated at 2252—2255 and
2235 cm”'; see Supporting Information). We note that an
isolated F4,TCNQ molecule in the gas phase has b, and by,
transitions with reversed intensities (the calculated intensity of
A for isolated F4,TCNQ is ~10 times lower than that of B). The
asymmetry in the shapes of the A and B bands with respect to
their centers suggests a superposition of features due to crystal-
lized and nonaggregated molecular species.

In the blend layers, the bands are considerably red-shifted,
indicative of strong charge transfer. According to our model
calculations on F4,TCNQ/quaterthiophene (4T) complexes (at
the B3LYP-D/6-314G(d) level, which includes dispersion

DOI: 10.1021/jz100492¢ | J. Phys. Chem. Lett. 2010, 1, 2037-2041
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Figure 2. Sketch of charge-transfer complex formation of F;TCNQ (green) with the oligothiophene building blocks (red) of P3HT and
3HT—TEFB. In the latter, the thiophene segments are interrupted by TFB units (black).

corrections), features C and E can be assigned to the b, and
b,, modes, respectively (red-shifted features with respect to A
and B of neutral F4,TCNQ). In addition, feature E contains a
contribution from a formerly IR-forbidden mode with sym-
metry bsg. The new intense feature D is related to the in-plane
ag mode of symmetric C=N stretching, which is also IR-
inactive in neutral F,TCNQ. The appearance of the formerly
[R-inactive modes in the charge-transfer complexes points
toward a change of the F,TCNQ geometry to a nonplanar
conformation, as suggested previouslyg (see also Supporting
Information, Figure S3). Note that all charge-transfer com-
plexes, including doped P3HTand 3HT—TFB, exhibit IR bands
at exactly the same positions. (The slight shift (<1 cm™") in
the peak maxima of C, D, and E is not significant as it is due to
the different amplitudes of superimposed neighboring
features). This means that despite the potentially large num-
ber of different possible conformations, only one specific
charge-transfer species with a defined degree of charge
transfer is actually formed between F4,TCNQ and an oligo-
thiophene segment of the various donor polymers.

B3LYP-D/6-314+G(d) calculations on F,TCNQ/4T and F4T-
CNQ/(dithiophene-TFB-thiophene) model complexes where
the spatial positions of F,TCNQ are varied along the donor
support this conclusion (see Supporting Information, Figures
S4 and S5). The amount of charge transfer obtained from
these calculations varies between 0.33 (F;TCNQ located
above the TFB unit) and 0.51 electron (F4,TCNQ centered
above 4T). In fact, following the usual linear relationship
between IR frequency and degree of charge transfer, this
variation in charge-transfer strength should have led to no-
ticeably different red shifts of the IR bands between Av = 10
and 17 cm™ ' (using Av = Zvo[1 — v*vy?)i2, with v = 2227
cm™'andv, = 2194 cm™ ' asthe positions of the b, bands of
neutral F,TCNQ and its anion, respectively; Z is the degree of
charge transfer).'”*> However, such a wide range of shifts or a
comparable line width broadening is not evident in the
experimental spectra (Figure 1). This is the consistent with
the conclusion that a single charge-transfer species is pre-
dominantly formed.

Importantly, the peak positions at 1:10 (Figure 1a) and 1:3
(Figure 1b) F4,TCNO/(thiophene monomer) doping ratios are
identical (i.e., the degree of charge transfer is maintained),

v © 2010 American Chemical Society
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even though in the latter, one could expect that the close
proximity of charge-transfer complexes along a polymer
chain would lead to intercomplex interactions, potentially
reducing the amount of charge transfer per complex. At the
high 1:3 doping concentration, however, the number of
charge-transfer complexes formed is already saturated, as
can be deduced from the occurrence of IR signatures of
neutral F,TCNQ molecules (peaks A and B in Figure 1b).
Hence, F4,TCNQ appears to interact with a polymer segment
of approximately four connected thiophene units, as can be
inferred from the molar ratio of F4,TCNQ and polythiophene
monomer units when saturation of complex formation oc-
curs. The interaction between F,TCNQ and the donor poly-
mers is bimodal; acceptor molecules that could not be
accommodated to react with suitably conjugated polymer
segments remained neutral.

This behavior is particularly remarkable for the copolymers
that incorporate TFB units. Upon increasing the TFB content,
the average length of uninterrupted thiophene blocks de-
creases. For instance, in the case of compound 2c, which
incorporates 9.5 mol % of the TFB building block, the average
length of uninterrupted thiophene segments is approximately
10 connected thiophene units (including the unsubstituted
thiophene units of the TFB monomer; see Scheme 1). Thus, in
blend layers of F,TCNQ and 3HT—TFB, adjacent complexes
frequently form along the same uninterrupted thiophene
segment (see Figure 2); otherwise, a higher concentration of
unreacted neutral F4,TCNQ would be present in these layers,
leading to stronger A and B features in Figure 1b. The fact that
these neighboring complexes do not result in a shift or
broadening of the IR bands indicates that the charge-transfer
interaction is actually a highly localized phenomenon, ap-
proximately limited to the spatial extent of FsTCNQ (or,
equivalently, a quaterthiophene unit). If neighboring charge-
transfer complexes were to interact, a decrease in the amount
of charge transfer would have been expected since a single
thiophene donor segment would have had to donate charge to
multiple acceptors.

The absence of peaks A and B of neutral F,TCNQ for layers
at 1:10 doping concentration (see Figure 1a) evidence that
phase separation into the pristine compounds does not occur,
which is also not expected since charge-transfer complex

DOI: 10.1021/jz100492¢ | J. Phys. Chem. Lett. 2010, 1, 2037-2041
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formation already occurred in solution prior to film formation.
Phase separation and formation of F,TCNQ aggregates, how-
ever, may indeed occur at the relatively high doping concen-
tration of 1:3 as clear IR signatures of neutral bulk F,TCNQ are
observed. In this context, we note that the intensity of peaks A
and B for mixed films with 2a at a doping concentration of 1:3
is higher than that for the other polymers (Figure 1b). We
speculate that this is most likely due to a particular preferred
orientation of F,TCNQ aggregates in films with this polymer
(i.e., phase separation of unreacted F,TCNQ), which leads to
a higher cross section for IR absorption in our experimental
geometry.

To gain further insight into this phenomenon, we also
performed model calculations on F,TCNQ/5T complexes (at
the same B3LYP-D/6-314G(d) level; see Supporting Informa-
tion, Figures S6 and S7). Inspection of bond lengths in 5Tupon
complex formation indicates that geometric changes essen-
tially remain localized over four thiophene units (the bond
length changes less than 0.004 A in the fifth thiophene ring).

In conclusion, we have documented that for P3HT and a
series of 3HT—TFB copolymers, doping with the strong
molecular acceptor F,TCNQ leads to highly localized charge
transfer, presumably involving four connected thiophene
segments as donor site. This implies that the interaction is
determined by the “local IP” of quaterthiophene (i.e., a
parameter on the nm length scale) rather than depending
on macroscopic material parameters, such as IP and EA from
(direct and inverse) photoemission methods (determined on
the mm length scale). In fact, the macroscopic IPs of the donor
polymers differ by as much as 0.3 eV. Moreover, neighboring
charge-transfer complexes of F4,TCNQ on a polythiophene
chain do not influence each other notably, and F4;TCNQ
molecules that cannot be accommodated on accessible 4T
segments do not undergo a weaker charge transfer but
remain neutral instead. Thus, using materials parameters
determined on a macroscopic length scale as guidelines for
making new composite materials, for example, charge-trans-
fer complexes, is oversimplified. A reliable material design
must take into account property variations on the nm scale as
well. Moreover, the self-localization of charges owing to the
highly localized character of charge transfer possibly may
reduce the charge carrier mobility and conductivity in these
systems.

