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ABSTRACT

Organic electronics is raising a lot of interest in low-cost and large area applications.
Organic semiconductors (OSCs) can be deposited from solution techniques compatible
with roll-to-roll processes at low temperatures and on flexible substrates. The transport in
OSCs is determined by the electronic overlap between molecules, and hence, the
morphology and structure of the OSC films has a crucial effect in the device performance.
Organic field-effect transistors (OFETs) are suitable platforms to study the transport
properties of OSCs. In addition, these devices show great potential in sensing devices, such
as for the development of photodetectors or in bio-sensing by using electrolyte-gated
OFETs (EGOFETSs). In this thesis, we have fabricated OFETs and EGOFETs using the bar-
assisted meniscus shearing (BAMS) technique to deposit the OSC layer, which is a high
throughput low cost printing technique. In addition, to process the OSCs, we used blends
of these materials with polystyrene (PS) to enhance the OSC processability and crystallinity.

In Chapter 2, the influence of the coating parameters and solution formulation on the thin
film morphology and structure was investigated using the OSCs dibenzotetrathiafulvalene,
6,13-Bis(triisopropylsilylethynyl)pentacene, and 2-Decyl-7-phenyl[1]benzothieno(3,2-
b][1]benzothiophene. The modification of these parameters permitted to control the
formation of kinetic or thermodynamic polymorphs and also the thin films anisotropy. The
films were optimised to achieve an enhanced OFET performance.

Chapter 3 is devoted to the application of OFETs based on pentacene derivatives as X-ray
photodetectors. The X-ray response was optimised by controlling the thin morphology, by
reducing the majority of charge carrier traps using blends of the OSC with PS, and by
improving the device mobility. Record photoresponses were achieved surpassing that of
commercial inorganic detectors.

In Chapter 4, we studied different aspects related to the modification of the gate
electrode/electrolyte interface in EGOFETs. We investigated how the functionalisation of
the gate electrode with molecular self-assembled monolayers or the use of carbon paste
electrodes with different carbon fillers can be useful tools to tune the device response. In
addition, EGOFETs were exploited to monitor the formation of a surfactant monolayer on
the gate metal.
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CHAPTER |

INTRODUCTION

1.1. ORGANIC ELECTRONICS

In 1948, one of humanity's greatest achievements of the 20th century was developed at
Bell Laboratories. John Bardeen, Walter H. Brattain and William Shockley created the first
operative transistor based on germanium.! These three researchers are considered the
fathers of microelectronics. The first silicon-based transistor was developed in 1958 also at
Bell Laboratories. Silicon-based transistors are the cornerstone of today's microelectronics.
The enormous improvement in transistor fabrication technology has permitted to move
from integrated devices based on only 4 transistors in 19582 to 54 billion transistors in
2020.3 This has been achieved by reducing the size and increasing the density of transistors
per unit area. Transistors have changed the way people work, live, and communicate in the
last century, since they are present in all the equipment that we use daily, from the
electronics of cars or cell phones to glucose or blood sensors in the hospitals.

Silicon-based transistors exhibit high mobility and therefore high speed devices can be
fabricated with them. However, their high manufacturing costs and poor scalability are
their big handicap.? In the last two decades, there has been a high demand for silicon-based
transistors for Internet-of-Things. The stock of semiconductor devices in the world has
been steadily worsening since the start of the pandemic. A new surge in demand driven by
changing habits fuelled by the pandemic has led to a critical point of a global shortage in
semiconductors.” Thus, low-cost alternatives to electronics based on silicon are being
sought.

Organic electronics represents a viable alternative to silicon-based electronics since they
can provide new applications horizons and production methods. Organic-based devices are
not suitable for high-speed circuits, but they can be potentially manufactured at reduced
costs, with methodologies compatible with roll-to-roll processes and at low temperature,
making them compatible with flexible substrates.®*' Further, organic materials offer
greater biocompatibility.

Organic semiconductors (OSCs) are based on molecules and polymers composed mainly of
carbon (C) and hydrogen (H), and also of other heteroatoms such as nitrogen (N),
phosphorus (P), oxygen (0O), sulphur (S) as well as halogens or transition metals.®? Organic
materials display excellent and tuneable mechanical, electrical and optical properties which
are of great interest for numerous applications. Hence, they have become very attractive
for their integration in electronic devices.



The birth of organic electronics took place in the 70’s with the discovery of the first small
molecule organic metal, tetrathiafulvalene-tetracyanoquinodimethane (TTF-TCNQ),*® and
the first highly conducting conjugated polymer, chemically doped polyacetylene.** These
achievements led to a huge research interest and promoted the development of new
organic conducting materials and organic semiconductors. OSCs have been implemented
into a variety of electronic devices such as organic light-emitting diodes (OLEDs),*>%/
organic solar cells or photovoltaic devices (OPVs)&2?
(OFETs).23-26

and organic field-effect transistors

OLEDs are electronic devices that convert current into light. The basic structure of OLEDs
consists in two sandwiched OSC layers (Figure 1.1a). One of the layers acts as electron
transporting layer, while the second one acts hole transporting layer. The recombination
of the injected electrons and holes at the interface produces excitons. The decay of the
exciton to the ground state results in the radiation emission. The wavelength of the emitted
light (UV, VIS or IR) is modulated by selecting the appropriate OSC pair. The main
advantages of OLEDs with respect to conventional LEDs are they low consumption and ease
of turning off the devices. Due to the impressive advances in these devices, commercial
products based on OLEDs have been launched to the market as an OLED LG which shows
an excellent contrast and colour display (Figure 1.1b).
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Figure 1.1. (a) Schematic illustration of a typical OLED architecture. (b) OLEDs display of LG
Cl Class 4K Smart OLED TV. Image taken from the website of LG
(https://www.lg.com/us/tvs/lg-oled55c1pub-oled-4k-tv).

In contrast, OPVs are devices devoted to convert sunlight radiation into electrical power.
In this case, the semiconductors are responsible for the sunlight radiation absorption
instead of the emission. The mechanism behind the operation of OPVs is the generation of
excitons at the interface between two p- and n-type OSC layers which are then dissociated
into free electrons and free holes (Figure 1.2a) that diffuse towards the electrodes
generating an electric current. Although OPVs exhibit an acceptable power conversion
efficiency (around 18 %),'® their low stability is currently their main disadvantage. Today,
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OPVs are not yet competitive for the PV market, however, OPV provide certain advantages
to the photovoltaic sector such as low-cost fabrication, flexibility and the possibility of
manufacturing tandem solar cells to maximize the sunlight radiation absorption (Figure
1.2b).20,27,28
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Figure 1.2. (a) Schematic illustration of a typical OPV architecture. (b) OPVs modules of
infinity PV. Image taken from the website of infinity PV
(https://infinitypv.com/products/opv/demonstrator).

Lastly, OFETs are current modulating devices which use an electric field to control the flow
of current in an OSC. The current flowing between two electrodes (source and drain)
through the semiconductor is modulated by the strong electric field created by a third
electrode (gate) (Figure 1.3a). The gate electrode is separated from the other electrodes
by an insulating layer. This insulating layer acts as a dielectric material and is typically a
metal-oxide or a polymer (Figure 1.3b).

(a) Voo (b)

Substrate

Figure 1.3. (a) Schematic illustration of a typical OFET architecture. (b) Photograph of an
ultrathin organic OFET fabricated on a polyamide substrate.
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The first OFETs were reported in 1987 by Koezuka et al. and by Tsumura et al. in 1986.
Polythiophene was used as organic semiconductor giving mobilities on the order of 10
cm?: V1512930 Nowadays, the best performance OFET devices display mobilities around
10-20 cm?- V15131735 These mobility values surpass those of amorphous silicon transistors
(typically ~1 cm?V1.s1),3® which makes OSCs competitive for applications in certain
sectors of consumer electronics.

However, the implementation of organic devices into real applications requires to fabricate
devices with high-reproducibly, high-performance and high stability. Thus, the research
community are devoting intensive efforts to develop organic electronics in order to set up
a viable alternative for silicon-based devices.

1.2. ORGANIC SEMICONDUCTORS

Organic and inorganic materials can be divided into three groups according to their
electrical properties, namely insulators, semiconductors, and metals. Inorganic
semiconductors are materials formed by a net of covalently bonded atoms (i.e., Si, Ge,
GaAs, etc.) that exhibit a strong interaction enabling the formation of long-range
delocalized electronic bands extended along the semiconductor material. In inorganic
semiconductor materials, the valence band is the ground state which is filled with
electrons, while the conduction band is empty. The energy required to move electrons
form the valence band to the conduction band is called the band gap (Eg). The band gap is
a forbidden energy band without any energy state, and, thus, this is a characteristic
parameter of the semiconductor material. Typically, inorganic semiconductors show an
electrical conductivity lower than that of a metal (10° S'-m™) but higher than that of an
insulator (10 S-m™).

On the other hand, organic conductors/semiconductors are hold together by weak van der
Waals interactions and usually show much higher resistivity values compared to their
inorganic counterparts. Typically, the dependence of their conductivity with temperature
is employed to classify them. Organic metals decrease their conductivity when the
temperature is increased because the vibration of the crystal structure increases with the
temperature scattering the electrons. In contrast, organic semiconductors show an
exponential increase of the electrical conductivity as the temperature rises due to an
increase of the number of free charges carriers.

OSCs are carbon-based conjugated small molecules or polymers rich in m-orbitals that are
delocalized along the backbone of the molecule.3® They interact with each other are by -
Tt stacking, van der Waals forces or hydrogen bonding depending on their molecular and
supramolecular structure.®3’” The electrical properties of OSCs are defined by the
interactions of the m-orbitals within the molecule/polymer (delocalisation of the m-orbitals



around the molecule) and between the neighbouring molecules. When two sp? carbon
atoms are bonded along a common axis, molecular delocalized m-orbitals are formed
(Figure 1.4a). The interaction of the m-orbitals of the semiconductor molecules leads to
splitting of the binding and anti-binding energy levels of the OSC. The energy levels of OSCs
are characterized by the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO).38 There is no a long-range electron delocalization
like in inorganic semiconductors. In the ground state, all the energy levels below the HOMO
are fully filled with electrons and all the energy levels above the LUMO are empty (Figure
1.4b). Generally, in OSCs the resulting HOMO-LUMO energy gap is in the range between 1
and 4 eV. This energy gap has a critical role for many optoelectronic properties.*?
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Figure 1.4. (a) Carbon 2pyx orbital and m-orbitals in a pentacene molecule. (b) Scheme of the
energetic diagram of m orbitals for a single double bond, a conjugated molecule, and an
organic semiconductor crystal.



0OSCs, like inorganics semiconductors, can be classified according to their polarity as p-type,
n-type or ambipolar OSCs. P-type OSCs are electron donor organic molecules/polymers
that can be easily oxidised, while n-type OSCs are electron acceptor organic
molecules/polymers that can be easily reduced. Finally, ambipolar OSCs are both electron
donor and acceptor materials that can transport holes or electrons depending on the
electric field applied.

The ability of OSCs to be oxidized and reduced is determined by the energy of their HOMO
and LUMO orbitals. HOMO and LUMO energy levels are also crucial parameters for
understanding the OSCs environmental stability and resistance to water, oxygen and other
external agents.®®* P-type OSCs display high HOMO energy levels around -5.0 eV, which
makes them more stable in environmental conditions. On the contrary, n-type OSCs show
low LUMO energy levels around -4.0 eV, and are normally more sensitive to water, oxygen,
and light.

