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Abstract

This thesis explores various facets of organic field-effect transistors (OFETs)
with a focus on their fabrication, electrical characterization, and applications
within the field of organic electronics. The initial section highlights the
widespread interest in organic electronics for its potential in low-cost and large-
area applications, emphasizing the advantages of organic semiconductors (OSCs)
deposited through solution-based techniques compatible with roll-to-roll
processes. The significance of OSC film morphology and structure for device
performance is underscored and OFETs have been identified as promising
platforms for studying OSC transport properties.

Transitioning to the specific contributions of the thesis, the fabrication of OFETs
using the bar-assisted meniscus shearing (BAMS) technique to deposit the OSCs
has been the main focus of interest. This is a cost-effective printing method
compatible with up-scaling that can provide large area crystalline films. In
particular, Chapter 2 is based on the utilization of charge transfer complexes of a
benzothienobenzothiophene derivative as active layer in OFETs, while Chapter
3 explores the processing of dinaphtho[2,3-b:2’,3’-f]thieno[3,2-b]thiophene
(DNTT) derivatives. In both cases, the OSCs have been blended with polystyrene
to enhance the solution processability, reduce charge traps and improve device
mobility.

Moving forward, Chapter 4 delves into the investigation of the morphology and
structure of evaporated and solution-processed thin films of the asymmetric OSC
2-decyl-7-phenyl[1] benzothieno[3,2-b][1]benzothiophene. Through
modifications in coating parameters, solution formulations, and post-annealing
treatments, a controlled formation of kinetic or thermodynamic polymorphs was
achieved, resulting in an enhanced OFET performance.

Esta tesis explora varias facetas de los transistores organicos de efecto de campo



(OFETs) centrandose en su fabricacion, caracterizacion eléctrica y aplicaciones
dentro del campo de la electronica organica. En el primer capitulo se destaca el
amplio interés que existe en la electronica organica por su potencial en
aplicaciones de bajo costo y gran area, enfatizando las ventajas de los
semiconductores orgéanicos (OSC) depositados mediante técnicas basadas en
soluciones compatibles con procesos de “roll-to-roll”. Se remarca la influencia
de la morfologia y la estructura cristalina de las peliculas de OSC en el
rendimiento de los dispositivos y se muestra como los OFETs son plataformas
ideales para estudiar las propiedades de transporte de los OSC.

Las contribuciones mas destacadas de la tesis se basan en la fabricacion de
OFETs utilizando la técnica de cizallamiento por menisco asistido por barra
(BAMS) para depositar los OSC. Este es un método de impresion econdmico
compatible con el escalado que puede proporcionar peliculas cristalinas de OSC
recubrimiento grandes areas. En particular, el Capitulo 2 se basa en la utilizacion
de complejos de transferencia de carga de un derivado de
benzotienobenzotiofeno como capa activa en OFETs, mientras que el Capitulo 3
explora el procesamiento de derivados de dinafto[2,3-b:2",3'-f]tieno[3,2-
b]tiofeno. En ambos casos, los OSC se han mezclado con poliestireno para
mejorar la procesabilidad en solucién, reducir las trampas de carga y aumentar la
movilidad del dispositivo.

Finalmente, el Capitulo 4 profundiza en la investigacion de la morfologia y la
estructura de peliculas delgadas del OSC asimétrico 2-decil-7-
fenil[1]benzotieno[3,2-b][1]benzotiofeno evaporadas y procesadas en solucion.
A través de modificaciones en los pardmetros de recubrimiento, las
formulaciones de la solucion y los tratamientos térmicos posteriores al procesado,
se logré controlar la formacion de polimorfos cinéticos o termodindmicos, dando

lugar a OFETSs con un mejor rendimiento.



La tesi explora diverses facetes dels transistors organics d'efecte de camp
(OFETs) que van des de la seva fabricacid, caracteritzacio eléctrica i aplicacions
dins del camp de l'electronica organica. La seccid inicial posa de manifest
l'interés actual en 1'electronica organica per les seves aplicacions en dispositius
de de baix cost i gran area, destacant les avantatges dels semiconductors organics
(OSC) depositats mitjangant tecniques de processat en dissolucido compatibles
amb processos de “roll-to-roll”. Es destaca la influéncia de la morfologia 1
l'estructura cristal-lina de les pel-licules de OSC en el rendiment dels dispositius
1 es mostra com els OFETs son plataformes ideals per estudiar les propietats de
transport dels OSC.

Les contribucions més destacades de la tesi es basen en la fabricacido d'OFETs
utilitzant la técnica de cisalla per menisc assistit per una barra (BAMS) per
depositar el OSC. Es tracta d'un metode d'impressié economic compatible amb
l'escalat i que pot proporcionar pel-licules cristal-lines de OSC recubrint grans
arees. En particular, el Capitol 2 es basa en I'is de complexes de transfereéncia de
carrega d’un derivat de benzotienobenzotiofé com a capa activa en OFETs,
mentre que el Capitol 3 explora el processament de derivats de dinafto[2,3-
b:2',3'-f]tieno[3,2-b]tiofé. En ambdos casos, els OSCs s'han barrejat amb
poliestire per millorar la processabilitat en solucid, reduir les trampes de carrega
1 augmentar la mobilitat del dispositiu.

Finalment, el Capitol 4 aprofundeix en la investigacié de la morfologia i
l'estructura de pel-licules primes del OSC asimétric 2-decil-7-
fenil[1]benzotieno[3,2-b][1]benzotiofe, tant evaporades com processades en
solucio. A través de modificacions en els parametres de recobriment, les
formulacions de la solucid 1 els tractaments térmics post-processat, es va
aconseguir controlar la formacié de polimorfs cinctics o termodinamics,

millorant el rendiment dels OFETs.
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Highest occupied molecular orbital

Kelvin probe force microscopy

Lowest unoccupied molecular orbital
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Organic field-effect transistor

Organic semiconductor
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2-Decyl-7-phenyl[ 1 ]benzothieno[3,2-b][ 1 ]benzothiophene
Polystyrene

Self-assembled monolayer

dialkylated dinaphtho[2,1-b:2’,1'-f]thieno[3,2-b]thiophene
Top-gate bottom-contact

Top-gate top-contact

6,13-Bis(triisopropylsilylethynyl) pentacene

Transfer-length method

Time-of-flight secondary ion mass spectrometry



Symbols

C Capacitance

X Conductivity

Er Fermi energy

Lofr Off current

Ion On current

Ip Source-drain current
I Source-gate current
L Channel length

M Field-effect mobility
Nt Density of charge carrier traps
on/off on/off current ratio (Ion/Tofr)
Rc Contact resistance
Ren Channel resistance
SS Subthreshold swing
Von Switch-on voltage
Vb Source-drain voltage
Vg Source-gate voltage
Vin Threshold voltage
W Channel width

E Elementary charge
kg Boltzmann constant
E Dielectric constant

P Charge density in the semiconductor
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Chapter 1: Introduction
1.1 Organic Electronics

Organic electronics is a field within modern electronics that focuses on the use
of organic materials. like polymers or small molecules. These materials, which
are carbon-based like living things, were traditionally considered excellent
insulators for many technological applications. However, in 1862, Henry
Letheby discovered a conductive material through anodic oxidation of aniline in
sulfuric acid, marking the early understanding of electrical conduction in organic
materials.[1]

In the 1970s, Heeger, MacDiarmid, and Shirakawa discovered that
polyacetylene, when modified, could become conductive. This breakthrough,
leading to the Nobel Prize in Chemistry in 2000,[2] laid the foundation for
organic electronics. Over the next three decades, the field rapidly advanced,
attracting physicists, chemists, and engineers, and transitioning from pure
scientific inquiry to applied research.

In the mid-1980s, Tang and VanSlyke's work on organic light-emitting diodes
(OLEDs) and Tsumura et al.'s presentation of the first organic solid-state field-
effect transistor (OFET) marked significant milestones.[3] The introduction of
vacuum sublimation methods for depositing thin films of semiconducting small
molecules enabled further advancements. Nowadays, organic electronics have
already made significant strides in various application areas (Figure 1.1). OLEDs
have revolutionized display technology, offering vivid colors, high contrast
ratios, and low power consumption compared to traditional liquid crystal displays
(LCDs).[4] Organic photovoltaic (OPV) cells have emerged as a promising
technology for solar energy harvesting, offering the potential for lightweight,

flexible, and low-cost solar panels that can be integrated into buildings, vehicles,



and portable electronics.[5]

Photo-
detector

W\

Organic
Electronics

Chemical/
bio-sensor

oe

LA
ll *

Optical-
{ wave guide

Figure 1.1. Applications of organic electronic devices. In the figure, OTFT stands for
organic thin film transistor. Adapted from ref [6].

Organic field-effect transistors (OFETs) emerged in the late 1980s almost
simultaneously with OLEDs. [7][8] Owing to their limited performance, OFETs
are far from competing with silicon-based microelectronics. However, single-
crystalline silicon is an expensive and brittle material. Commercial applications
of OFETs can therefore be envisioned in fields where low cost is crucial, e.g.,

smart cards and electronic bar codes. In addition, organic electronics will



probably find their way into devices built on soft polymeric substrates. For
example, applications like soft displays or an “electronic book™ made of
rewritable pages would constitute an attractive alternative to current computer

displays.[9]

1.2 Organic semiconductors

Organic semiconductors (OSCs) represent a class of materials that have garnered
significant attention in the field of electronics due to their unique properties and
potential applications. Unlike traditional inorganic semiconductors like silicon,
organic semiconductors are composed primarily of carbon-based molecules or
polymers, but they can also contain other elements such as hydrogen, oxygen,
nitrogen, and sulfur.

OSCs, whether molecular or polymeric, exhibit interesting optical and electronic
properties, relying on the ability to move electrons through their n-conjugated
structures, which consist of alternating single and double bonds that create a
plane of sp? hybridized orbitals with the 2p, orbitals perpendicular to that plane.
These 2p, orbitals overlap to form a network of © bonds that can move electrons
across the plane of conjugation. In addition, if one forms a molecule from such
carbon atoms in the sp? hybridization, the orbitals located in the plane can form
bonds that have rotational symmetry along the line connecting the two atoms.
These bonds are the so-called 6-bonds and are the strong covalent bonds in a
molecule, as shown in Figure 1.2 (a).

The impact of increasing the extent of conjugation on electronic properties can
be well understood by the progression from ethylene to butadiene, octatetraene,
and further, varying lengths of polyenes. As shown in Figure 1.2(b), with an
increasing number of overlapping 2p, orbitals, there is a decrease in the energetic

bandgap (Eg) between the highest-occupied molecular orbital (HOMO) and the



lowest-unoccupied molecular orbital (LUMO) of the system. The HOMO and
LUMO energy levels can be visualized as the valence band (VB) and conduction
band (CB) of inorganic semiconductors.

OSCs can be reduced or oxidized within an accessible potential. One can
differentiate between three classes of OSCs by their polarity: p-type, n-type, and
ambipolar OSCs. p-type OSCs typically consist of electron-donor molecules
prone to easy oxidation, as a result of their high-energy HOMO level. The
majority of p-type OSCs display a HOMO energy around -5.0 eV. Conversely,
n-type OSCs comprise electron acceptor molecules that undergo reduction
readily, with their LUMO energy levels generally around -4.0 eV. Lastly,
ambipolar OSCs combine characteristics of both p-type and n-type materials.
They show a low HOMO-LUMO band gap and can transport both holes and

electrons.
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Figure 1.2 a) Bonding of two carbon atoms, with both ¢- and n-bonds. b) Schematic of
energy-level splitting and absorption in alkenes with increasing conjugation length,
highlighting the lowest-energy optical transitions from HOMO to LUMO. The bandgap
of polyacetylene depends on both the number of monomers n and the effective
conjugation length in the polymer. Arrows represent spin-paired electrons. Reproduced
from www.oe.phy.cam.ac.uk/research/materials/osemiconductors.html.




OSCs can be divided into two main categories: conjugated polymers and small
conjugated molecules. Conjugated polymers comprise lengthy chains of
electroactive and aromatic groups that are interconnected. Despite their high
molecular weight, which renders them resistance to evaporation, conjugated
polymers possess excellent solubility in organic solvents and demonstrate
favorable film-forming properties, making them well-suited for solution
processing applications. Inherent to conjugated polymer films is a significant
degree of disorder, which hampers achieving efficient charge transport.
Consequently, various post-treatment strategies have been devised to optimize
the structural order and thin film morphology to enhance their electrical.[10]
Poly(3-hexylthiophene) (P3HT) stands as one of the most extensively studied
polymers for OFETs. Notably, P3HT exhibits a mobility of around 0.1 cm?/V
s,[11] highlighting its potential for electronic applications. Current research
efforts continue to explore novel conjugated polymers and thin film processing

methodologies to elucidate their full potential in electronic devices.

On the other hand, small molecule OSC materials exhibit a higher structural order
compared to polymer OSCs, forming polycrystalline thin films or single crystals.
Consequently, small molecule OSCs typically demonstrate greater field-effect
mobility, with the best-reported values being around 10 cm?/V-s.[12], [13] Small
molecule OSCs can be deposited through thermal evaporation or solution-based
techniques. However, their solubility in common organic solvents is usually low.
To address this, the conjugated rigid cores of the OSCs are often functionalized
with side groups to enhance solubility without compromising structural order or
transport properties. Some benchmark soluble small molecule OSCs used in this
thesis include 2,9-dioctylnaphtho[2,3-b]naphtha[2’,3":4,5]thieno[2,3-
d]thiophene (C8-DNTT), 2,9-didecyldinaphtho[2,3-b:2’,3'-f]thieno|3,2-
b]thiophene (C10-DNTT), 3,10-didecylnaphtho[2,1-



b]naphtha[1',2":4,5]thieno[2,3-d|thiophene (S-DNTT-10), 2.3,5,6-tetrafluoro-
7.7.,8.,8-tetracyanoquinodimethane  (F4-TCNQ), and the benzothiophene
derivatives  2,7-bis(octyloxy)[1]benzothieno[3,2-b]-benzothiophene  (C80O-
BTBT-0C8), 2,7-dioctyl[1]benzothieno[3,2-b][1]benzothiophene (C8-BTBT),
and 2-decyl-7-phenyl|1]benzothieno[3,2-b][1]benzothiophene (Ph-BTBT-10)
(Figure 1.3).

V/ W
N/ F F N CgH;70
F,TCNQ C;0-BTBT-0OC, Cg-BTBT
CHa(CHa)g
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Figure 1.3. Chemical structures of soluble small molecule semiconductors used in this
thesis.

The spatial arrangement of w-systems in the solid-state is of equal significance to
molecular structure,[14] as it governs the extent of overlap of frontier orbitals,
which is crucial for facilitating charge transport. Notably, for small molecule
OSCs there exist four primary packing motifs of aromatic cores, as depicted in
Figure 1.4. Among these motifs, herringbone and brick-wall packing

configurations exhibit a propensity to yield the highest charge carrier mobility.



In these assemblies, charge transport predominantly occurs within the x,y plane,
known as the transport plane, although some degree of transport along the z-

direction may also manifest.
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Figure 1.4. Schematic description of most encountered packing motifs of molecular
semiconductors in crystals. Molecules bearing a hole are highlighted in red. First-
neighbor molecules are colored blue. a) Herringbone arrangement with charge transport
dominated by edge-to-face interactions (eight first neighbors). b) Slipped m-stacking
(eight first neighbors). ¢) Slipped-stack packing (eight first neighbors). d) Brick-wall
arrangement (six first neighbors). x—y plane is the transport plane. Extracted from [15].