SUPPORTING INFORMATION AVAILABLE Experimental
and preparation details, full-range IR spectra, theoretically
modeled charge-transfer complexes, and vibrational frequencies/
intensities. This material is available free of charge via the Internet
at http://pubs.acs.org.
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Preparation of F,TCNQ and F,TCNQ:polymer layers

2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F,TCNQ) was purchased from Fluka and was
used as received. Pure and blend layers of F,TCNQ and the thiophene-based polymers were
prepared by drop-casting from chloroform solution (typically 1 mg/ml) on Si wafers with native oxide.
For the blend layers mixing ratios of 1:10 and 1:3 F,TCNQ:(thiophene monomers) were used.

Preparation was performed in inert argon atmosphere.

Ultraviolet Photoelectron Spectroscopy (UPS)

Ultraviolet photoelectron spectroscopy (UPS) spectra for P3HT and the various 3HT-TFB
copolymer (structures 2a-¢) thin films (ca. 10 nm) on poly(3,4-ethylenedioxythiophene)/
poly(styrenesulfonate) (PEDT:PSS) substrates were measured, see Fig. S1. The spectra

show that the width of the delocalized n-band is independent of the TFB content.

Infra-red (IR) spectroscopy

IR spectra were taken immediately after preparation with a BRUKER IFS 66v/S FT-IR
spectrometer using a liquid-nitrogen-cooled mercury-cadmium-telluride detector and a mid-
IR light source. Full-range IR spectra of pure and doped layers [1:10 F,TCNQ:(thiophene
monomer) concentration] are shown in Fig. S2. The pure donor polymers have no IR bands

in the C=N asymmetric stretching region of F,TCNQ.

Theoretical studies of F,TCNQ, F4TCNQ:(dithiophene-TFB-thiophene) complexes, and
F,TCNQ:nT complexes

Methodology

We employed B3LYP functional including dispersion corrections and 6-31+G(d) basis set (B3LYP-D/6-
31+G(d)) to optimize the geometries of charge-transfer complexes. The geometries of the isolated
neutral and anionic F,TCNQ molecules were also optimized at the same level of theory (B3LYP/6-
31+G(d). Based on the optimized structures, harmonic vibrational frequencies were calculated by
means of a numerical Hessian at the same level. All the calculations were performed with the
performed with the TURBOMOLES6.0 package.'

A fragmental orbital approach,® in combination with a basis set orthogonalization procedure,® was
used to evaluate the effective transfer integral (f) between the donor and the acceptor in the complex.
These calculations were performed at the B3LYP/6-31+G (d) level by using the Gaussian 03
package.*
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The geometry optimization of the F,TCNQ crystal structure® was performed using the B3LYP
functional with the 6-31G(d) basis set as implemented in the CRYSTALO6 package.® During the
optimization, the unit cell parameters were fixed at the experimental values and the structural
relaxations were limited to the positional parameters of the atoms. A uniform 4x6x6 Monkhorst-Pack k-
point mesh was employed. Based on the optimized crystal structure, harmonic vibrational frequencies
and intensities at the I'-point were calculated. B3LYP/6-31G(d)-calculated frequencies were scaled
down by a factor of 0.9614, which has been shown to reproduce the experimental frequencies very

well.”

Optimized structures
The calculated normal modes of the isolated F,TCNQ molecule are given in Fig. S3.

Fig. S4-S6 shows three B3LYP-D/6-31+G(d)-optimized complex structures of F,TCNQ:4T,
F,TCNQ:(dithiophene-TFB-thiophene) and F,TCNQ:5T. In the case of FATCNQ:4T complexes,
F,TCNQ was moved along the long molecular axis of 4T in the cofacial structure; the F4,TCNQ center
can be located: above the bond connecting two inner thiophene rings (F,TCNQ:4T(1)); above one
inner thiophene ring (F,TCNQ:4T(2)); or above the bond connecting outer and inner thiophene rings
(F4,TCNQ:4T(3)). It is found that the F,TCNQ moiety is not fully planar, which relaxes the symmetry
constraints. In the case of F,TCNQ:(dithiophene-TFB-thiophene) complexes, the F,TCNQ center
locate above the TFB ring (F,TCNQ:(dithiophene-TFB-thiophene)(1)) or above the bond connecting
one inner thiophene ring and TFB ring (F,TCNQ:(dithiophene-TFB-thiophene)(2)) or above the bond
connecting dithiophene rings (F,TCNQ:(dithiophene-TFB-thiophene)(3)). In the case of FATCNQ:5T
complexes, the F,TCNQ center located above above one inner thiophene ring (F,TCNQ:5T (1)) or the
bond connecting two inner thiophene rings (F,TCNQ:5T (2)).

Fig. S7 shows bond length changes in 5T between the isolated 5T molecule and the FATCNQ/5T

complex.

The F,TCNQ crystal belongs to the orthorhombic Pbca space group (group number 61) with the unit
cell parameters a = 14.678 A, b = 9.337 A, ¢ = 8.174 A, and contains four molecules per unit cell
located at inversion centers.® The differences in bond lengths between the optimized structure and the
experimental structure are lower than 0.05 A.

A comparison of the calculated and observed frequencies for F,TCNQ and its complexes is given in
Table S1.
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delocalized
n-band onset

intensity (arb. units)

4 3 2 a4 0
relative binding energy (eV)

Fig. S1. UPS spectra of P3HT and 3HT-TFB copolymers 2a-c. All spectra are shifted to align the
maximum of the localized n-bands (at ca. -2.7 eV relative binding energy). The low binding energy
onset (valence p-band edge) is indicated by the dashed line.
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Fig. S2. Full-range IR spectra of (a) pure layers and (b) blend layers at 1:10 [F,TCNQ:(thiophene monomer)] concentration.
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F,TCNQ:4T (1)

CT: 0.516; teff H(D)-L(A) = 69292 meV; AEH(D)-L(A) = 035 eV

F4sTCNQ:4T (2)

CT: 0.436; [ H(D)-L(A) = 532.55 meV; AEH(D)—L(A) =0.35eV

F4TCNQ:4T (3)

CT: 0.466; [ H(D)-L(A) = 598.31 meV; AEH(D)-L(A) =0.35eV

Fig. S4. B3LYP-D/6-31+G(d)-optimized structures of three variants of the F,TCNQ:4T charge-transfer
complexes: (left) top view and (right) side view (for the sake of clarity, the hydrogen atoms are not
shown). CT denotes the degree of charge transfer (in terms of partial electron charges from the donor

to the acceptor); ter Hp)-La) denotes the B3LYP/6-31+G(d)-calculated effective transfer integrals

between HOMO of donor and LUMO of F,TCNQ; AEyp)..(a) is B3LYP/6-31+G(d)-calculated energy

difference between HOMO of donor and LUMO of F4TCNQ.
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F,TCNQ:(dithiophene-TFB-thiophene) (1)

CT: 0.336; [ H(D)-L(A) = 506.45 meV; AEH(D)—L(A) = —-0.09eV

F4sTCNQ:(dithiophene-TFB-thiophene) (2)

CT: 0.376; Cetf H(D)-L(A) = 618.21 meV; AEH(D)—L(A) = —-0.09 eV

F4TCNQ:(dithiophene-TFB-thiophene) (3)

CT: 0.34e 5 Leff H(D)-L(A) = 622.96 meV; AEH(D)—L(A) = -0.09 eV

Fig. S5. B3LYP-D/6-31+G (d)-optimized structures of three variants of the F,TCNQ:(dithiophene-TFB-
thiophene) charge-transfer complexes: (left) top view and (right) side view. CT denotes the degree of
charge transfer (in terms of partial electron charges from the donor to the acceptor); tes r(p)-L(a) denotes
the B3LYP/6-31+G(d)-calculated effective transfer integrals between HOMO of donor and LUMO of
F,TCNQ; AEnp)L(a) is B3LYP/6-31+G(d)-calculated energy difference between HOMO of donor and
LUMO of FATCNQ.
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F4sTCNQ:5T (1)

CT: 0.50¢;

[ H(D)-L(A) = 527.76 meV; AEH(D)-L(A) =0.53 eV

F4TCNQ:5T (2)

CT: 0.556; Tetr H(D)-L(A) = 647.22 meV; AEH(D)—L(A) =0.53eV

Fig. S6. B3LYP-D/6-31+G (d)-optimized structures of three variants of the F,TCNQ:5T charge-transfer
complexes: (left) top view and (right) side view. CT denotes the degree of charge transfer (in terms of
partial electron charges from the donor to the acceptor); te vip)-L(a) denotes the B3LYP/6-31+G(d)-
calculated effective transfer integrals between HOMO of donor and LUMO of F,TCNQ; AEyp)L(a) is
B3LYP/6-31+G(d)-calculated energy difference between HOMO of donor and LUMO of F4TCNQ.

| Fig. S7. Bond length changes in 5T between the isolated 5T molecule and the F4TCNQ/5T(2)

complex.
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Table S1. Theoretical and experimental vibrational frequencies of F,TCNQ and the F,TCNQ:oligothiophene/polymer complexes.?

