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DEUTSCHE ZUSAMMENFASSUNG

Organische Halbleiter sind faszinierende Systeme. Sie sind in den letzten Jahrzehnten von immer
grofer werdendem Interesse fiir optoelektronische Anwendungen und haben fiir sich ein wichtiges
Stiick Markt gewonnen. Ein Beispiel ist die Herstellung von OLED-Bildschirmen. Auf der an-
deren Seite bieten sie weiterhin spannende Herausforderungen in der Festkorper Physik. Die
Moglichkeiten der chemischen Synthese, immer neue Materialien durch passende Funktionalisierun-
gen zu erzeugen, bietet fruchtbaren Boden zur Untersuchung der strukturellen und optischen Eigen-
schaften und ihren Zusammenhang in diinnen organischen Schichten. Die in dieser Dissertation
hauptséichlich untersuchten Halbleitersysteme gehoren, im Gegensatz zu den Polymeren, zu der
Kategorie der kleinen Molekiile. Solche Molekularen Halbleiter konnen durch Vakuumdeposition
auf Substrate aufgedampft werden. Diese Methode ermdoglicht einen hohen Kontrollgrad mit Blick
auf die Wachstumsmechanismen auf einem Substrat.

Diese Arbeit fokussiert sich auf Donor:Akzeptor Systeme (D:A Systeme) hergestellt mittels Or-
ganic Molecular Beam Deposition (OMBD). Solche Mischsysteme sind interessant, denn sie betref-
fen das viel diskutierte Thema der Molekiildotierung zur Steigerung der Leitfdhigkeit funktioneller
organischer Schichten in optoelektronischen Bauelementen. Der Begriff der Molekiildorierung ist
an den klassischen Begriff der Dotierung in anorganischen Halbleitern wie Silizium angelehnt und
bezeichnet den Zusatz kleiner molekularer Halbleiter zu bestehenden organischen Schichten zwecks
der Erzeugung von freien Ladungstrigern. Es existieren verschiedene Modelle, die versuchen,
die mikroskopischen Mechanismen der Molekiildorierung in D:A Systemen in Bezug auf Wechsel-
wirkungen durch Ladungstransfer nachzuvollziehen. Bei Polymersystemen kénnen solche Wechsel-
wirkungen einem Ionisationsprozess zugeordnet werden. In D:A Systemen bestehend aus kleinen
Molekiilen geschieht der Prozess des Ladungstransfers oft schon im Grundzustand innerhalb eines
supramolekularen Komplexes, hdufig D:A Komplex genannt.

In dieser Arbeit wurden organische Diinnschichtsystemen, genauer D:A Mischungen, mit OMBD
nach der sogenannten Bulk Heterojunction Architektur hergestellt, d.h. die Donor- und Akzeptor-
Molekiile wurden gleichzeitig auf das Substrat aufgedampft. Mithilfe einer solchen Architektur
kann man die Anzahl an D:A Komplexen maximieren und dadurch den Aufbau von D:A Co-
kristallen beobachten. Die optischen und strukturellen Eigenschaften von D:A Co-kristallen und
deren Zusammenhang lassen sich am besten untersuchen, indem man das D:A Mischungsverhélt-
nis in den Filmen systematisch variiert. Dies stellt gleichzeitig eine Anndhrung zur Untersuchung
der Einzelsysteme dar. Die Untersuchung der strukturellen Eigenschaften schlieft den Effekt der
Molekiilorientierung mit ein, was fiir anisotropische molekulare Halbleiter einen grundlegenden
Aspekt darstellt, der in der Literatur hdufig nicht erwédhnt wird. Diese Arbeit leistet daher einen
wichtigen Beitrag: es wird ein breiteres Verstdndnis beziiglich der strukturellen und optischen
Figenschaften und deren Zusammenhangs in organischen Diinnschichten gewonnen. Dies bezieht
sich im Besonderen auf die Erweiterung der untersuchten D:A Materialkombinationen und auf die
Beriicksichtigung des Effekts der Orientierung in anisotropischen molekularen Halbleitern. Die in
dieser Arbeit enthaltenen Ergebnisse bieten daher eine erweiterte Perspektive fiir die Entwicklung
optoelektronischer Bauelemente aus organischen Halbleitermaterialien.

Im folgenden wird ein kurzer Uberblick iiber die Inhalte der Dissertation gegeben. In Kapitel
eins wird eine Einfiihrung der fiir diese Arbeit relevanten Themen gegeben. Im zweiten Kapitel
werden die wichtigsten Aspekte der Theorie zu molekularen Halbleitern und deren Wechselwirkung
mit Strahlung vorgestellt. Kapitel drei beinhaltet eine umfassende Beschreibung der verwendeten
experimentellen Methoden, insbesondere die zur Rontgenstreuung an Oberflichen und zur Infrarot-
Spektroskopie. In Kapitel vier sind die Ergebnisse nach Absétzen wie folgt organisiert.
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Paare DIP:F6TCNNQ und 6T:F6TCNNQ. Fiir beide Systeme wird der Aufbau eines Co-
kristalls beobachtet. Allerdings findet man fir DIP:F6TCNNQ eine ausgeprégtere anisotropis-
che 2D-Filmstruktur als fiir 6T:F6TCNNQ, was sich in der Anisotropie der optischen Ab-
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formationen zur Entwicklung der Rauigkeit an der Oberfliche in Abhéngigkeit der Filmdicke
und des D:A Mischungsverhéaltnisses zu erhalten. Dies erlaubt es, Wachstumsprozesse in
gemischten aber phasen-getrennten Systemen zu beschreiben.

Kapitel 4.5. Orientierungskontrolle bei stabchenformigen (rod-like) organischen Halbleiter-
molekiilen. Es wurde ein Herstellungsverfahren auf Basis von OMBD entwickelt, mit dessen
Hilfe es moglich ist, die Molekiilorientierung so zu beeinflussen, dass die lange Achse der
Molekiile parallel zum Substrat liegt und die organischen Schichten einen kristallinen Auf-
bau haben. Der Effekt der Umorientierung der Molekiile auf ihre optischen Eigenschaften
wird gezeigt und unterscheidet sich je nach System. Die Orientierungskontrolle war auch fiir
die DIP:F6TCNNQ Co-kristalle moglich.

Kapitel 4.4. Quantifizierung von Ladungstransfer im Grundzustand. Mittels polarisation-
smodulierter Infrarot-Reflexions-Absorptions-Spektroskoopie (PM-IRRAS) unterstiitzt von
komplementarer Charakterisierung durch Rontgenstreuung wird der Grad an Ladungstrans-
fer im Grundzustand bei DIP:F6TCNNQ-Filmen quantifiziert. Der Vergleich mit den Ergeb-
nissen des Polymersystems P3HT:F6TCNNQ liefert neue Erkenntnisse zur genauen Charak-
terisierung des Ladungstransfers.

Kapitel 4.5. Charakterisierung zusdtzlicher D:A Systeme Im ersten Teil dieses Kapitels
wird eine Vergleichsstudie zwischen den D:A Systemen DIP:TCNNQ und DIP:F6TCNNQ
vorgestellt, in der die elektrische Leitfdhigkeit dem jeweiligen Mischungsverhéltnis zugeord-
net wird. Im zweiten Teil werden Rontgenstreuungsdaten zur Bestimmung der Einheit-
szellen des Donors DBTTF und seiner Co-Kristalle mit den jeweiligen Akzeptoren TC-
NNQ und F6TCNNQ verwendet. Die Parameter der Einheitszelle von DBTTF und vom
DBTTF:TCNNQ Co-Kristall konnten dank der guten 2D Textur gefittet werden. Fiir DB-
TTF:F6TCNNQ konnte keine Einheitszelle angepasst werden. Fiir das DBTTF: TCNNQ
Co-Kristall wurden zwei Polymorphe gefunden.

Kapitel funf fasst die Ergebnisse dieser Arbeit zusammen und fasst sie in einem Kontext.

Zudem werden zukunftige Moglichkeiten fiir Anwendungen in optoelektronischen Bauelementen
vorgestellt. Im sechsten Kapitel Daten angehéngt, die die in Kapitel vier gezeigten Ergebnisse und
gefiihrten Diskussionen weiter unterstiitzen und vervollstandigen.
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CHAPTER 1

INTRODUCTION

This chapter contains the motivation for the work behind this thesis. Several applications of organic
semiconductors are shown, with focus on the functional properties of thin films. Such functional
properties are discussed in relationship to the concepts of heterostructure and molecular doping of
organic materials via donor:acceptor charge-transfer interactions. In this context, a quick overview
of the literature concerning molecular doping is given and some models proposed to describe the
generation of free charge carriers are briefly discussed. The convergence of heterostructure and
donor:accaptor charge-transfer interactions to the study of donor:acceptor co-crystals is delineated.
Finally an overview of the contents of this thesis is given.

The discovery of conductive properties in iodine-doped polymer polyacetylene in the late ’70s
by the group of Heeger [I] represented a technological paradigm shift of organic materials with
semiconducting properties. The possibility of achieving high conductivities and/or mobilities in
conjugated organic materials has paved the way to their use in a number of applications. In
particular, since the beginning of the XXI century there has been a tremendous flourishing of
devices at least partially employing organic molecular semiconductors (OSCs). This phenomenon
goes so far, that many companies producing electronic appliances reserve a slice of their production
for including OSC-based technology (mostly displays) in their products.

1.1 State of the art, motivation and aims of the thesis

It will be useful, now, to broadly classify organic semiconducting materials into two groups:
oligomers and polymers. In order to undock the definition of oligomeric semiconducting ma-
terials from just being building blocks of polymers, in the course of this thesis the use of the
word “oligomer” will be mostly dropped in favor of the common wording “small molecules” or
“small-molecular OSCs”, as opposed to semiconducting polymers. Due to their tunable electronic
properties and wide range of structural properties, OSCs are perfectly suitable for being used in
different (opto-)electronic devices, examples of which are shown in Fig. [L.1} Here, for the sake of
brevity, only a summary illustration of the several applications is given. For an exhaustive discus-
sion of the several device applications of OSCs and the physical mechanisms underlying them, the
reader is addressed to specialized literature.

For instance, organic field-effect transistors (OFETs, Fig. [I.1h) with very high ON/OFF ratios
have been demonstrated employing a huge variety of OSCs in several device architectures [2].
Polymeric [3 4] as well as small-molecular materials [5 [6] and mixtures of them [7] have been
employed in thin films and molecular single crystals [8, 9] in a number of works, of which the
collection we E| present here constitutes only a very small portion. For such devices p-, n- and

IThe personal pronoun “we” indicates, as it is common in the scientific literature, me and the group of people
I have been working with during my doctoral studies. Without this teamwork, none of the contents of this thesis
could have been produced, therefore this pronoun assumes the meaning “we as a group”.



CHAPTER 1. INTRODUCTION

ambipolar transport has been demonstrated [I0HI4].

The application of OSCs in sensors (Fig.|1.1p) is closely related to their use in OFETs. Indeed,
embedding the functional organic film in an OFET architecture represents the simplest way to
transpose the “sensing” signal to an external circuit. The electric signal carried by such sensors
can originate by several sources [15, [I6]: interactions with analytes, pressure or acoustic waves,
temperature, light or magnetic fields. Interestingly, the OSC active layer(s) can be functionalized
with suitable chemical groups in order to increase the sensitivity to a given analyte [I7]. In general,
many efforts are being devoted to the optimization of the selectivity and sensitivity in such devices

[18, 19].

a) ToP-cONTACT, BOTTOM-CONTACT, ~ BOTTOM-CONTACT, b)
BOTTOM-GATE BOTTOM-GATE TOP-GATE

=]
| g
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Figure 1.1: Schematics and examples of architectures for the application of OSCs in optoelectronic
components. a) Organic Field-Effect Transistor (OFET) with different geometries for source,
drain and gate contacts. Adapted from Ref. [2]. b) Use of an OFET device embedded in a
sensor array. [I] Schematic of the sensor matrix where each single “pixel” is constituted by the
“top-contact, bottom-gate” OFET structure shown in a). [II] Actual size of the sensor array.
Adapted from Ref. [I9]. c¢) Schematics and real example of an organic solar cell. [I] Basic layered
structure showing the photoactive layer for exciton generation sandwiched between electron- and
hole-transport layers, respectively. Adapted from [20]. [II] Example of commercially available
solar cell on a flexible substrate. Adapted from Heliatek®. d) (TOP) Basic structure of an organic
light-emitting diode (OLED), where the organic layers shown in the center have, among others, the
function of producing light via radiative recombination of electrons with holes. (BOTTOM) Some
OLED architectures for production of white light, where the letters “R”, “G” and “B” indicate
organic layers with red, green and blue emission, respectively: [I] vertical stack; [II] pixels; [II1]
single emitter, where the orange-shaded boxes represent optional functional layers to improve
carrier transport from the contacts. Adapted from Ref. [2I]. e) [I] Microscope image showing
the characteristic edge-emission of a molecular biphenyl-terthienyl (BP3T) single crystal, which
is responsible for its lasing properties. [II] Molecular structure and transition dipole moment of
BP3T molecule. Adapted from Ref. [22].

Other kinds of applications for OSCs in which enormous progress has been demonstrated are
organic light-emitting diodes (OLEDs, Fig. [1.1) and organic solar cells (or organic photovoltaics,
OPV, Fig. ) In the simplest approximation, these applications can be seen as one being the
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“opposite” of the other [23 24]. In OLEDs, an external voltage is applied in order to inject an
electron and a hole, respectively, from the contacts into some transport layers towards a central
recombination layer, where radiative charge recombination takes place. In OPV, the generation
of an exciton (coulombically bound electron-hole pair) takes place under illumination. The hole
and the electron need to be separated and afterward each charge carrier migrates to the contacts,
thereby generating a current. Huge efforts have been devoted to understanding the interrela-
tionships between device parameters and efficiency through the manipulation of the constituting
organic materials, substrates, device architecture and fabrication processes. Several insights and
examples can be found in Refs. [20] 21], 25H27], which however represent only a minor part of the
vast literature on this topic. Remarkably, for non-transparent organic solar cells based entirely on
small-molecular semiconductors, a world-record efficiency of 13.2% has been recently achieved by
Heliatek®, which serves as an example taken from industry of the huge potential of this class of
materials for applications in OPV.

The use of molecular single crystals as materials capable of lasing (Fig. ) dates back to the
late ’60s/early '70s [28] 29]. Later, polymers embedded in microcavities have also been shown to
exhibit lasing capabilities [30]. Up to now, a large number of materials and device architectures
have been introduced as promising systems for laser applications, for which the reader is addressed
to Refs. [22] [B1H33].

One of the key factors pushing the transfer of fundamental research on OSCs onto an industrial
level is the perspective of low-cost fabrication processes that are scalable on large areas for opto-
electronic devices as well as the possibility to employ flexible substrates [34]. These two aspects
rely on the relatively low energy input into the manufacturing processes compared to inorganic
materials, which allows the use of printing techniques on plastic substrates.

The possibility to chemically design OSCs on the molecular scale represents another factor that
largely determines the success of this material class. However, it is important to remiind that the
extremely high degree of flexibility concerning the chemical design of the monomeric unit comes
together with a dramatic entanglement of molecular structure and functional properties in the
solid state [35], [36].

Besides the virtually unlimited possibilities of chemical design, the possibility to realize different
architectures for the functional organic layers in optoelectronic devices represents another key
aspect. Often, several compounds are mixed in order to affect the functional properties of organic
thin films in a desired way. The combination of different materials and thin film architectures is
called “heterostructure” [37]. In a planar heterostructure, the interface between two materials, A
and B, viewed from the side is constituted by an uninterrupted line (see e.g. Fig. . Vacuum
deposition techniques are particularly suited for the realization of such heterostructures, with
a material B deposited on top of a material A [38]. Conversely, in a bulk heterostructure the
two materials A and B are mixed on a molecular level. The number of interfaces is generally
much larger than in the case of planar heterostructures. Importantly, the interplay between the
thermodynamics of binary mixtures and the kinetic factors pertaining diffusion processes may give
rise to a variety of mixing behaviors.

As mentioned above, achieving high conductivity in films of OSCs is a key point that allows their
use in devices. Both polymers [39] 40] and small-molecular OSCs [41], [42] have been successfully
doped by small inorganic molecules. However, due to their small size compared to the constituents
of the surrounding organic matrix, inorganic dopants might show high tendency to diffuse through
the matrix itself. In order to circumvent the problem of dopant diffusion while still obtaining the
benefit of a higher conductivity, molecular doping has been realized [43-46], namely, a matrix of an
organic semiconducting material is doped with a small-molecular OSC. Hence, molecular doping
can be regarded as a particular declination of the heterostructure concept for OSCs. Notice that,
in the context of doping of organic semiconductors to increase the conductivity, heterostructures
are also called “heterojunctions”.

Different models have been proposed to define the mechanisms of molecular doping for dif-
ferent material combinations [47H50]. In general, doping occurs as charge-transfer (CT) already
in the ground-state of the system. For the prototypical donor polymer poly(3-hexylthiophene)
(P3HT, Fig. p-doped with the acceptor 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane
(FATCNQ), the widely accepted doping mechanism involves the transfer of one electron from
P3HT to one FATCNQ molecule, which generates a mobile hole on the polymer chain and a nega-
tive polaron on FATCNQ [5I]. This ionization process of the donor (D) and acceptor (A) species
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is denominated integer CT.

Integer CT has also been suggested for the small molecules N,N,N’ N’-tetrakis(4-methoxy-
phenyl)benzidine (MeO-TPD) mixed with FATCNQ [562] and for 2,2",7,7"-tetrakis(N,N-diphenyl-
amino)-9,9-spirobifluorene (Spiro-TAD) mixed with the strong acceptor 1,3,4,5,7,8-hexafluoro-
tetracyanonaphtoquinodimethane (F6TCNNQ, Fig. [3.6) [53]. However, in general the nature of
the D:A interactions mechanisms leading to CT in the ground-state and subsequently to the gen-
eration of mobile carriers in small-molecular OSCs are not yet fully understood. In particular, the
simplistic model of an integer electron(hole) being transferred from the material’s HOMO(LUMO)
to the dopant’s LUMO(HOMO) in case of p-(n-)doping has been recently questioned, and a CT
model based on the formation of a supramolecular D:A complex via frontier orbital hybridization
has been proposed [54] [55]. This is illustrated in Fig. for the prototypical small-molecular
OSC pentacene (PEN) as donor and FATCNQ as acceptor.

The transition from Fig. [[.2h to Fig. [I.2b depicts how a D:A supramolecular complex can be
embedded in a unit cell and thereby form a D:A co-crystal (or “co-crystallite” as a synonym).
Such structures can form during the co-deposition in vacuum of a donor and an acceptor materials
following the heterostructure concept. In this thesis we often observe the formation of co-crystals.
Importantly, while the pristine compounds generally show absorption of light in the visible range,
due to the newly formed supramolecular complex the energy gap of a co-crystal is generally smaller,
which might explain the lowest-energy absorption bands located typically in the near-IR range
observed for several D:A material combinations [48] 55, [57].

Several scenarios have been proposed to elucidate doping mechanisms starting from the forma-
tion of a supramolecular complex [47H49]. One of them suggests that the D:A co-crystals, formed
as a consequence of D:A interactions in the supramolecular complexes itself, act as dopants for the
surrounding matrix of the semiconductor material. Fermi-Dirac statistics imply that at room T
only a very small fraction of the D:A complexes are ionized. This could rationalize the high dop-
ing concentrations (some %) required to achieve acceptable conductivities for device applications,
several orders of magnitudes higher than those required for p- and n-doping of Si, the latter lying
typically between 10~% and 1076 [58].

The question of the formation of mobile charge carriers from strongly bound electron-hole pairs
is therefore closely related to the microscopic mechanisms leading to CT in molecular doping. This
topic has been recently discussed in Ref. [50] for the case of integer-CT molecular complexes, and
the authors argued that local disorder has a major contribution in lowering the Coulomb bar-
rier for exciton dissociation. Overall, the interplay between generation of free carriers via doping
and charge mobility related to structural order [59] [60] determines the film conductivity, which
is a key parameter for optoelectronic devices. From these considerations follows the importance
of studying the structural properties of thin films of OSCs and of identifying those systems that
tend to form D:A co-crystals. Co-crystal formation has been already observed for several OSCs in
mixed D:A thin films, where here we recall PEN:perfluoropentacene(PFP) [61), [62], diindenopery-
lene(DIP):PFP [63], picene(PIC):PFP [64] and quaterthiophene(4T):[F,]TCNQ (z = 1,2,4) [48].

Assuming that the formation of a D:A co-crystal is energetically favored, it should be always
kept in mind that kinetic factors involved in thin film growth might occasionally prevail over
simple equilibrium arguments derived from thermodynamics. This might translate in the situation
illustrated in Fig.[T.2c. The bulk heterojunction is realized by co-evaporation of donor and acceptor
in vacuum. The blue-colored regions indicate domains in which D:A co-crystallites have formed.
However, some green and red-colored areas can be observed where the pristine compounds have
phase-separated. These are regions where donor and acceptor did not mix efficiently to form the
thermodynamically favored co-crystal. In general, the microstructure or morphology of a bulk
heterojunction can vary a lot and affect the performance of optoelectronic devices like in solar cells
[27, [65] (Fig. [1.24).

One aim of this thesis is to broaden the spectrum of D:A combinations of molecular materials
studied. In particular, we identify the formation of D:A co-crystals in binary mixtures of OSCs for
several material combinations and we systematically study how the choice of the materials affects
the structural and optical properties of thin films. In order to be able to carry out his investigation
we adopted the bulk heterojunction approach, which potentially maximizes the number of D:A
complexes formed in the film. The systematic variation of the D:A mixing ratio from an excess
of the donor to an excess of the acceptor allows to precisely track the changes of film optical
properties back to the development of specific crystalline structures and their orientation with
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Figure 1.2: Tlustration of the components on the molecular scale of the functional layers of an
optoelectronic device. a) D:A CT interactions in the ground-state within a supramolecular complex
lead to the formation of new hybrid levels, where the hybrid HOMO gets doubly occupied. Density-
functional theory calculations of the indicated frontier orbitals for pentacene (D), FATCNQ (A)
and their supramolecular complex are adapted from Ref. [64]. b) Unit cell of a D:A co-crystal
embedding a D:A supramolecular complex. Represented here is the unit cell of a picene:F4ATCNQ
co-crystal adapted from Ref. [56]. ¢) The unit cell belongs to one of the many co-crystallites (blue
areas) forming in a co-evaporated D:A film according to the bulk heterojunction architecture.
Due to the non-equilibrium processes involved in thin film growth, some amount of the pristine
donor (red) and acceptor (green) might not mix and therefore form phase-separated domains. d)
Schematic representation of an organic solar cell. The organic layers in contact with the electrodes
are composed by the pristine donor and acceptor materials, respectively, whereas the central D:A
layer is realized as bulk heterojunction by co-deposition of donor and acceptor materials. Such an
architecture can be realized, for instance, by depositing the D:A layer on top of the D layer in a
planar heterojunction fashion, and analogously for the A layer on top of the D:A layer. Notice that
the interface roughness between the layers is represented. The top contact consists in a transparent
conductive oxide which allows light to penetrate into the photoactive D:A layer.

respect to the substrate surface. The comparison of several D:A systems allows us to gain a more
complete picture of the interplay between molecular structure, energy level alignment and mixing
behavior, which remains so far one of the most elusive aspects in the realization of optoelectronic
components.

Another aim of this thesis is to illustrate the use of highly sensitive experimental techniques to
study relatively complicated systems like D:A mixtures. Also in this case, systematic variation of
the D:A mixing ratio proves highly beneficial for a solid interpretation of the data. We therefore
recommend further application of these combined approaches.

We also aim at demonstrating an OMBD-based film growth method which can be exploited
to select the film structural and optical properties via control of the molecular orientation. This
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method can be applied in principle to all D:A combinations studied in this work and thus expands
the possibilities of a given molecular material to achieve a required set of functional properties.

1.2 Summary of the thesis

Below, the results of this thesis are summarized. For a quick overview, in Fig. a chart is shown
with a map of the main results and the complementary experimental techniques used.

The material combination exhibiting DIP as donor and F6TCNNQ as acceptor is the most
thoroughly investigated in this work. We start by introducing the structural and optical proper-
ties of DIP:F6TCNNQ thin films in different mixing ratios in comparison with a-sexithiophene
(6T):F6TCNNQ thin films (box Ia in Fig. [1.3)). For both kinds of mixtures we show the formation
of D:A co-crystals and the presence of strong optical transitions located in the near-infrared (NIR)
portion of the spectrum, below the gap of the pristine compounds. For the lowest-energy transition
we suggest their attribution to the fundamental HOMO-LUMO transition in the supramolecular
complexes. For DIP:F6TCNNQ, we show a more pronounced uniaxial anisotropy of film tex-
ture and optical properties than for 6T:F6TCNNQ), as well as tendency to thin film smoothing in
mixtures with excess DIP.

The latter finding pushes us to carry out real-time and in situ X-ray reflectivity investigations
on DIP:F6TCNNQ blends (box II in Fig. with varying F6TCNNQ content but keeping an
excess of DIP. By applying the kinematical approximation and several growth models, on one side,
and the Parratt formalism on the other side, we suggest a general mechanism to explain roughness
evolution in binary mixtures as a function of mixing ratio. This mechanism concerns the different
vertical growth rate of D:A co-crystallites and pristine crystallites of the excess donor, respectively,
which has opposite effects on film roughness depending on the thickness regime.

Since a functional interface between two materials is defined by surface roughness and relative
orientation of the small molecules, a special effort is dedicated to understanding how to control
molecular orientation (box IIT in Fig. and, at the same time, obtain crystalline films. We
establish a procedure involving film deposition via OMBD at very low substrate temperature
followed by a gentle annealing up to nearly film desorption. This procedure allows to orient DIP
molecules on silicon oxide exclusively adopting an edge-on orientation with the long molecular axis
parallel to the substrate surface (lying-down orientation), whereas DIP grows at room temperature
in an upright-standing orientation. The mechanism suggested for the achieved orientation selection
appears to be a general mechanism for rod-like OSCs and in principle it can be extended to other
molecule/substrate combinations. As an example of this we additionally show how the orientation
of the DIP:F6TCNNQ co-crystal can also be selected.

The last series of investigations on DIP:F6TCNNQ mixtures features a comparative study with
P3HT:F6TCNNQ mixed films by means of infrared spectroscopy (box Ib in Fig. [1.3). For these
investigations we use a particular setup which allows to investigate a broader spectral range with
much better signal-to-noise compared to standard transmission measurements. In this study we
compare the shifts of vibrational modes that are sensitive to the degree of ground-state CT (GS-CT)
in OSCs, in particular of the C= N stretching of FETCNNQ, and we calculate the GS-CT degree in
DIP:F6TCNNQ. We compare these data with the data for PSBHT:F6TCNNQ, where for the latter
system an integer GS-CT is expected. We conclude that solely analyzing the C=N stretching
mode shift is not enough to establish a correct picture of the CT strength in P3HT:F6TCNNQ),
and that a conclusive analysis has to include the C=C stretching modes of F6TCNNQ and their
relative intensity compared to the C=N stretching.

In the last section we present the results on other D:A systems (Ic in Fig. . First we use DIP
as donor but we change the acceptor from F6TCNNQ to the weaker TCNNQ (lower electron affinity
than FETCNNQ) and we investigate the relationship between electrical conductivity behavior as a
function of D:A mixing ratio vs. nature of the acceptor used. We find an interesting difference in the
behavior of the conductivity for the two D:A systems, respectively, and we suggest an explanation
relying on the dependence of carrier mobility on mixing behavior. Additionally we use the same
two acceptors TCNNQ and F6TCNNQ but we investigate their mixtures with the donor dibenzo-
tetrathiafulvalene (DBTTF). For this donor, the unit cell parameters of the thin-film polymorph
are fitted. For both D:A combinations we observe the formation of a D:A co-crystal. However,
DBTTF:TCNNQ films exhibit a higher degree of uniaxial anisotropy and it is therefore possible
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to fit the unit-cell parameters of the co-crystal from the X-ray diffraction pattern of the equimolar
mixture. For this D:A combination we also discuss the presence of different polymorphs.

The subsequent chapter contains a critical discussion of all the obtained results. Some perspec-
tives for future application-oriented research based on the results of this thesis are also presented.
Finally, the thesis concludes with several Appendixes containing additional data and discussions
that complement the Results chapter.
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Figure 1.3: Conceptual map of this thesis. Many of the results focus on DIP:F6TCNNQ as a D:A
combination, which was the system most thoroughly investigated. The experimental methods are

reported in gray boxes.



CHAPTER 2

SELECTED FUNDAMENTALS

This chapter illustrates some fundamental concepts of solid state physics. The choice of the topics
and the detail of each is preparatory to the discussion of the results contained in this thesis and
is not intended to be exhaustive E| The first part provides an overview of the nature of solid state
interactions in “soft” materials and illustrates some thermodynamical arguments pertaining binary
mixtures. The coupling between vibrations and charge-transport in molecular materials is then pre-
sented, followed by some key aspects of growth processes of molecular thin films. The second part
deals with the fundamental optical functions describing the interaction of electromagnetic radiation
with matter. Some basic definitions of the dielectric response in solids and the formalism of refrac-
tion at interfaces are introduced. The formation of excitons in molecular solids and the possible
scenarios for charge-transfer are considered next. The closure of the chapter illustrates general as-
pects of the interaction of matter with X-rays, especially elastic scattering at crystals. Throughout
the chapter, connections between the fundamental concepts illustrated and their application to the
study of molecular materials are highlighted.

2.1 Organic semiconductors

The ability to control of the functional properties of thin films of OSCs requires knowledge of
the nature of the “weak” intermolecular interactions and the resulting “soft” solid state cohesion
forces, as opposed the strong covalent or ionic bonds of an atomic solid like a metal, a salt, a
semiconductor like Si or an insulator like diamond. Additionally, the dynamic processes involved
in thin film growth must be taken into account since they determine the rate or probability at
which solid state intermolecular interactions occur and govern to a large extent film morphology.
An essential element in thin film growth is then the presence of a substrate, i.e. a supporting surface
with a given energetic landscape which, at least at the beginning of film growth, can interact with
the molecular components and may therefore affect self-assembly processes. For film deposition
from solution, the presence of a solvent further complicates the description of growth processes,
but this case is not treated in this thesis.

It should be emphasized that predicting growth scenarios of thin films based on equilibrium or
near-equilibrium arguments might occasionally fail. This is due to the non-equilibrium character
of thin film growth [66]. However, by invoking energetic arguments one can predict some basic
features of the solid state packing of molecular solids and their mixing behavior. It will be useful
within this thesis to recall some considerations for perfect crystals at equilibrium as a starting
point to describe complicated growth scenarios.

IFor this and for the subsequent sections of the theoretical background as well as for the subsequent ones, the
choice of textbooks as main references is partly based on personal knowledge, partly on factors related to “tradition”
and relevance of a given book within the single research group. Such works contain many references to early works,
which here for the sake of a simpler source referencing we omit to specify. The interested reader is invited to consult
the books cited in this thesis as well as the references therein.
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2.1.1 Electron conjugation in organic materialsﬂ

The formation of a chemical bond between two atoms (homo- or heteroatomic) consists in a binding
force provided by the charge distribution of the valence electrons. Solutions of the Schrédinger
equation with the system Hamiltonian H:

H=Ty+T.+V. (2.1)

provide the eigenstates and eigenvalues of the chemically bound state. In Eq. 2.I] we separate
contributions of the kinetic energies of the atomic nuclei and of the electrons, respectively T n and
T, and the total potential energy of the system, V.

A useful approximation to solve this problem consists in using a linear combination of valence
atomic orbitals (LCAO) with different values of the total orbital momentum (MO) as test functions
within the Rayleigh-Ritz variational principle. This is called the LCAO-MO or Hund-Mulliken
method. A result of the LCAO-MO method is that a state of lower energy than the isolated
atomic orbitals can be found, which allows a higher electron density to be found between the
atomic nuclei, thereby producing a bonding effect Such an approach allows to rationalize the more
covalent or ionic bond character of simple molecules like HC1 or NaCl in terms of the magnitude
of the coeflicients entering the LCAO-MO.

2.1.1.1 Types of hybrid bonds involving s and p orbitals

The LCAO-MO treatment allows to rationalize the different strength observed for C-C bonds in
organic molecules in terms of different modalities of hybridization. Let us consider the ground
state of the isolated C atom with its electronic configuration 1s22s22p?. Another state, very close
in energy to this one, has configuration 1s22s'2p?, which therefore exhibits now three electrons in
2p states, respectively 2p,, 2p, and 2p. orbital. From this easily accessible configuration, the C
valence orbitals can hybridize in several ways (Fig. —c).

In the methane molecule, CHy, the singly occupied C 2s orbital forms four independent linear
combinations with the three singly occupied 2p orbitals. Four hybrid sp? orbitals result, oriented
towards the vertices of a tetrahedron. Each of these four hybrid orbitals on the C atom forms
a bond with the singly occupied, sphero-symmetric 1s H atomic orbital, resulting in four bonds
oriented in a tetrahedron fashion with equal angles of 109.6° between them (Fig. ) For these
bonds, the component of the orbital angular momentum along the bond direction is zero, from
which this kind of orbital is called o.

The ethylene molecule, CoHy, exhibits a commonly denominated “double bond” between the
two carbon atoms, C = C. Here the C valence orbitals form sp? hybrids, namely, three independent
linear combinations of the 2s with only two of the 2p orbitals. The two sp? hybrids of each C atom
form then o bonds with H atoms. The third 2p orbital, which we will indicate as 2p, for convention,
hosts one electron and remains non-hybridized and therefore a second C— C bond is formed. The
latter originates from purely p orbitals and therefore the component of the angular momentum
along the bond direction is 4#: this is called a 7 orbital, or 7 bond (Fig. 2.1p).

In the acetylene (or ethyne) molecule, CoHs, only one 2p orbital and the 2s orbital of C
hybridize, giving a total of two possible linear combinations called sp orbitals The remaining two
2p orbitals remain unhybridized. This originates a C=C triple bond constituted by one ¢ bond
formed between the hybrid sp states and two 7 bonds formed between the unhybridized 2p orbitals
(Fig. [2.1¢). The remaining sp orbitals form o bonds with H. For instance, a triple bond between
C and N is of importance for the study of CT interactions in D:A systems, as we will see in the
Results section [L.4]

The sp? type of orbital hybridization and the consequent formation of double bonds is of special
importance in organic materials. In linear as well as poly-cyclic unsaturated hydrocarbons the
alternation of single and double bonds leads to peculiar physico-chemical properties compared to
unsaturated hydrocarbons where this bond alternation is absent, for example higher reactivity and
lower energetic optical absorption bands compared to saturated hydrocarbons. These properties
derive from the fact that the electrons participating to the m bonds are delocalized along these

2The treatment of chemical bonds in molecules contained in this paragraph is mostly taken from the book of
Bransden [67]. For the treatment of conjugation, the first chapter of the book of Salem [68] has also been consulted.
All other sources are explicitly indicated.
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Figure 2.1: Molecular structure and schemes of bond formation in the smallest organic molecules:
a) methane (CHy), b) ethylene (CoHy), ) acetylene or ethyne (CyHz), d) benzene (CgHg). For
benzene, the Hiickel method leads to the definition of six eigenstate v and eigenvalues F, as a
function of two parameters, o and 3, with § < 0. Of the six eigenstates, three are bonding and
occupied, whereas three are anti-bonding and occupied in the ground-state. Adapted from [69].

molecules. Such delocalization is termed conjugation of the 7 electrons (or m-conjugation) and is
a common feature of all OSCs, being the reason for their bandgap lying often in the visible range
of the spectrum, as we shall illustrate briefly.

The benzene molecule, CgHg (Fig. ), represents a classical example of how the LCAO-MO
can be used to predict the m conjugation. The example of benzene is useful since this the hexa-
cyclic molecule can be considered “the building block” of many, more complex OSCs. To calculate
eigenvalues and eigenstates, an approach called Hiickel method is adopted which greatly simplifies
the problem. The ordering of the benzene energy levels according to the Hiickel method is shown in
Fig. 2.1d, where also the level occupation from the six 7 electrons and the resulting electronic gap
are shown, the latter defined as the distance between the top occupied and the bottom unoccupied
level.

The Hiickel method can be applied to more complex conjugated molecules and is able to provide
insights into several physico-chemical properties. Notice that a simplified Hiickel-like approach has
been recently used to describe the formation of a supramolecular CT complex with hybridized
HOMO and LUMO levels in the ground state (see Selected Fundamentals section [2.2)).

2.1.1.2 Free electron in a box

The complexity of the Hiickel method increases rapidly with the size of the molecule under study.
In order to obviate to this, it has been shown that conjugated systems can also be described by
the model of a free electron in a box [70, [71], showing qualitative agreement with the experiments.
For instance, a “classical” result of the particle in a state with quantum number n in a box of
length L is that the total energy depends on n?/L?, and this dependence is actually observed for
the HOMO-LUMO transition of several systems like cyanine dyes and polyenes [72], as shown in
Fig. 2:2h, where L represents in this case the number of units forming a molecule. As shown by
the Stanford group of John R. Platt in a series of papers [73], the model can be extended to other
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types of m-conjugated systems by adjusting the shape of the box. The results of the particle-in-
a-box model (Fig. [2.2h) are in qualitative agreement with more advanced calculations (Fig. [2.2p)
in predicting the red-shift of the lowest absorption as the size of the conjugated system increases,
analogous to the case of a 2D box.

a) b)
c24H12 c42H18
(coronene) (HBC)
; DePet
- - — — — B
— W R
) i = — C,H,, (coronene)
B| — CaMu (HBO)
e - q=) c116H3Il }
HOMO e _ 5 — CpHp A l ¥ h
————== i I [ A
LUMO _ ® Y 8
- — —— —_— = E
4 5 Y 8
Nowo 3 4 5 6 7 8 |
T
L 15 20 25 30 35 40 45

Energy [eV]

Figure 2.2: a) Energy levels of a free electron in a one-dimensional box in which a small periodic
potential, representing the bond order alternation in linear polyenes, is present. In ordinate, the
chain length L scales with the number of electrons in the HOMO state, ngoamo. The HOMO-
LUMO difference, indicated by the blue double arrow, decreases as L increases. Adapted from
Ref. [72]. b) [TOP] Series of coronene derivatives of increasing molecular weight, which repre-
sent a 2D-box of increasing size; [BOTTOM] corresponding absorption spectra simulated using
advanced computational methods. The forbidden transitions (indicated by the arrows) as well as
the lowest-energy absorptions shift to lower energies with increasing molecule/box size. Adapted
from Ref. [74].

In summary, both the Hiickel and the particle-in-a-box models are able to qualitatively describe
the electron delocalization occurring along the skeleton of molecular OSCs and to empirically
predict band edges falling in the visible range, which accounts for the typically colored aspect of
these materials in solution. The concept of w-conjugation is fundamental for understanding the
“soft” cohesion forces acting in the solid state of molecular materials, which is the topic of the next
paragraph.

2.1.2 Solid state interactions in molecular materialsﬂ

In the previous paragraph we examined the nature of conjugated bonds in organic molecules.
Here we consider inter-molecular interactions that determine cohesion and molecular packing in
molecular solids. Such interactions are determined by forces that can have different strength and
direction.

2.1.2.1 Permanent dipoles and van der Waals interactions

We first consider the case of the interaction of two fixed dipoles, p; and pso, at a distance r. This
represents the case of a molecule that exhibits one or more polar bonds or side-groups. In this case
the interaction potential V is proportional to r—3 and the corresponding force can be attractive or
repulsive depending on the relative orientation of the dipoles.

3The concepts of this paragraph are mostly taken from the book of Schwérer and Wolf on molecular solids,
Ref. [75]. Different references cited are indicated.
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A polar side group of a molecule can interact with a portion of a neighboring molecule that
does not exhibit any net dipole. In this case, the net dipole on the polar bond generates an electric
field E at the non-polar region, which thus becomes polarized. The induced dipole p;nq is related
to the polarizability « by:

Pina = oE (2.2)

In this case, an attractive force, also called inductive force, between the permanent dipole and
the polarized region is generated, with a potential energy proportional to ar 6.

Cohesion forces in crystals of OSCs are often originated by fluctuations in charge distribution
in a given volume portion of a molecule, which correspondingly induce fluctuating dipoles on a
neighboring molecule. These attractive forces caused by charge fluctuations are termed dispersive
or van der Waals forces, in order to distinguish them from the inductive forces originating from
permanent dipoles. Examples of molecular materials in which dispersive forces play a dominant
role in crystal formation are poly-cycles like anthracene or pentacene, since in these molecules no
polar side-group is present. The dependence of the resulting potential energy on the distance r
and the polarizability « is:

1"
1 A a?
4meg 1O

de‘sp == (23)
In Eq. €o is the dielectric constant in vacuum and A" is a parameter which accounts for
the actual anisotropy of the charge distribution, including quadrupolar and higher-order moments.
Overall, charge distributions induced by permanent or fluctuating dipoles of the form of Eq.
represent an attractive (or negative) contribution to the total potential energy (Fig. ) However,
for a complete expression of the intermolecular potential, positive contributions to the total energy
must also be taken into account. They arise mostly from repulsive forces between the electronic
charges and by the Pauli exclusion principle, avoiding the collapse of the solid structure. A common
approximation is to account for such repulsive forces as function of the distance r through a power-
law dependence r~'2, such that the total energy assumes the form of a Lennard-Jones potential:

A B
Viot:*r*6+ﬁ

(2.4)

The constants A and B are supposed take into account several factors like anisotropy. Solving
OViot/Or = 0 in Eq. allows to find the equilibrium distance, rg, and the minimum energy as
function of A and B, as shown in Fig. 2.3h. In a real molecular crystal, the equilibrium distance
will depend on the crystal direction considered, which can be qualitatively explained by different
values of A in Eq. depending on the crystallographic axis and on the relative orientation of the
molecules within the unit cell, as it is shown in Fig. 2.3p.

At this point it is necessary to stress that the prediction of crystal structures in molecular
solids is a complicated task. One aspect of this complication is the already mentioned interaction
anisotropy. Another aspect concerns the small differences in free energy between different crystal
structures of the same compound, which gives rise to a phenomenon known as polymorphism
[76]. The different crystal structures of the same compound are thus called polymorphs, and we
will touch upon this topic further below. In general, as the molecular structure becomes more
complicated and acquires degrees of freedom, the accurate prediction of the equilibrium crystal
structure(s) becomes hardly possible [76]. However, recently important progresses have been made
in the field of crystal structure prediction [77].
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a) b)

repulsive = B/r'?

attractive = -A/r®

Figure 2.3: a) Lennard-Jones potential curve with attractive and repulsive contributions shown.
b) View of pentacene unit cell with the peculiar herring-bone arrangement (crystal structure from
Ref. [78]), where the equilibrium distances in A between one terminal H atom and two C atoms
belonging to different molecules are shown.

2.1.2.2 Contribution of quadrupoles to molecular packing

How the 7-conjugation of electrons in OSCs determines their solid-state packing can be also under-
stood by considering the quadrupolar moment of a w-conjugated molecule. In the case of benzene
examined in detail above (Fig. ), but also for many other conjugated hydrocarbons, the de-
localization of the negatively charged electron cloud in the “shared” 7w orbital leaves a volume of
compensating positive charge (Fig. [2.4h). This means that, despite benzene does not have any
dipole moment, it possesses a quadrupolar moment due to the deviations of its charge distribution
from spherical isotropy [79,[80]. This argument can be easily extended to many other hydrocarbons
exhibiting a conjugated 7 system. The most energetically favorable configuration for the many
molecular objects building up a crystal is the so called herringbone packing (Fig. )7 i.e. an
edge-on-face configuration in which the edges bearing an overall negative charge point towards the
positive faces. This is, indeed, the configuration of like electric quadrupole moments that mini-
mizes repulsive interactions and maximizes attractive contributions, and is a quite common pattern
for conjugated, polycyclic hydrocarbons like tetracene, pentacene, diindenoperylene. Interestingly,
more and more relevance has been given in the literature to the role of quadrupolar interactions
for the formation and stabilization of structures in biological systems [81], [82].

Perfluorination of benzene to give hexafluorobenzene, C¢Fg, leads to the inversion of the charge
distribution landscape of the molecule. As a consequence, the molecular packing of a benzene-
perfluorobenzene co-crystal is very different from that of pristine benzene, as shown in Fig. 2.4p.
The molecular arrangement of the C4Hg/CgFg co-crystal in this case features a linear stack of
quadrupoles of the same sign facing a line of opposite quadrupoles. In such way, slipped piles
of face-to-face CgHg/CsF¢ dimers stack adjacent to each other [80]. It is tempting to use the
argument of the quadrupole moment inversion to predict a face-to-face molecular arrangement for
another arene-perfluoroarene system, pentacene:perfluoropentacene (PEN:PFP) [61],[62]. However,
one has to be careful since PEN and PFP are polycycles and have a lower symmetry than benzene
and hexafluorobenzene. Indeed, to date such an arrangement has not been clearly documented for
PEN:PFP.
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Figure 2.4: Schematics of equilibrium crystal structures resulting from the balance between at-
tractive and repulsive quadrupolar forces. a) Herringbone or edge-to-face crystal packing of a
single-component molecular crystal. b) Linear or face-to-face crystal packing in a bi-component
co-crystal, e.g. a D:A co-crystal. Adapted from [80] with inverted signs for the electrostatic
potential.
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2.1.2.3 Molecular packing in D:A co-crystals

One important type of binary crystals are D:A co-crystals. In such systems, the molecular structure
of D and A, respectively, can be totally different, therefore prediction of crystal packing based on
electrostatic arguments becomes very difficult. Additionally, the energy alignment of the donor
HOMO with the acceptor LUMO ad the efficient orbital overlap between the two may induce a
partial CT from the donor to the acceptor. This transfer of electron density may induce a dipole
within a D:A dimer, such that the additional Coulomb forces increase the overall cohesion energy
of the solid compared to the pristine compounds. This was demonstrated for mixed thin films of
OSCs as PEN:PFP [83], or picene(PIC):PFP [64] by their improved thermal stability to annealing
in vacuum.

A large variety of systems commonly denominated “organic CT salts” has been studied. In
these compounds it is possible to observe a transition from a neutral to a nearly ionic state of the
D:A dimer [84]. Organic CT salts can be distinguished into two types [85] [86] depending on the

packing of the D:A moieties: the first type features mixed [D®+ A%~ - D%+ A%~ stacks (Fig. ),
the second type segregated [DYD* - D*D*] and [AA™ - A~A~] stacks (Fig. [2.5b). The

strength of CT interactions in these two classes, respectively, can be sharply distinguished [87].
Compounds belonging to the first class (mixed stacks) form CT complexes, are neutral in their
ground state and exhibit semiconducting properties. Compounds belonging to the second class
(segregated stacks) form radical-ion salts and their ground state consists of positively and neg-
atively charged stacks of ions, which give rise to high conductivities in the direction parallel to
the stacks themselves. The most famous example belonging to this second class is probably the
tetrathiafulvalene:tetracyano-quinodimethane (TTF:TCNQ) D:A co-crystal, TTF:TCNQ, whose
single crystals can exhibit charge carrier conductivities as high as ~ 102 Q/cm.

One may argue that, as soon as the molecular weight of D and A increases, due to the possibly
increasing flexibility and number of degrees of freedom of the molecular units the probability to
form stable segregated D:A stacks becomes lower. This generalization seems in agreement with
the fact that for radical-ion salts forming segregated D and A moieties the D and A units are
highly planar [87]. Notice that, in thin film growth, the formation of D:A stacks might be further
hindered by kinetic factors despite an overall negative energy balance of the reaction D? + A% —
DOF:A~.

For the material combinations investigated in thesis, structural and spectroscopic investiga-
tions give strong hints for the formation of CT complexes in polycrystalline thin films. However,
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Figure 2.5: a) [LEFT] Unit cell of tetracene (TET):FATCNQ co-crystal exhibiting mixed D:A
stacks; [RIGHT)] illustration of a mixed D:A stack with the donors bearing a partial positive
charge, 0+, and the acceptors a partial negative charge, 6—. b) [LEFT] illustration of segregated
D and A stacks with the donors bearing a full positive charge, +, and the acceptors bearing a
full negative charge, -, where the spatial arrangement of two adjacent stacks is shown by the
dashed lines; [RIGHT] Unit cell of the “organic metal” tetrathiafulvalene (TTF):TCNQ co-crystal.
The schematics are adapted from Ref. [75]. The experimental crystal structures are taken from
Ref. [88] (TET:FATCNQ ) and Ref. [89] (TTF:TCNQ).

determination of the kind of D:A stacking motif and the relative orientation of the inequivalent
stacks is beyond the scope of this thesis. Nevertheless, mostly by the thorough comparison with
similar D:A co-crystals from the literature and by qualitative evaluation of the strength of CT in-
teractions in the ground-state, we can reasonably assume a nature of mixed stacks for all the D:A
pairs investigated here. As mentioned in the Introduction, mixed D:A systems and their structure
in thin films are the focus of this thesis. In the following paragraph we will consider some energetic
arguments which are useful for predicting the equilibrium mixing configuration of binary miztures.

2.1.3 Binary mixturesﬂ

In the previous paragraphs we have considered the Lennard-Jones expression of the potential energy
(Eq. and we have presented two examples of crystal packing motifs, i.e. mixed and segregated
stacks. Here we report useful expressions for the calculation of the free energy of a lattice composed
by two materials, A and B. This will help understanding better the mixing behavior of the D:A
mixtures studied in this thesis, as illustrated by the examples reported.

2.1.3.1 Thermodynamics of regular solutions

In order to explain solid state properties of materials (not only OSCs), defects are of great im-
portance. In order to work a useful expression for the free energy of a binary mixture A:B, it is
useful here to include the presence of a defect or “impurity” B in concentration x in the lattice of
a perfect crystal A. In general, a lattice of N = N4 + Np particles has a configurational entropy
S given by the Boltzmann expression:

S=kglnQ=kgln ':kB(lnN!—lnNA!—lnNB!)%

N4!Np
%k‘B(Nth—NAlnNA —NBIHNB)

(2.5)

where kp is the Boltzmann constant and we used the Stirling approximation. The argument of
the logarithm is the number of permutations of N objects excluding the equivalent permutations
of the N4 and Np objects. Since N4 and N4 are linked via the total number of particles N, it is

4Most of the contents of this paragraph are adapted form the books of Kitajgorodskij [0, @T]. Other references
are indicated.
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convenient to divide Eq. by N and define Ng/N = 2 = Na/N = 1 — z, which allows to use
only the variable x.

Apart from the entropy contribution contained in Eq. inclusion of a species B in the lattice
of A involves also a different interaction potential, AV. We assume to have a lattice of mixed
spherical particles A and B and we consider only nearest-neighbor interactions. One needs to take
into account a “homo-particle” potentials, V44 and Vpp, and “hetero-particle” potential, V4p,
and include the coordination number per particle, Z, to obtain the total interaction potential, W:

W Z
=7Z—=—7=(V, Vep — 2V, 2.6
inT kBT( AA+ VBB AB) (2.6)
In Eq. 2:6] x is the normalized interaction potential. The Helmholtz free energy of mixing, F,
is then obtained by summing the two contributions related to the configurational entropy (Eq.
and the interaction energy (Eq. , respectively:

X

F=kpT(xz(l—2)+alnz+ (1 —2)In(l —z)) (2.7)

The expression xz(1 — z) in Eq. is the mixing energy or mixing heat. The different signs
of the homo-particle and hetero-particle potentials in Eq. [2.6] account for the fact that mixing,
i.e. more favorable A-B interactions, competes with de-mixing, i.e. more favorable A-A or B-B
interactions.

In Fig. we illustrate the dependence of F' on the molar ratio x and the homo-particle
interaction parameter V4 4. The values for Z, Vg, Vag and T are reported in the figure caption.

Shape of Helmholtz free energy of mixing

10*F/k T

'
N

Figure 2.6: Example of variation of the Helmholtz free energy of mixing as function of the molar
ratio of “impurities”, z, and the inter-particle interaction potential for homologous particles, V4.
The curve was simulated from Eq. setting Z = 1, Vgp = 3kpT, Vap = 2kgT, T = 298K,
which leads to x > 2 for Vaa > 3kpT (Eq. . The red lines correspond to the local minima as
function of the inter-particle potential.