Furthermore, it has been also observed that depending on the dimensionality of
the crystal packing and the relative arrangement of the molecules in the solid
state, i.e. the packing motif, the charge transport can be anisotropic in the
different directions of the crystal.[16] This anisotropy can lead to differences of
2 and 3 orders of magnitude in the charge carrier mobility and, therefore, is a
factor that should be considered when using OSCs as active layers in organic

devices.



1.3 Charge transport mechanisms

Due to the nature of OSC materials, they reveal distinctive charge transport
mechanisms compared to the one observed in inorganic semiconductors. In
inorganic semiconductors, charge carriers move freely through delocalized
energy states, a mechanism known as band transport. Conversely, charge
transport mechanisms in organic solids have been a topic of debate for many
years, as a result of their complexity. A clear description of the charge transport
in solids exists in the two extreme limits of very low mobility and very high
charge carrier mobility values, where transport can be described in terms of
incoherent hopping of localized charges between sites and Boltzmann band

transport of delocalized Bloch electrons, respectively.[14][15]

Two key parameters of charge transport at the microscopic length scale are: the
electronic coupling or transfer integral (J, in meV) and the reorganization energy
(A, in meV). J corresponds to the wave function overlap of the orbitals of
neighboring molecules and strongly depends on the chemical structure of the
molecule and the packing motif adopted in the crystalline structure (10 <J < 100
meV).[19] A represents the energy loss when a charge carrier passes through a
molecule, and it depends on the conjugation length and degree, and the packing
of the organic molecule (50 <A <500 meV).[18], [20] If J < A (weak coupling
regime), the charge wavefunction is localized on a single molecule and transport
takes place through a series of incoherent hopping events. On the contrary, if J
> )\ (strong coupling regime), charge wave-function is delocalized over several
molecules and transport proceeds through diffusion. The crucial point is when J
~ )\ in organic solids, highlighting the need to develop a theory for this crossover

regime (Figure 1.5).
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Figure 1.5. Schematic representation of the charge transport mechanisms taking place
in the hopping, transient localization, and Boltzmann band model. The orange areas
represent the charge delocalization. Extracted from[15].

The variety of transport mechanisms proposed for organic materials depends on
their structural order, which can range from amorphous films to highly ordered
single crystals. This diversity in structural order leads to a range of charge
transport behaviors and poses both challenges (difficulties in correlating a
specific mechanism) and opportunities for the development of organic electronic
devices. These mechanisms are fundamental in various electronic and

semiconductor devices. The most used transport models are described below:



Band-like Transport:

Band-like transport refers to the movement of charge carriers in a material
through a band of states, rather than through localized states (Figure 1.6).
Electrons in the conduction band and holes in the valence band can contribute to
charge transport. This type of transport is often observed in highly crystalline
semiconductors. The mobility of charge carriers within the band is determined
by the material's band structure and the presence of impurities or defects that can

cause carrier scattering.
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Figure 1.6. Schematic representation of the band transport mechanism. Extracted from

[21].
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The multiple trapping and release theory:

The multiple trapping and release theory (MTR) is a concept in the field of charge
transport within polycrystalline semiconductor materials (Figure 1.7). This
theory explains the behavior of charge carriers, such as electrons or holes, as they
move through these materials and experience temporary trapping and subsequent
release at various sites or energy levels. This model assumes that carriers arriving
at a trap are instantaneously captured with a probability close to one and that a

thermally activated process controls the release of the trapped carriers.
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Figure 1.7. Schematic representation of the multiple trapping release model. Extracted
from [21].
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Hopping Transport:

Hopping transport is characteristic of disordered or amorphous materials. Charge
carriers move by hopping from one site to another within the material. In contrast
to band transport, hopping transport is thermally activated (Figure 1.8). It relies
on the vibrations of the lattice to provide the necessary energy for charge carriers
to overcome energetic barriers and move through the material. Phonons are
quantized vibrational modes in a crystal lattice, and they facilitate the transfer of

energy that enables charge carriers to hop from one site to another.

Hopping transport
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Figure 1.8. Schematic representation of the hopping transport mechanism. Extracted from
[21].
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1.4 Organic semiconductors processing techniques

Small molecule OSCs can be deposited through thermal evaporation or solution-
based techniques. However, solution processing techniques are generally
preferred for OSC thin film preparation due to their cost-effectiveness and
suitability for large-area fabrication. Common solution-based deposition
methods include drop-casting, spin-coating, spray coating, and meniscus-guided
solution shearing. The latter techniques are gaining significant attention for their
compatibility with roll-to-roll processes and will be discussed in detail

below.[19]

Meniscus-guided coating techniques rely on the consistent and controlled
movement of a solution meniscus in one direction across the substrate surface. This
characteristic enables the precise manipulation of molecules assembly, leading to
the desired morphology and crystallinity of the OSC thin films. In Figure. 1.9,
some of the most employed meniscus-guided coatings that have been used for

depositing thin films of small-molecule OSCs are illustrated.
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Figure. 1.9 Schematic summary of typical meniscus-guided coating techniques.

Extracted from [22].
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In this thesis, we have used the bar-assisted meniscus shearing (BAMS)
technique. BAMS is a modified version of the traditional blade coating,
distinguished by the formation of a liquid meniscus between the substrate and a
rounded bar. It consists of injecting an OSC solution into the gap between a
substrate on a hot plate and a metallic bar, creating a confined meniscus.[23] The
bar (or substrate) is then horizontally moved at a constant speed, dragging the
meniscus, and leaving behind a uniform, dry thin film. This process is illustrated
in Figure 1.10. High-quality OSC thin films at speeds compatible with roll-to-

roll processes have been reported employing this technique.[24]

Cylinder bar

Solvent
7  evaporation
-y

Contact line — )

Figure 1.10 A schematic illustration of the meniscus during zone casting with the solute
concentration field. The deposition head is formed between a cylinder bar and a
substrate, which are separated by a gap distance d. The front meniscus shows
predominant solvent evaporation as the substrate moves at a coating speed v. Extracted
from [25].
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Our research group initially pioneered the BAMS technique for processing the
small semiconducting molecule dibenzo-tetrathiafulvalene (DB-TTF) blended
with polystyrene (PS) from solution, resulting in highly crystalline films, as
evidenced in the inset of Figure 1.11 (a,b).[15] Thereafter, this method has been
successfully applied to a diverse range of small molecule OSCs,[18] typically
utilizing blends with PS. This blending approach facilitates the deposition of
OSCs since it increases the solution viscosity yielding homogeneous and highly
crystalline films. Moreover, the use of blends offers additional benefits due to the
vertical phase separation of the OSC and PS that takes place during deposition
(Figure 1.11c¢), in which the OSC crystalline film is formed on the top of a PS
layer. This phase separation promotes the creation of more stable devices by
passivating the polar hydroxyl groups at the SiO> dielectric interface by the PS
layer, thereby reducing interfacial charge traps and enhancing environmental

stability.

[745.0 nm

(b) C[S SD Pt (protective
40.0 layer)
550 s>=< s

300 DB-TTF

Figure 1.11. (a) AFM images (5x5 pm2) of the DB-TTF:PS blend on the channel. The
root mean square roughness are 8.1 nm. (b) Left. Chemical formulas of DB-TTF and PS.
Right. EF-TEM profile image of a dibenzo-tetrathiafulvalene: polystyrene (DB-TTF:PS)
film showing the vertical phase separation [26].
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1.4.1 Influence of the experimental parameters on the thin film

properties during meniscus-guided coating

The morphology and structure of the OSC thin films play a pivotal role in
determining the electrical properties of the films and hence, the performance of
the devices in which they are implemented, such as OFETs. Optimal OFET
performance is typically associated with OSC thin films characterized by large
grain sizes, high surface coverage, and thin thickness. Likewise, the polymorph
formed will be also key for achieving an optimized performance.[19][24]
Therefore, during the OSC thin film preparation, it is imperative to control all the
deposition parameters that are involved as well as to gain insights into their
impact on the thin film properties. In this way, researchers can establish a solid
foundation and practical guidelines for future endeavors in OSC thin-film
morphology control, thereby advancing the field of organic electronics. Here, we
will discuss some of the parameters that can be tuned during the thin film coating

using meniscus-guided solution shearing techniques.

Coating Shearing speed:

The coating shearing speed has a strong influence on the crystallization and
nucleation processes.[27] The most obvious effect is related to the thin-film
texture. In several works, it has been demonstrated that at low speeds in the
convective regime, oriented nearly single-crystalline films can be produced
because crystallization takes place at the meniscus contact line as the solvent is
evaporated. [28], [29], [30], [31] However, at higher speeds, the crystallization

occurs thanks to nucleation and coalescence from a supersaturated solution.
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In a deposition experiment where the solvent evaporates slowly, such as in drop-
casting, the crystallization occurs near the substrate—liquid interface and the
crystal growth is fed by molecules from the bulk of the solution as shown in
Figure 1.12 a. On the contrary, under fast drying conditions, typically, the
crystallization initiates at the air-liquid interface and proceeds toward the

substrate, (Figure 1.12 b)) spatially confining the crystallization.[26]

a) Low evaporation rate b) Fast evaporation rate

EEEE  Equilibrium polymorph

Confined polymorph
(metastable)
A A AAAAAA
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Figure 1.12. Scheme of the crystallization process that takes place in a) a low
evaporation rate and b) a fast evaporation rate deposition experiment. Extracted from
[32].

Generally, during solution shearing in the convective regime, the liquid film
thickness decreases as the solution-shearing speed increases. However, when
reaching the fast evaporation regime this tendency is reversed and the thin film
thickness increases with the coating speed.[33] This was observed in our group
when studying thin films of DB-TTF blended with PS and deposited by
BAMS.[34] Further, it was found that at low speed (1 mm. s™), the layer of the
OSC revealed a well oriented ribbon-shaped crystals, while at higher speed
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(10 mm. s™") the layers were isotropic and were formed by uniform plate-like
crystallites (Figure 1.13). Interestingly, at low coating speed, the films grown
corresponded to the thermodynamic a-polymorph, while the kinetic y-phase was
formed at higher coating speeds. Thus, this work elucidates that the coating speed

has a strong impact on the thin film crystallization and thin film morphology.

a)

Coating Speed

—

{ 10 mm-s? 1 mm-s?!

Figure 1.13. a) Conceptual illustration of how crystal growth and polymorph formation
can be programmed during solution-shearing of DB-TTF:PS. b) Representative optical
microscopy images of some of the films prepared of DB-TTF:PS by varying the substrate
temperature or the coating speed (left and right parts of the images correspond to with
and without polarizer). Scale bar: 100 um for all images.Figures were extracted from
[34].
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Substrate Temperature:

The substrate temperature is a critical parameter in controlling the deposition of
OSCs when using techniques such as thermal evaporation or drop-casting.[32] In
solution-shearing deposition processes, the chosen temperature is typically based
on the solvent's boiling point to regulate the crystallization rate. However,
systematic studies exploring the influence of the stage temperature on thin-film
crystallization remain limited. Optical microscopy images of the films of DB-
TTF:PS deposited at different temperatures are shown in Figure 1.13b. The film
morphology and crystallinity are highly dependent on the substrate temperature.
At low substrate temperatures, needle-shaped crystals are observed, whereas
films deposited at higher temperatures exhibit plate-like crystalline domains. X-
ray characterization demonstrated that, when keeping constant the coating speed
at 10 mm. s!, at low temperature a mix of o and y polymorphs were obtained,
while solely the polymorph y was formed at high temperature (Figure 1.13b).
[29]

Ink formulation: Blending with polymer binders:

The ink formulation also has a strong influence on the thin film properties. For
instance, concentration directly affects the thin film thickness. In addition, the
selection of the solvent is also relevant since it has an impact on the nucleation
and crystallization process. The solvent determines the OSC solubility, molecule
solvation, and molecule—solvent interactions. In general, high boiling point
solvents are chosen to control better the evaporation rate. Lower evaporation
rates permit more efficient migration and reorganization of the molecules during
crystallization and tend to give rise to thermodynamic polymorphs.

As previously mentioned, a very powerful strategy employed in the last few years
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to fabricate crystalline OSC thin films of small molecules is the use of polymeric
blends, [35] usually mixing the OSC with an insulating polymer that acts as
matrix. [35],[36], [37] This facilitates the processability of the OSC because the
polymer acts as a binder and helps to overcome issues related to dewetting, which
hampers film uniformity. The choice of polymer binder can profoundly influence
various aspects of the thin film characteristics and, in turn, the device's
performance.[38] The binding polymer has a key role in the materials phase,
separation, OSC crystallization, density of charge carrier traps, and
environmental stability.[32],[33] For example, different polymer binders were
employed to investigate their effect on the performance of OFETs based on the
semiconductor 2,8-difluoro-5,11-bis(triethylsilylethynyl)anthradithiophene
(diF-TES-ADT).[39] It was found that blends with poly (methyl methacrylate)
(PMMA) yielded rougher films with smaller crystalline domains compared with
the blends with PS. Electrically, the blends with PS exhibited an enhanced
mobility and lower hysteresis, which was attributed to the less polar nature of PS
that results in reduced charge trapping. Considering the molecular weight, small
differences were found with the PMMA films. However, a notable improvement
in mobility was observed in the PS films of lower molecular weight, giving

devices with mobility values exceeding 1 cm?. V7!, s,

1.4.2 Post-deposition annealing procedures

Annealing processes are widely used to improve molecular organization after
film formation. These processes can help in making films more crystalline and in
reducing the charge traps. Additionally, annealing steps can be employed for
carrying out crystal phase transformations, typically to convert a kinetic crystal
phase to a thermodynamic one. The annealing processes can be performed by the

application of temperature or solvent vapors.[35]
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Thermal Annealing

Thermal post-annealing operates as a controlled heat treatment method,
leveraging elevated temperatures to facilitate molecular rearrangement within the
material. This controlled heating triggers a series of mechanisms, including the
diffusion of point defects, the migration of grain boundaries, and the
recrystallization of the material. By promoting these processes, annealing can
mitigate defects and enhance crystalline order. [40]

Ilino et al. reported, as shown in Figure 1.14a, spin coated thin films of the
asymmetric OSC  2-decyl-7-phenyl-[1]benzothieno[3,2-b][1]benzothiophene
(Ph-BTBT-10) that crystallises in a metastable phase where the molecules adopt
a lamellar single layer structure with an interlayer spacing corresponding to the
molecular length.[40] However, after a thermal annealing process, there is a
conversion to the bulk phase, in which the molecules crystallize following a
lamellar bilayer with a head-to-head arrangement and a stacking periodicity twice
the molecular length (i.e., 5.3 nm). Such phase transformation significantly
impacted the OFET mobility, enhancing it by about one order of magnitude and

reaching values above 10 cm*V! s’

after the thermal annealing process
at 120 °C (Figure 1.14b).[41] Thermal annealing has also been applied to
improve the molecular conformation in polymer OSCs. J. Kim et al. showed that
hole and electron mobilities could be improved in thienylenevinylene-based
donor-acceptor polymer OSCs after annealing, since the thermal treatment
induced a more ordered intra-chain conformation (i.e., increasing the backbone

planarity) and inter-chain packing (Figure 1.14 ¢,d).[41]
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Figure 1.14. a) Out-of-plane small-angle X-ray diffraction patterns for crystalline films
based on Ph-BTBT-C10 as-coated and after annealing, with a schematic illustration of
the crystalline structure. b) Transfer characteristics of OFETs fabricated with
polycrystalline thin films both as coated and after thermal annealing. Schematic
illustration of the change in polymer chain conformation by the annealing process: (c)
non-annealed polymer film and (d) annealed polymer film. Extracted and adapted from
[33]. [35].