F,TCNQ F,TCNQ:4T complexes
s crystal isolated F,TCNQ:4T (1) | F,TCNQ/4T (2) | F,TCNQ/4T(3)
Y B3LYP/6-31G*° sym. | B3LYP/6-31G*® | B3LYP/6-31+G*" Sym. B3LYP-D/6-31+G*
A, [2235.03  (0) bo, |2227.22 (6.03) [2219.64 (6.23) bsg | 2205.30 (11.29) [ 2207.06 (20.91)][2207.64 (18.02)
Boy [2235.07  (0) bo, | 2206.84 (12.09) | 2210.95 (8.95) |2211.19 (9.52)
B, |2235.56 (45.27) ag | 2224.87 (85.54) | 2226.53 (80.62) 2226.84 (96.51)
Bsu [2235.43 (16.25) by, | 2228.02 (119.89 | 2232.40 (96.65)|2230.39 (182.41)
Bsg [2235.49 (0) bsy |2227.28 (0) 2219.69 (0)
Big |2235.36 (0) Exp. observation (FA,TCNQ:P3HT/3HT-TFB):
Bog |2235.83 (0) 2169 (strong) b3q, b2y
Aq |2235.84 (0) 2188 (strong) ag
Bsy |2250.74  (0) ag |2242.65 (0) |2234.83 (0) 2194  (strong) b1y
Bay [2250.82  (0)
A, |2250.98  (0)
Biq |2251.26  (0)
B, |2252.49 (532.61) by, [2246.40 (0.36) [2238.68 (1.31)
Ba, |2252.52 (10.76)
A, |225321  (0)
By |2254.87 (669.61)

Experimental observation (F4,TCNQ solid film):

2214
2227

(weak) by,
(strong) by,

2 All frequencies are related to C=N stretching modes and given in cm™; intensities (km/mol) are given in brackets and can be compared within the same column;

large, medium, and
® Scaled frequencies (x 0.9614).

(or IR-inactive) intensities are marked in bold, narrow, and

, respectively.

°Regarding the symmetry of normal modes: capital letters are used for the crystal in order to distinguish with the isolated molecules and complexes.
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Comprehensive picture of p-type doping of P3HT with the molecular acceptor F,TCNQ

P. Pingel and D. Neher”
Soft Matter Physics, Institute of Physics and Astronomy, University of Potsdam, Karl-Liebknecht-Str. 24-25, D-14476 Potsdam, Germany
(Received 1 February 2013; published 28 March 2013)

By means of optical spectroscopy, Kelvin probe, and conductivity measurements, we study the p-type doping

of the donor polymer poly(3-hexylthiophene), P3HT, with the molecular acceptor tetrafluorotetracyanoquin-

odimethane, F,TCNQ, covering a broad range of molar doping ratios from the ppm to the percent regime.
Thorough quantitative analysis of the specific near-infrared absorption bands of ionized F,TCNQ reveals that
almost every F,TCNQ dopant undergoes integer charge transfer with a P3HT site. However, only about 5% of
these charge carrier pairs are found to dissociate and contribute a free hole for electrical conduction. The nonlinear

behavior of the conductivity on doping ratio is rationalized by a numerical mobility model that accounts for the
broadening of the energetic distribution of transport sites by the Coulomb potentials of ionized FsTCNQ dopants.

DOI: 10.1103/PhysRevB.87.115209

I. INTRODUCTION

Intentionally doped organic semiconductors are nowadays
commonly used as transport and injection layers in state-of-
the-art organic electronic devices.! Being the key concept for
the versatility of inorganic semiconductors, controlled doping
suggests tremendous benefit by enabling the tuning of the
organic semiconductor’s electrical, optical, and morphological
properties.

Stable doping of organic semiconductors has been realized
by adding strong molecular donors or acceptors to conjugated
small molecules or polymers. In particular, 2,3,5,6-tetrafluoro-
7,7,8,8-tetracyanoquinodimethane (F4;TCNQ) has been used
as electron acceptor to p dope evaporated”® and solution-
processed’~'¢ organic semiconductors due to its high electron
affinity of 5.24 eV.>? Upon doping the prototypical poly-
meric semiconductor poly(3-hexylthiophene) (P3HT) with
F4,TCNQ, electrical conductivities up to 100 S/m have been
reported.’

It is well established that the doping effect, i.e., the
increase of the majority charge carrier density, is based on
a charge transfer reaction involving an appropriate donor
and acceptor. Two contradictory models that are commonly
used to explain the donor-acceptor ground-state interaction
are sketched in Fig. 1 using the example of P3HT being
doped with F,TCNQ. In the integer charge transfer model [see
Fig. 1(a)], an electron is completely transferred from P3HT
to the F,TCNQ acceptor. Since the concentration of F;,TCNQ
in the P3HT matrix is typically low (usually a few mol %
or below), it is expected that the transferred electron remains
fixed at the F4,TCNQ molecule. The associated hole on P3HT
can be either Coulombically bound by the F,TCNQ anion or
may move freely within the matrix of P3HT. The notion of a
strong Coulomb binding is in line with the peculiar observation
that the free-charge carrier density is often far lower than the
dopant concentration.'*!7-2° The strong Coulomb binding is
mediated by the low permittivity in organic semiconductor
solids. In contrast, it has been reported that the free-charge
carrier density does not depend on temperature in some
F4,TCNQ-doped small-molecule organic semiconductors.>>¢
This has been explained in terms of the entire ionization of all
applied acceptors and, if at all, the only shallow trapping of
the doping-induced majority charge carriers.

1098-0121/2013/87(11)/115209(9)

115209-1

PACS number(s): 81.05.Fb, 68.55.Ln, 72.80.Le, 73.61.Ph

Figure 1(b) illustrates an alternative model of molecu-
lar doping that relies on the formation of hybrid charge
transfer complexes upon the interaction of the donor and
acceptor. Based on density functional theory, studies using
a quaterthiophene model for P3HT and F,TCNQ as dopant,
Aziz et al.” suggested partial charge transfer between these
donor and acceptor species and that a supramolecular charge
transfer complex (CTC) is formed whose highest occupied and
lowest unoccupied molecular orbitals, HOMO and LUMO,
respectively, are derived from both the neutral PAHT HOMO
and F,TCNQ LUMO. Similar results have been obtained for a
number of F;TCNQ- p-doped oligothiophenes and pentacene
and for naphthalene-tetracaboxylic-dianhydride (NTCDA) n-
doped with a tetrathiafulvalene (TTF) derivative.?’?? In this
model, holes are created due to the electron deoccupation of
P3HT HOMOs (and electron occupation of CTC LUMOs) as
a consequence of Fermi-Dirac statistics. Whether these holes
are free or Coulombically bound to charged CTCs is open to
question.

In a previous report, we characterized the free-hole density
and conductivity of P3HT Ilayers that have been doped by
F4,TCNQ at low to moderate dopant concentrations, i.e., in
the ppm to per mill regime. We found that only 5% of
the F,TCNQ dopants took effect in creating free holes that
contribute to electrical conduction. Moreover, we found that
the conductivity increases sublinearly (with an exponent of
approximately 0.6) with doping ratio. The latter is in conflict
with the frequent observation of a superlinear increase of the
conductivity, which has been related to trap filling by the
doping-induced charge carriers' or an increase of permittivity
in highly doped layers.?