The shape of F can be rationalized as follows [37] (Fig.[2.7). At high T the logarithmic entropy
term will dominate the free energy, which can be regarded as a vanishing x term in Eq. 2.6l In
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this case the energy curve exhibits only one minimum at x = 0.5, which can be interpreted as an
unlimited ability of the A and B particles to mix in any molar ratio, i.e. the system is a solid
solution.

Lowering T may give origin to three different scenarios, since in this T range the entropy of
mixing does not dominate anymore.

e If x <0, the interactions between hetero-particles dominates, which can be interpreted as a
favorable formation of an A:B complex. In this case, assuming that the A:B complex has a
1:1 stoichiometry, it can be expected that the excess amount of either A or B, which does
not participate to the complex, precipitates in pristine domains.

e If x ~ 0, there is no clear dominance of homo- or hetero-particle interactions, and the
system the system is a solid solution with the components A and B being able to mix in any
proportion.

o If x > 2, the free-energy curve assumes a shape in which two local minima appear at sym-
metric positions, respectively x = x,, and * = 1 — x,,, about the local maximum located
at at x = 0.5. The two local minima are indicative of a phase-separation occurring within
the binary mixture, i.e., the two compounds A and B segregate in pristine domains with
macroscopic phase boundaries.

The latter case can be observed in Fig. @ for Vaa > 3kpT. As Vaa decreases from its
maximum value, the minima approach x = 0.5 and, for V44 = 3kpT, they converge to the central
value. For Va4 < 3kpT, due to overall weakened interactions, there are no more phase boundaries
in the binary mixture and the miscibility is complete.

a) Solid solution

I
High T(x~0) NN
NI

b) Ordered complex l
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Figure 2.7: Simplified mixing scenarios for binary mixtures as function of 7" and of the total
interaction potential y (Eq. . Adapted from Ref. [37].

2.1.3.2 Examples for molecular materials

The above discussion of the Helmholtz free energy of mixing relies on the approximation of spherical
particles exhibiting isotropic nearest-neighbor interactions. However, often OSCs consist of rod-
shaped molecules which grow in a layered fashion when deposited in thin films on a substrate.
Tt is possible to include anisotropy of the in-plane (i.e., parallel to the substrate) vs. the out-
of-plane component (i.e., perpendicular to the substrate) of the inter-molecular potential in a
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molecular mixture. In Ref. [92], a general modification of Eq. for the free energy of mixing to
account for anisotropic interactions as well stress terms due to size mismatch of the two molecular
components in a layered system has been presented. The molecular blends in different mixing
ratios investigated in Ref. [92] were constituted of DIP and PEN, which by virtue of their similar
size exhibited unlimited miscibility both parallel and perpendicular to the substrate, as inferred
from X-ray scattering.

The basic principles of phase behavior in regular solutions of isotropic particles illustrated above
have proven helpful in rationalizing the mixing behavior in thin films of DIP:PFP vs. DIP:PEN
mixtures [92H94], and similarly for PEN:PFP [37, B8, [62] grown by OMBD. For instance, the
phase-separation observed for DIP:Cg [95] and sexithiophene (6T):Cgo [96] mixtures seems fairly
justified by the very different molecular structure of the rod-shaped DIP and 6T compared to the
spherical Cgg.

Experimental phase diagrams of mixtures of low molecular weight-materials have also been
traced (see [91] and references therein). Such phase diagrams become quite complicated already
for relatively small molecular components with a limited number of degrees of freedom, and are
therefore expected to become even more complicated as the conformational degrees of freedom of
the molecular components increase [97]. Indeed, the conformational energy explicitly enters the

free energy of mixing (Eq. .

As final remark for this section, one should always bear in mind that thin film growth is a non-
equilibrium process where kinetic factors may have a bigger impact on the mixing behavior than
thermodynamic arguments. In the next paragraph we therefore review some concepts related to
growth of thin films which are relevant for this thesis. A careful balance of equilibrium arguments
and kinetic factors should be able to shed light on a wide panorama of mixing scenarios.

2.1.4 Growth of molecular materialsﬂ

As outlined in the Introduction, vacuum deposition techniques, in particular OMBD, enable a
high degree of control of the self-assembly processes involved in thin film growth on surfaces. This
is largely due to the absence of a solvent, which allows to restrict the attention exclusively to
the molecule-molecule and molecule-substrate interactions. Vacuum deposition techniques provide
therefore a valuable tool for the controlled fabrication of several heterostructure architectures [37]
and their implementation in devices [I0T].

In vacuum deposition, OSCs are sublimated from a source, impinge a substrate with high
kinetic energy and condensate onto its surface due to to van der Waals interactions, i.e. there
are no chemical bonds forming. For the systems studied in this thesis, there is a “quasi-epitaxial”
relationship between substrate and OSC molecules. This terminology means that there is no
commensurate relationship between the lattice of the substrate and of the molecular material,
although there can be a specific orientation relationship between them. For the systems studied
here, the substrate is an amorphous Si oxide surface and the orientational relationship with the
molecular material corresponds to the thin film texture.

Molecular materials, among which OSCs, possess orientational and conformational degrees of
freedom (Fig. which render the understanding and the control of their self-assembly processes
on surfaces more difficult than for atomic systems. In other words, the intrinsic anisotropy of OSCs
renders their interactions in the solid state orientation-dependent.

The processes following the impinging of molecules on a surface are sketched in Fig. 2.8 and
explained in caption. Not included in the sketch are desorption, insertion and local annealing
processes [102]. Not shown are also the (inevitable) impurity adsorbates on the substrate surface,
which can affect inter-molecular interactions. Further complications arise when two different ma-
terials are co-evaporated, as it is the case for D:A mixtures. For example, concerning downhill
diffusion occurring on top of a molecular terrace (Fig. [2.8¢), one has to distinguish which phase
constitutes the terrace, i.e. pristine donor, pristine acceptor or, possibly, D:A co-crystal phase.

5The main sources for this section are the review article of Forrest (Ref. [98]), the book of Markov ([99]) and the
article of Kowarik et al. (Ref. [I00]). Other references are explicitly cited.
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Figure 2.8: Illustration of the processes occurring for vacuum deposited molecular OSCs on a
surface: a) arrival of one molecule sublimated from a hot source; b) rotational and vibrational
degrees of freedom; ¢) diffusion of a molecule along the substrate potential; d) cluster formation;
e) downbhill diffusion from a molecular terrace. Adapted from Ref. [100].

2.1.4.1 Classification of growth modes

Despite the substantial complication of growth processes for molecular materials compared to
atomic systems, “classical” arguments like the critical nucleus size [102] [103] and the scaling laws
for film roughness and in-plane correlation lengths [I04H107] still apply to some extent.

For epitaxial atomic systems, thin film growth modes can be classified based on the balance
between desorption energy and variation of the chemical potential from the gas to the condensed
phase for the adsorbate species. Another classification is based on classical wetting theory of
non-volatile liquids, and involves the balance between surface energies of the supporting solid, the
liquid droplet and the atmosphere [108]. The formalism employed to describe epitaxial growth is
better suited as starting point for grasping some fundamental aspects of the quasi-epitaxial growth
of molecular systems and it can be extended in order to include the misfit energy (or “stress”)
between the adsorbate species and the surface underneath. Indeed, stress can be observed also
for quasi-epitaxial systems. One example is represented by the growth of DIP on native Si oxide,
whose unit cell parameters continuously change during growth, converging to the thin film phase
after a threshold thickness of three monolayers [109].

In Fig. 2.9 we illustrate the three growth modes classified for epitaxial systems in which the
substrate material is different from the adsorbate material (hetero-epitaxy).

e In the Volmer-Weber growth mode, a strong de-wetting of the adsorbate is observed as a
consequence of weaker interactions with the substrate then within the bulk adsorbate material
itself. The surface exhibits an island-like morphology. The islands can come in contact with
each other as a consequence of their lateral growth.

e In the Stranski-Krastanov growth mode, an initial layer-by-layer wetting stage of the adsor-
bate on the substrate is followed by a de-wetting/roughening stage. The onset of roughening
is related to thickness-dependent strain energy.

e In the Frank-van der Merwe growth mode, a layer-by-layer growth fashion proceeds inde-
pendently of film thickness. This is typically observed for homo-epitaxy as a special case of
hetero-epitaxy.

For OSCs it might be problematic to unambiguously define the growth mode solely from post-

growth surface morphology analysis due to possible de-wetting effects of the as-grown film, which
can happen on several timescales depending on the material. However, the growth mode for several
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a) Volmer-Weber b) Stranski-Krastanov ~ ¢€) Frank-van der Merwe

Figure 2.9: Growth modes in epitaxial growth. a) Volmer-Weber (pure island growth); b) Stranski-
Krastanov (layer-by-layer + island growth); ¢) Frank-van der Merwe (pure layer-by-layer growth).
Adapted from Ref. [I00].

OSCs is now quite established thanks to in situ analyses during growth. The most common scenario
is that an initial layer-by-layer growth is followed by rapid roughening (Stranski-Krastanov), as
e.g. in the case of DIP [110]. The mechanisms leading to roughening can be several, for instance
difference in the vertical growth rate of adjacent grains or orientational transition of the molecular
units. Complete de-wetting (Volmer-Weber) can be deduced from the surface morphology of several
OSCs, including the acceptor materials TCNNQ and F6TCNNQ employed in this thesis [TT1].

2.1.4.2 Energetic parameters of diffusion processes

There exist energy barriers associated with the processes occurring on the surface of a growing
film [112] (Fig.|2.10]), which we briefly describe below.

e The binding energy, Ep, is the energy for the formation of an aggregate of particles and
therefore determines the critical nucleus size of an island (Fig. )

e The intra-layer diffusion barrier, Ep, is the energy that a particle has to overcome in order
to diffuse across the surface potential of a given layer or terrace (Fig.[2.10p,b).

e The Ehrlich-Schwobel barrier, Egg, is the energy associated with inter-layer transport, i.e. it
is the energy barrier that the particle has to overcome in order to diffuse one layer downwards.
The presence of such barrier is related to the lack of nearest-neighbor interactions that the
particle experiences in proximity of a step edge (Fig. mc) A lower ES barrier implies
enhanced inter-layer transport and is usually connected to a more pronounced layer-by-layer
growth fashion, which in turn causes thin films to be smoother (compare Fig. ,b with
Fig. [2.9¢).

The three energy parameters, Eg, Ep and Erg have been obtained simultaneously by kinetic
Monte Carlo growth simulations for isotropic particles and compared with real-time experiments
for the growth of Cgg thin films [I12]. This comparison is particularly suited because of the nearly
spherical shape of Cgg, which renders the coarse-grained approach of the simulation closer to the
experiment. The simulations in Ref. [I12] led to the following values: Ep = 0.13 €V, Ep =
0.11 eV, Egs = 0.54 eV. Additional parameters that enter the description of growth processes are
the deposition rate and the temperature. Together with the energy terms described above, they
determine film morphology in terms of island nucleation, lateral growth, and interlayer transport.

In real systems, a further complication may arise from the fact that the exact shape of the
surface potential represented in Fig. [2.10] depends in general on the crystal facet on top of which
the diffusion process takes place. For single-component thin films of OSCs exhibiting a 2D-powder-
like crystalline texture, the crystal plane in contact with the substrate is well defined and the
anisotropy of the interaction potential can be neglected, leading to one set of energy parameters
to describe the growth. As outlined above, more complicated situations in which multiple sets
E%, Ei and EYg need to be defined are: a) single-component OSC thin films exhibiting a high
mosaicity, i.e. a broad distribution of the orientation of the single crystallites, involving that the
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Figure 2.10: Intra- and inter-layer diffusion processes involved in thin film growth. The top
schematics illustrate the location of a particle with respect to a lattice underneath during diffusion
processes. The bottom plots indicate the surface potential at the given location. a) “Top” position
corresponds to a local maximum of the surface potential (local minimum of nearest-neighbour inter-
actions); b) “bridge” position corresponds to a local minimum of the surface potential (local maxi-
mum of nearest-neighbour interactions); c¢) “edge” position corresponds to an absolute minimum of
the surface potential (absolute minimum of nearest-neighbour interactions); d) “step” position cor-
responds to an absolute minimum of the surface potential (absolute maximum of nearest-neighbour
interactions). The relative magnitudes of the energy barriers are sketched, which are different from
those obtained in Ref. [I12]. Adapted from Ref. [I113].

contact plane with the substrate is not well defined; b) binary mixtures with crystal mosaicity
and/or phase heterogeneity.

2.1.4.3 Orientation transition for anisotropic molecules

For anisotropic particles like the OSCs used in this work (see Materials section , the energy
barriers described above depend on the relative orientation of the molecules and therefore the de-
scription of inter- and intra-layer diffusion processes becomes more complicated. In particular, ori-
entational transitions may happen during the early growth stages. To illustrate this phenomenon,
we show an example of molecular dynamics (MD) simulations of the growth of PEN on amorphous
Si oxide surfaces taken from Ref. [IT14] (Fig. [2.11]).

The molecules impinge the substrate and remain adsorbed due to van der Waals interactions.
The strength of these molecule-substrate interactions per molecule/rod are maximized for a face-
on orientation (Fig. ) As the surface coverage increases, a cluster forms. The size of this
molecular cluster, defined by the number of molecules incorporated in the cluster itself, increases
accordingly. Up to a critical cluster size, the long axis of the constituting molecules remains nearly
parallel to the surface. Beyond this critical size, an orientational transition of the molecules in
the cluster sets in, and addition of further molecules leads to a gradual increase of the average
molecular tilt angle (Fig. ) The same mechanism has been obtained from MD simulations
of PEN deposited on an ordered Cg lattice [I15].

Notice that the coexistence of lying-down and upright-standing molecular domains in the sub-
monolayer regime has been experimentally proved for sexithiophene (6T) deposited on thermally
grown Si oxide [I16]. Lowering of the substrate temperature generally favors the nucleation of
molecular domains exhibiting lying-down orientation, as it has been extensively shown for DIP
[T09, 117-119].

Including the anisotropy of the interaction potential in modeling of diffusion and nucleation
processes increases the complexity of the system. However, it allows to gain further insights into
the mechanisms of thin film growth and into the ways these can be affected by changing several
experimental parameters. This is a fundamental prerequisite for the rational design of functional
molecular layers in optoelectronic devices.
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Figure 2.11: Molecular dynamics simulations of cluster size-dependent orientational transition of
PEN molecules on amorphous Si oxide (a-SiO,). a) One single molecule diffuses on the surface
maintaining a face-on configuration in order to maximize van der Waals interactions. b) After
a critical cluster size of n=11 molecules, a gradual orientational transition occurs, with the long
molecular axis assuming in average a more upright-standing orientation. Adapted from Ref. [114].

2.1.5 Polymorphism

The occurrence of different crystal structures for the same molecular material or materials com-
bination is called polymorphism. It is a topic of paramount importance for drug design [120]
and is in general a very common issue in the growth of organic molecular crystals. Indeed, for
what concerns crystals and co-crystals prepared from solution, the resulting polymorphic forms are
strongly affected by nature of the solvent, temperature of the solution and, for bi-component sys-
tems, by the mixing ratio [I2IHI23]. The appearance of different crystal polymorphs for molecular
materials is related to equilibrium arguments as well as to growth dynamics. Indeed, equilibrium
crystal structures might differ only very slightly in their free energy, therefore a minimal change of
the growth conditions can trigger the nucleation of one polymorph rather than the other, or more
polymorphs can coexhist within a crystal.

The most common small-molecular OSCs often exhibit polymorphism in single crystals, as it is
the case for DIP [124], PEN [125] [126], o-6T [127, 128] and dibenzo-tetrathiafulvalene (DBTTF)
[129], just to cite some examples. Also for D:A CT salts containing differently functionalized TTF
as donor unit and TCNQ as acceptor unit, different polymorphic forms have been identified [T30]
[I31]. The definition of polymorphism implies that, for a given bi-component system, the presence
of several crystal structures exhibiting different stoichiometries are also classified as polymorphs,
as it is the case e.g. for the D:A co-crystals of perylene:TCNQ [131].

A very common case of polymorphism is encountered when comparing the crystal structures
of OSCs deposited on substrates with their bulk structures. Deposition of thin films of given
compounds often leads to the formation of crystal structures which are different from those one
would observe by growing bulk crystals by, e.g., solvent evaporation or vapor sublimation. The
new polymorphs are observed as result of a) the dynamic processes involved in thin-film growth, b)
the energetic landscape of the substrate surface. They are therefore denominated thin-film phases
or substrate-induced phases (SIPs) [132]. Thin-film and bulk phases can coexist in the same film,
with their relative abundance depending on film thickness [96]. In other cases, the thin-film phase
might be present only in the first few monolayer, subsequently evolving in the bulk phase in a
more abrupt way. In either case, one can expect that the thicker the film gets, the more its
structure tends to transform into a bulk polymorph. Interestingly, it is possible to “manipulate”
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the occurrence of different polymorphs by changing the growth parameters. Examples have been
shown involving manipulation of the substrate temperature duriing growth [I18] and irradiation
with monocromatic light [I33].

The study of SIPs is of special importance for OFETs since it has been observed that charge
transport in the organic channel occurs only within the first ~ 2 monolayers [I34]. Simulations of
charge transport processes can benefit by the experimental knowledge of inter-molecular distances
within the unit cell since they allow the calculation of transfer integrals. Therefore, the recognition
and the precise structural solution of thin-film phases are of paramount importance [135] [136]. In
the Materials section [3.1] we will discuss more in detail some cases of polymorphic forms of OSCs
which are most relevant for this thesis.

2.1.6 Charge transport ﬁ

In this paragraph we summarize some fundamental aspects of charge transport in OSCs, which
will support the data analysis of the electrical conductivity data shown the Results section

In atomic semiconducting solids like Si, the coupling between electronic states and lattice vibra-
tions (phonons) is negligible. Conversely, such coupling is fundamental for transport phenomena
in OSCs. This leads to the definition of a quasi-particle, the polaron, which can be viewed as
if the “electronic charge is dressed by a phonon cloud” [60]. One generally talks about polarons
when considering an electrically charged molecule. Therefore, charge transport in molecular solids
can be regarded as migration of polarons from a lattice site to another. Notice that that carrier
diffusion can happen as local displacement around an average position and as a drift of this average
position. In devices based on organic materials, drift diffusion dominates over local diffusion.

The parameter which expresses the intrinsic ability of a charge to diffuse in a solid matrix is the
mobility, u. Disorder obviously affects u. The contribution of disorder to transport phenomena
needs to be taken into account especially in systems like non-single crystalline, small-molecular
OSCs. For such systems, the simplest expression relating the mobility to the charge drift velocity vq
and the electric field F', vg = pF, is not valid [87]. Experimental results show that the dependence
of p on temperature depends on the degree of disorder of an organic solid [75]. In polycrystalline
thin films of OSCs, the migration of a charge from one molecule to another proceeds mostly
via hopping, which is greatly favored by a good inter-molecular overlap of the m-orbitals. Since
this is a thermally activated process, in general increasing temperature favors transport in such
systems. The approach of Béssler and co-workers to disorder [59] consists in assuming a Gaussian
broadening A of the site energy, which is physically justified only by the shape of absorption bands
in disordered organic materials.

In general, p will depend on the temperature T, the energetic disorder A and the electric
field F, the latter lowering the energetic barrier for carrier release from trap states. It has been
proven experimentally that p depends also on charge carrier density n due to filling of trap states.
Therefore, the mobility can be expressed as:

w=u(T,A F,n) (2.8)

Eq. 2.8 implicitly relates charge carrier mobility to thin film crystalline structure and morphol-
ogy via the disorder-induced energy broadening, A. For instance, a grain boundary broadens the
distribution of site energy and thus affects the mobility, which can be particularly dramatic at
hetero-interfaces between different materials. In this case, the difference in orbital energy between
the materials constituting the grains might represent a further barrier to charge hopping. This
argument explains the recognized requirements for thin film structure and morphology in solar
cells, namely, that a certain degree of phase separation is needed in order to create D:A interfaces
for exciton dissociation, but a path for the photo-generated carriers should be ensured through
pristine D or A domains reaching to the contacts [27) [65]. Grain boundaries are also viewed as
privileged sites where traps might be located.

The relationship between p and the conductivity o is [58]:

o=1/p=enu(T,A,F,n) (2.9)

6Most of the contents of this section are taken from the review article of Coropceanu et al. (Ref. [60]), when not
differently specified.
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where p is the film resistivity, e is the elementary charge, and it is assumed that only one kind
of carrier is present. In general, the conductivity o is related to the electrical field E and the
conduction current density J via:

J=0E (2.10)

Note that we have inserted Eq. in Eq. to show all parameters affecting p. As outlined
in the introduction, in optoelectronic devices one aims at optimizing layer conductivity, which is
often achieved by means of molecular doping. An implication of Eq. 2.9 is that a conductivity
measurement will always lead a value in which the contributions of p and n, respectively, are not
resolved.This thesis contains indeed data of ¢ vs. D:A mixing ratio. Reasonable assumptions on
the dependence of 1 and n on the mixing ratio can be made based on the data obtained by comple-
mentary experimental techniques like X-ray scattering and UV-vis-NIR absorption spectroscopy,
as illustrated in the Results section

2.2 Description of radiation-matter interactions

Solution of the Maxwell equations in absence of a static electric charge leads to the description of
a transverse plane wave E(r, t) propagating in an energy-absorbing medium:

E(r,t) = Egexp (7,%1’1 ‘T — iwt) [exp (—%k . r)} (2.11)

Here, w is the frequency of the monochromatic light and c is the speed of light in vacuum. The
first exponential factor describes the propagation of the periodic wave, where n is the refractive
index. The second exponential factor describes the attenuation of the field inside the medium,
with k being the extinction coefficient. The functions n and k represent, respectively, the real and
imaginary part of the complex refractive index n:

i =n+ik (2.12)

Notice that Eq. is the scalar representation of n, and in the following we shall mostly use
this representation. The extinction coefficient k is related to the absorption coefficient, «, via:

2wk  4rk
_ — 2.13
a=— y (2.13)

where A is the wavelength.
The complex refractive index € is defined as a function of 7 for non-magnetic materials as:
E=e1 +ieg =02 (2.14)

The imaginary part of €, €5, describes optical excitations in a solid.
The real and imaginary parts of 7 and € are therefore related via:

e =n*—k? (2.15a)
ea = 2nk (2.15Db)

The system of Eq. can be inverted in order to express n and k as a function of €; and €3:

n= {; { (€2 4 €3) +e1] }1/2 (2.16a)

k= {; W@ - 61] }1/2 (2.16b)

"The first part of this section is mostly taken from the book of Wooten [137]. The paragraph dealing with
the Fresnel coefficients is mostly taken from the Woollam VASE manual [I38]. The paragraphs concerning optical
excitations in molecular solids are mostly taken from Refs. [75, [87, [139].
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If the material is not isotropic, the optical functions in Eqs. 2.15] .16 become tensors.

The quantum mechanical treatment of a monochromatic perturbation of energy 7w periodic in
time allows to express ez(w) as a function of the transition probability from an electronic state ¢;
to a state ¢; if the perturbation matches an energy gap of the system, &;. In particular, e is
proportional to the square modulus of the matrix element Vj;:

Vi = [ 6}V s (2.17)

where V(r) is the potential operator of the perturbation.

A consequence of Eq. is that, in general, it is not possible to get unambiguous information
on ground electronic states by means of optical absorption spectroscopy. Indeed, in first order
perturbation theory the intensity of the observed absorption features is proportional to |Vji|2, where
the contributions from both the initial and the final state are convoluted. However, occasionally
strong CT interactions between a donor and an acceptor molecule can lead in the ground-state to
an ionization process that causes formation of a positive and a negative polaron, respectively, as
observed for P3HT doped with FATCNQ [140]. In this case, it is possible to recognize in UV-vis-
NIR absorption spectra the “fingerprints” of the polaronic species. This allows to draw quite solid
conclusions about the ionization process that occurred in the ground state.

2.2.1 The Lorentz oscillator model

In order to be able to model ez(w) to study the optical properties of thin films, a convenient
approximation is the Lorentz oscillator, for which the dynamical equation is written as:

d*r dr
mo + mI’E +muwir = —eEj,. (2.18)

Eq. 2:18 describes an attenuated forced oscillator, which can be used to model a system such as
an electron bound to a nucleus (see caption of Fig. for the explanation of the single terms).The
form of Eq. is quite general and allows to include in this description also inter-atomic vibration,

which fall in the infrared range of the spectrum. In this case, the electron mass m has to be replaced
with the reduced mass of the atoms involved in the vibration.

Figure 2.12: Representation of an electron bound to a nucleus in the Lorentz oscillator model.
The mass m of the electron, which is located at the coordinate r with respect to the center of the
nucleus, is much smaller than the mass M of the nucleus itself, which allows to circumvent the use
of the reduced mass in Eq. [2.I8] The electron is bound to the nucleus via the spring having the

characteristic frequency wg = 4/ %, where k is the spring constant. E,. is the microscopic electric

field experienced by the electron. The parameter I' governs the magnitude of the viscous damping
of the oscillator and accounts for energy-loss processes.
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An analytical expression for €1 (w) and ez(w) in non-magnetic materials can be derived:

47 Ne? (w2 — w?)
=1 o 2.1
‘1 + m (w3 — w?)? 4+ T2w? (2.192)
47 Ne? Tw
= 2.19b
“ m (w3 — w?)? 4+ T%w? ( )

In Eqgs. N is the number of electrons per unit volume. Including the possibility of multiple
electronic transitions between atomic states separated by the energy hw;, where the probability
of each transition is weighted by the corresponding oscillator strength f;, a quantum-mechanical
expression for the complex € can be written:

eE=1+

dnNe | 3 ( N (2.20)

2 _ 2 —i[.
m 2 —w?) —iljw

J

Expressing €1 (w) and ez(w) from Eq. does not obviously change their form compared to
Eq. apart from the inclusion of the summation over multiple transitions. If ¢;(w) and es(w)
are known, calculation of n and k is straightforward (Eq. .

The shape of € is a complex Lorentzian. In the vicinity of a transition, i.e. when w =~ wj,
€2(w) also behaves similarly to a Lorentzian curve. Therefore, often simple Lorentzian functions
(or sums of them) are used to fit optical absorption bands if broadening effects due to the solid
state environment are neglected. In other words, in the simplest approximation, absorption bands
are intrinsically Lorentzian in shape.

2.2.2 Response function and Kramers-Kronig relations

Dispersion relations like the dependence of the refractive index n on w (Egs. 2.16]) follow from
the causality requirement. For a causal system, the response X in frequency space depends on the
stimulus f and the response function G according to:

X(w) = G(w)f(w) (2.21)

Notice that X (w), G(w) and f(w) are complex quantities. A practical application of Eq.
is that, in frequency space, the electric field E inside of a material depends on the external electric
field E.,; via the dielectric function € (2.14)) as:

1
é(w)
Comparing Eq. with Eq. it is obvious that 1/€ is the response function. From Eq.
one can show that the response function has a singularity at w = wg, where wy is a resonance mode
of the system, which can be an electronic transition or the excitation of a molecular vibration.

Taking into account these singularities by integrating in the complex plane, it is possible to show
that in a causal system the following relationships must hold:

EW) = ——~Eeu(w) (2.22)

2 [ We(w)
=1+— —_— 2.2
€1(w) + 7r]€ )7 — dw (2.23a)
2w [CealW) -1,
ea(w) = ] wE—w dw (2.23b)

The integrals in Eq. indicate the Cauchy principal value [I41]. They are called Kramers-
Kronig (KK) relations and follow from causality requirements. They state that there cannot be
any output before the arrival of an input signal, but the output may be delayed with respect to
the input. Another consequence of Eq. [2.23]is that the response function of a system cannot only
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describe absorption, but has also to contain information on the phase shift of the non-absorbed
components, i.e. it has to describe dispersion.

The KK relations are a fundamental tool to cross-check the validity of a given optical model.
This is not always straightforward since all frequencies contribute to the reconstructed optical
functions contained in Eq. [2:23] and elaborated mathematical procedures are necessary to ensure
KK consistency of the calculated optical functions [I42]. However, the dielectric functions €; (w)
and e;(w) obtained with the Lorentz oscillator model (Eq. are defined KK consistent and
represent therefore a valid starting point to model optical spectra.

2.2.3 Fresnel coefficients at interfaces

We consider an electromagnetic wave traveling in an infinite medium of complex refractive index
71 and impinging at an interface with an infinite medium of complex refractive index 7o, as in

Fig. 2.13p.

Figure 2.13: a) Single interface between infinite materials of refractive index 717 and 7o, respectively.
A wave with electric field components s and p impinges the interface at angle v; = 90° — «; from
the normal. The angles v and « refer to the convention for the angles in the visible/UV and X-ray
region, respectively. A part of the wave is reflected at the same angle and travels back into material
1, whereas a part is transmitted inside material 2 at an angle 72 < 1. b) Double interface created
by insertion of a thin film of finite thickness d and refractive index fig. Multiple reflections inside
the thin film need to be taken into account.

The Fresnel coefficients relate the complex amplitude of the incident electric field En¢ with
the reflected and transmitted fields at the interface, respectively E"¢'and E*", according to:

Erefl E~ltr

. / 7 /
Fps = Epins ty)s = Efni (2.24)

p/s p/s

The quantities 7 and # in Eq. express the complex reflection and transmission coefficients,
respectively, of Eine in either the p or s polarization state. The optical plane is defined by the
plane in which the incident and reflected/transmitted waves propagate (Fig. . For practical
use, what is actually measured is the intensity ratio between the reflected/transmitted part and
the incident beam, |fp/s|2 / |fp/s|2. By imposing: a) continuity of the normal and tangential
components of the fields, b) equality of the phase, one obtains for the transmitted part of the
beam the well known Snell’s law:

fiy18in(y1) = ngsin(ys2) (2.25)

Notice that in general all quantities of Eq. 2:25] are complex, and angles v are measured from
the normal to the interface (Fig.|2.13). The Fresnel reflection coefficients of Eq. can thus be
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expressed as function of 7 and ~:

o 2cos(y1) — n1cos(ya) . n1cos(y1) — Ngcos(ya) (2.26)
P figcos(yr) + fcos(ye)’ * 7 figcos(vy1) + facos(yz) '
Notice that Eq. is valid for the case illustrated in Fig. where the media 1 and 2 are
infinite. In order to build an optical model for thin films, one or more additional slabs of material
of finite thickness d between the infinite (or bulk) media have to be included (Fig.[2.13b). In this
case, multiple reflections can take place within the thin film and the Fresnel coefficients for the
reflected part of the beam, R, need to be re-defined as (see Ref. [143] and references therein):

tot refl ~ - .
ot Ep(}s Z Ez ,p/s To1,p/s + 12 p/s€ i28

Ry/s = = =0, 2.27a

G S Y P 22
_d d

B = 27m2Xcos(72) = 27TX f3 — fiZsin?(y1) (2.27b)

Notice that the subscripts in Eq.[2.27]refer to the labeling of the different media as in Fig. [2.13p.
The coefficients Rp /s are called pseudo-Fresnel coefficients. In the third term from the left-hand
side of Eq. [2:27h, the sum runs over all reflection events. The parameter 3 is the phase thickness
of the film, with A wavelength of the incident radiation.

Corresponding expressions can be obtained for the pseudo-Fresnel coefficients of the transmitted
part of the beam in the visible and UV region electromagnetic region. Additionally, we anticipate
here that the same formalism for scattering at interfaces holds for the X-ray region (see Methods
section . However, for X-rays the angles are defined from the surface plane instead than from
its normal, i.e. the angles a are used instead of 7 in Fig.

2.2.4 Effective medium approximations

If the composition of the thin film 2 in Fig. is not homogeneous, an effective dielectric
function, (€), can be defined. Several effective medium approximation (EMA) models are based on
the inclusion of a given number of constituent materials j into a host material and can be jointly
expressed as [144]:

_6h _6h
7_ 2.28
o - X 2.28)

where €, is the dielectric function of the host material, x; is the fraction of the 4t constituent
material and ¢ is a screening and geometric factor.

In particular, the Bruggeman model consists in setting €, = (€) and therefore does not make any
assumption concerning the material with the highest constituent fraction, being self-consistent (see
also [145] and references therein). In the Bruggeman model, Eq. must be solved numerically
and the correct solution branch needs to be chosen. Such model is the most appropriate to describe
surface roughness of thin films whereby one of the constituent materials is set as void with x4
= 50% [144].

The Bruggeman model has particular relevance for this work and in general for works deal-
ing with binary mixtures of OSCs [38, [93] [142] where surface roughness cannot be neglected. In
this thesis, D:A equimolar mixtures are modeled by a single dielectric function and the Brugge-
man model is exploited to account for surface roughness. Indeed, for well-mixing systems like
DIP:F6TCNNQ (see Results section , only one homogenous phase of the D:A co-crystal is
observed. This approximation is also used for systems like 6T:F6TCNNQ), in which partial phase-
separation of the pristine materials is observed in equimolar mixtures (see Results section ,
and relies on the assumption that the characteristic length-scales for phase-separation are much
smaller than the wavelength of the incident radiation. This avoids excessive complication of the
optical model employed and allows to obtain quantitative information about the optical anisotropy
of the system.

29



CHAPTER 2. SELECTED FUNDAMENTALS

Some remarks must be made concerning the applicability of the EMA models above. All such
models work within the dipole approximation, i.e. they assume that the A > a, where a is a typical
length scale of the constituent materials. If this is certainly true for nano-crystals or nanoscopic
pores, it becomes much less accurate if one considers, e.g., large islands of a strongly de-wetted
material, where the lateral and/or vertical length scales of the islands might well be of the same
order of magnitude of the visible light, i.e. ~ several hundreds nm. In this case, diffused scattering
of the light becomes much more significant and the EMA models illustrated above fail.

2.2.5 The Franck-Condon principle

The oscillator formalism (Eq. allows to qualitatively describe optical transitions in a wide
energy range, from the microwave to the infrared, visible and UV [I37]. Due to the KK-relations
(Eq. , vibrations in a solid, which are located in the infrared region of the spectrum, also
contribute to the dielectric function in the UV-vis region, but their effect is in general negligible.
This is because the periods of vibration of the nuclei compared to electron motions are much
longer, i.e. the nuclei are “immobile” over the timescale of an electronic transition. From a
quantum-mechanical point of view, this involves that the total wave-function g, containing the
vibrational state v and the electronic state s can be approximated as:

d]su = ¢u (R)¢s (R, I') (2.29)

Eq. expresses the Born-Oppenheimer (or adiabatic) approximation for biatomic molecules.
The variable r includes the coordinates of all electrons constituting the molecule. Here, ¢, indicates
the vibrational wave-function and uniquely depends on the nuclear coordinate R, whereas ¢s(R;r)
indicates the electronic wave-function and depends on both r and R [67]. The factorization of s,
in Eq. 2:29 allows to solve the Schrédinger equation for the electronic part at several fixed values
of R in order to construct the curve describing Es(R) for a given electronic state s, which is then
used as a potential to solve the Schrodinger equation for the nuclear part [67]. The typical shape
of E5(R) is shown in Fig. Notice that Eq. can be considered also valid for complex
molecules like OSCs, where R represents a general configuration coordinate.

A common approach to optical excitations in a wavelength range where A > d, with d lattice
parameter of the solid, is the dipole approrimation. In this approximation, the spatial variations
of the electric field E of an incoming wave across the atom (or molecule) are neglected, and the
operator V(r) in Eq. for calculation of the transition probability is the electric dipole operator
p, which for a molecule is given by [67]:

Vie)=p=upur)=e Z ZR; — er (2.30)

The sums in Eq. [2.30] extend over all nuclei ¢ with total charge Z; and electrons j constituting
the molecule. The use of the operator u to calculate transition amplitudes is the common starting
point for several derivations in optical spectroscopy. The corresponding matrix element is also
commonly called transition dipole moment (TDM), often also indicated with p as the operator
itself. Notice that, in general, the TDM is a vector.

Inserting Eq. into Eq. [2.17 with the electronic-vibrational wave-function given in Eq.
it can be shown that the transition probability from an initial vibronic state characterized by the
quantum numbers sv to a final state s'v// is proportional to the Franck-Condon factor f,,, [67, [147].
Using a different notation than in Eq. we may write:

oo
iji = Vvs’u’,su o8 fl/’l/ = / (bz’d)l/dR (231)
0

The Franck-Condon factor in Eq. 2:31] is the overlap integral between two vibrational states
belonging to different electronic states. The Franck-Condon principle states that an electronic
transition is “vertical”, i.e. it occurs at the same configurational coordinate R of the nuclei,
and its probability is maximized when the overlap between the vibrational states is maximum, as
illustrated in the diagram of Fig. 2.14]
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energy
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configurational coordinate R

Figure 2.14: Tlustration of the Franck-Condon principle. In abscissa, the configurational coordinate
R represents the positions of all nuclei forming the molecule is shown. The potential curves Es(R)
can be calculated solving the electronic part of the Schrédinger equation for the wave-function
expressed in Eq. [2.29] The potential curves shift towards larger R for excited electronic states,
which corresponds to the tendency of the molecule to dissociate for highly energetic excitations.
AR denotes the shift of the potential minimum. The vibronic transitions from the ground state
oo to the excited states 1,/ are indicated. Eqg_¢ indicates the energy gap between the electronic
states in their respective lowest vibrational state, and E,;;, is the difference in energy between two
vibrational states v and v + 1. The top left plot shows an absorption spectrum of DIP in solution.
Adapted from Ref. [146].

The top left plot of Fig. 2.14] shows an example of absorption spectrum of DIP in solution
in terms of €. The characteristic curve shape with multiple bands of different relative intensity
(also called vibronic progression), often observed for OSCs, is an effect provoked by the different
probabilities for the vibronic transitions. The spacing between the bands and their intensity
distribution can give important information about the degree of coupling between electronic and
vibrational states in terms of the Huang-Rhys parameter S [148].

2.2.6 Excitons in molecular solids

The theory illustrated above relating vibronic transitions to absorption spectra rigorously holds for
a monomer, i.e. for an isolated molecule. In a molecular crystal, due to the relatively weak cohesive
forces described in the Fundamentals section the solid can be viewed as an “oriented gas” and
the transitions of the monomer can still be observed, although intermolecular interactions lead
to several differences between the spectra of the monomer and of the crystal, respectively. Such
differences consist in splitting of the vibronic bands, change of their relative intensity and red
shifts.

The effect of red-shift of the absorption spectrum is explained by the polarizability of the
medium in a solid (or in a solution) compared to the isolated molecule (in a gas) [149, 150]. The
excitations in the single molecule polarize the surrounding environment, which then acts on the
molecule itself with a resulting field. Such field renders the ground state g less binding, i.e.
decreases Eq_g (Fig. , which results in an overall red-shift of the absorption spectrum. Notice
that, if Eg_g denotes the position of the lowest energy absorption peak as in Fig. m it typically
holds Eo_q,is0t.mot. > Eo—0,sotution > FEo—0,s0tsa since the polarization energy generally increases
going from the gas to the molecule in solution and then in the molecular crystal.

In solids, electronic excitations from a ground state to an excited state lead to the formation
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of coulombically bound electron-hole pairs called excitons. The theory described in the above
sections does not take into account exciton formation. Treating for the bound electron-hole pair as
a hydrogenoid atomic system immersed in a polarizable medium, one can write simple expressions
for the exciton binding energy E, and characteristic exciton radius a., [T51]:

EY, = Ryt Bl (2.32a)
m €

L (2.32b)
e

In Eq. [2.32h, Ry = 13.6 €V is the Rydberg constant, p., is the exciton reduced effective mass,
m is the free electron mass and e is the dielectric constant of the medium (analogous to € in
Eqgs. 2.15p). In Eq. [2.32b, ap = 0.529A is the classical Bohr radius of the hydrogen atom.
Excitons can transport energy without transport of a net charge [I5I]. Three kinds of excitons
exist, which we briefly describe in the following.

e For Frenkel excitons it holds a., < d, with d unit cell parameter of the molecular crystal,
i.e. these excitations can be thought as localized on one molecular unit. However, they can
move in the crystal via dipole interactions.

e For Mott-Wannier excitons it holds ae, > d, i.e. these excitons have some degree of delo-
calization in the crystal. Due to their delocalized nature, these excitons have been observed
mostly in semiconductor crystals of relatively high dielectric screening like Si or Ge, but they
are difficult to obtain in molecular solids.

e For CT excitons, it holds a., ~ d. For example in OSCs, where often the crystal unit cell
contains two inequivalent molecules, this means that a CT exciton can be delocalized on two
molecular units.

The three kinds of molecular excitations above can describe at the microscopic level the relative
intensity of the vibronic bands in a molecular solid. For example, for crystalline films of DIP
exhibiting uniaxial anisotropy it has been shown that inclusion of both a Frenkel and a CT exciton
can reproduce fairly well the out-of-plane component of ey [148§].

2.2.6.1 Davydov splitting

The exciton model has been described in detail by Davydov [I52] and Kasha [I39]. It is useful here
to consider the case of exciton formation in a molecular dimer, which is of relevance for many OSCs
containing two inequivalent molecules per unit cell. The assumption of this model is that the two
monomeric units forming the dimer have a small electron overlap, which is the case for molecular
materials. The expressions for the ground-state and excited state wave-functions, respectively g
and Vg, are written as:

\I]G = wuwv (233&)
1

In Eq. Yy (v) represents the ground state wave function of molecule u(v) in the dimer and
wZ(u) represent the corresponding excited state wave functions. Two effects are obtained. First,
a lowering of the dimer excited state energy compared to the monomer, AFE, 4, due to van der
Waals interactions between the two excitations, each localized on one molecular unit. This is a
binding contribution. Secondly, a resonance splitting of the excited levels, AF,.s, which stems

from the exchange of excitation energy between the two inequivalent molecules. It typically holds
AE‘vdW < AEres~
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Writing the splitting term AF,..; as function of the TDM of the single molecules leads to
different selection rules for the split levels depending on the relative orientation of the molecular
TDMs. Tllustration of several relevant cases can be found in Refs. [93] [139]. Here we focus on
the case of molecular TDMs oriented obliquely to each other, which is of relevance for some OSCs
studied in this work. In this case, transitions to both split excited levels are allowed and their
energy separation is commonly denominated Davydov splitting, AFEpg,., as depicted in Fig. [2.15

The excited state of the monomer is thus slightly red-shifted due to the van der Waals binding
contribution and then split between two sub-bands, E’ and E”, called the Davydov components of
the fundamental transition G — E. The low(high)-energy component results from the in(out-of)-
phase interaction of the monomer TDMs. It follows that a change in the relative intensity of the
Davydov components observed e.g. in absorption spectroscopy can originate either from a change
in the strength of intermolecular interactions or from a change in the orientation of the dimer. We
will see an interesting example of this in the Results section Interestingly, a theoretical study
by Beljonne et al. [I53] shows that the Davydov splitting in PEN is modulated by the percentage of
CT character of the fundamental transition, whose energy shifts with the intermolecular distance

(see also Fig. [2.3).

/ \ out-of-phase
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Figure 2.15: Exciton formation in a molecular homo-dimer with oblique orientation of the monomer
TDM (top sketch). The TDM can be oriented along any molecular axis. The Davydov splitting of
the energy levels is indicated as = AFp,, = E” — E’. On the right, vector representation of the
phase relation f of the two TDM. Adapted from Ref. [I39].

Notice that Davydov splitting, changes of relative band intensity and red-shifts can be also
observed considering vibrational transitions between ¢, states (Eq. . For instance, in Ref. [154]
Davydov splitting of a set of vibrational modes for the prototypical OSC PTCDA is shown, and
in this thesis Davydov splitting is suggested for the C=N stretching mode of F6TCNNQ (see
Results section . Also, CT-type interactions can induce both a change in relative intensity of
the vibrational bands as well as mode shifts to lower energies. Examples of CT interactions-induced
relative intensity changes as well as mode shifts to lower energies can be found in the literature
[42, [86] [155] [156] and in the Results section of this thesis.

2.2.6.2 Charge transfer interactions

The dimer model of Kasha [I39] can be conceptually extended to include a heterodimer, ie. a
dimer constituted of two different molecular species, for example a donor and an acceptor. In
this case the energy level alignment, primarily of the donor HOMO with respect to the acceptor
LUMO, might induce strong CT-type interactions with transfer of electron density from D to A.
Therefore, the electronic coupling between the D and A monomers might be significant and the
ansatz leading to Eq. [2:33b] may not be applicable. Intermolecular D:A interactions that involve
CT may give rise to different scenarios [I57], which are schematically illustrated in Fig.[2.16| Below
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we briefly describe these scenarios in a simplified way, i.e. neglecting the exciton binding energy

[157, 158].

a) b) c)
LUMO e ES-CT [
I / “
S0 5 AE,, Avireees -~ x E= YN
i DA' ]
AEAE ...... o d . -.,"' ..... b ‘:"A'E'é;’x
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hybrid ——
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no GS-CT weak GS-CT strong GS-CT

Figure 2.16: Simplified illustration of the different CT situations at a D:A interface. The HOMO-
LUMO levels of the donor are in red, those of the acceptor in green. The different energy gaps
are indicated as AFE. The abbreviations GS- and ES-CT stand respectively for excited state and
ground-state CT. Adapted from Ref. [I57]. In c), the DFT simulation of the hybrid levels in
PEN:F4TCNQ is adapted from Ref. [54].

o Fig. 2.I6h shows a situation in which the energy difference between the donor HOMO and

the acceptor LUMO is large and there is no coupling in the ground-state (GS), i.e. CT from
D to A can occur only after an excitation is provoked on the donor, with corresponding
exciton formation, and the excited electron can be transferred from the donor LUMO to
the acceptor LUMO. This is one way to induce excited state CT, or ES-CT, and is widely
invoked as main mechanism to separate the exciton and extract charge carriers from organic

solar cells [27] [T59].

In Fig.[2:16p, the GS-CT coupling is stronger than in the case of Fig.[2.16h, but still relatively
weak and it is manly manifested in the shift of the energy levels due to exciton formation.
Here, an additional ES-CT pathway is present which involves direct excitation of an electron
from the donor HOMO to the acceptor LUMO, and allows to define a D-A gap, AFpa4,
which can be estimated by optical spectroscopy as shown in Refs. [157), 160, [T61].

In the third case represented in Fig. [2.16f, the donor HOMO and acceptor LUMO lie close in
energy and a strong coupling between them is expected with significant GS-CT. As already
mentioned in the Introduction, recent works [47, [54] suggest that this GS-CT scenario is
governed by hybridization of the frontier orbitals of donor and acceptor, which leads to the
formation of a new supramolecular complex featuring new hybrid HOMO and LUMO levels
(see also Fig. ) In the ground state, the hybrid HOMO is doubly occupied with the
electrons coming from the donor HOMO and the hybrid LUMO is empty. The character
of the new hybrid levels depends on how much of the monomer orbitals they retain, i.e.,
what is the magnitude of the coefficients for the linear combination of the donor HOMO and
acceptor LUMO in the Hiickel-like treatment of the isolated orbitals (see Introduction and
Refs. [48,55]). As a consequence of orbital hybridization a new bandgap is formed, AECFX
whose width depends on the intermolecular overlap integral [48], [55] and which is typically
smaller than AEp 4 in Fig. (see Ref. [162] and Results section [4.1)).

From a spectroscopic point of view, the scenario of strong GS-CT with formation of a supramolec-
ular complex (Fig. [2.16f) involves that the fundamental transition from the hybrid HOMO to the

34



CHAPTER 2. SELECTED FUNDAMENTALS

hybrid LUMO in the complex can be observed at significantly lower energy than the fundamental
transitions in the pristine donor and acceptor. In general, the use of complementary methods is
required to obtain a comprehensive picture of the various CT scenarios [157].

To interpret the data contained in this work for the D:A combinations employed, we always
assume that some degree of GS-CT occurs via complex formation (Fig. MC) However, the de-
tailed analysis of the various mechanisms illustrated in Fig. goes beyond the scope of the thesis.
For the material combinations studied here, formation of D:A co-crystals is also experimentally
proved. The formation of D:A molecular crystals is directly related with the strong GS-CT within
the supramolecular complex. However, in this thesis we do not explicitly discuss to which extent
D:A intermolecular interactions within the dimer affect the overall cohesion of a D:A co-crystal,
i.e. we do not isolate the electronic coupling between different dimers in the crystal from the van
der Waals contributions.

The effect of GS-CT interactions on molecular vibrations is also a topic of this thesis. Apart
from what anticipated in the Introduction, the effect of GS-CT on molecular vibrations becomes
now clearer in a molecular picture considering the shape of the molecular orbitals in the case of
strong GS-CT (Fig.[2.16c). The significant alteration of the ground-state of the D:A dimer involves
a change in the shape of the corresponding potential curve vs. the configurational coordinate
(Fig. . This, in turn, involves a change in the shape and energy spacing of the wvibrational
wavefunctions ¢, (Eq. . Therefore, although optical absorption experiments do not allow to
unambiguously discriminate between effects of ES- and GS-CT (Eq. , the study of molecular
vibrations allows to overcome this difficulty and to quantify the degree of GS-CT, which is the
topic of the Results section [4.4]

2.2.7 Scattering of X—raysﬂ

We pass now to analyze the interactions with X-rays, whose typical wavelength is about 103 times
shorter than that of UV-Vis radiation. Therefore, for treating interactions of X-rays with media
on the typical length scales of organic molecular solids, the dipole approximation fails and it is
necessary to take into account spatial variations of the electromagnetic field.

We start by considering the scattering of X-rays from a free electron. Classically, the periodic
electric field of an incoming X-ray photon exerts a force on the electronic charge, which responds by
oscillating and emitting electromagnetic radiation during its acceleration. This scattering process
is called elastic when the energy of the outgoing photon is the same as the energy of the incoming
photon; however, the direction of the momentum fk may change. The X-ray scattering methods
employed in this thesis are based on elastic scattering.

The differential scattering cross section of an electromagnetic wave scattered by a free electron
is:

<§g> =rgle- €| (2.34)

where 2 is the solid angle and ¢ is the cross section, € is the polarization of the incident field
and €’ that of the radiated field. In Eq. the fundamental length scale of the scattering process,
ro, has been introduced:

o2
= — 2.35
"o (47reomc2) (235)

From Eq. ro amounts to 2.82x10~> A and is called the Thomson scattering length or
electron scattering radius.

Elastic scattering from an atom involves that all the constituting electrons oscillate under the
effect of the incoming photons. The phase shift between an electromagnetic wave of momentum k
hitting an atom and being elastically scattered with momentum k’ is A¢ = Q - r, with:

Q=k-kK (2.36)

8The contents of this section have been taken mostly from the book of Als-Nielsen [I63], and other sources are
explicitly cited.
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being the total momentum transfer.

The distribution of all electrons within the atom needs to be taken into account, which leads
to the definition of the atomic form factor f°(Q).

Q= /Pe(r)eiQ'rdr (2.37)

The integration runs over the atomic volume and, mathematically, is equivalent to the Fourier
transform of the electron density of the atom, p.(r). The form factor f° can be seen as a weighting
factor for the scattering length of a single electron.

The exact f°(Q) can be approximated by a weighted sum of Gaussian curves [164], which is a
monotonically decreasing function. It always results f°(Q = 0) = Z, the atomic number, since all
volume elements of the atom scatter in phase, and f°(Q — oco) = 0 since for increasing angles the
volume elements tend to scatter out of phase.

2.2.7.1 General expression of the atomic form factor

Not all electrons of an atom will respond as free electrons to an external field. The electrons in the
deepest energy levels, or K-shell electrons, are more bound than the electrons in the higher-lying
L- or M-shells, therefore their response will deviate more significantly from that of a free electron.
This is true for incoming photon energies fiw smaller than the element-specific absorption edge.
Above this energy threshold, the electrons respond as if they were free. The response of a bound
electron to incoming photons can be assimilated to that of a forced harmonic oscillator [165],
analogous to the Lorentz oscillator model (Egs. .

In general, the scattering efficiency given by the atomic form factor of Eq. 2.37] is lowered by
an amount f’ due to the bound electrons. Including an additional term, f” to take into account
dissipation due to absorption processes, the form factor becomes f(Q, fuw):

F(Q,hw) = f2(Q) + f'(hw) +if" (hw) (2.38)

Notice that f’ and f” are related to the behavior of tightly bound electrons, thus they do
not appreciably depend on Q. They vary strongly in proximity of an absorption edge, which is
exploited in so-called “anomalous” X-ray scattering techniques.