Solvent Vapor Annealing

Solvent vapor annealing (SVA) involves exposing an OSC thin film to solvent
vapors that can interact with the material. This process induces swelling and
reorganization at the molecular level, allowing for controlled crystallization and
improved molecular ordering. The choice of solvent, annealing time, and
temperature are critical parameters that influence the extent of morphological
changes.

H. Khan et al. have demonstrated the effect of SVA in spin-cast films of 6,13-
bis(triisopropylsilylethynyl) pentacene (TIPS-Pn) (Figure 1.15).[42] It was
observed that SVA in the molecular regime can cause significant OFET

performance improvements by promoting lamellar crystallization, but allowing

the solvent to percolate and form a liquid phase state results in catastrophic
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reorganization and dewetting of the film, making the process counterproductive.
By optimizing the experimental conditions (i.e., annealing time and vapor
pressure) the charge carrier mobility was improved by nearly two orders of

magnitude.
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Figure 1.15. A) Bottom-gate/top-contact OFETs of 6,13-bis(triisopropylsilylethynyl)
pentacene (TIPS-Pn) and in situ using quartz crystal microbalance with dissipation
(QCM-D) measurements during solvent vapor annealing on quartz sensors coated with
a spin-casted TIPS-Pn thin film. B) Electrical performance of the TIPS-Pn OFETs
exposed to solvent vapor in the saturation (red) and low vapor pressure regimes (black)
C) AFM images (20 x 20 um?) taken at different annealing times and fractional surface
with respect to annealing time. Extracted from reference [42].
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1.5 Organic field-effect transistors (OFETS)
1.5.1. Operation principle

There are various methods available for measuring charge transport in OSCs,
but the most employed one is undoubtedly using the field-effect transistor
configuration. Transistors, which are three-electrode devices, operate based on
field-effect doping. This process involves modulating the number of mobile
charges within the semiconductor layer by applying a voltage to an electrode that
is separated from the semiconductor by a dielectric layer. As depicted in Figure
1.16, an electrical drain current (Ip) flows between two contacts (i.e., source and
drain) and is controlled at the third terminal (i.e., gate) by a voltage signal that
creates an electric field through a dielectric. Charge transport takes place within

the semiconductor at the interface with the dielectric layer.

Figure 1.16. Schematic of bottom-gate/top-contact OFET. Extracted from [43]
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The operating principle of an OFET can be outlined in three stages by examining
the relationship between the drain voltage (Vp) and |Vg-Vu|, where Vg represents
the gate voltage and Vth is the threshold voltage (Figure 1.17). When Vs exceeds
Vi, charge carriers begin to accumulate at the OSC/dielectric interface, forming
a conducting channel. Subsequently, if Vp is less than |Vg-Vu|, the OFET
operates in the linear regime, where the distribution of charge carriers' density
becomes nearly symmetric, as depicted in Figure 1.17(a). In this regime, the
drain current increases linearly with the drain voltage and can be described by

the following equation:

w -
Ip=Tu-C-(Vo=Var) Vo (-1

Here, Ip represents the drain current, W and L denote the width and length of the
channel, respectively, p is the field-effect mobility, C is the gate capacitance per
unit area, Vg is the gate voltage, Vp is the drain voltage, and Vi is the threshold
voltage.

As Vp increases, the density of charge carriers near the drain electrode
diminishes. At a certain point when Vp=|Vs—Vul, the channel becomes "pinched
off" (Figure 1.17b). The pinch-off point indicates the maximum Ip; beyond this
point, even if the drain voltage continues to increase (Vp> |VG—Vul), Ip remains
constant. At this stage, the transistor operates in the saturation regime, and its

behavior can be described by the following equation (Figure 1.17¢):

w 1-2
lD=ﬂ.u'C'(VG_Vth)2 (-3
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Figure 1.17. Schematic representation of the working principle of OFETs according to
the charge carrier density modification in the channel with the applied drain voltage (Vp)
and gate voltages (V) .(a) Channel formation when Vp < |Vg-Vul, (b) channel pinch off
at the drain electrode occurring when Vp=[Vg-Vy| and (c) saturation regime occurring
when Vp>| Vs-Vy| and opposite charge carriers cover drain electrode. Extracted from
[43].

Figure 1.18 shows a simplified electronic energy level diagram to illustrate the
operating principle of OFETs from the perspective of the energy level. In the
absence of a gate voltage, the OSC layer remains free of mobile charges, resulting
in no charge transport, since the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) of the OSC do not correspond
to the Fermi levels (EF) of the source/drain electrodes. In a p-type OSC, the
application of a negative gate voltage causes an upward shift in the energy levels
of the HOMO/LUMO of the OSC, bringing the HOMO level closer to the EF of
the source/drain electrodes. As a result, charges flow between the source and
drain contacts when a negative drain voltage is applied. Conversely, in an n-type
OSC, electrons serve as the main charge carriers, and charge injection and
conduction are associated with the LUMO level. To facilitate charge
accumulation and current flow, positive voltages (Vg and Vp) must be applied.

From this schematic, the alignment of the EF of the metal electrodes to the
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HOMO and LUMO energies of the p- and n-type OSCs, respectively, is critical
for efficient charge injection into the material, enabling the fabrication of high-
performance devices.

The fundamental operating principle of OFETs makes them an excellent platform
for conducting structure-property correlation studies of materials. However, the
fabrication processes of OFETs involve numerous parameters that can impact
device performance. As a result, it is challenging to directly compare the
electrical characteristics of devices based on the same OSC but using different

preparation methods.
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Figure 1.18. Schematic representation of the energy levels in an OFET. a) Ideal device
in the off state, when no V and Vg are applied. b) Shift of the HOMO/LUMO energy
levels by applying negative (positive) Vg and accumulation of holes (electrons) near the
OSC/dielectric interface. c) Hole (electron) transport when a negative (positive) Vp is
applied.
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1.5.2 Device geometries

OFETs can be arranged mainly into four different geometries (Figure 1.19). The
selection of device geometry is influenced by several factors. The TGBC (top
gate/bottom contact) and BGTC (bottom gate/top contact) are commonly
preferred as they maximize the area of charge injection, particularly at the
interface between the source electrode and the semiconductor, where charge
injection occurs. Additionally, the dielectric/semiconductor interface plays a
crucial role in charge transport and should ideally have minimal defects.
Consequently, when small molecule semiconductors are deposited via
evaporation the BGTC or BGBC (bottom gate/bottom contact) geometries are
preferred, primarily due to the rough top surface achieved through vacuum
deposition of the organic layer. Among all the mentioned geometries, the used

ones in this thesis are the BGBC and BGTC.
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Figure 1.19. OFET architectures: a) Bottom-gate/bottom-contact (BGBC), b) bottom-
gate/top-contact (BGTC), c¢) top-gate/bottom-contact (TGBC) and d) top-gate/top-
contact (TGTC).

1.5.3 Electrical characterization and OFET parameters

In an OFET two essential device electrical characteristics are typically analyzed:
Transfer and Output characteristics. On one hand, the output characteristics are
obtained when the ID is measured by sweeping the source-drain voltage (VD) at
constant gate voltages (VG), as depicted in Figure 1.20 (a). Additionally, the
transfer characteristics are obtained by measuring ID as a function of VG at
constant VD, as shown in Figure 1.20 (b). Furthermore, the mobility profile can
be extracted from the transfer characteristics as a function of VG, which offers

insights into the quality or ideality of an OFET device.
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Figure 1.20. (a) OFET output characteristic depending on different gate voltages (V).
Operating area and conversion values used for extracting OFET parameters in (b) linear
and (c) saturation region. Extracted from reference [45].

There are several fundamental parameters in an OFET device that are critical to
evaluating its quality and performance, such as field-effect mobility, threshold
voltage, on/off current ratio, and sub-threshold swing, to name a few. These
parameters can be extracted from the output and transfer curves and are described

individually below.
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Field-effect mobility

The field-effect mobility (i) in an OSC represents the ability of charge carriers
to move with semiconductors under varying electric fields. It is defined as the
ratio of its drift velocity to the applied electric field, which reflects the moving
ability of electrons in semiconductors under different electric fields. It is one of
the most important parameters in OFET devices and it can be estimated from the

transfer curves.

In an ideal scenario, the field-effect mobility extracted from the OFET properties
aligns with intrinsic material mobility. However, practical devices typically show
lower mobility values due to the presence of defects, contact resistance, and traps,
which are influenced by the fabrication process and device configuration.
Consequently, this value is a device parameter, not an intrinsic material property.
Despite challenges in device-to-device comparisons, field-effect mobility is the
most important figure of merit for evaluating the OFET performance. It can be
calculated in the linear regime and the saturation regime according to the

corresponding transfer characteristics.

In the linear regime, the conductivity (o) increases with rising gate voltage, which
corresponds to an increase in the number of charge carriers, as described by the

following formula:

c=e-n-u (1-3)

Here, n represents the number of charge carriers, e is elementary charge, and p is
mobility of charge carriers. To estimate the mobility, one can use equation 1-4 in

the linear regime by plotting Ip against Vg, as follows:
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in_ L9l (1-4)

K =w cv,av,

By performing a linear fit on the slope of the curve, the average device mobility
can be determined. Additionally, mobility values at various gate voltages can be

estimated to create a mobility profile, as previously described.

In the saturation regime, device mobility in saturation regime can be obtained by
plotting the square root of the absolute value of Ip against Vs and then calculating
the slope of the curve through a linear fit using the equation 1-5. This approach
also allows for the extraction of the mobility profile (mobility vs. gate voltage)
can be extracted.

-5

2
et = (aV lIDS_') 2_L1

Wes | W C

Generally, mobility calculated in the saturation regime is higher than that
extracted in the linear regime mainly due to the significant impact of contact
resistance in the latter. Mobility profiles often exhibit gate voltage dependence,
which can be attributed to factors such as contact resistance, traps, and defects.
Field-effect mobility is influenced by several factors, including the purity of the
OSC material, its crystal structure, the size of the crystal domains, the metal-OSC
contact, and the overall device configuration.[34], [35] While the mobility of
amorphous silicon is about 1 cm?/V-s, high-performance OFETs can achieve

field-effect mobility values comparable or exceed this standard (Figure 1.21).
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Figure 1.21. Scale of charge carrier mobility at room temperature for various
semiconducting materials. Extracted from [12].

Threshold voltage and switch-on voltage

The threshold voltage represents the minimum voltage required to initiate
transistor conduction. In an ideal case, the threshold voltage should be 0 V, or as
low as possible to enable low power operations. A commonly used method to
determine Vi consists in plotting Ip against Vg in the linear regime or plotting
the square root of the absolute value of Ip against Vg in the saturation regime
(Figure 1.22). The threshold voltage is determined then by the intercept point
with the Vg axis. This parameter is influenced by several factors, such as contact
resistance, misalignment of energy levels between the OSC and the source/drain
metal, density of interfacial traps, and the built-in potential across the depletion

region.[34][35]

35



Another closely related parameter is the switch-on voltage (Von), which helps
determine when a transistor turns on. Von is the voltage at which the accumulation
channel starts forming, but the OFETs are not on. This can be identified by
plotting the absolute value of the source-drain current vs the gate voltage on a
semi-logarithmic scale (see Figure 1.22). In this plot, the switch-on voltage is the
point where the current begins to increase with the gate voltage. Ideally, there
should be no difference between the threshold voltage and the switch-on voltage,

with both values being zero in a perfectly functioning OFET.

12
D

Figure 1.22. OFET parameters extraction from a typical transfer curve measured in the
saturation. Extracted from [46].
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On/Off current ratio

The on/off current ratio is the ratio of the on current to the off current (Figure
1.22) and serves as an indicator of the device's switching performance at a given
gate voltage. A high on/off current ratio in OFETs signifies better device
stability, improved resistance to interference, and enhanced load-driving
capabilities. Conversely, OFETs with a low on/off current ratio indicates lower
switching characteristics. Achieving a high on/off current ratio, ideally greater
than 10°, is crucial in logic circuits. loff represents a form of leakage current in
the device and negatively affects energy consumption. The on/off current ratio is
significantly influenced by factors including the device geometry, the mobility
of the OSC, and the capacitance of the dielectric.[29-31]

Sub-threshold swing

The sub-threshold swing (SS) is a measure of how sharply an OFET turns on and
is defined as the voltage needed to increase the source-drain current by one order
of magnitude. This value is obtained from the slope of the transfer curve in a

semi-logarithmic scale at low Vg, close to Von (Figure 1.22).

v, (1-6)

55 = 9(log Ip)

Therefore, the sub-threshold swing is typically expressed in V/dec.
A lower SS value indicates that the device can be turned on at a lower gate

voltage, resulting in reduced power consumption of the final device.

The sub-threshold swing is affected by the quality of the OSC/dielectric interface
and can also be used to estimate the interfacial charge carrier traps density (Ny)

using the following equation:
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e?lkg-Tin10
Here e is the electron charge, kg is the Boltzmann constant, and T is the

temperature
Contact resistance

In OFETs, contact resistance (R¢) refers to the electrical resistance at the interface
between the electrodes and the OSC, which can limit the development of high-
performance organic devices. High contact resistance can lead to inaccurate
extraction of the device parameters. As previously noted, contact resistance is
affected by the device's geometry. For instance, top contact/bottom gate (TCBG)
and bottom gate/top contact (BGTC) configurations exhibit larger contact area.
In TCBG devices, contact resistance is influenced not only by the charge injection
and extraction processes at electrodes/OSC interface (Rint),[46] but also on the
transport of charges through the OSC bulk region to the accumulation channel
(Rbulk) (Figure 1.23). Additionally, traps at the OSC/electrodes interface can
further impact the overall Re. [47]

a) Saui. i.fai"

Dielectric

Figure 1.23. a) Scheme of contact and channel resistances in bottom-gate top-contact
OFETs. b) detailed view highlighting the contribution of the interface and bulk resistance

(Rc = Rint + Rbulk) in top-contact OFETs.

b)
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Various techniques exist to determine contact resistance by electrically
measuring one or several OFETs. Among the most used methods are the Y-
function method,[48] the transfer-length method (TLM), [49] and the four-point
probe method.[50] Additionally, Kelvin probe force microscopy (KPFM)[51]

can be utilized to assess contact resistance in top-contact devices.
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The TLM method involves fabricating test structures with varying channel
lengths. By measuring the device's resistance at different channel lengths, the

contact resistance can be extracted from the following equation:

L (1-8)

R=R,+
CW-CuV = Vi)

By plotting the total resistance of the devices at a specific drain voltage vs their
channel length, the contact resistance (Rc) be estimated from the slope of the linear
fit. Using this method, one can determine how the contact resistance varies with
the gate voltage. However, to apply this methodology successfully, sufficiently

homogeneous devices are required, which cannot always be guaranteed.

Charge trapping

An electronic trap refers to any imperfection within a semiconductor that
generates localized electronic states. These states, which are spatially and
energetically distributed, exist within the band gap of the OSC around the point
of imperfection. Traps can be divided into two categories based on their relative
energetic positions at a given temperature:

a) Shallow Traps

Shallow traps are located around a few kT (where kg is the Boltzmann constant,
and T is the temperature) from the band edges. These traps can temporarily
capture and restrain charge carriers, which can then be released back into the
energy band by thermal energy.

b) Deep Traps

Deep traps are located around several kgT from the band edges. These traps can
also capture and restrain charge carriers, but the energy required to release them
back into the energy band is much higher.