Here, we aim at understanding the process of doping P3HT
with F;TCNQ and the electrical characteristics of such doped
layers by means of optical absorption spectroscopy, surface
potential measurements, and conductivity measurements of
hole-only devices. We can now confirm that the concentration
of ionized F4;TCNQ molecules is (within an error of 50%)
given by the molecular ratio of the donor and acceptor in
solution, meaning that most acceptor molecules are incorpo-
rated into the layer and that almost every F4,TCNQ dopant
undergoes integer charge transfer with a P3HT donor site.
Therefore the low concentration of mobile holes implies that

©2013 American Physical Society
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(b) Hybrid charge transfer complex (CTC)
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FIG. 1. (Color online) Contradictory models of the charge transfer between P3HT and F,TCNQ. (a) Integer charge transfer model that
presumes full ionization of donor and acceptor, resulting in a hole-F4TCNQ anion pair that is bound or can split up. (b) Hybrid charge transfer
model according to Ref. 7, which presumes the formation of hybrid supramolecular orbitals upon electronic interaction of P3HT and F, TCNQ.
Free-charge generation might occur by intermolecular excitation involving the HOMO of unreacted P3HT and the LUMO of a nearby CTC.

most of the created P3HT polarons remain strongly bound
to a F4,TCNQ anion. The electrical conductivity turns from a
sublinear increase at low to moderate doping ratios towards a
superlinear increase at high doping ratios in the mol% regime.
This dependency is quantitatively reproduced by a numerical
mobility model of Arkhipov et al.,>** which considers the
broadening of the energetic landscape for charge transport
upon doping by the Coulomb potential of the left-behind
F4,TCNQ anions.

II. EXPERIMENT

F,TCNQ has been obtained and used as received from
Sigma-Aldrich. Our P3HT sample is a molecular weight frac-
tion (M,, = 35.8 kg/mol, M, = 27.0 kg/mol) with deuter-
ated hexyl side chains for prospective neutron scattering
experiments. Our extensive previous investigations show that
the structural and electronic properties are not altered by the
deuteration and that the performance of this P3HT fraction is
outstanding in field-effect devices.>>” Doped samples have
been prepared by mixing separate chloroform solutions of
P3HT and F,TCNQ according to the desired doping ratio x. A
doping ratio of, for instance, 1:1000 means that one F;TCNQ
molecule is added per 1000 thiophene repeat units of P3HT
and is equivalent to x = 1072,

UV-Vis-NIR absorption spectra have been recorded with
a Cary 5000 photospectrometer. Solution samples were
prepared from 2 and 0.5 g/1 solutions of P3HT and F,TCNQ,
respectively. The optical path length of the quartz cuvette
was 1 mm and 10 mm, respectively. The presented solution
spectra are the averages of five consecutive scans in order
to reduce the noise in the NIR. Solid samples have been
prepared on glass substrates after cleaning with common
organic solvents in an ultrasonic bath. Sample solutions, based
on 10-g/1 P3HT and 0.5-g/1 F4,TCNQ in chloroform, were
spin coated on the glass substrates at 1000 rpm for 30 sec
in inert N, atmosphere, yielding layers with a thickness of
typically ~100 nm. Film spectra have been recorded using an
integrating sphere in order to account for light scattering and
reflection. The presented spectra are based on the averages of
ten consecutive transmission/reflection scans.

Surface (Kelvin) potential measurements of undoped and
doped layers on metal substrates have been repeatedly per-
formed in the dark using a SKM KP 4.5 (KP Technology
Ltd.) with 2-mm probe diameter in a N,-filled glovebox with
<1 ppm O, and H,O contamination. Typically, fresh samples
were stored in the glovebox for 30 min prior to the measure-
ment in order to allow for degassing of residual solvent traces.
Calibration of the tip work function was done against highly
ordered pyrolytic graphite (HOPG), for which we assumed a
work function of 4.6 e V.28 Metal electrodes have been prepared
on cleaned glass substrates. The glass surface was precovered
with a smoothing layer of the PEDOT:PSS formulation
Clevios™ P VP AI 4083 by spin-coating at 5000 rpm for 30 sec
and subsequent annealing at 180 °C for 10 min. Then, 50 nm
of aluminum or copper was evaporated under high-vacuum
conditions. Sample preparation and handling continued in Nj
atmosphere. Undoped and doped P3HT layers were deposited
by spin-coating at 1500 rpm for 30 sec. Solutions were based
on 0.5-25-g/1P3HT and 0.02-0.5-g/1 F, TCNQ in chloroform,
depending on the desired layer thickness. Note that the present
preparation conditions typically result in layer structures with
a considerable amount of disordered material and, therefore,
random molecular orientations.'®?>?” Due to the large probe
diameter, the surface potential data represent macrocopic
means across these portions of the layer surfaces.

Current-voltage characteristics have been recorded with a
Keithley 2400 source-measure unit. Hole-only devices were
prepared on glass substrates with patterned indium-tin-oxide
electrodes. After oxygen plasma treatment at 200 W for
3 min, Clevios™ P VP AI 4083 PEDOT:PSS has been
spin-coated at 1500 rpm for 30 sec, followed by annealing at
180 °C for 10 min. Sample preparation continued under inert
conditions. Undoped and doped P3HT layers were spin-coated
at 500 rpm for 30 sec from solutions based on 30-g/1 P3HT and
0.5-g/1 F,TCNQ, yielding thick layers in the range of 250—
900 nm similar to our previous metal-insulator-semiconductor
devices.!> The samples were completed by evaporation of
5-nm MoOj3 and 100-nm Al as top electrodes. The devices
have been encapsulated using Araldite 2011 two-component
epoxy resin and measured outside the glovebox.
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FIG. 2. (Color online) Thickness-normalized absorbance of un-
doped and F;TCNQ-doped P3HT layers.

III. RESULTS & DISCUSSION

A. Optical spectroscopy

In order to gather information on the nature of the F4/TCNQ-
P3HT charge transfer, we performed UV-Vis-NIR absorption
spectroscopy on thin films and in solution. Figure 2 shows the
optical absorbance normalized by layer thickness of undoped
and F4,TCNQ-doped P3HT layers. The thickness of these lay-
ers was typically around 100 nm. Upon doping, a pronounced
subband gap absorption occurs in addition to the absorption
of undoped P3HT. A qualitative comparison of the NIR
region to published spectra of P3HT polarons?>* and fully
ionized F4TCNQ anions®'*? allows a clear assignment of the
prominent 1.43 and 1.62 eV peaks to the absorption of singly
negatively charged F4TCNQ. The rectangular-shaped broad
band between 1.2 and 1.8 eV and the increasing absorption
below 1 eV are typical features of polarons in P3HT. Note
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that if the F4TCNQ-P3HT charge transfer resulted in hybrid
supramolecular species with partial electron transfer, their
spectra should be severely different from the observed case.
In particular, these species would introduce new absorption
transitions between their hybrid supramolecular orbitals.

In order to quantify the absolute concentration of ionized
acceptors formed in blends of F4,TCNQ and P3HT, we
decompose the NIR absorption into the P3HT polaron and
F4TCNQ anion parts. For this analysis, suitable reference
spectra of the charged compounds are essentially needed.
Unfortunately, spectra and absolute values of the extinction
coefficients (or absorption cross-sections) of P3HT?%30:33-36
and F4TCNQ polarons in solid thin films are not consistent
or not available. Moreover, the P3HT polaron absorption
is very sensitive to the layer’s preparation conditions and
the properties of the specific P3HT sample, rendering a
meaningful algebraic decomposition difficult. We, therefore,
start by analyzing the absorption spectra of F,TCNQ-P3HT
blends in chloroform solution.

The spectra of F;,TCNQ-P3HT chloroform solutions with
varied doping ratios are displayed in Fig. 3(a). Qualitatively,
the solution spectra coincide with the spectra of the doped
layers, meaning that charge transfer takes place already in
solution upon the admixture of F4,TCNQ and P3HT. In more
detail, the solution spectra reveal a further distinct absorption
feature at 2.0 eV which is only present if F, TCNQ was added.
This transition is hidden in the thin-film spectra by the strongly
red-shifted absorption of neutral planarized P3HT.