Apart from elastic scattering, several processes involve inelastic scattering of X-rays, i.e., the
energy of the incoming photon is absorbed. One of these processes is the Compton scattering, in
which an incident photon transmits part of its energy to a quasi-free electron from an outer atomic
shell, ejecting it, and is then scattered in another direction.

The absorption of X-rays from a core electron can lead to its ejection from the atomic K-shell.
The emitted electron is denominated photoelectron, and a hole is created in the now unoccupied
state. Two competing phenomena can occur to compensate the created hole, namely fluorescence
and Auger emission of a second electron.

The processes described above lead in general to the attenuation of an X-ray beam traveling
through a medium, although obviously each process has a different cross-section depending on
the energy and the atomic number of the elements constituting the medium. In general, the
transmittance of an X-ray beam can be phenomenologically described by the Lambert-Beer law
(Eq. [3.20), which we report in relationship to optical absorption spectroscopy in the Methods
sectio further below (Eq. [3.20).

2.2.7.2 Diffraction from a crystal

When X-rays are elastically scattered from a crystal, the total scattering amplitude as function of
Q, Fervst (Q), can be calculated by performing a sum over the amplitude of the fields scattered from
all atoms arranged in the unit cells of the crystal. The location of each atom in a given reference
system can be written as $,, ;, where n run over all unit cells of the solid and j runs over all
atoms inside the n'” unit cell. The symmetry properties of a crystal allow to write R, =R,+r;
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(Fig. [2.17) and factorize the sums over n and j, respectively, leading to the following expression:

structure

factor lattice sum
(@~ @ @Y T
Pl @) Y Q) @Y QR (2.39)
J atomic n

form factor

The summation over the indexes n in Eq. is the lattice sum and runs over all possible
angles/directions along the unity circle in the complex plane. It is non-vanishing if the constructive
interference condition is met, i.e. Q - R,, = 2nM, with M € Z, for which the scattered field is
amplified by a factor of the order of the number of unit cells in the sample. This simply states
the somehow experimentally obvious fact that the larger is the illuminated area of the sample, the
stronger the signal will be.

The vectors R,, belong to a Bravais lattice, i.e. a suitably defined, translationally invariant
periodic structure. Overall, 7 kinds of Bravais lattices exist, which can be consulted on the Inter-
national Tables for Crystallography [166]. Here we just notice that very often for molecular solids
it is common to have the Bravais lattices of lowest symmetry like monoclinic or triclinic.

The vectors R, can be always written in real space as a linear combination of the basis vectors
ai, ao and az with integer coefficients ny, no and ns:

Rn = niaj; + ngaz + nzas (240)
The basis vectors of Eq. can be used to define a set of new basis vectors in the reciprocal

space, called reciprocal basis vectors, which we write in the compact form:
a, xa
a; = 27r%, with V =a; - (as x a3) (2.41)

where subscripts , y, z define the three right-handed permutations of the subscripts in Eq.[2.40]
and V is the unit cell volume. Any reciprocal space vector G can be defined as:

G = ha] + kaj + laj (2.42)

The integer coefficients h, k,[ in Eq. are called Miller indices. Notice that a rotation by
an angle ¢ in the direct lattice corresponds to a rotation of the same magnitude in the reciprocal
lattice. The reciprocal lattice vectors in Eq. are defined such that the product G - R,, can be
easily worked out as:

G R, =27 (hny + kna + Ing) = 27 x M, with M € Z (2.43)

Looking now again at the lattice sum in Eq. one obtains non-destructive interference only
if the Laue condition is met:

Q=G (2.44)

An formulation equivalent to Eq. is the experimentally more intuitive Bragg’s law, for
which we refer to Fig. We consider a crystal at which coherent X-ray photons of wavelength
A are specularly reflected from a given set of crystal planes characterized by a spacing d. The total
path difference between two photons reflected from consecutive crystal planes is 2s, which has to
be equal to an integer multiple of A in order to result in constructive interference. Expressing s as
function of d and 6 leads to:

nA = 2dsin(0) (2.45)

The index n € N denotes the diffraction order and expresses the fact that, for any fixed d,
there exist several orders of the same reflection giving constructive interference which are located
at approximately n x 6 (for small §). As noted above, the Bragg’s law (Eq. and the Laue
condition (Eq. are equivalent since they express the condition for the coherent superposition
of the elastically scattered waves.
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Figure 2.17: [LOWER part] Illustration of the definition of position vectors R,, and r;, respectively
for unit cells and atoms within each unit cell. The vector T denotes the translational invariance
of the Bravais lattice. [UPPER part] Specular scattering geometry which allows to deduce the
Bragg’s law, as described in the main text. The momentum transfer Q defined in Eq. is also
shown. Adapted from [165].

Here we add some comments on the summation over the indices j in Eq. where we omitted
the energy-dependence of the atomic complex form factor f;. This summation is called structure
factor. Generally, a basis set r; needs to be superimposed to the Bravais lattice in order to
describe all atomic positions, and the scattering contribution of each atom needs to be weighted by
its respective form factor. For the applications elastic scattering which we exploit in this thesis the
dependence of the atomic form factor on photon energy can be neglected and the form factor can
be treated as a real quantity. The superposition of an additional basis set r; leads to modulations
of the total scattered amplitude compared to an ideal Bravais lattice. This may occasionally lead
to destructive interference which causes systematic absences of given diffraction features. As it
can be expected, for molecular solids the structure factor may become very complicated due to the
presence of many atoms for each molecule. From Eq. [2:39]it follows that the unit cell parameters
of a given molecular crystal can be calculated from a diffraction pattern by simply reproducing
the positions of the diffraction maxima. In order to solve the full molecular structure, modeling of
peak intensity through the structure factor is necessary [135] [136].
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MATERIALS AND METHODS

In this chapter we introduce the molecular materials that constitute the thin films produced and
characterized in this work and the substrates used as support for the films. Subsequently we intro-
duce the experimental methods which have been used for thin film characterization. We describe
most extensively X-ray surface scattering techniques carried out at synchrotron facilities as the
information that they provide on thin film structure represents often the starting point of further
characterization. In combination with real-time X-ray reflectivity measurements we illustrate two
models for thin film growth that assume the kinematical approzimation, and further on we illustrate
the exact recursive method of Parratt. We continue by describing optical spectroscopy methods, es-
pecially ellipsometry and infrared spectroscopy, and conclude with other characterization methods:
transmission-absorption spectroscopy, atomic force microscopy and electrical conductivity measure-
ments. Several examples of the application of these experimental methods for the characterization
of thin films of OSCs are reported throughout the chapter.

3.1 Organic Semiconductors

Here we describe the molecular and crystal structure of the OSCs employed in this work, citing
selected studies that feature their use. We divide them based on their donor or acceptor character.
Whenever necessary, we stress the reported presence of different crystal polymorphs. The relative
HOMO-LUMO energy level alignment is relevant for the discussion within the single Results sec-
tions and is therefore presented there. The chemical structure and the size of the molecules will
be also shown in the pertaining Results sections.

3.1.1 Donors

3.1.1.1 Diindenoperylene

Diindenoperylene (DIP, Fig. [3.1h) was used as donor material throughout this thesis. This OSC
exhibits in single crystals ambipolar transport with fairly high time-of-flight mobilities [167]. It
has also been employed in organic solar cells in combination with Cgg, achieving high fill factors
and open-circuit voltages [168]. Several bulk crystal polymorphs are observed depending on the T
at which the single crystals are held [124]. In particular, the polymorph observed at the highest
T is the only one exhibiting a different symmetry of the unit cell compared to the others at lower
T. It has been found that this polymorph (Fig. closely resembles to the structure observed in
DIP thin films grown at T~ 298 K or higher on several substrates [124] 169, [170].

When DIP is evaporated on native Si oxide at 403 K, within the first 3 ML a gradual expansion
of the a unit cell axis of ~ 2.5% is observed [109] [I18] accompanied by a decrease in the tilting
angle of the DIP molecules [I71]. This could be explained a stress release mechanism. After
the 3 monolayers thickness, the unit cell parameters matches that of the high-T" bulk polymorph
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Figure 3.1: a) Molecular structure of DIP (H atoms not shown). b)-d) Unit cell of DIP thin
film polymorph, or high-T" bulk polymorph [I124]. b) View along an axis nearly coplanar with the
ab-plane or with the crystal plane of Miller indices (hkl) = (001). ¢) View along an axis nearly
parallel to the long molecular axis. d) Unit cell parameters and total volume. Color code for
atoms: C (grey), H (white).

[124]. Interestingly, this structural transition to the high-T" bulk crystal polymorph does not match
with the onset of rapid roughening, which occurs around the 6" total evaporated ML at 403 K
[I10]. This strongly suggests that roughening is not triggered by stress release. In Ref. [I05] it
was suggested that the growth rate of DIP grains on top of a formed DIP layer might depend on
whether the new grain nucleates at a grain boundary or on a terrace.

The explanation of the roughening behavior of DIP deposited below ~ room T or lower seems
more immediately connected to the coexistence of different orientational domains during growth,
namely of standing-up and lying-down molecules [I09, 117]. Grains formed by lying-down molecules
will exhibit a faster vertical growth rate than standing-up domains, leading to enhanced roughening
[62].

The DIP stock used in this thesis was bought from PAH Research Institute (Greifenberg) and
has undergone one purification cycle by gradient sublimation (thanks to Jens Pflaum).

3.1.1.2 «a-Sexithiophene

Two single crystal structures could be identified for a-sexithiophene (6T, Fig.|3.2h): a) the so-called
low-temperature (low-7") polymorph [I27], b) the so-called high-temperature (high-T") polymorph
[128]. A number of polymorphs has also been observed in vacuum sublimated films [I72, [173], but
their molecular structure has never been fully solved. The use of 6T in OFET architectures and
the characterization of device transfer characteristics have been reported [174} [I75] and show high
charge carrier mobility of this OSC.

The possibility to use 6T-based OFETs for chemical sensing has also been demostrated [I76] as
well as its use as donor in combination with Cgp in organic solar cells [I77] or as templating layer
for DIP [I78]. Furthermore, the recent world-record efficiency for small-molecular OSCs-based
organic solar cells of 13.2% established by Heliatek [179] has been achieved using a functionalized
five-membered thiophene ring derivative in the functional organic layers. All these examples of
applications demonstrate that functionalized multi-membered thiopenes, in particular 6T, have a
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huge potential to become the standard OSC material for optoelectronic applications.

S
=

b) d)

(900)
=Ff
‘ \.\ 6T low-T polymorph
| a 4471 A
L -
- b 7.85A
2 )
H c 6.03 A
h a 90°
A N
3 2 B 90.76
™ v 90°
.S "
\-‘W volume 2116.01 A3
<§@@‘

Figure 3.2: a) Molecular structure of 6T (H atoms not shown). b)-d). Unit cell of 6T low-T bulk
polymorph [127]. b) View along an axis nearly coplanar with the be-plane or with the crystal plane
of Miller indices (hkl) = (100). c¢) View along an axis nearly parallel to the long molecular axis.
d) Unit cell parameters and total volume. Color code for atoms: C (grey), S (yellow). Positions
of H atoms not reported in the original crystal structure file.

In this thesis, two polymorphic forms of 6T found in thin films are most important: the low-T
(Fig. and the §-phase. The latter has been first clearly identified by Moser and co-workers
[180] as a disordered layered phase present in vacuum-deposited thin films using growth parameters
very similar to those employed here. Although its crystal structure could not be solved, it has been
identified as a metastable structure induced by the interactions with the substrate and tends to
transform to the bulk low-T phase for high film thicknesses and temperatures [96]. The coexistence
of the low-T and (-phase in vacuum deposited films can be easily recognized by inspection of XRR
profiles for thin films of upright-standing 6T molecules since their tilting with respect to the
substrate normal is lower for the S-phase than for the low-T phase (see for instance Fig.

The 6T stock used in this thesis was bought from Sigma Aldrich and purified twice by gradient
sublimation (thanks to Jens Pflaum).

3.1.1.3 Pentacene

Pentacene (PEN, Fig. [3.3h) is one of the most thoroughly studied OSCs. Several polymorphs
have been observed in thin films as well as in single crystals [125] [I8T]. Despite extensive studies,
there is not yet a full understanding of the parameters governing the appearance of the different
polymorphs. For PEN grown on amorphous Si oxide surfaces, one main thin-film polymorph [125]
182) [183] is commonly observed to coexist with another “bulk” polymorph. The relative amount of
thin-film and bulk phase, respectively, depends on film thickness and substrate temperature [182].
As a general trend, higher substrate temperatures and film thicknesses favor the nucleation of the
bulk phase. It is not clear to which of the reported single crystal structures the bulk phase observed
in thin films belongs. Here we support Nabok and co-workers [135], who assign the bulk phase
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to the structure reported by Campbell et al. [I84] based on both XRR and GIXD data. Indeed,
the lattice spacing d extracted from XRR data gives limited information concerning the unit cell
parameters, and a cross-check with GIXD data provides a more accurate estimation. However, in
principle more than one bulk polymorph can be present in the films, the relative amount depending
on the details of film preparation.

PEN thin film polymorph

a 5.96 A
b 7.60 A
c 15.61 A
a 81.25°
B 86.56°
y 89.80°
volume 696.95 A3

Figure 3.3: a) Molecular structure of PEN (H atoms not shown). b)-d) Unit cell of PEN thin film
polymorph [78]. b) View along an axis nearly coplanar with the ab-plane or with the crystal plane
of Miller indices (hkl) = (001). ¢) View along an axis nearly parallel to the long molecular axis.
d) Unit cell parameters and total volume. Color code for atoms: C (grey), H (white).

For the growth parameters employed in this work, the thin-film polymorph is observed (Fig. -
d). A fundamental interest in solving the crystal structure of this phase is based on the applications
of PEN as high-mobility OSC in OFET architectures [14, [I85]. Applying different methods to an-
alyze GIXD diffraction patterns measured on thin films, Schiefer and co-workers [78] as well as
Nabok and co-workers [135] have solved the full structure of the thin-film polymorph.

The PEN stock used in this work was bought from Sigma Aldrich and used as received.

3.1.1.4 Dibenzo-tetrathiafulvalene

Dibenzo-tetrathiafulvalene (DBTTF, Fig. [3.4h) is a derivative of the better known tetrathiafulva-
lene (TTF), famous for forming a metallic salt with the acceptor tetracyano-naphtoquinodimethane
(TCNQ) [186]. The salt becomes superconductive in a T range between ~80 and ~60 K [I87].

The material has been employed in OFETs as single crystal [9] as well as thin film and shows
room-T" mobility of nearly 1 cm?/Vs and 0.06 cm?/Vs, respectively. Thanks to its ability to form
thin films with good texture, it is a candidate for applications in optoelectronic devices.

Also for DBTTF, polymorphism has been reported. Several, slightly different single crystal
structures fall under the denomination “a-polymorph”; all of them exhibiting a monoclininc unit
cell [I88],[1R9] (Fig. —d). A B-polymorph, also with a monoclinic unit cell, has been obtained by
Brillante and co-workers [129] by means of re-crystallization in toluene. A single crystal structure
having triclinic unit cell denominated “d-polymorph” has been reported by Mamada and co-workers
[190]. A fourth polymorph has been identified for films vacuum-sublimated on glass, called “v-
polymorph” [129], but no unit cell parameters have been provided. By comparison of our data
with the data of Ref. [I29] we conclude that this is the same thin-film polymorph observed by us
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DBTTF a polymorph

a 12.08 A

b 3.96A

c 14.55 A

a 90°

] 114.36°

y 90°
volume 633.49 A3

Figure 3.4: a) Molecular structure of DBTTF (H atoms not shown). b)-d) Unit cell of DBTTF
a-polymorph [I88]. Notice that this polymorph does not correspond to the one we found in thin
films (see Results section . b) View along an axis nearly coplanar with the ab-plane or with
the crystal plane of Miller indices (hkl) = (001). ¢) View along an axis nearly parallel to the long
molecular axis. d) Unit cell parameters and total volume. Color code for atoms: C (grey), H
(white), S (yellow).

(see Results section [4.F]). Thanks to the strongly uniaxial texture of the DBTTF thin films studied
here, we were able to fit the unit cell parameters (see Tab. .
The DBTTF stock used in this thesis was purchased from Sigma Aldrich and used as received.

3.1.1.5 Poly(3-hexylthiophene)

Poly(3-hexylthiophene) (P3HT, Fig. [3.5h) is the only polymeric OSC used in this work. The
monomeric units are constituted by single thiophene rings functionalized with a hexa-membered
linear alcane for improving the solubility. Due to the many degrees of freedom of the average poly-
meric chain and to the required deposition from solution, it is in general difficult to control the self
assembly processes for this kind of materials. Nevertheless, so-called “regioregular” configurations
can be obtained, which exhibit periodic stacks of rigid polymeric lamellae in the direction either
parallel or perpendicular to the substrate surface. Such locally ordered configurations can greatly
enhance charge-transport [3 4].

Figure 3.5: a) Molecular structure of the 3HT monomer (H atoms not shown). b) Extended PSHT
chain. Color code for atoms: C (grey), H (white), S (yellow).

A very high number of publications demonstrate the use of P3HT as donor in blends with the

acceptor [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) for applications in organic solar cells
[191]. In the context of this thesis the use of P3HT is interesting for the perspective of molecular
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doping with strong acceptors [140, [192] and for purposes of comparison with small-molecular OSCs
concerning the strength of CT interactions.
The P3HT stock used in this thesis was bought from Sigma Aldrich and used as received.

3.1.2 Acceptors

3.1.2.1 F6TCNNQ

The detailed steps for the synthesis of 1,3,4,5,7,8-hexafluoro-tetracyanonaphtoquinodimethane
(F6TCNNQ or F6TNAP, Fig. ) has been first published by Koech and co-workers [193],
although the use of this strong acceptor had been documented earlier in the patent literature
(197, 195

F6TCNNQ exhibits two main advantages compared to the smaller FATCNQ commonly used for
molecular doping: a) lower LUMO level, which makes it one of the strongest acceptors available to
date [196]; b) lower diffusivity in organic matrices, which prevents the problem of dopant diffusion
often encountered with FATCNQ [52] [197].

c) d)

FETCNNQ
- single g
F6TCNNQ bulk polymorph = crystal
a 17.53A <
b 17.53A £
- < FETCNNQ
c 11.48A = powder
[%2)
a 90° 3
=
B 90°
v 120° L F6TCNNQ thin film _
volume 3057.29 A3 ‘ . . ‘ . ‘ A
050 0.75 1.00 125 150 1.75 2.00 225 250

Q (A"

Figure 3.6: a) Molecular structure of FETCNNQ. b) Unit cell of bulk polymorph [I98]. ¢) Com-
parison of diffraction patterns demonstrating that the polymorph found in thin films is different
from the bulk polymorph. The slight discrepancy between peak position of single crystal and
powder for Q >~ 1.8 A=! is probably due to erroneous atom positions in the crystal structure file.
d) Unit cell parameters and total volume. Color code for atoms: C (grey), N (violet), F (green).

Between the first publication of a synthesis route for F6TCNNQ [193] and its recent growth
and characterization as single crystal by Li and co-workers [I98] nearly ten years have passed.
At the same time, Hu and co-workers have published several single crystal structures where
F6TCNNQ works as acceptor in co-crystals with the donors triphenylene, phenantrene, pyrene and
naphtho[1,2-b:5,6-b’]dithiophene (NDT) [199]. Several degrees of GS-CT have been reported for
these D:A co-crystals, the highest being found for NDT:F6TCNNQ. The unit cell of the published
single-crystal structure of FETCNNQ exhibits a hexagonal unit cell, which is quite exceptional for
OSCs, and is unusually large because it contains 9 inequivalent molecules (Fig. [3.6b,c). The elec-
tron density of this material amounts to ~ 0.45 A=3 and is significantly higher than the electron
density of, e.g., DIP (~ 0.37 A_?’). This is likely due to a very close packing of the molecular
units and the high electron density of the constituent elements.

The comparison of the diffraction patterns in Fig.[3.6d demonstrates that the polymorph present
in thin films is different from the published crystal structure. We measured diffraction from the
powder that we use as source material for sublimating F6TCNNQ and its structure matches very
well the published bulk polymorph. Therefore, we proved that also for F6CNNQ a thin-film
polymorph exists.

The molecular structure of F6TCNNQ (Fig. [3.6p) features a triple bond, C=N, whose vi-
brational resonance frequency has been found to be sensitive to the GS-CT state of molecules
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structurally similar to F6TCNNQ, like TCNQ [I55] and FATCNQ [86]. The sensitivity of this
bond to CT interactions derives by its involvement in the quinoid-to-benzenoid molecular defor-
mation upon ionization [200].

The F6TCNNQ stock used in this work was purchased from Novaled El

3.1.2.2 TCNNQ

The interest in obtaining F6TCNNQ as single crystals is probably not mirrored for its non-
fluorinated version, tetracyano-naphthoquinodimethane (TCNNQ or TNAP, Fig. [3.7). Indeed,
up to date no single crystal structure of TCNNQ has been published.

Figure 3.7: Molecular structure of TCNNQ (H atoms not shown).

Several reports show the successful growth of D:A co-crystals featuring TCNNQ as acceptor
[201], 202]. One study has focused on the electronic structure of TCNNQ adsorbed on different
metal surfaces and on its different ionization states upon K-doping[203]. Among the published
single D:A crystal structures with TCNNQ, one features TTF as donor [204]. Recently, formation
of a D:A supramolecular complex with DBTTF as donor in thin films has been shown based on
optical spectroscopy data [I1I]. In this thesis we present X-ray scattering data that proves the
formation of DBTTF:TCNNQ co-crystallites with 2D-powder texture in thin films.

The TCNNQ used in this thesis was purchased from Sigma Aldrich and used as received.

3.2 Substrates

Here we describe the materials employed as substrates for the deposition of the thin films studied
in this thesis. The chemical nature of the substrate surface is in all cases mostly Si dioxide, which
we refer to as “Si oxide” for simplicity. The use of different substrates is related to the particular
investigation tool employed for the characterization of the thin film deposited atop, as described
further below. All substrates exhibit an amorphous surface structure.

3.2.1 Native, thermally grown Si oxide and glass

For most of the thin films prepared in the course of this thesis, amorphous Si oxide was used
as substrate. The choice relies on several factors. Amorphous Si oxide is commonly used as
gate dielectric in OFETs and it is often passivated with an organic compound in order to reduce
the density of surface traps [12, 205]. It is established that the vast majority of OSCs interact
more weakly with this kind surface than with metal surfaces or single-crystalline surfaces of other
oxides. The most notable exception to this behavior is probably 3,4,9,10-perylene tetracarboxylic
dianhydride (PTCDA), which exhibits relatively strong interactions also with amorphous Si oxide
due to its chemical functionalization, [206] 207]. In the context of quasi-epitaxy (see Ref. [98]
and Fundamentals section , for the OSCs employed in this thesis, growth and self-assembly
processes are not expected to be “templated” by the amorphous Si oxide surfaces during growth
at room T. However, lowering the substrate 7" during growth affects growth dynamics and leads
to a change of the quasi-epitaxial relationship between molecular orientation and substrate plane,
as detailed in the Results section {3l

Another factor concerns the suitability of Si substrates for the thin film characterization meth-
ods employed in this work, for instance surface X-ray scattering (Methods section . Further-
more, Si wafers with different oxide thickness can be used for purposes of multi-sample analysis

IThanks to Dr. Andreas Opitz (Humboldt Universitiat zu Berlin) for shipping of the F6TCNNQ stock.
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of ellipsometry data [208|, 209] (Fig. , as explained further below in the Methods section
In particular, we use native and thermally grown Si oxide surfaces on Si substrates. The native
oxide forms naturally due to exposure of a clean Si surface to standard atmosphere with conse-
quent diffusion of Og into the surface. The thickness of this native oxide layer is ~2 nm and its
composition varies with the distance from the Si surface, from stoichiometric SiO5 in the topmost
layers to a stoichiometry with lower O content near the Si substrate [210]. The surface roughness
is in the order of few A [38]. Thicker Si oxide layers can be artificially grown by heating the
Si substrates up to ~ 1300 K in a Os-rich atmosphere. The oxide growth rate depends on the
substrate T and on the Os partial pressure. The topmost layers of the oxides produced thereby
are amorphous [2ITH213]. We will denote both native and thermally grown Si oxide substrates
mostly as “SiO,”. Glass slides were also used as substrates, mostly for the purpose of absorption
spectroscopy measurements in transmission geometry (Fig. in a spectral range from ~0.6 eV
to ~6 eV.

d ) b ) f\‘i;\ // C )
\ / N \
dstiomt \\:\, / / dSIO*'tlhe”“ \ /

Sio,

Figure 3.8: Substrates employed in this thesis for the growth of thin films of OSCs. a) Si with
amorphous native Si oxide layer (dsio, net = 2 nm). b) Si with amorphous thermally grown Si
oxide layer (dsio, therm =~ 100-150 nm). ¢) Amorphous glass slide (slide thickness ~0.5 cm). The
arrows depict light beams following different paths and represent the use of these substrates for
optical spectroscopy in different geometries: a),b) ellipsometry in reflection, c) ellipsometry or
absorption spectroscopy in transmission.

The glasses employed are amorphous with a surface roughness < 1 nm [214] 215], therefore
their surface properties are expected to be similar to those of native and thermally grown SiO,,.
This typically leads to a nearly identical crystal structure and morphology for thin films of OSCs
deposited simultaneously on these substrates. However, occasionally the morphology exhibited by
the thin films grown on SiO, and glass, respectively, is different. This may be due to the slightly
different relative abundance of siloxane bridges and silanol terminations [216] on the surface of
the two kinds of oxides, which leads to an overall different surface potential which might have a
different impact on growth and self-assembly processes depending on the molecular system under
study.

In the course of this work, p-doped Si(001) wafers with a native oxide layer were used as
substrate material, from which slides of several sizes were cut, ranging from 5x10 mm? up to
~15x15 mm?2. Si slides of 5x10 mm? with a thermally grown Si oxide layer of thickness 100-
150 nm were also used. Borosilicate glass (Borofloat® from Schott) and fused silica glasses (UQG
Optics) were also as glass substrates.

3.2.2 Si oxide on Au

Si wafers coated with 5 nm Ti adhesion layer and 200 nm polycrystalline Au (~10x15 mm?) were
used as substrates for the deposition of SiO,. Prior to deposition, the Au substrates were cleaned
first with acetone and then with isopropanol in an ultrasonic bath and subsequently dried under a
gentle stream of No. The layers that constitute the substrates after coating with SiO, are sketched
in Fig. [3.91 The Au slides were then transferred into a Plasmalab 800Plus (Oxford Instruments)
for deposition of the oxide layer via plasma-enhanced chemical vapor deposition (PECVD) ﬂ

2Thanks to Tanja Martin, University of Tiibingen, for assistance during the preparation of the Si oxide coatings.
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PECVD — SiO,
dau
= 20% nm Au

Figure 3.9: Schematics of the layers constituting of the SiO,-coated Au substrates. For simplicity,
the Ti adhesion layer between the Si wafer and the Au film is not shown.

During deposition of the SiO,, film, the substrates have been kept at 573 K. We used a plasma
power of 30 W and a gas mixture of 16% SiH, and 25% N-O in a Ny carrier gas flow. The total
pressure in the reaction chamber was 1 Torr. These parameters are very similar to those reported
in Ref. [2I7]. Since the thickness of the oxide layer can be controlled by the duration of the
deposition, we tested five different combinations of plasma power and total deposition time. We
then characterized E| the produced layers using atomic force microscopy (AFM), optical microscopy
and ellipsometry. The several characterizations performed on the substrates are explained in the
caption of Fig.

The SiO, layers for subsequent deposition of OSC films need to exhibit a homogeneous Si oxide
surface while being as thin as possible in order not to lower the reflectivity from the metal substrate.
We therefore chose the parameters of the plasma which deliver an oxide thickness of ~ 12 nm,
this representing the best compromise between thickness and layer homogeneity (Fig. , circled
data-point).

Concerning the use of these substrates for surface X-ray scattering experiments, one has to
carefully choose the photon energy in order to avoid being close to an absorption edge of Au.
For instance, an energy in the range of ~12-14 keV as employed for samples on Si/SiO, is not
recommended since the Li-edge of Au is at ~14.35 keV and one has high probability to damage the
organic layer with the Au photoelectrons. Going towards lower energies is also not recommended
due to the lower-energy absorption edges. However, the K-edge is located at ~80.73 keV, therefore
an energy slightly above ~20 keV can be chosen.

3Thanks to Ronny Léfler, University of Tiibingen and Lisa®, for the selective etching of the substrates.
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Figure 3.10: Characterization of five PECVD-SiO, layers produced with different plasma pow-
ers and deposition times. a) [TOP] Optical microscope image of the test substrate 2 (plasma
power: 30 W, deposition time: 8 s, estimated Si oxide thickness: 12 nm). The dark brown areas
were selectively etched using a mask in order to reach the layer below the Au coating. The Si
oxide layer was selectively etched along a contour 16-17 pum wide around these dark areas. The
white-highlighted line was further scanned under the AFM, as shown in the inset of the figure
below. [BOTTOM] AFM scans of all test substrates 1-5, where the SiO, layer has been removed
in order to show the SiO,-to-Au step (orange arrows). All AFM scans were analyzed using the
software Gwiddion [2T8]. Clearly the oxide thickness increases with deposition time and plasma
power. Notice that for substrate 4 the deposition parameters do not allow a homogeneous coverage
of the oxide surface. The inset shows a line scan along the surface of the test substrate 2 including
the SiO,-to-Au step (orange arrows ) and the etched Au channel, from which a thickness of 200 nmn
of the Au film can be seen. b) AFM scan of the homogeneous SiO, surface of the test substrate 2
with calculated roughness. The inset scale bar corresponds to 2 um. ¢) Thickness values obtained
from the fits of the ellipsometry data on the test SiO,/Au substrates. The thickness values match
very well the profiles shown in a). A simple optical model was used consisting of a SiO2 layer on
top of an Au substrate. The circled data-point indicates the chosen deposition parameters.
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3.3 Experimental methods

Here, the main experimental methods employed in the course of this thesis are described. The
section is obviously not intended to provide an exhaustive description of each technique, but rather
gives an overview of the working principle and of some aspects directly related with the “hands-on”
operation of the devices.

3.3.1 Organic Molecular Beam Depositionﬁ

Vacuum deposition techniques are particularly suited for tailoring heterostructures in the direction
perpendicular to the substrate [98]. In the course of this thesis we use organic molecular beam
deposition (OMBD) to produce thin films of OSCs. This technique is based on the thermal
sublimation of the organic source material, which is in the form of a powder, onto a target substrate
under vacuum conditions. A drawback of OMBD is that, due to the thermal sublimation process
involved, it is suited only for those organic materials which are stable upon evaporation. Organic
materials with a much larger molecular weight will decompose before reaching the sublimation
point. Therefore, OMBD cannot be employed to deposit polymeric films. For this class of OSCs,
deposition from solution is the most diffused for the production of thin films.

3.3.1.1 Importance of vacuum

Vacuum conditions of several orders of magnitude below atmospheric pressure can be reached
inside suitably equipped vacuum chambers. The degree of vacuum for our thin film deposition
experiments lies in the range of “very high vacuum”, based on the definitions reported in Ref. [220].
For ease of reading we will refer to it as “high vacuum” (HV), with a base pressure P in the order
of ~1x1078 mbar (~1x107% Pa, or ~0.75x10~8 Torr).

Vacuum is of primary importance for general surface physics. This becomes obvious considering
surface analysis techniques like, e.g., those involving photoemission of electrons, which require
“ultra-high vacuum” (UHV) conditions with P < 1079 mbar in order to achieve a reasonable
sensitivity. For OMBD, vacuum also allows to minimize the amount of contaminants on the
substrate and in the film during the deposition process. Contaminants include organic residuals of
organic solvents on the substrate surface as well as residual gas species in the chamber. Vacuum
reduces the interaction probability of the sublimed organic material with these “background” gases
and further avoids interactions between the organic molecules themselves in the vapor phase. To
see this, a useful parameter is the mean free path, A,, f, of a gas molecule of diameter dy with a
background gas density n (in molecules/m?):

Ay = (\/ﬁﬂdgn)_l (3.1)

The quantity A in Eq. has units of cm and defines the straight distance which a molecule
can travel before undergoing a collision. It depends implicitly on gas pressure and temperature
via the gas density. For the typical pressures employed for OMBD in this thesis, A is in the order
of ~ 6 Km, obvously much larger than the size of a vacuum chamber. Thus, considering only
the plume of material sublimed from the source (Fig. , the molecules do not interact with
each other before encountering a surface, i.e. they are said to fly “ballistically” onto the substrate.
This aspect greatly eases the understanding of growth processes since, in practice, inter-molecular
interactions in the vapor phase can be neglected, i.e. cluster formation occurs only after molecules
start diffusing on the substrate.

To reduce the impact of contaminants, a good practice is to carry out an “outgassing” of
potentially contaminated surfaces. This is typically achieved by heating up substrate, chamber
walls and organic source materials after reaching sufficient vacuum conditions. The suitable final
temperature for the outgassing depends on the component considered. Typically, the substrate
can be heated up to ~ 700 K. During the outgassing of the chamber walls, commonly referred to
as “baking”, care should be taken in order to minimize the thermal shocks between the chamber
walls and the windows (Fig. B.11)), and the walls should not be heated to more than some degrees

4The contents of this section have been mostly taken by the books of Weston [2Z19] and O’Hanlon [220]. Other
sources are explicitly cited.

49



CHAPTER 3. MATERIALS AND METHODS

above 373 K mainly with the aim of water removal. The organic source material in form of powder
should also undergo outgassing for removal of possible traces of water, with the outgassing T kept
well below the sublimation point in order to prevent undesired loss of material.

Outgassing and baking the several components of a vacuum chamber allows to minimize the
presence of undesired gaseous contaminants. However, the total density contaminants on a surface
is ultimately determined by the minimal pressure achieved. From the kinetic theory of gases, the
time for the formation of a monolayer of contaminant molecules of mass m on a surface kept at
temperature T is [98]:

NSC 27kaBT
;o VP a (3.2)

where Ny is the surface density for completion of a monolayer and ( is related to the sticking
probability, which in general depends inversely on T'. Lowering the substrate T leads to shorter
times for a surface to be covered by residual gases in the vacuum chamber. Concerning the
dependence of 7 on P in Eq.[3.2] reducing P by one order of magnitude leads to a 10-fold increase
of the surface contamination time. At the typical background P employed in this thesis, 7 is in the
order of few minutes at room 7', which is in the same order of the formation time of a molecular
monolayer at the growth rates employed in this thesis, suggesting that some inclusions of residual
gas species must be present in our films. Although it is known that inclusion of gas impurities in a
matrix of the OSC picene can affect the OFET transport properties [221], it has been also found
that the thin film crystal structure of picene is not affected by post-growth exposure of an as-grown
film to atmosphere [222]. Overall, very similar film growth conditions were used for the sample
series of each comparative study presented in this thesis. Therefore, it can be safely assumed that
the conclusions drawn here are not affected by the degree of surface contamination.

3.3.1.2 Main components

In this section we describe the main parts of the equipment for the growth of thin films of OSCs
by means of OMBD. We refer to the schematics depicted in Fig.

e A wvacuum chamber provides the “clean” environment in which OMBD is performed. The
walls of a vacuum chamber have to withstand an external load due to the atmospheric pressure
as high as nearly ~ 10® Kg/m?2. Therefore, they are commonly fabricated in stainless steel,
which is a resistant, highly vacuum-compatible material with low outgassing rates and offers
wide possibilities for joint-welding of extensions. Typically, a vacuum chamber will host one
or more transparent windows that, one one side, enable visual inspection of the internal
parts, and on the other side offer the possibility to perform in situ optical spectroscopy. In
the course of this thesis we have also used a portable vacuum chamber [223] which hosts a
cylindrical Be window for in situ X-ray scattering experiments (Fig. [3.16p). The chamber
walls can undergo baking procedures but, due to the insertion of these additional ceramic
components in its stainless steel structure, special care must be taken to avoid thermal shocks.

e Several kinds of pumps need to be employed simultaneously in order to produce HV. The
basic pumping unit is called pre-vacuum pump or, somehow in laboratory-slang, “roughening
pump” since it creates an initial, “rough” vacuum. A pre-vacuum pump alone allows to
evacuate the system only down to ~1072 mbar. Several types of pre-vacuum pumps exist,
two examples of which are oil pumps (one- and two-stages) and membrane pumps. In order
to reach pressures in the HV range, a turbomolecular pump (TMP) needs to be attached
in series to a pre-vacuum pump. The pumping mechanism in this pressure range, where
the molecular flow regime sets in, is based on the transfer of kinetic energy from a series
of rotating turbines to the residual gas molecules. The shape of the turbine blades causes
the impacted gas molecules to diffuse away from the chamber environment, which is at
pressure P, and to be compressed downstream at pressure P; > P. The compressed gas can
be then pumped away by the pre-vacuum pump. The compression ratio gives information
about the quantity P;/P. Notice that gas species of higher molecular weight are pumped
more efficiently. In general, lower pressures can be reached by pumping the system for
longer. However, the lowest attainable pressure is ultimately determined by the construction
parameters of the setup and by the characteristics of the materials employed. The pumps
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are connected between them and to the vacuum chamber by means of valves. The correct
operation of these valves is important to avoid potential damage to the pumps and/or to
avoid compromising the vacuum conditions inside the main chamber.

evaporation
cells

material A material B
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Figure 3.11: Typical setup for OMBD. All the components illustrated are described in the text.
Notice that the disposition shown here is schematic.
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o Several types of pressure sensors (or “gauges”) exist to measure the pressure in the system.

Often, it is desirable to measure both the pressure in the chamber, P, and the backing
pressure, P;. Since they differ by several orders of magnitude, we use two different pressure
gauges. By monitoring the pressure in the chamber we can understand if the target pressure
for starting the thin film growth has been reached. For measuring P during the growth of
the thin films studied in this thesis, ionization gauges have been used. These types of sensors
are based on the ionization of the residual gas molecules that occurs between two electrodes.
The value of P is measured indirectly by the amount of current generated in this ionization
process. The measurement of the backing pressure, P;, has been carried out by means of
a Pirani gauge. This type sensor works based on the variation of the electrical resistivity
of a heated wire by heat transfer with the residual gas. The heated wire represents one
resistive element inserted in a Wheatstone bridge to increase the sensitivity. The readings of
these pressure gauges give information on the drop rate of P and are therefore diagnostic for
possible leaks in the vacuum system.

The organic powder is placed inside an Al;Oj3 crucible of an evaporation cell in order to
generate a plume of molecular material flying onto the substrate. A Ta sheet in contact with
the crucible and welded to thermocouple wires allows for measurement of the temperature
in the crucible. The crucible is placed inside a larger Aly;O3 cylinder. Electrical heating is
provided by a resistive coil wrapped around the larger cylinder. The coil is further wrapped
in two layers of Ta foils. Cells built according to a special design are denominated Knudsen
cells and allow to minimize heat losses, keep the temperature of the crucible constant and
avoid gradients along its walls, which might cause undesired condensation of the evaporated
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material. Once the sublimation point of the organic powder is reached, the evaporation
rate can be controlled by the cell T. Calibration curves are typically traced for each new
material inserted in a cell. The latter aspect is particularly important for the growth of
binary mixtures in a bulk heterojunction architecture, for which two materials are evaporated
simultaneously and their molar ratio needs to be determined precisely. The molecular flux on
the substrate can be interrupted or restored quickly thanks to shutters covering the orifice
of the evaporation cells. Through this fine control of the evaporation rates, a number of
different film architectures can be realized.

e A thickness monitor allows to monitor the deposition rate of a material sublimed from a
cell. This device contains crystal which is electrically driven to oscillate at a frequency in
the order of ~10%-10° Hz. A thin Au disc is placed in contact with the oscillator since this
noble metal favors the sticking of molecules. As the evaporated molecules hit the Au disc,
its total mass changes. Such change modifies the resonance frequency of the oscillator, which
is compensated by the external circuit. Thickness monitors are very sensitive but, in order
to give quantitative information on the effective amount of deposited organic material, they
need to be calibrated by means of complementary methods for the estimation of the real
film thickness. The “scale factor” so obtained depends on the orientation and distance of
the thickness monitor with respect to the evaporation cells and the target substrate. For the
majority of the D:A mixtures studied here, two separate thickness monitors were used, one
for the donor and one for the acceptor, allowing to minimize errors in the D:A mixing ratio.

e The sample holder allows to grow organic thin films one a single substrate or on multiple
substrates simultaneously, which is a great advantage for some of the characterization meth-
ods used in this thesis. The sample holder can be electrically heated up to ~ 800 K, for
instance for the desorption of a previously deposited film. Therefore, materials with minimal
outgassing rate at this 7" need to be chosen. Often, the choice falls on Mo. Additional to the
resistive heating, the OMBD setups we used also feature a custom-built cooling system in
which liquid Ny can be let flow and exhausted into an open circuit. The flowing Ny gradually
starts filling a small recipient which is in thermal contact with the sample holder. A sub-
strate T' as low as ~115 K can be thereby attained. Notice that the substrate T represents
one of the main parameters that influence growth and structure formation in thin films of
OSCs, and it is also relatively easy to control. The substrate can be additionally covered
by means of a translational shutter, which prevents exposure to the molecular flux. The
construction parameters of the sample holder, in particular its height from the bottom of the
chamber, is fundamental for X-ray scattering experiments at synchrotron facilities for the
correct alignment of the sample.

For the sake of brevity, the above list of components covers only the most important ones. As
mentioned above, portable vacuum chambers can be built which integrate all these components
and at the same time allow in situ experiments [224, 225].

3.3.2 Synchrotron radiation and equipment H

X-ray scattering represents a major tool of investigation employed throughout this thesis. All
the results presented rely on the preliminary characterization of thin film structural properties
by means of X-ray scattering (Fig. . The information obtained provides a solid basis for the
interpretation of further spectroscopic or transport data. This general approach, in which X-
ray scattering plays a major role, would not have been possible without access to synchrotron
facilities, which can provide X-ray radiation with very high fluxes. External users who wish to use
synchrotron radiation need to submit an application and, in case of acceptance, can have access
to the facility.

3.3.2.1 Production of synchrotron radiation

Synchrotron facilities exploit the radiative properties of a current of electrons maintained on a
closed path in vacuum and accelerated at relativistic speeds. As the tangential velocity v of the

5The contents of this paragraph are mostly taken from the book of Willmott [I65]. Other sources are explicitly
cited.
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relativistic electrons is changed due to a centripetal acceleration a, they emit electromagnetic
radiation with a very sharp angular distribution in the forward direction, while the backward
emission is highly suppressed (Fig. [3.12).

o OO -

v/c=0.01 0.1

< D o -~

0.99

Figure 3.12: Field lines of a radiating electron traveling at a speed v which experiences a centripetal
acceleration a. The fraction of the electron velocity with respect to the speed of light c is indicated.
Adapted from Ref. [165].

The main components of a synchrotron are illustrated in Fig. B:I3] Electrons are initially
generated by the heated filament of an electron gun and they undergo two acceleration stages,
first inside a linear accelerator (LINAC) and subsequently inside a booster ring. Afterward, they
are inserted into the storage ring, a series of straight segments connected such that the electrons
are kept transiting along a closed path. Bending magnets (BM) located at the connections of the
straight segments change the direction of v and cause the electrons to radiate tangentially to the
curvature radius (Fig.([3.12). Other arrays of magnets, called insertion devices, are located instead
at the straight segments of the storage ring and also cause the electrons to radiate by means
of periodic oscillations. In order to compensate possible radiative energy losses of the traveling
electrons, radio-frequency (RF) cavities are present along the storage ring (Fig. [3.13)). In order
to exploit the radiation produced by the bending of the electron trajectory, experimental stations
called “beamlines” are annexed to the storage ring by means of a beam-defining aperture followed
by a port called “front end”. Before entering these experimental stations, the beam of radiation
is passed through a series of optical elements which shape, monochromatize and focus it onto the
sample held in the “experimental hutch” (Fig. [3.13).

The quantity £ = mc?/1/1 — (v/c)®, where v is the actual velocity of the electrons and ¢ is the
speed of light, defines the total energy of each electron circulating in the storage ring and usually
amounts to some GeV. The ratio between this energy and the energy of an electron at rest is the
Lorentz factor, v = £/ (ch). However, the parameter that best describes the performances of
a synchrotron and is therefore used as figure of merit is the brilliance, defined as the flux of the
generated cone of radiation normalized by its emittance. The flux is defined as the number of
photons per second normalized by the 0.1% of the spectral bandwidth (BW). The emittance takes
into account the finite size of the point source where synchrotron radiation is generated and its
angular divergence, and it has units of (mrad? mm?). The units for the brilliance are therefore
(ph/s)/(0.1%BW mm? mrad?):

photons/second
0.1%BW mrad?mm?

The introduction of advanced insertion devices called “undulators” around the year 2000 have
led to 374 generation synchrotrons, with brilliances as high as ~10%° (ph/s)/(0.1%BW mm? mrad?).
In parallel, free electron lasers (FEL) have been developed, with nowadays reach brilliances as high
as ~10%° (ph/s)/(0.1%BW mm? mrad?). Currently, several synchrotrons around the world are
undergoing an upgrade to gain a further ~ 2 orders of magnitude in brilliance, mainly by reducing
the emittance, and become 4'" generation sources, or diffraction-limited storage rings (DLSR).

The ~12 order of magnitudes higher brilliance of synchrotron sources compared to laboratory
sources is one of the main reasons for the interest in their use. High brilliance becomes especially

Brilliance = (3.3)
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Figure 3.13: Schematic view of the main parts of a synchrotron facility. Each component is
explained in the text. Adapted from Ref. [165].

important for surface scattering experiments on organic films, where the systems under study are
in a thickness range of ~10-100 nm of a weakly scattering material like C. It further allows real-
time measurements during film growth with very short acquisition times, high dynamic range of
the data and very good signal-to-noise. An occasional drawback of having a high brilliance source
is that the organic films may be affected by radiation damage. However, a careful choice of sample
environment and beam energy allows to avoid these damages. Indeed, the possibility to finely tune
the beam energy is another advantage of synchrotron sources.

3.3.2.2 Beamline components

For the investigation of organic thin films by means of elastic scattering of X-rays, the high-
brilliance beam needs to be monochromatized and focussed on the sample. To absolve this tasks,
several optical elements are located between the sample in the experimental hutch and the front
end, which are thus usually few tens meters apart from each other. The ensemble of optical
elements, the components in the experimental hutch and control room is commonly denominated
“beamline” (Fig.[3.13)). For the sake of brevity, we group these “primary” optical components into
two categories.

e Focusing elements have the function to reduce the incoming beam of radiation to a smaller
spot-size and at the same time minimize intensity losses. These optical components can be
divided into mirrors and lenses. Both kinds can be crafted in suitable shapes depending on
the beam properties. In particular for mirrors, in order to achieve beam focusing without
dramatic loss of intensity, the principle of total external reflection at incident angles below
the critical angle «. is exploited. This principle can be used to avoid higher harmonics of
the beam to come through the optics. Indeed, the spectrum generated from an insertion
device has a broad band. For the particular case of undulators, the spectrum exhibits peaks
of characteristic shape at even and odd harmonics, respectively. Thus, suitably tuning the
mirror angle o with respect to the incident beam results in total external reflection only for
the first harmonic at, say, fiw = fiw,—1, such that a < a. (fuw1). Since a, is a decreasing
function of photon energy (Eq.[3.5)), for the higher harmonics hwy,~1 it will be a > . (fiw,)
and the associated reflectivity will drop fast (see the following Methods section).

e Monochromators are used to obtain a spectrally pure beam from the initially polycromatic

54



CHAPTER 3. MATERIALS AND METHODS

radiation. Several orders of magnitude of the radiation power generated in the storage ring is
dissipated in correspondence these optical elements, and often they require liquid No cooling
to minimize thermal variations. Several types of monochromators exist depending on the
spectral range of interest. Monochromators based on gratings, for instance, con be used for
so-called “soft” X-rays, i.e. for energies up to ~1 keV, i.e. wavelengths down to few nm.
To this category belong Rowland circles which, thanks to their spherical concave shape, also
possess to ability to focus diverging beams. Above this energy, the fabrication of gratings
becomes technically impossible. Monochromators based on single crystals or multilayers are
therefore employed for “hard” X-rays and are based on the Bragg’s equation[2.45] An example
of single crystal monochromator is Si(111), which allows to achieve a spectral width as low as
10~%. Employing Si single crystals that expose higher-order facets (e.g. Si(222) or Si(333))
further reduces the spectral bandwidth thanks to the reduced Darwin width of the Bragg
peaks. Multilayers, instead, represent a convenient way to bridge the gap in the characteristic
spacing d between gratings and single crystals as they allow to tune the single layer thickness.
They are generally build up of a bilayer sequence of a high- and low-Z material, respectively,
the former having the role of “reflection” layer (e.g. Ru) and the latter that of “spacing”
layer (e.g. B4C). The surface roughness of these structures obviously needs to be minimized
in order to maximize the reflectivity (see Eq. .

The above optical components are typically hosted in the so-called “optics hutch”. After fo-
cussing and monochromatization, the beam enters the experimental hutch. In the following we
briefly describe the main components of an experimental hutch for surface diffraction experiments.
Before the X-ray beam encounters the sample, it typically goes through: a) beam defining slits,
b) beam flux monitor, c) series of attenuators. The attenuators are typically made of single metal
plates of precise thickness which can be combined together in many ways in order to attenuate
by the desired factor the beam flux reaching the sample. Often, the user can choose to make the
attenuators work in “automatic” mode. In this case, the flux measured by the detector after the
sample is used as input to select the appropriate attenuators combination.

The sample is held into the geometrical center of a goniometer. Further downstream, i.e. more
distant from the front end, a detector is placed. Often, 2D-detectors built of arrays of photon-
counting chips (size of ~100 um) are employed, relevant examples being the PILATUS (Dectris) and
the Maxipix (ESRF) detectors. Additional sets of slits can be placed between sample and detector
in order to reduce spurious scattering. Several motors allow to rotate and translate the sample with
respect to the incident beam. The detector can also be rotated along several circles, spanning a big
portion of the spherical surface of the goniometer. The mechanical components of the goniometer,
including the motors for detector and sample movement, constitute a diffractometer. Depending
on the number of degrees of freedom of the sample with respect to the detector, diffractometers are
denominated “n-circle diffractometers”, where n is the number of degrees of freedom. In practice,
a diffractometer allows the quantitative analysis of X-ray scattering data via the calculation of the
momentum transfer (Eq. .

Several other components are presents, but for the sake of brevity we shall not go into their
details here. Importantly, several beamlines feature diffractometers which can host a portable
vacuum chamber and therefore allow to carry out in situ experiments during the growth of thin
films. This possibility allows to exploit synchrotron radiation for real-time studies of molecular
systems employing a setup for OMBD growth that has been calibrated at the home laboratory
and subsequently transported to the beamline (see Appendix . This represents an enormous
advantage in terms of time saving and allows to carry out comparative studies on several molecular
systems during one experimental session (see Results section

3.3.3 X-ray scattering from surfaces ﬁ

The most suitable geometry for a surface X-ray scattering experiment can be chosen if some
important aspects of X-ray scattering at interfaces are considered. Analogously to the visible
region, Snell’s law holds (Eq. and the Fresnel equations W are formally equivalent,
provided proper re-definition of the angles, which for X-rays are measured from the interface

6This part is mostly taken from the books of Tolan [226], Als-Nielsen [I63] and Willmott [I65]. Other sources
are explicitly cited.
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and not from the normal to it (see Fig. [2.13). Analogous to the visible and UV part of the
electromagnetic spectrum, a complex refractive index 7. can be defined in the X-ray region:

_ , . A2 A
n=1—0+1i8, with §=—rgpe ; B=-—pn
2m 47

In Eq. the positive quantity § is the refractive index decrement and is in the order of
~ Z x 1077, For carbon-based materials it is therefore in the order of ~ 1076, It is proportional
to the material electron density p. and decreases with photon energy as o< (hw)~2. It follows
that the real part of 7, 1 —d = n < 1, which involves that the phase velocity v, = £ is larger
than c. This is not unphysical since the group velocity, which matters for information and energy
transport, is v4 = cn < c. The quantity 3 in Eq. rozq accounts for absorption processes, therefore it
depends on the absorption coefficient 1 and not on p.. It decreases with energy as o< (Aiw)~* and
for carbon-based materials it is in the order of ~ 1078, In this thesis, considerations regarding
come into play concerning the choice of the best energy for X-ray scattering experiments in order
to avoid the emission of photoelectrons from the substrate, which might damage the organic film
atop.