The charge carrier traps have a different influence on charge carrier transport

depending on the prevailing transport mechanism:
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1. Multiple Trapping and release (MTR) Model: In this model, charges
traveling through delocalized states are trapped by localized shallow trap
states within the band gap and subsequently released back into the energy

band by thermal energy (as illustrated by the blue arrows in Figure 1.24).

2. Band-like Model: In this model, traps can scatter the charge carriers, leading

to a reduction in mobility.

3. Hopping transport model: At high trap densities, trapped charge carriers
can contribute to transport by thermally activated hopping or tunneling

between localized states (shown by the orange arrows in Figure 1.24).

In summary, semiconductor traps can have a significant impact on charge carrier
transport in organic semiconductors, depending on their energetic position and
the dominant transport mechanism. Traps typically give rise to hysteresis in the
electrical characteristic curves, high threshold voltages, low bias stress stability,
slow device switchability, and high contact resistance. Understanding and
controlling the trap properties is crucial for improving the performance of organic

electronic devices.
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Figure 1.24. Schematic diagram of trap de density of states (DoS) function and
corresponding trap states (shallow trap and deep trap) there are three types of transport
mechanisms: (i) band-like transport, represented by a black arrow; (ii) multiple-trap and
release (MTR), represented by a blue arrow; and (iii) activated hopping transport
between localized states thermally, represented by an orange arrow. Reprinted from [44].
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1.6 Objectives

In this thesis, we employed the bar-assisted meniscus shearing (BAMS)
technique to process blends of p-type and n-type small molecule OSCs with
polymer binders, aiming to create high-performance OFETs. Our primary focus
was to comprehensively investigate the impact of various parameters involved in
the OSC deposition process on the performance of these OFETs. Additionally,
the application of annealing steps to promote phase transformations of
evaporated and solution processed OSC films was explored to enhance the OFET

performance.

The specific objectives of this thesis can be outlined as follows:
1. Process from solution charge transfer complexes formed by the
benzothienobenzothiophene derivative CgO-BTBT-OCg and FxTCNQ

to explore their potential implementation as the active layer in OFETs.

il. Optimize the solution processing by BAMS at high throughput of OSC
films based on [1]benzothieno[3,2- b][1]benzothiophene (BTBT) and
dinaphtho-[2,3-b:2 ~ ,3 " -f ]thieno[3,2- b]thiophene (DNTT)
derivatives, and blends of these materials with binding polymers, in

order to optimize the OFET performance.

iil. Explore the polymorph transformations in evaporated and solution-
processed thin films based on Ph-BTBT-10 employing thermal
annealing procedures to improve the electrical properties of the prepared

OFETs.
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Chapter 2:

Organic semiconductors based on charge

transfer complexes of a BTBT derivative

Article I:

Charge transfer complexes of a benzothienobenzothiophene derivative and
their implementation for organic field-effect transistors
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2.1 Introduction and Objectives

Recent scientific research has increasingly focused on organic charge-transfer
complexes (CTCs) compounds,[1] a class of substances that have been under
study for decades. These compounds are binary systems comprising charge-
donating (D) and charge-accepting (A) materials. In contrast to their parent
compounds, which typically display unipolar semiconductor behavior, CTCs can
exhibit a wide array of electrical properties, including ambipolar semiconductor
behavior, metallic characteristics, and even superconductivity.[2], [3] A notable
example illustrating this phenomenon is the binary compound tetrathiafulvalene—
7,7,8,8-tetracyanoquinodimethane (TTF—TCNQ), discovered in 1973,[4] which
shows metallic electrical conductivity compared to the insulating properties of its
components.

In CTCs, the interaction between the highest occupied molecular orbital
(HOMO) of the donor and the lowest unoccupied molecular orbital (LUMO) of
the acceptor gives rise to a certain degree of electronic coupling. This coupling
can be modulated by various factors, including the energy level differences,
ionization potential, electron affinity, and supramolecular organization. As a
result, a new energy band emerges in the CTC, influencing the degree of charge
transfer (p) between the HOMO and LUMO (Figure 2.1a). Thus, this leads to
the formation of a ground state with partial ionicity. The extent of charge transfer
ultimately dictates the electrical characteristics of the final complexes.
Adjustments between the HOMO (D) and LUMO (A) levels will play a role in p,
while the supramolecular organization of the final complex will mainly define
the bandwidth.[3] Theoretical efforts, including density functional theory (DFT)
calculations and molecular dynamics simulations, aim to offer insights into

establishing reliable degree charge transfer predictions and calculations.[4]
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However, establishing reliable estimates remains a challenge due to the complex
interplay between inter- and intra-molecular interactions.

The crystallization of CTCs has also a key influence on their electrical properties.
Typically, alternating (or mixed) sequences of D and A molecules within a stack
yield an insulating or semiconducting material. However, segregated stacks of
equally spaced D and A molecules show high conductivities. Segregated stacks
forming dimers along the stack are again insulating or semiconducting opening
an energy gap due to a Peierls transition.[4], [ 5] Schematic representation of these
assemblies is given in Figure 2.1b.

CTCs have long captivated organic chemists, offering opportunities for creating
innovative compounds with tailored electrical properties, and with the primary
goal to achieve metallic conductors and superconductors. Additionally, the
interest in CTCs has recently resurfaced since it has been shown that they can
also show other appealing properties such as photoluminescence,[6]
photoconductivity,[7], [8] magnetoconductance,[9] thermo-electricity,[6] and

ambipolarity.[10]
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Figure 2.1. a) The donor band structure (blue), acceptor band structure (red), and an
approximation of the CT band structure (yellow). The charge densities corresponding to
the HOMO and the LUMO bands for the case of tetracene-tetracyanoquinodimethane
(tetracene—TCNQ) CTC are indicated. b) Schematic representations of crystalline
packings of 1:1 CTCs for mixed stack and segregated stack motifs. Adapted from ref.[5],
[11],[12].

In the field of OFETs, CTCs are also attracting great interest since they can
potentially exhibit ambipolar character. CTCs have been implemented as active
layer in OFETs mainly as single crystals produced through methods such as drop
casting,[13] or as thin films prepared by co-evaporation.[14] For instance, K. P.
Goetz et al. fabricated single crystals based on dibenzotetrathiafulvalene—7,7,8,8-
tetracyanoquinodimethane (DBTTF-TCNQ). They found that this 1:1 complex
can crystallize in two polymorphs (o and ) that show different co-facial overlap
and degree of charge transfer.[15] Both materials exhibited ambipolar transport
when implemented in OFETs. However, the o polymorph, with a charge transfer
degree of 0.5, showed an electron-dominating transport, while the 3 phase was
nearly neutral, and the transport was hole-dominant (Figure 2.2).

In parallel,A. Babuji et al. explored surface doping via charge-transfer complex

(CTC) formation in co-evaporated films of 2,7-dioctyl[1]benzothieno[3,2-
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b][1]benzothiophene (Cs-BTBT) as the OSC and 2,2'-(perfluoronaphthalene-2,6-
diylidene)dimalononitrile (Fs TCNNQ) as p-type dopant.[11] They demonstrated
that CTC surface doping effectively increases the density of free carriers in the
film, enhances the field-effect mobility and reduces the OFET threshold voltage
(Vin).

a) Device Architecture b) a-DBTTF-TCNQ B-DBTTF-TCNQ
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Figure 2.2. OFETs based on single crystals of two polymorphs (o and 3) of DBTTF-
TCNQ fabricated by evaporation showing distinct electrical characteristics. The scale
bars in the images are 100 pum. Extracted from reference [15].

Despite all these exciting results achieved with these materials, for practical
applications, there is a need to solution-process the organic layer using scalable
methodologies. However, the low solubility of CTCs in organic solvents poses
serious challenges, and strategies are being developed to produce films from
solutions effectively.

The objective of this part of the thesis was to explore the possibility to solution-
process CTCs to fabricate crystalline thin films to be used as active layers in
OFETs. Specifically, the study aimed to develop and characterize CTCs formed
between a BTBT derivative (i.e. CsO-BTBT-OCg) and TCNQ derivatives with
different LUMO levels (i.e., TCNQ, F2 TCNQ, and F4sTCNQ) prepared using the
cost-effective solution-based technique bar-assisted meniscus shearing (BAMS).

Subsequently, the electrical properties of the films were investigated.
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2.2 Summary of the results

The organic semiconductor 2,7-bis(octyloxy)[ 1 ]benzothieno|3,2-b]-
benzothiophene (CsO-BTBT-OCg) has been acknowledged as a promising p-type
organic semiconductor.[16] However, the formation of CTCs with this derivative
had not been previously reported. Here, attempts were made to grow single
crystals of CTCs based on CsO-BTBT-OCg and the three above-mentioned
TCNQ derivatives (Figure 2.3a). No complex was formed with the non-
fluorinated acceptor, despite the favorable energy levels for charge transfer. On
the other hand, complexes (CsO-BTBT-0OC3)(F.TCNQ) and
(CsO-BTBT-0OCs3)(F4sTCNQ), were successfully crystallized and characterized.
The crystal structure of the prepared complexes revealed a 1:1 stoichiometry and
that the molecules stack along the a-axis, with molecules of the donor and
acceptor alternating in an A-D-A-D pattern. The interplanar distances between
CsO-BTBT-OCg and F2TCNQ or F4TCNQ were similar, suggesting strong
interactions. Moreover, through a spectroscopic analysis, an ionicity of 0.15 was
estimated for (CgsO-BTBT-OCs) (F2TCNQ), which increased to 0.29 for
(CsO-BTBT-OCs)(F4sTCNQ) in agreement with the more electron acceptor
character of F4TCNQ (Figure 2.3a). The results were further supported by DFT
calculations.[17]

Subsequently, thin films of the CTCs were prepared by BAMS technique
(Figure 2.3b), which is a solution-based technique compatible with roll-to-roll
processes, under ambient conditions.[18], [19] This was performed by preparing
a solution of the two individual components at a ratio of 1:1. In addition, the use
of polystyrene (PS) as a binding polymer was also explored. After an
optimization process modifying the deposition rate, the substrate temperature,
and solvents, homogenous and crystalline films were successfully achieved for

the CTC (CsO-BTBT-OCs) (F4sTCNQ). A combination of X-ray diffraction
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(XRD) and spectroscopic analysis confirmed that these films maintained the
same crystalline phase as the single crystals.

The (CsO-BTBT-0Cs) (F4TCNQ) films were then implemented in OFETs. The
devices exhibited an n-type behavior with average electron mobility of
(1.0£0.2) x 1073 cm? V™. s7! and a threshold voltage of 1.6 + 6.4 V for the films
with PS binder (Figure 2.3.c), while the mobility of pristine films was
(14+0.3) x 10* cm?. VL. s7! and the threshold voltage 11.3 + 5.2 V. This result
was also in line with DFT calculations, which pointed to electron transport as the
primary mode in this co-crystal system. It should be noted that the addition of the
PS binder increases the device mobility by one order of magnitude and reduces
the threshold voltage. Such device improvement can be attributed to a decrease
in the interfacial charge trap density produced by the passivation of the SiO»
dielectric with PS. Remarkably, the devices based on the CTC blended with PS
not only exhibited a higher electrical performance but also the shelf-stability was
significantly improved; devices stored and measured in ambient conditions were

still working after 30 days.
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assembling of the donor (CsO-BTBT-OCs) and acceptor (F4sTCNQ) to form thin films
and illustration of the BAMS technique. ¢) Transfer and output characteristics of the
OFETs based on (CsO-BTBT-OCg) (FsTCNQ): PS. The channel length is 150 pm and
the width/length ratio is 100.
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2.3 Conclusions

In summary, we successfully prepared and characterized two novel CTC crystals
using the organic semiconductor CsO-BTBT-OCsg: (CsO-BTBT-OCs) (F2, TCNQ)
and (CsO-BTBT-OCg) (FsTCNQ). Both complexes crystallize in a 1:1
stoichiometry, forming alternating stacks of CsO-BTBT-OCs with either
F2TCNQ or F4aTCNQ. Spectroscopic analysis revealed ionicity values of 0.16 for
(CsO-BTBT-0OCs) (Fo2TCNQ) and 0.29 for (CsO-BTBT-OCsg) (F4TCNQ),
indicating a higher charge transfer with the stronger electron acceptor F4sTCNQ.
Moreover, homogeneous thin films of (CsO-BTBT-OCsg) (F4sTCNQ) and
(CsO-BTBT-OCs)(F4sTCNQ) blended with polystyrene (PS) were successfully
prepared using the BAMS technique in ambient conditions. X-ray diffraction
(XRD) and spectroscopic techniques confirmed that the films retained the same
phase as the single crystal. Notably, these films exhibited n-type behaviour and
good ambient stability.

All in all, we can conclude that, although challenging, large-area crystalline films
of CTCs can be prepared by employing solution-based techniques compatible
with scalable processes. Thus, this work opens the door to the possibility to
continue exploring the properties of these materials not only for performing

fundamental studies but also to develop practical applications.
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Chapter 3:

High throughput printing of DNTT

derivatives

Article II: High throughput processing of dinaphtho[2,3-b:2',3'-f]thieno[3,2-
b]thiophene (DNTT) organic semiconductors
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3.1 Introduction and Objectives

The solubility and processability of organic semiconductors (OSCs) are key for
developing practical applications in printing electronic devices.[1] One strategy
to enhance the OSCs solubility involves functionalizing the molecular cores of
benchmark OSCs with solubilizing groups that do not negatively interfere with
the intermolecular packing of the materials.[2] Thus, many OSCs have been
synthesized bearing linear or branched alkyl chains to improve their solubility in
organic solvents. However, when processing OSCs as thin films using high-speed
coating techniques, highly concentrated solutions (i.e., 10-20 mg.ml!) are
required, which is challenging to achieve.[3], [4] Further, molecular design can
also be employed to modify the electronic structure of OSCs and increase their
stability in environmental conditions. [5]

As an example, pentacene has been used as the standard OFET material for a
long time. However, since this material is not soluble it has to be processed by
evaporation. In addition, pentacene air stability is low, which is reflected in the
devices with an increase in the OFF current, a decrease in mobility, and a shift of
the threshold voltage.[6][7] This is because benzene rings are linearly fused.
To overcome this issue, an effective strategy for improving the (photo)oxidation
stability of p-type OSCs is the incorporation of fused thiophene rings to form
n-extended thienoacenes,[8], [9] which not only stabilizes the HOMO energy
level but also enables the formation of a herringbone-type molecular packing
similar to that of pentacene. Such type of molecular arrangement is known to be
the most suitable one to realize high carrier mobility. The
dinaphthothienothiophene (DNTT) and [1]Benzothieno[3,2-b]benzothiophene
(BTBT) families have been widely used as standard OFET materials and have

replaced pentacene for basic studies and applied research.[10]
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Both OSC families show m-cores that assemble giving excellent electronic
properties and stability, but they exhibit very poor processability. In particular,
evaporated thin films of DNTT and BTBT have shown great OFET mobility as
p-type OSCs.[11] However, the impossibility of processing this material from
solution represents a serious drawback for using it in the field of printed
electronics. For this reason, DNTT and BTBT derivatives bearing long alkyl
chains have been synthesized to improve the solubility of the parent
compound.[12] Further, it has been shown that the alky chains can facilitate

molecular ordering in the solid state via van der Waals interactions.[13]

In particular, the 2,9-Dioctylnaphtho[2,3- b]naphtha[2',3":4,5]thieno[2,3-
d]Jthiophene (Cs-DNTT) and 2,9-Didecyldinaphtho[2,3- b:2',3'-f]thieno][3,2-
b]thiophene (Cio-DNTT) are two of the most studied soluble DNTT
derivatives.[14] OFETs based on these materials have shown excellent hole
mobilities, close to 8 cm?Vls 7' when deposited by vacuum deposition

techniques and up to 10 cm>.V's™!

using solution-processed techniques.[15]
[16], [17], [18], [19] Despite their excellent semiconducting properties and
improved solution processability, Cs-DNTT and Cio-DNTT solubilities are still
limited, making it challenging to prepare the highly concentrated solutions that
are required for using high-throughput printing techniques. Additionally, more
recently, it has been shown that the modification of the w-core shape from linear
to crooked enhances the material solubility 30 times.[20] Numerous molecular

designs based on bent m-conjugated materials have also been reported with the

aim of removing molecular vibrations to achieve high performance (Figure 3.1).
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carried out to reduce molecular vibrations. b) Molecular structures of representative

organic semiconductors.[21]
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As mentioned, DNTT derivatives with long alkyl groups or branched alkyl
groups still exhibit limited solubility, posing challenges for high-throughput
printing techniques. Few studies have reported the solution deposition of
alkylated DNTT derivatives for OFET thin-film fabrication, using methods such
as spin-coating, solution confinement, or low-rate solution shearing
techniques.[22] We investigated the potential of three soluble DNTT derivatives
to be processed using the bar-assisted meniscus shearing (BAMS) technique at

high speed (i.e., 10 mm.s™).