Next, we reconstruct the NIR absorption of the doped
solution spectra by weighted sums of a F4TCNQ anion
and a P3HT polaron reference spectrum. An example of
the reconstruction of the 1:100-doped sample is plotted in
Fig. 3(b). As a reference for the extinction of F,TCNQ anions
we use the molar extinction coefficient spectrum published in
Ref. 32. There, the extinction coefficients of neutral, singly,
and doubly ionized FsTCNQ bound in charge-transfer salt
crystals are reported. The advantage of using these spectra is
that the amount of ionized F4TCNQ is exactly known from

T T T T
= 1:100-doped P3HT
— reconstructed spectrum

" P3HT polaron (a.u.)

(b)

anion
I mol/l)

1.2 1.4 1.6 1.8 2

Energy E (eV)

FIG. 3. (Color online) (a) Absorbance per length of pure (undoped) P3HT and mixtures with F,TCNQ (molar mixing ratios given in the
figure) in chloroform solution. The undoped sample had a concentration of 2-g/1 P3HT in chloroform. Absorbance is cut off beyond 2 eV for
the 1:40-doped sample due to instrumental limitations. (b) Reconstruction of the P3HT polaron/F,TCNQ anion absorption of the 1:100-doped
P3HT sample from reference spectra. The F4sTCNQ anion spectrum is reprinted with permission from Ref. 32. Copyright 1989 American

Chemical Society.
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TABLE I. Concentrations of ionized F,TCNQ found in a mixture
of F,TCNQ and P3HT in chloroform at various doping ratios.

P3HT*
Doping  repeat units F,TCNQ* F,TCNQ~" Ionized
ratio (1072 mol/1) (1073 mol/1) (107> mol/l)  fraction
1:1000 1.19 1.19 0.6 0.50
1:400 1.18 2.96 2.0 0.68
1:100 1.13 11.3 7.5 0.66
1:40 1.03 25.8 18 0.70

“Intentionally applied amount in solution.
®Measured by decomposition of the optical spectra.

stoichiometry. A comparison between the reported spectra
and our own absorption measurements of neutral F,TCNQ
in chloroform solution gives a close absolute agreement of the
spectral shape and extinction coefficients. Another solution
sample with a high but unknown amount of ionized F;TCNQ
matches the spectral shape of the crystal reference spectrum
with respect to the anion absorption bands in the NIR (see
Supplemental Material®” and Ref. 32 therein). A P3HT polaron
reference spectrum was realized by doping the neutral P3HT
powder in saturated iodine vapor. The exposed powder was
then dissolved into chloroform at a concentration of 0.025 g/1
(higher concentrations were not possible due to the limited
solubility of the doped compound).

The algebraic reconstruction of the F4sTCNQ-P3HT blend
spectra in solution allows for an estimate of the F4TCNQ
anion concentration. Table I compares these values with the
concentrations of actually applied F;,TCNQ upon blending
with P3HT. Approximately 50-70% of the initial quantity of
F,TCNQ is retrieved as anions. As expected, this ionization
efficiency is lower in very dilute solutions (see Supplemental
Material®’” and Ref. 38 therein). Assuming that the F;,TCNQ
anion and donor-acceptor charge transfer pair concentrations
are equal, we can now calculate the molar extinction coefficient
of the charge transfer pairs. At 1.52 eV, the notable minimum
in between the two major F,TCNQ anion peaks, the molar
extinction coefficient amounts to (8.3 & 1.8) x 10*1/mol/cm.
We use this value for a rough estimate of the concentration
of donor-acceptor pairs that have undergone charge transfer
in the F,TCNQ-doped P3HT layers, the results of which are
summarized in Table II.

It turns out that the concentration of ionized F4TCNQ is
only little lower than the molecular concentration calculated

TABLE 1II. Concentrations of ionized F;TCNQ found in
F,TCNQ-doped P3HT layers at various doping ratios.

F,TCNQ~* F,TCNQ®
Doping ratio (m~3) (m~3) Tonized fraction
1:200 (1.5 +£0.3) x 10 2 x 10% 0.77 £ 0.17
1:100 (2.0 £0.5) x 10% 4 x 10% 0.51+0.11
1:40 (6.3 £1.3) x 105 1 x 10% 0.64 +0.14
1:10 Q7+0.6)x 10%  4x10%°  0.67+0.15

“Measured by analysis of the optical spectra in Fig. 2.
®Intentional amount according to the doping ratio, assuming a mass
density of P3HT? of p = 1.1 g/cm’.
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from the molar mixing ratio in solution (assuming a mass
density of 1.1 g/cm® of the solid film*®). This means that
the majority of the applied F4,TCNQ acceptor molecules
undergoes integer charge transfer with P3HT. This is a
vitally important finding, because it is usually found from
electrical and electrostatic measurements that the density of
doping-induced free holes is drastically lower than the dopant
density,'>!7-? as we will also show in the following. By the
same token, the significant formation of isolated clusters of
F,TCNQ, which has been suggested to explain the reduced
free-charge carrier density by some authors'4#? and has been
excluded by others,®'¢ can be ruled out here as well.

B. Surface (Kelvin) potential measurements

Generally, a comparison of the surface potentials of an
uncovered conductive substrate and the same substrate coated
with a polymer yields combined information on the interface
energetics and on the electronic structure of the polymer
bulk.*'*> As we have shown recently, deposition of an undoped
conjugated polymer on an electrode with sufficiently small
work function leads to electron transfer from the electrode
into tail states of the polymer’s lowest unoccupied molecular
orbital (LUMO) manifold (see Fig. 4, left panels). This process
is accompanied by a continuous increase of the work function
of the sample (band bending) with increasing polymer layer
thickness.*> From a numerical analysis of the band bending,
quantitative information on the density of tail states (DOTS)
can be obtained. Similar to this, deposition of the same polymer
on an electrode with sufficiently high work function induces
holes into the polymer and allows for measuring the DOTS
derived from the HOMO manifold.

Experimental work functions at the surface of undoped
P3HT layers with varied thicknesses are plotted as solid
black symbols in Fig. 5(a). These measurements have been
performed with layers on aluminum (®g,, &~ 3.15-3.3 eV,
upper circles) and on copper (Pgyp ~ 4.5-4.6 eV, lower
triangles). Note that the work functions of the covered metal
electrodes can be offset from that of the bare metals due to
the formation of interface dipoles.** As for other conjugated
polymers, we find that the sample work function increases with
P3HT thickness on aluminum, while it decreases on copper.
The observation that both work function curves tend to saturate
at well-separated values is consistent with the injection of
electrons into LUMO-derived states on aluminum and the
injection of holes into HOMO-derived states on copper, as
explained above.

As seen in Fig. 5(a), the course of the work function of
F4,TCNQ-doped P3HT on aluminum as a function of film
thickness is qualitatively different from the undoped samples.
When a p-doped layer is deposited onto a low work function
metal such as aluminum, a classical Schottky contact is
formed. Thereby, mobile doping-induced holes in the HOMO
distribution of P3HT drift towards the aluminum contact and
get neutralized at the metal interface. The immobile F;,TCNQ
anions are left behind and form a negatively charged depletion
zone (see Fig. 4, right panels). If all holes created by doping
were extracted, the charge density in the depletion zone would
be determined by the total density of ionized F, TCNQ. We will
show later that this is not the case in F4/TCNQ-doped P3HT
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FIG. 4. (Color online) Scheme of the electron and hole transfer of undoped (left) and doped (right) P3HT layers on high (Cu, top) and low

work function (Al, bottom) metal substrates.

layers. For layer thicknesses that are thinner than the depletion
zone width, the work function curve has a parabolic shape
[see Fig. 5(a)], which implies a homogeneous distribution
of F4TCNQ in the sample. From the width of the depletion
layer, the anion density—and, therefore, the mobile-hole
density—can be calculated. For larger layer thicknesses, the
work function of doped P3HT layers on both aluminum and
copper will merge to a common value, which is the bulk
Fermi level of the doped semiconductor. Note that this value
is about 4.45 eV, which is well within the tail of the typical
distribution of HOMO levels in P3HT. However, the change of
the surface potential of P3HT on aluminum is rather gradual.
In order to gather information on the density-of-states (DOS)
distributions and the hole densities in the polymer layers, we
have numerically analyzed the work function versus layer
thickness curves following the general procedures by Lange
et al.,” but now including doping.