Concerning the X-ray region, we will refer in the following to the schematics in Fig. [3.14]

(3.4)
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Figure 3.14: Schematics of reflection and transmission of an incident X-ray beam ; with mo-
mentum k; at an angle . The reflected beam has momentum kg, the beam transmitted at an
angle a4, < a has momentum k. It follows that for a < « one observes total external reflection.
Here, the medium in which the X-rays initially propagate is vacuum, therefore 7 = 1. The evanes-
cent wave decaying exponentially into the medium for o < « is represented, with |A| being the
penetration depth. Adapted from [163] [226].

Due to the refraction correction, an X-ray traveling in vacuum and encountering an interface
is transmitted through the medium at an angle a4, < a. Therefore, a critical angle a. exists such
that for a < a. there is total external reflection of the incident wave. Imposing ay, in the Snell’s
law for X-rays, since 6 < 1 one can write:

e~ Ay 2L (3.5)
7r

The dependence of a, on the electron density p,. renders it material-specific. Notice that Eq.
is written for the case of the X-rays initially propagating is vacuum, for which pe yqc = 0. Writing
the transmitted angle a4, in its complex form leads to the result that, for @ < a., there has to
exist a wave propagating parallel to the interface and whose amplitude decays exponentially with
depth in the medium. Such an evanescent field is attenuated by a factor e at the penetration depth
A, which depends on « and on the absorption coefficient p (Eq. [163]. In the limit o — 0, the
penetration depth is independent from angle and energy, and is of the order of ~ 50 A, which for
OSCs corresponds to only few molecular monolayers. The fact that total reflection can be obtained
is of fundamental importance for the study of the crystal structure of weakly scattering organic

materials in thin films, where the signal from the investigated sample needs to be maximized.
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The definitions of the momentum transfer Q (Eq. [2.36)) depending on the laboratory reference
system are given in Eq. [2277, 228] and refer to the geometry depicted in Fig. The unit of
Q is an inverse length.

Qu = 2 cos(a')sin(26); (3.62)
Qu =2 feos(a’)cos(26) — cos(o)]; (3.6)
Q) =4/Q3 + Q3 (3.6¢)
Q. = 27” [sin(a) + sin(a’)] (3.64)

Typically, the texture of thin films of OSCs resembles a 2D-powder, i.e. one has a random
orientation of single nano-crystallites in the substrate plane, in contrast to a uniaxial orientation
of the molecular units in the out-of-plane direction. For such film texture one cannot distinguish
between @), and @, since all families of parallel crystal planes are randomly distributed around the
z-axis (Fig. 3.21). The total in-plane momentum transfer Q| (Eq. [3.6c) represents therefore the
most convenient independent variable to quantify the scattering vector in a diffraction experiment
for 2D powders. For specular geometry, i.e. 2¢ = 0 and o’ = « in Fig. , one has Q) =0 A1
and only the momentum transfer parallel to the substrate plane, ()., is probed. Expressing the
independent variable as momentum transfer renders different datasets comparable even for different
photon energies, i.e. different values of A in Eq. In the following we consider two particular
geometries for X-ray scattering experiments on thin films.

3.3.3.1 X-ray reflectivity

The use of X-ray reflectivity (XRR) allows to study the electron density profile of a sample in the
direction perpendicular to the substrate. A specular geometry (Fig.|3.15p) is used to measure XRR,
with 2¢ = 0 in Fig. . In this geometry, the out-of-plane momentum transfer Q. (Eq. [3.6h)
is probed. Notice that, in general, the reflectivity does not coincide with the Fresnel reflectivity,
which we indicate ’F2| using the same notation as in Eq. m This is due to the fact that the
latter assumes perfectly flat interfaces, which is in practice never the case. If the interfaces are not
perfectly flat, off-specular contributions to the reflectivity are present.

The Fresnel reflectivity decays quickly for angles above a.. Using the same notation of Fig.
it can be shown that for a >~ 3a. [226]:

12 ¢ )4
~ Ze 3.7
i~ (5 (3.7)

Eq. implies that the Fresnel reflectivity decays approximately like Q;* for angles above a..
A typical XRR profile can be inspected in Fig.[3.15p, where the geometry for XRR measurements is
also represented (Fig. ) In the following we briefly comment on the most important features
of an XRR scan indicated in Fig. [3.I5pb.

o The Kiessig fringes (or Kiessig oscillations) arise from interference between the reflected
waves at the film/air and film/substrate interfaces, respectively. Their amplitude increases
with the contrast in p, between the materials constituting the interfaces [229]. The occurrence
of such fringes does not depend on the thin film having a crystalline texture and can be
observed also for amorphous films. The spacing AQ, between the Kiessig fringes allows an
approximate calculation of the film thickness D = 27/AQ.. Additionally, their damping
provides a qualitative estimation of film roughness. For typical film thicknesses realized in
this thesis, the Kiessig fringes typically vanish for a film roughness >~ 5 nm. More accurate
estimations of film thickness and roughness require modeling of the XRR curve including the
electron density pe.

e A Bragg peak arises from the coherent superposition of the waves scattered from families of
molecular layers stacking in the out-of-plane direction when the Bragg condition (Eq.[2.45) is
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Figure 3.15: a) Schematic of XRR geometry. The molecular planes within the organic film with
characteristic spacing d and total film thickness D are sketched in blue. The gray bottom plane
represents the substrate. The smaller red arrows represent the off-specular contribution to the
reflectivity. b) Example of a measured XRR profile on a DIP:F6TCNNQ mixed film in a 6:1 molar
ratio (connected dots) and its simulation using the Parratt formalism (red line). The relevant
features of an XRR curve are marked by the blue labels. Notice the independent variable in
abscissa expressed as @), and the logarithmic scale in the ordinates. ¢) Scattering length density
profile (SLD, in A=3) extracted from the simulation of the XRR curve in b), where the layers of
the different materials are indicated. Application of the Parratt formalism to simulate XRR curves
is illustrated further below.

fulfilled. The position of Bragg peaks allows to calculate the inter-layer spacing d. For molec-
ular materials this is particularly important since, due to the orientational degrees of freedom,
a molecule can adopt several conformations on a substrate if its orientation is affected by
some environmental parameter or if different crystalline polymorphs are present. Therefore,
depending on the sample investigated, the presence of several Bragg peaks corresponding
to different values of d can give a hint for the presence of different polymorphs and/or of
different molecular orientations. Measuring the off-specular reflectivity (small red arrows in
Fig.|3.15p) around a Bragg peak allows to obtain useful information on the mosaicity of the
sample, i.e. the distribution of crystal orientations, by means of so-called rocking scans. All
these kinds of preliminary information are valuable also considering that, in general, the use
of synchrotron radiation to measure XRR is not strictly necessary.

e The Laue Fringes are interference fringes originating from crystals scattering coherently along
the z direction. Their spacing gives information about the lenght scale of such coherence,
D.on. For OSCs exhibiting high structural order like DIP it may happen that the thin film
scatters coherently for its entire thickness D, therefore D.,, = D [16Y], i.e. the Kiessig and
Laue fringes give the same information. For D:A binary mixtures of OSCs like those most
investigated in this work, co-crystal nucleation with phase-separation of the excess material
involves the co-existence of different crystalline phases which might be stacked on top of each
other . In the latter case one additional interface is present, namely the one between the
co-crystal and the pristine excess phase, which might shift the fringes as well as the Bragg
peak due to interference [62)].

3.3.3.2 Measuring X-ray reflectivity in situ and in real-time

In order to perform in situ X-ray scattering experiments, a portable vacuum chamber [223] was
used, which is equipped with a Be window that allows the incident and scattered X-rays to be
detected over an almost 360° wide field of view (Fig. . Measurement of sequential XRR scans
during thin film growth allows to extract time-resolved information on the out-of-plane structure
of a given system. A suitable time resolution needs to be chosen in order to gain sub-monolayer
information and at the same time scan a suitable @,-range with a sufficient number of data points.
Typically, a @.-range including first Bragg peak (Fig. [3.16p) allows the use of several theoretical
approaches to model the growth process itself by fitting the real-time XRR data.
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Figure 3.16: a) Schematic illustration of the experimental setup for in situ XRR measurements
in real-time during the growth of co-evaporated DIP:F6TCNNQ films. A cylindrical Be window
allows in situ experiments. The incoming angle a coincides with the exit angle in specular geometry.
Adapted from Ref. [224]. b) Example of a dataset obtained by sequentially measuring XRR scans
in a @,-range up to the first DIP Bragg peak to obtain information on film growth dynamics with
sub-monolayer resolution. The reflectivity as function of time can be extracted at arbitrary points
along the XRR curves.

3.3.3.3 Parratt formalism

The Parratt formalism [230] consists in a recursive approach which allows to treat the scattering
of X-rays at multiple interfaces taking into account refraction and absorption effects. Thereby it
is possible to simulate XRR curves (red line in Fig.[3.15b) and to model electron density profiles
along the normal to the interfaces (Fig. [3.15¢). This approach is exact for perfectly flat interfaces.
The formalism reported here is taken from Ref. [226].

One considers the Fresnel reflection coefficient for X-rays at the interface between layer j and
the layer j+1 beneath, 7} j;1, which carries the information about the electron density via 7;(pe,;)-
The Fresnel coefficient r; ;11 enters then the recursive formula:

R; rg+1 + X1 exp (2ik j1125)

X, = 4 T ‘
T exp (=2 ’JZJ)lJFTj,jHXjH exp (2ikz j1+175)

(3.8)

where k. ; = k\/ﬁ? — cos (04)2 is the component of the wave vector in layer j along the z

direction, with 7; = 1 — d; + ¢3; complex refractive index of the material constituting layer j
(see Eq. and carries the information about the electron density p. ;. Eq. describes the
ratio between the total reflected and transmitted amplitudes, respectively R; and T;. Notice that
the exponential factor describes the phase shift within layer j and is formally equivalent to the
exponential factor of the pseudo-Fresnel coefficients (Eq. .

Inclusion of roughness for the interfaces between the different layers leads to an overall decrease
of the reflectivity. A number of approaches to this problem have been suggested, the most important
of which are summarized in Ref. [226]. Here we report the treatment suggested by Névot and Croce
[231], which consists in multiplying the Fresnel coefficient r; j11 by a Gaussian factor ﬂ

Tjg+1 = Ty exp (=2ks jks j1107) (3.9)

The parameter o; is the root mean square roughness at the interface between an upper layer
j and a lower layer j + 1, and it is therefore related to the distribution of z coordinates around a

7An accurate treatment of the scattering process at a rough interface employing the distorted wave Born ap-
proximation (DWBA) [232] demonstrates that the accuracy of the Névot-Croce factor in describing the interface
roughness depends in general on the lateral structure of the sample. In particular, the Névot-Croce factor is strictly
valid for small lateral correlation lengths £, or, in other words, for the “predominance of high spatial frequencies”
[231]. However, as noticed by Tolan [226], the influence of the lateral structure on the treatment of the vertical
roughness can be largely neglected above the critical angle, which is where our analysis is focused.
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Figure 3.17: Sketch illustrating the parameters involved in the dynamical treatment of scattering
from a multilayer system (Parratt formalism). For the scattering angles it holds o/ = a. Notice
that the transmitted beams will impinge the next interface at shallower angle due to refraction.
The substrate is assumed to be much thicker than the penetration depth of the X-rays, therefore
it holds Ryy1 = 0. Adapted from Ref. [226].

mean value according to some (assumed) probability density [226].

3.3.3.4 Kinematical approximation

To model the scattering process in multilayer systems, a common approach consists in using the
kinematical approximation, which consists in neglecting refraction and absorption effects of X-rays
at interfaces during a scattering event. This approximation applies well to thin films (~10 nm) of
weakly scattering organic materials in a @, region well above a. [I63]. Notice that the Bragg’s
law (Eq. is also obtained in kinematical approximation.

We write the expression for the reflected intensity as function of time, I(t), as:

2

1) = |Alg) - @ + £(q) 3 0 (1) - "0 (3.10)

The form of Eq. is the same as found in Ref. [I10] and is in essence an expression of
the total scattering amplitude from a bulk crystal (Eq. adapted for a specular geometry
assuming no refraction or absorption effects (see also Fig. [3.18)). In Eq. A(q) and ®(q) are
the scattering amplitude and phase from the substrate, respectively, whereas f(q) is the scattering
amplitude from the single layers building up the thin film. The factor ,,(¢) is the time-dependent
layer coverage for the n-th layer, and the summation runs over all the layers n composing the film.

The three parameters A(q), ®(q) and f(q) need to be fitted for each chosen @, point of the
reflectivity curve, but they are assumed time-independent. For the special case of the anti-Bragg
point, i.e. ¢ = (1/2) - QBragg, @ system of algebraic equations to calculate these three parameters
can be directly obtained, as explained in detail in Ref. [224]. In order to obtain the 6,,(t) for each
layer in Eq. a growth model needs to be assumed. We describe here two growth models: a)
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interference

Substrate

Figure 3.18: Sketch of the X-ray scattering process involving reflection from a multi-layered system
according to the kinematical approximation. The incoming X-rays have a wave vector of magnitude
k= 27” In this geometry, the vector difference between the outgoing and the incoming wave vectors
is the momentum transfer perpendicular to the substrate plane, Q.. In this representation, Q.
corresponds to g in Eq. The angle a represents the incident angle, which coincides with the

exit angle in specular geometry, and determines the magnitude of the probed Q. (Eq. )

the “birth-death” model of Cohen [233] as in Refs. [I10, [224], b) the Trofimov model [234] in its
simplified version introduced by Woll [235] as in Refs. [T113] 236}, [237].

3.3.3.5 Growth model 1: Cohen

The Cohen model consists in a series of coupled differential equations for the layer coverages 6, (t):

dby,
dt*

= (on—l - gn) + kn(0n+l - 9n+2)(0n—1 - gn)*
+kn(0n72 - enfl)(en - 0n+1)

(3.11)

effective
/ hopping rate
n+2 (Bn+1 - en+2) K
n+1 | (6,-6,,,) O "
n 8, | (Bn.1 = By) uncovered
n-1 6., | (82— 6, « rractlon of
ayer n-2
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e d

layer number layer coverage

(1 =filled, 0 = empty)

Figure 3.19: Sketch of growth dynamics of a multilayer system as described by the Cohen model.
The parameter d represents the inter-layer spacing. For an explanation of the represented param-
eters, see main text. Adapted from Ref. [233]

The adimensional time t* has been introduced in order to normalize by the completion time
for one ML [I10]. The time-dependence of the layer coverages 6,, has been omitted for clarity.
The parameters k,, are the inter-layer jump rates and they are defined positive. Therefore, the
first addendum multiplied by “+k,” is proportional to the number of net jumps from n + 1 to n,
whereas the second addendum multiplied by “—k,,” is proportional to the number of net jumps
from n ton —1. Eq. couples up to five monolayers, from layer n+ 2 to layer n — 2 (Fig.|3.19).
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Numerical solution of the corresponding system of coupled equations allows to fit k, and to obtain
the time-evolution of the layer coverages.

3.3.3.6 Growth model 2: Trofimov

The Trofimov model features a system of coupled differential equations, which we write following

Refs. [113] 236} 237]:

d9
R fn 1 — 9 + Rn+1(9n - fn) (312&)
ifn=1
itn>1,0, <Ocp (3.12b)
In 0, —In(1—0¢r.n
\/ (1=0n) == In (1=0er, )) , otherwise
incoming

molecular flux

substrate

Figure 3.20: Sketch of growth dynamics of a multilayer system as described by the Trofimov model.
For an explanation of the represented parameters, see main text. Adapted from Ref. [113].

In Eq. 7 R,, is the effective deposition rate for the n*" layer and &, describes the formation
of a feeding zone (FZ) on top of layer n, i.e., the surface fraction sitting on the n** ML that actually
contributes to the growth of the n'®+1 ML. In the first layer, &,_; = & = 1, thus, all molecules
sticking on the bare substrate are used to fill up the 1%¢ ML. The term (£,_1 — 6,,) describes the
portion of the n*?-1 layer that is exposed to incoming molecules that contribute to the growth of
the n'" layer. The term (6, — &,) describes the portion of the n** ML that contributes to the
growth of the nt* ML itself instead of the n**4+1 ML. From these definitions it follows that the
first term describes in-plane diffusion (path A in Fig. [3.20), whereas the second term describes
inter-layer transport [237] (path B in Fig. [3.20).

The formation and time-evolution of the FZ is described by Eq. [3:12p, where the onset for
the formation of a FZ is given by the layer-dependent critical layer coverage, 6..,. The fitting
parameters are, therefore, R,, and 0., ,. As noticed in Ref. [I13], the inclusion of layer-dependent
growth rates takes into account the physical observation that the landing molecules might exhibit
a layer-dependent sticking coefficient, especially when comparing molecules landing directly on the
bare substrate with those landing on an already formed organic surface.
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3.3.3.7 Grazing-Incidence X-ray Diffraction

In grazing-incidence X-ray diffraction (GIXD) (Fig. the incidence angle is kept below «, in
order to obtain total external reflection of the incoming photons, enabling structural studies of
weakly scattering organic materials in thin films, where the signal from the investigated sample
needs to be maximized. Furthermore, the dependence of the penetration depth A on the incident
angle renders depth-resolved structural studies of thin films of OSCs possible [95] 238].
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Figure 3.21: a) Grazing-incidence X-ray diffraction geometry (GIXD). The overall 2D powder-
like film texture is sketched by the several crystalline planes having isotropic orientation in the
substrate plane. Decomposition of the total momentum transfer in Q) and Q. is indicated. b)
Example of diffraction pattern (Q-map) measured with an area detector for a DIP film (Q)-range
~0-25A"1 Q,-range ~ 0—2.0 A‘l). The white circles superimposed to the experimental map
represent a simulation of the position and intensity of the diffraction spots based on the known
crystal structure of the thin film polymorph of DIP [124] (see below in the text). Notice that some
simulated spots are also in the darker region, outside the measured @-range. ¢) Example of GIXD
scan for a DIP film obtained with closed slits in order to improve the signal-to-noise.

This procedure allows to measure diffraction patterns where the independent coordinates are
Q) and Q., (Fig. . Since the thin films investigated in this work exhibit a 2D- or 3D-powder
texture, i.e. they are respectively uniaxially anisotropic or isotropic, rotation of the sample around
the z-axis does not change the intensity of the Bragg peaks seen in Fig. [3:2I] In the course of
this thesis, often the terms “GIXD scan” and “reciprocal space map” (or “Q-map”) are used to
indicate slightly different setups employed for measuring diffraction patterns in grazing-incidence
geometry. In both kinds of setups, the incident angle « is fixed.

For a GIXD scan, the out-of-plane angle of the detector o, is kept at &~ o while it is moved in
the zy-plane along a circle of which the sample represents the center (this is achieved by means of
a goniometer, see Appendix. Two sets of slits, vertical and horizontal, are placed between the
sample and the detector in order to improve the signal-to-noise. Optimization of the gap between
the slits enables to use the 2D-detector as a point detector. Due to the low o’ and to the closed slits
settings, only the region in @-space near the substrate reflection edge (i.e. @, & 0) is measured.
The in-plane detector angle is varied and the intensity on the point-like region of the detector is
integrated and plotted against @ (Fig. ) Notice that the closed slit configuration leads to a
convolution of the diffracted beam shape with the slits aperture [226], which sets a lower limit of
peak width in GIXD scans.

Measurement of a reciprocal space map involves that also o’ of the detector is changed. In
this configuration, the slits are kept completely open and nearly the whole detector surface is
illuminated. This leads to an overall worse signal-to-noise. Recently, a setup has been proposed to
record (Q-maps with very high signal-to-noise that consists in placing a custom-designed collimator
between the sample and the detector [239]. Due to the limited size of the 2D detector, often several
“shots” are needed to cover the desired Q-range. The number of images required will depend on
sample-detector distance and detector size.

If the molecular film exhibits a high coherence in the out-of-plane direction, a diffraction pattern
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can display several elongated diffraction spots along Q. having the same value of Q). These
elongated spots are called crystal truncation rods (CTRs) and arise as a consequence of the finite
size of the crystalline film in the z direction, i.e. in this direction the diffraction spot has a
size inversely proportional to the scattering volume [I63]. Mathematically this corresponds a
convolution of a theta function, representing the cleaved crystal, with the film electron density.
Such convolution results in an intensity decaying as 1/Q? from a given Bragg peak and leads
therefore to the “smearing” of the diffraction spots. It is important to stress that such smearing is
purely an effect of finite crystal size and should not be confused with the broadening of a diffraction
spot along Debye-Scherrer rings due to film mosaicity.

In GIXD, due to the presence of a substrate, the Ewald sphere [240, 24T] intersects the crystal
truncation rods [242] in the upper half of the xy-plane (Fig. ) The radius of the Ewald sphere
defines which is the maximum ) that is possible to measure.

a) b)

Reciprocal space

\‘ T o)
Ewald

Ewald
h
sphere sphere @
. D
/ : -
a, . -
source .
k A .
X-ray beam /

sample

Figure 3.22: a) Ewald sphere construction in 2D. The radius of the Ewald sphere is, in the reciprocal
space, |k| = 27” The lattice of blue dots represents the (infinite) reciprocal space constructed from
the real-space lattice of the sample (in this case a single crystal), with the vectors a} representing
the basis vectors (Eq. . For the thin films studied in this thesis, the crystallites have a
random in-plane orientation, which involves that the depicted reciprocal lattice adopts all possible
in-plane orientations, therefore each reciprocal lattice point will intersect the contour of the Ewald
sphere for certain angles. Adapted from Ref. [241]. b) 3D Ewald sphere construction in a surface
scattering experiment. The upper half of the Ewald sphere intersects two crystal truncation rods
(CTRs) separated by the reciprocal space vector 2F, where e.g. a = |a}| in reference to a). The
angle w represents the in-plane rotation of the sample. Due to the in-plane isotropy of the film,
all truncation rods will intersect the surface of the Ewald sphere. Adapted from [242].

Due to the in-plane isotropy of the crystallites constituting the film, the reciprocal lattice
generated by the sample (Fig. [3.22h) and the CTRs at each lattice point will intersect the surface
of the Ewald sphere, thereby allowing one to obtain information on the full crystal structure of
the film and, by reproducing peak intensities, on the details of the molecular arrangement within
the unit cell via simulation of the structure factor (Eq. [135] [136]. It is to be recalled that a
rotation of the real crystal lattice by an angle ¢ around a given axis corresponds to an analogous
rotation of the reciprocal lattice. This implies that a collective change in molecular orientation in
a crystalline film causes a corresponding “flipping” of the generated diffraction pattern, as we will
see in the Results section 3]

3.3.3.8 Projection and rotation of a unit cell on a surface

If the thin film exhibits uniaxial anisotropy and if the crystal polymorph present in the film is
known, or if a reasonable assumption can be made for it, a @Q-map as the one shown in Fig. 3:2Ib
allows to deduce the orientation of the unit cell of the OSC material, which in turn allows to
determine the molecular orientation on the substrate. In order to do this, one uses as starting point
the known crystal structure, which contains detailed information about the molecular packing and,
therefore, the unit cell parameters. The unit cell parameters consist of the unit cell axes a, b, ¢
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and the angles between them, « (angle between the b and ¢ axes), 8 (angle between the a and ¢
axes) and ~y (angle between the a and b axes). The classification of the 7 Bravais lattices is based
on the number of equal parameters.

As a first step, we transform the coordinate system of the crystal a, b, ¢ in a Cartesian axis
system x, y, z. If w = (w, wp, w,) is a vector expressed in crystal coordinates, then its transfor-
mation to a vector v = (v, vy v,) in Cartesian coordinates is performed via the orthogonalization
matrix matrix O [243]. The expression for O contained in Eq. follows the convention that x
is collinear with a, y is collinear with a x b x X, z is collinear with the reciprocal axis ¢c* = a X
b.

A . a beos(v) ccos(f)
v=0w, with O= [ 0 bsin(y) c [cos(a)— cos(B)cos(v)]/sin(7) (3.13)
0 0 V/ [absin(7)]

In a second step, the so-obtained unit cell in Cartesian coordinates is rotated by an angle ¢
about either the x, y or z axis by means of the known rotation matrices I:Ii, where ¢ is the rotation
axis [244]). Once the desired orientation of the OSC unit cell is obtained, the @, @, and @,
values can be calculated using Egs. and the resulting Bragg peaks can be compared with
the experimental ones having Q-coordinates given by Eq. [3.6] Subsequently, knowing the crystal
structure, it is possible to deduce the molecular orientation on the substrate. For instance, the
simulation shown in Fig. is obtained for an upright-standing orientation of the unit cell of the
thin-film phase of DIP. Further examples with rod-like OSCs are contained in the Results section
4.3l

3.3.4 Variable angle spectroscopic ellipsometryﬁ

In this thesis, variable angle spectroscopic Ellipsometry (VASE) is employed to study the optical
anisotropy of thin films of OSCs arising as a consequence of: a) the intrinsic anisotropy of many
molecular OSCs, b) the structural anisotropy of the films. In particular, due to the typical 2D-
powder texture, the in-plane component of the optical functions (i.e. in the xy plane) will differ
from the out-of-plane component (i.e. along the z axis). Ellipsometry can also be employed to
obtain information on other film properties, among which the most relevant for this thesis are film
thickness and roughness.

Xe-arc analyzer
lamp rotating
C'-« compensator E, x
L/ ' ' CCD
| detector
polarizer ! N

M

plane of
incidence

sample

Figure 3.23: Schematic of an ellipsometry setup employing a rotating compensator. The s- and p-
components of an arbitrarily oriented electric field E are shown. The description of the setup is
contained in the text. Adapted from [146].

In general, the ellipsometric function p is measured:

p= % = tan(¢)e™® (3.14)

S

8The contents of this paragraph have been taken mostly from the variable angle spectroscopic ellipsometry
(VASE) manual [I38].
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where ]:Zp /s are the pseudo-Fresnel coefficients of Eq. The ellipsometric equation involves
that not only an intensity ratio is measured, but also a phase shift, which increases the sensitivity
of the technique. Several optical components are employed for the experimental evaluation of p in
Eq. as schematically shown in Fig.

The several optical components involve a light source, a polarizer, a rotating compensator, an
analyzer and a CCD detector. The light passes through a fixed polarizer, after which a rotating
compensator is inserted which converts the light polarization from linear to elliptical. As the
elliptically polarized light interacts with the sample, the s- and p-component of the electric field E
experience different retardation and intensity variation, respectively, which changes the polarization
state of the beam compared to its state before entering the sample. Such polarization change carries
a lot of information about the anisotropy of the thin film optical properties. The analyzer consists
in another fixed polarizer for measurement of the final state of light. In order to reduce disturbance
from environmental light to improve the signal-to-noise, a stepper motor-driven light chopper is
employed. Digital signal analysis filters noise sources at frequencies other than the chopping one.
The beam enters then optical fibers and arrives to the spectrometer, where it is decomposed into
its chromatic components by a grating. Each vavelength hits the pixel of a CCD detector, allowing
simultaneous measurement of a wide wavelength range at once and fast acquisition of spectroscopic
data.

Prior to a measurement, the absolute position of polarizer and analyzer axes as well as the
relative attenuation of the chopped signal with respect to the continuous component need to be
calibrated and the sample needs to be aligned. Subsequently, the procedure of data acquisition
and analysis is illustrated in Fig. [3.24]

Experimental
data

Optical model Generated
(multilayer) data

e Comparison of exper.
Fit and gen. data
¢ List of parameters

Measurement

|
-@«-U

* Anisotropic optical functions
(€1/2,xy VS- €1/2,7 €> N/ kxy vs. 1/ k7)
Thickness

* Roughness

Results

;-

Figure 3.24: Diagram illustrating the data acquisition and fitting procedure in WVASE, explained
in more detail in the text. Adapted from [I38].

An optical model has to be built and used to simulate the optical properties of the sample.
Notice that if an anisotropic optical model is employed, the dielectric function € becomes a tensor.
Data are then generated from such model and compared with the measurement. Comparison of
the experimental and modeled g is done by inverting Eq. [3.14] and choosing the right branch of
solutions [146]. By adopting a “point-by-point” procedure, this operation can be performed such
that at each single wavelength Eq. is satisfied. Alternatively, “normal fitting” can be carried
out, i.e. the optical constants can be simulated with analytical functions. The advantage of the
point-by-point approach is that also a poor choice of the initial parameters will lead to convergence,
whereas for the analytical approach a good initial guess is needed. Typically, a point-by-point fit
is performed at the beginning and is then refined by performing a normal fit.

A multi-sample analysis of the same organic film deposited on different substrates allows to
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reduce the correlations between fitted parameters and thereby improve the accuracy of the so-
obtained optical functions [208]. Typically, the same optical model is employed for films deposited
on similar surfaces like native and thermally grown Si oxide and glass. However, for some sys-
tems the surface morphology depends critically on the kind of oxide despite the crystal structure
investigated by means of X-ray scattering does not show comparably large differences. The safest
approach is to choose native and thermally grown Si oxide layers of different thickness [209] (see
Materials section .

As outlined in the Fundamentals section 2.2} surface roughness can be modeled using EMA
models. However, for ellipsometry data, EMA models can be applied within certain limits. The
most important requirement is that roughness features should be at most ~10% of the beam
wavelength, otherwise diffuse scattering and de-polarization of the specular beam may occur. This
means that for islands size comparable to the wavelength, EMA modeling fails.

Ellipsometry can be also performed in transmission, where the ellipsometric parameter is now
defined as:

~ Tp
p 7 (3.15)

The procedure for data analysis and fitting is analogous to the description above. The steps
to align the sample and choose the proper settings for beam intensity to avoid signal overload are
also analogous and adapted to the transmission geometry.

Description of the setup used for VASE A Woollam M-2000 spectroscopic ellipsometer
with rotating compensator and extended range in the NIR (676 wavelengths in total for a covered
spectral range between 5 eV and 0.75 eV) was used to get information about the optical anisotropy
of the films. The light source employed is a Xe arc lamp, which covers a wavelength range of
190 nm - 2 pym (~6.5 €V - 0.6 eV). Two CCD detectors are needed to cover the full range, one
with Si-based chips for the UV-vis range and one with InGaAs chips for the NIR range. The films
were measured in both transmission and reflection geometry using the same nominal sample (i.e.,
same growth process) grown on Si with both a native and a thermal oxide layer and on borosilicate
glass, allowing for a multi-sample analysis. For measurements in transmission, a custom-built stage
with finely tunable rotational and translational degrees of freedom is employed [245]. Ellipsometric
measurements in reflection were performed with incidence angles of 45° to 80° in steps of 5°, and
in transmission between 0° and 70° in steps of 5° (angles are always with respect to the substrate
normal). Data were analyzed using the software WVASE [I38]. To account for the top roughness
of the thin films in the ellipsometry fit, an EMA layer including a fixed 50%/50% void-to-full
ratio with varying thickness was used. Data fitting has been performed employing the WVASE32
software from J. A. Woollam Co., Inc. [I3§].

3.3.5 Fourier-transform infrared spectroscopyﬂ

Fourier-transform infrared spectroscopy (FTIR) is used in this thesis to study molecular vibrations
in an energy range between ~0.12-0.28 eV or, in the more practical wavenumber units for FTIR,
~1000-2300 cm~!. This wavenumber range contains the so-called “fingerprint” region (~1200-
1700 cm~1), where a large number molecular vibrations appear, including stretching of conjugated
C-C bonds and in-plane bending of C-H bonds. A much lower number of vibrations is located in
the region ~2000-2300 cm~!. Therefore, it is much easier to study changes in molecular vibrations
located in the latter region, which is advantageous for characterizing physical phenomena that
affect them. A chapter of this thesis is, indeed, dedicated to the study of the C=N stretching, a
type of vibration normally located around ~2200 cm~! in molecular materials. Below we briefly
illustrate the working principle of FTIR and later on we describe a particular setup.

3.3.5.1 Working principle of an FTIR spectrometer

A schematic view of an FTIR spectrometer is given in Fig. [3.:25

9The content of this section has been taken mostly from Ref. [246].
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Figure 3.25: a) Schematics of an FTIR spectrometer based on a Michelson interferometer. b)
Digitization of the interferogram I(x) at the points of zero-crossing of the laser amplitude (see
Eq.3.16p). Description of the single parts is contained in the text. Adapted from Refs. [246] 247].

A Michelson interferometer is the heart of the instrument. An IR beam generated by a suitable
source enters into the interferometer and is divided into two equally intense branches by means
of a beam splitter. One branch of the beam is reflected from a fixed mirror and the other by a
moving mirror, the latter continuously sweeping along its axis by a total distance L. The change
in path length of the beam reflected at the moving mirror causes a phase shift with respect to the
beam reflected at the fixed mirror. When the two branches recombine at the beam-splitter, they
will have acquired a relative phase ¢ depending on the mirror displacement z:

¢:277T-(2x)—>2x:n)\<%x:n—;\ (3.16a)
I(z) = S(v)cos(2mvz), with v = 1 (3.16b)

A

The two most right-hand equations in Eq. express the condition of constructive interfer-
ence at the beam splitter, i.e. ¢ = 2mn. After the interferometer, the IR beam is focused onto the
sample and subsequently on the detector. A laser is used to precisely track the change in optical
path difference due to the moving mirror. Indeed, the laser intensity is modulated many times
during one sweep cycle of the moving mirror, as shown in Fig. [3:25p.

The raw data measured by the instrument consists in the interferogram I(x) (Eq.[3.16p), which
is digitized at the at the zero-crossing points of the modulated laser intensity (Fl) In
Eq.[3.16p, the wavenumber v has been introduced, and S(v) is the Fourier component of I(z) at v.
The sampling spacing in a spectrum is Av = 1/L = 1/(NAz) with N € N and Az the sampling
distance within the interferometer. Since Ax is extremely precise, the built-in resolution of an
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FTIR spectrometer is in the order of 0.01 cm™!. Therefore, compared to dispersive spectroscopy,
FTIR spectroscopy has two main advantages: a) it possesses a very high built-in resolution, b) no
monochromatization of the beam is present, which leads to high radiation throughput since all the
frequencies impinge on the detector simultaneously.

Once the interferogram I(x) has been measured, the spectrum in frequency space is obtained
by numerically evaluating a discrete Fourier transform of the interferogram:

N—-1
S(kAv) =" I(nAz)e!ZmH/N) (3.17)
n=0
N corresponds to the total number of equidistant sampling points. The feature of highest in-
tensity in the interferogram is commonly referred to as “centerburst” (Fig.|3.25b). Mathematically
it represents the inverse Fourier transform of S(kAv) calculated at n = 0. The centerburst is
therefore proportional to the sum of all intensities divided by N and gives an indication of the
total intensity on the detector. In frequency space, the centerburst translates into a broadband
spectrum, and the details of the single molecular vibrations are contained in the much weaker
wings, therefore the dynamic range of the data is typically high (Fig. [3.25p).
A number of mathematical operations need to be performed in order to avoid artifacts when
carrying out the Fourier transformation in Eq. [3.17] Below we briefly mention them.

e The zero-filling interpolates the spectrum in order to avoid the so-called “picket-fence” effect.
This happens if the sampling points kAv lie between effective absorption features of the
substance under study. As a result of the picket-fence effect, peak intensity might appear
reduced.

o Aliasing occurs because the Fourier transformation of the interferogram in Eq. does not
produce one single spectrum, but rather a periodic sequence of mirror-imaged interferograms
in frequency space. Therefore, the interferogram with the correct scaling of the wavenumber
axis needs to be chosen.

o Undersampling exploits the aliasing property illustrated above and allows to reduce the size
of the measured interferogram.

o Leakage arises because of the truncation of the Fourier transform in Eq. [3.I7] at a finite
length L = NAz, and translates into an instrumental broadening of the line shape. Several
analytical functions can be convoluted with the measured interferogram in order to reduce
this broadening. In other words, in FTIR spectroscopy the instrumental line-shape is not
an intrinsic property of the spectrometer, but rather a mathematical function which can be
appropriately chosen.

e Phase correction of the calculated interferogram is necessary in order to correctly calculate
the real part of the complex Fourier transform in Eq.

All the above aspects of the Fourier-transformation of the interferogram (Eq. are taken into
account by inserting the proper settings into the measurement software. The spectrum obtained
after all necessary calculations is the so-called “single-channel” spectrum, which can be used for
calculation of transmittance/absorbance spectra, etc.

It needs to be pointed out that, if the signal-to-noise ratio cannot be improved because the
detection limit of the instrument is reached, or other noise sources cannot be reduced, a solution
is to adopt polarization-modulation techniques. For reflection experiments with modulated light,
the additional compartment PMA50 from Bruker has been used [248].

Description of the setup used for FTIR In this thesis, a Vertex 70 spectrometer (Bruker)
was used. Sampling of the interferogram is achieved by letting a He-Ne laser (A = 633 nm) travel
into a Michelson interferometer equipped with a Ge-coated KBr crystal as beam-splitter. The light
source is a U-shaped Si carbide piece (globar) that emits in the mid-IR. The beam size can be
changed by means of circular apertures placed right after the source. Two detectors are available:
a) a LaTGS detector for room T operation, b) a liquid Na-cooled mercury cadmium telluride
detector mounted on a goniometer for measurements in reflection geometry. The combination of
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light source, beam splitter and detector determines the maximum spectral range that is possible
to measure. Sample holders are provided which allow rotation of the sample around a vertical
axis. The spectrometer as well as the sample compartment are purged with dry air. All data were
analyzed using the software OPUS from Bruker [249].

3.3.5.2 Reflection geometry with polarization-modulation

Investigation of the fingerprint region of the IR spectrum might be complicated by the fact that the
roto-vibrational spectrum of atmospheric water is found in the same wavenumber range. Despite
the use of dry air purging of the sample compartment, residual humidity is readily detected. Since
the amount of material in the organic thin film is still relatively low compared to that of atmo-
spheric gases, only the strongest molecular resonances can be unambiguously identified. We use
polarization-modulation infrared reflection-absorption spectroscopy (PMIRRAS) to improve the
overall signal-to-noise and collect valuable signal even from very small amounts of material. Con-
tributions from atmospheric gas species like HoO and COs are canceled out, allowing unambiguous
investigation of the fingerprint region.
The setup for PMIRRAS is shown in Fig. [3:26
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Figure 3.26: Schematics of setup for PMIRRAS. The source and spectrometer components belong
to the Vertex 70 spectrometer described above. Description of the remaining components are
detailed in the text. The optical plane is perpendicular to the plane of the sheet.

The initially unpolarized IR beam passes through a fixed polarizer. The polarization of the
beam is then periodically changed by a mechanically-driven photoelastic modulator (PEM) whose
optical axis is oriented at 45°. with respect to both the s- and p-components of the electric field.
The working principle of a PEM consists in a dependence of the refractive index along the crystal
axes = and y perpendicular to the beam propagation direction, n, and n,, on the deformation
state of the crystal. This means that one of the components of the wave travels faster or slower
than the other depending on the sign of the deformation of the corresponding crystal axis. If the
crystal has a thickness z along the beam propagation axis, then the instantaneous phase difference,
called the retardation A(t), is given in length units by [250]:

A(t) = 2 (na(t) = my (1)) (3.18)

Depending on the retardation A(t) in Eq.|3.18] several polarization states can arise after the
PEM. Setting a half-wave retardation of the slowest polarization component causes a rotation
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by 90° of the linearly polarized electric field. In the setup we used, the polarization is switched
between s- and p- at a frequency f, i.e. one has an s-(p-) polarized beam every T'=2/f s.

Suitable substrates for the use of this technique are conductive surfaces like noble metals (Au,
Ag or Cu). For such substrates one maximizes the difference I, — I, between the intensity reflected
with p- and s- polarization, respectively, if an incidence angle close to the Brewster angle is set.
Another effect of the s- and p-polarization state of light regards the possibility to selectively excite
a set of molecular vibrations and will be discussed shortly below.

A lock-in amplifier (LIA) allows to amplify the input signal, I, - I,, by setting an appropriate
gain. The LIA generates a reference signal at the same frequency of the periodic driving voltage
of the PEM, i.e. the LIA is “locked” at the PEM modulation frequency. The measured signal
is proportional to (I, —I,) / (I, +Is). The high-frequency, phase-corrected AC signal I, — I, is
separated from the DC average intensity I, + I, by the LIA by means of high- and low-band pass
filters [251]. Similarly to VASE illustrated in the previous section, this kind of “phase-sensitive”
detection increases the sensitivity significantly. Modulation of the incoming beam by means of the
PEM leads to a background line-shape superimposed to the “real” I, — I;. The intensity at the
detector is proportional to the second-order Bessel function Jo(¢o) [247), [252):

AT I, — I
A gl (3.19)

The argument of Jy is proportional to Vpgas /A, where Vpgys is the driving voltage applied to
the PEM to achieve a given deformation, and A is the wavelength. Notice that the PEM retardation
(Eq. is well defined only for a fixed wavelength A. Therefore, Eq. is strictly valid only
for the retardation wavelength set in the PEM. Since J3(¢p) depends on A via ¢, the measured
differential reflectance will have a periodic shape of decaying amplitude (the Bessel function) with
a spacing depending on the retardation wavelength.

Switching the beam polarization between s- and p- allows to exploit the surface selection rule
for infrared spectroscopy on metal surfaces. For a given vibrational mode, only the component
of the TDM perpendicular to the metal surface can be detected. Given the grazing incidence of
the beam in a PMIRRAS experiment, only the p-polarized component of the incident light can
couple efficiently with the TDM perpendicular to the substrate surface. The s-component of the
incident light creates an instantaneous image dipole on the metal surface, therefore inhibiting the
ability of the field to excite molecular vibrations. Notice that the surface selection rule is strictly
valid for atoms bonded right at the metal surface. For increasing distances, the component of
the electric field parallel to the surface (s-polarization in our case) will not be exactly zero [247].
Nevertheless, it has been shown that PMIRRAS can also be successfully applied to study self-
assembled monolayers on metal oxide surfaces [217], 253] as well as D:A mixed thin films of OSCs
on Au [57]. The relaxation of the surface selection rule for these systems does not affect the
discussions presented in the Results section [£.4]

Description of the setup used for PMIRRAS PMIRRAS measurements were performed on
a Vertex 70 infrared spectrometer equipped with a PMA 50 unit (Bruker) that allows measurements
in reflection geometry. A half-wave retardation of 2200 cm~! was set for the PEM to match
the spectral region where the C=N stretching resonances are located (see Results section .
The same retardation was used to analyze the data in the fingerprint region. To maximize the
differential reflectance, the angle of incidence was set to 80° as a compromise between the Brewster
angle for Au (~85°) and a reduced beam footprint on the sample. Spectra were measured with
4 cm™! resolution averaging 10® scans, allowing the measuring chamber to be purged with dry
air for 15 min prior to starting the measurement. The infrared beam was initially p-polarized by
a grid polarizer (Specac) and the polarization was modulated with a frequency of 50 kHz by a
ZnSe photoelastic modulator (Hinds Instruments). The AC and DC components of the differential
reflectance (Eq. were measured using a SR830 DSP LIA (Stanford Instruments). The Bessel
background arising from the polarization modulation was subtracted using the software OPUS
from Bruker.
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3.3.6 Other methods

In the following we describe additional experimental techniques employed in the course of this
thesis. It is to be noticed that other characterization methods have been used apart from these
described here, namely Raman and photoluminescence spectroscopy. However, the data measured
with these methods are not contained in the Results chapter [d] therefore here we do not describe
these two spectroscopic techniques.

3.3.6.1 Optical absorption spectroscopy in transmission

As outlined above, the possibility to deposit a thin film simultaneously on several substrates allows
to carry out different kinds of optical spectroscopy on the samples produces during the same growth
experiment. This, in turn, increases the comparability of the results. Typically, in the course of
this thesis thin films have been grown on three substrates simultaneously (Fig. . In particular,
the films grown on glass slides were used most often for UV-vis-NIR absorption spectroscopy
measurements in transmission.

The advantage of transmission measurements is that they represent a fast and relatively un-
complicated characterization tool. The data obtained contain averaged information about the
system under study and they do not require any optical model. The drawback is that only semi-
quantitative information about the extinction coefficient k (Eq. of thin films can be obtained.
We adopted a simple transmission geometry with a non-polarized beam in normal incidence and
without the use of an integrating sphere. Hence, neither back- and diffused scattering of the
incident radiation is taken into account.

Due to the normal incidence of the beam, only information about the component of the TDM
parallel to the substrate surface con be obtained (Fig.|3.27). This involves that only the in-plane
component of k, ks, can be measured. Thus, if the organic film exhibits a defined 2D texture
and if the overall molecular orientation is known, it is possible to deduce the orientation of the
TDM for the observed optical transitions with respect to the molecular axes. Alternatively, if
the orientation of the TDM with respect to the molecular axes is known, information about the
orientation of the molecules on the substrate is obtained.

e e—a(l)D

g ) Si0,
T I(D)

‘+—>

D

Figure 3.27: Sketch of absorption spectroscopy in transmission geometry. The electric field vector
E of an unpolarized beam of intensity Iy is parallel to the sample surface. The beam is attenuated
inside the organic film of thickness D according to the Lambert-Beer law (Eq. . A possible
orientation of the OSC molecules constituting the film is shown. No scattering of the beam at the
interfaces with the SiO, substrate is depicted.

If an incident beam with intensity Iy is shone through a sample and the transmitted portion
reaches the detector with intensity I, then the measured transmittance is T = I/l (Fig. [3.27).
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The measured T' can be related to the film absorption coefficient o and film thickness D by means
of the Lambert-Beer law, valid for a monochromatic radiation of wavelength A:

I(\,D)=1Ie NP  InT=—-aND < a()\)=—InT/D (3.20)

Notice that the form of Eq. is quite general an can be used also to quantify the attenuation
of X-rays when passing through a medium [I63]. The film thickness D can be estimated in a
meaningful way by complementary methods such as XRR and ellipsometry. Once this is achieved,
k can be calculated from « obtained with Eq[3.20] using Eq. 2.3}

_ A-a(})

k=kyy(N) = yp (3.21)

where we explicitly indicated that only k,, is measured in this normal incidence geometry. As

mentioned above, all scattering effects at the glass interfaces are neglected. In order to minimize

their impact on the calculation of k;,, and to take into account possible fluctuations in the beam

intensity, it is always a good practice to measure a blank glass slide as reference. For the trans-

mission measurements performed in this thesis, we have always adopted the following procedure:

a) measurement of the empty beam-path (air), which is kept stored in the memory of the machine

as reference; b) measurement of a blank glass slide against the reference; ¢) measurement of the

organic films on glass against the reference; d) subtraction of T of the glass from T of the film and
calculation of k.

Overall, absorption spectroscopy is a useful and relatively easy tool for the semi-quantitative
estimation of the extinction coefficient, k4, (A), of organic thin films. Additionally, a careful cross-
comparison of kg, (M) fitted from high-sensitivity VASE data with the “raw” data obtained by
absorption spectroscopy can give strong hints towards the validation of the optical model employed
in VASE.

Description of the setup used for absorption spectroscopy UV-vis-NIR absorption data
were collected using two different instruments in transmission geometry. A Cary 50 UV-Vis spec-
trophotometer (Varian), equipped with a Xe lamp as light source, was used for measurements with
photon energy down to 1.25 V. A Cary 5000 UV-Vis-NIR spectrophotometer (Varian), equipped
with a deuterium lamp as light source, was used for measurements with photon energy down to
0.375 €V. In the latter case, due to absorption of the glass [254] information about the organic
films can be extracted only above ~0.5 eV. Both instrument are based on dispersive optics and
moving slits for wavelength selection.

3.3.6.2 Atomic Force Microscopy H

The “soft” interactions in molecular thin films can be exploited to obtain information on film
morphology if a suitable probe is used. To achieve this, the atomic force microscope (AFM,
Fig. has been first introduced by Binnig and co-workers in 1986 [256]. Compared to the
scanning tunneling microscope (STM) introduced by Binnig and co-workers shortly before [257],
this scanning probe microscopy technique does not require conductive or metalized samples since it
is based on the short range interaction forces arising between the analyzed surface and an (ideally)
atomically sharp tip. The strength of these interactions can be in the order of van der Waals forces
or of atomic bonds [256].

The main components of an AFM system are the tip, which represents the probe, and the
cantilever to which it is attached (Fig.[3.28b). The tip is few pm long and shaped like a pyramid
or a cone, typically made of Si. The radius and angle of the tip determines the final lateral
resolution. The cantilever is a micro precision-machined piece of Si or Si nitride (Si3Ny) ~100 pm
long and held by a chip. In several scanning modes (Fig. [3.28(), the cantilever oscillates under the
action of a piezoelectric element driven by a periodic voltage, and its response can be described by a

forced oscillator. The resonance frequency f, = i\ / % of a cantilever depends on its construction

parameters via the spring constant k. The latter can be determined by the displacement s that
the cantilever experiences when it interacts with a surface with a force F' (Fig. [3.28¢) according

10The contents of this paragraph are mostly taken from Ref. [255]
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to the Hooke’s law , FF = —kx. Therefore, the cantilever displacement is proportional to the
attractive or repulsive force of the tip with the surface. In general, tips of different k are required
depending on the nature of the surface to scan and on the scanning mode chosen. The dependence
of the cantilever displacement on the interaction force is exploited to measure height profiles of the
surface, i.e. z(x,y), when the tip is scanned across it. Notice that the z-resolution on the final
approaching distance of the tip to the surface.

Deflection signal

a) (A+B)-(C+D) b) _
(A+B)+(C+D) / w
Detection laser
cantilever 5um ::

Quadrant
photodiode

! - Force Force modulation d)

\
\
Cantilever deflection ', -

\ X — -
- i : |-
Sample 1 |Attraction or repulsion

c) / Repulsive

Cantilever Contact
spring constant
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deflection

"\ Attractive Distance

F = -ks Non-contact

Figure 3.28: a) Schematic view of the detection principle of an AFM setup, with the definition
of the laser deflection signal on the photodiode array. b) Microscope pictures of a cantilever to
which a ~5 pm long conical tip is attached. ¢) Definition of the displacement s and the elastic
constant &k depending on the force F' between substrate and tip. d) Typical curve representing a
Lennard-Jones interaction potential (Eq. and the tip-surface interaction ranges used in each
imaging mode. The intermittent contact mode is briefly described in the text. For the other
imaging modes, please consult Ref. [255], from which the figure was adapted.

In order to accurately measure the cantilever displacement, the principle of the optical lever is
used. Cantilevers have a metallic coating, typically of Ag, on their back surface, so that a laser
can be shone on this coated area and reflected onto a detector (Fig. [3.28r). The total optical
path of the reflected beam is long enough so that also small cantilever displacements translate
into sufficiently large deviations of the laser position on the detector. The most common detection
system consists in an array of four photodiodes arranged so that the laser spot position can be
calculated in two directions.

Measurement of surface profiles can be performed by means of several scanning modes. They
differentiate from each other based on the range of the tip-surface interaction potential within
which they work. The most widely used scanning mode for soft materials, like molecular films, is
called intermittent contact mode, or “tapping” mode (Fig. [3.28d). The cantilever oscillates at a
given frequency between the attractive and the repulsive portion of the potential. In other words,
the tip is periodically driven in contact with the film surface (repulsive potential) and dragged away
from it (attractive potential). A target amplitude of this oscillation is set in the instrument and the
deflections of the cantilever, resulting from interactions of the tip with the surface, are compensated
for by a voltage signal generated in a feedback loop. The AFM signal giving the surface profile
z(z,y) is given by the amount of compensating voltage. This scanning mode minimizes the time
the “hard” tip is in contact with the “soft” surface, thereby reducing the probability to damage the
film as the tip is swept across the surface while keeping high sensitivity. In intermittent contact
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mode, the height of molecular monolayers, d, can be resolved [62, [63], with d >~ 1 nm.