The selected derivatives included the alkylated DNTT derivatives Cs-DNTT and
C10-DNTT, along with the S-core analogue 3,10-didecylnaphtho(2,1-
b]naphtha[1',2":4,5] thieno[2,3-d]thiophene (S-DNTT-10) (Figure 3.2).
Additionally, blends of these OSCs with polystyrene (PS) were also prepared,
since it is known that the higher viscosity of the blended solutions can also help
the thin film formation at fast coating speed. Subsequently, we conducted a
thorough investigation into the properties of these thin films and evaluated the

performance of the fabricated OFETs.
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Figure 3.2. Organic semiconductors designed to improve solution processability and air
stability  (from  pentacene to  DNTT  derivatives).  Adapted  from:
https://www.tcichemicals.com/US/en/product/organic-electronics/organic-
transistor/featured-articles/D5796.

3.2 Summary of the results

Thin films of the three above-mentioned materials were prepared by BAMS using
solutions with a concentration of 22.60 mg.ml™!. In the case of the Cs-DNTT and
C10-DNTT OSCs, a higher deposition temperature (i.e., 120 °C) was applied to
avoid precipitation of the materials. In contrast, the preparation of thin films by
BAMS of S-DNTT-10 was easier due to the higher solubility, which make
it possible to use a lower coating temperature (i.e., 105 °C). The varying
conditions for depositing these OSCs led to more cracks in the films made from
the linear BTBT-core derivatives. Consequently, devices based on Cn-DNTT
derivatives with long alkyl chains exhibited mobilities around 0.04 cm?-V~!-s7!.
Moreover, implementing the use of PS contributed to achieving devices with

reduced hysteresis and lower threshold voltage, suggesting an improvement in
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the organic semiconductor/dielectric interface and a reduction in charge trapping.
In the other hand, OFETs based on S-DNTT-10 demonstrated mobility values of
almost two orders of magnitude higher than the films based on the linear Cn-
DNTT derivatives, with an average mobility of 1.7 + 0.6 cm? V™. s and a Vi
of =5.0 = 0.8 V. This might be mainly due to the more homogeneous films with
larger crystalline domains obtained with this semiconductor. Furthermore, the S-
DNTT-10:PS blended films gave rise to an average mobility of 0.4 £ 0.2 cm?. V",
s™' and a Vi, of 5.8 = 0.4 V, indicating that, unlike other OSCs, the inclusion of
PS did not enhance the electrical performance in this case. For comparison,
representative saturation transfer characteristics of OFETs fabricated with the

three OSCs are shown in Figure 3.3.
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Figure 3.3. Saturation transfer characteristics of a) Cs-DNTT, b) Cio-DNTT, and c) S-
DNTT-10 and their blends with PS. Insets: Images of the OSC solutions 2% wt. in
chlorobenzene under ambient conditions.
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3.3 Conclusions

In summary, here we investigated the viability of processing at high-speed
functionalized DNTT derivatives and evaluated the impact of the different
chemical modifications on the processability of the DNTT and the resulting thin
film properties. We demonstrated that with the BAMS technique, both alkylated
linear DNTT derivatives and S-DNTT-10 can be processed at high coating rates,
resulting in crystalline thin films showing a good OFET performance. However,
for depositing the alkylated linear DNTT derivatives the films have to be
prepared at higher temperatures, and some cracks are observed in the films. On
the other hand, the modification of the m-core shape from linear to S-shape gives
rise to more soluble derivatives, which are much easier to process at a lower
coating temperature. As a result, S-DNTT-10 films are more homogenous and
reveal an OFET mobility almost two orders of magnitude higher than the devices

based on films of the alkylated linear DNTT derivatives.

Consequently, our findings underscore the potential of DNTT derivatives for
practical implementation in printed devices. Additionally, it was elucidated that
the modification of the m-core shape represents a promising route for enhancing

the solubility and, consequently, the processability, of organic semiconductors.
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Chapter 4:

Crystal structure influence on the charge

transport of Ph-BTBT-10 films

Article III: Phase transformations in evaporated Ph-BTBT-10 thin films and

impact on the device performance
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4.1 Introduction and Objectives

In recent years, significant efforts have been dedicated to exploring new
n-conjugated molecules with high charge-carrier mobility for manufacturing thin
films for organic field-effect transistors (OFETs). To facilitate wet deposition
methods, the m-conjugated cores of OFET materials are often chemically
modified with long hydrocarbon chains, improving their solubility in common
organic solvents. In the crystal packing, these chains create bulky insulating
layers between the semiconducting n-w stacks along the polycrystalline thin film,
which can limit vertical transport while potentially favoring 2D transport. The
primary challenges for optimizing the performance of materials with intrinsically
high mobility include the poor homogeneity of solution-deposited thin films,

their thermal stability and the control of their structure and morphology.

In 2014, Iino and co-workers tested a new molecule, 2-decyl-7-phenyl-
[1]benzothieno[3,2-b][1]benzothiophene (Ph-BTBT-10, Figure 4.1) in OFETs,
which emerged as a high-performance organic semiconductor (OSC) with
mobilities around 10 cm? V™! s7'.[1] Ph-BTBT-10 bears a phenyl group attached
to the large m-conjugated fused ring system of the benzothienobenzothiophene
(BTBT) core and has a long, flexible decyl hydrocarbon chain to the opposite end
to facilitate the formation of liquid crystal phases.[2]

Previous reports revealed that Ph-BTBT-10 exhibits two types of crystal
structures: the so-called bulk and thin-film phases.[6], [10] The bulk phase
features a bilayer-type structure with an interlayer spacing of 5.30 nm with a
head-to-head molecular rearrangement, as shown in Figure 4.1.[10] In contrast,
the thin-film phase comprises a periodic unit structure of a single layer with
antiparallel molecular orientation within the layers (Figure 4.1).[6] This phase,

with an interplanar spacing of 2.65 nm on the (001) plane, is a metastable
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structure that forms on the substrate surface.[6] The thin-film phase transitions to
the thermodynamically stable bulk structure upon thermal annealing above
110 °C.[3], [6] Further, at the smectic E (SmE) phase transition temperature of
~150 °C, the bilayer structure rearranges back into a single-layer packing.
Additionally, the phase diagram of Ph-BTBT-10 includes a second, more

disordered smectic A state, which is observed above 215 °C.

Previously, it was reported that spin-coated films of Ph-BTBT-10 crystallize
forming a herringbone structure in the single-layer structure that gives an OFET
mobility of 0.8 cm?-V-''s”!. However, after annealing at 120 °C such Ph-BTBT-
10 films to convert them to the bilayer bulk crystal structure, a dramatic
enhancement of the OFET mobility up to 13.9 cm?-V-!-s! was observed.[3], [4],
[5] The performance of devices based on Ph-BTBT-10 is influenced by various
factors such as the preparation method, the thermal history of the samples,
orientation disorder, and the potential co-existence of different phases.[6] [7] The
interaction between these phases and the corresponding transitions has been
recently studied through structural and computational analyses to understand the
underlying mechanisms.[7], [8], [9], [10] The investigations have been especially
devoted to the understanding of the phase transition mechanism, with emphasis
on the lattice transformation that allows the formation of the SmE monolayer
structure starting from the bilayer bulk crystal. Such transformation can occur via
either translational displacement of the Ph-BTBT-10 molecules or flip-flop
movements. Hofer et al. [11] provided a detailed structural analysis of the SmE
phase in Ph-BTBT-10 thin films using grazing-incidence X-ray diffraction
(GIXD) and specular X-ray diffraction (XRR). The authors showed that
molecular disorder in the bulk phase is responsible for the observed peak-
broadening phenomena in the XRR spectra. Such disorder comes from the fact

that the known head-to-head stacking within the crystalline phase is disturbed by
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the statistic integration of reversed (or flipped) molecules. It was found that 7-15
% of the molecules are integrated in a reversed way, and these fractions are

correlated with cooling rates during the sample preparation procedure.

In summary, Ph-BTBT-10 is a greatly promising high mobility OSC but with a
complex polymorphism scenario. Our work in this chapter focuses on the
fabrication of high-quality Ph-BTBT-10 thin films via two different techniques:
solution shearing technique (i.e., BAMS) and thermal evaporation. A detailed
examination of the films phase transitions and structural properties has been
carried out together with an analysis of the crystal structure impact on the

performance of the corresponding OFET devices.

(a)
! J O
O 4 S CyoHo

«

o
Ry

{

N

(b) Bilayer phase

a b
== (001) _

¥ (c) Single layer phase

T

12 —r Ph(5 4

i &g f‘? &

g y 13 e

1 A (530 nm f{ ;; @(001) &
At A4 b J L -
& 9 ¥ f % %
i3 55K £
f§ 3 ¢ L B S
N » ¢ 3 4
¥ 3 L 3%

y ¥

T
I
o
b3
=
3
ety byt

G

Figure 4.1. (a) Chemical structure of Ph-BTBT-10. Crystalline polymorphs of Ph-
BTBT-10 in thin films: (b) Bilayer and (c) single layer phase. Extracted from reference
[12].
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4.2 Summary of the results of the evaporated Ph-
BTBT-10 films

OFET devices based on Ph-BTBT-10 have been primarily fabricated using
solution-based techniques, leveraging Ph-BTBT-10’s solubility in organic
solvents. Here (Article III), Ph-BTBT-10 thin films were thermally evaporated
on Si/SiOx substrates. By performing XRR characterization at different heating
and cooling temperatures, it was observed that the Ph-BTBT-10 evaporated films
belonged to the single-layer phase and converted to a bilayer and SmE phases at
110 °C and 160 °C, respectively. The transitions observed in this study are
consistent with previously reported data in the literature found for solution-
deposited films.[5], [13] Additionally, when slowly cooling down the films to
room temperature, the bilayer structure was formed confirming that is the most
thermodynamically stable form. Further, it was found that rapid cooling from the
SmE phase led to the preservation of the single-layer phase, indicating the kinetic

control over the phase transitions.

The as-evaporated films and evaporated films annealed at 130 °C and 140 °C
were then investigated using XRR and Kelvin Probe Force Microscopy (KPFM).
Films annealed at 130 °C exhibited a mixture of single-layer and bilayer phases,
while those annealed at 140 °C transitioned completely to the bilayer structure.
By KPFM it was found that the bilayer structure exhibited minimal surface
potential variation due to the nullification of electrical dipoles, whereas the
single-layer structures displayed higher variability in surface potential due to

defects and net dipole moments.

When integrated into OFETs, the films demonstrated a notable increase in

mobility and a reduction in threshold voltage with increased annealing
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temperature. The as-evaporated thin film devices exhibited an average OFET
mobility of 0.2 £ 0.15 cm?> Vs and a threshold voltage of -21.2 + 2.0 V.
Devices annealed at 130 °C demonstrated a mobility of 1.5 = 0.4 cm?-V's! and
a threshold voltage of -17 + 2 V. Finally, the mobility increased further up to
4.1 +0.3 cm?*-V'"'s™ in the films annealed at 140 °C, with a threshold voltage of
-10.0 £ 0.9 V. Thus, the devices based on bilayer structure achieved the highest
mobility, indicating that the conversion from the single-layer phase to the bilayer
phase optimizes the electrical properties (Figure 4.2a-b). This performance
enhancement was attributed partly to a reduced charge trapping and decreased
electrostatic disorder after annealing, which was evident from the estimated
density of interfacial hole traps. The as-evaporated devices showed a trap density
of approximately 6-10'2eV-!-cm™, which was reduced to 2-10'? eV-'ecm™ in the

devices annealed at 140 °C (Figure 4.2¢).

In summary, this research highlights the critical role of thermal treatments in
modulating the polymorphic structure of Ph-BTBT-10 thin films, thereby
optimizing their electrical properties. The findings provide valuable insights into
improving the performance of Ph-BTBT-10-based electronic devices through

precise control of thin film deposition and annealing processes.
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Abstract:

This paper reports on the phase transformation occurring in evaporated thin films
of the organic semiconductor Ph-BTBT-10 by performing in situ temperature-
dependent X-ray reflectivity (XRR) studies. The films crystallise in a single layer
structure which converts to a bilayer phase in the temperature range of 110-
140 °C; at further elevated temperatures, a liquid-crystal phase is formed. XRR
combined with Kelvin Probe Force Microscopy data points out that only at the
highest annealing temperature the phase transformation is completed. In a
subsequent step, the films have been investigated as active layers in organic-
field-effect transistors. An enhanced performance is observed in the annealed
films with a higher mobility and reduced level of charge traps. The best electrical

characteristics are realised when the bilayer transformation is fully accomplished.
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1. Introduction

In recent years, significant advancements have been achieved in the
development of organic semiconductors (OSCs) as active layers in organic field-
effect transistors (OFETs), showcasing high performance and opening up wide
possibilities for innovative applications in areas such as flexible/wearable
electronics and Internet of Things (IoT)."? One major advantage of OSCs is the
possibility to tune the thin film structural and electrical characteristics, or the
material processability, by chemical design.>”

Small molecule OSCs tend to form ordered crystalline films, which
typically result in a high charge carrier mobility. However, since the molecules
are bound to each other through non-directional weak intermolecular
interactions, small molecule OSCs can commonly crystallise forming different
polymorphs.® Such polymorphs exhibit different overlaps of their frontier orbitals
(i.e., charge transfer integrals), which significantly influences the material charge
transport mobility. Noticeably, the mobility of different polymorphs can vary by
orders of magnitude.”!® Another key aspect to be considered is the stability of
the OSC polymorphs since they often exhibit a metastable character.!' '3

The processing conditions play a pivotal role on the OSC crystallisation.
It is known that when OSCs are processed from solution, parameters such as
solvent, concentration, temperature or deposition rate effect the molecules self-

assembly. 115 Likewise, thermally evaporated OSCs are affected by factors
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such as deposition rate, base pressure and substrate temperature.'®!”

Alternatively, post-processing methods, such as solvent vapour annealing or
thermal treatments can also enhance thin film crystallinity or induce the
formation of specific polymorphs.'®2! Typically, these processes offer the
advantage to give rise to the most thermodynamically stable form.