The surface potential is measured using the capacitor-like
configuration of a Kelvin probe setup. The potential difference
between the sample and a reference tip is adjusted such
that the gap in between those is field free. The electrical
potential ¢(x) in the polymer layer hence follows the Poisson

equation

¢
dx2 " €€

[n(x) — p(x) + N,] M

with the boundary condition %(L) =0, where n(x) and
p(x) are the electron and hole densities in the LUMO and
HOMO, respectively, N, is the density of ionized F;TCNQ
acceptor molecules, x is the distance from the electrode,
L is the total layer thickness, and €, = 3.5 is the relative
permittivity. The equilibrium local charge densities are related
to the HOMO- and LUMO-derived density-of-states (DOS)
distributions ggomo and grumo, the Fermi level Ef, and the
local potential according to

n(x) = fm gLumo [E + ep(x)]
—o L +exp (Ek:ﬁF)
_ /OO gromo [E + ed(x)]
px) =

Er—E

00 1+exp( ksT )

Due to the large reservoir of electrons, the common Fermi level
is assumed to be equal to the work function of the (metal)

dE and 2)

dE. A3)
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FIG. 5. (Color online) (a) Experimental data (symbols) and numerical calculated work functions (lines) of undoped and F,;TCNQ-doped
P3HT layers on aluminum and copper. Numerical calculations assume Arkhipov’s DOS distribution including doping-induced tail states (solid
lines) or a single-Gaussian DOS shape (dashed lines). (b) Corresponding HOMO DOS distributions based on Arkhipov’s model. The unshaded
energy range is probed in the Kelvin probe experiment. A minor contribution of LUMO levels (dotted line) is inferred from the work-function

curve of undoped P3HT on aluminum.

substrate (®syp = —EF). The work function at the organic
semiconductor surface can be calculated by
Dosc(L) = Dsup — P(L). )

Unfortunately, a direct extraction of the DOS distributions
from work-function data is not possible and therefore an a
priori assumption about its functional form is indispensable.
At first, we attempt to reconstruct the work-function curves
by assuming a single Gaussian-shaped gpomo(E). Close
reproduction the work-function data of undoped P3HT on
copper, and our previous analysis of the hole mobilities
in F4,TCNQ-doped P3HT layers'> suggest to set the total
density of states N to 7 x 10?® m~3 and the width parameter
o to 78 meV. In the work-function calculations of the
doped and undoped samples, the center of the HOMO DOS
distribution Eyomo varies from —4.75 to —4.83 eV. For a
proper description of the undoped-P3HT work-function data,
a minor injection from aluminum into the tail of the P3HT
LUMO distribution has been taken into account in these
calculations and in the following [see Fig. 5(b)].

While the calculated work functions for layers with dif-
ferent thicknesses on copper (not shown) are in satisfactory
agreement with the experimental data, there are distinct
discrepancies for the doped P3HT layers on aluminum (dashed
lines in Fig. 5). Most strikingly, the assumption of a simple
Gaussian DOS shape is not in line with the long tail of the
work-function curves towards saturation, which indicates that
a proper description must account for doping-induced states at
the low-energy tail of the DOS distribution.

The broadening of the DOS distribution due to ionized
dopants has been repeatedly suggested.”??*+8 Arkhipov
et al. discussed a model that accounts for the Coulomb
interaction of the doping-induced charge carriers with the left-
behind ionized dopants.?*?* In this model, the superposition
of the original DOS distribution and the Coulomb wells of the
ionized dopants is simplified by considering the site nearest to

a dopant ion as a trap. The resulting HOMO DOS reads

N — Ny,
gnomo(E) = ————gi(E)
N
Nd 62
—g|E————-U.No)|,
+ N & |: drepe,a ( d)] )

where N is the total site density in an undoped sample,
Ny is the density of left-behind ionized (acceptor) dopants
(assumed to be equal to the mobile-hole density), and g;(E)
is a Gaussian-shaped DOS distribution centered at Epomo
with a width of o. The density of ionized dopants causes
a reduction of the intrinsic (undoped) DOS (first term) and
a subsequent formation of an equal amount of trap states
shifted by the energy of the Coulomb interaction (second
term). Since the DOS distribution of the undoped material
is Gaussian, the distribution of the trap states is chosen to
be Gaussian accordingly. Thereby, a represents the typical
distance between a dopant ion and the trapped charge carrier.
Physically, a should correspond to the distance between the
dopant ion and an adjacent site of the semiconductor. The
interaction energy is corrected for the overlap of the Coulomb
potentials of neighboring dopant ions at high doping ratios
by the nontrivial value of U, (N,). For simplicity, the width
parameter o is assumed to be equal for both overlapping Gauss
functions g;. Within our previous numerical computation of
hopping mobilities, Eq. (5) proved to be eligible to reproduce
the doping ratio dependence of the hole mobility in F,TCNQ-
doped P3HT layers."> In addition, note that a Gaussian-
shaped distribution of subband gap states was reported for
F,TCNQ-doped N,N’-diphenyl-N,N’-bis(1-naphthyl)-1,10-
biphenyl-4,4”-diamine («-NPD) as inferred from Kelvin probe
force measurements on organic field-effect transistors.*®
Using the DOS function from Eq. (5) and the parameters
in Table III, a good agreement between the calculated and
the experimental work functions is reached [see solid lines
in Fig. 5(a)]. The according DOS distributions are plotted in
Fig. 5(b). Most remarkably, the calculated curves feature the
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TABLE III. Parameters of the DOS distributions according to
Arkhipov’s model, which have been used for the calculation of surface
potentials in Fig. 5.

Doping ratio NS (m™) Enomo® (eV)
Undoped 1.16 x 10%! —4.83
1:5000 5.5 x 102 —4.89
1:2000 1.5 x 10% —4.89
1:200 5 x 107 —4.94

Total site density N = 7 x 10%® m?, DOS width parameter ogomo =
78 meV, anion-trapped hole pair distance ¢ = 0.57 nm.

®Tonized dopant density (equal to the free-hole density).

¢Center of the bulk Gaussian distribution.

characteristic long tails before the work function saturates.
Note that, for simplicity, we have fixed the values of a and
o to 0.57 nm and 78 meV, respectively, assuming that the
morphology of the P3HT layer remains unchanged up to a
doping ratio of 1:200, which is in line with the observations of
Duong et al..** A further improved agreement between experi-
mental and calculated data might be achieved by relaxing these
constraints or, in particular, by choosing a broader shape for the
trap state distribution, being closer to the exponential-like line
shape commonly observed in undoped small-molecule organic
semiconductor films.>*2 Above all, our calculations substan-
tiate that a proper description of the gradual approach of the
work function towards the bulk limit of F4TCNQ-doped P3HT
on aluminum must generally take into account that additional
sites in the polymer HOMO are created via the introduction of
ionized acceptor molecules. The accuracy of this approach is
supported by the good agreement between the density of these
sites determined from the fits at larger thicknesses and the
value for the ionized acceptor concentration extracted from the
initial parabolic shape at smaller film thickness. In conformity
with the interpretation of the absorption data, we do not see a
significant amount of LUMO states that could stem from the
formation of hybrid charge transfer complexes. If such species
were formed between F,TCNQ and P3HT in the vicinity of
the aluminum bottom electrode, we should observe a rather
sudden increase of the work function from ®,; to the level
of those LUMO states according to the density of applied
F,TCNQ acceptor molecules.