OSCs can be also classified accordingly to their molecular structure into small conjugated
molecules and conjugated polymers. Conjugated polymers are defined as long chains of
interconnected electroactive and aromatic groups, which present inter- and intra-
molecular interactions. Some of the most studied organic semiconductor polymers are
poly(3-hexylthiophene-2,5-diyl)  (P3HT), polynaphtalene-bithiophene (N2200 or
PNDI(20D)2T) and poly(2,5-bis(2-octyldodecyl)-3,6-di(pyridin-2-yl)-pyrrolo[3,4-c]pyrrole-
1,4(2H,5H)-dione-alt-2,2’-bithiophene) (PDBPyBT) (Figure 1.5a). On the other hand, small
conjugated molecule semiconductors are discrete molecular units that self-assemble
through inter-molecular interactions, such as dibenzotetrathiafulvalene (DB-TTF), 2,7-

bis(octyloxy)[1]benzothieno([3,2-b]-benzothiophene (Cs-O-BTBT), 2,7-
Dioctyl[1]benzothieno[3,2-b][1]benzothiophene (Cs-BTBT), 2-decyl-7-
phenyl[1]benzothieno(3,2-b][1]benzothiophene (Ph-BTBT-C10), 2,8-difluoro-5,11-
bis(triethylsilylethynyl)anthradithiophene (diF-TES-ADT), 6,13-
bis(triisopropylsilylethynyl)pentacene (TIPS-pentacene), N,N’-bis(n-octyl)-

x:y,dicyanoperylene-3,4:9,10-bis(dicarboximide) (PDI8CN2), 2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane) (F4-TCNQ) and 1,4,8,11-tetramethyl-6,13-triethylsilylethynyl
pentacene (TMTES-pentacene) (Figure 1.5b). Importantly, small molecules can be
deposited by thermal evaporation or solution techniques. Although many rigid small
molecules generally show poor solubility, the addition of pendant solubilising groups has
been exploited to gain higher solubility.#>=** In contrast, conjugated polymers due to their
high molecular weight cannot be deposited by evaporation and they are deposited using
solution-based techniques. Further, small molecules can form more ordered crystalline
structures which typically lead to higher charge carrier mobilities. Polymers, on the other
hand, commonly form films with semicrystalline and amorphous regions.
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Figure 1.5. Chemical structures of (a) conjugated polymer OSCs and (b) small conjugated
molecule OSCs.

1.2.1. POLYMORPHISM AND STRUCTURE-PERFORMANCE RELATIONSHIP IN OSCS

Polymorphism is the capacity of a specific molecule to crystallize in more than one form.
The weak intermolecular interactions (van der Waals, n-rt stacking or hydrogen bond) make
small molecule OSCs prone to crystallise into a large number of crystal structures, called
polymorphs. The crystal packing of each polymorph provides specific optoelectronic
properties to the OSC.#>=>3 The formation of one specific polymorph will be determined by
the crystallisation experimental conditions, such as the temperature, crystallisation speed,
solvent, concentration, etc. In Figure 1.6 some of the most characteristic packings observed
in OSCs are shown, like the cofacial, brickwork and herringbone motifs. Noticeably, the last
two structures exhibit a 2-dimensional (2D) electronic character, whereas the cofacial
packings are electronically 1D and might be more sensitive to defects. Hence, the
anisotropy in the optoelectronic properties is a direct consequence of the packing
dimensionality of non-symmetric 3D molecules.
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Figure 1.6. Scheme of some of the most characteristic crystal packings found in OSCs: (a)
cofacial or 1D brick wall, (b) 2D brick wall, and (c) herringbone. The arrows indicate possible
transport pathways.

1.2.2. CHARGE TRANSPORT IN ORGANIC SEMICONDUCTOR MATERIALS

Due to the nature of organic crystals, charge transport in organic semiconductor materials
does not follow the behaviour observed in inorganic semiconductors. In inorganic
semiconductors, charge carriers freely move through delocalized energy states (i.e., band
transport).® In contrast, charge transport in OSCs usually takes place via thermally
activated hopping between nearby molecules,>>™8 although for a very few highly ordered
OSCs band-like transport has been reported.>®™®! Several transport mechanisms have been
proposed for organic materials depending on their structural order, which ranges from
amorphous films to single crystals.1%62

BAND TRANSPORT

For highly ordered systems like single crystals, charge-carriers can be delocalized along the
material following a classic band-like model. In a band-like model, an enhancement of the
charge-carrier mobility with decreasing temperature is found due to the reduction of the
lattice vibrations. For instance, band-transport has been reported by Mori et al. for single
crystals of Cs-BTBT.%3



MULTIPLE TRAPPING

In the case of polycrystalline organic semiconductor films, grain boundaries act as charge
traps. Charge carriers travel along narrow delocalised bands but are trapped and released
in the traps. In this model, trapping and thermally activated release of the charge carriers
establishes the effective mobility and their thermally activated behaviour. Noticeably,
crystalline defects and impurities can also act as traps.

HOPPING TRANSPORT

Finally, the hopping transport mechanism is associated to amorphous or highly structural
or energetic disordered systems. In contrast to the band transport mechanism, hopping is
thermally activated since the lattice vibrations enhance the movement of the charge-
carriers by providing the energy necessary to overcome the energetic barrier. Ideally, the
charge transport in semiconductor materials is governed by the Marcus theory for chemical
reactions.”® Marcus theory describes the charge carrier mobility (1) as a thermally activated
parameter that follows the Arrhenius dependency:®?

_Ea
u~e ksT  (1.1)

Where Ea is the activation energy, kg is the Boltzmann constant and T is the temperature.
In OSCs, the charge carrier strongly interacts with the carrying molecule, forming a polaron.
The charged molecule couples to the surrounding ones promoting inter-molecular
displacements and polarisation, altering hence the crystalline structure. The hopping of the
charge carrier along the semiconductor material is ruled by the transfer integral and the
reorganisation energy. The latter considers the conformational changes caused by
acceptance or release of a charge carrier, while the transfer integral provides information
about the electronic coupling between neighbouring molecules and, hence, is highly
dependent on the crystal structure and the direction (anisotropic property).4%® The
mobility of the charge carriers is proportional to the transfer integral and inversely
proportional to the reorganisation energy.

1.3. ORGANIC SEMICONDUCTOR PROCESSING TECHNIQUES

As transport properties are greatly influenced by the microstructure of the organic layer,
the processing of organic semiconductors is critical to obtain optimum performance
devices. However, finding a compromise between electrical performance and
manufacturing costs is also crucial for practical applications. The deposition techniques that



can be employed to prepare OSCs thin films can be divided into two main groups: 1)
physical vapor deposition (PVD) techniques and 2) solution-based deposition techniques.

1.3.1. VAPOR PHASE DEPOSITION TECHNIQUES (PVD)

Vapor phase deposition (PVD) techniques are well established techniques for the growth
of thin film layers. PVD technique consists of the sublimation of a semiconductor powder,
which is then deposited on the surface of a substrate (Figure 1.7). The organic
semiconductor material is evaporated typically inside a vacuum chamber with a pressure
ranging from 10° to 10 mbar.
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Figure 1.7. Scheme of a physical vapor deposition process. The organic semiconductor
material is placed in an aluminium boat with a thermal filament. The semiconductor
material is sublimed and subsequently deposited on the substrate.

PVD technique is compatible with all small molecule semiconductors with high thermal
stability. The vapor phase technigues provide layers with the highest purity and with high
control and reproducibility in terms of film thickness. The films produced give rise to
crystallites with random orientation and usually with a small domain size. The crystallinity
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and morphology of the semiconductor films are controlled by the evaporation rate of the
semiconductor material and the substrate temperature. PVD also offers the possibility of
tandem deposition and co-deposition of different materials.

Vapor phase techniques are ideal for the deposition of poorly soluble semiconductors.
Nevertheless, the main disadvantages are the lack of large-scale manufacturing techniques,
the need of expensive equipment and difficulty to increase the control over the growth of
crystal domains.

1.3.2. SOLUTION-PROCESSED DEPOSITION TECHNIQUES

Solution processing techniques are generally preferred for the deposition of organic
semiconductors at low cost. Initially, the main difficulty in using solution processing
techniques was that there were only a few small molecule OSCs available which were
soluble enough in common organic solvents. However, today there is a large number of
soluble OSCs available.4142:4467,68

DROP-CASTING

Drop-casting consists in dropping an OSC solution on a substrate and then letting the
solvent to evaporate, which leads to the precipitation of crystals on the substrate surface
(Figure 1.8).5%70 Drop-casting is the simplest technique for the deposition of OSCs, and is
traditionally used to determine the viability of a material to act as semiconductor.
Nevertheless, the potential of preparing OSC films by drop-casting is limited due to the lack
of control and reproducibility, as well as the impossibility of its implementation for large
scale manufacturing.
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Figure 1.8. Schematic representation of the drop-casting technique.
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SPIN-COATING

Spin coating is one of the most common techniques used to prepare OSC thin films at
laboratory scale. Spin coating is a simple and quick technique. Some drops of the OSC
solution are cast on the substrate, which is subsequently spun at high speed to uniformly
spread the solution. Afterwards, the solvent evaporates, and a thin layer is formed, as
depicted in Figure 1.9.7*74 Due to its fast-drying time period and unidirectional centrifugal
force, often the molecules do not have enough time to achieve high crystalline order and
the films present high alignment along the centrifugal force direction. For this reason, in
some cases, to achieve high-performance devices is mandatory to realise post thermal
treatments to enhance the crystallinity of the OSC film.

The thickness of OSC film can be easily adjusted by changing the solution employed (i.e.,
concentration and viscosity), and also by modifying the spin-coater deposition parameters
(mainly the angular speed, time and the spin speed). Although spin coating is widely used
for academic purposes due to its versatility to produce nanometer thick OSC films, it cannot
be easily up-scaled and, therefore, it is not a suitable technique for large-area applications.
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Figure 1.9. Schematic representation of the spin coating technique.

SPRAY COATING

Spray coating is based on the vaporisation of an OSC solution. The high pressure of a gas
carrier transports small droplets of the OSC from the reservoir boat to the surface of the
substrate (Figure 1.10).”>7¢ Spray coating is compatible with large areas coverage.
However, the resulting films typically show higher roughness and lower performance
compared to other solution-based techniques.
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Figure 1.10. Schematic representation of the spray coating technique.

INKJET PRINTING
Inkjet printing is based on the formation of drops of an OSC solution by fluid surface tension

(Figure 1.11). The flux of drops is expelled from a jet nozzle covering the desired surface
area of the substrate.”””’® Inkjet printing permits to deposit all kinds of materials and
generate multilayers and patterning structures. However, the control of the droplets by
formulation is extremely challenging.

Movement
——-

Figure 1.11. Schematic representation of inkjet printing.