A notable example of the impact of the molecular packing on the charge
transport properties can be found with the p-type OSC 2-Decyl-7-
phenyl[ 1 Jbenzothieno[3,2-b][1]benzothiophene (Ph-BTBT-10), Figure la. Ph-
BTBT-10 shows polymorphism, mainly caused by the asymmetry of its
molecular structure.’>2® This molecule crystallises in the bulk following a
lamellar bilayer head-to-head arrangement (Figure 1c), resulting in a stacking
periodicity twice the molecular length (i.e., 5.3 nm), with the aromatic units
arranged in a herringbone manner. Additionally, a metastable thin film phase has
also been reported, where the molecules adopt a lamellar single layer structure
with an interlayer spacing corresponding to the molecular length (Figure 1b).
Further, the asymmetric nature of the molecule also favours the formation of
liquid crystalline states at temperatures above 145°C with a head-to-tail
arrangement of the molecules and a single layer periodicity.

Ph-BTBT-10 has also been investigated as an active layer in OFETs
giving excellent mobility values.?>*! Ph-BTBT-10 devices have been mainly

fabricated employing solution-based techniques taking advantage of its good
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solubility in organic solvents. It was previously found that the as-prepared thin
films often crystallise in the single-layer phase, but a thermal annealing process
can convert them to the bulk bilayer phase, leading to a significant increase in
device mobility.?? In addition, it was reported that molecular orientation disorder
inside the bilayer phase can also be present in the films, which could potentially
hamper the device's performance.?

In this paper we deeply investigate the phase transitions taking place in
evaporated films of Ph-BTBT-10 whilst they are heated and cooled at different
temperatures at controlled rate. Structural transitions from the single layer phase
to the bulk structure and the Smectic E phase have been found. The effect of
performing an annealing post-treatment in the evaporated thin films was also
investigated by X-ray reflectivity (XRR) and Kelvin Probe Force Microscopy
(KPFM). It was found that to ensure reaching the full bilayer phase the
temperature and time annealing need to be optimised. Finally, the films were
implemented as active layers in OFETs. An optimised device performance,
reaching an average mobility of around 4 cm?-V-!'s™!, was realised when the
complete bulk phase transformation was achieved. Remarkably, a clear adverse
impact on the electrical performance was noticed in the films where the full phase

transformation was not accomplished.
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2. Results and discussion

Thin films of Ph-BTBT-10 with a thickness of 20 nm were prepared by
physical vapour deposition on bare Si/SiOx substrates. The thin film morphology
as well as the crystalline properties of the Ph-BTBT-10 films were investigated
by XRR analysis. The XRR curves were recorded on the as-deposited film and
at various temperatures during a controlled heating process (0.67 °C-min™),
providing insights into the structural transition of Ph-BTBT-10 from the single
layer (thin film) phase to the bilayer phase (Figure 2a). A single layer phase is
found at low temperatures (from 25 °C to 100 °C) exhibiting characteristic peaks
at 0.236 and 0.473 A''.3? The bilayer structure is observed in the temperature
range from 110 °C up to 140 °C, and is characterized by additional peaks at
0.118 A ' and 0.355 A'and 0.592 A™'.2 Furthermore, at a temperature of 160 °C
and above, the bilayer structure melts leading to the single-layer smectic E (SmE)
liquid-crystal structure.?* These temperature transitions are quite in agreement
with published data in literature (the temperature transition from the single layer
to the bulk phase was reported to be 115 °C and the transition to SmE at
143 °C).2»3 As shown in Figure 2b, during the controlled cooling
(0.67 °C-min), the phase transition from SmE to the bilayer structure was
discerned at a temperature of 125 °C. Under the specified experimental
conditions, a transition from the bilayer structure to the single layer phase was

not detected, which can be attributed to the fact that the bilayer phase is the most
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thermodynamically stable polymorph. However, it should be noticed that films
annealed at 180°C exhibiting the SmE phase, when they were rapidly cooled to
room temperature, a single layer structure was preserved (Figure S1).
Following, the conversion of the single layer structure to the bilayer phase
thermal annealing was investigated in detail. For this purpose, we studied the
structural features of two thin films upon a thermal treatment in vacuum: one was
annealed at 130 °C (10 min) and the other film at 140 °C (20 min). The films were
cooled down to room temperature in vacuum. Besides Kiessig fringes, the XRR
curves of these films reveal also diffraction features allowing structural analysis
based on the Bragg peaks positions (Figure 2b, Figure S2). The three order
reflections observed for the as-deposited Ph-BTBT-C10 films indicate the
formation of the single layer phase (black curve in the Figure 2b),?? whereas the
distinctive fingerprints of the bilayer structure are observed for the annealed film
at 140°C (blue curve), as described above.*? In contrast, the XRR curve for the
thin film annealed at 130°C points out to the presence of a certain mixture of
both, bilayer and single layer.
The films were also characterized by Kelvin Probe Force Microscopy (KPFM),
which provides simultaneously the topography and surface potential. We have
recently demonstrated that KPFM can be a powerful tool to distinguish different
polymorphic forms of Ph-BTBT-10 and their coexistence at the nanoscale.?’” We

reported that the bilayer packing does not lead to significant surface potential
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differences with the substrate due to the compensation of the electrical dipole
existing for each half bilayer (in which all molecules have the same orientation),
resulting in a zero net electrical dipole. In contrast, for the single-layered packing
of Ph-BTBT-10 obtained at room temperature, we have found that structural
defects in the form of flipped molecules result in local uncompensated electric
fields (i.e., a net electrical dipole). Depending on the direction of the net electrical
dipole, it can result in a larger or lower surface potential compared to the bi-layer
phase. Figure 3a shows a representative topographical image of the as-prepared
films, consisting of terraced mounds. A height profile is shown in Figure 3¢ along
the line indicated in the topographical image. The measured step height of
2.8+ 0.1 nm corresponds to one molecule high terraces of Ph-BTBT-10, in
agreement with the XRR data. The surface potential image is shown in Figure
3b, which displays a rather uniform surface potential, except in some areas with
lower values that are attributed to defects in the underlying film. Upon post-
annealing at 130 °C, the morphology develops two kinds of differentiated
regions. The characteristic mounds observed in the non-annealed films are still
visible at the top-right part of Figure 3d. Remarkably, this region is distinguished
by a higher surface potential (Figure 3e). A magnified area is shown in the
supporting information (Figure S3). The rest of the image displays quite large
terraces (several microns), some of them with the step height of the bilayer

stacking (5.5+ 0.1 nm). Both regions, mounds and large terraces, are clearly
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distinguished in the surface potential in larger-scale images (Figure S4). Thus,
from KPFM and XRR it can be concluded that the film is a mixture of the single
layer and bilayer structural phases laterally separated. On the other hand, the
morphology suffered a drastic change in the films that were post-annealed at
140 °C. The topmost surface of the entire film displays now terraces with two
heights (= 2.7 and 5.5 nm), meaning that the topmost layer corresponds to
molecular assemblies forming either a single layer or bilayer terraces.
Remarkably, the surface potential has become much more homogeneous. In view
of this result and the XRR data, it is concluded a full conversion of the film into
the bilayer structure.

The as prepared and annealed films were then investigated as active layers
in OFETs. For this, the Si/SiOx was used as gate/dielectric and gold source and
drain contacts were evaporated on top of the films. The transfer characteristics
are shown in Figure 4 and their corresponding output characteristics are displayed
in Figure S5 and Figure 4. The three films displayed a p-type behaviour with
good modulation of the current and low hysteresis. Nevertheless, it is visible from
the transfer curves that the measured drain-source current (Ips) increases in the
annealed samples, which is accompanied by a shift of the curves towards less
negative gate-source voltages (Vgs). The average OFET mobility and threshold
voltage calculated for the as-evaporated thin films devices was
0.2+0.15 cm* Vst and —=21.2 £ 2.0 V, respectively. A significant increase in
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the mobility together with a reduction of the threshold voltage was observed with
the devices based on annealed films: 1.5 + 0.4 cm?>V-'s! and -17 £+ 2 V,
respectively, for the films annealed at 130 °C, and 4.1 + 0.3 cm->V!s! and
-10.0 £ 0.9 V, for the films annealed at 140 °C. These data are summarised in
Table S1. Thus, the first annealing treatment leads to a device mobility
improvement of almost one order of magnitude, which increases almost three-
fold when the films are annealed at higher temperatures. This result elucidates
the impact of the Ph-BTBT-10 polymorphism on the electrical properties in
evaporated films. The bilayer structure leads to enhanced mobility, and the
highest mobility is only realised when the conversion from the single layer to the
bulk form is maximised.

Furthermore, the shift of the threshold voltage to less negative values in
the annealed films can be associated to a reduction of charge trapping. Thus, we
proceed to estimate the density of the interfacial hole traps from the subthreshold
swing (SS) (see experimental section). We observed a gradual reduction of the
traps density from the non-annealed films to the films treated with an increasing
annealing temperature, going from around 6-10'2 eV-!-cm™ in the as-deposited
devices down to 2:10'2 eV-!-cm™ in the devices annealed at 140°C (Figure 5).
We have previously shown that films with single-lamellar packing have a
variable level of electrostatic disorder that causes a broadening of the highest

occupied molecular orbital (HOMO) levels, as observed by ultraviolet
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photoelectron spectroscopy. 27 Among other factors, electrostatic disorder is
associated with charge trapping.>*> Thus, the temperature treatment
simultaneously increases the device mobility and reduces the interfacial traps,
while converting the single layer phase to a bilayer structure.
3. Conclusions

In conclusion, herein the structural properties of evaporated Ph-BTBT-10
thin films were investigated in-depth. XRR data carried out at different
temperatures allowed for the identification of the single layer, bilayer and SmE
phases. Subsequently, the as-deposited thin films belonging to the single layer
structure were annealed to be converted to the bulk bilayer form. Thanks to a
combined characterization by XRR and KPFM, it was proved that only the films
annealed at 140 °C had been fully transitioned to the bilayer structure, while the
single layer phase was still partially present in the films annealed at 130 °C. The
OFET devices based on the evaporated Ph-BTBT-10 thin films exhibited
enhanced mobility and reduced levels of charge traps after the films had been
annealed. However, the best mobility was only realised in the films that had been
fully transformed to the bulk phase.

Thus, this work elucidates the importance of controlling thin film
polymorphism to achieve high performing and reproducible devices.
Temperature post-annealing treatment is a promising route to reach

thermodynamic polymorphs, but it is key to realise a full phase transformation to
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ensure an optimised performance and a low device-to-device variability.

4. Experimental section

Materials

Ph-BTBT-10 was purchased from TCI and used without any additional
purification. Arsenic p-doped silicon substrates were purchased from Siegert
wafer (SiOx thickness was 200 nm, C = 17.26 nF-cm™).

Thin films growth

Physical vapor-deposited Ph-BTBT-10 films (20 nm thick) for in situ XRR
studies with temperature were prepared in a high-vacuum chamber with a base
pressure of (10% mbar) using a resistively heated tungsten boat and a quartz
microbalance for in-situ thickness control. The substrate surface was kept at room
temperature, and the deposition rate was (0.28 A-s™).

Thermal treatment

The in situ XRR studies with temperature were performed at a temperature range
from 25 °C to 180 °C in a controlled and continuous manner using a commercially
available domed hotstage DHS900 under inert (nitrogen) conditions,
AntonPaar.>* The sample series were annealed with at defined heating and

cooling rate of 0.67 °C-min’".
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Thin-film characterization

X-ray diffraction measurements were carried out with a D-5000 model Siemens
diffractometer that used Cu Ko radiation 1.5418 A. Surface topography, phase
and thin film thickness were examined by a 5500LS SPM system from Agilent
Technologies and subsequent data analysis was performed by using Gwyddion
2.56 software. X-ray reflectivity (XRR) measurements were made using a
Panalytical Empyrean reflectometer. On the primary side, a multilayer mirror
was used to render the parallel beam; on the secondary part, a combined set up
with a receiving slit, a Soller slit and a PANalytical PIXCEL3D detector was
used. The 26 (angular scans) have been transformed to scattering vector notation
using q, = 4m/A sin 0, where q, is the scattering vector perpendicular to the
substrate surface, A is the wavelength of the CuKa radiation (1.5418 A) and 8 is
the scattering angle.

AFM data were acquired by using a Cypher ES Environmental AFM
instrument, from Asylum Research (Oxford Instruments), the topographic
measurement was performed in Tapping mode at RT with an N> gas environment
to minimize moisture and oxidizing effects. The silicon tips (from
BudgetSensors) with a Ti/Ir (5/20 nm) coating and a nominal spring constant of
2.8 (N/m) were employed. Data were analysed using the Igor Pro software

provided by Asylum Research (AR).
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Device fabrication and characterization

Si1/S10x (200 nm thick) substrates were cleaned by ultrasonication (15 min in
acetone plus 15 min in isopropanol) before being introduced into the evaporation
chamber. The substrates underwent a heat treatment at 250 °C for 15 minutes to
eliminate all gases and water absorbed on the SiOx surface. Then, Ph-BTBT-10
films were evaporated at a deposition rate of =2 A/min under high vacum
conditions. Following this, the prepared films were heated at 130 °C for 10
minutes or 140 °C for 20 minutes. Finally, 30 nm of gold was thermally
evaporated on the films using a shadow mask to form the top-contract electrodes,
with a channel width (W) of 15 mm and channel lengths (L) ranging from 1000
to 200 um. After evaporation, samples were stored in a glovebox.

The transfer and output characteristics of the devices were measured with an
Agilent BI5S00A semiconductor device analyser connected to the samples with a
Karl SUSS probe station, at ambient conditions. The devices were carefully
isolated by scratching the film edges before performing the measurements. The
characteristic field-effect mobility (i) and threshold voltage (V) parameters of
the transistors were extracted in the saturation regime using the following classic

MOSFET equations:
2
_(oylpsl\ 2L 1
K=\Tov, ) ' w'e
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Ips = KMC(VGS ~ Vin)?
2L
where W and L are the width and length of the channel, respectively, and C is the
dielectric capacitance per unit area.
The density of traps (N¢) was calculated employing the sub-threshold swing (SS)

33 according to:

SS

T P R

Vs C [ _ess

Where e is the electron charge, ks is the Boltzmann constant, C is the capacitance
per unit area of the dielectric, 7" the absolute temperature and Vs and Ips the

applied gate voltage and the measured drain current, respectively.
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Supporting Information.

Additional electrical measurements and KPM and X-ray data.
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in-situ  X-ray reflectivity (XRR)
measurements performed on the evaporated Ph-BTBT-10 films during heating
(left) and cooling (right) in the range between 25 °C and 180 °C. b) XRR Curves
of the evaporated Ph-BTBT-10 films as-prepared and after annealing at 130°C
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Figure 3. Images at the top are the topography of the film as deposited at room
temperature (a), after post-annealing at 130°C for 10 minutes (d) and at 140°C
for 20 minutes (g). Figures (b), (¢) and (h) are the corresponding surface potential
maps. The height profiles (along the lines indicated in the respective topographic
images) are shown in (c), (f), and (i).
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b) After Annealing at 130 °C
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Figure 4. Transfer characteristics in the saturation regime (Vps=-30V) of OFET
based on Ph-BTBT-10 films a) as prepared, b) after thermal annealing at 130 °C,
and c) after thermal annealing at 140 °C. d) Output characteristics of after thermal

annealing at 140 °C.