Generally, several technical difficulties can be encountered during measurements. Vibrations
due to thermal noise or to the environment may render the imaging unstable. Several settings of
the instrument can be changed in order to optimize the measurement. Additionally, anti-vibration
tables are commonly coupled to AFM systems to minimize the impact of environmental noise.
Humidity in form of a water film is generally present on the film during imaging in environmental
conditions, even for highly hydrophobic surfaces. This might cause problems during the approach-
ing stage of the tip towards the film, in the worst case rendering it impossible. Carefully blowing
the inter-space between tip and film with Ny may solve the problem. Artifacts in the images may
arise due to a damaged or contaminated tip. Indeed, the surface height profiles z(z,y) always
result from a convolution of the tip shape with the real surface morphology. Inappropriate scan-
ning settings, like a fast sweeping frequency of the tip of a very rough surface, may quickly lead
to deterioration of the image quality, broadening of the surface features or even visible transfer of
material from one area of the surface to another (grafting).

As concluding remark, we notice that the signal generated by the cantilever deflection contains
a number of information which is not limited to the height profiles. Importantly, the phase shift of
the cantilever signal with respect to the drive signal is sensitive to the mechanical properties of the
surface. For instance, exploiting phase-imaging mode can give information about the film domains
constituted by different material phases [258]. An interesting example of the of the application of
phase-imaging is shown in Fig. of the Appendix.

Description of the AFM setup A Nanowizard-II AFM system was used (JPK-Bruker). The
cantilevers (AppNano) were of rectangular shape and their size was always in the order of ~120 ym
length, ~30 pm width, ~5 pm thickness. The tips were 14-16 pm high with a tip radius < 10 nm,
an elastic constant ~ 15 < k < 80 N/m and a resonance frequency 200 < f, < 400 kHz. The head
of the AFM was placed on top of a Micro 40 anti-vibration table (Halcyonics).

3.3.6.3 Electrical Conductivity |E|

Electrical conductivity of thin films of OSCs has been measured using the setup illustrated in
Fig[3:29b has been employed. It consists in a array of n = 10 conductive channels connected
in parallel by inter-digitated ITO indium tin oxide (ITO) contacts patterned on a quartz glass
substrate. The organic material was deposited on the entire patterned area and therefore covers
both the ITO contacts and the glass substrate.

Due to the parallel contact geometry, the total resistance, Ry, if reduced by a factor n with
respect to R, the channel resistance (Fig). Applying a voltage U and measuring the external
current I, one obtains Ry, = U/I. The electrical conductivity of a thin film contained in a channel
can thus be calculated using Eq. and expressing the resistivity p as function of Ry, and of the
construction parameters of the channels (Fig[3:29p and caption):

L
7~ WRWd
Notice that in Eq. 3:22] the resistance at the interface between organic material and ITO
contacts is assumed negligible. The calibration for estimation of the channel thickness d was
performed separately by means of AFM as described in Ref. [259].

(3.22)

1 The deposition of the organic films and the measurements of their electrical conductivity have been performed
by Paul Beyer and Tino Meisel, Humboldt Universitdt zu Berlin.
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Organic thin film

Electrical contacts

\—Y—)

Figure 3.29: a) Equivalent circuit for film resistivity measurements: U, applied voltage; I, total
current; R, resistance of single channels; L, channel length. b) Actual setup: W, channel width;
d, film thickness. Adapted from Ref. [259)].

Description of the setup used for conductivity measurements For additional details on
the setup used for conductivity measurements, please refer to Ref. [IT1].
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RESULTS AND DISCUSSIONS

4.1 Thin film texture and optical properties of D:A mix-
tures. DIP:F6TCNNQ vs. 6T:F6TCNNQ [

First, we briefly recall some concepts outlined in the Introduction. Vacuum-deposited thin films
of OSCs offer a wide range of possibilities for structural control [20, 98] 260], e.g. heterostructures
can be tailored in several manners in order to obtain the desired material properties [37, 261]. One
application of the heterostructure concept is the so called “molecular electrical doping”, namely,
an organic semiconducting matrix is doped with another OSC with the aim of increasing layer
electrical conductivity [I4] by means of charge-transfer (CT) between two types of OSCs, namely,
a donor and an acceptor. Despite the numerous studies already carried out, to date only a limited
number of systems has been studied, therefore it is useful to extend the spectrum of investigated
material combinations in order to shed more light on the microscopic mechanisms occurring within
molecular D:A systems.

In the study presented here, thin films were grown via vacuum deposition of two D:A pairs with
varying mixing ratio in a bulk heterojunction architecture in order to maximize the theoretical
number of donor-acceptor interfaces. For both combinations we employed the recently studied
F6TCNNQ (Refs. [53, 193] and Fig. [3.6p) as acceptor. The donor compounds are DIP (Refs. [124,
167,[169] and Fig.[3.1h) and 6T (Refs. [127, 172, 173] and Fig.[3.2h). The materials employed exhibit
a planar and elongated shape and differ significantly in length. The donor molecules were chosen
such that it is expected for them to have different conformational degrees of freedom, namely,
the molecular structure of DIP is “stiffer” than that of 6T and allows for less intra-molecular
conformations. Additionally, due to the relative alignment of the donor HOMO to the acceptor
LUMO, an energetically favored CT from the donors to the acceptor is expected (Fig. 4.1)).

We introduce the idea that a larger number of conformational degrees of freedom of the molec-
ular donor leads to an enhancement of the 3D (isotropic) character of thin-film texture as well
as to partial phase-separation between donor and acceptor. Remarkably, due to the strong D:A
interactions, we observe for both systems the formation of a D:A complex with corresponding
segregation of D:A co-crystallites, although they mostly lack long-range order. The formation
of D:A co-crystals is deduced by structural analysis and confirmed by optical spectroscopy, the
latter showing new absorption bands from electronic transitions in the mixtures related to D:A
CT-interactions within the co-crystals. These bands are located at energies specific to the material
combination and below the optical gap of the pristine materials. Finally, correlation of the optical
anisotropy of the new CT transitions with the orientation of the co-crystallites on the substrate
allows one to conclude that the TDM associated with the new transitions is oriented perpendicu-
larly to the m-conjugated planes of the face-to-face stacked donor and acceptor molecules within
the complex.

The results presented in this section are organized as follows. We first compare X-ray scattering

IThis section is based on Ref. [162].
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Figure 4.1: Energy levels of frontier orbitals and molecular structure of DIP, 6T and F6TCNNQ.
The HOMO and LUMO values were obtained by means of photoelectron spectroscopy for samples
in solid films: * Ref. [262], from UPS measurements for standing-up molecules; ** Ref. [53], from
IPES measurements; *** from Ref. [263], from UPS measurements for standing-up molecules. All
values given as peak onsets.

data for DIP:F6TCNNQ and 6T:F6TCNNQ mixtures, respectively, with focus on the mixtures in
1:1 molar ratio. We then compare optical absorption spectroscopy data for these 1:1 mixtures with
data for the pristine compounds and finally we focus on the optical anisotropy of the equimolar
mixtures.

4.1.1 Film deposition and experiments performed

We deposited films of the pristine compounds as well as DIP:F6TCNNQ and 6T:F6TCNNQ mix-
tures in different mixing ratios by means of OMBD. The substrates used were native Si oxide and
borosilicate glass (Borofloat®) kept at room temperature. In the mixed films the molar ratio of
one species with respect to the other was varied by adjusting the relative growth rates, keeping
the total growth rate between 0.15 nm/min and 0.3 nm/min. The growth rates were monitored
with two separate quartz crystal microbalances (for donor and acceptor material, respectively)
calibrated by X-ray reflectivity for DIP and 6T, and by Atomic Force Microscopy for F6TCNNQ.
The error on the mixing ratios is estimated + 10%.

X-ray surface scattering measurements were carried out at synchrotron facilities. The data
presented were acquired ez situ at the 107 beamline [264] of the Diamond Light Source (DLS,
Oxford, United Kingdom) and at the ID03 beamline of the European Synchrotron Research Facility
(ESRF, Grenoble, France). XRR and GIXD geometries (see Methods section were used in
order to investigate the film structure in the direction perpendicular (Q.) and parallel (Q)) to
the substrate, respectively. The scattered intensity was measured by means of 2D detectors: a
Pilatus 100K [242] at the 107 beamline and a Maxipix 2x2 at the ID03 beamline. The beam energy
was 13 keV at 107 and 18 keV at IDO03.

UV-vis-NIR absorption spectroscopy was carried out in transmission geometry. Thin films with
different D:A mixing ratio were measured down to 1.25 €V (see Appendix [6.1)). Thin films in a
mixing ratio of 1:1 as well as the pristine compounds were measured down to 0.5 €V in order to
show also the lowest energy transitions.
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4.1.2 Structural characterization

In Fig. 4.2 X-ray scattering data of DIP:F6TCNNQ and 6T:F6TCNNQ mixtures on native Si
oxide are shown. We distinguish Bragg peaks from the pristine compounds and Bragg peaks in
the mixtures that stem presumably from a D:A co-crystal. We first focus on the results for the
DIP:F6TCNNQ series, then we illustrate the results for the 6T:F6TCNNQ series. Bragg peaks
found in XRR and GIXD scans are summarized in Tab. [6.1] and [6.2] of the Appendix
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Figure 4.2: a) XRR and b) GIXD scans for D:A mixtures with DIP as donor and F6TCNNQ
as acceptor in different molar ratios. Vertical dashed lines show the peak assignment: DIP thin
film polymorph (red), DIP low-T or other polymorph (blue), FETCNNQ (brown), DIP:F6TCNNQ
D:A co-crystal (green). The Miller indices of the Bragg peaks for the DIP thin film polymorph are
shown. The film thickness is 23 nm (pristine DIP), 30 nm (4:1), 30 nm (2:1), 14 nm (1:1), 22 nm
(1:2), 31 nm (pristine F6TCNNQ).
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From the XRR scans of the DIP:F6TCNNQ series (Fig. ) we see that Bragg peaks char-
acteristic of a standing-up (o) orientation of DIP [124] are broadening and then disappearing as
the relative amount of the acceptor F6TCNNQ increases in the films. At the same time, new
Bragg peaks arise which do not belong to pristine DIP. Pristine F6TCNNQ does not exhibit any
significant out-of-plane order, therefore it is unlikely that the new peaks stem from segregated
F6TCNNQ domains. The new peaks are attributed to a DIP:F6TCNNQ co-crystal. In particular,
the peak at Q. = 0.67 A~ for the 1:1 mixture (corresponding to a distance of ~ 9.4 A in real space)
could stem from a highly tilted edge-on orientation of the D:A stacks within the new co-crystal
unit cell, similar to what observed for a Naphtho[1,2-b:5,6-b’]dithiophene (NDT):F6TCNNQ D:A
co-crystal introduced recently in Ref. [199]. For the mixtures with excess DIP, one clearly observes
a smoothing effect compared to the pristine DIP, denoted by enhanced Kiessig oscillations at low
Q. values (see also Fig. [3.15b), as already observed ,for instance, in DIP:Cgy mixtures [95, 265].
As the amount of FETCNNQ increases, the films get rougher, although some weak Kiessig oscil-
lations are still visible. For pristine F6TCNNQ the Kiessig oscillations at low @), are absent but
the reflectivity curve exhibits a very broad hump, which might indicate the presence of a wetting
F6TCNNQ monolayer on the Si oxide surface.

From the GIXD profiles (Fig. [4.2b) we observe marked changes as the relative amount of
F6TCNNQ in the films increases. The peaks stemming from o-DIP tend to broaden and then
disappear in the mixtures with higher relative amount of F6TCNNQ. At the same time, new
features appear in the scans. The most pronounced changes consist of the relatively broad peaks
arising between 1.80 and 1.95 A~1 in Q- A new, pronounced peak appears also at 0.49 A-1
We attribute all these new features to a D:A DIP:F6TCNNQ co-crystal. The peak at 0.49 A=,
for example, might stem from the distance between adjacent inequivalent D:A stacks [199]. A
number of additional peaks appear in the region 0.6 — 1 A~! for the mixed films. Although an
obvious attribution could not be found, an assignment was attempted. For the arguments on which
these assignments are made, we address the reader to the corresponding section in the Supporting
Information (SI) of Ref. [162].

We consider now the XRR and GIXD scans (Fig. and b, respectively) for the 6T:F6TCNNQ
series. Similarly to the XRR of the DIP:F6TCNNQ series, the Bragg peaks of standing-up 6T,
which is present in both the low-temperature (LT) and the /3 phase [96] [I80], broaden and then
disappear with increasing relative amount of F6TCNNQ. The tendency to randomization of the
orientation of the crystalline domains in the mixtures with excess F6TCNNQ is therefore a common
feature of both D:A systems. In the films with excess 6T, though, we do not observe any smoothing.
The GIXD profiles of the mixtures from 3:1 to 1:1 show that the (41-1) Bragg peak becomes
stronger. Also, in the GIXD of the 1:1 mixture the (400) peak of the 6T LT phase appears.
The presence of these features in the in-plane scans indicates that, even in the equimolar blend,
6T tends to segregate in crystalline domains that have a more random orientation compared to
pristine 6T films as the content of F6TCNNQ increases, an effect which was not observed in the
DIP:F6TCNNQ series. In 6T:F6TCNNQ), as for DIP:F6TCNNQ), it is possible to observe the
development of new peaks in the region @ = 1.80 — 1.95 A-1, together with a new peak at
0.67 A=1. Therefore, for 6T:F6TCNNQ one can also deduce the formation of a D:A co-crystal
structure.

The new features in the GIXD scans appearing at similar values of Q) between 1.80 and
1.95 A=! for both series of mixtures likely stem from crystallographic directions vicinal to or
coincident with the w7 donor-acceptor stacking direction, as illustrated by the comparison of
some GIXD scans with the powder diffraction patterns of known D:A compounds (see Figs.
andin Appendix. We therefore suggest that both DIP:F6TCNNQ and 6T:F6TCNNQ pairs
form mixed D:A stacks (see also Fig. ), which usually results in partial CT in the ground-state,
as observed for other D:A pairs [506, [88], 200}, 266].

In Fig. [£4] we show the reciprocal space maps, i.e. full diffraction patterns, measured for
DIP:F6TCNNQ (100 nm) and 6T:F6TCNNQ (72 nm) 1:1 mixtures. Overall, the diffracted in-
tensity from the D:A co-crystal features appears in the @-space as either elongated spots with
some angular distribution, or as uniform Debye-Scherrer rings. For DIP:F6TCNNQ (Fig. )7
the elongated spots indicate a mostly uniaxial arrangement of the molecular D:A crystalline do-
mains (i.e. in the fashion of a 2D textured powder) although with some mosaicity in the order
of & 20°. The intensity of the diffraction features with @ = 1.80 — 1.95 At (corresponding in
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Figure 4.3: a) XRR and b) GIXD scans for D:A mixtures with 6T as donor and F6TCNNQ as
acceptor mixed in different molar ratios. Vertical dashed lines show the peak attribution: 6T
polymorph (orange), 6T low-T polymorph (blue), F6TCNNQ (brown), 6T:F6TCNNQ D:A co-
crystal (green). The Miller indices of the Bragg peaks for the 6T low-T polymorph are shown. The
film thickness is 24 nm (pristine 6T), 27 nm (3:1), 25 nm (2:1), 72 nm (1:1), 23 nm (1:2), 27 nm
(1:5), 31 nm (pristine F6TCNNQ).

real space to a 7-m stacking distance of 3.5 — 3.2 A) is mostly concentrated in the region below
Q. ~ 0.5 A=1. This indicates that the direction of the 7-7 stacking of the D:A molecular com-
ponents is roughly parallel to the substrate plane. For 6T:F6TCNNQ (Fig. ) the diffraction
features with Q) = 1.80—1.95 A~ appear as diffraction rings of uniform intensity, therefore it is not
possible to deduce a preferred orientation of the m-stacking direction with respect to the substrate
plane for this system. However, the elongated spot at Q| ~ 0.73 A™1, Q. ~ 0.62 A~ assigned
to the co-crystal (marked with “CC?”) still indicates some preferred orientation. Due to the lack

81



CHAPTER 4. RESULTS AND DISCUSSIONS

0.2 0.6 1 1.4 1.8 2.2
Q, (A

Figure 4.4: Reciprocal space maps of a) DIP:F6TCNNQ (thickness: 100 nm) and b) 6T:F6TCNNQ
(thickness: 72 nm) 1:1 mixtures grown on native Si oxide. Color bars in logarithmic scale. Dashed
lines indicate Debye-Scherrer rings whose total @ corresponds to the GIXD peaks in Fig. [4.2b
and Fig. respecting the same color code. For the 6T:F6TCNNQ 1:1 mixture, the diffraction
feature exhibiting a maximum at Q)| ~ 0.73 A1 Q. ~0.62 A~! and marked “CC” is also assigned
to the co-crystal, but its component along the Q. = 0 A~ direction is too weak and therefore it
is not marked in the corresponding GIXD scan of Fig. [1:3p.

of knowledge about the exact crystal structure of the two D:A complexes, indexing of the Bragg
peaks is prohibitively difficult. Overall, we conclude that DIP:F6TCNNQ co-crystallites have a
tendency for 2D powder-like texture with large mosaicity, whereas 6 T:F6TCNNQ co-crystallites
have a tendency for 3D powder arrangement. We tentatively explain this effect invoking the ad-
ditional degrees of freedom of the longer 6T molecule, like flexibility as in the case simulated for
para-sexiphenyl [267] or inter-annular torsion angles [268], compared to the shorter and stiffer
DIP. This might involve a high concentration of defects incorporated in a growing 6 T:F6TCNNQ
molecular layer, rendering the growth of the subsequent layers more disordered and isotropic. Note
that this mechanism can explain also the absence of film smoothing for the 6T:F6TCNNQ mix-
tures with nominal excess of 6T compared to the DIP:F6TCNNQ mixtures with nominal excess
of DIP (Fig. and ) However, such explanation is still on the level of hypothesis, which is
intrinsically hard to proof.

Diffraction features belonging to crystallites of the pristine donor DIP are virtually absent in the
reciprocal space map of the DIP:F6TCNNQ 1:1 mixture, whereas for the 6T:F6TCNNQ 1:1 mixture
one can clearly recognize the features of pristine 6T crystallites. F6TCNNQ in pristine films is
only weakly crystalline and we do not observe diffraction stemming from segregated F6TCNNQ
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Figure 4.5: Sketches of the structure of the pristine compounds and D:A mixtures in thin films
on native Si oxide. a) DIP, standing-up. b) F6TCNNQ, neither long-range crystalline order
nor defined molecular orientation. ¢) 6T, standing up, with 8 phase and low-T phase exhibiting
different tilt angle with respect to the substrate plane. d) DIP:F6TCNNQ 1:1, homogeneous
distribution of D:A co-crystals with some mosaicity. €) 6T:F6TCNNQ 1:1, pronounced 3D powder-
like texture (gray box); partial phase separation of pristine 6T and F6TCNNQ (orange and blue
boxes) and randomly oriented 6T domains (blue box).

domains in the mixed films closer to a 1:1 mixing ratio. We speculate that, for 6T:F6TCNNQ), the
difference in free energy between D:A co-crystallites and phase-separated domains of the pristine
compounds is rather small due to the conformational degrees of freedom of 6T as highlighted above.
Therefore kinetic effects [95] and inhomogeneities in the surface potential landscape, e.g. defects,
might play a dominant role in determining which phase nucleates locally. The deduced structure
and mixing behavior in the D:A mixtures of the compounds studied here are sketched in Fig. [1.5

4.1.3 Optical characterization

From X-ray scattering data, an overall 2D-texture of the D:A co-crystallites in the equimolar mix-
tures of DIP and F6TCNNQ was deduced, whereas for 6T:F6TCNNQ 1:1 a more pronounced
tendency to a 3D-texture was shown. Here, we show by means of UV-vis-NIR absorption spec-
troscopy the new, low-energy optical transitions appearing in the D:A mixtures , as well as their
uniaxial anisotropy using spectroscopic ellipsometry.

4.1.3.1 New charge-transfer transitions

In Figure [.6] we show the in-plane extinction coefficient k., obtained from transmission measure-
ments in the UV-Vis-NIR region for the pristine compounds as well as for 1:1 mixtures grown on
glass. We recall that, due to the normal incidence of the beam, only the in-plane component of k
is probed (see Fig.[3.27).

The optical spectra of both equimolar mixtures exhibit highly convoluted profiles in the region
above ~ 2 eV, which cannot be trivially reproduced by a linear combination of the spectra of the
pristine compounds. For DIP:F6TCNNQ 1:1, the maximum is located around 2.4 eV, whereas
for 6T:F6TCNNQ 1:1 it is located approximately at 2.8 eV. Both types of mixtures exhibit new
absorption bands that lie energetically below the optical gap of the pristine materials, the gap
considered here as first absorption maximum. The position and integrated intensity of all new
absorption bands for both material combinations are summarized in Tab. It is possible to fit
three new peaks for the DIP:F6TCNNQ 1:1 mixture and four for the 6T:F6TCNNQ 1:1 mixture
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Figure 4.6: In-plane extinction coefficient of a) DIP (25 nm), F6TCNNQ (13 nm) and
DIP:F6TCNNQ 1:1 (103 nm) and b) 6T (24 nm), F6TCNNQ (13 nm) and 6T:F6TCNNQ 1:1
(23 nm), all samples grown on borosilicate glass. The insets show Lorentzian fits to the new
CT transitions in the 1:1 mixturesaccording to the following color-code: sub-bandgap transitions
(green), transitions above the gap of the pristine materials (blue), global fit (magenta). The
spectral portions measured with two different instruments are reported with some overlap around
1.5 eV. The downward bending of the spectral profiles of the pristine donor films around 1.5 eV
is an artifact due to the grating and detector changeover in the spectrometer. Notice that the
magnitude of k,, for DIP [63] [269] and for 6T [270] 271] compares well with the literature.

arising below the bandgap of the pristine compounds. The shape, position and relative cross
sections of the new sub-bandgap absorption features are specific to the respective D:A system.
We assume that all these new transitions are related to excited state CT interactions. There is
usually a close relationship between CT interactions in the excited state, as probed by UV-Vis-
NIR absorption, and ground-state CT interactions. In order to quantify the degree of CT in the
ground-state in D:A co-crystals, vibrational spectroscopy like Raman scattering [I31], [272H274] or
FTIR can be used. A quantitative determination of the degree of CT for DIP:F6TCNNQ using
on FTIR spectroscopy is reported further in this thesis (see Results section . However, a
detailed explanation of the mechanisms that govern D:A interactions as well as a quantitative
determination of the degree of CT for both D:A pairs are beyond the scope of this section. Some
general considerations may nevertheless help understanding qualitatively the observed spectral
features.
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Table 4.1: Energy position and integrated intensity of the new sub-bandgap absorption peaks in
DIP:F6TCNNQ and 6T:F6TCNNQ 1:1 mixtures. The data were fitted using a sum of Lorentzian

curves (Fig. [4.6p.b).

mixture | energy [eV] | integr. intensity [10~7]
0.97 1.5
DIP:F6TCNNQ 1.33 2.7
1.76 0.5
0.61 1.5
6T:F6TCNNQ 0.78 2.0
1.49 0.5
2.15 1.2

In general, upon formation of a D:A complex, the molecular orbitals of the isolated donor and
acceptor are coupled to each other to some extent and therefore experience a perturbation in their
shape and energy. Signatures of this coupling in optical spectra are: a) changes of the spectral
profile above the optical gap of the pristine materials which cannot be reproduced by combination
of the optical functions of pristine donor and acceptor according to effective medium models [160];
b) appearance of new transitions located below the optical bandgap of the pristine materials
[48] 54, 57, [160]. For the two D:A systems studied in this work, case b) is evident. Keeping the
acceptor material fixed (F6TCNNQ in our case), the characteristics of the new transitions depend
on the energy and shape of the donor orbitals and on the details of the D:A coupling. These features
differ significantly in DIP:F6TCNNQ compared to 6T:F6TCNNQ. As seen from Fig. DIP is
~30% longer than that of FETCNNQ, whereas 6T is roughly twice the length of FETCNNQ. Some
DFT studies [192] 275] of the free energy of isolated CT complexes as a function of the interaction
geometry including, e.g., relative shifts along the molecular backbone, showed that there is only one
absolute conformational minimum, although several local minima are calculated. In our study, the
6T:F6TCNNQ complex might be present in more than one conformation due to non-equilibrium
kinetic effects. Additionally, in Ref. [275] it is reported that the coupling of the 6T-HOMO with
the FATCNQ-LUMO determines the HOMO-LUMO gap for the minimum-energy conformation of
the 6T:FATCNQ CT complex. The nearly isotropic texture of the 6T:F6TCNNQ crystallites and
the sub-structure of the strong lowest-energy optical transition in the 1:1 mixture (inset Fig. [4.6b)
seem to agree with the presence of several conformations of the D:A complex.

Despite the intrinsic complexity of electronic coupling mechanisms in D:A pairs of molecular
materials, in the framework of molecular doping we conclude that the origin of the lowest energy
absorption features observed for the DIP:F6TCNNQ (0.97 ¢V) and the 6T:F6TCNNQ (0.61 and
0.78 €V) 1:1 mixtures resides in the transition of one electron from a strongly hybridized HOMO
to a strongly hybridized LUMO of the new D:A supramolecular complex [48] [54]. We assume that
the new transitions observed for these two D:A couples do not stem from fully ionized donor and
acceptor species since there are no clear spectral signatures of the DIP cation (see SI of Ref. [162]) or
6T cation [276] together with the FETCNNQ anion [53]. Therefore, the two material combinations
studied here seem to belong to the category of D:A pairs of molecular semiconductors exhibiting
partial CT in the ground state.

4.1.3.2 Anisotropy of the new transitions

In Fig. we show the results obtained by means of VASE for the in-plane and out-of-plane
component of the extinction coefficient, respectively k;, and k., for the DIP:F6TCNNQ and
6T:F6TCNNQ 1:1 mixtures. Due to the experimental setup, the spectral range of VASE mea-
surements is more restricted than for optical absorption measurements. To characterize the
DIP:F6TCNNQ 1:1 sample we used the films deposited on native and thermal Si oxide. For
the 6T:F6TCNNQ 1:1 sample we used the films deposited on native Si oxide and borosilicate glass.
Reflection and transmission ellipsometry was carried out on the samples on Si oxide and glass, re-
spectively. For the latter substrate, simple transmittance measurements with polarized light were
also performed in order to increase the robustness of the fits. The roughness of the organic film is
accounted for by including an EMA layer. The choice of the model was guided by AFM scans of
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Figure 4.7: In-plane (kgy) and out-of-plane (k,) component of the extinction coefficient for a)
DIP:F6TCNNQ 1:1 (103 nm) and b) 6T:F6TCNNQ 1:1 (23 nm) mixed films grown on Si oxide.

the film surface (see Fig. in Appendix .

From Fig. the anisotropy of the optical transitions can be inspected. In the region above
~2 eV, the relative magnitude between k., and k. is different for the two D:A systems, respec-
tively. For the DIP:F6TCNNQ 1:1 film the in-plane component is stronger across almost the whole
spectrum. For the 6 T:F6TCNNQ 1:1 film in the same spectral region there is barely any differ-
ence between the two components. In the region where the new CT transitions are more clearly
visible (i.e. below 2 €V) the in-plane component is stronger than the out-of-plane component for
both mixtures, an exception being the weak band of DIP:F6TCNNQ at 1.76 eV. However, in the
6T:F6TCNNQ 1:1 mixture, the spectral shapes of the two components are very similar down to
the lowest-energy transition, which is only partly visible. Conversely, kg, in the DIP:F6TCNNQ
1:1 mixture exhibits pronounced maxima, whereas k, is nearly flat. Overall, the optical anisotropy
in the DIP:F6TCNNQ 1:1 mixture is more pronounced than in the 6T:F6TCNNQ 1:1 mixture, in
agreement with the conclusions from X-ray scattering. The results for DIP:F6TCNNQ 1:1 on glass
are in general agreement with the UV-Vis-NIR absorption measurements (see SI of Ref. [162]).

For the more uniaxially anisotropic DIP:F6TCNNQ 1:1 mixture, from X-ray scattering we
concluded that the direction of the D:A m-stacking within the co-crystallites is roughly parallel to
the substrate plane. In the present section we saw that the in-plane component of the new CT
transitions is stronger than the out-of-plane component for this mixture. Therefore, we conclude
that the TDM associated with CT transitions must be parallel to the w-stacking direction (Fig. ,
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substrate

Figure 4.8: Sketch of the donor(D):acceptor(A) m-stacking direction and CT-TDM (yellow arrow)
oriented parallel to the substrate for edge-on orientation. The “§ +/—" depict the partial CT in
form of partial donation of an electron from the donor to the acceptor in the ground state. The
dashed ellipsoids drawn inside the molecules represent the m-conjugation. The vertical dashed lines
indicate the long molecular axis.

as already suggested for the D:A couple DIP:PDIR-CN; exhibiting only weak partial CT in the
ground-state [I57] (see also Fig. [2.16)). This can be qualitatively explained by the strong CT
between donor and acceptor molecule, that allows strong dipoles along the m-stacking direction in
both the ground state and the excited state. Although the 6T:F6TCNNQ 1:1 mixture does not
exhibit a degree of structural anisotropy that allows one to make conclusions about the direction
of the D:A w-stacking with respect to the substrate plane, an analogous picture for the orientation
of the TDM seems likely.

4.1.4 Summary of the results and possible applications

In conclusion, we studied two novel D:A systems of small-molecular OSCs, namely DIP:F6TCNNQ
and 6T:F6TCNNQ. We speculate that the differences in crystalline texture and phase-composition
between DIP:F6TCNNQ and 6T:F6TCNNQ equimolar mixtures, respectively, can be ascribed to
the different conformational degrees of freedom of the donors. Formation of a D:A co-crystal is
observed for both systems. One main driving force for co-crystal formation is the strong CT inter-
action between donor and acceptor due to the energy difference between HOMO and LUMO levels.
The strength of the CT interaction for these systems is further evidenced by optical absorption
measurements that reveal pronounced low-energy absorption features in the D:A 1:1 mixtures,
which are absent in the pristine compounds.

For the more uniaxially ordered DIP:F6TCNNQ equimolar film, study of the optical anisotropy
reveals that the in-plane component of the extinction coefficient of the new CT absorptions is
stronger than the out-of-plane component. For the 6T:F6TCNNQ 1:1 mixture exhibiting a mostly
3D powder-like texture, the optical anisotropy is less pronounced. This supports a picture in which
the CT transition dipole moment is oriented along the D:A w-stacking direction. We suggest
such a scenario to be rather general for D:A pairs of planar molecular semiconductors forming
supramolecular complexes. Therefore, the two D:A pairs studied here constitute an example of CT
complexes with strong coupling that, by virtue of their low-energy transitions might be employed
as light-harvesting functional materials in NIR detectors.
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4.2 Roughness evolution in DIP:F6TCNNQ mixtures.
An in situ, real-time study using X-ray reflectivity

Binary D:A mixtures of molecular semiconductors represent technologically important systems.
The knowledge of surface roughness during film growth as function of thickness and D:A mixing
ratio is relevant for devices due to: a) possible thickness-dependent structural transitions [109] 236],
b) the requirement to tune the extent of the interface area between different materials, c) the
possibility to realize multilayer films with minimized interface roughness, d) the fact that, in
OFETs, the conducting channel extends only in the first two monolayers of the organic layer [134].
These all represent important technological aspects which determine the optimal film thickness
and D:A mixing ratio for the given application.

In several works on thin films of OSCs, XRR curves have been measured in real-time during film
growth in order to fit the reflectivity at multiple points beyond the more conventional anti-Bragg
point [110, 171, 236]. By doing so, information about the dependence of surface roughness on
film thickness is gained. In one work dealing with mixtures of DIP with the Buckminster-fullerene
(Ceo), the time-evolution of the anti-Bragg oscillations together with the diffused scattering at low
angle have been measured, and from the latter the inter-island distance as function of time has
been calculated [265]. There, however, no quantitative evaluation of the film roughness as function
of time has been carried out. In another work [62], the roughness evolution of equimolar PEN:PFP
mixtures has been calculated by fitting real-time XRR data using the Parratt formalism. To the
best of our knowledge, this represents the only quantitative real-time XRR study carried out on
binary mixtures of OSCs.

4.2.1 Deposition of DIP:F6TCNNQ mixtures with DIP excess

In this work, we intend to expand the space of explored material combinations and mixing ratios.
Therefore, we grow D:A mixtures with DIP as donor and F6TCNNQ as acceptor via OMBD in a
portable vacuum chamber which allows to carry out in situ experiments at synchrotron beamlines
[223] (Fig. 3.16R). We base on the results obtained post-growth in the previous Results section
which show that, for DIP:F6TCNNQ mixtures with DIP excess in a thickness range around
10-20 nm, the smoothest films can be prepared. We therefore grow mixtures with systematic excess
of DIP in order to: a) be able to follow the evolution of nearly undamped Kiessig oscillations, b)
identify the first Bragg peak of the excess DIP phase, which would otherwise disappear in mixtures
with equimolar or higher F6TCNNQ content (see Fig. [4.2h).

X-ray reflectivity scans were measured in situ and in real-time during the growth of three
DIP:F6TCNNQ mixtures with a molar ratio of 6:1, 4:1 and 2:1, respectively, on native Si oxide
substrates kept at 40°C. The total film thickness and growth rate for these films were 17.5 nm
and 0.14 nm/min, 14.0 nm and 0.14 nm/min, 17.5 nm and 0.18 nm/min. For each mixing ratio,
the equivalent deposited amount DIP is easily calculated using the measured growth rate. The
growth rates were measured by means of a carefully calibrated QCM. The materials were calibrated
separately, DIP by means of XRR and F6TCNNQ by means of AFM. Measurement of each XRR
curve took 150 s, which means that an average of ~ 4 XRR scans are measured for each equivalent
DIP monolayer (ML), allowing for sub-ML resolution of the growth processes.

4.2.2 Fits of real-time data of binary systems

We carried out a quantitative fit of the real-time XRR curves using two different approaches. The
first approach consists in analyzing the evolution of the reflectivity as function of time at several
Q. points. The reflectivity profiles so extracted exhibit peculiar “growth oscillations” which arise
from the nucleation and gradual filling of new layers. These growth oscillations at fixed @), have
been fitted by means of the Cohen [233] and Trofimov [234] growth models, respectively, combined
with the kinematical approximation to treat the scattering of X-rays (see Methods section [3.3)).
The second approach consists in fitting each XRR curve measured during film growth using the
Parratt formalism (see Methods section [3.3)).

2Based on G. Duva et al., in preparation
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One aim of this work is to test the reliability of the above models for treating relatively compli-
cated systems such as D:A mixtures in which co-crystal formation is observed with phase separation
of the excess phase, as it is the case for DIP:F6TCNNQ with excess DIP. Once their reliability in
delivering the same qualitative information is assessed, we choose the model which represents the
best compromise in terms of accuracy, on one side, and simplicity of implementation on the other.
We then carry out a further analysis of film surface roughness evolution and growth mechanisms
as function of D:A mixing ratio using the chosen model.

The Cohen model was used as first, simple approach. It was implemented using a set of custom-
written Matlab scripts. Unfortunately, a global fit employing the Cohen model does not allow to
obtain a reasonable agreement to the data in the entire thickness regime. This is possibly due
to a gradual structural reorganization of the DIP unit cell during the growth of the first three
monolayers [109] [II8, I71I]. To be able to reproduce the data, we reduced the fitted range only
up to the third equivalent DIP ML (low-thickness regime). Note that, for the growth of OSCs,
this thickness regime is of particular interest due to possible structural changes, as mentioned
above for DIP, or also to re-orientation of the molecular units [263, 277]. The Trofimov model was
implemented using the software Trofit [278] adapted for fitting multiple @, points simultaneously
El The Trofimov model allows to fit the data in the entire thickness regime, as discussed further
below.

The Parratt formalism was implemented using the software Motofit [279] for the IgorPro pack-
age (WaveMetrics Inc.), which makes use of the Abeles matrix formalism for stratified media and
assumes the Névot-Croce factor to treat interface roughness (Eq. . The Parratt and Abeles
recursive algorithms lead to identical results [163], 226]. In the following, we will therefore refer to
“Parratt formalism” as it represents the most common denomination. The Parratt formalism for
treating multiple scattering in stratified media allows to fit an arbitrary XRR profile and obtain
the corresponding electron density as function of film thickness, p.(z) (see also Fig. [3.15k). The
total coverage of each layer was calculated from the ratio between the maximum electron density
of a given layer, pc n, and the maximum electron density of the first layer, p.—1, the latter taken
from the fully grown film.

The fits carried out with the methods outlined above deliver qualitatively similar results, al-
though quantitative differences emerge. We first illustrate the results obtained using the different
methods. We then discuss the reasons for the differences between the results and, finally, we choose
a model to guide the interpretation of the roughness evolution as function of DIP:F6TCNNQ mix-
ing ratio.

4.2.2.1 Results for all models

The data analysis carried out in this work involves several steps, which in the end led to the choice
of the Trofimov model for the further discussion of roughness evolution and other aspects of film
growth. To illustrate this, we show in Fig. [{.0n a typical data-set of XRR scans measured in situ
and in real time during the growth of the DIP:F6TCNNQ 4:1 mixture. The same kind of data-sets
for all DIP:F6TCNNQ mixtures are reported in Fig. of Appendix [6.2] The lateral axis of
the upper plot in Fig. indicates the number of equivalent DIP monolayers grown considering
the DIP:F6TCNNQ molar ratio together with the measured total growth rate. In Fig. [£.9p, the
extracted reflectivity-vs.-time profiles are plotted against the number of total growing ML, which
at the anti-Bragg point allows to visually follow the filling of each molecular layer [110]. Already
by visual inspection of the fits for the low-thickness regime we see that the Trofimov model is more
capable of reproducing the experimental trend of the reflectivity vs. total layer thickness.

3The fits were performed by Linus Pithan, European Synchrotron Research Facility (ESRF)
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Figure 4.9: In situ, real-time XRR data for the DIP:F6TCNNQ 4:1 mixture. a) Time evolution
of the reflectivity profile. The red lines indicate the fractional points in units of Q. Bragg at which
the time-evolution of the reflectivity has been extracted. A value for Q. pragy = 0.375 A~1 is
used. The curve at time “0” corresponds to the first curve measured after exposing the substrate
to the molecular flux. In the lower 3D plot, each “pixel” along the time axis corresponds to
one experimentally measured curve. b) Extracted profiles at the anti-Bragg point (Q, = 1/2 -
QBragg) and other fractions of Q. Bragg, as indicated in the plots. The fits are superimposed to
the experimental data: Cohen fits in the low-thickness regime (orange), Trofimov fits in the full
range (green). Fits of the monotonically increasing intensity of the Bragg peak (Q. = QBragg) are
not shown. The vertical dashed line corresponds to the first total grown ML measured with the
thickness monitor.

The real-time XRR data presented in Fig. {.9h were additionally fitted using the Parratt for-
malism (Fig. [4.10p). A multi-layer model was set up in order to reproduce the data (see Fig.
in Appendix [6.2). To minimize the number of free parameters, we impose boundary conditions
for the electron density, the inter-layer roughness and the monolayer thickness. The fits allow to
extract the electron density, p., as function of z for each experimental XRR curve (Fig. [£.10pb).
The complete set of Parratt fits for each experimental XRR curve for all three DIP:F6TCNNQ
mixtures are reported in Fig. [6.8] of Appendix [6.2]

The average p. has the following values expressed in scattering length density (electron density):
9.5 x 10*6A*2 (0.337 A=3) for the 6:1 mixture, 8.85 x 1076A~2 (0.314 A=3) for the 4:1 mixture
(see Fig. ) and 9.55 x 107A~2 (0.339 A~ 3) for the 2:1 mixture. The non-monotonic trend of
the average pe as function of mixing ratio seems the result of two competing effects: a) increasing
out-of-plane film disorder with increasing amount of F6TCNNQ which leads to a less compact film
and thus lower p¢; b) higher p. of the F6TCNNQ units containing F and N atoms, compared to
DIP containing only C and H.
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Figure 4.10: a) Selected experimental XRR scans (black dotted profiles) and Parratt fits (red
profiles) for the DIP:F6TCNNQ 4:1 mixture. The curves were vertically shifted for clarity. Each
experimental XRR profile corresponds to the nominal layer coverage indicated. b) Electron density
as function of the z-coordinate perpendicular to the substrate and of the nominal layer coverage.
Note the color scale for the electron density. The Si substrate is located at z = 0.

The layer coverages extracted with the Cohen and Trofimov models, and with the Parratt
formalism, respectively, for the 4:1 mixture are shown in Fig.[£:1Th. Modeling of the layer coverages
0,,(t) allows to calculate the interface roughness (or root mean-square roughness, RMS) as function
of time, RMS(¢), via the relationship [113] 235]:

oo

RMS(t) = | Y (0; — 0i41)(i — Cior)? (4.1a)
=1
Otot == i 91 (41b)

The quantity Ci, in Eq. [f1] is the time-dependent total layer coverage. The adimensional
RMS(t) obtained with Eq. is expressed in units of the ML thickness of DIP, dp;p. As pointed
out above, RMS(¢t) is relevant for material interfaces in organic heterostructures embedded in
optoelectronic devices. Extrapolation of the interface roughness as function of time and D:A mixing
ratio represents, therefore, the main result of this work. As it can be seen from Fig. [{.I1h, the 6,,
extracted with the different models match well with each other. The curves 0,,—o_5 obtained from
the Parratt fits saturate slightly above 0.9 instead of 1, which is due to the molecular layer in contact
with the substrate having a slightly higher electron density than the upper layers (Fig. [4.10b).

The interface roughness calculated for the 4:1 mixture by means of Eq. with all models is
shown in Fig. [f.11p. Up to a nominal coverage of 2.5 ML, all models are in substantial agreement.
In this thickness range, the main difference is that the “dip” in the RMS around completion of the
274 ML is more pronounced in the Cohen and Trofimov fits than in the Parratt fit. Concerning
the differences between the two growth models between 2.5 and 3.5 nominal ML, the Cohen model
exhibits an additional dip around completion of the 3"¢ ML, which is absent in the Trofimov model.
Such discrepancy can be explained by the fact that the Cohen fits are less accurate towards the end
of the fitted range due to the artificially restricted dataset. The curves start to deviate substantially
starting from the ~ 3"¢ ML, with the RMS from the Parratt fits being significantly larger, up to
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Figure 4.11: a) Layer coverage and b) interface roughness calculated with the Cohen, Trofimov
and Parratt models. respectively. In a), the curves obtained from the Cohen fits are orange dash-
dotted lines, those from the Trofimov fits are green dashed lines with the layer indexes n indicated,
those from the Parratt fits are continuous colored lines. In b), the vertical lines correspond to the
deposition of the first 4 nominal ML.

double the RMS from the Trofimov fits for the largest nominal coverage. This large discrepancy has
two origins. In part, it is provoked by the saturation of layer filling at 0.9 for 6,,—5_5 as discussed
above (Fig. 4.11pb). Another reason is that the growth models and the Parratt fits, respectively,
are sensitive to different portions of the XRR curves. In particular, the Parratt fits include the @,
region where the Kiessig oscillations appear (see also Fig. [3.15p), therefore they are expected to
represent more closely the roughness of the entire film.

Very similar results are obtained for the 6:1 and the 2:1 DIP:F6TCNNQ mixtures (see Fig.[6.10
in Appendix. Overall, there is good quantitative agreement between all models up to a nominal
coverage of ~2.5 ML. Significant deviations start from the 3"¢ ML, with the roughness being larger
for the Parratt fits than the Cohen and Trofimov fits. Despite the quantitative discrepancies in
this thickness regime, close qualitative similarities in the trends of the RMS curves as function of
D:A mixing ratio are recognized. This gives a strong hint that systematic errors, arising from the
assumptions within each model, do not affect the general conclusions of this work. This allows to
carry out a comparative study between the films with different D:A mixing ratio.

4.2.2.2 Reasons for the differences between the fits

We start by discussing the differences between the fits using the Cohen and the Trofimov model,
respectively. Compared to the Cohen model, the Trofimov model can better reproduce the entire
dataset (see Fig. in Appendix . It is a question, whether the improved fits are due to the
number of parameters involved or to the better ability of the Trofimov model to capture growth
processes [235]. We note that, to judge the latter aspect, a comparison with ex situ AFM data of
film morphology to calculate layer coverages might be misleading due to the observed de-wetting
behavior of DIP [280].

We further consider statistical aspects of the fits, namely, the number of free parameters per
ML involved in the fits. The Cohen model features one free parameter, k,,, for the first molecular
ML in direct contact with the substrate (n = 1) as well as for each subsequently deposited ML
(Eq. . The Trofimov model features three parameters for the first ML (n = 1), namely Ry,
Ry and 0.1 (Eq. . In the Trofimov model we imposed R, = R,+1 for n > 1, in practice
distinguishing only between molecules landing on the bare substrate and on an already formed
organic layer. Therefore, already for the second ML (n = 2), the only free parameter not coupled
to any previously defined parameter is 6., 2, and this holds for each subsequent ML. A full statistical
analysis evaluating the effect of the different coupling of layer coverages and kinetic parameters in
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the systems of differential equations (Egs. and exceeds the purposes of this work. Overall,
the number of fitting parameters for the Trofimov model is clearly higher only for what concerns
the first ML. This seems in part to explain the better agreement to the data in the low-thickness
regime. For larger film coverages, there are no major difference with the Cohen model for what
concerns the number of free parameters per ML. Therefore, we suggest that the Trofimov model
is more able to capture the interplay between itra- and inter-layer molecular transport [I13] 237]
that determines nucleation rates and lateral island growth.

Here we focus on the differences between the results obtained with the kinematical approxima-
tion combined with the growth models, and the Parratt exact method, respectively. The presence
of two different phases within a growing film, namely, pristine DIP crystals and D:A co-crystals,
has a different impact on the measured reflectivity depending on the @ ,-region considered. In the
region at lower @), say, approximately between the total reflection edge and the anti-Bragg point,
the Kiessig oscillations dominate the reflectivity signal, therefore the data are more sensitive to the
spatial distribution of pristine DIP and co-crystal domains and are representative of the average
reflectivity from the different phases. In the @), region between the anti-Bragg point and the first
DIP Bragg peak, the Laue oscillations and the Bragg peak itself are given only by the isolated
DIP domains scattering in a coherent fashion [I69]. This implies that the Parratt fits are more
sensitive to the phase heterogeneity of the D:A mixtures than the fits employing the kinematical
approximation.

The above outlined differences in the models employed explain the quantitative deviations in
the results obtained. However, the results for the RMS as function of D:A mixing ratio exhibit
the same trends independent of the method. This allows to choose the Trofimov model to discuss
the different behaviors of the RMS as function of D:A mixing ratio in the films. Indeed, such
model represents the best compromise to keep the number of parameters reasonably low, allows
ease of implementation and offers insights into the kinetics of film growth in both the in-plane and
out-of-plane directions [237].

4.2.2.3 Roughness evolution vs. D:A mixing ratio

The Trofimov model is used to extract information about the growth mechanisms for the three
DIP:F6TCNNQ mixtures studied here. In Fig. we compare the results for the critical layer
coverage, .., and the interface roughness (Eq. , which provide a description of inter-layer
transport phenomena. The roughness evolution of a pristine DIP film obtained in Ref. [281] using
the Parratt formalism is also shown in Fig. [f.12] for comparison.

Overall, 0, exhibits a decreasing trend with increasing film thickness. The 2:1 film exhibits
the highest 6., ,—12, which then becomes lower than the 6:1 and 4:1 films for n > 2. We recall
that a value of 6., close to 1 indicates that one layer is nearly totally full before the one on top
starts forming. Therefore, in a simplified view, having .. = 1 is equivalent to having a low ES
barrier and consequently efficient inter-layer transport. This denotes an enhanced layer-by-layer
growth character for the first two ML in the 2:1 mixture. Instead, from the 2"¢ ML on, the 4:1 and
6:1 mixtures exhibit a more pronounced layer-by-layer growth behavior compared to the 2:1. This
trend of 6., , reflects in the behavior of the RMS, which, in the region below 2 ML, shows dips
reaching the lowest roughness values for the 2:1 mixture, thus indicating the highest layer-filling
ability. In this thickness range, the worst layer-filling ability is found for the 6:1 mixture, i.e. the
mixture with the highest DIP content, where the dips indicative of a layer-by-layer growth fashion
are the least pronounced. For all mixtures, the layer filling efficiency starts to decrease already
from the 2"¢ monolayer, as indicated by the less pronounced dip around 2 ML compared to the
dip at 1 ML.

As it can be seen from Fig. the films start to roughen pronouncedly from the ~ 27¢ ML
on. The absolute RMS values stay similar for all three mixtures until a total film thickness of
~ 6 ML is reached. Within this thickness range, only the RMS for the 4:1 mixture clearly exhibits
further oscillations, although they are damped. The 6:1 mixture also shows such modulations, but
they are damped out earlier compared to the 4:1 mixture. The 2:1 mixture does not show RMS
oscillations after completion of the 27¢ ML. These trends indicate that a growth fashion resembling
layer-by-layer persists only for the 4:1 mixture, at least up to the largest thickness investigated in
our work for this sample. Interestingly, extrapolating the RMS of the 4:1 mixture up to a total
thickness of 8 ML, the 2:1 shows in the end the highest roughness. The pronounced layer-by-layer
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Figure 4.12: Evolution of interface roughness calculated with the Trofimov model as function of
nominal layer coverage. The inset shows the critical layer coverages extracted from the fits (see
Eq. . The gray-filled curve has been reproduced from Ref. [281] and was obtained from the
Parratt fit of XRR curves for a pristine DIP film grown in very similar conditions.

growth fashion exhibited in the earlier growth stages is therefore completely “lost” after a thickness
threshold of ~6 ML.

Remarkably, all the mixtures of DIP with F6TCNNQ studied in this work are smoother than
pristine DIP grown in very similar conditions (Fig. . Notice that, although the RMS for DIP
shown in Fig. has been obtained from fits employing the Parratt formalism, deviations from
the Trofimov model are expected to be less significant for pristine films [236]. Refs. [95] 282] contain
additional examples of mixing-induced film smoothing in D:A bulk heterojunuctions in presence
of excess donor species. In these works, however, the mixed donor and acceptor exhibited phase
separation. The fact that, in our work, the same smoothing effect is observed also in mixtures of
strongly interacting D:A pairs for which co-crystal formation is observed, might help to shed more
light on the actual mechanisms that lead to smoothing.

4.2.3 Growth scenarios in heterogeneous crystalline systems

We propose two possible mechanisms to explain our observations for the mixed films studied here.
In particular, we try to explain the observation that the mixture with the highest F6TCNNQ
content exhibits the most pronounced layer-by-layer growth mode in the early growth stages, but
the highest roughness in the later growth stages.

We first suggest the following scenario. In the mixed films, F6TCNNQ molecules located at
the edges of DIP terraces act as “defects” [267, 283], lowering the ES barrier for inter-layer diffu-
sion (Fig. and thereby leading to enhanced layer-by-layer growth. Notice that F6TCNNQ
molecules are only “temporarily” included as defects before a favorable conformation for the nu-
cleation of the DIP:F6TCNNQ co-crystal is found. This picture explains both the overall lower
surface roughness of the mixtures compared to pristine DIP (Fig. and the trend of roughness
evolution vs. mixing ratio in the low-thickness regime. However, this mechanism alone does not
provide a solid explanation for the trend inversion at higher thicknesses.

In order to shed more light on the mechanisms underlying the roughness evolution as function
of thickness and D:A mixing ratio, one has to take into account the following effects connected
with the increasing amount of FETCNNQ in the mixtures (Fig. in Appendix : a) increase
of the relative amount of co-crystal compared to pristine DIP, b) reduction of the coherent size
of the pristine DIP crystallites. We therefore suggest a mechanism that takes into account these
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Figure 4.13: Sketch of the inclusion of F6TCNNQ molecules at the step-edges of pristine DIP crys-
tallites in DIP:F6TCNNQ mixed films, which causes lowering of the ES barrier. The F6TCNNQ
molecules act as “defects” until a conformation for nucleation of the DIP:F6TCNNQ co-crystal is
found. The thickness of a DIP ML, dp;p, is shown.

observations (Fig. . We consider the simplest scenario in which D:A co-crystals nucleate only
on top of the bare substrate and not on already formed DIP terraces.