MENISCUS-GUIDED TECHNIQUES
Meniscus-guided techniques are the group of techniques that use the translation of a

solution meniscus along a substrate to induce the growth of a thin film. The OSC ink
displacement and solvent evaporation results in the over-concentration of the
semiconductor material inside the solution. Once the supersaturation point is reached, the
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organic semiconductor material precipitates and starts to crystallize along the evaporation
line front.10.79-83

There are different approaches depending on how the meniscus is created and confined
(Figure 1.12). The most common meniscus-guided techniques are dip-coating, zone-
casting, and blade coating or bar-assisted meniscus shearing (BAMS), which will be briefly
described in the following:

Dip-coating consists in the immersion of the substrate in an ink solution bath. Then, the
substrate is pulled upwards dragging the OSC that forms a uniform film on the surface of
the substrate (Figure 1.12a).2*# The solvent evaporation rate and crystallisation can be
adjusted by changing the solvent, concentration, the temperature of the solution bath and
the withdrawal speed. Although this technique is used as a starting point for large-scale
manufacturing due to its facility to cover large areas, its implementation is quite expensive
due to the need of using a large volume of the OSC solution.

Zone-casting consists in the continuous deposition of an OSC solution by a slot-die (nozzle)
on a moving substrate. The nozzle drags a meniscus across the substrate and then the
evaporation of the solvent occurs forming a crystalline thin film (Figure 1.12b).2858° The film
formation is adjusted by the temperature of the substrate, the coating speed, the solvent
supply rate and the ink concentration. During the deposition process the slot-die ensures
that the volume of the meniscus does not change while coating is taking place. This
technique has been applied using low deposition speeds (< 1 mm:-s?) leading to highly
anisotropic films.

Blade coating consists in the spreading of an OSC solution meniscus by a blade. The
movement of either the blade or the substrate leaves a uniform film, and the evaporation
of the solvent can be assisted by heating the substrate (Figure 1.12¢).#7/60.798290-92 The
control of the thickness can be ruled by the distance between the substrate and the blade.
Again, temperature and coating speed affect the crystallinity and anisotropy of the
resulting films. In blade coating larger deposition speeds compared to zone casting are
usually used (from a few mm-s*to 10 cm-s™).

Finally, BAMS is a variation of the blade-coating approach developed in our research group.
Here, instead of a blade, a cylindrical bar is used to drag the solution over the substrate
(Figure 1.12d). This technique has been successfully employed to process a large variety of
OSCs and blends of OSCs with insulating polymers.8123=°7 |n this thesis, the effect of the ink
composition and deposition parameters (temperature and coating speed) on the OSC thin
film formation is widely investigated.
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Figure 1.12. Overview of different meniscus-guided coating techniques: (a) dip-coating, (b)
zone-casting, (c) blade coating and (d) BAMS.

1.4. CRYSTALLISATION PROCESSES INVOLVED IN SOLUTION SHEARING TECHNIQUES

The use of printing techniques compatible with up-scaling or roll-to-roll processes
represent a promising strategy to reduce the production costs.*®>198-102 |n this direction,
solution shearing techniques are raising a lot of interest. The performance of a film depends
on the structural order of the film, both at the molecular scale and up to the crystal scale.
The organization of crystalline grains and domains in a film is considered to be one of the
main parameters governing the charge carrier transport. For this reason, it is important to
be aware of the crystallisation processes that are taking place during the thin film
preparation. Further, since the formation of thin films of small molecules is challenging due
to the low viscosity of their solutions, a promising approach that has been used is to blend
the small molecule OSC with an insulating polymer. These two issues are discussed below.
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1.4.1. CRYSTALLISATION REGIMES

The first report about the use of a solution shearing method to deposit a small molecule
semiconductor was in 2008 by Becerril et al.’ They reported the preparation of uniform
crystalline 20-50 nm thick films composed by aligned ribbon-like crystals. The OFET devices
displayed little mobility anisotropy and charge carrier mobility values of an order of
magnitude higher than the previous ones reported for films deposited by non-solution
shearing techniques. Subsequently, Le Berre et al. and Marco Faustini et al. investigated
the growth mechanisms in the films deposited by solution shearing.!931% |n these
experiments, the effect of the temperature, shearing speed and solution properties
(viscosity, surface tension) were explored. They identified two growth regimes in solution
shearing: the evaporation regime and the Landau-Levich regime. The different regimes
depend on competing forces: the evaporative force of the meniscus and the viscous drag
out of the meniscus.

i) In the evaporation regime, there are fast-drying conditions and the evaporation
force is predominant, and hence, the crystallization initiates at the contact line.
In this regime, the thickness of the film is inversely proportional to the shearing
speed. The increment of thickness is due to the feeding with molecules from
the bulk of the solution which permits the deposition of more material.

ii) In the Landau-Levich regime, the meniscus moves faster than the evaporation
rate, leaving a wet film along the surface of the substrate. The film thickness in
the Landau-Levich regime depends on the capillary properties of the solution
(viscosity, surface tension of the liquid and substrate characteristics). In
contrast to the evaporation regime, the thickness of the film is proportional to
the shearing speed.

Finally, there is a region where the viscous forces and evaporation forces are compensated.
Under these conditions it has been observed that the thickness of the films is minimum
and independent of the shearing speed.

The crystallisation of small-molecule semiconductors is highly dependent of deposition
regime. The films prepared at evaporation regime tend to form big crystals, being even
possible to fabricate single-crystalline domains. However, the deposition of OSCs at the
Landau-Levich regime tend to give rise to polycrystalline films with a high dispersion of
crystal domain sizes. The shearing speed is an ideal parameter to control the nucleation
and crystal growth through the solvent evaporation. Giri et al. reported the effect of the
shearing speed on the nucleation and crystal growth of thin films based on the small
molecule TIPS-pentacene.*” They found that lattice strain was introduced at higher coating
speeds diminishing the n—m stacking distance, which led to a greater electronic overlap
between the molecules. This resulted in devices exhibiting higher field-effect mobility.
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In general terms, the deposition of small molecule OSCs by solution processing techniques,
especially at high speed, is often quite challenging. The low viscosity of the solutions and
limited solubility of the molecules has pushed the development of new approaches to
overcome these limitations.

1.4.2. ORGANIC SEMICONDUCTOR:POLYMER BLENDS

The use of inks based on small semiconducting molecules blended with insulating polymers
was proposed as excellent strategy to facilitate the processability of small molecule OSCs.
Interestingly, the use of binder polymers also provided additional advantages, such as
lower manufacturing cost (by reducing the amount of semiconductor), a higher device-to-
device reproducibility and an improvement in the thin film crystallinity and electrical

properties 81,98,105-107

It has been demonstrated for various OSCs that when they are blended with an insulating
polymer, such as polystyrene (PS), a vertical stratification of the two materials takes place
in the films, in which the OSC lies on top of a PS layer. This helps the crystallisation of the
OSC and also results in the passivation of the dielectric interface traps with
polystyrene.®®108-112 Generally, the dielectric material is silicon oxide (SiOx), which is known
for its capacity to adsorb water on its surface and generate a large density of interfacial
charge carrier traps. The passivation effect of the insulating polymer prevents the
dewetting of the organic film and reduces the density of interfacial charge carrier traps.
Thus, the use of blends of OSCs with insulating polymers is appealing for achieving devices
with a higher performance and stability.

1.5.  ORGANIC FIELD-EFFECT TRANSISTORS (OFETS)

A field-effect transistor (FET) is a three-terminal device which uses an electric field to
control the flow of current in a semiconductor layer. The current flowing from the source
(S) to the drain (D) electrodes is controlled by the application of a voltage at the gate (G)
electrode.38113.114 The G electrode is isolated from the semiconductor and S/D electrodes
by a dielectric material. The application of a voltage between S and G electrodes induces
the accumulation of charge carriers at the semiconductor/dielectric interface. The
accumulated charges at the interface produce a conductive channel along the
semiconductor. It is important to note that the thickness of the conductive channel is only
of a few nanometres thick.11>116

OFETs are a special kind of FETs, where at least the active semiconducting material is an
organic semiconductor. The basic structure and operation principle are the same as that of
conventional FETs based on metal-oxide-semiconductors (MOSFET). In OFETs, the
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dielectric layer is typically a metal-oxide (most commonly SiO; or Al;O3) or a polymer (like
poly(methyl 2-methylpropenoate) (PMMA), poly(vinyl alcohol) (PVA), Cytop, polystyrene
(PS) or polyacrylamide (PAM)).

Depending on the relative position of the OSC, dielectric and contacts, four OFET
architectures can be differentiated (Figure 1.13). These architectures are called (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).

(a) BGBC (b) BGTC

Source Drain

Source Drain

Dielectric Dielectric

Substrate

Substrate

(c) TGBC (d) TGTC

Gate Gate

Source Drain

Source Drain

Substrate Substrate

Figure 1.13. Scheme of the four main 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).

Each of the device geometries provides some advantages and disadvantages. Thus, the
most suitable OFET geometry is selected depending on the employed organic
semiconductor material and coating conditions. For example, it has been shown, that BGTC
or TGBC are less affected by the contact resistance due to its higher charge transfer area

between the conductive channel and the source injecting electrode./-11°

Top contact geometry usually presents less contact resistance since the metal source/drain
electrodes that are commonly evaporated penetrate the organic semiconductor layer
improving the organic semiconductor/metal interface. However, in BGTC it appears an
access resistance since charges have to travel from the contact to the first few molecular
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layers close to the dielectric. Further, the high temperature of the evaporated conductive
materials can damage the OSC layer. The evaporation of additional interlayers might avoid
problems of overheating the OSC and can also be employed to dope the contact area and
reduce the energy barrier.t?012 Top gate geometry encapsulates the organic
semiconductor, improving its environmental stability.'?#12> However, if the gate dielectric
is deposited from solution, an orthogonal solvent with the OSC is required to prevent
damaging it.

Bottom gate geometry has the advantage that the gate electrode and gate dielectric is
deposited prior to the deposition of the OSC. Consequently, the patterning of the dielectric
and gate electrode does not affect the semiconducting layer. Finally, the bottom gate
bottom contact structure is typically the choice in terms of ease of fabrication. Principally,
in BGBC geometry the deposition of the OSC is the last fabrication step, which allows to
optimize and test faster novel OSC materials. For S/D electrodes, gold is typically used due
to its deep work function, resulting therefore especially useful for a large number of p-type
0SCs.1%6 |n addition, the use of bottom electrodes permits the control of the work function
of the bottom contacts by functionalising them with molecular self-assembled
monolayers.?”712% Organic conductors such as TTF-TCNQ’> or PEDOT:PSS'30 can also be
used as S/D contacts. It should be highlighted though that the protruded patterned
electrodes can affect the morphology of the organic semiconductor layer in terms of
thickness and roughness in the contact region. This could lead to a worse connectivity
between the organic crystals and a deterioration of the electrical performance. As gate
material, especially in the bottom contact architecture, silicon from the silicon wafers is the
more commonly employed.

1.5.1. OPERATION PRINCIPLE

In contrast to inorganic FET devices, OFETs generally use undoped semiconductors and
operate in the accumulation mode. The accumulation mode is based on the ability to create
a conducting channel in the OSC by the application of a source-gate voltage.