Free-hole densities (equivalent to the densities of ionized
F,TCNQ molecules that yield mobile holes) derived from the
simulations are given in Table III and plotted as a function of
the doping ratio in Fig. 6. We observe that the charge density
in the depletion zone is only approximately 5% of the present
F4,TCNQ molecules. These values complement well the free-
hole densities which we have independently determined from
our previous capacitance-voltage (C-V) measurements on
layers in a metal-insulator-semiconductor (MIS) geometry (see
Fig. 6).!% Note that the coincidence of the free-hole densities
from Kelvin probe and C-V measurements on different sample
geometries including various metal electrodes substantiates
that these densities are characteristic for the bulk of the doped
layers. Since we have shown above that almost every F,TCNQ
is ionized, this implies that only every twentieth ionization
event creates a mobile hole that can diffuse to the polymer/Al
interface, and that can thus contribute to the Fermi level
alignment in the samples on aluminum.
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FIG. 6. Free-hole densities as determined by C-V measurements
of layers in MIS geometry (see our previous work, Ref. 15) and
by numerical modeling of the thickness dependence of the work
function of F,TCNQ-doped P3HT layers on metal substrates. The
line corresponds to the linear function p = 2.0 x 10 m™3y + 1.2 x
10! m=2.

The observation that approximately 95% of the hole-
F4TCNQ anion pairs are bound may be explained by the low
permittivity of hydrocarbon-based semiconductors. Assuming
that a purely thermal activation process causes free charge
carrier formation via charge-pair dissociation requires an
activation energy of 77 meV at a temperature of 300 K,
which is much lower than the typical exciton binding energy
of 0.2-0.5 eV in organic semiconductors.! A recent simulation
of Mityashin et al. indicates that the splitting of these
charge pairs is favored by dissociation pathways within the
energetic landscape of transport sites which might resolve
this discrepancy.”® According to Mityashin and co-workers,
however, these pathways are due to the electrostatic interaction
of neighboring charge pairs, which implies a doping ratio
dependent dissociation efficiency and, in particular, that almost
no dissociation occurs at low doping ratios. This is in clear
contrast to our observation that the dissociation efficiency
is constantly 5% in a broad range of doping concentrations,
including very low doping ratios.

C. Electrical conductivity and free-hole mobility

The electrical conductivities of undoped and F,TCNQ-
doped P3HT layers are shown in Fig. 7. Part of the data
stem from our previous analysis of the admittance spectra of
MIS devices.!> We consolidate this data with current-voltage
(I-V) measurements of hole-only devices. The respective
I-V characteristics show a symmetric and linear behavior
around O V and up to |V| = 1 V. At high doping ratios, the
hole-only conductivities connect well to the previous data. The
undoped and weakly doped samples suffer from an increased
conductivity, which is probably due to the degradation of
the polymer sample during the more-than-one-year delay
between the 7-V and the previous admittance measurements.
To support this interpretation, we repeated the admittance
measurement of a freshly prepared undoped P3HT layer in the
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FIG. 7. Conductivities as determined by admittance measure-
ments of layers in MIS geometry (solid symbols)!® and I-V
measurements of hole-only devices (open symbols). The line is the
predicted conductivity based on the mobility model by Arkhipov
et al?*>* and the hole densities from Fig. 6. The inset shows the
calculated mobility values.

MIS geometry, and this experiment yielded increased values
of the free-hole density and bulk conductivity as compared to
the data published previously.

The measured conductivities increase monotoneously and
nonlinearly with increasing doping ratio. This implies, in
conjunction with a strictly linear increase of the free-hole
density upon doping, a rather complicated relationship be-
tween the doping ratio and the hole mobility. In particular,
we find a sublinear increase of the conductivity at low to
moderate doping ratios (x < 107*), which means that the
mobility decreases in this regime. At higher doping ratios,
the conductivity increase is superlinear and, thus, linked with
an increase of the free-hole mobility.

Our updated calculations of mobility and conductivity
using the mobility model for doped organic semiconductors
of Arkhipov et al.?*>* agree excellently with the extended
experimental data in the full range of doping ratios (see Fig. 7).
Note that we have used similar parameters as in our previous
work (see Table IV) and the same DOS distributions as in the
above simulation of the work function curves (i.e., the same
values for N, o, and a).

Following the model of Arkhipov and co-workers, we
explain the mobility decrease at low to moderate doping ratios

TABLE IV. Parameters used in the calculations of the free-hole
mobility and conductivity in Fig. 7.

Total density of states N 7 x 10 m=3

DOS width parameter o 78 meV
Anion-trapped hole pair distance a 0.57 nm
Inverse hole localization radius y 2.9 nm™!
Attempt-to-hop frequency vy 3x 102571
Electric field F 2 x 10* Vm™!
Temperature T’ 300 K
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with the broadening of the DOS distribution by the attracting
Coulomb potentials of the ionized F,TCNQ molecules [see
Fig. 5(b)]. The occurrence of these Coulombic traps counter-
acts the fill-up of the low-mobility tail of the DOS distribution
upon doping. At the low-to-moderate doping regime, this can
lead to a reduction of the mobility as seen here. At higher
doping ratios, the Coulomb potentials of individual ionized
F,TCNQ dopants overlap such that the effective barrier for the
release of trapped holes is lowered. This is accounted for by
the term U,,(Ny) in Eq. (5). As a consequence, the mobility
becomes increasingly controlled by the fill-up of the DOS
distribution in the strong doping regime and, hence, increases.

IV. SUMMARY

In summary, we derived a conclusive picture of the ionized-
dopant and free-charge carrier formation in P3HT doped with
F4TCNQ. In this system, charge transfer is very efficient and
leads to a full onefold ionization of both the donor and acceptor
moieties. Thereby the majority of the F4TCNQ dopants
undergoes charge transfer, ruling out significant formation
of isolated domains of neutral F;TCNQ. However, most of
the charge carrier pairs remain strongly bound and are not
available for electrical conduction. Dissociation, which occurs
for only 5% of these pairs, might be favored by dissociation
pathways through the energetic distribution of transport sites.

As a consequence of charge carrier pair dissociation, doped
layers exhibit an increased density of mobile holes. The
corresponding electrons remain localized at the F4TCNQ
dopants, which are dispersed in the P3HT matrix. Due to
the low permittivity, the Coloumb potentials of the ionized
F4TCNQ molecules have a rather long range and therefore
affect the energetic and charge transport properties of the
layer. We have shown that the HOMO-derived density-of-
states distribution of P3HT is broadened upon doping with
F4TCNQ and that this broadening serves to explain the
complex conductivity-doping ratio relationship. In particular,
the presence of F;TCNQ anions leads to a decrease of the hole
mobility at low to moderate doping ratios.

Finally, we would like to point out that the integer charge
transfer mechanism of P3HT and F4TCNQ may not be antici-
pated for conjugated organic donors and acceptors in general.
Intermolecular electronic interactions depend critically on the
overlap of the relevant wave functions and are governed by
the minimization of energy. Therefore partial charge transfer,
i.e., the formation of hybrid charge transfer complexes,
may occur for other donor-acceptor pairs as suggested in
literature. The possible variety of doping mechanisms has
to be considered when investigating organic semiconductor
doping-related phenomena.
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I. OPTICAL ABSORPTION SPECTROSCOPY

A. Reference spectra

In order to evaluate the optical spectra of F4/TCNQ-doped P3HT layers and solutions,
proper reference spectra of the neat charged compounds are indispensable. The P3HT
polaron reference spectrum was prepared by exposing the PSHT powder to Iy vapor. The
doped polymer was then dissolved in chloroform. The spectrum of this solution, plotted in

Fig. 3b of the article, serves as a reference of the relative absorption of P3HT polarons in

F,TCNQ-P3HT blends.

In order to determine the absolute amount of F,TCNQ anions in our samples, we use the
extinction coefficient spectra of neutral F,TCNQ and ionized F,TCNQ bound in a charge
transfer salt which we have taken from Dixon et al. (Ref. 1 in this Supporting Information).
For integrity of our analysis, we compare these spectra with our own measurements. Close
accordance is exhibited between the published spectrum of a crystal of neutral F,TCNQ and
our measurement of 0.01 g/l F,TCNQ dissolved in chloroform (CF) in terms of the shape of
the spectra and the absolute value of the extinction coefficient (thick solid and dashed lines
in Fig. 1a, respectively). Preparation of a neat reference sample for obtaining the F,TCNQ
anion absorption is unfortunately not straightforward. We have prepared a solution of
0.01g/1 F,TCNQ in tetrahydrofuran (THF) and added ca. 4l of a 1g/1 potassium iodide
solution in water (K*I7) in order to reduce a significant, but unknown, amount of the
F4TCNQ molecules. Again, excellent accordance of the shapes of the specific F,TCNQ anion
absorption in the NIR (between 1 and 2eV) is exhibited between our measured spectrum
and the literature data (thick solid and dashed lines in Fig. 1b, respectively). As concluded
from these comparisons, we can use the spectra published in Ref. 1 as absolute references

in order to measure the content of neutral F,TCNQ and F,TCNQ anions in our blends.