One has to consider the different rate at which a pristine DIP (r?F) and a DIP:F6TCNNQ
crystal (r&¢), respectively, grow in the z direction. When co-evaporating DIP and F6TCNNQ,
we assume that D:A co-crystallites nucleate at a later stage in the confined spaces between DIP
crystallites. This is consistent with the mechanism suggested above for the initial inclusion of
F6TCNNQ molecules at step-edges and consequent lowering of the ES barrier. Therefore, in the
sub-ML regime, the DIP molecules that land on top of already formed grains or terraces in layer 1
diffuse downwards with high probability due to the presence of F6TCNNQ molecules at the step-
edges (Fig. . A fraction of the landing molecules will not diffuse downwards and will thereby
contribute to increase the coverage of layer 2. At this stage, a D:A co-crystal nucleates in the
confined interstices between DIP crystallites.

rZC c N T"ZDIP
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Figure 4.14: Tlustration of the proposed smoothing mechanism during the initial growth stages
of D:A mixtures where co-crystal formation is observed. The D:A co-crystals nucleate in the
interstices between DIP grains. This nucleation of co-crystal is assumed to happen at a delayed
stage compared to the nucleation of DIP grains. The vertical blue arrows represent the growth
rate of the DIP and D:A co-crystal grains in the direction perpendicular to the substrate surface,
respectively 7D and r¢¢ with r¢ > rPIP . The slightly different orientations of the single D:A
complexes represent the higher mosaicity of the co-crystals compared to DIP crystallites [162].
The delayed nucleation of the co-crystal and the different vertical growth rates between the two
crystalline phases can explain the observed trend of interface roughness as function of D:A mixing
ratio, where a higher F6TCNNQ content leads to a higher amount of co-crystal and to a smaller
lateral coherent size of the DIP grains.

The lateral growth of the pristine DIP domains is faster compared to their vertical growth due
to the enhanced inter-layer transport by F6TCNNQ admixing (Fig. . The vertical growth
of the D:A co-crystal might be considerably faster than that of DIP due to the characteristics of
the surface potential of the exposed crystal facets, respectively. Overall, a D:A co-crystal grows
in the z direction faster than the pristine DIP crystals, i.e.for the vertical growth rates r, it holds

CC > rPIP With the assumption of a delayed co-crystal nucleation, the proposed mechanism is
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consistent with the increasing amount of D:A co-crystals and the concomitant reduction of coherent
grain size of DIP as the amount of FETCNNQ in the mixtures increases (Fig. in Appendix
52).

The smoothing mechanism here proposed might be similar to the “filling” mechanism proposed
for planar heterostructures of PFP on DIP and PEN on PFP [281]. However, in our case the
filling mechanism works only at low coverages because at some point the vertical growth rate of
the co-crystal takes over and causes the film in 2:1 molar ratio to roughen faster than the films
with lower F6TCNNQ content. This scenario seems confirmed by inspection of the morphology of
~20 nm thick DIP:F6TCNNQ mixtures on SiO,-coated Au (see Fig. in Appendix . The
corresponding AFM scans for the 2:1 mixture show some tall islands “sticking out” of a smooth,
homogeneous background, where the taller islands contain D:A co-crystals with pronounced mo-
saicity. Instead, the surface morphology of the 4:1 mixture completely resembles the smooth
background of the 2:1 mixture, with no taller islands visible.

We speculate that the mechanism outlined above is rather general for 2D-textured, polycrys-
talline films where two different crystalline materials, or the same material but exposing different
facets in the z direction, nucleate and grow in the vertical direction with different rates due to a
different surface potential of the growing crystallites.

4.2.4 Summary of the results and possible applications

In summary, we have carried out a systematic study on bulk heterostructures featuring DIP as
donor and F6TCNNQ as acceptor in three different D:A mixing ratios, namely, 6:1, 4:1 and 2:1.
This material combination features formation of a D:A co-crystal with phase separation of the
excess DIP [I62]. The study includes real-time X-ray scattering experiments carried out in situ
during film growth to elucidate the dependence of film roughness on thickness and D:A mixing
ratio.

Several theoretical approaches have been combined to extract the interface roughness, or RMS,
from the full data-set of time-dependent XRR curves measured for each D:A mixing ratio. In
particular, the Cohen and Trofimov growth models within the framework of the kinematical ap-
proximation, and the Parratt formalism, respectively, have been employed. The sensitivity of each
method to different portions of the XRR spectra leads to quantitative differences in the roughness
evolution. However, a similar trend of the roughness as function of film thickness is observed, in-
dependently of the model used. This allows us to carry out a comparative study among the three
DIP:F6TCNNQ mixing ratios employing the Trofimov model to simultaneously fit the reflectivity
along several @), points. Indeed, although this model is not sensitive to the entire XRR curves, it
represents a simple tool with a reduced number of parameters compared to the Parratt formalism,
and it is easy to extend to numerous systems for comparative studies.

Despite the complicated nature of the systems studied here, where phase separation of a D:A
crystal is observed aside of the dominant phase of pristine DIP, the combined approaches outlined
above allow to draw some general conclusions about the trend of the RMS as function of D:A
mixing ratio. All mixtures investigated are smoother than pristine DIP. Interestingly, the 2:1
mixture exhibits the lowest RMS values about integer nominal ML up to a total film thickness
~ 2 ML, i.e. the mechanisms that lead to a layer-by-layer growth are most effective for the highest
F6TCNNQ content in this thickness regime. For the 6:1 mixture with lowest FETCNNQ content,
the layer-by-layer growth is least pronounced. In an intermediate thickness regime between ~ 3
and ~ 6 ML the RMS is very similar for all films, but only the 4:1 mixture clearly shows persisting
smoothness oscillations. In a thickness regime above ~ 6 ML the 2:1 mixture is the roughest.
The obtained trends show that the 2:1 mixture exhibits the largest relative changes in RMS going
from the earlier growth stages to the later ones. This behavior has been tentatively explained
by considering two relevant phenomena that occur for increasing amounts of FETCNNQ, namely,
lowering of the ES barrier and formation of D:A co-crystals.

This study is of fundamental interest for device architectures. Indeed, it is a common observa-
tion that for thin films of OSCs several phenomena exhibit a dependence on film thickness, like the
occurrence of a different crystal polymorph or the onset of film roughening. Moreover, the mixing
ratio between donor and acceptor might affect charge mobility through simultaneous change in
film texture and doping efficiency (see last Results section .
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4.3 Template-free control of molecular orientation of rod-
like organic semiconductors in polycrystalline films

In the previous Results sections [I.1] and [.2] we have presented studies of mixed D:A systems. In
the present section we demonstrate that for the technologically relevant, rod-shaped OSCs DIP,
PEN and 6T (Figs. deposited on amorphous Si oxide surfaces it is possible to prepare
polycrystalline thin films in which the long axis of the moloecular units is oriented parallel to the
substrate plane in a template-free fashion. In films grown by OMBD at room temperature (RT)
or higher, the molecules are oriented upright standing (o-orientation). Instead, the here-presented
growth at low temperature followed by slow thermal annealing up to a temperature near molecular
desorption has the effect of “freezing” the molecules with their long axis oriented parallel to the
substrate plane (A-orientation) while conferring them crystalline long-range order. We discuss the
huge impact on the optical anisotropy of the films observed as a consequence of the orientation
transition. We also propose a mechanism for explaining the achieved A-orientation, which is stable
under environmental conditions. Finally, we show that by applying the same protocol for film
preparation it is also possible to select the orientation of the DIP:F6TCNNQ co-crystal (see Results
section , and we discuss possible implications of the achieved orientation control for the study
of charge-transfer phenomena.

4.3.1 Manipulating the structure of thin films of molecular OSCs

The efficiency of optoelectronic devices based on thin layers of OSCs [34] can be substantially
improved by controlling thin film structure and molecular orientation. Although this has been
achieved for polymers to some extent [4, [285], the high molecular weight and inherent high number
of degrees of freedom of these materials render the self-assembly processes highly dependent on
the preparation method. Employing small-molecular OSCs allows a superior control over thin
film structure due to the reduced degrees of freedom of the molecular components. Additionally,
the use of OMBD (Fig. allows to rule out solvent effects on intermolecular interactions and
structure-formation processes compared to deposition from solution.

4.3.1.1 Affecting the growth mode of molecular materials

Employing OMBD to grow thin films of OSCs [66] 260, 286] allows to exploit several strategies to
affect the growth itself. For instance, illumination with polarized monochromatic light during the
growth of the OSC tetracene has been recently shown to induce a biaxially anisotropic alignment
of the crystalline domains [287]. More common approaches that have been explored to some extent
include changes of the growth rate [I71], 288 [289] and substrate temperature [I18}[290], interrupted
growth, [291] and combinations of them [292]. In all cases, the relevant parameters are manipulated
during the growth processes.

It is important to stress here the role of molecule-molecule and molecule-substrate interactions
responsible for crystallization processes during the growth of thin films of OSCs. For a given mate-
rial, such interactions render a substrate-independent control of molecular orientation in crystalline
films very difficult. Indeed, apart from possible re-orientation effects [170} [293], the crystal packing
of the initial nuclei determines to a large extent the structure and molecular orientation of the sub-
sequent layers. In fact, several examples show that a A-orientation of molecular OSCs in crystalline
films can be obtained by suitable choice of the chemical structure of the molecular material or of a
“templating” substrate to affect the growth mode of the OSC atop. Relevant examples include the
use of single-crystalline metal or metal-oxide surfaces, graphene monolayers and functionalizations
of the molecular backbones to enhance molecule-substrate interactions [170] 207, 263], 294H307].

Specifically for DIP, some in situ investigations have shown that by deposition via OMBD on
amorphous Si oxide at T < 300 K it is possible to obtain crystalline domains with A-orientation [I09]
TI7HITY], although a coexistence with crystalline domains in o-orientation was always observed.
For PEN grown on Si oxide at Ts,;,=210 K, a recent work [308] demonstrates the growth of thin

4Based on Ref. [284]. The here described growth procedure to induce a stable horizontal molecular orientation
in polycrystalline films has been submitted for patenting on the 15t of August 2018 with the application number
102018213756.0.
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films in which the molecular domains exhibit both o- and A-orientation. Furthermore, for non-
crystalline systems of OSCs known as “anisotropic organic glasses” [309] the average molecular
orientation in vapor-deposited films can be tuned to some extent. In particular, for rod-shaped
molecules lowering of the deposition temperature leads to a reduction of the average tilt angle
between the long molecular axis and the substrate [310], B11].

4.3.1.2 Post-growth treatments

Various strategies for post-growth manipulation of polycrystalline films of OSCs have also been ex-
ploited. For instance, solvent-vapor annealing can promote further film crystallization and improve
the performance of optoelectronic components [312] B13]. The effects on thin film morphology can
be quite dramatic, with strong de-wetting of the material on the substrate surface and a possible
change of the average molecular orientation [3I3H315]. Thermal annealing, in turn, can be con-
veniently carried out in situ on as-grown films in order to improve their degree of crystallinity in
the direction perpendicular to the substrate surface [282] [316]. However, the overall effect of pos-
sible structural reorganizations on charge transport properties depends critically on temperature
and duration of the thermal annealing treatment [317, B18]. Interestingly, post-growth thermal
annealing can also induce crystallization of amorphous layers of OSCs [319]. This suggests that, if
the molecules exhibit a preferred orientation already in a poorly ordered film, providing thermal
energy to the system can promote crystallization and turn the solid into a polycrystalline, uniaxi-
ally ordered film in which the molecular orientation is inherited from the disordered material. The
possibility to use annealing to turn a disordered into a polycrystalline solid exhibiting a molecu-
lar orientation “locked” in the as-grown film has obviously important consequences on its optical
properties.

4.3.1.3 Molecular orientation and anisotropy of the optical properties

The use of small-molecular OSCs as light-harvesters in solar cells calls for maximization of the
absorption in the direction parallel to the bottom/top substrates working as contacts, where often
ITO [320] or other transparent conductive oxides are used as electrodes. Similar requirements
for the orientation of molecular emitters apply to OLEDs. Due to the typically strong intrinsic
anisotropy of molecular semiconductors, the efficiency of light absorption/emission in a given di-
rection depends on the orientation of the absorber/emitter [20} [32I]. For uniaxially ordered thin
films of small molecules this has the obvious consequence that spatial decomposition of the extinc-
tion coefficient, k, in the directions parallel (k,,) and perpendicular (k.) to the substrate plane,
respectively, shows pronounced anisotropy. This was illustrated, e.g., for polycrystalline thin films
of the molecular semiconductor diindenoperylene (DIP) exhibiting an upright standing orientation
(o-orientation): the HOMO-LUMO transition dipole moment (TDM) of DIP is oriented parallel
to the long molecular axis, therefore in-plane absorption is much lower than the out-of-plane ab-
sorption [148]. In the Results section (Fig. 4.7h) we also showed pronounced optical anisotropy
of the low-energy CT-transitions for the DIP:F6TCNNQ co-crystal.

4.3.2 Inducing a stable A-orientation in polycrystalline films - effects on
their optical properties

We deposited thin films of three rod-shaped OSCs: DIP, PEN and 6T. For each material, deposition
was carried out simultaneously on Si wafers with a native and 121 nm-thick thermally grown
oxide layer employing a portable vacuum chamber [223] which allows to control the sample holder
temperature by liquid Ny cooling as well as resistive heating. For all three materials the substrates
were cooled down to 123 K and their temperature (Ts,5) was kept at 123 K during the deposition.
The base pressure before starting the cooling was 5 x 108 mbar. The growth rate was around
0.3 nm/min for a total film thickness set to 20 nm on the thickness monitor. After growth, all
films were annealed at a rate of ~ 2 K/min up to a temperature compatible with their thermal
stability, namely, 413 K for DIP, 353 K for PEN and 393 K for 6T. The final temperature was then
kept for ~ 90 minutes. The described film preparation protocol is sketched in Fig. [£.15]

For all three materials we carried out ex situ X-ray scattering experiments. For DIP the
experiments were also carried out in situ. In situ and ex situ X-ray scattering measurements were
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Figure 4.15: Description of the preparation procedure of thin films of rod-like OSCs in order to
obtain a A-orientation stable in atmospheric conditions. a) Vacuum deposition of the organic
material on the substrate held at 123 K; b) after deposition up to the desired thickness, the thin
film is constituted of disordered molecular aggregates, i.e. no long-range order is recognizable; c)
thermal annealing in vacuum up to a temperature close to the film desorption causes crystallization
of the material, which inherits the molecular A-orientation from the as-deposited film.

carried out at the ID03 beamline (European Synchrotron Research Facility, ESRF) with a beam
energy of 12.5 keV (0.992 A) using a Maxipix 2x2 detector. For GIXD experiments, an incident
angle of 0.11° was set, which is below the critical angle of Si (~ 0.14° at this energy) but roughly
coincides with the critical angle of DIP assuming a material density of 1.3 g/cm®. Therefore, the
whole film thickness is probed by the incoming beam. In the following we first focus on the results
obtained for DIP; subsequently, we summarize the results for PEN and 6T, highlighting similarities
and differences with DIP.

4.3.2.1 Results for DIP

@-maps measured in situ for a DIP film right after film deposition on native Si oxide at T, = 123 K
are reported in Fig. [6.12|of Appendix[6.3] They show a diffraction feature from weakly ordered DIP
domains, corresponding to molecules exhibiting their long axis roughly parallel to the substrate
plane. Therefore, even at this low temperature (LT), some nuclei with short-range order are formed
having a lateral coherent grain size of ~4.5 nm, which corresponds approximately to the length of
three molecules in A-orientation.

X-ray scattering and VASE experiments were further carried out ex situ. A DIP film grown
at RT is compared with a film grown at LT (123 K). Both samples were annealed up to 413 K
and then cooled down to RT. The X-ray diffraction patterns measured in both grazing incidence
and specular geometry measured ex situ for the film grown at RT are shown in Fig. and are
compared with the corresponding data for the LT film (Fig. ). The X-ray diffraction pattern
of the RT film matches the well-known thin film phase with molecules standing nearly upright
[T18]. The weak diffraction ring at Qor = 0.375 A~! stems from some DIP domains exhibiting
a nearly random orientation [I17]. Correspondingly, k. > kg, in the visible range up to 3 eV
(Fig. [4.16b). The situation is very different in the case of the LT film. Here, the DIP unit cell
is tilted by 90° around the crystallographic a-axis with the (020) plane parallel to the substrate
(Fig.|4.16c). The long molecular axis is then also parallel to the substrate plane, and the molecules
exhibit a tilted edge-on configuration (inset Fig. [4.16). From the position of the strong Bragg
reflection at Q) = 0 A=l and Q. ~ 1.5 A1 it is evident that the (020) plane is parallel to the
substrate. Note that there is no trace of the o-orientation of DIP in the diffraction pattern.

The appearance of the two truncation rods (1£0) and (1k1) at Q) = 0.88 A-1and Q) =0.97 A-t
respectively, for the LT film in Fig. [I.I6k is an indication of the overall high coherence length of the
crystallites in the direction perpendicular to the substrate. A broader distribution of crystallite
orientations for the LT film than for the RT film is evident by the comparably broader Bragg
peaks, i.e. the LT film exhibits a higher mosaicity than the RT film. The mosaicity calculated
from the Bragg peaks belonging to the (1k1) truncation rod is 4+ 7°. Remarkably, the presence of
the (007) series of sharp Bragg peaks along Q) at Q. = 0 A~1 indicates a high coherence of the
crystallites in the direction parallel to the substrate surface, with a coherent grain size of ~ 50 nm

99



CHAPTER 4. RESULTS AND DISCUSSIONS

estimated from the width of the (001) peak (see Fig. in Appendix [6.3).
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Figure 4.16: a),c) Fz situ X-ray diffraction patterns measured in grazing incidence (right panel)
and specular geometry (left panel) for uniaxially oriented, polycrystalline DIP films in a) o- and c)
A-orientation, both on a native Si oxide substrate. The expected positions of the Bragg peaks were
simulated using the unit cell of the 423 K polymorph of DIP from Ref. [124], which matches well its
thin-film phase. The Miller indices of the strongest Bragg peaks are shown, with the circles having
a diameter proportional to the expected intensity. The insets illustrate the different orientations
of the DIP unit cell and the contact plane with the substrate used to reproduce the measured
diffraction patterns. b),d) Extinction coefficient obtained using VASE on the same DIP films as
in a) and c). Sketches illustrating the overall orientation of the molecules and of the TDM are
shown.

In agreement with the molecular tilt, the in-plane absorption of DIP in A-orientation is much
stronger than the out-of-plane absorption, i.e., kyy, > k, (Fig. ) The long range order of the
DIP crystallites in A-orientation is further supported by the VASE data in Fig. [£.16d. Indeed, the
highest-energy mode around 2.8 eV has been assigned to the combination of localized as well as
delocalized excitations, and its intensity relative to the other transitions indicates intermolecular
interactions in structurally ordered aggregates [148] [322].

To summarize this first part, we have shown that vacuum-deposition of DIP films lacking long-
range order followed by thermal annealing to induce crystallization is an efficient method to obtain
a molecular A-orientation in the polycrystalline films. Consequently, selecting the orientation of
DIP between o and A consequently allows the thin film optical absorption to be inverted between
the in-plane and out-of-plane directions, respectively (Fig. —d).

4.3.2.2 Results for PEN and 6T

To demonstrate that the above presented growth scheme allows for the fabrication of thin films
with molecular A-orientation for other technologically relevant OSCs, we present results also on
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Figure 4.17: a),b) Fz situ X-ray diffraction patterns in specular (left) and grazing incidence
(right) geometry. c),d) Extinction coefficient for PEN films in o- and A-orientation, respectively.
The symbols and Miller indices overlaid to the diffraction patterns belong to the PEN substrate-
induced polymorph (Ref. [78]). The sketches reported for the k data summarize the thin film
optical properties, as detailed in the text.

The diffraction pattern of a PEN film in o-orientation (Fig. ) differs strongly from that of a
PEN film in A-orientation (Fig.[4.17p) prepared with the growth procedure illustrated previously.
An upright-standing orientation of the substrate-induced (or thin-film) polymorph of PEN [78]
allows to reproduce very closely the position and relative intensity of the diffraction features in
Fig. . The diffraction pattern of PEN in A-orientation (Fig. ) could be indexed by
tilting the unit cell of the PEN thin-film polymorph by 77.5° around the crystallographic a-axis,
thereby bringing the (0-20) plane nearly parallel to the substrate, similar to previous observations
for PEN on graphene [307, 323]. Although the match is not perfect and the presence of some weak
additional diffraction features points towards the presence of more than one polymorph, our guess
gives clear evidence that environmentally stable polycrystalline PEN films in A-orientation can be
produced on amorphous Si oxide surfaces.

The HOMO-LUMO TDM of PEN is parallel to the short molecular axis, therefore ky, > k. in
thin films of PEN in o-orientation (Fig. and Ref. [I83]). For the PEN film in A-orientation,
kg, and k. have similar strength. Interestingly, one observes that the low-energy (LE) Davydov
component of the fundamental HOMO-LUMO transition [324] at ~1.88 ¢V is oriented mostly
in-plane, whereas the high-energy (HE) Davydov component at ~1.99 eV is oriented mostly out-
of-plane (Fig. ) The spatial decomposition of the Davydov components has already been
observed in PEN single crystals [325] and in our polycrystalline film it is a direct consequence of
the particular orientation of the herringbone stacking relative to the substrate.

For 6T, results similar to DIP and PEN are obtained. Notice that the @Q-map shown in Fig. [I.18h
has been measured for a non-annealed sample. The thin film in o-orientation shows diffraction
features from the low-temperature (low-T') bulk polymorph [127] (Fig. [4.18h). The vertical rod at
Q,=0A1 Q) ~ 1.38 A~1 stems from a layered disordered phase of 6T denominated S-phase
[180]. The coexistence of the 8 and low-T phases [96] explains the splitting of the (h00) series of
Bragg peaks, which are also visible in the @-map due to film mosaicity. The remaining diffraction
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Figure 4.18: a),b) Fz situ X-ray diffraction patterns in specular (left) and grazing incidence (right)
geometry. c),d) Extinction coefficient for 6T films in o- and A-orientation, respectively. The
symbols and Miller indices overlaid to the diffraction patterns belong to the 6T low-temperature
bulk polymorph (Ref. [127]). In the XRR scan of 0-6T, Bragg peaks of the S-phase are also
reported. The sketches reported for the k£ data summarize the thin film optical properties, as
detailed in the text.

features stem from an orientation of the low-T' 6T unit cell exhibiting the (-411) plane as contact
plane with the substrate [180} B0T].

The diffraction pattern of the 6T film in A-orientation (Fig.[4.18p) has been indexed by tilting
the 6T unit cell by 90° around the c-axis in order to bring the (020) plane parallel to the substrate.
The mosaicity of this film is higher than for DIP and PEN in A-orientation, as it can be seen by
the nearly ring-like diffraction features having Qo; > 1.35 A~1. However, the (h00) series of sharp
in-plane Bragg reflections and the pronounced (020) Bragg peak at Q. ~ 1.6 A~1, Q=0 A1
denote a strongly preferred A-orientation. The presence of several ring-like diffraction features
and, at the same time, the (h00) series of Bragg peaks quite localized around the sample horizon
denotes that the high mosaicity regards only crystal directions approximately perpendicular to the
long cell axis/long molecular axis, whereas the 6T molecules exhibit a well defined stacking in the
direction parallel to the substrate.

The optical properties of 6T in o-orientation have been measured for an annealed film, which
shows a pronounced island-like morphology (see Fig. 7c in Appendix [6.3). The pronounced
island-like morphology of the annealed 6T films in both o- and A-orientation renders the quantifi-
cation of the optical anisotropy difficult due to the strong scattering background generated (see
Fig. in Appendix. The data reported in Fig. ,d represents nevertheless a qualitative
estimation of the optical anisotropy. Since the HOMO-LUMO TDM of 6T is parallel to the long
molecular axis, k. is larger than k,, for the 6T film in o-orientation up to 3 eV [271] and vice versa
for the 6T film in o-orientation. However, the optical anisotropy for the 6T film in A-orientation
is weaker than for the DIP film in A-orientation, an observation that we ascribe to the higher
mosaicity in 67T.
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4.3.2.3 Results for the DIP:F6TCNNQ co-crystal

We show here results that demonstrate the possibility to control the molecular orientation also
in D:A mixtures of OSCs. In particular, unpublished data for the DIP:F6TCNNQ co-crystal in
A-orientation are presented here. In Fig. we show the same data for the DIP:F6TCNNQ 1:1
mixture as shown in Fig. in the Results section (Fig. ) This sample is denominated
“standing-up” since it was grown at RT. The data for the standing-up film are compared with the
data for a DIP:F6TCNNQ 1:1 mixture grown at LT and slowly annealed up to 413 K, which is
therefore denominated “lying-down”. Both films were deposited on native Si oxide.

a) DIP:F6TCNNQ 1:1 standing-up b) DIP:FE6TCNNQ 1:1 lying-down
1 ;
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Figure 4.19: a)Ez situ and b) In situ X-ray diffraction patterns of DIP:F6TCNNQ mixtures in
1:1 molar ratio. The film thickness is ~ 100 nm for a) and ~ 20 nm for b). The data in a)
are the same shown in Fig. and were measured for a film labeled “standing-up” since it has
been deposited at RT. The data in b) were measured on a film labeled “lying-down” since it
was deposited at ~123 K and subsequently annealed up to 413 K. The dashed green circles mark
diffraction features stemming from the DIP:F6TCNNQ co-crystal and have Q4 of 0.49, 0.71 and
0.86 A=1, respectively. Notice the different scale of the @Q,-axis. The color scale is logarithmic.

The strong co-crystal diffraction features having Qo= 0.49, 0.71 and 0.86 A~ are marked with
green dashed circles. The higher mosaicity of the standing-up film compared to the lying-down film
is due to the higher thickness of the former (~ 100 nm) compared to the latter (~ 20 nm) and, likely,
to the fact that the former sample has not been annealed. Apart from the different mosaicity, it is
clear that the intensity of the marked diffraction features is mostly concentrated close to Q) ~ 0
for the standing-up film. For the lying-down film, the intensity of the diffraction spots having the
same Qo as the marked lines is concentrated at (), ~ 0. The remaining diffraction features Q)
= 1.80 - 1.95 A~ for the standing up sample stem from crystal directions nearly coincident with
the m-stacking direction of the D:A moieties. Such diffraction features disappear in the @-map of
the lying-down sample.

An attempt to assign the observed diffraction features has been made based on the published
structure of the bulk D:A co-crystal NDT:F6TCNNQ [199]. The choice of this reference system is
based on the fact that the powder diffraction pattern simulated with Mercury [326] shows the five
strongest diffraction peaks (not shown) located at similar Q-positions as the five strongest diffrac-
tion features for the DIP:F6TCNNQ co-crystal. Interestingly, the unit cell of the NDT:F6TCNNQ
co-crystal is monoclinic, which in general reduces the number of strong reflections compared to a
crystal of triclinic symmetry. This gives a strong hint that the DIP:F6TCNNQ co-crystal unit cell
has also a monoclinic symmetry. Differences in peak position and relative intensity between the
NDT:F6TCNNQ and the DIP:F6TCNNQ co-crystal are obviously expected due to the different
molecular structure of the donor. However, the arrangement of the donor relative to the acceptor,
as well as the arrangement of the D:A stacks in the two co-crystals might be similar. This seems
not unlikely also considering that the degree of CT interactions for the two D:A pairs is similar
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(compare the next Results section [4.4) with Ref. [199]).

In Fig. we show a comparison of two different orientations for the unit cell of the NDT:F6-
TCNNQ co-crystal. In Fig. [£.20h, the unit cell is oriented such that the mixed D:A stacks assume
an edge-on orientation (here also denominated “standing-up” orientation). In Fig. the unit
cell is oriented such that the mixed D:A stacks assume a face-on orientation (here also denominated
“lying-down” orientation).

NDT:F6TCNNQ co-crystal

a) »standing-up” or edge-on b)

»lying-down* or face-on

Figure 4.20: Unit cell of NDT:F6TCNNQ co-crystal from Ref. [I99] in two different orientations:
a) edge-on orientation of the mixed DA-stacks, which for this compound represents a “standing-up”
orientation; b) face-on orientation of the mixed DA-stacks, which for this compound represents a
“lying-down” orientation. Selected crystal planes are drawn and the corresponding Miller indices
are indicated.

The crystal planes associated to the three strongest diffraction peaks having Qo <~ 1 A~1
are shown in Fig. Within our crude approximation concerning the similarity of the two co-
crystal structures, the assignment of the observed diffraction features with Qo <~ 1 A~! for the
DIP:F6TCNNQ co-crystal is summarized in Tab. [£:2]

Table 4.2: Indexing of the three strongest diffraction features for the DIP:F6TCNNQ co-crystal.
Qior (A7) | cryst. direction (hkl)

0.49 (020)
0.71 (011)
0.86 (021)

From the assignment in Tab.[4.2]it follows that the observed diffraction features for the standing-
up DIP:F6TCNNQ co-crystal (Fig. ) can be explained by two possible edge-on orientations
of the D:A moieties. In the first kind of edge-on orientation, the long molecular axis of both donor
and acceptor is roughly perpendicular to the substrate plane (Fig. ) Rotating this unit
cell by approximately 90° around the crystallographic a-axis leads to another edge-on orientation
in which the long molecular axes are roughly parallel to the substrate plane. Conversely, the
diffraction features for the lying-down DIP:F6TCNNQ co-crystal (Fig. ) can be described by
a face-on orientation of the D:A moieties, which can be obtained rotating the standing-up unit cell
(Fig. [£:20h) by 90°around the crystallographic c-axis (Fig. [£.20b).

The described rotations can also explain the disappearance of the diffraction features having
Qp = 1.80 — 1.95A-1 from the Q-map of the lying-down DIP:F6TCNNQ co-crystal. Indeed, the
corresponding Bragg peaks are now expected to be located in the out-of-plane direction, i.e. at
Q) ~0and Q, =180 — 1.95A-1, but the measured Q.-range is not large enough to render them
visible.

104



CHAPTER 4. RESULTS AND DISCUSSIONS

4.3.2.4 A mechanism to explain a M-orientation in crystalline films of OSCs

The mechanism that explains the results we obtained seems to primarily involve suppression of
molecular dynamics. The single molecules landing on the bare substrate initially adopt a A-
orientation in order to maximize the van der Waals interactions with the Si oxide surface. However,
due to the low T,p, they lack the necessary thermal energy for a collective transition to a o-
orientation [114] 327], which would allow to maximize the total number of interactions per unit
area. The same scenario holds for molecules landing on top of an already formed organic layer. The
molecules within “buried” layers additionally experience hindrance to motion from the material
deposited on top. In the end, the molecular aggregates in the as-deposited film exhibit an overall
A-orientation with no long-range order.

Upon film annealing, the molecular units receive enough thermal energy such that crystalliza-
tion processes are triggered, which seemingly occur via minimal structural reorganization thanks
to the initial “compact” (though disordered) packing of the film. When cooling down to RT, the
formed crystallites are already kinetically trapped in the A-orientation, which does not change
further upon exposure to atmospheric conditions.

4.3.3 Summary of the results and possible applications

In summary, we have shown that vacuum deposition of the three rod-like OSCs DIP, PEN and
6T at T5,p=123 K followed by annealing in vacuum leads to the formation of uniaxially aligned
films where the crystalline domains consist of molecules exclusively oriented with their long axis
parallel to the substrate. The films are mostly polycrystalline with long range order, although
some material-dependent differences in film texture are recognized. The optical properties of
the thin films change according to the molecular orientation. In particular, for materials having
their HOMO-LUMO TDM parallel to the long molecular axis, light absorption efficiency in the
direction parallel to the substrate plane is greatly enhanced. Importantly, the horizontal molecular
orientation and crystallinity of the films are conserved after exposure to atmospheric conditions.
The possibility to induce a stable horizontal molecular orientation has been demonstrated also
for the DIP:F6TCNNQ co-crystal. The alignment of the long molecular axis of rod-shaped OSCs
parallel to the substrate plane on Si oxide without the use of specific templating surfaces, together
with the pronounced crystalline coherence of the uniaxially anisotropic thin films had so far, to
the best of our knowledge, not been achieved. Furthermore, although in this thesis results for
three materials on amorphous Si oxide are shown, the above outlined mechanism is general for
rod-shaped OSCs on a variety of substrates.

Such combination of properties has great potential for optoelectronic devices where, in general,
high light-harvesting efficiency and high charge carrier mobility are demanded. For examples, the
results shown for DIP and 6T envisage the use of rod-like molecular materials selectively grown
in A-orientation in order to maximize light absorption and increase the efficiency of organic solar
cells. The recent demonstration of a Si Si-based solar cell sensitized with a tetracene thin film [32§]
demonstrates an additional direction of application, namely hybrid photovoltaic, where OSCs can
compensate with their high absorptivity the portion of sun spectrum that is not efficiently har-
vested by the inorganic Si cell. Within this new application direction, detailed analysis of the
hybrid interface between the organic material and the inorganic substrate is required [329] 330]
in order to quantify, inter alia, energetic barriers for charge carrier injection. To this regard, an
additional parameter that needs to be considered for OSCs is the dependence of the ionization po-
tential/electron affinity on molecular orientation [263, 303]. Overall, the film preparation protocol
presented here allows a high flexibility in the choice of the material-substrate combination since the
requirement of strong molecule-surface interactions to induce a A-orientation can be circumvented.

105



CHAPTER 4. RESULTS AND DISCUSSIONS

4.4 Study of CT-sensitive vibrations in DIP:F6TCNNQ and
P3HT:F6TCNNQ mixtures

In the Results section[f.1] we characterized the structural and optical properties of the D:A complex
formed by DIP and F6TCNNQ. There, based on optical absorption data and assuming the model
of orbital hybridization [54] we suggested that strong ground-state charge-transfer (GS-CT) takes
place for this system. Here, we provide data that support this picture and allow to quantify
the degree of GS-CT. Additionally, we compare the system DIP:F6TCNNQ to another system
featuring the same acceptor but where the donor is replaced by the polymer P3HT (Fig. [3.5)). The
contents of this section are summarized in the following.

We investigate blends of the two donors DIP and P3HT, respectively, with the strong accep-
tor F6TCNNQ using FTIR spectroscopy in PMIRRAS configuration (see Methods section .
To perform PMIRRAS, all samples were grown on Au substrates coated with ~ 12 nm Si oxide
deposited by plasma-enhanced chemical vapor deposition (PECVD). In the Results section
native Si oxide was used as substrate for the structural characterization of DIP:F6TCNNQ mix-
tures. Due to possible chemical and morphological differences between the PECVD-deposited Si
oxide and the native Si oxide surfaces, here a detailed study of the thin film structure as function
of the D:A mixing ratio on the new substrate is carried out, which serves to guide the analysis of
the PMIRRAS spectra.

For the analysis of the PMIRRAS data, we initially consider the spectral range in which the
strongest C=C stretching/C — H in-plane bending for DIP and C= C stretching for FETCNNQ
are located. In particular, we recognize a red-shift of the strongest C=C stretching modes of
F6TCNNQ related to the formation of a D:A co-crystal with DIP with consequent GS-CT interac-
tions. Subsequently, we analyze the position and relative intensity of the C=N stretching modes
of F6TCNNQ as function of the mixing ratio with DIP. In this region we carefully assign the
observed vibrational features and we identify the CT-affected mode. By its red shift we calculate
a partial CT, p, of 0.7740.09 e.

Additionally, we observe that the CT-affected C=N stretching peak in DIP:F6TCNNQ and
P3HT:F6TCNNQ), respectively, exhibits nearly the same red-shift. This seems to point towards a
very similar GS-CT strength for the two systems. However, comparison of the resonance strength
of the C=N relative to the C=C stretching modes for F6TCNNQ in the mixtures with DIP
and P3HT, respectively, rather points towards much stronger, integer CT-type polymer-dopant
interactions, which better matches optical spectroscopy data available from the literature [53} 140}
192]. Our findings show that a simultaneous analysis of both kinds of CT-sensitive vibrations in
quinoid systems like F6TCNNQ (but likely also FATCNQ) is necessary to get a reliable picture of
the nature of GS-CT interactions.

4.4.1 Study of molecular vibrations to quantify GS-CT

For both polymeric and small-molecular OSCs, molecular electrical doping (MED) has been real-
ized, namely, admixture of small percentages of a molecular material to an organic host matrix,
typically not more than 10% in molar ratio, in order to increase electrical conductivity via doping
[20]. Knowledge of the details of intermolecular interactions allows therefore to design and choose
suitable material combinations in order to achieve the desired doping efficiency [47].

As outlined in the Fundamentals section [2.2] formation of a D:A complex involves some degree
of CT interactions between donor and acceptor material already in the GS. In Ref. [I55], it was
shown that for several TCNQ salts there is a linear relationship between the position of the highest-
frequency infrared-active C= N-stretching mode of TCNQ and the degree of GS-CT of the salts,
which had been independently estimated with complementary methods. This relationship is used
to trace a calibration curve for the quantification of the GS-CT degree for several other TCNQ salts.
Other vibrational modes of TCNQ-derived compounds associated with hexo-cyclic C = C stretching
have been shown to be sensitive to the degree of GS-CT since they are also strongly involved in
the quinoid-to-benzenoid molecular deformation that accompanies the ionization process [200], [332]
which might result from the interaction with a donor compound. This approach based on FTIR
spectroscopy has been used to study several other CT salts in form of macroscopic single crystals

5Based on Ref. [156]
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Figure 4.21: Molecular structure and energy levels of the compounds used in this work. The
HOMO and LUMO values were obtained from different references: * from Ref. [262]; ** from
Ref. [53]; *** from Ref. [331]. For the size of the 3HT monomer, please refer to Fig.

[56, 86, [88), 13T, 199] B33H335]. A prerequisite is the knowledge of the CT-affected peak position

in the zero-CT (neutral) and the integer-CT (ionized) states, respectively.

Measurement of the GS-CT degree by FTIR spectroscopy, often with the aid of density-
functionall theory (DFT) calculations, has been extended to thin films of OSCs, where polymers
[61, 192, 336], B37] as well as molecular semiconductors [48] 57, 157, B38| B39] have been blended
with other small-molecular components acting as dopants with donor or acceptor character. In
the present section, we investigate thin films of OSCs with thickness between ~10 and 20 nm,
containing DIP or P3HT as donors and F6TCNNQ as acceptor. These are two representative D:A
systems for which a driving force for GS-CT is expected according to the relative energy level
alignment (Fig. . We use PMIRRAS to quantify the degree of GS-CT in DIP:F6TCNNQ
and PSHT:F6TCNNQ. This technique allows to have excellent signal-to-noise ratio and to avoid
signal from atmospheric gases. We study the structure of DIP:F6TCNNQ blends in different mix-
ing ratios as a guide to the unambiguous identification of the effects of GS-CT interactions on
the spectral shape and position of the CT-sensitive vibrations for FETCNNQ. Finally, we show a
comparison between the CT-sensitive modes of DIP:F6TCNNQ and P3SHT:F6TCNNQ blends.

4.4.2 Sample and substrate preparation

To ensure high reflectance of the infrared radiation and to exploit the surface selection rules for
infrared spectroscopy on metals in reflection geometry (see Methods section, Si wafers covered
by a ~200 nm thick Au layer were used, on which an additional Si oxide (SiO,) layer of ~12 nm
thickness has been deposited by PECVD, similarly to Refs. [217,[340]. We coated the Au substrates
with SiO, in order to prevent interaction of the molecular components with the Au surface, which
might induce a change in molecular orientation [I70] as well as perturb the electronic structure at
the metal-organic interface [341]. The Si oxide coating is thin enough to still ensure high reflectance
from the metal substrate and conservation of the surface selection rules [340], but also thick enough
to ensure its homogeneity. Additional details on the substrate preparation and characterization
are reported in the Materials section (Fig. 3.10).

Binary D:A mixtures with DIP as donor and F6TCNNQ as acceptor were grown on the Au/SiO,
substrates via OMBD in a vacuum chamber with a base pressure of 3 x 10~ mbar. Prior to growth
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of the organic films, the substrates were cleaned first with acetone and isopropanol in an ultrasonic
bath and dried under Ny. The substrates were subsequently heated up to ~500 K for 2 hours
in vacuum in order to remove possible solvent residuals. Films of the pristine compounds as
well as DIP:F6TCNNQ mixtures in different mixing ratios were grown by co-evaporation up to
a thickness around 20 nm at a substrate temperature of 300 K. The total growth rate was kept
between 0.1 nm/min and 0.3 nm/min for all samples. The growth rates were monitored with two
separate quartz crystal microbalances for donor and acceptor material, respectively, calibrated by
X-ray reflectivity for DIP and by AFM for F6TCNNQ, both on native Si oxide, with an error on
the mixing ratios of + 10%.

A pristine P3HT film as well as P3HT:F6TCNNQ blends were prepared by spin coating on
the Au/SiO, substrates ﬂ Both compounds were dissolved in chloroform, where 10.4 mg P3HT
and 2.3 mg of F6TCNNQ), respectively, were added to 3.5 ml of solvent. The F6TCNNQ solution
was stirred at 55-60°C for at least 24 hours. Two solutions in 5:1 P3HT:F6TCNNQ molar ratio
were prepared. The first solution was mixed 30 minutes before the spin-coating process, whereas
the second was mixed 72 hours. Another solution in molar ratio 2:1 was prepared and mixed
30 minutes prior to spin-coating. Note that the molar ratios are defined as [moles of thiophene
monomers|:[moles of FETCNN(Q molecules]. For thin film deposition, 50 pl of the desired solution
were spin-coated at 800 rpm for 40 s, which resulted in less than 10 nm thickness of the organic
films.

X-ray scattering experiments in GIXD geometry were carried out at the ID10 beamline of the
European Synchrotron Research Facility (ESRF, Grenoble, France). A relatively beam energy
of 22 keV and short exposure times avoid beam-damage due to the photoelectrons from the Au
substrate. For PMIRRAS measurements, the setup described in the Methods section [3.3 was used.

4.4.3 Structural characterization of DIP:F6TCNNQ mixtures

It is important to first analyze the structure of the thin films as function of the DIP:F6TCNNQ
mixing ratio in order to investigate the formation of a D:A complex and possible changes in
molecular orientation in the mixtures with respect to the pristine films [62].

In Fig. we show reciprocal space maps of the different DIP:F6TCNNQ mixtures and of
the pristine films. From Fig. [4.22h (pristine DIP) diffraction features stemming from the DIP
thin-film phase in an upright-standing (o) orientation can be seen, as marked by the small white
circles. These features fade away and gradually disappear as the relative amount of F6TCNNQ
in the blends increases. The uniaxial alignment of the DIP crystallites in the pristine film is less
pronounced than for films grown on native Si oxide [I18], an effect that can be attributed to the
substrate roughness [342] (see Fig. in the Materials section [3.2)).

Going from Fig. 4.22b (4:1 mixture) to Fig. [4.22p (1:2 mixture) several observations can be
made. First, it is possible to recognize a ring-like diffraction feature (white dashed circle) having
Q1or ~0.38 A~1 corresponding to the (001) Bragg peak of nearly random oriented DIP crystallites,
in which a significant portion of the molecules exhibit their long molecular axis roughly parallel to
the substrate surface, i.e. they tend to a lying-down () orientation. Additionally, new diffraction
features arise in the maps that we assign to the DIP:F6TCNNQ co-crystal [162] (green dashed
circles). Obviously, the degree of long-range order of the co-crystal varies considerably depending
on the D:A mixing ratio. In particular, the features indicating a crystalline phase become clearer
only starting from the 1:1 film towards increasing F6TCNNQ content.

For the 1:4 mixture in Fig. [£:22f, the diffraction features from the co-crystal are strongest.
This seems to point towards a complex phase-nucleation scenario in which exceeding F6TCNNQ
is necessary to thermodinamically favor co-crystal nucleation, as it has been already observed for
mixtures of organic conjugated molecules in solution [I2I]. The position and relative intensity
of the co-crystal features match our findings for this D:A system on native Si oxide (see Results
section 7 in particular with the diffraction features having Q| ~ 1.80 — 1.95 A-1 that stem
from a m — 7 stacking distance of 3.5-3.2 A between the conjugated cores of DIP and F6TCNNQ.
Therefore, a tilted edge-on orientation for the DIP:F6TCNNQ supramolecular complex on the
substrate is deduced as in Ref [162]. The DIP:F6TCNNQ co-crystallites are overall uniaxially
oriented, although with a pronounced mosaicity of ~ + 15° estimated from the spread intensity of

6Thanks to Paul Beyer, Humboldt Universitit zu Berlin
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Figure 4.22: Reciprocal space maps of DIP:F6TCNNQ blends in varying mixing ratios grown on
Au/SiO,, substrates. The diffraction features, that are expected to be most intense for the thin
film phase of DIP in o-orientation are indicated as white circles with a diameter proportional to
the intensity. For pristine DIP, Miller indexes of the corresponding truncation rods according to
Ref. [124] are shown. The dashed curved lines indicate specific diffraction features: (001) Bragg
peak for the DIP thin film polymorph (white); pristine F6TCNNQ (brown); DIP:F6TCNNQ co-
crystal (green). The uniform diffraction ring with a total @ value of 0.71 A~1 comes from a Kapton
window in the setup.

the strongest co-crystal diffraction feature along a Debye-Scherrer ring with Q¢ =~ 0.86 A~!. Note
that the (001) diffraction ring of DIP in A-orientation disappears due to the large molar excess of
F6TCNNQ, that hinders nucleation of a sizable amount of DIP crystallites.

In pristine F6TCNNQ (Fig. ), only one weak diffraction feature having Q¢ ~ 0.88 A1
(brown dashed circle) is visible, pointing towards the coexistence of only few crystallites with
amorphous domains. This feature does not match with any feature of the recently published single-
crystal structure of F6TCNNQ [198], therefore it must stem from a thin-film phase of FETCNNQ
(see Fig. [3.6d). Notice that the weak diffraction ring might largely overlap with the broadened
spot of the co-crystal at Q. ~ 0.86 A~! in the mixtures with excess FETCNNQ. Therefore, the
presence of phase-separated F6TCNNQ domains in both crystalline and amorphous state in such
mixtures seems likely.

We produced also a “planar” D:A interfaces by depositing DIP directly on top of the F6TCNNQ
islands (this sample is denominated “DIP on FETCNNQ”, Fig.[4.22h). In contrast to blended films,
this architecture allows to “artificially” obtain segregated DIP and F6TCNNQ domains, minimizing
the number of interfaces between the two materials. For this sample, DIP exhibits a more random
orientation compared to the pristine film, as evidenced by the several diffraction features with
nearly ring-like shape. Correspondingly, the (001) diffraction ring having Qo+ ~0.38 A-1is fairly
strong and the intensity of the diffraction ring having Qo ~1.5 A~ corresponding to the (0 £2 0)
reflection of DIP is higher near Q)| ~ 0.2 A~1. This indicates the presence of DIP domain exhibiting
a nearly A-orientation [284]. Only weak diffraction features of the co-crystal are recognizable,
mainly the rings having Qo ~ 0.48 A~1 and Q¢ ~ 0.86 A~1, the latter being probably overlapped
with the stronger diffraction ring from pristine F6TCNNQ at Qo =~ 0.88 A-1. We conclude that
for DIP on F6TCNNQ there are some D:A co-crystallites forming at the D:A interface but, due to
the planar architecture, their relative amount is largely outweighed by the domains of the pristine
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compounds.

4.4.4 PMIRRAS data for DIP:F6TCNNQ mixtures

Here, we analyze PMIRRAS spectra measured for the DIP:F6TCNNQ blends. We focus on D:A
mixing ratio-dependent changes of relative peak intensity and their shifts. We discuss such obser-
vations in terms of three distinct factors. First, we point out the effect of molecular orientation.
Second, we consider the effect of GS-CT interactions between DIP and F6TCNNQ. Third, we
take into account solvent-shifts. We divide the discussion between two spectral ranges. First,
we analyze the range ~1350-1700 cm™!, where the strongest modes are found including C=C
stretching for both molecules and in-plane C—H bending for DIP. Secondly, we analyze the range
~2180-2240 cm ™!, where the C=N stretching modes for FETCNNQ are found. Subsequently, we
analyze the C=N stretching region for F6TCNNQ in mixtures with P3HT and, finally, we show
the spectra for PSHT:F6TCNNQ mixtures in a wider range from ~1350 cm™! to ~2250 cm™!.

4.4.4.1 C=C stretching and C-H in-plane bending region for DIP:F6TCNNQ

The PMIRRAS spectra are shown in Fig. for the region 1300-1750 cm ™!, where vibrational
modes are located including C= C stretching and C— H in-plane bending for DIP and endo- and
hexo-skeletal C=C stretching for F6TCNNQ. It can be seen that, starting from pristine DIP, the
spectra gradually change into the spectrum of pristine F6TCNNQ, which qualitatively confirms
the nominal mixing ratios.
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Figure 4.23: PMIRRAS spectra of DIP:F6TCNNQ mixed films and pristine compounds in the
region of the skeletal C=C stretching and in-plane C-H bending modes. The brown(red) vertical
lines mark the strongest modes of pristine FETCNNQ(DIP) at 1396.5, 1553 and 1640(1449.5) cm 1.
The red squares mark two resonances stemming from DIP in a nearly A-orientation.

The strongest DIP mode is located at 1449.5 cm™! and is marked in Fig. by a vertical
dashed red line. According to our DFT calculations (see Fig. in Appendix, this breathing
mode has Bj, parity and consists only marginally of C=C stretching vibrations of the DIP
skeleton; indeed it features mostly in-plane C—H bending of the hydrogen atoms located on the
indeno-groups, and has a TDM parallel to the long molecular axis. The weak low-energy shoulder
of this peak at 1442.0 cm ™! in pristine DIP is not expected from DFT calculations and is therefore
attributed to a Davydov splitting of the strongest DIP mode at 1449.5 cm~!. For the 1:2, 1:4 and
DIP on F6TCNNQ samples, this shoulder gains oscillator strength relative to the component at
1449.5 cm™!. In these mixtures, an additional peak at 1474.0 cm™! appears, with its shoulder at
1482.5 cm~!. Both features are predicted by DFT and mostly involve in-plane C — H bending of
the bonds located on the indeno-groups as well as on the perylene core.
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The low-energy Davydov component of the strongest DIP mode at 1449.5 cm~! and the ad-
ditional peak at 1474.0 cm™! are marked by a red square in Fig. m These features become
stronger relative to the others in the mixtures with F6TCNNQ due to a change in the average
orientation of the DIP molecules (see Fig. in Appendix . In the blended films, DIP is
embedded either in pristine crystallites or in D:A co-crystallites with F6TCNNQ. From the GIXD
data in Fig. [£:22] we have seen that the pristine DIP crystallites undergo an orientation-transition,
with a sizable portion of DIP molecules exhibiting a nearly A-orientation. For the DIP molecules
embedded in the co-crystal unit cell, a possible edge-on configuration with a pronounced tilting
towards the substrate [[62] together with the mosaicity of the co-crystallites (Fig. 4.22f) imply
that a high portion of DIP is oriented roughly parallel to the substrate surface. These scenarios,
together with the surface selection rules for PMIRRAS, can fully explain the changes in relative
intensities of the DIP vibrational modes discussed above.