The working mechanism of the OFET can be explained by a simplified electronic energy
level diagram (Figure 1.14). When no voltage is applied to the gate electrode, the OFET is
in the off-state and no charges are accumulated at the OSC-dielectric interface, hence,
there are no mobile charges. The application of a gate-voltage Ves causes the shifting of
the HOMO and LUMO energy levels, so that the HOMO or LUMO become closer to the
Fermi energy (EF) level of the source electrode. Hence, holes or electrons are accumulated
at the organic semiconductor/dielectric interface. When a source-drain voltage Vsp is
applied to the drain electrode, the accumulated charge carriers flow from the source to
the drain contact and a current between the source and drain electrodes can be measured.
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Figure 1.14. Illustration of the working principle of an OFET. (a) Ideal device in off-state,
when no Vsp and Vsg are applied. (b) Charge accumulation in the channel of the
semiconductor when a gate voltage is applied. (c) Drain current flowing in the transistor
channel after applying a source-drain voltage.

The models used to describe OFETs are the same as the ones developed for inorganic FET
devices. Horowitz et al. reported a simple model based on the metal-oxide-semiconductor
field-effect transistors (MOSFETs) theory to explain the behaviour of the OFETs.242>131 This
model considers the following: (a) the charge carrier mobility (1) is constant, (b) the
parasitic contact resistances between the electrodes and the OSC are not considered, and
(c) the electric field perpendicular to the channel (created by the gate electrode) has to be
significantly stronger than the one parallel to the channel (caused by the source and drain
electrodes), which is known as the gradual channel approximation. However, it should be
noticed that these conditions are not always met in OFETs, so deviations from the model
are often found.
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In this model the OFET is described to operate in two distinct regimes: the linear regime

and saturation regime.

In the linear regime, the source-drain current (Ips) increases linearly with Vps, accordingly
to:

w Vps
Ips = uC T [(VGS - VTH)VDS - T (1.2)

for |Vgs — Vrul| > Vps

In the saturation regime, the source-drain current reaches a value independent on Vps,
which is described according to the following equation.

w 2
Ips = uC i (VGS — Vry) (1.3)

for |Vgs — Vrul < Vps

Here, Ips corresponds to the source-drain current, Vs the source-gate voltage, Viu the
threshold voltage, u is the charge carrier mobility, C is the gate dielectric capacitance per
unit area, W is the channel width and Lis the channel length of the transistor. The threshold
voltage for an OFET device is defined as the voltage that delimits the transition between
two conductive states, the non-conductive and conductive state. Also, the Vty4 can be
defined as the minimum gate voltage required to generate a conductive channel in the
OSC.

1.5.2. MAIN DEVICE CHARACTERIZATION AND PARAMETER EXTRACTION

The OFET electrical properties are characterised by the output and transfer curves. The
output characteristics (Figure 1.15a) are obtained when Ips is measured as a function of the
source-drain voltage (Vps) for different constant gate voltages (Ves) values. In contrast, the
transfer characteristics (Figure 1.15b) are obtained by measuring Ips as a function of Ves at
constant Vps. The transfer characteristics can be evaluated in the linear or saturation
regimes depending on the choice of the Vps.
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OFET devices performance is generally evaluated and compared through the extraction of
a series of parameters. In the following, the most important OFET figures of merit, as well
as their extraction procedure, are described.
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Figure 1.15. (a) Output and (b) transfer characteristics measured in the saturation regime
of a typical OFET. The extraction of some OFET parameters are shown.

CHARGE CARRIER MOBILITY

The charge carrier mobility (1) quantifies the capacity of charge carriers to move inside the
material when an electric field is applied. It can be calculated from the transfer
characteristics from the derivative of the current over Vgs for the linear and the saturation
regime.

1 L dlps
T Vps C W aVgg

7 (1.4)

for |Vgs = Vrul > Vps

(LINEAR REGIME)

2
1 2L (9/Ips
“—EW(%) (15)

for |Vgs = Vrul < Vps

(SATURATION REGIME)
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However, it should be noticed that the field-effect mobility extracted from the |-V transfer
characteristics is not the intrinsic mobility of the OSC material. The p extracted from I-V
characteristics includes defects in the layer, contact resistance and traps. Further, the
curves used to extract the mobility usually present low linearity, which could cause mobility
overestimation. To ensure a correct mobility extraction, the plot of the mobility in front of
the gate voltage Vsg is a good strategy to check the gate voltage dependence of the mobility
and verify the accuracy in the mobility estimation.

THRESHOLD VOLTAGE

The threshold voltage (V1) quantifies the gate voltage at which current begins to flow. The
threshold voltage is extracted from the transfer characteristics and corresponds to the
intersection of the fitted mobility with the ordinate axis. However, the low linearity of the
fits produce that the value extracted by the fit is clearly dependent on the voltage range
that is fitted. Ideally, the threshold voltage should be as low as possible to enable low power
operations.

The threshold voltage and field-effect mobility are the two main parameters reported for
a basic characterization of an OFET device. Additionally, there are other parameters that
are helpful to further characterize the devices such as the ON/OFF ratio, off current, on-
voltage subthreshold swing, hysteresis and contact resistance.

ON/OFF RATIO

The ON/OFF ratio is the ratio between the maximum current measured in the on state and
in the off state. This parameter depends on the device geometry, the voltage sweep, the
field-effect mobility of the semiconductor material, the threshold voltage, and the
dielectric capacitance.

OFF CURRENT

The OFF current is the current measured when the OFET device is in the off state, with
typical values in the order of a few nA or pA. This value should be as low as possible to
achieve high ON/OFF ratios. The off current is indicative of the quality of the OSC layer and
the purity of the material.

ON VOLTAGE

The ON voltage (Von) is defined as the point at which the transistor switches from the off
state to the on state. Von is similar to the Vru, but Von is not extracted from any fit. Instead,
Von is easily extracted from the transfer characteristics in semilogarithmic scale since it is
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the voltage at which the current starts to increase with the gate voltage. In an ideal OFET,
it should be equal to the threshold voltage.

SUB-THRESHOLD SWING

The sub-threshold swing (SS) describes how fast the transistor switches from the on state
to the off state. SS quantifies the exponential rise of source-drain current with the applied
gate voltage. It characterizes the effectiveness of the charge accumulation process upon
the application of a gate voltage, and it brings information about the quality of the
dielectric-semiconductor interface and the density of traps. Indeed, SS can be correlated
with the density of traps as follows:

_ aVGS _ kBT
d(log (IIps) e

SS m10 (1+ gNT) (1.6)

where e is the electron charge, kg is the Boltzmann constant, and T is the temperature.

HYSTERESIS

The hysteresis is defined by the difference between the forward and backward I-V curves.
The hysteresis provides information about the reversibility of the measurements, quality
of the film (structural defects), charge trapping and unintentional doping of the
semiconductor material.

CONTACT RESISTANCE

Finally, the contact resistance (R¢) is the electrical resistance given by the
electrodes/organic semiconductor interface and can limit the charge injection/extraction,
reducing the measured device mobility. The origin of contact resistance typically arises
from the misalignment of the OSC and the metal electronic levels, which trigger an energy
barrier to inject/release charges between the semiconductor and the metal electrode.
Contact resistance in OFETs is frequently quite large, from several Q-cm to kQ-cm, while
contact resistance of MOSFETs is orders of magnitude lower than that of the best OFETs
(~0.1 Q-cm).

Importantly, in OFETs with small channel lengths, the channel resistance (Rch) is reduced
and then Rc becomes dominant.

R=R,+ R, (17)
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Consequently, the use of long channel lengths is an excellent strategy to mitigate the
negative effects of contact resistance and accurately assess the intrinsic OSC charge carrier
mobility.

The contact resistance can be determined by different methods. The more common ones
are the Y-function method, the transfer-length method (TLM), the four-point probe
method and by Kelvin probe force microscopy. In this thesis, the method used to determine
contact resistance has been the transfer-length method (TLM), which is based on the
following equation.?!

R:Rc+

WChVos—Vr) Y

The TLM method consists in measuring similar OFETs with different channel lengths in the
linear regime. Assuming that Rcn is proportional to the channel length, R is plotted for
different Ves for each channel length, and Rc is then extracted by extrapolating the total
device resistance R to zero channel length (L = 0).

1.6. OFETS IN SENSING APPLICATIONS

Nowadays, OFETs are still looking to gain a foothold in the consumer electronics sector.
Devices with higher performance have been achieved and low-cost fabrication methods
have been developed, making OFETs an excellent platform for electronic applications
where low-cost, light-weight, large-area coverage and structural flexibility are desired. In
terms of applications, OFETs are expected to have a strong impact in sensing devices since
they can offer high sensitivity in addition to the above-mentioned advantages.!3?7134
Further, OFETs can also provide a multi-parametric response to changes in the
environment. In this direction, OFETs can be exploited in both physical and chemical

sensors as it will be discussed below.

1.6.1. PHYSICAL SENSING

The application of OFETs to detect electromagnetic radiation or mechanical stress has
attracted plenty of attention in the last two decades.’>140 Flexible and stretchable sensors
based on OFETs exploit the changes in the electrical performance of the devices upon
deformation of the crystalline cell or of the film morphology of the OSC layer to develop
strain sensors with potential in wearable electronics for human-activity monitoring.**! In
the work of Lai et al. the application of compression and elongation stress to OSC thin films
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was investigated (Figure 1.16a).13® The reported OSC thin films were deposited using a
solution shearing technique and it was found that the films showed different morphology
depending on the deposition direction used (i.e., orthogonal or parallel to the channel
length). Interestingly, it was found that the morphology of the OSCs influences on the
mechanical response of the flexible OFETs. In particular, it was demonstrated that
elongation caused a larger stress for OFET devices based on organic films with larger

crystallites. Further, films with smaller crystals showed a larger sensitivity to compression.

Alternatively, the development of mechanical sensors based on capacitive changes of the
dielectric have also shown to be a viable option.'#143 For instance, Mannsfeld et al.
developed a capacitative pressure sensor based on a single crystal of rubrene with
exceptional sensitivity and very short response times (Figure 1.16b). A microstructured
polydimethylsiloxane (PDMS) film was employed as dielectric, which could elastically
deform by the application of pressure. It was found that the change of the PDMS film
capacitance upon the application of pressure, was linearly transformed into a change in the
transistor’s source—drain current.
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Figure 1.16. (a) Average percentage mobility variation (Ap/uo) as a function of the applied

strain (elongation and compression) for devices with orthogonal-coated and parallel-

coated OSC. Extracted from ref. 136. (b) (Right) Layout of a capacitive pressure sensor

based on OFETs consisting of rubrene single crystals and microstructured PDMS films. (Left)

Electrical characterization of the OFET upon the application of different external pressures.

Extracted from ref. 143.
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Also, an increased interest in the detection of electromagnetic radiation from visible light
to X-rays has been driven by scientific and industrial applications in areas such as defence,
security, biomedical imaging/sensing and optical communications. Electromagnetic
radiation can photogenerate excitons in the OSC, which dissociate and then mobile charges
can be collected at the source/drain electrodes. The electrical properties of the OFET
devices under irradiation are dependent on the intensity and the wavelength of the
radiation. In the work of Lai et al. a novel transistor device on flexible plastic substrate for
direct X-ray detection was developed (Figure 1.17).14° The OSC TIPS-pentacene responded
directly at real time to different X-ray doses in terms of source-drain current increase. The
transistor exhibited excellent reproducibility, stability after the radiation exposition and a
remarkably high sensitivity near to 1200 nC:Gy™'. In addition, by varying the terminal
voltage, the sensitivity of the X-ray detector could be tuned, which was maximised at higher
gate voltages.