Note that the algebraic decomposition analysis cannot be directly performed on the spec-
tra of F4,/TCNQ-P3HT layers, because the NIR absorption of the F,TCNQ anions is affected
by the polymer matrix in terms of a broadening of the absorption bands and strong tails.
This can be seen in Fig. 1b, thin dashed lines, for a sample that incorporates F,TCNQ anions
in an inert matrix of poly(methyl methacrylate) (PMMA). Therefore, in order to evaluate
the number of PSHT-F,TCNQ charge transfer pairs in the doped layers, we proceed as de-

2
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FIG. 1. Reference! and experimental extinction and absorption coefficient spectra of (a) neutral
and (b) singly negatively charged F4TCNQ. Solutions were prepared at 0.01g/1 in chloroform (a)
and tetrahydrofuran (b). Thin film samples were prepared from a blend of one FyTCNQ molecule
per 100 repeat units of poly (methyl methacrylate). F,TCNQ was reduced by adding a little amount

of a water-based potassium iodide solution to the F4/TCNQ-THF solution.

scribed in the article, i.e., we apply the extinction coefficient of the PSHT-F,TCNQ charge

transfer pairs which we have priorly determined in solution.

B. Decomposition of the solution spectra

Absorption spectra of the F4/TCNQ-P3HT blends in chloroform have been algebraically
decomposed in the NIR into the Fy/TCNQ anion and P3HT polaron parts (Figs. 2-4). In-
terestingly, the fraction of intentionally applied F,TCNQ molecules that has been recovered
as F4TCNQ anions in the analysis is a function of the solution concentration. Depending
on the initial concentration of the undoped P3HT solution, we recover 50 — 83% (at 2g/1),
42 — 67% (at 0.5g/1), and 6 — 16% (at 0.025g/1) of the F4TCNQ molecules as anions (see
Tables I-III). For the 0.025 g/l-based solutions, we observe the specific absorption bands of
neutral F;TCNQ between 3 and 3.5eV. A rough analysis of these bands using the refer-

ence extinction coefficient spectrum recovers 73 — 93% of the applied F4TCNQ as neutral

3
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molecules. Similar observations have been made by Parashchuk et al.? for poly(methoxy-
5-(20-ethylhexyloxy)-1,4-phenylene-vinylene), MEH-PPV, doped with the organic acceptor
2,4, 7-trinitrofluorenone, TNF. The authors inferred that the dopants do not penetrate into
the polymer coils in dilute solutions, resulting in only few charge transfer pairs being formed
at the surface of these coils. At higher solution concentrations, dopants do enter and charge
transfer occurs with interior polymer units as well. It is worth to note that the typical P3HT
concentration in solutions which we have used to prepare solid samples is in the range of
0.5 — 30g/l, which is in a regime where most of the F,TCNQ dopants underwent charge
transfer with P3HT.
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FIG. 2. (a) Absorbance-per-length of undoped and F4TCNQ-doped P3HT solution in chloroform.
The undoped P3HT solution sample had a concentration of 2g/1. (b) Reconstruction of the P3HT
polaron/F4,TCNQ anion absorption of the 1:100-doped P3HT sample from reference spectra. The
F4,TCNQ anion spectrum is reprinted with permission from Ref. 1. Copyright 1989 American

Chemical Society.



TABLE I. Concentrations of ionized F4TCNQ found in a blend with P3HT in chloroform at various

doping ratios. The undoped P3HT solution sample had a concentration of 2g/1.

Doping ratio P3HT repeat units® F,TCNQ* F,TCNQ~" ionized fraction
(mol /1) (mol /1) (mol /1)

1:1000 1.19 x 1075 1.19 x 107 6.0 x 1076 0.50

1:400 1.18 x 107° 2.96 x 107 2.0 x 107 0.68

1:100 1.13 x 107° 1.13x 1074 7.5 x 1075 0.66

1:40 1.03 x 107° 2.58 x 1074 1.8 x 1074 0.70

& intentionally applied amount in solution
b

measured by decomposition of the optical spectra

(b) == 1:1000-doped P3HT '
— reconstructed spectrum
10°
=
§ 107 -
> P3HT polaron (a.u.)
5
O h
\ _2 ."‘ "«:
10 { [ oo
F,TCNQ anion :
! ; € x 1.5.107% mol/))
| Lﬁ undoped
1 0—3 il 1 0—3 : .
0.5 1 1.5 2 25 1.2 1.4 1.6 1.8 2
Energy E (eV) Energy E (eV)

FIG. 3. (a) Absorbance-per-length of undoped and F4TCNQ-doped P3HT solution in chloroform.
The undoped P3HT solution sample had a concentration of 0.5 g/1. (b) Reconstruction of the PSHT

polaron/F4TCNQ anion absorption of the 1:1000-doped P3HT sample from reference spectra.
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TABLE II. Concentrations of ionized F4/TCNQ found in a blend with P3HT in chloroform at

various doping ratios. The undoped P3HT solution sample had a concentration of 0.5 g/1.

Doping ratio F,TCNQ~* F4TCNQP ionized fraction
(mol /1) (mol /1)
1:5000 2.5 x 1077 6.0 x 1077 0.42
1:4000 3.5 x 1077 7.5 %1077 0.47
1:2000 7.0 x 1077 1.5 x 1076 0.47
1:1000 1.5x 1076 2.9 x 1076 0.52
1:400 5.0 x 1076 7.5 x 1076 0.67
1:200 7.5 x 1076 1.3 x 107 0.58
1:100 2.0 x 1076 3.0 x 107 0.66

& measured by decomposition of the optical spectra

P intentionally applied amount in solution
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FIG. 4. (a) Absorbance-per-length of undoped and F4TCNQ-doped P3HT dilute solution in chlo-
roform. The undoped P3HT solution sample had a concentration of 0.025¢g/1. (b) Reconstruction
of the P3HT polaron/F,TCNQ anion and neutral F,TCNQ absorption of the 1:10-doped P3HT

sample from reference spectra.



TABLE III. Concentrations of ionized F4/TCNQ found in a blend with P3HT in chloroform at

various doping ratios. The undoped P3HT solution sample had a concentration of 0.025g/1.

Doping ratio F,TCNQ~? F,TCNQ?* F4sTCNQP ionized fraction
(mol/1) (mol/1) (mol/1)

1:100 1.2 x 1077 - 1.5 x 1076 0.08 -
1:40 2.0 x 1077 - 3.6 x 1076 0.06 —~
1:10 2.0 x 1076 1.2 x 1075 1.3 x 107° 0.16 0.93
1:4 3.0 x 1076 2.0 x 107° 2.7 x 1075 0.11 0.75
1:3 2.3 x 1076 2.4 x107° 3.2 x107° 0.07 0.74
1:2 2.3 x 1076 3.0 x 107° 4.1 x 107 0.06 0.73

& measured by decomposition of the optical spectra

P intentionally applied amount in solution
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FIG. 5. I-V characteristics of undoped and F4,TCNQ-doped P3HT hole-only devices.
II. HOLE-ONLY /-V CHARACTERISTICS

Hole-only devices of undoped and F4TCNQ-doped P3HT layers with a PEDOT:PSS
bottom electrode and a MoO3/Al top electrode exhibit symmetric /-V characteristics (Fig.
5). Positive voltages refer to hole injection from the PEDOT:PSS electrode. Conductivities

were extracted by using a linear fit within 0 to +1 V.

L' D. Dixon, J. Calabrese, and J. Miller, J. Phys. Chem. 93, 2284 (1989).
2 0. D. Parashchuk, A. Y. Sosorev, V. V. Bruevich, and D. Y. Paraschuk, JETP Lett. 91, 351
(2010).
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