102



a)

N(eV'iem?)

b)
As-Evaporated
LUMO
EE
Traps
h- B —@
HOMO

WEHZ = Pristine Devices
{ ¢ Post-Annealed at 130 °C]
TE+12+ . s Post-Annealed at 140 °C
6E+12 4
5e+124 3 i
4E+12 4
3E+12 - |
2E+12 4
1E+12 T T T T T T
400 500 600 700 800 1000
Channel length(um)
Post- Annealed at 130 °C Post-
LUMO
E. E.
Traps
h h
" Ev » \“-.\ »_.*’ . " Ev
HOMO

Annealed at 140 °C
LUMO

Traps

h .

% 4

HOMO

Figure 5. a) Density of interfacial hole traps estimated from the sub-threshold
swing. b) Schematic diagrams of the trap distribution in the devices.

103



Graphical Abstract

Graphical Abstract

Single layer s/ Bilayer
(1) O HF

| ST
AR A

Bih | i

30 25 20 15 10 5 0 5
Vis(V)

Ph-BTBT Core

AN AN Cyoalkyl chain

104



References:

1 K. Haase, C. Teixeira da Rocha, C. Hauenstein, Y. Zheng, M. Hambsch and S. C. B.
Mannsfeld, Adv Electron Mater, , DOI:10.1002/aelm.201800076.

2 K. Liu, B. Ouyang, X. Guo, Y. Guo and Y. Liu, npj Flexible Electronics, 2022, 6.

3 H. Chung, S. Chen, B. Patel, G. Garbay, Y. H. Geerts and Y. Diao, Cryst Growth
Des, 2020, 20, 1646-1654.

4 R. Pfattner, S. T. Bromley, C. Rovira and M. Mas-Torrent, Adv Funct Mater, 2016,
26, 2256-2275.

5 L. Fijahi, J. Li, A. Tamayo, M. Volpi, G. Schweicher, Y. H. Geerts and M. Mas-
Torrent, Nanoscale, 2022, 15, 230-236.

6 Y. Yamaguchi, Y. Kojiguchi, S. Kawata, T. Mori, K. Okamoto, M. Tsutsui, T.
Koganezawa, H. Katagiri and T. Yasuda, Chemistry of Materials, 2020, 32, 5350—
5360.

7 H. Minemawari, M. Tanaka, S. Tsuzuki, S. Inoue, T. Yamada, R. Kumai, Y. Shimoi
and T. Hasegawa, Chemistry of Materials, 2017, 29, 12451254,

8 H. Chung and Y. Diao, J Mater Chem C Mater, 2016, 4, 3915-3933.

9 Y. Diao, K. M. Lenn, W. Y. Lee, M. A. Blood-Forsythe, J. Xu, Y. Mao, Y. Kim, J.
A. Reinspach, S. Park, A. Aspuru-Guzik, G. Xue, P. Clancy, Z. Bao and S. C. B.
Mannsfeld, J Am Chem Soc, 2014, 136, 17046—17057.

10 J. Chen, M. Shao, K. Xiao, A. J. Rondinone, Y. L. Loo, P. R. C. Kent, B. G. Sumpter,
D. Li, J. K. Keum, P. J. Diemer, J. E. Anthony, O. D. Jurchescu and J. Huang,
Nanoscale, 2014, 6, 449-456.

11 T. Salzillo, A. Campos, A. Babuji, R. Santiago, S. T. Bromley, C. Ocal, E. Barrena,
R. Jouclas, C. Ruzie, G. Schweicher, Y. H. Geerts and M. Mas-Torrent, Adv Funct
Mater, , DOI:10.1002/adfm.202006115.

12 G. Giri, R. Li, D. M. Smilgies, E. Q. Li, Y. Diao, K. M. Lenn, M. Chiu, D. W. Lin,
R. Allen, J. Reinspach, S. C. B. Mannsfeld, S. T. Thoroddsen, P. Clancy, Z. Bao and
A. Amassian, Nat Commun, , DOI:10.1038/ncomms4573.

13 G. Giri, S. Park, M. Vosgueritchian, M. M. Shulaker and Z. Bao, Advanced

105



Materials, 2014, 26, 487-493.

14 S. Galindo, A. Tamayo, F. Leonardi and M. Mas-Torrent, Adv Funct Mater,
DOI:10.1002/adfm.201700526.

15 A. Tamayo, S. Riera-Galindo, A. O. F. Jones, R. Resel and M. Mas-Torrent, Adv

Mater Interfaces, , DOI:10.1002/admi.201900950.

16 A. M. James, M. Gicevicius, S. Hofer, B. Schrode, O. Werzer, F. Devaux, Y. H.
Geerts, H. Sirringhaus and R. Resel, J Cryst  Growth,
DOI:10.1016/j.jcrysgro.2023.127539.

17 S. Izawa, K. Nakano, K. Suzuki, Y. Chen, T. Kikitsu, D. Hashizume, T. Koganezawa,
T. Q. Nguyen and K. Tajima, Sci Rep, , DOI:10.1038/s41598-017-18881-y.

18 J. Li, A. Babuji, L. Fijahi, A. M. James, R. Resel, T. Salzillo, R. Pfattner, C. Ocal, E.
Barrena and M. Mas-Torrent, ACS Appl Mater Interfaces, 2023, 15, 5521-5528.

19 J. H. Bae, J. Park, C. M. Keum, W. H. Kim, M. H. Kim, S. O. Kim, S. K. Kwon and
S. D. Lee, Org Electron, 2010, 11, 784-788.

20 F. Dinelli, M. Murgia, F. Biscarini and D. M. De Leeuw, in Synthetic Metals, 2004,
vol. 146, pp. 373-376.

21 K. C. Dickey, J. E. Anthony and Y. L. Loo, Advanced Materials, 2006, 18, 1721—
1726.

22 H. Iino, T. Usui and J. I. Hanna, Nat Commun, , DOI:10.1038/ncomms7828.

23 S. Hofer, J. Unterkofler, M. Kaltenegger, G. Schweicher, C. Ruzié, A. Tamayo, T.
Salzillo, M. Mas-Torrent, A. Sanzone, L. Beverina, Y. H. Geerts and R. Resel,
Chemistry of Materials, 2021, 33, 1455-1461.

24 S. Hofer, W. Bodlos, J. Novak, A. Sanzone, L. Beverina and R. Resel, Lig Cryst,
2021, 48, 1888—1896.

25 S. Kim, A. Kim, K. S. Jang, S. Yoo, J. W. Ka, J. Kim, M. H. Yi, J. C. Won, S. K.
Hong and Y. H. Kim, Synth Met, 2016, 220, 311-317.

26 T. Oka, N. Shioya, T. Shimoaka and T. Hasegawa, Journal of Physical Chemistry C,
2023, 127, 7560-7564.

27 S. Yan, D. Cornil, J. Cornil, D. Beljonne, R. Palacios-Rivera, C. Ocal and E. Barrena,
Chemistry of Materials, 2024, 36, 585-595.

106



28 A. Tamayo, S. Hofer, T. Salzillo, C. Ruzié, G. Schweicher, R. Resel and M. Mas-
Torrent, J Mater Chem C Mater, 2021, 9, 7186—7193.

29 H. Wu, H. lino and J. I. Hanna, ACS Appl Mater Interfaces, 2020, 12, 29497-29504.

30 J. M. Cho and T. Mori, Phys Rev Appl, , DOI:10.1103/PhysRevApplied.5.064017.

31 K. He, W. Li, H. Tian, J. Zhang, D. Yan, Y. Geng and F. Wang, ACS App! Mater
Interfaces, 2017, 9, 35427-35436.

32 S. Hofer, A. Hofer, J. Simbrunner, M. Ramsey, M. Sterrer, A. Sanzone, L. Beverina,
Y. Geerts and R. Resel, Journal of Physical Chemistry C, 2021, 125, 28039-28047.

33 H. F. Haneef, A. M. Zeidell and O. D. Jurchescu, J Mater Chem C Mater, 2020,

8, 759-787.

34 R. Resel, E. Tamas, B. Sonderegger, P. Hofbauer and J. Keckes, J Appl Crystallogr,
2003, 36, 80-85.

35 Z. A. Lamport, H. F. Haneef, S. Anand, M. Waldrip and O. D. Jurchescu, J Appl
Phys,DOI:10.1063/1.5042255.

107



Supporting Information

Phase transformations in evaporated Ph-BTBT-10 thin films and impact on

the device performance

Lamiaa Fijahi,' Shunya Yan,! Ann Maria James,” Adrian Tamayo,' Jinghai
Li,' Carmen Ocal,' Esther Barrena, '-* Roland Resel, >* Marta Mas-

Torrent!*

! Institut de Ciéncia de Materials de Barcelona, ICMAB-CSIC, Campus UAB,

08193 Bellaterra, Spain. E-mail: e.barrena@csic.es; mmas(@icmab.es
2 Institute of Solid State Physics, Graz University of Technology, Petersgasse 16,

Graz 8010, Austria. E-mail: roland.resel @tugraz.at

108



a) While Heating (Fast Heating ) b) AFTER Cooling (Fast Cooling )

Annealing at 180°C ———180°C After Cooling
—— Annealing at 120°C ——120°C After Cooling
. —— Annealing at 60°C —_B0°C After Cooli
Single layer —— Before Annealing S
=) El
Sl Bilayer g Cilaver
oy Frg
E 'a |
c < |
o] R
= = L
2 g |Single layer
= - 3
"\-F"‘-\ " M, .‘n""‘"’*vw- g
"r,"- 1 f hﬁ. | " KL\“"‘M“{“" i " 1
| | .M'“"h'?@.[ il b0 g . | . . i ‘T’”-“;;;'*Ms;r.i i
0 01 02 03 04 05 06 07 0O 01 02 03 04 05 06 07 08
a,(A) q,(A")

Figure S1. XRR curves of the evaporated Ph-BTBT-C10 films: a) when annealed
at 60°C, 120°C and 180 ° C and b) after fast cooling.
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Figure S2. XRD diffractograms of the evaporated Ph-BTBT-C10 films and the
same films after annealing at 130 °C for 10 minutes and 140 °C for 20 minutes.
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Figure S3. Topography (a) and surface potential maps (b) of the Ph-BTBT-C10
film annealed at 130°C for 10 minutes (magnifications of Figure 3d and 3e in the
manuscript).
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Figure S4. Topography and surface potential maps of the Ph-BTBT-C10 film
annealed at 130°C for ten minutes: 30 um image (a and b) and magnified area of
5 um (c and d).
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Figure S5. Output electrical characteristics of the OFETs with L=1000 um. a)
before and after post-annealing at b) 130 °C and ¢) 140 °C.
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Table S1: Electrical characteristics extracted for devices as coated and after
annealing at 130 °C and 140 °C.

As coated After Annealing After Annealing
at130°C at140°C
Msat (cm?V's™) 0.2+0.15 1.5+0.4 4.1+0.3
Sat. Vi, (V) -21%2 -17+2 -10.0+0.9
SS (VDec™) 3.6+0.4 3.0x0.2 1.3+0.3
N:(10"%eV'cm" 6.3+0.8 5.1+0.4
%) 2.2+0.7
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4.3 Results on solution-processed Ph-BTBT-10 films

e Effect of deposition temperature on the thin-film properties

Bottom-gate bottom-contact OFET devices were prepared using as active layer
films of Ph-BTBT-10 and a blend of Ph-BTBT-10 with polystyrene (Ph-BTBT-
10:PS). These films were deposited using the bar-assisted meniscus shearing
(BAMS) technique, aiming to produce high-performance OFET devices through
a high-throughput process.

These devices were fabricated onto Si/SiO2 (200 nm SiO;) substrates with
interdigitated Cr/Au electrodes, patterned by photolithography and deposited by
thermal evaporation. The channel’s width and length were 150 um and 100 pm,
respectively (W/L =100). Before the thin-film deposition, substrates were
cleaned by acetone and isopropanol. The gold surface of the source and drain
electrodes was chemically modified with a self-assembled monolayer of
pentafluorobenzenethiol (PFBT, from Sigma-Aldrich). The substrates were first
cleaned using ultraviolet ozone for 25 min and then immersed into a 15 - 10°M
solution of PFBT in isopropanol for 15 min. Finally, the substrates were rinsed
with pure isopropanol, and then dried under a nitrogen flux. OSC thin films were
deposited in ambient conditions using the BAMS technique. Solutions of
Ph-BTBT-10 and Ph-BTBT-10:PS were prepared in chlorobenzene (PhCl) with
a final concentration of 2.0 % w/w. In the case of blends, 280 kDa PS was chosen
and the solutions of Ph-BTBT-10:PS had a weight ratio of 4:1. Before solution
deposition, the solutions were heated at the substrate temperature used for the
coating process. To study the influence of the coating temperature the films were

deposited at 10 mm-s~! at a temperature ranging from 85 °C to 120 °C.
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In all the cases, we observed the presence of highly ordered crystalline structures
with large (up to 20 um diameter) domains by polarized optical microscopy
(POM) under these deposition conditions (Figure 4.3). The films were also
characterized by atomic force microscopy (AFM) to determine the

nanomorphology of the thin film surface (Figure 4.4).

Ph-BTBT-10 Ph-BTBT-10:PS

Figure 4.3. Representative polarized optical microscope images of Ph-BTBT-10 and
Ph-BTBT-10:PS thin films deposited by BAMS at different deposition temperatures
(from 85 °C to 120 °C). The scale bar corresponds to 50 um.

By AFM it was determined that all the films showed a thickness of around 20 nm
and a low roughness with a root-mean-square (RMS) in the range of 1-2 nm, as
summarised in Table 4.1. Noticeably, the films based on blends seem to be more
homogenous showing completed molecular layers. The height distribution
function reveals steps with the most common average height of around 5.1 nm
for all the films deposited at 85 °C and 105 °C, while for the films deposited at
120 °C the most abundant steps exhibit a height of around 2.65 nm (see in Table
4.1 the step heights of three different profiles marked in Figure 4.4).
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The characteristic heights observed in the AFM studies can be compared with the
unit cell dimensions of the known crystallographic structures. The step of 5.1 nm
is close to the interplanar distance of the (001) plane of the bilayer structure
(doo1=5.3 nm), while the steps of 2.65 nm seem to correspond to the interplanar
distance of a monolayer structure. Therefore, based on the AFM images, we can
anticipate that in all the cases the molecules align with their long molecular axes
perpendicular to the substrate surface. Additionally, the films prepared at the
highest temperature (120 °C) appear to be more enriched with the monolayer
phase. In contrast, films prepared at lower temperatures exhibit mainly steps
corresponding to molecular bilayers, although certain coexistence of monolayer

steps is also present.

(a

—

85°C 105°C 120°C

Ph-BTBT-10

Ph-BTBT-10:PS —

HEEEEEEEEE N

(b

E E8sEsEEErzbE &

Figure 4.4. AFM topography images of (a) Ph-BTBT-10 and (b) Ph-BTBT-10:PS blen
thin films deposited by BAMS at different deposition temperatures (from 85°C to 120°C)
and at 10 mm-s™ coating speed. Scale bar: 2 um. Inset: high profiles extracted along the
blue line number 1 of the images
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Table 4.1: Surface roughness and height steps extracted from the Ph-BTBT-10 and Ph-
BTBT-10:PS AFM images from Figure 4.4. Three height steps are included, which
correspond to the three lines marked in Figure 4.4 (1, 2 and 3, from top to bottom).