The photosensitivity of OSCs combined with the possibility of designing customised
molecules that can absorb at specific wavelengths is very appealing for the development
of a new generation of low-cost flexible photodetectors.
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Figure 1.17. Electrical response of a TIPS-pentacene OFET upon the exposition to X-ray
radiation at different dose rates in (a) linear and (b) saturation regimes. Extracted from ref.
140.

1.6.2. BIOSENSORS AND CHEMICAL SENSING

The development of selective low-cost sensors in medicine, food processing, or
environmental analysis is of great current interest. OFETs are excellent platforms for this
purpose since a chemical event can be converted to an easily read electrical signal.
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The detection of gases such as NHsz or NO; was previously reported using an OFET as a
transducer. Small gas molecules are capable to penetrate the OSC crystals or to dope
defects in the OSC layers, thus the electrical properties of the OFET are altered.33144145
Yangyang Zhu et al. explored the effect of the interface layers on the absorption of NO2 gas
on the electrical properties of zinc phthalocyanine (ZnPc)/p-sexiphenyl/a-sexithiophene
blend films (Figure 1.18).1%¢ The ZnPc films grew on top of p-sexiphenyl/a-sexithiophene
islands. The stratification of OSCs formed small gaps in the a-sexithiophene films which
produced traps and made conduction channels difficult to form, hindering charge
transport. Additionally, the gaps facilitate the adsorption and diffusion of gas molecules. It
was described that the OFETs performance under NO; environment gave rise to an increase
in the Ips current. A low limit of detection close to 500 ppb and fast response and recovery
time of 1.3 and 4 min, respectively, was reported.
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Figure 1.18. (a) Scheme of an OFET based on a ZnPc/p-sexiphenyl/a-sexithiophene blend
and principal mechanism that explains the high sensitivity of the device to detect NO,. (b)
Ips current changes of the OFET on the left upon exposure to different NO, concentrations.
Extracted from ref. 146

In 2010, Kergoat et al. developed the first Electrolyte-gated Organic Field-Effect Transistor
(EGOFET).™ EGOFET is a type of transistor that uses an electrolyte as dielectric and the
gate electrode is a metal immersed into it. The operation of an EGOFET is based on the
capacitive coupling between the gate electrodes and the OSC through the formation of two
electrical double layers (EDLs) at the OSC/electrolyte and OSC/gate interfaces. The EDLs
produce a high capacitance in the range of 10-40 pF-cm™, and hence, the devices operate
at very low voltage (below 1 V).°?411147-152 Since these devices can work with aqueous
electrolytes, they are compatible with biological analytes, becoming an electrical platform
highly promising to develop biosensors.

There are different approaches to introduce a receptor group to the EGOFET device to
sense a specific analyte. One route is the anchoring of receptors on the surface of the
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semiconductor or integrating it in the structure of the organic semiconductor.'>>* |n the
work of Magliulo et al. the recognition agent (anti-CRP monoclonal antibody) was
deposited by physical adsorption onto a poly-3-hexyl thiophene (P3HT) organic
semiconductor surface (Figure 1.19).1>°> Additionally, to prevent non-specific absorption of
the analyte (C-reactive protein (CRP)), a non-ionic hydrophilic polymer (o THMMAA) was
employed to cover the surface of P3HT not covered with the anti-CRP monoclonal
antibody. The CRP detection was performed by measuring consecutive transfer
characteristics after incubation of the CRP protein. A decay in the source-drain current was
registered in the range from 4 pM to 2 uM. The adsorption of the molecule on top of the
semiconductor produces a change in the response of the transistor due to the
accumulation of charge on the surface of the OSC.
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Figure 1.19. (a) Schematic structure of the developed EGOFET immunosensor for CRP
detection. (b) Transfer characteristics (lps vs. Ve) measured for an EGOFET immunosensor
exposed to increasing concentration of CRP (from 4 to 2-10° pM). (c) Calibration curve
obtained for the EGOFET immunosensor. Extracted from ref. 155.
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An additional strategy to develop biosensors and chemical sensors is the chemical
modification of the gate electrode with specific receptor units. The functionalization of the
gate electrode with molecular self-assembled monolayers has provided sensors with
unprecedented sensitivity, selectivity and versatility.14&1°67158 Macchia et al. explored the
capacity to recognize and detect ultra-low concentrations of analyte molecules in solution
(Figure 1.20).1°® The gate electrode was bio-functionalised with anti-Immunoglobulin-G
(anti-IG). The mechanism behind the detection of IG was attributed to the gate work-
function change due to the incorporation of the molecule on top of electrode, which
disturbed the effective field promoting a variation in the OFET electrical response (i.e., the
source drain current of the transistor decreased when the concentration of IG increased).
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Figure 1.20. (a) Transfer characteristics (Vps =-0.4 V) of the OFET device upon the
exposition of the gate electrode to Immunoglobulin-G solutions at different concentrations
(b) Scheme of the decrease of the gate work-function (¢) at the different functionalization
steps and after the Immunoglobulin-G binding. Extracted from ref. 156.

Sensors based on OFETs are emerging as a next-generation of sensors suitable for the
Internet-of-Things (loT) era because of their various advantages such as low cost, large-
area processability, superior mechanical flexibility, tailorable optoelectronic properties and
the possibility to combine in a single device the stimuli detection and signal amplification.
However, although the progress in OFET-based sensors in the last few years is impressive,
their limited stability and reproducibility are still important bottle-necks for their
implementation in real devices. Hence, it is crucial to improve the reliability of these
devices so they can step into market applications.
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1.7. OBJECTIVES

The purpose of this PhD thesis was to investigate the fabrication of high-performance
organic field-effect transistors (OFETs) based on blends of small molecule organic
semiconductors and polymer binders using a home-made solution shearing deposition
technique, namely bar-assisted meniscus shearing or BAMS. Fundamental aspects of these
devices have been investigated as well as their implementation into specific sensing
applications.

In particular, the general objectives of this thesis are:

1. OFETs fabrication and optimization using as active semiconducting layer thin films of a
series of small molecule organic semiconductors blended with polystyrene (PS) and
deposited by BAMS. The thin films morphology and crystal structure (i.e., polymorphism)
was tuned modifying the coating parameters and formulation, and their effect on the OFET
electrical performance was explored.

2. Development of OFET devices based on pentacene derivatives for their application as X-
ray photodetector. Study of the impact of the thin film morphology and binding polymer
on the X-ray sensitivity.

3. Implementation of non-common gate electrodes based on nanocarbon composite
materials in EGOFETs and exploration of their potential and impact on the device
properties.

4. Study of the gate gold electrode/electrolyte interface in EGOFET devices. This has been
realised by modifying the gold electrode with self-assembled monolayers of molecules with
different dipole moments and by studying the interaction of surfactants on the gate
electrode.
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CHAPTER I

THIN FILM OPTIMIZATION FOR ACHIEVING HIGH OFET PERFORMANCE

This chapter is composed of 7 scientific articles related to the study of the morphology and
crystal structure of organic semiconductor (OSC) thin films and their electrical
characteristics when implemented in organic field-effect transistors (OFETSs).

Article 1: Role of polymorphism and thin-film morphology in organic semiconductors
processed by solution shearing.

Article 2: Control of polymorphism and morphology in solution sheared organic field-effect
transistors.

Article 3: Impact of the ink formulation and coating speed on the polymorphism and
morphology of a solution-sheared thin film of a blended organic semiconductor.

Article 4: Mobility anisotropy in the herringbone structure of asymmetric Ph-BTBT-10 in
solution sheared thin film transistors.

Article 5: Molecular disorder in crystalline thin films of an asymmetric BTBT derivative.

Article 6: Low activation energy field-effect transistors fabricated by bar-assisted meniscus
shearing.

Article 7: Organic field-effect transistors based on ternary blends including a fluorinated
polymer for achieving enhanced device stability.
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2.1. INFLUENCE OF POLYMORPHISM AND MORPHOLOGY IN FILMS BASED ON BLENDS OF
SMALL MOLECULE SEMICONDUCTORS AND INSULATING POLYMERS ON DEVICE
PERFORMANCE

Article 1: Role of polymorphism and thin-film morphology in organic semiconductors
processed by solution shearing.

The thin film morphology and polymorphism have a profound impact on their resultant
optoelectronic properties.’™” As previously mentioned in the introduction, the charge
carrier mobility in organic field-effect transistors (OFETs) is highly dependent on the
molecular packing and direction along the crystal structure.®*' The control of
polymorphism, especially in thin films, is challenging but crucial to achieve reproducible
devices. Metastable or surface confined polymorphs have been reported in organic
semiconductor (OSC) thin films (10 to 50 nm thick) deposited by chemical vapour
deposition or solution-based techniques.>™> The identification and characterization of
such polymorphs is complex, although their impact on the device performance can be very
significant. A slight change in the mt-orbital overlap between the OSC molecules can lead to
a large difference in the charge carrier mobility.1?

Additionally, considering the thin films morphology, the crystal size and orientation, and
the subsequent density of grain boundaries, are parameters that affect the electrical
properties of the thin films.1618 These features can be tuned with the deposition
parameters (shearing speed and temperature) and the solution formulation employed
(concentration, solvent, binder polymers, doping, etc.).*8%?

In this Review paper (Article 1), we describe the importance of controlling morphology and
polymorphism in small molecule organic semiconductor thin films deposited by solution
shearing techniques. In particular, we focus on how the different deposition parameters
and formulation of the OSC inks are impacting the thin film characteristics and, in turn, the
OFET electrical performance. Additionally, an exhaustive description of a variety of
techniques commonly employed for the structural characterization of OSC thin films (X-ray,
microscopy, IR/Raman spectroscopies, etc.) is carried out, highlighting the in situ
characterization tools that can provide essential insights into the crystallization
mechanisms.

The main objective of this part of the Thesis is to fabricate optimised OFETs based on thin
films of blends of three different OSCs (i.e., DB-TTF, TIPS-pentacene and Ph-BTBT-C1o) with
insulating polymers deposited by BAMS. The thin films are prepared using different
formulations and deposition conditions and their crystal structure and morphology are
investigated and correlated with the device performance (Scheme 2.1).
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Scheme 2.1. The ink formulation and the solution shearing deposition parameters are key
tools to control the OSC thin film structure and morphology and to optimise the OFET
performance.

2.2. ORGANIC FIELD-EFFECT TRANSISTORS BASED ON DIBENZOTETRATHIAFULVALENE
THIN FILMS PREPARED BY SOLUTION SHEARING TECHNIQUE

Article 2: Control of polymorphism and morphology in solution sheared organic field-effect
transistors.

Article 3: Impact of the ink formulation and coating speed on the polymorphism and
morphology of a solution-sheared thin film of a blended organic semiconductor.

In these papers we deeply investigated the influence of the deposition parameters and
formulation in the crystal structure and morphology of thin films of
dibenzotetrathiafulvalene (DB-TTF) blended with polystyrene (PS), and their impact on the
OFET properties. It is known that DB-TTF presents at least four polymorphic forms at
ambient conditions, namely the a, B, y and & polymorphs.?*?4 By drop casting, crystals of
the monoclinic thermodynamically more stable o form are formed (Figure 2.1a).2> On the
other hand, the y phase is obtained in solution processed or evaporated thin films (Figure

47



2.1b),?5?8 being a kinetic polymorph induced on surfaces. The y crystallises following a
herringbone structure, while a-phase displays a parallel stacked structure.