Table 4.3: Position of FETCNNQ FTIR peaks in the pristine film and in the mixtures, the latter
expressed as DIP:F6TCNNQ molar ratio. All peak positions given in cm™!.
F6TCNNQ | 1:4 | 1:2 | 1:1 | 2:1 | 4:1

1553.0 1544.0 | 1544.0 | 1543.5 | 1544.0 | 1545.5

1640.0 1633.5 | 1633.5 | 1632.5 | 1629.0 | 1628.0

1396.5 1389.5 | 1390.0 | 1391.0 | 1391.0 | 1392.0

An important observation from Fig. is the red-shift of the strongest F6TCNNQ modes
when going from pristine FETCNNQ (or DIP on F6TCNNQ) to the bulk heterostructures. The
peak positions are summarized in Tab. The weaker peaks at 1424 cm™! and 1461 cm ™! in
pristine F6TCNNQ do not shift significantly in the bulk mixtures, and the former peak almost
overlaps with a resonance of DIP. The red-shift of the strongest F6TCNNQ resonance modes in
the bulk mixtures can be rationalized as being induced by GS-CT interactions between the donor
DIP and the acceptor F6TCNNQ. Indeed, for all these mixtures the presence of D:A co-crystallites
is evidenced by X-ray diffraction (Fig. —f). We recall that, in F4TCNQ single crystals, the
position of the peak corresponding to the hexo-skeletal C=C stretching has been found to be
heavily affected by GS-CT interactions [332]. For F6TCNNQ, our DFT calculations suggest a
different scenario. The three strongest modes indicated above at 1396.5 cm~!, 1553 cm™! and
1640 cm~! are mostly constituted by endo-skeletal C = C stretching vibrations (see Fig. in
Appendix. The biggest contribution of the hexo-skeletal C = C bond is found for the resonance
of the mode at 1553 cm ™! in pristine FETCNNQ, which also exhibits the largest CT-induced red-
shift. Therefore, though in F4/TCNQ mostly the hexo-skeletal C=C stretching is affected, in
F6TCNNQ also the endo-skeletal C=C bonds are heavily affected by GS-CT interactions. This
might indicate a more effective charge delocalization in the extended quinoid system of F6TCNNQ
compared to the smaller F,TCNQ.

A closer inspection of the data in Fig. reveals a high-energy shoulder of the red-shifted
F6TCNNQ modes in the bulk mixtures (see Fig. 7b Appendix . This shoulder originates
from phase-separated F6TCNN(Q domains and therefore resembles the position of the vibrations
unaffected by CT. As noticed previously, exceeding F6TCNNQ seems to favor nucleation of the
co-crystal. Since thin film growth is a non-equilibrium process, nucleation of the co-crystal might
be partly suppressed if the amount of F6TCNNQ is insufficient. Therefore, spectral features of
phase-separated F6TCNNQ are also observed in the mixtures with excess DIP. We notice that the
AFM scans in lock-in phase-shift mode (Fig. in Appendix , especially for the 2:1 film,
clearly show the presence of phase-separated F6TCNNQ domains. Inspecting further the data for
the DIP on F6TCNNQ sample in Fig. [1.23] reveals the presence of a weak low energy shoulder
for some of the strongest C= C stretching modes (see Fig. in Appendix . This shoulder
stems from GS-CT interactions within the relatively small amount of D:A co-crystal formed at the
interface between F6TCNNQ islands and DIP coating, in agreement with the results from X-ray
scattering (Fig. 4.22h).
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4.4.4.2 C=N stretching region for DIP:F6TCNNQ

In Fig. the spectral region 2170-2255 cm ™~ is shown, where the C =N stretching modes are
located. Pristine DIP obviously does not exhibit such kind of vibration. Overall, four peaks are
observed, which are numbered in decreasing energy. Already by qualitative inspection of Fig. [£.24]
it is possible to notice a gradual red-shift of the resonance modes as function of D:A mixing ratio.
We fitted peaks 1-4 with a sum of Lorentzian curves in order to accurately determine their position
(see Tab. in AppendiX. In the following, we first consider the attribution of these four peaks
in detail, then we provide an estimate for the degree of GS-CT in the DIP:F6TCNNQ complex.
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Figure 4.24: a) PMIRRAS spectra of DIP:F6TCNNQ mixtures and pristine compounds in the
region of the C=N stretching modes. The vertical dash-dotted line marks 2215.5 cm ™', which cor-
responds to the strongest Davydov component of the high energy B, mode in pristine F6TCNNQ.
The data have been scaled for better comparability. The resolution of the spectra is 2 cm™!. b)
Fitted C=N stretching peak positions. The error bars represent the statistical error of the fits. Ab-
breviations in the legend based on the DFT calculations for the single molecule: peak 1, Davydov

component “a” of the high-energy B, mode; peak 2, Davydov component “b” of the high-energy
B, mode; peak 3, low-energy B, mode; peak 4, CT-affected high-energy B, mode.

Peak assignment Our DFT calculations predict only two antisymmetric C=N stretching
modes for the isolated F6TCNNQ molecule (see Fig: in Appendix [6.4). However, the spec-
trum of the pristine material shows three peaks, as already noticed in Ref. [I92]. Based on DFT
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calculations, we suggest that peak 1 and 2 are the Davydov components of the stronger high energy
mode of B, symmetry, whereas peak 3 is the weaker, low energy B, mode. This interpretation is
supported by considering the peak distance and width. Peak 1 and 2 are =~ 7 cm™' apart from
each other, and their average position is ~ 13 cm~! apart from peak 3. This indicates the “finer”
character of the Davydov splitting compared to the energy separation between the two modes.
Additionally, peak 1 and 2 have nearly the same width in all mixtures.

The change in relative peak intensity of peaks 1-3 as function of D:A mixing ratio can be
explained in terms of orientation change of the F6TCNNQ molecules when pristine F6TCNNQ
crystallites coexist with DIP:F6TCNNQ co-crystallites. Our DFT calculations show that the two
IR~active C=N stretching modes in the isolated molecule have their respective transition dipole
moment perpendicular to each other (see Fig: in Appendix . Therefore, their relative
intensity can be very sensitive to changes in molecular orientation. This effect is similar to what
is observed for the C —H in-plane bending modes of DIP (Fig. . As noted above, segregated
F6TCNNQ domains can be present even in the mixtures with excess DIP due to both thermody-
namic and kinetic factors.

Peak 4 is assigned to the B, mode red-shifted as a consequence of GS-CT interactions be-
tween DIP and F6TCNNQ within a supramolecular D:A complex. In our case, we assume we
are able to sensibly detect only the strongest CT-affected B, mode. The intensity of peak 4 wvs.
DIP:F6TCNNQ mixing ratio matches the trend of the intensity of the X-ray diffraction features
for the D:A co-crystal (Fig. —f), which supports the assignment.

Evaluation of the degree of GS-CT In Fig. the peak positions as function of mixing
ratio are shown. Overall, one can see that peak 1 and 2 exhibit a rather monotonic red-shift with
increasing DIP content, with their position changing by ~ 5 cm ™! at most. The CT-affected peak 4
also exhibits a more or less monotonic red-shift as function of film composition by ~ 5 ecm™! as well.
We attribute these shifts to the gradual change of the local molecular environment surrounding
either F6TCNNQ domains (peak 1 and 2) or DIP:F6TCNNQ co-crystallites (peak 4). Since the
crystals are much smaller than the wavelength, an effective medium approximation [I44] can be
applied for the mixtures of varying D:A ratio, which leads to a solvent-shift. Notice that peak 3
does not exhibit a clear trend with film composition. Note that mode-shifting due to the dielectric
properties of the medium affects also the C=C stretching region (see Tab. , but we do not
carry out any semi-quantitative analysis using the resonances of this region. We mention that it
was noticed in the literature [332] [343] that the cyano-wings in F4,TCNQ are more exposed than
the backbone to influences from the surrounding molecular environment.

Due to the observed mixing ratio-dependent position of peak 1,2 and 4, we use the intensity-
weighted average position of 2217.3 + 1.4 cm™! for peak 1,2 in all films as reference for the
zero-CT state (average from pristine F6TCNNQ and all DIP:F6TCNNQ mixtures). The average
position of the CT peak is 2192.0 £ 1.4 cm ™!, therefore the experimental CT-induced red-shift is
approximately 25 & 3 cm™!. Our DFT calculations for the isolated FETCNNQ mono-anion give a
red-shift of 32.5 cm™! for the stronger B, mode (see Fig. in Appendix. Assuming a linear
relationship [I55], we calculate a partial CT of p = 0.77 + 0.09 e. This value is somehow higher
than the 0.62 e estimated by means of FTIR for a dibenzotetrathiafulvalene (DBTTF):F6TCNNQ
complex, in spite of the fact that F6TCNNQ is a stronger acceptor for DBTTF than for DIP
[I11]. However, also other factors like crystal structure and orbital symmetry [57, [344], beyond
the mere HOMO(D)-LUMO(A) energy difference, determine the degree of GS-CT. For our system,
averaging over the different mixtures allows to take into account the systematic peak shifts as a
function of the mixing ratio and to obtain a number which is less dependent of it. Overall, it is
possible to say that the supramolecular complex formed by DIP and F6TCNNQ belongs to the
class of compounds exhibiting high degree of partial GS-CT.

4.4.5 PMIRRAS data for PSHT:F6TCNNQ mixtures and
comparison with DIP:F6TCNNQ mixtures

For comparison, we consider now P3HT (Fig.[4.21) as donor for F6TCNNQ as recently introduced
in Ref. [I92]. We divide the discussion into two sections dedicated, respectively, to the analysis of
the C=N stretching region alone and to the parallel analysis of the C=N and C=C stretching
regions.
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4.4.5.1 Comparison of C=N stretching region

In order to add some information to the interesting D:A system represented by P3HT:F6TCNNQ
[192], we show in Fig. a comparison between the PMIRRAS spectra in the C=N stretching
region for pristine F6TCNNQ, DIP:F6TCNNQ 1:1 and P3HT:F6TCNNQ blends in different mixing
ratios and preparation times, as specified in the figure caption.

FETCNNQ

Absorption (arb. units)

2160 2180 2200 2220 2240 2260
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Figure 4.25: PMIRRAS spectra of DIP:F6TCNNQ 1:1 blend, P3BHT:F6TCNNQ blends and pristine
F6TCNNQ and P3HT in the C=N stretching region. For the DIP:F6TCNNQ 1:1 blend, the same
peak numbering as in Fig. [£:24] has been adopted, and the multi-peak Lorentzian fit is shown.
The P3HT:F6TCNNQ blends in different molar ratios have been spin-coated from solutions with
different mixing time: 5:1 (black curve), 30 min; 5:1 (magenta curve), 72 h; 2:1, 30 min. The vertical
dash-dotted line marks 2215.5 cm ™!, which corresponds to the strongest Davydov component of
the high energy B, mode in pristine F6TCNNQ.

In PSHT:F6TCNNQ there is barely any trace of peak 1-3 of the pristine acceptor. The solu-
tion mixing seems therefore effective in dissolving the F6TCNNQ molecules between the polymer
chains without leaving F6TCNNQ aggregates, as it is also confirmed by the increasing peak sharp-
ness with longer mixing time for the 5:1 mixtures. The strongest C=N stretching peak in all
P3HT:F6TCNNQ blends is located at 2194 cm~!. The same uncertainty in peak position ob-
tained for DIP:F6TCNNQ mixtures can been assumed for the PSHT:F6TCNNQ mixtures. The
high-energy shoulder of the peak at 2194 ecm~! in the mixtures might originate from different rel-
ative configurations of the complex formed locally by P3HT and F6TCNNQ [345]. Here, the most
important finding is that the CT-affected C =N stretching mode in P3HT:F6TCNNQ lies approx-
imately at the same position as the CT peak in DIP:F6TCNNQ with no significant differences.

By the mere comparison of the C=N stretching modes, the conclusion would be that GS-CT
interactions in the two systems have very similar strength. However, the UV-vis-NIR, absorption
measurements presented in the literature [I92] clearly show the presence of the anionic species of
both donor and acceptor for PSHT:F6TCNNQ [53] [140], which is not the case for DIP:F6TCNNQ
[162]. Therefore, two different scenarios are suggested. For DIP:F6TCNNQ), the data point towards
the formation of a supramolecular complex with partial GS-CT, whereas for PSHT:F6TCNNQ
integer GS-CT with formation of polaronic species of donor and acceptor is most likely. An integer
CT picture in PSBHT:F6TCNNQ is further supported by the established full ionization of donor and
acceptor in F4, TCNQ-doped P3HT [I40], considering that FETCNNQ is an acceptor even stronger
than F4TCNQ. Overall, one has to conclude that the shift of the C=N stretching modes alone
does not give conclusive information about the nature of GS-CT interactions in P3HT:F6TCNNQ.

4.4.5.2 Comparison between C=C and C=N stretching regions

In order to complement the information on P3HT:F6TCNNQ, wide-range PMIRRAS spectra are
shown in Fig. [£.20] for the same samples as in Fig. [1.25
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Figure 4.26: PMIRRAS spectra of DIP:F6TCNNQ 1:1 blend, P3BHT:F6TCNNQ blends and pristine
F6TCNNQ and P3HT. The arrows point to the C=N stretching modes for DIP:F6TCNNQ 1:1 and
pristine F6TCNNQ), which appear as tiny features relative to the much stronger C=C stretching
modes in the fingerprint region.

For the P3HT:F6TCNNQ blends, assignment of the peaks in the C=C stretching region to
either the donor polymer or the acceptor is not as straightforward as in DIP:F6TCNNQ. Here, we
rather intend to stress the remarkable change in intensity of the C=N stretching features rela-
tive to the C=C stretching features for the two systems DIP:F6TCNNQ and P3HT:F6TCNNQ,
respectively. For the mixtures containing DIP as donor, the C=N stretching modes exhibit a
much lower cross-section relative to the C=C stretching modes, whereas in the polymeric system
their relative intensity is similar. Such an effect is clearly not related to changes in molecular
orientation of the FETCNNQ units. Indeed, the mosaicity of locally ordered P3HT chains doped
with F4TCNQ [345] is similar to that of the DIP:F6TCNNQ co-crystals (Fig. observed here.

Our DFT calculations performed on the isolated FETCNNQ molecule (see Fig. in Ap-
pendix show that the intensity of the resonances in the C=C stretching region relative to the
C=N stretching region is much higher for the neutral F6TCNNQ than for its mono-anion. This
corresponds to the experimental observation for PSBHT:F6TCNNQ mixtures and further supports
the conclusion that CT from P3HT to F6TCNNQ occurs in the GS via donation of a full electron
and formation of polaronic species. DIP:F6TCNNQ is therefore a system for which a relatively
strong GS-CT is observed, but the spectral features peculiar of the ionic species are not observed.
Assuming for both D:A systems an energetically favored electron donation from the donor to the
acceptor (Fig. , the different kinds of GS-CT, respectively, might be explained by the superior
ability of P3HT to relax the positive counterpart of the generated polaron via charge delocalization
along the polymeric backbone [346], [347].

The difficulty to obtain a reliable picture of the actual strength of GS-CT interactions in
P3HT:F6TCNNQ from the C=N stretching modes alone can be rationalized as follows. On the
one hand, the impact of an integer CT on a given set of vibrational modes will depend on where
the negative charge acquired by the acceptor is most likely localized. On the other hand, the two
kinds of vibrations in F6TCNNQ), i.e. C=C and C=N stretching, could be affected differently
by GS-CT interactions depending on the solid state packing of the acceptor, which in one case is
embedded in the co-crystal with DIP and in the other case in the polymer chains. For example,
short (donor)C—HN=C(F6TCNNQ) contacts [I99] more than the w-stacking might affect the
C=N stretching modes, whereas intermolecular D:A coupling, therefore also GS-CT coupling,
occurs mainly via the w-stacking.
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4.4.6 Summary of the results and possible applications

In conclusion, we show a comparative study of two representative D:A systems, DIP:F6TCNNQ
and PSHT:F6TCNNQ. Characterization of the structure of DIP:F6TCNNQ films guides the in-
terpretation of the FTIR-PMIRRAS spectra. This technique delivers an excellent signal-to-noise
ratio and cancels out the signal from atmospheric gases, enabling the investigation in atmosphere
of samples with very small amounts of material also in the fingerprint region. Inspection of the
C=C stretching C—H bending region in DIP:F6TCNNQ blends reveals: a) the effect of molec-
ular orientational changes on the relative intensity of the Davydov components of the strongest
DIP mode, b) red shifts up to 10 cm™! of the strongest modes of FETCNNQ involving mostly
endo-skeletal bonds. Such shifts are related to the formation of a DIP:F6TCNNQ supramolecular
complex and to GS-CT interactions. Together with D:A co-crystallites, traces of phase-separated
F6TCNNQ are detected in all the blends. In the C=N stretching region, for DIP:F6TCNNQ we
unambiguously identify one red shifted CT-affected mode, together with other three modes stem-
ming from pristine F6TCNNQ, one of them being the strongest B, mode affected by Davydov
splitting. From the red shift of the C=N stretching averaged over all mixtures we estimate a CT
of p=0.77 £ 0.09 electrons.

For the D:A system P3HT:F6TCNNQ), we first consider shifts of the strongest C=N stretch-
ing mode, which delivers a picture of GS-CT interactions very similar to DIP:F6TCNNQ. Con-
versely, a cross-comparison of oscillator strength for C= C relative to the C=N stretching modes
rather points towards stronger, integer CT-type interactions in the polymeric system, which agrees
with the available UV-vis-NIR optical absorption data showing the presence of ionic species in
P3HT:F6TCNNQ. These findings evidence that, apart from the exclusive analysis of the modes
in the C=N stretching region, a parallel inspection of the C= C stretching region is required to
draw more solid conclusions about the nature of GS-CT in D:A systems. Such a cross-analysis is
readily made possible by the use of PMIRRAS, which allows to collect reliable information also in
the fingerprint region.

We envisage the use of PMIRRAS for the study of a wide variety of systems of potential interest
for optoelectronic applications. We take as an example singlet fission, an efficient energy-conversion
process which has been exploited in combination with Si-based solar cells to extend the harvested
portion of sunlight towards longer wavelengths [328]. It has been shown, both theoretically [34§]
and experimentally [349], that the yield of singlet fission processes can be affected by the selective
excitation of given vibrational modes in molecular semiconductors. The possibility to select the
orientation of rod-like OSCs, as demonstrated in the Results section [4.3] in combination with the
surface selection rules in PMIRRAS experiments allows to excite only a given set of molecular
vibrations [350] , which might become a valuable tool to characterize systems capable of singlet
fission.

The combination of molecular orientation and PMIRRAS is of special interest also for the
characterization of charge transport due to the typically strong coupling between vibrations and
carrier dynamics (see Fundamentals section. Indeed, for the prototypical OSC PEN it has been
shown that vibrational modes along the long molecular axis contribute to charge transport more
than modes along the short axis [35I]. Such anisotropy of the contributions to charge transport
is to be expected for a variety of rod-like OSCs and is therefore subject to be explored in greater
detail thanks to the results obtained in the present and in the previous Results section [4.3]
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4.5 Further donor:acceptor combinations

We present a systematic study of the two donors DIP and DBTTF (Fig. [3.4h), each combined
with the two acceptors TCNNQ (Fig. and F6TCNNQ. For all these D:A combinations, the
formation of CT complexes has been observed in the literature [I11} 162, 274]. We divide our
discussion based on the material used as donor, i.e. DIP or DBTTF.

In the first part, we compare DIP:TCNNQ to DIP:F6TCNNQ mixed films. The latter combi-
nation has been thoroughly studied throughout this thesis and some relevant data are presented
again for comparison with DIP:TCNNQ. In particular, we study here the structural properties,
including mixing behavior, i.e. co-crystal formation vs phase separation, and their impact on elec-
trical conductivity. In the second part, we study the crystal structure of DBTTF and its co-crystals
with TCNNQ and F6TCNNQ), respectively, by means of GIXD. The X-ray scattering data allow
to fit the unit cell parameters of the DBTTF thin-film polymorph and of one polymorphic form of
the DBTTF:TCNNQ co-crystal. For the DBTTF:F6TCNNQ co-crystal, the film texture does not
allow to unambiguously fit the unit cell parameters. However, a qualitative comparison allows to
draw some conclusions concerning the arrangement of the D:A supramolecular complexes in the
respective unit cell.

4.5.1 Mixing behavior and electrical conductivity.
DIP as donor, TCNNQ wvs. F6TCNNQ as acceptors.

The energy diagram of DIP and and [F6]TCNNQ is shown in Fig. for the frontier orbitals
which we assume to have the strongest coupling in GS-CT.
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Figure 4.27: Energy levels and molecular structure of DIP, TCNNQ and F6TCNNQ. The HOMO
and LUMO values were obtained by means of photoelectron spectroscopy for samples in solid
films: * Ref. [262], from UPS measurements for standing-up molecules; ** Ref. [53], from IPES
measurements; *** from Ref. [352], from IPES measurements. All values given as peak onsets.

As it can be seen, the HOMO level of DIP lies much closer to the LUMO of F6TCNNQ than of
TCNNQ. From the frontier orbital energies one can therefore expect that GS-CT interactions be-
tween DIP and F6TCNNQ are stronger than between DIP and TCNNQ. The molecular structure

"Based on A. Opitz, in preparation
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of the two acceptors is very similar apart from the nature of the substituent atoms. Replacing H
with F on the conjugated core shifts the energy levels towards higher binding energies, with the
effect, among others, of preventing oxidation [353, [354]. The electrostatic interactions with DIP
might also be significantly affected, in particular showing interaction between static dipoles, for ex-
ample of the kind C-H'F [199]. Overall, stronger DIP:F6TCNNQ than DIP:TCNNQ interactions
are expected based on the energy-level alignment as well as on electrostatic arguments.

4.5.1.1 Thin Film structure

OMBD was used to prepare several D:A mixtures on native Si oxide, featuring DIP as donor and
[F6]TCNNQ as acceptors in different mixing ratios, spanning a range from excess of the donor
to excess of the acceptors. We show in Fig. [£.28h-d X-ray scattering data for the two series of
mixtures. The XRR and GIXD data for DIP:F6TCNNQ are reproduced from Fig. [4:2]

We first analyze the X-ray scattering data for the DIP:TCNNQ mixtures. The diffraction
features of DIP do not disappear by increasing the relative content of TCNNQ), as it can be seen in
both the series of XRR and GIXD scans (Fig. 7c). This clearly indicates that DIP crystalline
domains phase-separate from TCNNQ), at least in part. The XRR scans of all films containing
DIP show Bragg peaks of phase-separated donor crystallites. For the 4:1 and 1:1 mixtures these
peaks also show pronounced Laue side-fringes, indicating a vertical coherence length matching the
entire film thickness as deduced from the Kiessig fringes. The latter are quite pronounced and,
remarkably, demonstrate that also for DIP:TCNNQ the mechanisms of film smoothing in bulk
heterojunctions is effective (see Results section. In the GIXD scan of the 1:2 mixture, the DIP
Bragg peaks are sharper than in the mixtures with lower amount of the acceptor. For this mixing
ratio, the excess of TCNNQ seems to promote a larger coherent size of the phase-separated DIP
crystallites. The DIP Bragg peaks in the GIXD scans labeled “A” stem from orientations of the
DIP molecules different from the upright-standing (o). The presence of a sizeable amount of DIP
crystals in a nearly A-orientation is peculiar of the DIP:TCNNQ mixed films and had not been
observed for the DIP:F6TCNNQ films. The XRR of pristine TCNNQ does not denote any out-of-
plane ordering, similar to pristine F6TCNNQ. However, in the GIXD of pristine TCNNQ several
pronounced Bragg peaks are visible. These peaks can be found in part in the 1:1 and 1:2 mixtures,
denoting here the presence of pristine TCNNQ crystalline domains. Some of the new peaks arising
in the mixtures and not visible in the pristine films are attributed to a DIP:TCNNQ co-crystal
(dashed green lines in Fig. ,c). In particular, the peaks in the range Q) = 1.85 — 1.95 A-t
are indicative of distances in real space that correspond to the stacking between the m-conjugated
cores of donor and acceptor. A peak in this range of ) is also visible for pristine TCNNQ
and it might be therefore overlapped with the peaks from the co-crystal. The different crystal
phases constituting the DIP:TCNNQ equimolar film are sketched in Fig. [f.28k. The red, gray
and green domains represent DIP, TCNNQ and co-crystal grains, respectively. Phase-separated
crystalline domains of different composition coexist. This scenario is similar to what observed for
6T:F6TCNNQ mixtures (Fig. [£.5f).

For the mixing behavior of the D:A pair DIP:F6TCNNQ (Fig. ), we recall the formation
of homogeneous crystalline domains of the D:A co-crystal for equimolar mixtures, as sketched in
Fig. [4.28f. This conclusion comes from inspection of the data in Fig. £.28b,d. The diffraction fea-
tures stemming from DIP gradually disappear going from the mixtures with DIP excess towards
mixtures with F6TCNNQ excess. At the same time, new Bragg peaks arise which indicate the
formation of a new crystal structure, namely, a D:A co-crystal where fairly strong GS-CT inter-
actions take place (see Results section within a D:A supramolecular complex. Therefore, for
DIP:F6TCNNQ films the composition of the equimolar mixture is homogeneous and features only
co-crystal domains.

The findings for DIP:[F6]TCNNQ can be ascribed to the D:A energy level alignment and, likely,
electrostatic attraction between DIP and F6TCNNQ), both increasing the free energy gain for co-
crystal formation (see Eq. , outweighing possible kinetical limitations due to, e.g., low diffusivity
of F6TCNNQ [193]. Conversely, the coupling between DIP and TCNNQ is not sufficiently strong
and kinetic factors partly outweigh the tendency to co-crystal formation, which nevertheless takes
place as deduced from X-ray scattering.
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Figure 4.28: a) XRR and c¢) GIXD data for DIP:TCNNQ, b) XRR and d) GIXD data for
DIP:F6TCNNQ mixtures in different mixing ratios as indicated. The data for DIP:F6TCNNQ are
reproduced from Fig. [£:2] with the same meaning of the vertical dashed lines. For DIP:TCTNNQ
mixtures, the vertical dashed lines indicate Bragg peaks attributed to DIP (red, where “c” and
“\” refer to the molecular orientation) and to the DIP:TCNNQ co-crystal (green), respectively.
Vertical lines corresponding to the Bragg peaks of the pristine acceptors have been omitted for
clarity. e),f) Sketches of mixing behavior for €) DIP:TCNNQ and f) DIP:F6TCNNQ films in a 1:1
mixing ratio. The squares represent crystallites with random in-plane orientation and their color
corresponds to a given phase, as explained in the text.

4.5.1.2 Electrical conductivity

Electrical conductivity was measured by means of the setup illustrated in Fig.[3:29] The results are
shown in Fig. [£:2% for both D:A pairs in several mixing ratios. To perform these measurements,
thin films were deposited on both ITO contacts and supporting glass substrate, whereas the X-ray
scattering data shown in the previous section were taken for samples on Si oxide. However, based
on results from the literature [119],[168] we assume that the different substrate does not significantly
affect the mixing behavior.
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Figure 4.29: a) Electrical conductivity as function of D:A mixing ratio for DIP:[F6]TCNNQ mix-
tures. The dots represent experimental points and the continuous lines are guides to the eye. The
error on the D:A mixing ratio is £10%. These data were partly taken from Ref. [259] and partly
are for courtesy of P. Beyer and A. Opitz (Humboldt Universitit zu Berlin). b) UV-vis absorption
measurements showing for both D:A couples the presence of new absorption features below the
bandgap of the pristine compounds, denoting CT interactions within the respective D:A co-crystal.

The conductivity in pristine DIP is lower than in pristine TCNNQ, but higher than in pristine
F6TCNNQ. In order to explain this, the morphology, structure and energy levels of the pristine
films would need to be taken into account. The film morphology of pristine TCNNQ and F6TCNNQ
is very similar, in both cases exhibiting pronounced de-wetting with separated islands [I11].
The crystalline film texture of the two acceptors resembles a 2D-powder with some mosaicity
for TCNNQ (Fig. ), and a 3D-powder, i.e. an isotropic crystalline network, for FETCNNQ
(Fig. [4.34p). Two further aspects concern: a) the nature of the charge carriers, b) the relative
alignment of the transport levels of the OSCs with the Fermi level of ITO, which has a work
function of ~ 4.5 eV [355]. However, the detailed investigation of these aspects go beyond the

120



CHAPTER 4. RESULTS AND DISCUSSIONS

scope of this thesis. More relevant is the trend of the electrical conductivity, o, vs. D:A mixing
ratio, which we discuss below.

The conductivity for the mixed films exhibits a distinct behavior depending on the acceptor
used. For DIP:F6TCNNQ, going from pristine DIP (o ~ 6 x 107¢ S/m), after a steep decrease a
minimum of ~ 4 x 10~7 S/m around 10% of acceptor content is reached. Afterward, the conductiv-
ity increases and reaches a maximum of ~ 7 x 10~* S/m around 60% of acceptor content, dropping
again for larger FETCNNQ amounts until the lowest conductivity of ~ 3 x 1077 S/m is reached
for pristine F6TCNNQ. Notice that the common observation for molecularly doped OSCs is that
the conductivity exhibits a maximum between few percent and ~50% of molar ratio of the dopant
[48, [49, 55| [TTT), B56]. This is the result of a balance between the decrease of charge mobility due
to deterioration of the crystalline quality of the films with increasing amount of acceptor [356], on
one side, and the increase of carrier density due to doping (see Eq. , on the other side. Both
systems studied here deviate from this behavior.

For DIP:TCNNQ mixtures, the presence of a local minimum instead of a maximum is likely
related to the partial phase-separation of donor and acceptor as deduced from X-ray scattering
(Fig.[4.28k). Only a portion of the theoretically available D:A supramolecular complexes with con-
sequent partial GS-CT is formed, leading to the presence of D:A co-crystallites dispersed between
crystallites of the pristine materials. The new transitions observed in the UV-Vis-NIR spectra in
Fig. for a DIP:TCNNQ film in a 1:1 mixing ratio (or, analogously, 50%:50%) further demon-
strate the presence of DIP:TCNNQ co-crystals. Due to the phase heterogeneity in DIP:TCNNQ
mixtures, a diffusing charge carrier has a high probability to encounter an interface with a different
crystalline phase, which represents an energetic barrier due to unfavorable alignment of the trans-
port levels. Therefore, although formation of a DIP:TCNNQ supramolecular complex, which can
dope the surrounding donor matrix [48], is observed, transport is more hindered in the mixtures
compared to pristine DIP and TCNNQ due to the unfavorable energetic alignment of heterogeneous
crystallites, which leads to scarcity of available charge percolation paths to the contacts.

As noted above, for DIP:F6TCNNQ a maximum around 1:1 D:A mixing ratio located between
two minima is observed. To the best of our knowledge, this behavior is reported for the first time
in OSCs. It seems quite straightforward to attribute this trend to the presence of homogeneously
distributed D:A co-crystallites in 1:1 stoichiometry with no sizeable hint of phase-separation. For
a DIP:F6TCNNQ mixing ratio of 1:1, the film is constituted of D:A co-crystals with a preferred
uniaxial alignment, such that the w-stacking direction between donor and acceptor is roughly
parallel to the substrate surface. The initial deterioration of the crystalline texture of pristine DIP
by admixing of F6TCNNQ in few percent is largely compensated by the alignment of the co-crystals
around 50% mixing ratio. New sub-bandgap optical transitions are observed as a result of CT
interactions (Fig. ) Therefore, the strong CT interactions between DIP and F6TCNNQ seem
to lead to a high doping efficiency, and the uniaxial alignment of the DIP:F6TCNNQ co-crystallites
favors charge transport in the direction parallel to the substrate. Note that the conductivity
behavior for DIP:F6TCNNQ mixtures seems to contradict the idea that the co-crystallites act as
dopants for the OSC matrix [48]. However, such mechanism might not represent the only one at
work, and the concomitant evolution of film crystalline structure and morphology might give rise
to very complex scenarios.

4.5.2 Crystal structure and polymorphism.
DBTTF as donor, TCNNQ ws. F6TCNNQ as acceptors

In this section, we consider the effect of the two different donors TCNNQ and F6TCNNQ on the
structural properties of mixed films with the donor DBTTF. The energy diagram of DBTTF and
and [F6]TCNNQ is shown in Fig. [4.30

In Ref. [111], the formation of a DBTTF:TCNNQ complex is observed. From optical measure-
ment it is deduced that the corresponding DBTTF:TCNNQ co-crystal exists in two polymorphs,
respectively P1 and P2, although no X-ray scattering data are provided to identify the two crystal
structures. Here, we provide some structural evidence which points towards the coexistence of
P1 and P2 in the same film, although one polymorph dominates. Indeed, the difference in free
energy between two polymorphic forms of the same co-crystal can be very small [76] [77] and the
nucleation of a second polymorph might be provoked by local inhomogeneities in the surface po-
tential, or might be a surface-effect. Also, subtle changes in the deposition rate of the molecular
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Figure 4.30: Energy levels and molecular structure of DBTTF, TCNNQ and F6TCNNQ. The
HOMO and LUMO values were obtained by means of photoelectron spectroscopy for samples in
solid films: * Ref. [357, B58], from UPS measurements; ** Ref. [53], from IPES measurements; ***
from Ref. [352], from IPES measurements. All values given as peak onsets.

components have an effect on promoting the nucleation of either polymorph [IT1].

For the D:A pair DBTTF:F6TCNNQ), it has been observed that both integer and partial GS-CT
occur in thin films thanks to the large energy gain for CT from the HOMO of DBTTF to the LUMO
of F6TCNNQ (Fig. . It is known that not only energy level alignment, but also orbital sym-
metry is crucial to determine the degree of orbital overlap for the formation of a CT complex [57],
which poses some requirement to the geometry of the molecular components. The two acceptors
used here are planar and have the same symmetry, which allows to rule out arguments concerning
molecular geometry from the discussion of the CT strength. Also in DBTTF:F6TCNNQ), partial
GS-CT occurs via formation of a supramolecular complex [IT1]. A higher conductivity is measured
in DBTTF:F6TCNNQ films compared to DBTTF:TCNNQ at 10% of acceptor content, which is
attributed to the more efficient doping achieved via integer CT than via formation of a supramolec-
ular complex. An integer-type GS-CT from the DBTTF units to F6TCNNQ is suggested to be
favored by structural defects, which hinder the 7-stacking configuration required for the formation
of a CT complex and favor full ionization. The structural characterization presented in this section
provides a further clue to clarify this point.

4.5.2.1 Unit cell parameters of the DBTTF thin-film phase

We first consider the crystal structure of pristine DBTTF. As mentioned in the Materials and
Methods section, several polymorphs have been reported for this material. Ref. [129] contains a
compendium of the polymorphs observed so far, and demonstrates that they can be discriminated
by analysis of the lattice phonons by means of Raman spectroscopy. In particular, for thin films
obtained by vacuum deposition and drop casting, the thin-film phase of DBTTF (or 4-polymorph)
is identified. XRR and GIXD are then measured there for the y-polymorph, but no details of the
crystal structure are reported.

In Fig. we show X-ray scattering data of a pristine DBTTF film. Next to the reciprocal
space map, XRR scans are reported. The orange trace is the reflectivity scan measured on the same
film as the @-map, whereas the green trace has been reproduced from an out-of-plane scattering
pattern from Ref. [129]. As it is evident, the positions of the out-of-plane Bragg peaks coincide.
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In the Q-map, the Bragg peaks are sharp and denote a pronounced 2D-texture of the film with
low mosaicity. The positions of several peaks around the sample horizont matches those extracted
from an in-plane diffraction pattern measured in Ref. [129] (data not shown). Together, these data
confirm that we have the same y-polymorph observed in Ref. [129], which thus corresponds to the
thin-film phase.
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Figure 4.31: Reciprocal space map (right panel) and XRR scan (left panel) of pristine DBTTF
films. The white crosses in the -map mark the fitted positions of the Bragg peaks. In the XRR
scans, the green trace was reproduced from an out-of-plane scan of the y-polymorph in Ref. [129].

The well-defined crystalline texture of this film allows to fit the position of the Bragg peaks
in order to extract the unit cell parameters of the thin-film polymorph of DBTTF. As a starting
guess, we used the unit cell of a tetrathiafulvalene derivative, (ethyl-enethio)(thiodimethylene)-
tetrathiafulvalene (ETTDM-TTF), reported in Ref. [359]. The fitted unit cell parameters are
reported in Tab. [£.4]

Table 4.4: Fitted unit cell parameters of thin film phase (or v-polymorph) of DBTTF (Fig. 4.31]).
parameter | size [units]

a 6.02 [A]
b 8.05 [A]
c 13.90 [A]
a 100.29 [°]
3 99.90 []
v 94.00 [°]
volume 649.09 [A%]

Comparing the unite cell volume reported in Tab. with that of the a-polymorph reported in
Refs. [I88, [189], we deduce that also the the thin-film phase features two molecules in the unit cell.
Interestingly, the latter is triclinic like the one of the known DBTTF d-polymorph [I90], whereas
both the known « [I88][I89] and S-polymorphs [129] have a monoclinic unit cell. However, by solely
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fitting the Bragg peaks positions it is not possible to access the detailed molecular arrangement.
This would require modeling of the structure factor, with inclusion of several corrections related
to the data acquisition, in order to correctly reproduce peak intensity [I35] [[36], which is beyond
the scope of this thesis.

4.5.2.2 Polymorphs of the DBTTF:[F6]TCNNQ co-crystals

In order to structurally resolve the presence of two polymorphs for the DBTTFEF:TCNNQ co-crystal,
we show in Fig. [£:32] X-ray scattering data of a blended DBTTF:TCNNQ film in a 1:1 molar ratio.

Next to the reciprocal space map, an XRR scan of the same film is reported. Due to the overall
higher mosaicity of the co-crystallites in this mixed film compared to pristine DBTTF (Fig. ,
part of the intensity of the XRR peaks is visible in the @Q-map. Overall, the film exhibits a 2D-
texture and the clear diffraction features allow to fit peak positions. As starting guess, we used the
unit cell of the DBTTF:FATCNQ co-crystal reported in Ref. [200]. The fitted unit cell parameters
are reported in Tab.[L.5] The unite cell volume is similar to that of the NDT:F6TCNNQ co-crystal
from Ref. [I99] containing alternated DADA~DADA stacks and 2 NDT:F6TCNNQ dimers per
unit cell. We therefore suggest for the DBTTF: TCNNQ a similar packing motif.
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Figure 4.32: Reciprocal space map (right panel) and XRR scan (left panel) of a DBTTF:TCNNQ
1:1 film. The red crosses mark the fitted positions of the Bragg peaks for the first polymorphic form,
P1, of the D:A co-crystal formed by DBTTF and TCNNQ. The white circles indicate diffraction
features that do not belong to either of the pristine compounds or to the P1 co-crystal polymorph
and therefore assigned to a second, less abundant polymorphic form, P2, of this D:A co-crystal.

As it can be seen from Fig. [1.32] the best fit of the triclinic unit cell can well reproduce the
position of most of the measured Bragg peak, which we assign to the P1 co-crystal polymorph.
However, the relatively weak features indicated by the white circles clearly do not belong to this
crystal structure. Since these features also do not belong to the pristine compounds (Fig. , we
conclude that they stem from the second polymorphic form, P2, of the DBTTF:TCNNQ co-crystal,
which in this film is likely less abundant than P1.

In Fig. £33 we show the map of a DBTTF:F6TCNNQ mixture in molar ratio 1:1. Clear
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Table 4.5: Fitted unit cell parameters of polymorph 1 (P1) of the DBTTF:TCNNQ co-crystal
(Fig. [4.32).

parameter | size [units]

13.24 [A]
7.66 [A]
13.84 [A4]
105.86 [7]
75.95 [7]
100.93 [7]
volume 1298.5 [A3)

=2 @@L o e

diffraction features, which do not stem from the pristine donor or acceptor, are visible and therefore
belong to the DBTTF:F6TCNNQ co-crystal observed in Ref. [I11]. Unfortunately, we could not
fit the corresponding unit cell parameters. None of the co-crystal structures available in the
literature for chemically similar D:A compounds, like e.g. DBTTF:[F,]TCNQ with = = 0,2,4
from Refs. [I88] [200], or NDT:F6TCNNQ from Ref. [199], could provide a sufficiently close initial
guess to fit peak position. For this reason, we also cannot resolve the presence of more than one
DBTTF:F6TCNNQ crystal polymorph.

| XRR
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Figure 4.33: Reciprocal space map (right panel) and XRR scan (left panel) of a DBTTF:F6TCNNQ
1:1 film.

From a qualitative comparison of the Q-maps of the DBTTF:[F6]TCNNQ 1:1 films (Fig. [4.34),
one can suggest that the molecular arrangement in the unit cell differs substantially for the two
co-crystals. As in the case of the DIP:[F6]TCNNQ co-crystals, both the different energy level
alignment and Van der Waals interactions due to the different substituents on the conjugated core
of the acceptors contribute in determining the molecular packing. However, the usual 7-stacking
motif of D:A co-crystals seems confirmed also for these material combinations by the presence of
relatively strong diffraction features having Q¢ ~ 1.8 A~1.
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For DBTTF:[F6]TCNNQ), kinetic factors related to the film growth process do not significantly
affect the formation of D:A co-crystallites. This seems to be related to: a) the stronger D:A
coupling when DBTTF is used as donor compared to DIP, i.e. the fact that the HOMO of DBTTF
lies above the LUMO of both acceptors in the solid state, b) the higher structural compatibility of
DBTTF with the two acceptors compared to DIP, as seen by comparing the molecular sizes from
Fig. [£.30] and Fig. [£:27] which also affects the free energy of formation of molecular layers on a
substrate [92].

ACCEPTORS

F6TCNNQ

DBTTF:TCNNQ
co-crystal (P1,P2)
< 08

N
S o6
0.4

DBTTF:F6TCNNQ
co-crystal (P1?,P27)

1

0.2

DBTTF
(thin-film
polymorph)

I 0 04 08 1.2 1.6 2 24
£ DONOR

Figure 4.34: Overview of reciprocal space maps of: the acceptors a) TCNNQ and b) F6TCNNQ;
the D:A co-crystals of DBTTF with ¢) TCNNQ and d) F6TCNNQ; e) the thin-film phase (or
~-polymorph) of the donor DBTTF. The uniform diffraction ring having Q.. = 0.71 A=1 in the
map of pristine TCNNQ and F6TCNNQ comes from a Kapton window in the setup.

We recall that, in Ref. [ITI], it is observed that both formation of a DBTTF:F6TCNNQ
supramolecular complex with partial GS-CT and full ionization of donor and acceptor occur in the
co-evaporated films. There, a suggestion is made concerning the solid state environments which
promotes one or the other type of GS-CT, as we discussed above in the introduction to this section.
The overall 2D-texture of the DBTTF:F6TCNNQ 1:1 film suggests that the structural disorder in
this blend is relatively small. However, traces of single acceptor molecules included as defects at
grain boundaries would remain undetected by GIXD. Such structural defects have been suggested
to be preferential centers where full ionization can occur, but the spectral signatures of the ac-
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ceptor mono-anion were found to be very weak in co-evaporated films [IT1]. Our X-ray scattering
data cannot resolve the presence of structural defects acting as doping centers via integer CT, but
do clarify the formation of D:A co-crystallites exhibiting an overall 2D-powder texture with some
mosaicity. The suggested scenarios are summarized in Fig. where also reciprocal space maps
measured for pristine films of the acceptor molecules are shown.

4.5.3 Summary of the results and possible applications

We have reported additional examples of D:A systems for which co-crystal formation is observed.
The two materials, TCNNQ and its fluorinated version F6TCNNQ, have been used as acceptors
in combination with the donors DIP and DBTTF, respectively. Overall, a significant influence
of the energy level alignment on the mixing behavior emerges. Mixed DIP:TCNNQ films exhibit
partial phase separation with domains of a D:A co-crystal coexisting with domains of the pristine
materials. Conversely, DIP mixes well with F6TCNNQ), forming a homogeneous phase constituted
of D:A co-crystallites with no hint of phase-separation. The trend of film electrical conductivity
vs. D:A mixing ratio for the two materials combinations could be solidly related to such mixing
behavior, where a maximum in conductivity is observed for the homogeneous DIP:F6TCNNQ
co-crystal phase in the films with ~ 1:1 mixing ratio.

Pristine films of DBTTF are constituted by the thin-film phase (or y-polymorph), for which
the unit cell parameters could be calculated by fitting of the Bragg peaks positions. Formation
of homogeneous co-crystalline phases is deduced for DBTTF:[F6]TCNNQ mixed films and phase
separation is not observed. DBTTF:TCNNQ films in 1:1 mixing ratio show the presence of two
co-crystal polymorphs denominated P1 and P2. The unit cell parameters of the dominant P1 were
fitted, whereas the diffraction features of the minoritary P2 polymorph are rather weak and in
small number and do not provide sufficient data for fitting. It was not possible to fit the unit
cell parameters of the DBTTF:F6TCNNQ co-crystal. For the latter D:A pair, we cannot exclude
the presence of two different co-crystal polymorphs to explain the different GS-CT mechanisms
observed in Ref. [I11].

In general, by comparison of the molecular structure of TCNNQ and its perfluorinated version
F6TCNNQ, it is difficult to quantify the contribution of the fluorine substituents in (de)stabilizing
a co-crystal structure with a given donor. This contribution depends, among others, on the chemi-
cal structure of the donor molecule, which differs significantly between DIP and DBTTF. However,
we suggest that, for the material combinations studied here, the relative contribution of orbital
coupling dominates. This explanation, although probably oversimplified, has the benefit of provid-
ing guidelines for the choice of molecular materials in order to obtain a given mixing behavior. For
example, in blends of OSCs it is possible to tune the length scales for phase separation by changing
several parameters such as substrate temperature or growth rate [291] 292]. By finely controlling
the length-scales of phase separation, it is then possible to maximize the efficiency of organic solar
cells [27, [168]. The material system DIP:TCNNQ studied here exhibits partial phase-separation
and thus represents an interesting case in which change of the substrate temperature might affect
the phase abundance of pristine donor and acceptor relative to the co-crystal, affecting in turn
the photovoltaic performance. Furthermore, the ability of the co-crystals to absorb light in the
NIR range (Fig. [4.29b) adds one interesting feature to this system that could be exploited for
optoelectronic applications.
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CHAPTER 5

RELEVANCE OF THE RESULTS OBTAINED
AND PERSPECTIVES

This chapter summarizes and connects the new results obtained in this thesis and stresses their
relevance in a device-oriented perspective.

In this chapter we connect the results obtained throughout this thesis. Some of these con-
nections have been already stressed in the course of the single chapters. Here we highlight the
elements of innovation of our results compared to the state of the art, and we propose directions
for future research on thin films of OSCs. Furthermore, we stress the relevance of our results and
the possibilities to exploit them to achieve control of the functional properties of molecular layers
for their targeted use in optoelectronic components.

5.1 Interplay between molecular structure and
CT interactions to determine mixing behavior

The findings on the mixing behavior of DIP:F6TCNNQ, DIP:TCNNQ and 6T:F6TCNNQ reveal
a complex scenario. First we notice that, by solely considering the energy level alignment, it is
difficult to estimate how large is the driving force for CT. To illustrate this, we refer to the HOMO
and LUMO values for DIP, 6T and FETCNNQ in Fig. [f.I] They are all reported as peak onsets
in the corresponding photoelectron spectra (UPS for DIP, IPES for F6TCNNQ). The position of
peak maxima differs of several tenths of an €V, namely, ~0.4 €V for DIP in o-orientation [303],
~0.5 eV for 6T in o-orientation [263] and as much as ~1 eV for FETCNNQ [53] likely in random
orientation. It is noticed in Ref. [53] that the energetic orbital overlap matters as driving force for
CT, therefore peak onsets rather than maxima should be taken as reference values.

Taking these considerations into account, one still expects a larger driving force to CT for the
system 6T:F6TCNNQ. However, the expected driving force to intermolecular coupling via CT is
not reflected in the mixing behavior (see Results section . We suggest this to be related to the
molecular structure of 6T (Fig. . The long axis of 6T is double the size of that of F6TCNNQ
and the molecular backbone of 6T is more flexible than that of DIP. This seems to involve a
smaller probability for 6T:F6TCNNQ to find an efficient conformation for orbital coupling within
the time-scales of diffusion and self-assembly during thin film growth, leading ultimately to partial
phase-separation in equimolar mixtures. However, thanks to the large driving force for CT and to
the overall planar molecular geometry, a significant portion of the molecules can still assemble in
D:A co-crystallites.

For DIP:F6TCNNQ), although the sizes of donor and acceptor also differ significantly (Fig. 7
no clear hints for phase-separation were found in the equimolar mixtures despite the seemingly
smaller driving force for CT. Due to the stiffer molecular backbone of DIP compared to 67T, relative
D:A conformations favorable to the formation of a D:A supramolecular complex are efficiently
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found, provoking the nucleation and growth of co-crystallites.

The same phenomenon observed for 6T:F6TCNNQ mixtures is present for DIP:TCNNQ mix-
tures, i.e. D:A co-crystal formation with partial phase separation in equimolar mixtures (see first
part of the Results section . For DIP:TCNNQ), due to the close similarity of the acceptor to
F6TCNNQ, the above outlined factors related to the different molecular conformations can be
singled out. We conclude that the partial phase separation of TCNNQ is observed due to the
unfavorable energy level alignment (Fig. , involving an insufficient driving force for complex
formation. However, as in the case of 6T:F6TCNNQ, sizable amounts of D:A co-crystallites are
found.

The role of the driving force to complex formation for the mixing behavior of D:A systems can
be rationalized in terms of the inter-particle interaction potential x (Eq. . If the interaction
potential for hetero-particles, Vap, is strong enough, one obtains the case illustrated in Fig. 2.7p,
i.e. a D:A complex is formed. In our case, we assume that the main contribution to Vsp is
of electronic nature and represented by the driving force to CT and by the orbital coupling. In
using this argument, we neglect multipolar and van der Waals contribution, which also determine
the strength of intermolecular D:A interactions when comparing F6TCNNQ with TCNNQ. This
simplified picture obviously does not take into account the non-equilibrium character of thin film
growth. In our case, we observe a combination of the two scenarios illustrated in Fig. [2.7p,c for
the equimolar mixtures of 6T:F6TCNNQ and DIP:TCNNQ, namely, domains of the corresponding
D:A complex coexisting with domains of the pristine compounds. These two systems represent
thus the first examples of kinetically limited formation of D:A complexes in thin films reported so
far.

These findings suggest several perspectives, on one side for further research and, on the other
side, for applications in optoelectronic devices. The optimal phase morphology in these devices
must fulfill two requirements [27]: a) there has to be some degree of mixing between donor and
an acceptor, so that the photogenerated excitons can be efficiently split in charge carriers at
the D:A interfaces; b) the contacts should be covered with pristine domains well interconnected
with the partially mixed domains in the same material in order to ensure efficient transport of
the charge carriers to the external circuit. For these requirements, D:A mixtures that exhibit
strong phase separation like DIP:Cgy have been employed [95] [168]. The bulk heterojunction
architectures employed in this thesis allow to maximize the number of donor domains interfacing
acceptor domains and could therefore be “sandwiched” between domains constituted of pure donor
and acceptor, respectively. In other words, the two concepts of bulk and planar heterojunction can
be joined in one device (Fig. [L.2k,d).

In particular, we demonstrated two partially phase-separated systems mixed on the molecular
level which show the additional presence of D:A co-crystals. Here, an important ingredient would
be the ability to control the length scales of the phase separation [292] as well as the size of the
crystallites in the direction perpendicular to the contacts. The co-crystals are intermixed in the
phase-separated matrix (Fig. ) and can absorb in the NIR portion of the spectrum, which offers
the possibility to harvest low-energy photons. However, the energetics at the interface between D:A
co-crystals and pristine domains should be carefully studied in order to choose the best material
combination to minimize charge recombination and avoid losses of the open circuit voltage.

5.2 OMBD combined with high sensitivity techniques

The use of OMBD and the possibility to systematically vary the D:A mixing ratio in thin films
allows to extend the space of variables that affect a given film property and thereby to pinpoint
specific effects. This approach has been applied to quantify two parameters for DIP:F6TCNNQ), the
system most extensively characterized in this thesis: a) roughness evolution, b) degree of GS-CT.

5.2.1 Smoothing mechanisms in D:A mixtures investigated by in situ
real-time X-ray reflectivity

In the Results section we demonstrate the dependence of interface roughness on film thickness
and D:A mixing ratio. This study is intended to complement and deepen the observations of
film smoothing from the post-growth XRR data on DIP:F6TCNNQ mixtures with excess DIP
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(Fig. ) A mechanism to explain the roughness evolution is proposed, which might be rather
general for binary mixtures with co-crystal formation. In brief, the suggested mechanism invokes
the different vertical growth rate of pristine donor crystallites and co-crystallites, respectively, the
latter growing faster. Notice that a different vertical growth rate of DIP crystallites, respectively
on grain boundaries and terraces, has been suggested to explain the rapid roughening in thin films
of this OSC [105].