Ph-BTBT-10 Ph-BTBT-10:PS

85°C 105°C 120°C 85°C 105°C 120°C
Roughness | 1.4:0.3 1.9+0.5 1.4+0.2 1.3+0.3 1.7+0.3 1.9+0.3

(RMS) nm
5.1+0.2 5.1%0.7 2.60.1 5.20.6 5.10.3 2.90.3

Height
5.0£0.4 4.9+0.5 2.7+0.1 5.10.6 5.240.1 2.610.1
Step

(nm} 2.6£0.2 2.740.2 2.6+0.3 2.7:0.4 5.2+0.4 5.2+ 0.1

XRR investigations were performed in films based on Ph-BTBT-10 and
Ph-BTBT-10:PS prepared at different coating temperatures. The films based on
Ph-BTBT-10 deposited at low temperatures (85-105 °C) showed distinct
diffraction peaks at 20 values of 4.9° and 8.3°, characteristic of the bulk phase
(Figure 4.5). Noticeably, such peaks are broad, which can be indicative of
disorder, as previously reported.[15] At a temperature of 110 °C and above, a
decrease in the peak intensity is significantly observed, which indicates that the
single-layer structure becomes more dominant in these films. A similar
phenomenon is found in the blend films, although at high coating temperatures,
the presence of still traces of bulk phase seems more evident. We believe that
coating the films in the range 85-105 °C leads to the formation of films enriched
with the bulk phase. However, above 110 °C, the crystallization is very fast due
to the rapid solvent evaporation, and, therefore, the kinetic single molecule phase

is favored.
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Figure 4.5. XRR curves of the Ph-BTBT-10 thin films prepared by BAMS at different
deposition temperatures without (a) and with (b) PS binding polymer.

All the films were electrically characterized as active layers in OFETs under
ambient conditions. Figures 4.6 and 4.7 show the transfer characteristics (in the
saturation and linear regime) and output characteristics for representative devices
based on thin films of Ph-BTBT-10 and Ph-BTBT-10:PS, respectively. All the
devices exhibit p-type OFET characteristics with low hysteresis, especially the
blended films. In general, the devices based on films of Ph-BTBT-10:PS reveal
threshold voltages (Vi) closer to zero compared to the pristine Ph-BTBT-10
films. It is worth noticing that the use of blends significantly enhances the device
mobility of the films around one order of magnitude (Figure 4.8). It is known
that the viscosity of the ink solutions promotes the formation of more
homogenous films. At low coating temperature (i.e., 85°C), the mobility is found
to be 0.04+0.02 and 0.50+0.13 cm*V"-s™" for Ph-BTBT-10 and Ph-BTBT-
10:PS films, respectively. On the other hand, at the highest deposition
temperature (i.e., 120 °C), the highest mobility value was found to be 0.2+0.1 and
1.30+0.2 cm?-V~!s7! for Ph-BTBT-10 and Ph-BTBT-10:PS films, respectively.
In the case of the Ph-BTBT-10 films, a gradual increase in mobility was observed

with increasing the deposition temperature, which starts to be more pronounced
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at 105 °C and above. In the case of the blend films, an approximately constant
mobility is found at low deposition temperatures. However, a sudden increase in
mobility can be observed at 100 °C, after which mobility remains constant. Thus,
in both films, the mobility improves upon the formation of the monolayer
structure, which was not expected considering that the bilayer structure is more
favorable for charge transport. [14] This might suggest that mobility in our films
is more closely related to the thin film characteristics than to the crystal structure.
It should also be noted that the fact that the bilayer structure exhibits lower
mobility in the here-prepared films could be attributed to the disorder present in
the thin films, as indicated by the broad XRR peaks observed in the films
fabricated at low temperatures.

These results highlight the critical influence of deposition temperature on the
crystallization and molecular organization of Ph-BTBT-10 films and their blends.
Such insights are pivotal for optimizing these materials for applications in high-
performance organic electronic devices, where controlled molecular packing is
key to ensure device reproducibility and significantly enhance device

performance
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Figure 4.6. Electrical performance of the OFET devices. Representative output and
transfer characteristics in linear (Vps = -2 V) and saturation (Vps = -10 V) regime of
representative Ph-BTBT-10 based OFETs prepared at different deposition temperatures.
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Figure 4.7. Electrical performance of the OFET devices. Output and transfer
characteristics in linear (Vps = -2 V) and saturation regime (Vps = -10 V) of

representative Ph-BTBT-10:PS based OFETs prepared at different deposition
temperatures.
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Figure 4.8. Variation of mobility and threshold voltage of a) Ph-BTBT-10 thin films and
b) Ph-BTBT-10:PS thin films as a function of the deposition temperature (from 85 °C
to 120 °C).
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o Effect of thermal post-annealing on the thin film structure and charge
carrier mobility
Following, we explored the influence of thermal post-annealing on thin films.
Thin films of Ph-BTBT-10 and Ph-BTBT-10:PS were deposited at 10 mm-s™ and
at a fixed temperature of 120 °C, as previously explained. Following, the films
were post-annealed at 120°C for 20 minutes at the same coating stage. That is,
just after the thin film formation, the samples were left on the coating stage during
the annealing process. This approach allowed us to investigate how thermal
annealing impacts both the structural characteristics of the thin films and their
resulting electrical performance in the OFET devices. The POM images of the
annealed Ph-BTBT-10 films show an increase in the crystal size compared to the
non-annealed films (Figure 4.9). Such an effect is, however, not found in the

blend films.

Ph-BTBT-10 Ph-BTBT-10:PS

As prepared

Annealing
at 120 °C

Figure 4.9. Non-polarized (left) and polarized (right) optical microscopy images of the
non-annealed and annealed Ph-BTBT-10 and Ph-BTBT-10:PS thin films coated by
BAMS at a speed of 10 mm-s™ and at 120 °C. Scale bar: 100 um.
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To understand the possible changes in the crystal structure caused by the thermal
annealing procedure, the films were investigated by XRR (Figure 4.10). As
previously mentioned, all the films deposited at 120°C are mainly formed by
monolayer phase. However, when these films are annealed distinct diffraction
peaks are observed at 20 values of 4.9° and 8.3°, corresponding to O0L peak
series characteristic of the bilayer phase. Interestingly, in these films, the peak
broadening, previously found in the films deposited at 85 °C which corresponded
also to the bulk bilayer polymorph, is much less pronounced. This suggests that
the post-annealing treatment promotes the transition from the monolayer phase
to the bilayer, leading to films with a more ordered molecular arrangement

compared to the bulk films obtained using low coating temperatures.

—— Ph-BTBT-10:PS Annealed at 120°C
—— Ph-BTBT-10 Annealed at 120°C

Log Intensity (a.u)

2 4 6 8 10 12

2Theta (Degree)

Figure 4.10. XRR curves of the Ph-BTBT-10 and Ph-BTBT-10:PS films annealed at 120
°C for 20 min.
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The effect of thermal annealing on the electrical performance of Ph-BTBT-10
and Ph-BTBT-10:PS OFETs was evaluated under ambient conditions. Bottom-
contact OFETs were fabricated on Si/SiOx (200 nm thick) substrates as
previously described. The transfer characteristics curves of the non-annealed and
annealed films are shown in Figure 4.11, while in Table 4.2 the device figures
of merit (i.e., mobility and threshold voltage) are summarized. The average
OFET mobility calculated for the Ph-BTBT-10 thin film devices showed a clear
improvement with thermal treatment, going from 0.26+0.06 cm?-V-'-s! for the
non-annealed films to 0.40+£0.10 cm?-V-'-s™! for the annealed ones. For the blend
Ph-BTBT-10:PS films, the mobility increased after annealing from
1.23+0.05 cm?- Vs to 1.83+£0.47 cm?- V!5l

It was concluded that the observed significant improvement in the OFET mobility
in the post-annealed films is related to the realization of the bilayer phase with
high structural order. Additionally, it has been demonstrated again that PS

significantly helps in enhancing the device performance.
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Figure 4.11. Transfer characteristics in the saturation regime (Vps=-10 V) of OFETs
based on (a) Ph-BTBT-10 films and (b) Ph-BTBT-10:PS films coated at 120 °C, as
prepared and after the application of a thermal annealing step (120 °C for 20 min).

Table 4.2: Electrical characteristics extracted for devices as coated and after annealing
at 120 °C for 20 min.

Ph-BTBT-10 coated Ph-BTBT-10Coatedand Ph-BTBT-10:PS Coatedat  Ph-BTBT-10:PS Coated at
at 120°C Annealed at 120°C 120 °C 120°C

‘ Mo, (cm2V-is ) 0.26+0.06 0.40£0.10 1.23+0.05 1.83:0.47

‘ Sat. Vy, (V) -1.64+0.55 1.5310.47 -0.610.07 -0.2310.05
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4.4 Conclusions

In this chapter, the p-type asymmetric organic semiconductor Ph-BTBT-10 was
extensively studied to understand its structural properties and performance in
OFET devices. Both solution and evaporation techniques were employed, with a

detailed investigation into the structural thin film properties:

i. Evaporated thin films:

X-ray reflectivity (XRR) data performed at various temperatures identified single
layer, bilayer, and SmE phases. As-deposited single-layer films were annealed to
convert them to the bulk bilayer form. Combined characterization by XRR and
KPFM showed that only the films annealed at 140°C fully transitioned to the
bilayer structure, while those annealed at 130°C still partially retained the single
layer phase. OFET devices based on these annealed films exhibited enhanced
mobility and reduced charge traps, with the best mobility achieved in the fully

bulk phase transformed films.

iil. Solution-Processed thin films:

Bottom-gate bottom-contact OFET devices were fabricated using thin films of
Ph-BTBT-10 and a blend of Ph-BTBT-10:PS. These films were deposited via
BAMS technique at a rate of 10 mm-s™! and coating temperatures ranging from
85°C to 120°C to investigate the impact of deposition temperature on their crystal
structure and electrical performance. XRR analysis confirmed that the films
coated at lower temperature are mainly composed of disordered bilayer phase,
but above 110 °C the kinetic single layer polymorph is dominant. The films
coated at higher temperature exhibited higher mobility, which was hypothetically
attributed to the high molecular disorder present in the bulk phase. However,

when the films coated at 120 °C belonging to the single layer structure were

127



thermally post-annealed, the films were converted to the bilayer phase achieving
high molecular order. Such devices exhibited the highest OFET performance,
with a mobility of 0.4 cm?-V'-s! for Ph-BTBT-10 thin films and close to
2 cm?- V157! for the blend films.

Overall, this work demonstrates that Ph-BTBT-10 films are prone to
polymorphism and disorder due to its asymmetry. It has been shown that the bulk
phase favors charge transport, but in order to realise and optimize the device
performance, it is the key to achieve a high percentage of bulk phase and also to
avoid molecular disorder within the film. The modification of the deposition
temperature and the application of post-thermal treatments are efficient routes to
control the thin film’s structure and to realise high performing devices. Further,
in solution-processed films, PS has shown to be pivotal to significantly enhance

the OFET performance
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Chapter 5: Conclusions

We have successfully exploited the bar-assisted meniscus shearing (BAMS)
technique to deposit p-type and n-type small molecule organic semiconductors
(OSCs) and blends of these OSCs with polystyrene (PS). This approach has
resulted in the formation of high-quality films that exhibit excellent performance
as active layers in organic field-effect transistors (OFETs). Our research focused
on understanding the impact of various fabrication parameters on the thin film
characteristics as well as on the OFET performance. The key conclusions from

this work are:

1. Charge-transfer complexes (CTC) have been typically studied as single
crystals or as evaporated thin films. Here, by optimizing the processing
parameters and the ink formulation, we showed that CTC can be processed as
thin films using a low-cost solution-based technique. We have studied two
novel CTC crystals using the OSC CgsO-BTBT-OCs: (CsO-BTBT-OCs)
(F2TCNQ) and (CsO-BTBT-OCs) (F4aTCNQ). Both complexes crystallise in a
1:1 stoichiometry with alternating stacks of CsO-BTBT-OCs and either
F>TCNQ or FsTCNQ. Spectroscopic analysis showed ionicity values of 0.16
for (CsO-BTBT-0OCs) (F2TCNQ) and 0.29 for (CsO-BTBT-OCs) (F4TCNQ),
indicating higher charge transfer with F4TCNQ. Homogeneous and
polycrystalline thin films of (CsO-BTBT-OCs) (FsTCNQ) and its blend with
PS were prepared by BAMS. The devices exhibited n-type transport, and the
films based on blends showed remarkable stability in environmental

conditions.

2. To process OSCs at high throughput, it is necessary to use OSCs showing a

very high solubility in organic solvents (around 10-20 mg.ml!). Generally,
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DNTT functionalized with alkyl chains exhibit limited solubility in common
organic solvents. Our research demonstrated that they can be deposited at 10
mm-s~ using BAMS applying high temperatures, although such high
temperature has a detrimental impact on the film's homogeneity. By using the
S-shaped m-core derivative S-DNTT-10 higher solubility is achieved, allowing
for the material processing at lower coating temperatures. This results in
smoother films and OFET mobility values nearly two orders of magnitude
higher (2.1 cm?-V~'-s') compared to alkylated linear DNTT derivatives.
Therefore, through molecular design, the processing of OSCs and the

electrical performance of OFETSs can be significantly improved.

. Controlling polymorphism in OSCs is key to realise reproducible and high
performing devices. Temperature is an appealing tool that can be exploited to
modulate the OSCs crystal structure. Here, extensive studies have been
conducted on the p-type OSC Ph-BTBT-10. X-ray reflectivity (XRR) data at
various temperatures revealed the presence of single layer, bilayer, and SmE
phases. Single-layer thin films were obtained via physical vapor deposition.
These films were subsequently annealed to transform them into the bulk
bilayer form. The data indicated that films annealed at 140 °C fully
transitioned to the bilayer structure, whereas those annealed at 130 °C retained
some single-layer phase. OFET devices based on these evaporated Ph-BTBT-
10 thin films showed enhanced mobility and reduced charge traps after post-
annealing, with the highest mobility observed in the fully bulk phase
transformed films.

. In parallel, solution-processed thin films of Ph-BTBT-10 and Ph-BTBT-10:PS
were deposited using the BAMS technique at a rate of 10 mm-s™ and coating
temperatures ranging from 85 °C to 120 °C to study the impact on crystal

structure and electrical performance. AFM and XRR analysis pointed out that
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disordered bulk phase is formed in the films coated at lower temperatures (85-
105°C). However, above 110°C the single-layer structure becomes more
dominant. Electrical characterization under ambient conditions demonstrated
that the OFET mobility increased with temperature, achieving the highest
mobility at 120 °C. This suggested that the film molecular order might be
playing a crucial role in these films, rather than the crystal phase. Further XRR
analysis of thin films of Ph-BTBT-10 and Ph-BTBT:PS deposited at 120 °C
and annealed at the same temperature, revealed that the annealing process
caused the transition from the single-layer structure to the bilayer phase with
a reduced molecular disorder. This more ordered molecular arrangement
resulted in a significant improvement in the OFET mobility from 0.26+0.06
cm?-V'-s7! before annealing to 0.40+0.10 cm?-V~'-s™! after annealing for the
Ph-BTBT-10 films. Remarkably, Ph-BTBT-10 blend devices showed
substantial enhancement in mobility and a lower threshold voltage. After

annealing, the blend films reached a mobility close to 2 cm? V!-s7!.
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Annex: Other contributions

Article IV: Synergistic effect of solvent vapour annealing and chemical doping
for achieving high-performance organic field-effect transistors with ideal
electrical characteristics

Article V: From synthesis to device fabrication: elucidating the structural and
electronic properties of C7-BTBT-C7

Article VI: Impact of hydrophilic side chains on the thin film transistor
performance of a benzothieno—benzothiophene derivative
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