(a) b

100 pm 100 pm 100 pm
o POLYMORPH y POLYMORPH

Figure 2.1. Polarized optical microscope images for bottom contact OFET devices based on
DB-TTF (a) single crystal and thin films of a polymorph and (b) thin film of y polymorph.
Extracted from ref. 25.

The effect of the substrate temperature was investigated in films coated at 10 mm-s* and
at temperature ranging from 25 to 120 °C employing an ink composed of DB-TTF:PS in a
ratio 1:2 and using a PS of 3000 g-mol . We found that the substrate temperature affected
the evaporation of the solvent. Below 100 °C, the solvent evaporation was slow leading to
the formation of mixtures of the thermodynamic and kinetic polymorphs. On the other
hand, at higher temperature, the evaporation of the solvent was faster and only the kinetic
phase was found. Additionally, the deposition at 1209C caused the boiling of the solvent,
which produced defects on the thin films. Accordingly, in terms of electrical performance,
the devices prepared in the temperature range from 90 to 110 °C gave the highest mobility
(> 0.1 cm?V'1:s1). The best electrical performance was found in devices prepared at 105
°C, which resulted in highly homogenous and crystalline films composed of only the y
phase.

The shearing speed was the parameter which had the greatest impact on the film
polymorphism. At low shearing speed (1 mm-s?), the films showed ribbon-shaped crystals
that corresponded to the a DB-TTF phase. In fact, this was the first time that this phase was
obtained as thin film (Figure 2.1). On the other hand, plate-like crystalline domains were
observed at middle and high speed (from 2 to 100 mm-s?), corresponding to the pure y
phase. In fact, three different deposition regimes depending on the shearing speed were
distinguished. In the region from 1 to 5 mm-s?, the thickness decreased when increasing
the shearing speed, while in the range 20 to 100 mm-s?, the opposite behaviour was
encountered. Both regimes are associated to the evaporation and Landau regime,
respectively.?®3! In addition, an intermediate regime was observed at intermediate speeds
(from 5 to 20 mm-s?) that gave the thinnest films without dependency on the coating
speed. In this intermediate regime, an equilibrium between the evaporation and viscous
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force was taking place,3! which produced the smoothest films with large crystal domains
and a low density of grain boundaries. The devices deposited in this intermediate regime
exhibited the highest mobility of 0.25 cm?-V1:st and a threshold voltage close to 0 V. In
contrast, the devices deposited in both the evaporation and Landau regimes displayed
mobility values five times lower. The device mobility of the thin films based on the a
polymorph obtained at 1 mm-s* was 0.05 cm?V1-s1 lower than the y polymorph.

Furthermore, the effect of the formulation was also explored. Films with different PS ratio
and different PS molecular weight were prepared at 105 °C and at a coating speed of 1, 10
and 100 mm-st. The formulation directly impacted the solution viscosity affecting the
growth of the OSC crystals and the thin film morphology. It was found that the films with
more than 50 % wt. of DB-TTF consisted in oriented crystals belonging to a mixture of the
a and y forms. In terms of electrical performance, the OFETs exhibited a high degree of
doping (with high threshold voltage and high off current) and low mobilities (< 0.05 cm?-V-
Ls1). On the contrary, the films with 50 % wt. or less of DB-TTF were more homogeneous
with crystals that corresponded to the y polymorph when deposited above 1 mm-s™. As
previously mentioned, at 1 mm-s* the a polymorph was obtained solely, but only for
specific DB-TTF:PS ratios and PS molecular weights.

Importantly to note is the fact that depending on the conditions of preparation, the y
polymorph provided films with different morphology, namely striped, plate-like and
spherulitic crystalline domains. The striped morphologies displayed a high degree of
electrical anisotropy, while the films based on plate-like and spherulitic crystals were
completely isotropic. The best electrical performance was found for films with a plate-like
crystal morphology, which exhibited mobilities higher than 0.1 cm?V1-st and threshold
voltage close to O V.

Finally, to visualise this high complex scenario, a phase diagram for DB-TTF thin films was
elaborated. This work unambiguously elucidated the importance of controlling
polymorphism and thin film morphology to fabricate devices with an enhanced OFET
performance and high device-to-device reproducibility.

2.3. ORGANIC FIELD-EFFECT TRANSISTORS BASED ON 7-PHENYL[1]BENZOTHIENO([3,2-
B][1]BENZOTHIOPHENE THIN FILMS

Article 4: Mobility anisotropy in the herringbone structure of asymmetric Ph-BTBT-10 in
solution sheared thin film transistors.

Article 5: Molecular disorder in crystalline thin films of an asymmetric BTBT derivative.
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The OSC 7-phenyl[1]benzothieno[3,2-b][1]benzothiophene (Ph-BTBT-Ci0) is a soluble
asymmetric molecule with high potential for OFET applications.3?34 The crystal structure
of Ph-BTBT-C1g is characterized by a strong and sharp segregation into m-conjugated and
alkyl layers, which alternate along the c axis. Previously, it was reported that spin coated
films of Ph-BTBT-Cip crystallise forming a herringbone structure in a monolayer (head-to-
tail) structure (Figure 2.2). However, such Ph-BTBT-Cio films show a phase transition from
the monolayer to a bilayer crystal structure (head-to-head) after annealing at 1209C, which

leads to a dramatic enhancement of the OFET mobility from 0.8 cm?-V1-s! to 13.9 cm?-V-
1..-132,35
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Figure 2.2. Schematic illustration of the bilayer and monolayer structures of Ph-BTBT-Cio.

Our work consisted in the fabrication of bottom-gate bottom-contact OFETs devices based
on thin films of Ph-BTBT-Cio and Ph-BTBT-C10:PS deposited by BAMS. The goal was to
fabricate high performance OFET devices employing a high-throughput technique avoiding
the thermal annealing step and gain insights into the crystal order in the thin film.

We investigated the thin film anisotropy in films deposited at 1 and 10 mm-s™. The films
based on Ph-BTBT-Ci0 and Ph-BTBT-C10:PS deposited at 1 mm-s* exhibited long crystals
along the shearing direction. In contrast, the films based on Ph-BTBT-Ci0 and Ph-BTBT-
C10:PS deposited at 10 mm-s™ showed smaller crystal domains with plate-like morphology
without a strong preferential orientation. In both cases, the films showed step edges with
heights of 2.6 and 5.2 nm, which corresponded to monolayer and bilayer structures,
respectively.
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Additionally, XRD measurements were carried out to investigate the crystal structure and
orientation in the Ph-BTBT-Cig films. The XRD measurements showed that the films
deposited at low speed were oriented along the (010) direction. Remarkably, all the films
belonged to the bilayer structure, so the bulk structure was obtained without performing
the annealing process (Figure 2.2). However, the XRD data revealed that the peak width of
the specular diffractions showed an unusual different peak- broadening behaviour for the
odd-numbered and even-numbered 00L peaks. This experimental evidence was explained
by the presence of certain disorder within the crystal bilayer structure caused by the
asymmetry of the molecule. The known head-to-head stacking within the crystalline phase
was disturbed by the statistic integration of reversed (or flipped) molecules. Such molecular
disorder breaks the crystallographic long-range order, which can negatively impact the
device mobility.

The Ph-BTBT-Cip and Ph-BTBT-Ci0:PS films deposited at 1 mm-s? exhibited p-type
behaviour with mobility values of 0.48 and 0.43 cm?V1:s? along the coating direction
respectively. However, in the parallel direction the mobilities measured were 3 times
lower. On the contrary, the OFET devices deposited at 10 mm-s* did not exhibit a significant
anisotropy and mobility values of 1.3 cm? Vst and 0.16 cm? Vst were found for the for
Ph-BTBT-C10:PS and Ph-BTBT-Cio films, respectively. This result proves again that the use PS
improves the device electrical properties. Future work will be devoted to improving the
thin films crystallinity order modifying the coating conditions in order to improve the device
mobility.

2.4. THIN FILMS OF 6,13-BIS(TRIISOPROPYLSILYLETHYNYL)PENTACENE BLENDS
PREPARED BY SOLUTION SHEARING TECHNIQUE

Article 6: Low activation energy field-effect transistors fabricated by bar-assisted meniscus
shearing.

Article 7: Organic field-effect transistors based on ternary blends including a fluorinated
polymer for achieving enhanced device stability.

6,13-Bis(triisopropylsilylethynyl)pentacene (TIPS-pentacene) is an organic semiconductor
that shows good solubility and high p-type mobility.836749 TIPS-pentacene crystallises in a
brickwork packing motif with a preferential 1D charge carrier transport, which causes that

thin films of this material can be highly sensible to the presence of defects or misaligned
crystals.2036,39,41-44
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Previously, it was shown that OFETs based on thin films of TIPS-pentacene:PS blends
deposited by BAMS exhibited mobilities in the range from 0.4 to 0.9 cm?V1s™t and
threshold voltage close to 0 V, while the pristine TIPS-pentacene films exhibited mobilities
of 0.04 cm? V- s7! and threshold voltage +10 V.%° Thus, also in this case, the devices with
PS showed a marked improvement over devices based on only the OSC. However, the main
limitation of these devices for the practical implementation is their limited stability over
time and under continuous operation. In this part of the thesis, we deeply investigated the
impact of the binder polymers in the electrical performance and stability of polycrystalline
thin films based on TIPS-pentacene deposited by BAMS.

The prepared devices based on TIPS-pentacene:PS (4:1) blends exhibited mobilities of 0.4
cm?V1s71in the OFETs with short channel lengths (i.e., 50 um) and 0.9 cm?:V-*s7tin the
OFETs with long channel length (i.e., 200 um). Such clear mobility dependence with the
channel length is an unquestionable sign of contact resistance problems. To extract the
contact resistance, the transfer-length method (TLM) was employed, which provided an
estimated contact resistance of 85+6 kQ-cm. Taking into account this contact resistance, a
corrected mobility of 1.2 cm?-V-1-s™t was estimated, which was independent of the length
of the channel.

Next step to evaluate the mobility of the TIPS-pentacene blends was to estimate the effect
of the binder polymer (i.e., polystyrene) on the device capacitance since it is known that a
vertical stratification of the OSC and PS occurs on the surface (Figure 2.3).4%4>49
Considering this, PS acts as an additional dielectric layer on top of the SiO,. It was found
that PS produces a reduction of the global capacitance from 17.24 to 14.09 nF-cm™,
meaning that the real mobility value was 1.4 cm?-V~1-s71. Additionally, the activation energy
of the TIPS-pentacene blended films was extracted performing temperature dependence
measurements. It was found that the films revealed a thermally activated charge transport
and showed the lowest activation energy (15 meV) reported for thin films of this material.

Long term environmental stability of OFETs due to the high susceptibility of OSCs to interact
with water and oxygen molecules is one of the main bottlenecks hindering their practical
implementation. To circumvent this problem, here, we developed a new approach based
on employing blends composed of TIPS-pentacene with mixtures of PS and
poly(pentafluorostyrene) (PFS) as binder polymers. PFS is a highly hydrophobic polymer
which can confer more environmental stability to the device. However, the main
disadvantages of the fluorinated polystyrene is its low solubility in common organic
solvents.
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B TIPS-pentacene
WP

TIPS-pentacene:PS

Figure 2.3 Left. PS and TIPS-pentacene distribution in TIPS-pentacene:PS (4:1) films
extracted from Time-of-Flight Secondary lon Mass Spectrometry (ToF-SIMS)
measurements. 3D rendering TIPS-pentacene (red) and PS (green) secondary ions signals.
Right. Scheme of the stratification of PS and TIPS-pentacene on the device configuration.