The systematic increase of acceptor content in DIP:F6TCNNQ mixtures provides a meaningful
tool to track down effects related to the formation of the co-crystal, whose molar ratio relative to
DIP increases with the FETCNNQ content (Fig.[6.11]). This experimental approach combined with
the several theoretical models, as proposed in the Results section [£:2} is fundamental for gaining
a reliable picture of a complicated system such as a binary mixture with phase heterogeneity.
We stress the substantial novelty of our results by noticing that, to the best of our knowledge,
the roughness evolution of a binary mixture has been published only in one work [62] where,
however, only data for the equimolar mixture at two different substrate temperatures are shown.
We therefore recommend the use of this approach for the study of further D:A systems in order to
substantiate the suggested mechanism for heterogeneous phases.

5.2.2 Effects of ground-state charge-transfer interactions on molecular
vibrations

For DIP:F6TCNNQ we have observe strong optical transitions in the NIR associated to the forma-
tion of a D:A co-crystal (see Results section . We then suggest that the lowest energy transition
stems directly from the HOMO-LUMO transition within the D:A supramolecular complex formed
as a consequence of GS-CT interactions. The next logical step is to quantify the GS-CT by means
of FTIR. In order to do this, simple transmission measurements did not prove sensitive enough.
We then turned to the PMIRRAS setup described in the Methods section [3.3] in order to gain
sensitivity and be able to detect the relatively weak C=N stretching from F6TCNNQ. Such vi-
bration is the CT-sensitive vibration most used in the literature to quantify the degree of GS-CT
and therefore represented the natural choice for this task. However, the use of PMIRRAS allows
one to obtain very clear spectra also in the molecular fingerprint region since the signal from atmo-
spheric gases cancels out. Information obtained from the C=N stretching region and the C=C
stretching region can be therefore joined with DFT calculations, and a more complete picture of
GS-CT interactions for many D:A systems can be gained.

The approach of employing PMIRRAS to study CT-sensitive vibrations was already adopted
in Ref. [57] for several D:A combinations. There, however, the mixing ratio was not varied. In
our work, we produced a series of binary mixtures varying systematically the D:A mixing ratio.
Among others, we could indicate the uncertainty on the calculated degree of GS-CT based on the
systematic mode red-shift with D:A mixing ratio. Such shift is related to the average dielectric
properties of the films in an effective medium approximation and, to the best of our knowledge, has
been clearly reported by us for the first time for molecular materials. Based on DFT calculations
and with the comparison of DIP:F6TCNNQ with PSHT:F6TCNNQ we also brought the attention
on the fact that not only peak positions, but also peak intensities should be taken into account to
correctly evaluate the nature of the CT interactions in these systems.

We recommend the use of PMIRRAS for investigating OSCs on those types of surfaces that
find applications in devices, for instance ITO. The requirement of a highly conductive surface does
not pose too severe restrictions to these studies as long as a suitable “buffer” layer can be deposited
that mimicks the properties of the real surface. The organic material will then be deposited on
top of this buffer layer, which should stay below ~100 nm thickness [217] in order not affect too
much the reflectivity of the conductive substrate underneath. This approach will be beneficial for
future research.
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5.3 A strategy for thin film preparation to select molecular
orientation

Our findings concerning the possibility to select molecular orientation in polycrystalline films on
any kind of substrate are probably the most relevant for device applications. As we recognized the
potential interest of our thin film growth protocol, we decided to apply for patenting the growth
procedure described in the Results section

Our findings are likely to stimulate new ideas and alternative directions of fundamental re-
search, which were in part illustrated in the Results section For instance, the production of
molecular films with selected orientation allows to discern changes in optical spectra uniquely due
to orientational transitions from those due to other effects. We saw a concrete example of this
in the interpretation of the PMIRRAS spectra in Fig. [£.23] Furthermore, it is an advantage to
be able to experimentally “rotate” the unit cell of a given D:A co-crystal on a surface in order to
constraint the problem of crystal structure solving. This aspect seems particularly important for
those compounds whose thin film texture is not perfectly uniaxial, as seen for the DIP:F6TCNNQ
co-crystal (Fig. . Another possibility for future research involves the realization of hetero-
interfaces where the molecular components have a defined orientation in order to complement
theoretical predictions for exciton generation and diffusion [360].

5.4 Compensating the low absorption of Si in the
visible and NIR range

The much higher absorptivity of OSCs compared to Si in the spectral region below ~3 eV is one
of the features of these materials which renders them most attractive for applications in solar
energy conversion, as it can be seen in Fig. by comparison of the sun irradiance on Earth
with the extinction coeflicient k for the materials shown. As it can be seen, DIP films grown in an
upright-standing (o) do not show enhanced optical absorption compared to Si in the spectral range
below ~3 eV. Conversely, DIP films selectively grown in a lying-down (A) molecular orientation
can compensate the low k of Si significantly. Notice that the higher k& of A-DIP compared to o-DIP
can be already noticed by bare eye on glass (Fig. [5.1p).

In the energy range below ~2 eV the absorption of Si drops drastically, therefore the low-
energy photons of the solar radiation in this region are not efficiently harvested. This drop can be
compensated by employing D:A co-crystallites (Fig. ) as absorbers. In Fig. , an example
is shown for the DIP:F6TCNNQ co-crystal. However, as seen in the Results section [41] also the
6T:F6TCNNQ co-crystal exhibits fairly strong absorption bands in this region of the spectrum.

Organic materials can be integrated as surface passivation layers in Si-based solar cells in order
to improve light harvesting of NIR photons. This type of application should be thoroughly tested
with several materials in order to tune the energy-level alignment at the organic/Si interface and
optimize charge injection. Care must also be taken to minimize charge recombination in these
layers, which leads to a drop in the open circuit voltage [361].
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Figure 5.1: a) Comparison of the extinction coefficient k of Si [362] with that of DIP in o- and A-
orientation (see also Fig. [6.16h) and of the DIP:F6TCNNQ co-crystal (see also Fig. [4.6). The solar
spectral irradiance on Earth is shown for comparison [363]. b) Picture of the pristine DIP films
(thickness: 20 nm) evaporated on glass slides, where one can notice the difference in absorption by
eye. Sketches of the overall molecular orientation in the films and the corresponding orientation of
the TDM are shown. c) Picture of the DIP:F6TCNNQ 1:1 film and sketch of the overall texture
of the co-crystallites (see Fig. [1.5d). d) Molecular structure of DIP and F6TCNNQ (for which see
also the Materials section .

5.5 Functional layers in organic solar cells

Non-transparent organic solar cells from [Heliatek® have recently established the world record of
13.2% efficiency [I79] and therefore represent a concrete technological application of OSCs for
renewable energies. This kind of optoelectronic device can greatly benefit from our growth protocol
to induce a stable A molecular orientation in polycrystalline films, as illustrated in Fig. 5.2}

An organic solar cell consists typically of several functional layers, namely, a photoactive layer
for photon harvesting inserted between two transport layers that ease exciton separation and
charge transport to the contacts, as in the simplified schematics of Fig. [5.2h. Typically, doped
organic films are used as functional layers [20]. Assuming for simplicity that only one OSC with
is used as photoactive layer, if its HOMO-LUMO transition has a TDM oriented parallel to the
long molecular axis (Fig. ) then it is obvious that a A-orientation would maximize the light
harvesting efficiency (see e.g. the example of DIP in Fig. .

Once excitons are generated, the optimal configuration of the transport layers would involve the
constituting molecules to also exhibit a A-orientation. Indeed, assuming the energy level alignment
has been optimized by the choice of the materials, this would involve an optimal overlap of the m-
orbitals and enhanced probability of exciton separation at the interface. The diffusion via hopping
of the photogenerated charge carriers into the transport layers would then also occur under optimal
conditions thanks to the overlap of the m-orbitals in the direction perpendicular to the contacts.
All these processes are sketched in Fig. [5.2b.
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transport layer
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Figure 5.2: a) Simplified schematics of an organic solar cell with the molecular functional layers
and the contacts displayed (see also.b) Magnification of the interfaces of the functional layers,
where an overall A-orientation of the molecules is shown. The process of exciton separation and
charge-carrier migration (“e” electron, “h” hole) is represented. c¢) Orientation of the TDM for a
single molecule constituting the photoactive layer. Adapted from Ref. [20].

In summary, the realization of molecular layers entirely in A-orientation has a great potential to
further increase the efficiency of organic solar cells. This perspective depends also on the ability to
realize planar heterojunctions with defined interfaces, which for our growth procedure represents
the challenge of controlling film morphology wia fine tuning of the post-growth film annealing
parameters.
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APPENDIXES

6.1 Additional data and comments on the comparative study
of DIP/6T:F6TCNNQ mixed films

Here we show complementary data to the Results section

6.1.1 Tables with all Bragg peaks for DIP:F6TCNNQ and 6T:F6TCNNQ
mixtures

Bragg peaks found in XRR and GIXD curves for both D:A systems are summarized in the following
Tab. [6.1]l6.2]

Table 6.1: Summary of @, peak positions in the XRR scans of DIP:F6TCNNQ and 6T:-F6TCNNQ
mixtures. Peak attribution is also indicated, where “LT” stands for low-temperature.

mixture ‘ Q. [A1] ‘ attribution

0.38 DIP thin film ¢(001)
0.67 co-crystal

DIP: F6TCNNQ 0.76 DIP thin film ¢(002)
0.84 DIP LT
0.86 co-crystal
0.26 6T 5(200)
0.52 6T B(400)
0.56 6T LT(400)

6T: F6TCNNQ 0.77 6T 5(600)
0.80 6T LT(110)
0.84 6T LT(600)

In the XRR of the DIP:F6TCNNQ 1:1 mixture (Fig. ) we observe only one Bragg peak at
Q. = 0.67 A~1. Since we could not reasonably attribute it to any DIP polymorph, we suggest that
it stems from a DIP:F6TCNNQ co-crystal. The peak disappears in the 1:2 mixture due probably
to the increased out-of-plane disorder provoked by the molar excess of FETCNNQ.

1Based on Ref. [162]
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Table 6.2: Summary of @) peak positions in the GIXD scans for DIP:F6TCNNQ and
6T:F6TCNNQ mixtures. Peak attribution is also indicated, where “LT” stands for low-
temperature.

mixture ‘ Q) [A1] ‘ attribution
0.49 co-crystal
0.68 DIP other polymorph
0.71 co-crystal
0.84 DIP LT
0.86 co-crystal
0.87 F6TCNNQ
DIP:F6TCNNQ 0.93 F6TCNNQ

115 | DIP thin film o(110)
1.47 DIP thin film ¢(020)
1.72 DIP thin film ¢(120)

1.85 co-crystal
1.91 co-crystal
0.56 6T LT(400)
0.62 co-crystal
0.67 co-crystal
0.87 F6TCNNQ
0.93 F6TCNNQ
1.31 6T LT(011)
6T:F6TCNNQ 1.34 6T LT(21-1)
1.40 6T LT(41-1)
1.38 6T
1.60 6T LT(011)
1.81 co-crystal
1.87 co-crystal
1.95 6T LT(32-1)

6.1.2 Examples of D:A co-crystals

We show in Fig. [6.1h,b and [6.Th,b two examples of m-stacked D:A co-crystals taken from the
literature [56] [266] in order to illustrate typical distances between the m-conjugated cores of donor
and acceptor molecule. The green dashed lines and values in A represent distances in real space,
the white values are the corresponding transformations in reciprocal space. The crystal plane
producing the peak with highest intensity in the )| region 1.80 — 1.95 A~ is also shown.
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Figure 6.1: a) Molecular packing inside unit cell of the D:A co-crystal picene(PIC):FATCNQ [56],
where PIC is the donor and FATCNQ the acceptor. b) Representative distance between the 7-
conjugated molecular cores of donor and acceptor in real space (in A) converted in reciprocal space
and crystal plane with highest structure factor in the @ region 1.80 — 1.95 A~ c) Comparison
between calculated powder spectra of the PIC:FATCNQ co-crystal from the literature (black traces)
and the GIXD scans of the DIP:F6TCNNQ 1:2 mixture (colored trace, same scan as in Fig. .2p).

In Fig. and we compare the powder spectra of the two D:A co-crystals from the
literature generated using the software Mercury [326] with the GIXD patterns of the 1:2 mixtures
of both D:A combinations studied in this work. The position of the D:A co-crystal peaks in the
range @ = 1.80—1.95 A~ in our GIXD profiles matches very well the strong diffraction features in
the powder spectra that stem from crystallographic directions vicinal to or coincident with the -7
donor-acceptor stacking direction of the literature compounds despite the substantial mismatch of
the rest of the spectral portions and different packing and symmetry within the respective unit
cell.
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Figure 6.2: a) Molecular packing inside unit cell of the D:A co-crystal dimethyl-
quarterthiophene(DMQtT):FATCNQ [266], where DMQtT is the donor and F4ATCNQ the acceptor.
b) Representative distance between the m-conjugated molecular cores of donor and acceptor in real
space (in A) converted in reciprocal space and crystal plane with highest structure factor in the )
region 1.80—1.95 A=1. ¢) Comparison between calculated powder spectra of the DMQtT:FATCNQ
co-crystal from the literature (black traces) and the GIXD scans of the 6T:F6TCNNQ 1:2 mixture
(colored trace, same scan as in Fig. [1.3b).

6.1.3 UV-vis absorption data for DIP/6T:F6TCNNQ mixtures in sev-
eral mixing ratios

In Fig. [6.3h,b we show normalized UV-Vis absorption data of the donors DIP and 6T, the acceptor
F6TCNNQ), and several corresponding mixtures collected down to 1.25 eV. The spectra were scaled
with the aim of showing the development of the overall spectral shape as function of the D:A mixing
ratio. In the insets we show close-ups of the lower energy region of the spectra in order to highlight
the development the new CT transitions in the mixtures located below the respective bandgaps
of the materials in the pristine films. As shown in Fig. [4.6h,b, one or more additional absorption
bands per D:A couple are located at lower energies and are therefore here not visible.
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Figure 6.3: Normalized UV-Vis absorption spectra measured in transmission geometry down to
1.25 €V on a) DIP:F6TCNNQ and b) 6T:F6TCNNQ films with varying molar ratios of donor and
acceptor. The spectral range of the main plots is chosen in order to include the most intense
HOMO-LUMO transitions of the pristine compounds. The insets show magnifications of the
lower-energy regions where the new CT-related optical absorptions are observed in the mixtures.
Film thickness is: a) 25 nm (DIP), 101 nm (DIP:F6TCNNQ 1:1), 30 nm (DIP:F6TCNNQ 2:1),
103 nm (DIP:F6TCNNQ 1:2), 31 nm (F6TCNNQ); b) 24 nm (6T), 25 nm (6T:F6TCNNQ 3:1),
25 nm (DIP:F6TCNNQ 2:1), 23 nm (DIP:F6TCNNQ 1:1), 27 nm (DIP:F6TCNNQ 1:5), 16 nm
(F6TCNNQ).

6.1.4 AFM scans of DIP:F6TCNNQ and 6T:F6TCNNQ 1:1 mixtures on
different substrates
In order to choose a model for the ellipsometry raw data ¥ and A, we investigated the surface

morphology of the DIP:F6TCNNQ 1:1 and 6T:F6TCNNQ 1:1 films by Atomic Force Microscopy
(AFM).

Figure 6.4: a), b) AFM scans of the DIP:F6TCNNQ 1:1 film (103 nm) grown on a) native Si
oxide and b) borosilicate glass. ¢), d) AFM scans of the 6T:F6TCNNQ 1:1 film (23 nm) grown
on c) native Si oxide and d) borosilicate glass. The inset bars corresponds to 2 pm. For more
clarity, the limits for the color-scale in d) have been set to the area delimited on the image. The
roughness values are: a) 10.7 nm, b) 10.3 nm, ¢) 17.3 nm, d) 25.3 nm.

We show in Fig.[6.4) AFM scans of the same samples investigated by ellipsometry, namely, the 1:1
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mixtures on both native Si oxide and borosilicate glass. For both mixtures the morphology changes
qualitatively between the film grown on Si oxide and on glass, respectively. For DIP:F6TCNNQ
1:1, despite the differences in the morphology, the roughness does not change significantly. For
6T:F6TCNNQ 1:1, the film on glass exhibits a ~ 30% increase in roughness.

6.2 Additional data and comments for roughness evolution
of DIP:F6TCNNQ films for roughness evolution

Here, the full real-time XRR datasets for the three DIP:F6TCNNQ mixtures are shown together
with all the fits performed and parameters extracted. The data are further commented when
necessary.

6.2.1 Fits with growth models for all DIP:F6TCNNQ mixtures

We show in Fig. [6.5] the time-evolution of the XRR curves measured for all DIP:F6TCNNQ mixed
films. The reflectivity profiles as function of layer thickness extracted at specific (), points together
with the corresponding fits are also shown.

From the fits in Fig. the layer coverages 6,, and the model-specific growth parameters
can be extracted, which is shown in Fig. for all mixtures investigated here. Below we briefly
comment on the boundary conditions imposed for the fits. In the Cohen fits in the low-thickness
regime we do not impose any constraints on the relative magnitude of k,, for different n. In the
Trofimov fits we initially impose a boundary condition on 0., namely 0¢,, < 0¢rn+1, to fit the
time-dependent data at a given @-point. Subsequently we relax this condition and perform a global
fit of the entire dataset for a given D:A mixing ratio. Letting the relative magnitude of k,, to vary
freely in the Cohen model leads overall to an increasing trend of k,, vs n, more clearly for the 2:1
and 6:1 mixtures (see insets in Fig. [6.6b,d.f).

2Based on G. Duva et al., in preparation
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Figure 6.5: In situ, real-time XRR data of DIP:F6TCNNQ mixtures. a), c), e) Time evolution
of the reflectivity profiles. The red lines indicate the fractional points along the curves in units
of Q. Bragg- A value for Q. pragy = 0.375 A=! is used. The curve at time “0” corresponds to
the first curve measured after exposing the substrate molecular flux. In the lower 3D plot, each
“pixel” along the time axis corresponds to one experimentally measured curve. b),d),f) Extracted
profiles at the anti-Bragg point (Q. = (1/2) - Q@ Bragg) and other fractions of Q. pragg, as indicated
in the plots. The fits are superimposed to the experimental data: the orange curves correspond
to the Cohen fits in the low-thickness regime, the green curves correspond to the Trofimov fits
in the entire thickness range. Fits of the monotonically increasing intensity of the Bragg peak
(Q: = QBragg) are not shown. The vertical dashed line corresponds to the first total grown ML
measured experimentally by means of the thickness monitor.
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Figure 6.6: Parameters extracted from the fits of the DIP:F6TCNNQ mixtures using the Cohen
model in the low-thickness regime (orange traces) and the Trofimov model in the entire thickness
range (green traces). a), c),e) Layer coverages 6,,. b), d),f) Interface roughness calculated from
Eq. The insets show the jump rates k,, according to the Cohen model (see Eq. and the
critical layer coverages 6., according to the Trofimov model (see Eq. .
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6.2.2 Parratt fits of real-time XRR data

In order to carry out the Parratt fits, we used the last real-time XRR curve measured for each
DIP:F6TCNNQ mixing ratio to set up a suitable multilayer model, then we fitted the scans in
decreasing film thickness. Fig. shows an example of parameter set used to fit the last XRR
scan of the time-series for the DIP:F6TCNNQ 4:1 mixture. In this “top-down” approach, uniquely
the electron density, pe, of the top layers were used as fit parameters. A lack of electron density
compared to a full layer indicates partial filling (Fig. [6.7h). A multilayer model was created for
each film, where void slabs are alternated with slabs “filled ” with material in order to reproduce
the contrast in electron density along the z-coordinate perpendicular to the substrate, which gives
rise to Bragg peaks [225, 236]. Each layer has an associated roughness which determines how
pronounced the inter-layer electron density contrast is, or, in other words, determines the amplitude
of the electron density modulation.

a) b)
[ [ 4@ | p10%hD)

7 ML 12.07 5.60 3.71
space layer 4.76 0 3.72

6 ML 12.11 10.61 3.76
space layer 4.77 0 3.78
5ML 12.13 11.53 3.80
space layer 4.78 0 3.84

4 ML 12.16 11.59 3.88
space layer 478 0 3.95

3 ML 12.16 11.59 4.03
space layer 4.77 0 4.10
2ML 12.17 11.89 4.16
space layer 4.76 0 4.20
1ML 12.17 12.11 4.20
space layer 4.77 0 4.20
initial adsorbants 1.50 7.01 1.08
‘ sio, 25 189 7.10

Figure 6.7: a) Sketch of multilayer model for fitting XRR data with the Parratt formalism. b) Set
of parameters used to fit the last XRR scan (i.e. thickest film) for the DIP:F6TCNNQ 4:1 mixing
ratio where d indicates the layer thickness, p. the electron density and o the layer roughness. The
color code of some layers matches their location in the sketch in a).

To minimize the number of free parameters, we imposed boundary conditions for p. , the inter-
layer roughness and the monolayer thickness in the following way: a) an upper limit for p. of a
full layer was set, b) the values for the inter-layer roughness were set all equal, ¢) the monolayer
thickness was set equal for all void+full pairs of slabs, with the additional constraint of an equal
thickness for all void and full slabs, respectively. Note that, occasionally, we had to make these
boundary conditions less stringent in order to achieve a better agreement of the fits to the data.
However, minor deviations were necessary, amounting to less than 10% at most, as it is the case,
e.g., for the layer roughness of the model for the 4:1 mixture in Fig. [6.7p. For choosing an upper
limit for p., the nominal electron densities of the bulk high-T" polymorph of DIP [124] and of the
bulk crystalline form of F6TCNNQ [I98] were averaged using the molar ratio of each compound
as weight. This approach was enough to obtain reasonable fits for the 2:1 and 4:1 mixtures. For
the 6:1 mixture, to obtain reasonable fits to the data it was necessary to set the maximal p, higher
than its nominal value. This might indicate that for the 6:1 mixture, due to the large excess of
DIP, the growing crystallites incorporate fewer defects than in the 2:1 and 4:1 mixture, which leads
to an overall higher film density.

We show in Fig. the entire set of XRR curves fitted using the Parratt formalism for all
DIP:F6TCNNQ mixtures. The vertical shift of the curves is identical for all the films. In Fig.
we show the electron density profiles and layer coverages extracted from the Parratt fits for the
three DIP:F6TCNNQ mixtures.
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Figure 6.8: Experimental XRR scans (black dotted profiles) and fits using the Parratt formalism
(red profiles). The curves are vertically shifted for clarity. The fits were performed using the
software Motofit [279).
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Figure 6.9: Parameters extracted from the Parratt fits of the real-time XRR data for all
DIP:F6TCNNQ mixtures. a),c),d) Electron density (or scattering length density) as function
of the z-coordinate perpendicular to the substrate and of the total number of deposited ML. The
color scale for the electron density is indicated. The Si substrate is located at z = 0, i.e. the con-
vention for the z-axis is inverted compared to Fig. b),d),f) Layer coverages 6, as function
of the total number of deposited ML. The 6,, obtained from the Parratt fits (full colored lines) are

compared to the 6,, obtained from the Trofimov fits (dashed green lines), to which the numbers
also refer.
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By simple inspection of the data starting from the very first growth stages of the film, it is
evident that the 2:1 mixture exhibits the deepest intensity modulation with a minimum around
Q. = 0.15 A=1. Therefore, already by visual inspection, the mixture with the highest FETCNNQ
content exhibits the most pronounced layer-by-layer growth fashion in this monolayer-thickness
regime, i.e. the lowest interface roughness, as confirmed by the RMS extracted from the fits. An
overview of the obtained parameters from all models employed for all DIP:F6TCNNQ mixtures is
shown if Fig. In particular, the interface roughness extracted from the growth models and the
Parratt formalism, respectively, show qualitatively similar trends, with the 2:1 mixture exhibiting
the most pronounced layer-by-layer growth fashion in the early growth stages but roughening faster
than the other two mixtures in the later growth stages.
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Figure 6.10: a) Critical layer coverages 0., according to the Trofimov model, and inter-layer
jump rates k,, according to the Cohen model (inset) obtained from the fits of the data for the three
DIP:F6TCNNQ mixtures in different D:A molar ratios. b) Interface roughness extracted using
the Trofimov model for the full thickness range and the Cohen model for the low-thickness regime
(inset). c) Interface roughness extracted using the Parratt formalism. In b) and c), the vertical
lines correspond to the deposition of the first 4 nominal ML.
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6.2.3 Post-growth GIXD scans

In Fig. we show GIXD scans measured for the as-grown DIP:F6TCNNQ films studied by
real-time XRR in all mixing ratios. The DIP Bragg peaks were fitted with Gaussian curves in order
to extract the FWHM, from which the lateral (or in-plane) coherent grain size D was calculated
using the Scherrer formula:

21K
 FWHM

where K = 0.94 is a geometrical factor. For each film, the values of D obtained from the
different Bragg peaks were averaged in order to obtain a mean value. The results are plotted in

Fig. [6.11p.
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Figure 6.11: GIXD scans of as-grown DIP:F6TCNNQ mixtures with the indicated mixing ratios.
The Bragg peaks stemming from DIP and from the DIP:F6TCNNQ co-crystal, respectively, are
indicated.

Clearly, the in-plane coherent size of the DIP crystallites becomes smaller as the F6TCNNQ
content increases. At the same time, the feature stemming from the DIP:F6TCNNQ co-crystal
become stronger relative to those of DIP, which qualitatively confirms the increasing amount of
co-crystal relative to pristine DIP in the mixtures.

6.3 Additional data for orientation control of DIP, PEN and
6T films

Here we show complementary data to the Results section [4-3]

6.3.1 Post-growth, in situ GIXD can of DIP film in lying-down orien-
tation

In Fig. we show diffraction patterns of a DIP film measured in GIXD geometry in situ at
Tsup = 123 K right after film deposition.

In Fig. [6.12h,b, a broad peak is visible. The slits gap is assumed to not significantly affect the
estimation of peak width. The broad but clear (001) Bragg peak stemming from the A orientation
of DIP denotes the presence of DIP domains with some degree of coherence. The lateral coherent
grain size can estimated using the Debye-Scherrer formula (Eq.[6.1]). Taking a FWHM of 0.135 A-t
as given by the fit in Fig. [6.12b we obtain D = 4.4 nm, which corresponds to less than three times

3Based on Ref. [284]
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Figure 6.12: In situ a) reciprocal space map and b) GIXD scan measured right after the growth
of a DIP film at Ty, = 123 K. In a), the high intensity coming from the range near Q=0 At
in the top part of the map stems from spurious scattering. Such intensity is then efficiently cut
out by the more closed slits in the bottom part of the map, where the arrow points at the only
visible diffraction feature from the organic film. In b), the feature is attributed to the (001) Bragg
reflection of the A-orientation of DIP. [TOP trace, full line]: GIXD scan with corresponding fit
of the background likely arising from air scattering of the direct beam. [BOTTOM trace, dashed
line]: Bragg peak after background subtraction. The peak was fitted using a single pseudo-Voigt
curve consisting of a linear combination of a Lorentzian and a Gaussian curve.

the long molecular axis assuming a A-orientation. The DIP grains formed at this Ty, exhibit
therefore only short-range order, but still more pronounced than, e.g., the OSC rubrene, as in

Ref. [364].

6.3.2 Post-Annealing GIXD Scan of DIP Film with A-Orientation

Fig. [0.13] shows the GIXD scan of the same DIP film with A-orientation presented in Fig. [f.16f,d
of the Results section [£:3] The GIXD scan was extracted directly from the reciprocal space map
and therefore the peak width is not affected by slits broadening.

From Eq. we obtain from the A-(001) Bragg peak Da49 nm, which represents a ten-fold
increase in the coherent grain size compared to the as-grown film.
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Figure 6.13: Fz situ GIXD scan extracted from Q-map after annealing of a DIP film up to
Teuwp = 413 K and subsequent cooling to room 7. The peak was fitted using a single pseudo-
Voigt curve.

6.3.3 Mosaicity of DIP Film with A-Orientation

The reciprocal space map of a DIP film in A-orientation measured ez situ is shown in Fig. [f.16.
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Figure 6.14: Angular distribution of the diffracted intensity of Bragg peaks belonging to the
(£1 k +£1) truncation rod of DIP with A-orientation extracted from the Q-map of another DIP
film, which is completely similar to the map shown in Fig. [f.16k. The Gaussian fits used to extract
the mosaicity are shown. The angle ¢ is measured by placing 0° at Q. = 0 A~'. The intensity
profile with Qo; = 1.23 A~ has been corrected for the background. The intensity profile with
Qiot = 1.79 A~1 attains the limits of the measured Q-range for ¢ — 90°, therefore the portion
above ¢ =~ 75° is flat and affects the quality of the Gaussian fit. Some sawtooth-like shaped artifacts
visible in the extracted profiles are due to the stitching of several images from the 2D detector.

The intensity of the Bragg peaks belonging to different truncation rods has some spread along
the same value of the total @, which denotes mosaicity of the DIP crystallites. The intensity
profiles are plotted as function of the radial angle ¢. From the Gaussian fits of intensity vs ¢ we
extracted the FWHM values and used them as an estimation of the mosaicity of the DIP film with
M-orientation. We take an average value of 14° from Fig. which therefore corresponds to a
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mosaicity of £+ 7°.

6.3.4 Surface morphology of a-sexithiophene films

The different growth conditions of the thin films prepared in o- and A-orientation, respectively,
has relevant consequences on film morphology. In Fig. [6.15 we show AFM scans of 6T films in
o-orientation grown on native Si oxide (Fig. ) and on fused silica (Fig. ) during the
same growth experiment. The surface consists of separated grains of ~ 500 nm in size. Except
the slightly higher island density for the sample grown on Si oxide, no major differences are to be
noticed.
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Figure 6.15: AFM images (10x10 pm?) taken for 6T films in a),c) o- and b),d)\-orientation
deposited on a),b) native Si oxide and c),d) fused silica glass. The inset bar corresponds to 4 pm.
The differences between the morphology of our 6T films in o-orientation and of the films reported
in Ref. [271] is due to the fact that our films are annealed to 393 K, which enhances molecular
diffusion is enhanced and provokes significant changes in film morphology for this system.

The AFM scans of of 6T films in A-orientation grown simultaneously on native Si oxide
(Fig. [6.15b) and on fused silica (Fig. [6.15(d) show, instead, dramatic differences. The morphol-
ogy 1is still dominated by islands, but they are much smaller and their density is much higher on
native Si oxide than on glass. This huge difference must be related to the diffusion mechanisms
taking place on the surface of the single substrates, which in general exhibit slightly different en-
ergy landscapes and might therefore affect differently molecular diffusion and self-assembly during
the annealing step.

For completeness, we mention that DIP and PEN barely exhibit differences in surface morphol-
ogy on native Si oxide and glass, respectively.

6.3.5 UV-vis absorption data on films with standing-up and lying-down
molecular orientation

In order to obtain an independent estimation of the optical properties in the in-plane direction
for our films beyond the VASE fits shown in Fig. [£.16b,d and Fig. [£.17e-h of the main text, we
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measured UV-vis absorption spectroscopy in transmission geometry on all films grown on fused
silica glass slides in both o- and A-orientation, and calculated the extinction coefficient k assuming
the contributions from the reflection and the diffused scattering from the glass to be negligible.
The results are reported in Fig. [6.10] for the energy range 1.4-6 eV.
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Figure 6.16: In-plane component of the extinction coefficient, k|, estimated by UV-vis absorption
spectroscopy in transmission geometry for a) DIP, b) PEN and c¢) 6T films in o- and A-orientation
grown on fused silica slides. The following total film thicknesses from the fits of the VASE data
were taken to calculate kj: 18 nm (o- and A-DIP); 17 nm (0-PEN), 40 nm (A-PEN); 27 nm (0-6T),
65 nm (A-6T).

For the calculation of k, the thickness values obtained from the fits of the VASE data were used.
These values show for PEN and 67T clearly higher thicknesses for the films in A-orientation than
for the films in o-orientation, which is consistent with the analysis of additional X-ray scattering
and AFM data (not shown here). This difference is easily ascribed to the much lower Ty, during
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deposition for the films in A-orientation compared to the films in o-orientation. The different
Tsup causes the molecular sticking coefficient to be higher at 123 K than at room 7', therefore the
effective film thickness is in general lower for the samples in o-orientation than for the samples in
A-orientation, respectively. However, for DIP the different deposition 7' does not seem to have a
significant effect on the molecular sticking coefficient. The differences in sticking coefficient, which
we qualitatively evaluated from the final film thicknesses, correlate very well with the sublimation
T necessary to deposit the starting material from the evaporation cells. As a general trend, the
higher the sublimation T, the less pronounced is the dependence of the molecular sticking coefficient
on Tsyup-

As it can be seen in Fig. @P,b, for DIP and PEN the results for k)| in the spectral range
between 1.4 and 3.5 eV substantially match those obtained from ellipsometry in Fig. [£.16p,d and
Fig.[£.17,f of the main text. This is not the case for 6T, as it can be seen by comparison Fig. [6.16
with Fig. [f.17k,h of the main text. For the latter, the film morphology shown in Fig. [6.15] renders
the estimation of k|| from simple transmission measurements highly inaccurate. Additionally, for
both 6T samples measured in transmission, light-scattering effects provoked by the island-like
morphology provoke an apparent light absorption at energies well below the material gap, which
his especially pronounced for the 6T film in A-orientation.

For DIP, the in-plane component of the optical absorption is much stronger for the A-orientation.
Interestingly, the cross section of the transition located at ~3.4 eV is nearly unaffected by the
different molecular orientation, whereas from ~3.4 eV to higher energy the absorption for DIP
in A-orientation is roughly two times stronger than for the o-orientation. Therefore, a horizontal
alignment of the DIP molecules also leads to enhance absorption of UV radiation, which might
have interesting technological applications.

For PEN in A-orientation, the absorption measurements shows only the low-energy Davydov
component at ~1.88 eV, in complete agreement with the ellipsometry data.

6.4 Additional data for the PMIRRAS study
on DIP:F6TCNNQ mixtures [

In this section we present additional data collected for the DIP:F6TCNNQ mixtures grown on
PECVD-SiO, /Au substrates for PMIRRAS studies in the Results section

6.4.1 AFM scans of DIP:F6TCNNQ mixtures

We show in Fig. [6.17] AFM topographic scans and corresponding height distributions of the same
films presented in Fig. [£.22]

The morphology of the pristine DIP film exhibits small grains with some taller islands. This
morphology is clearly inherited from the finely granulated SiO, surface covering the Au substrate
(Fig. [3.10p) and is very different from that of DIP grown on native Si oxide [I05]. The 4:1 blend
also exhibits small grains, but their size is slightly larger than for pristine DIP and their height is
more uniformly distributed.

The morphology of the blends from 2:1 to 1:4 consists of a relatively smooth background on
which taller islands are present. The height distributions reported for each scan give qualitative
information about the average island height. The island density increases from the 2:1 to the
1:2 blend. For the latter, islands of intermediate height are also present. For the 1:4 blend the
number of taller islands decreases again. Combining the morphological information with the X-ray
scattering data of Fig. we conclude that the taller islands in the mixtures from the 2:1 up to the
1:2 constitute crystalline domains where mainly D:A co-crystals have nucleated. This conclusion
is supported by the elongated shape of the taller islands in these mixtures. The islands in the 1:4
mixture, in turn, are rather isotropic and most probably constituted of segregated F6TCNNQ due
to its molar excess in this film. However, since the X-ray diffraction pattern in Fig. shows
strong features from the D:A co-crystal for this mixture, such D:A crystalline domains must be
numerous and might decorate the F6TCNNQ islands in the 1:4 mixture.

4Based on Ref. [156]
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Figure 6.17: 4x7 um? AFM scans of DIP:F6TCNNQ blends in varying mixing ratios grown on

SiO./Au substrates. For the scans of the samples 2:1, 1:1, 1:4 and “DIP on F6TCNNQ”, the

extremes of the color scale were set on the area delimited by the rectangles. The inset bar corre-

sponds to 2 pym. Height distributions are reported below the corresponding image. The root-mean

square roughness of the images are: 3.4 nm (DIP), 2.0 nm (4:1), 8.8 nm (2:1), 18.2 nm (1:1), 23.4
m (1:2), 10.6 nm (1:4), 15 nm (F6TCNNQ), 33.1 nm (DIP on F6TCNNQ).

The pristine F6TCNNQ film (Fig. [6.17g) exhibits a completely de-wetted morphology of in-
plane isotropic islands, similarly to the sample with DIP on F6TCNNQ (Fig. [6.17h). For the
latter, by comparison with the X-ray scattering data it seems likely that rather randomly oriented
DIP crystals decorate the FETCNNQ islands. The surface roughness between the islands for the
sample with DIP on F6TCNNQ matches that of the bare SiO, substrate (Fig.[3.10p), therefore we
assume that DIP crystallites preferentially nucleate on the body of the F6TCNNQ islands leaving
the inter-island space free. This morphology demonstrates that isolated, extended domains of
F6TCNNQ have been coated by a DIP matrix, at the same time assuring a minimized number of
D:A interfaces between the two materials.

The root-mean square roughness values indicated in caption of Fig.[6.17] are in agreement with
the qualitative analysis of the morphology. The roughness is minimal for the 4:1 mixture, which
can be explained by a smoothing effect of F6TCNNQ on the excess DIP. The roughness then
increases steadily for the blends with increasing relative amount of F6TCNNQ until the 1:4 molar
ratio is reached, for which the roughness decreases. One can explain this by a smoothing effect of
DIP on the excess F6TCNNQ), analogous to the reverse effect in the 4:1 mixture. This trend of
roughness as function of mixing ratio matches our observations for this system on native Si oxide
[162).

For the AFM scans of the different DIP:F6TCNNQ blends presented in Fig. [6.17p-f and [6.17h,
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the channel measuring the phase shift (see the Methods section is shown in Fig. [6.18

Figure 6.18: Lock-in phase channel recorded for the AFM scans of the different DIP:F6TCNNQ
mixed films. The inset bar corresponds to 3 um.

Phase-shift imaging is very sensitive to the frictional properties and can therefore be used to
resolve single domains based, for instance, on their degree of crystallinity or on their composition.
From Fig. [6.18 we see that the domains exhibiting phase-contrast have a nearly 1:1 correspondence
with the islands visible in the topographic images of Fig. [6.17] For the mixtures from 2:1 to 1:4
there is an additional peculiar intra-island contrast originating from the different surface properties
of the exposed crystal facets, supporting the conclusion that the elongated islands are constituted
of DIP:F6TCNNQ co-crystals. For the 1:4 mixture the islands exhibit an isotropic shape, but the
dark-bright intra-island contrast is still visible, supporting the hypothesis made above that these
islands might have an F6TCNNQ core but they are decorated by co-crystallites.

Notice for the 2:1 mixture the remarkable contrast between the segregated islands of D:A co-
crystallites (dark) and the surrounding DIP-rich domains with small needle-like grains (bright),
which are themselves surrounded by a homogeneous matrix where the phase-separation between
DIP and F6TCNNQ on a length scale of few tens of nm is evident. This phase-contrast scan
illustrates the possibly very complicated scenarios of co-crystal formation vs phase separation for
the material system DIP:F6TCNNQ [121].

6.4.2 PMIRRAS data analysis

As outlined in the Methods section [3.3] relative to PMIRRAS, the raw spectra are convoluted with
the Bessel functions originating from the polarization modulation of the incident beam [252]. Using
the software OPUS (Bruker) and following the procedure illustrated in the Bruker manual [248] it is
possible to remove the background arising from the polarization modulation by “pinning” specific
points along the spectrum and fitting them to a polynomial of arbitrary degree. If a spectrum
of the bare SiO, /Au substrate is measured with the same modulation parameters, it provides a
precise guideline for the fitting and subtraction procedure.

In Fig. we show the peculiar shape of a PMIRRAS spectrum right after the operation
of Fourier transformation. The very intense peak at ~ 1235 cm™! dominating the spectrum
(marked with “*”) stems from the transverse asymmetric Si-O-Si stretching of the SiO, layer
and is commonly observed in Si oxide-coated metal surfaces (see e.g. Ref. 217, 253]). The two
inset magnifications show the region of the C=C and C=N stretching, respectively. In the
C=N stretching region, the broad feature marked with “**” represents an overtone of the Si-O-Si
stretching peak at 1235 cm™!. The overtone has been fitted using two different functions and then
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Figure 6.19: a) Full-range raw PMIRRAS spectrum of the DIP:F6TCNNQ 1:1 blend before sub-
traction of the Bessel background arising from the polarization modulation. The “*” on the
strongest peak of the spectrum marks the asymmetric Si-O-Si stretching mode at ~ 1235 cm™!.
The first inset from the left shows a magnification of the C=C stretching region; the second inset
shows a magnification of the C=N stretching region, where “**” marks the overtone of the main Si-
O-Si stretching peak. b) Magnification of the C=N stretching region after subtraction of the Bessel
background, where the overtone of the Si-O-Si stretching has been marked. A simple Lorentzian
function as well as a 5th-degree polynomial, respectively, were used to remove this broad peak.
Note that with the Lorentzian function it is possible to fits the whole peak, while the polynomial
only allows fitting of the low-energy edge which is overlapped with the molecular C=N stretching
modes. ¢) Comparison of the two spectral profiles in the C=N stretching region obtained after
subtraction of the overtone band using the Lorentz and the polynomial fit, respectively. The two
profiles show no difference for what concerns the relevant F6TCNNQ peaks. Here the fit to the
C=N stretching vibrations and the corresponding numbering of the four Lorentzian peaks are also
shown. The global fit is colored in pink and overlaps almost perfectly with the dash-dotted profile.

subtracted, as shown in Fig. [6.19p. Finally, in Fig. [6.19 the remaining C=N stretching peaks
have been fitted with a sum of Lorentzian curves in order to extract peak position. For these fits, a
total number of 3 or 4 Bragg peaks has been assumed depending on the sample. Notice that with
these fits no quantitative information can be extracted on peak intensity: however, peak position
and qualitative information on relative peak strength are still accessible [365].

In Tab. [6.3] we report the fitted peak positions for all DIP:F6TCNNQ blends and for the planar
heterostructure DIP on F6TCNNQ. The corresponding statistical error bars associated with the
fits can be inspected in Fig. of the Results section
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Table 6.3: Summary of the fitted C=N stretching peak positions. The letter “w” indicates that
the corresponding peak has qualitatively rather low intensity.

sample ‘ DIP ‘ 4:1 ‘ 2:1 ‘ 1:1 ‘ 1:2 ‘ 1:4 ‘ F6TCNNQ ‘ DIP on F6TCNNQ
peak 1 (cmfl) - 2220.0 2220.5 2220.4 | 2221.6 | 22224 2224.1 2223.8
peak 2 (Cmfl) - 2210.4 2212.7 2212.2 | 2214.5 | 2214.9 2215.5 2215.4
peak 3 (cm~1) - 2201.6 w | 2205.2 w | 2207.3 | 2204.5 | 2204.7 2207.0 2204.0
peak 4 (cm~1) - - 2190.9 | 2189.7 | 2192.7 | 2195.0 - -

6.4.3 Details of the spectra in the C=C stretching region

In Fig. of the Results section [£.:4, PMIRRAS spectra of DIP:F6TCNNQ blends and pristine
compounds in the C=C stretching region are shown . There, we discussed the red-shift of the
strongest modes of F6TCNNQ), suggesting its origin to be in the ground-state CT interactions
between the donor DIP and the acceptor F6TCNNQ. We also discussed the presence of phase-
separated F6TCNNQ domains in each bulk heterojunction, even those with molar excess of DIP.
To further support this last point, we show in Fig. [6.20,b the presence of a high-energy shoulder
of given red-shifted F6TCNNQ modes in the bulk heterojunctions.
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Figure 6.20: Magnifications of selected F6TCNNQ resonance modes. The spectral portions are
adapted from the spectra of Fig. [£.:23] The arrows indicate shoulders of the strongest peaks. The
vertical dashed lines are in correspondence of the most intense peaks in the pristine F6TCNNQ
film, namely at 1640 cm~! in a) and 1553 cm~! in b) and ¢). In a), the vertical continuous
line in the main panel is located at 1629 cm™!, whereas in the inset it is located at 1633.5 cm™*,
and it evidences the further red-shift of the CT-affected peak when going from blends with excess

F6TCNNQ to blends with excess DIP.

Additionally, from inspection of the X-ray scattering data of the planar heterojunction (Fig. [4.22]
of the Results section we concluded the presence of a relatively small amount of D:A co-crystal
at the interface between the F6TCNNQ islands and the DIP atop. This is confirmed by the pres-
ence of a low-energy shoulder of the strongest F6TCNNQ modes in this film, an example of which
is shown in Fig. [6.20.

Comparing the inset of Fig. [6.20h with its main panel it is possible to identify a red shift by
roughly 4.5 cm™! of the CT-affected F6TCNNQ peak. We recall that such peak is already shifted
towards lower energies in the bulk heterojunctions compared to pristine FETCNNQ as a result of
CT interactions. The additional red shift when going from blends with excess F6TCNNQ to blends
with excess DIP closely matches the observations in the C =N stretching region (see Fig. and
confirms that the local molecular environment affects peak position similarly to a solvent-shift.

In Fig. £:23] the two peaks marked with red squares have been assigned to pristine DIP,
whose orientation with respect to the substrate surface changes in the mixtures with F6TCNNQ.
This orientation-transition manifests in both nucleation of DIP crystallites in a more lying-down
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orientation (A-orientation) and inclusion of DIP molecules in the DIP:F6TCNNQ co-crystal. In
Fig. we prove this by comparing the PMIRRAS spectrum of a DIP film in o-orientation with
a film in which DIP has been “artificially” produced having a A-orientation according a procedure
detailed elsewhere [284].

PMIRRAS signal (arb. units)

PR | S T NS SN [T SN AN SR TR SR T TR SU N N ST SN R N
1420 1440 1460 1480 1500 1520
wavenumber (cm'1)

Figure 6.21: Raw PMIRRAS spectra of two films of pristine DIP in standing-up (o) and lying-
down (\) orientation, respectively, on SiO,, layers on Au substrates. The DIP film in A-orientation
has been produced using a procedure detailed elsewhere [284]. The films were grown by Alexander
Mann (Universitdt Tiibingen).

The red squares in Fig. [6.21] mark the same features as in Fig. In o-DIP, the peak
at 1442.0 cm~! is just a shoulder of the strongest peak at 1449.5 cm~!, whereas in A\-DIP the
relative intensity of the two peaks is comparable. Our DFT calculations reproduce very well the
experimental IR spectrum of pristine DIP (Fig. , in particular they correctly predict the
strongest mode. However, no low-energy shoulder is expected by the calculations. We therefore
assign the shoulder at 1442.0 cm ™! to a Davydov splitting of the peak at 1449.5 cm~'. The relative
intensity of the two Davydov components changes pronouncedly when going from the pristine DIP
film to the mixtures due to re-orientation DIP in both pristine crystallites and co-crystallites, as
discussed in the Results section [f.4] The presence of Davydov splitting also in the co-crystallites
denotes pronounced inter-molecular interactions.

DFT also predicts the presence of the two peaks at 1474.0 and 1482.5 cm ™! for isolated DIP
(Fig. m inset). In the A-oriented DIP sample of Fig. their relative intensity is inverted
compared to what observed for the DIP:F6TCNNQ mixtures in Fig. [£.23] The relative intensity
of these two peaks might be affected by the finer details of the molecular orientation and by the
presence of DIP:F6TCNNQ co-crystals with consequent CT interactions in the mixture. How-
ever, clearly the increase of the strength of these two features relative to the others is related to
the orientational transition of the DIP molecules, i.e. they are not new features emerging as a
consequence of D:A interactions.

6.4.4 DFT calculations of infrared spectra for isolated molecules

We show in Fig.[6.23| DFT calculations of the vibrational modes of the neutral FETCNNQ molecule
and of the FETCNNQ anion, respectively. Additionally, in Fig. [6.22] we show the same calculations
for the neutral form of isolated DIP. The B3LYP functional was used with the 631Gd basis set.
The wavenumber axis of the vibrational spectra was scaled by the factor 0.97 [366]. In the previous
paragraph we considered how the DIP modes are affected by changes in molecular orientation and
by comparison with DFT calculations we identified the Davydov splitting of the strongest DIP
mode. Here we focus on F6TCNNQ.

5Calculations performed by Reinhard Scholz (T.U. Dresden).
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Considering the C=C stretching range, all five modes are red shifted for the anionic form,
but the amount of red-shift depends on the peak considered. The largest shift in this range is
exhibited by the second highest-frequency mode located around 1550 cm™! in the calculations,
which qualitatively corresponds to the experiment. Such mode is composed by the stretching of
endo- and hexoskeletal bonds. For neutral F6ETCNNQ), the kind of vibrations that dominate the
strongest modes observed in the experiment are described in the calculated spectra of Fig. [6.23

1448.5
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Figure 6.22: DF'T simulation of IR-active molecular vibrations for isolated DIP in the neutral state.
[LEFT] Simulated IR spectra in the range 1300-2260 cm~!. The inset shows a magnification of
the two peaks on the high-energy side of the most intense one. Rescaling of the abscissa due
to anharmonicity of the molecular potential has been performed using the factor 0.97. [RIGHT]
Mlustration and energy position of the strongest IR-active mode for the neutral molecule.

For the C=N stretching range, the high energy peak shifts by 33.0 cm™!, whereas the low
energy peak shifts by 43.5 cm~!. It is quite likely that only the stronger B, mode of the an-
ionic FETCNNQ calculated by DFT (right side of Fig. can be detected experimentally in a
meaningful way, which therefore represents our assignment of the observed peak 4 in Fig.
The average red shift exhibited by the experimental CT peak with its systematic uncertainty is
25.043 ecm ™! (see Results section. We calculate the degree of CT, p, using the empirical linear
relationship suggested in Ref. [155] and taking the red-shift obtained from the DFT calculation for
the F6TCNNQ mono-anion as reference for case of integer CT. The stronger B, mode exhibits a
red-shift of 32.5 cm~! from the neutral to the fully charged situation, which gives the degree of
CT for FETCNNQ p = 0.77 & 0.09 cm™!.

DFT calculations on single molecule can accurately reproduce the relative intensity of IR-active
modes [367]. Apart from the well-known red-shift of the resonance peaks due to the quinoid-
to-benzenoid transition which accompanies the ionization process, another important difference
between the calculated spectra of the neutral molecule and the mono-anion is the intensity of the
C=N stretching peaks relative to the peaks in the C=C stretching region, namely the relative
strength of the C=N stretching peaks is much higher for the mono-anion. The reason for this
behavior is the pronounced increase in the net charge on the C=N wings for the anion compared
with the neutral molecule, which renders the transition dipole moment for the IR-allowed C=N
stretching modes much stronger and therefore increases their oscillator strength. The increase in
net charge delocalized on the molecular backbone is not as strong due to the electron-withdrawing
effect of the fluorine atoms. As a result, the oscillator strength of the C = C stretching modes does
not increase as much as for the C=N bonds. Therefore, inspection of the relative intensity of the
resonances in the C=N and C = C stretching range of experimental IR spectra can give qualitative
information to discriminate between the two border-cases of full and no ionization, respectively.
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Figure 6.23: DFT simulation of IR-active molecular vibrations for isolated F6CNNQ in both the
neutral state and the mono-anion. [LEFT] Simulated IR spectra in the range 1300-2275 cm~!. The
inset shows a magnification of the C=N stretching region, where the peaks of the neutral molecule
multiplied by 30 in order to render them comparable with those of the mono-anion, which are red-
shifted due to the quinoid-to-benzenoid transition upon ionization. The arrows point to the tiny
C=N stretching modes for pristine FETCNNQ. Rescaling of the abscissa due to anharmonicity of
the molecular potential has been performed using the factor 0.97. [RIGHT] Illustration and energy
position of the two IR-active asymmetric C=N stretching modes for the neutral molecule and the
mono-anion, where the magenta arrows represent the orientation of the corresponding TDM.

6.5 Experimental setups at synchrotron facilities
Below, the experimental setups realized for surface diffraction experiments with a portable vacuum

chamber at two synchrotron facilities are shown. The beam path, the portable vacuum chambers
for OMBD growth and the detectors are highlighted for clarity.

-‘_H “‘”. ] _A'i.'

Figure 6.24: Picture of setup during experiments at 107 beamline at Diamond Light Source (DLS)
in Oxford, January 2016.
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Figure 6.25: Picture of setup during experiments at ID03 beamline at European Synchrotron
Research Facility (ESRF) in Grenoble, July 2017.
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