The inks based on TIPS-pentacene blended with PFS and PS provided crystalline films with
good coverage. The addition of PFS did not affect critically the morphology of the crystals,
but caused a reduction of the crystal size. By AFM measurements, a horizontal phase
separation was observed when the percentage of PFS was high and small
nanoagglomerates were observed due to the low miscibility of the two binding polymers.

The OFETs based on TIPS-pentacene:PS:PFS exhibited a good electrical performance.
However, the presence of PFS affected negatively the charge carrier mobility and threshold
voltage. The threshold voltage shifted to positive voltage values, which was attributed to a
certain chemical doping produced by the high electron affinity of PFS. In addition, the
mobility drop was attributed to a reduction of the crystal domains as observed by optical
microscopy. Despite this negative impact on these electrical parameters, PFS promoted a
significant increase in the stability of the OFET devices. The half-life time of the OFETs
devices based on the ternary blends was 5 times higher than that of the OFETs based on
TIPS-pentacene:PS blends. Additionally, PFS improved the bias stability of the devices. By
balancing the PS:PFS ratio, it was found that films containing only 20 % of PFS led to devices
with and enhanced shelf and bias stress stability without critically affecting the charge
transport.

Hence, here we demonstrated that the addition of a certain percentage of a fluorinated
polymer in the blend was an excellent strategy to improve devices stability, which is crucial
for their practical implementation.
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2.5. SumMMARY

In summary, thin-films based on blends of DB-TTF, Ph-BTBT-C10 and TIPS-pentacene with
insulating polymers have been successfully deposited by a solution shearing technique (i.e.,
BAMS). The effect of the temperature, shearing speed, shearing direction, molecular
weight of the insulator polymer, OSC:PS ratio and chemical characteristics of the insulator
polymer on the morphology, polymorphism, and electrical performance of the organic
semiconductor was in depth investigated.

The films deposited at evaporation conditions (low speed) displayed aligned films with high
anisotropic charge transport properties, while at high speed, the films exhibited an
isotropic charge transport. In general, BAMS leads to kinetic polymorphs, although at low
speed it is also possible to form thermodynamic forms.

It was also found that the use of blends of OSCs and PS is a very promising strategy to
improve the device performance. This methodology results in more homogenous and
crystalline films with an enhanced electrical performance. The latter is also thanks to the
passivation of the dielectric with PS, which reduces the interfacial charge traps.
Furthermore, it was also found that adding a proportion of fluorinated PS as binder polymer
provided devices that exhibited a higher bias stress and shelf-stability. This was ascribed to
the hydrophobic character of the fluorinated PS that hampers the water penetration into
the OSC.
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CHAPTER |1

ORGANIC FIELD-EFFECT TRANSISTORS AS X-RAY DETECTORS

3.1. TRANSISTORS AS X-RAY PHOTODETECTORS

One possible niche of applications for large area flexible organic electronic devices is in the
field of X-ray detection. Nowadays, there is a high demand on photosensors for high-energy
photons with applications in medical, security, energy, and nuclear research.! The
mainstream awareness of minimizing the X-ray dose and reducing the cost while keeping
the sensitivity of the X-ray detectors, has led to the development of responsive low-cost
photodetectors.?”’

X-ray photodetectors can be classified into direct and indirect detectors. Indirect detectors
transform the high energy radiation into UV-Vis radiation through a scintillator, and then,
a photodiode converts this signal into an electrical one. On the other hand, in the direct
detection, the high energy radiation generates directly electron-hole pairs in a
semiconductor material, which is transduced into an electrical signal within the same
device.®

Current direct X-ray detectors are based on inorganic semiconductors (amorphous silicon
(a-Si), amorphous selenium (a-Se), and polycrystalline cadmium zinc telluride (poly-CZT)).
However, the fabrication of these materials is expensive and they are not compatible with
flexible substrates. To overcome these technological issues, the use of X-ray detectors
based on organic semiconductors (OSCs), which are compatible with solution-processing
techniques, represents a promising alternative and, hence, these devices are raising a lot
of interest in the scientific community .12

The first reports on the use of OSCs to detect in real-time high energy consisted in a
photodiode with a conjugated polymer,'* which showed moderate sensitivity values. The
first use of two-terminal devices based on thin films of TIPS-pentacene to detect X-ray
radiation was reported by B. Fraboni et al.® The change in the thin film resistance upon X-
ray exposure led to sensitivity values of 200 nC-Gy*. Later on, with the use of TIPS-
pentacene OFETs higher sensitivities up to 1200 nC-Gy* were achieved,'® and a flexible
OFET detector was also demonstrated.'* The OFET architecture allows to monitor the
changes of multiple parameters during the irradiation.

The parameters that influence the X-ray sensitivity are: i) the transport characteristics of
the semiconductor material (i.e., high charge carrier mobility is desirable in order to reduce
recombination of electron-hole pairs), and ii) the absorption spectra of the OSC in order to
maximize the absorption of the radiation. The latter is achieved adding high-Z atoms
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directly into the OSC molecule structure.’®> However, other approaches have been
employed, such as the introduction in the active layer of additives with high-Z number!e-1°
(i.e., nanoparticles or quantum dots) or carbon nanotubes.?®

L. Basirico et al. reported that the photocurrent observed by X-ray photons in a
polycrystalline TIPS-pentacene thin film was higher than the estimated by a simple model
based on the electron-hole photogeneration. The signal was two orders of magnitude
higher than the expected for the simple model of charges photogeneration.’® They
explained the gain in the photodetected signal based on the trapping of electrons in the
bulk of the semiconductor material and dielectric surface. According to this model, the X-
ray generates the electron-hole pair in the semiconductor material and holes (in a p-type
transistor) drift along the electric field until the corresponding electrode (Figure 3.1a).
However, the electrons are trapped in deep electron traps in the semiconductor material,
causing the injection of more holes into the OSC to keep the electroneutrality of the
system. When the radiation source disappears, the electrons return to the ground state,
and the charges are recombined. Therefore, in addition to the parameters mentioned
above, the electron trap density can also impact on the sensitivity of the OFET
photodetectors.??

(a) Under X-ray (b) ¥(

I\ B
0O
a i = - B _
Source “ OO0V er:ti:tes \jl_\
Dielectric

Gate TMTES-pentacene

Y
Dark >_Si_<

Source Drain

X oo P

%j\%

Gate

TIPS-pentacene

Figure 3.1. (a) Schematic of the photoconductive gain mechanism that modulates the
photocurrent induced by X-rays. Adapted from ref. 10. (b) Molecular structures of TMTES-
pentacene and TIPS-pentacene.

76



The carrier mobility-lifetime product (1) is a key parameter to describe the ability to
generate and maintain the electron-hole pair inside the semiconductor without
recombination. The probability of a carrier to be captured and recombined at the traps
either within the OSC or at the channel interface can be dramatically reduced by achieving
large p-t, which would enable highly efficient detectors due to the longer carrier diffusion
lengths, increasing hence the amount of charge carriers collected by the electrodes.??

The development of flexible X-ray detectors with high sensitivity and fast response is very
appealing for medical diagnosis. The objective of this Chapter is to explore the potential of
OFETs fabricated by bar-assisted meniscus shearing (BAMS) as X-ray detectors. In addition,
we focused on the understanding of the mechanisms behind detection to establish
guidelines to improve the device performance.

3.2. ORGANIC PHOTODETECTORS BASED ON THIN FILM OF SOLUBLE PENTACENE DERIVATES

Article 8: Morphology and mobility as tools to control and unprecedentedly enhance X-ray
sensitivity in organic thin-films.

Article 9: Ultrahigh sensitive X-ray detectors employing high performance organic
transistors based on a small molecule semiconductor/polymer blend.

In these papers, we report the production of highly sensitive direct X-ray detectors based
on thin films of the small molecule semiconductors 6,13-
Bis(triisopropylsilylethynyl)pentacene (TIPS-pentacene) and 1,4,8,11-tetramethyl-6,13-
triethylsilylethynylpentacene (TMTES-pentacene) (Figure 3.1b) deposited by BAMS, a high
throughput and scalable deposition technique. Both OSCs were selected due to the
presence of a high Z-atom (i.e., Si) in their molecular structure and their high charge carrier
mobility.

With the aim at understanding the parameters playing a role on the photoresponse, we
fabricated films of TIPS-pentacene by BAMS employing different coating speeds, which led
to films exhibiting similar mobility but differing on the crystalline domain sizes. We found
that the thin films with smaller grain size exhibited a higher sensitivity, which was attributed
to a higher number of electron traps at the grain boundaries.?®?4 In fact, the presence of a
high density of electron traps increased the recombination time of the electron-hole pair,
which is proportional to the photodetected signal. Thus, we showed that the control of the
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morphology to increase the density of electron traps was an excellent tool to improve the
gain in the OFETs photodetectors.

Secondly, the photoresponse of OFETs based on blends of TIPS-pentacene and polystyrene
(PS) were explored. As mentioned before, the use of binder polymers such as PS boosted
the carrier mobility due to an improvement of the OSC crystallization and the reduction of
the hole traps at the OSC/dielectric interface.?>™?’ After testing blends based on TIPS-
pentacene and PS with different ratios, it was possible to correlate that the films showing
the lowest hole trap density, showed an enhanced field-effect mobility and X-ray
photoresponse. Remarkably the best devices showed an X-ray sensitivity of (3:10° uC-Gy-
L.ecm3), which was about three orders of magnitude higher than the previous reported X-
ray detectors based on spin-coated TIPS-pentacene OFETs and of the same order as
commercial inorganic detectors.®%19/15

Considering these results, we investigated the photoresponse of a similar blend based on
TMTES-pentacene and PS. The films prepared by BAMS exhibited a higher hole mobility
(<2.6 cm?V1:s1) than the TIPS-pentacene films (0.7 cm?V1-s1) and a lower density of hole
traps. Noticeably, it was found that this molecule crystallises in a more favourable 2-
dimensional herringbone packing,?® instead of following a slipped-stacking motif as most
pentacene derivatives do, including TIPS-Pentacene.?® Additionally, a careful investigation
of the TMTES-pentacene:PS blend films by time-of-flight secondary ion mass spectrometry
(ToF-SIMS) clearly demonstrated that a vertical stratification of the two materials takes
place, in which PS stays in the bottom passivating the dielectric layer.

The photodetectors based on TMTES-pentacene:PS OFETs gave rise to a record X-ray
photosensitivity of 4-:10%° uC-Gy*-cm=, one order of magnitude higher than that found for
blends based on TIPS-pentacene and PS. This sensitivity value is the highest reported so far
for a direct X-ray detector based on a tissue equivalent full organic active layer.3°-3®

To demonstrate the excellent properties of these sensors, a 4-pixel array was designed as
a proof of concept of the reliability of our devices as large area X-ray detectors for medical
applications in the energy range of (8.5 - 35 keV) and dose rates (0.05 - 35 mGy s73). The X-
ray projection image of a metal object exhibited an excellent contrast with a lateral
resolution of 250 um. Further, the image was acquired over a total of 3,600 expositions at
the same experimental conditions, elucidating the high reproducibility of the devices.
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3.3. SUMMARY

We showed that the use of blends of OSCs with PS combined with the BAMS deposition
technique brings great opportunities to develop a new generation of low-cost organic
photodetectors, especially appealing for medical imaging. We demonstrated that the
photo- response can be optimised by: 1) increasing the device mobility, 2) increasing the
density of traps of the minority carriers (i.e., electrons in p-type OFETs), or 3) decreasing
the density of traps of the majority carriers (i.e., holes in p-type OFETs). The latter can be
realised using blends of OSCs with binding polymers such as PS thanks to the vertical phase
separation that takes place, in which the PS rests in contact with the dielectric passivating
the charge traps. We achieved a sensitivity to X-rays up to 4-10° puC.Gy*-cm=, which
represents the highest value reported for organic semiconductors. It is noteworthy that
with the high X-ray sensitivity of TMTES-pentacene based OFETs, a photodetector for
imaging with sub-millimetre resolution was developed.
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The implementation of organic semiconductor (OSC) materials in X-ray detectors provides
exciting new opportunities towards a new generation of biocompatible devices with high potential
for the fabrication of sensitive and low-cost X-ray imaging systems. Here, we report the fabrication
of highly performing organic field-effect transistors (OFETs) based on blends of 1,4,8,11-
tetramethyl-6,13-triethylsilylethynyl pentacene (TMTES) with polystyrene. The films are printed
employing a low cost and high-throughput deposition technique. The devices exhibit a very high
electrical performance with a high mobility and low density of hole traps, which is ascribed to the
favorable herringbone packing (different from most pentacene derivatives) and the vertical phase
separation taking place in the blend films. As a consequence, an exceptional high sensitivity of
(4.1040.05) 10 uC Gy cm? for X-ray detection is achieved, which is the highest reported so far for
a direct X-ray detector based on a tissue equivalent full organic active layer, and is higher than most
perovskite film-based X-ray detectors. As a proof of concept to demonstrate the high potential of
these devices, an X-ray image with sub-millimeter pixel size is recorded employing a 4-pixel array.
This work highlights the potential exploitation of high performing OFETs for future innovative large-

area and highly sensitive X-ray detectors for medical dosimetry and diagnostic applications.

1. Introduction

The capacity of X-rays to traverse optically opaque substances with little absorption has led
to their widespread use in modern society. X-ray detectors are key to high-resolution imaging
systems employed in many fields such as diagnostic healthcare, astrophysics, industrial inspection,
security, and cultural heritage preservation.!! The demand for low X-ray dose detection, high
sensitivity and cost-efficient devices has led to the development of new X-ray detectors based on
responsive semiconductors. Such detectors rely on the generation of electron-hole pairs from
incoming radiation, which can be measured by an electrical readout.’ The main virtue of these
detectors is their outstanding combination of high speed, spatial resolution, and sensitivity.

Current X-ray detectors use inorganic semiconductors (e.g. amorphous-Se, amorphous-Si,
poly-CdZnTe (CZT), diamond). However, these materials present severe limitations for the growing
need for curved and large area image detectors with reduced image distortion and vignetting. To
overcome these technological issues, the use of organic semiconductors (OSCs) in X-ray detectors
has several advantages, such as light weight, compatibility with flexible substrates and low-cost
solution processability (e.g. by roll-to-roll production).

The inherent low atomic number (Z) of OSCs mimicking human tissue meets the
requirements for medical dosimetry applications. These materials are suitable for detectors with
wide dynamic range and low energy and, hence, are highly promising for medical applications in

the so-called “mammography energy range”, <40 KeV.B! For applications requiring high attenuation
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for hard X-rays (>40 KeV), composite films have also been introduced comprising high-Z elements
integrated into an OSC such as lead-halide perovskites, nanoparticles or quantum dots containing
heavy elements.** However, the manufacturing of these materials requires complicated
processes and still remains a challenge. Moreover, the introduction of high absorbing elements
limits the tissue equivalence peculiar of OSCs, also introducing a higher toxicity level, e. g. due to
the presence of lead in the most commonly used perovskites. Therefore, the implementation of
novel OSC materials in X-ray detectors provides exciting new opportunities towards a new
generation of biocompatible devices with high potential for the fabrication of sensitive and low-
cost X-ray imaging systems.

Recently, organic X-ray detectors based on organic field-effect transistors (OFETs) have
successfully been reported.™?*3 High-energy photon absorption is challenging in organic materials
since they are constituted of atoms with low Z atomic numbers. Hence, semiconductors with high-
Z atoms included into their basic molecular structure, such as the benchmark OSC bis-
(triisopropylsilylethynyl) pentacene (TIPS-pentacene), have been used as active materials to
increase radiation capture, while preserving tissue equivalence.*¥ In our previous work, p-type
OFETs using blends of TIPS-pentacene with polystyrene (PS) were reported to exhibit an
unprecedented X-ray sensitivity for organic-based direct detectors, and matching that of perovskite
thick films.!*3 The OSC films were prepared by a high throughput solution shearing technique (i.e.,
bar-assisted meniscus shearing, BAMS)!>8 which gives rise to large area crystalline films. Our
findings concluded that the detector performance is strongly affected by both i) the grain size and
boundaries and ii) the device mobility. Regarding the former, films with lower crystal domains
revealed a higher performance due to an increase in the density of traps for minority charge carriers
(i.e., electrons in TIPS-pentacene) that assist the photoconductive gain effect. On the other hand,
the device mobility can be optimised by using OSCs thin films crystallising in structures exhibiting
high intermolecular electronic coupling and by minimising the trap density for majority charge
carriers (i.e., holes in TIPS-pentacene). The latter is strongly reduced by using OSC:PS blends since
during the thin film deposition a vertical phase separation takes place resulting in a bottom PS layer
that passivates the interfacial charge traps.™*®

With the aim at further improving the X-ray detector performance, we searched for the
fabrication of OFETs showing an enhanced hole transport. Specifically, in this work, blends of PS
with the OSC 1,4,8,11-tetramethyl-6,13-triethylsilylethynyl pentacene (TMTES) were investigated.
The molecular structure of this material is very similar to TIPS-pentacene, however, the BAMS
deposited thin films crystallise in a totally different crystal packing (i.e., herringbone packing motif).
This resulted in OFETs that reached very high mobilities of up to 2.5 cm?V!s? and showed a

reduced density of interfacial hole traps thanks to the previously mentioned phase separation of
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the blend. As a consequence, an exceptional high sensitivity of (4.10+0.05) 10 uCGy*cm? for X-
ray detection was achieved, surpassing by one order of magnitude TIPS-pentacene detectors. This
sensitivity value is the highest reported so far for a direct X-ray detector based on a tissue
equivalent full organic active layer. As a proof of concept to demonstrate the high potential of these
devices and thanks to the outstanding X-ray sensitivity of TMTES, an X-ray image with sub-

millimeter pixel size was recorded employing a 4-pixel array.

2. Results

Thin films of TMTES and blends of TMTES:PS were prepared using Bar-Assisted Meniscus
Shearing (BAMS) technique in ambient conditions (Figure 1a). The use of blends of small molecule
semiconductors with insulating polymers has shown to facilitate the semiconductor processability
and to lead to thin films with an enhanced crystallinity, electrical performance and device
stability.!?24 Solutions of 2.0% w/w in chlorobenzene were employed. In the case of blends, the
best thin film characteristics were achieved using a TMTES:PS (PS of 280 KDa) with a ratio 2:1 and
a coating speed of 10 mms™ (Table S1). All the inks were deposited at 105 °C (a temperature
compatible with flexible electronic applications) on Si/SiO, substrates with interdigitated gold
electrodes treated with a self-assembled monolayer of 2,3,4,5,6-pentafluorobenzenethiol (PFBT)
(see experimental section). The films prepared were isotropic, highly homogenous, and crystalline
and exhibited an excellent device-to-device reproducibility with almost 100% yield.

TMTES

(b)
[
|S|I \ PS

(a)

Steel Bar

()
Organic Au (Drain)
Semiconductor
Layer

Scale Bar 200 pum
Au (Source)

Figure 1. BAMS deposition of TMTES and TMTES:PS thin films. a) Molecular structures of TMTES

and PS. b) Optical microscope images (left) and cross-polarized optical microscope images (right)
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of TMTES and TMTES:PS thin films deposited by BAMS on a Si/SiO; substrate with pre-patterned
interdigitated gold electrodes. c) Scheme of the BAMS technique for the deposition of the active
layer.

The polarized optical microscopy (POM) images of the films are shown in Figure 1b. All the
films show polycrystalline spherulitic domains without a clear preferential orientation of the
crystals. This morphology is similar to the one previously observed in TIPS-pentacene films. [1316:25.26]
It can be noticed that the grains are smaller in the channel area than on the SiO; regions far from
the electrodes, which can be ascribed to the gold PBFT treatment that promotes nucleation.?’-°!

TMTES and TMTES:PS thin films were further characterized by Atomic Force Microscopy
(AFM), as shown in Figure 2a-b. All the films showed step edges of around 1.7 + 0.1 nm, which is in
agreement with the length of an extended molecule (inset Figure 2a). A low roughness of 6.5+ 1.2
nm and 7.0 £ 3.8 nm for TMTES and TMTES:PS, respectively, were observed. Further, the
thicknesses of TMTES and TMTES:PS films were found to be 22 + 6 nm and 32 + 7 nm, respectively
(Figure S1).

The chemical maps of TMTES and TMTES:PS films obtained by Time-of-Flight Secondary
lon Mass Spectrometry (ToF-SIMS) are reported in Figure S2a-b. The characteristic molecular ion
fragment originating from TMTES (SiCsHs" m/z = 73.05) was used to monitor the distribution of the
semiconductor over an area of 500 um x 500 um. The ion signal of TMTES appears uniformly
distributed all over the surface for the blended TMTES:PS film, indicating that there is not horizontal
phase segregation. The different surface morphology of the two films is visible in the 3D surface
height profiles maps, obtained by the stylus profilometer (Figure S2c¢-d). In order to study the
vertical distribution of the insulating polymer, ToF-SIMS depth profiling of TMTES:PS film was
investigated (Figure 2c). The four representative profiles of TMTES, PS, PBFT, and the SiO; substrate
were obtained averaging the signal intensities of the characteristic secondary ions. These ions are
generated from the different stratified materials constituting the OFET channel area. The behaviour
of characteristic fragments from TMTES and PS confirm the co-presence of the organic
semiconductor and the insulator. As we inspect deeper in the film towards the substrate, the PS
ion signals evolve separately from the ones of the organic semiconductor appreciating a well-
defined TMTES-PS transition region. At this point, the signal coming from TMTES decreases
significantly, while PS signal increases. Further, the signal shape of PFBT shows an additional layer
between the PS and the Si/SiO, substrate, that represents the experimental evidence of the
effective electrode functionalization carried out to improve charge injection and the semiconductor
crystallisation.B%32 In Figure 2d, the three-dimensional (3D) ToF-SIMS map reconstruction of the
overlayed signals from thin film profile are reported. These measurements are in agreement with

16,22,33-35

previous results! 'and demonstrate that PS is acting as a dielectric passivating layer.
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Figure 2. AFM topography images of TMTES (a) and TMTES:PS (b) thin films. The inset in (a)
corresponds to the height profile along the black line in the figure. c) ToF-SIMS study of the
TMTES:PS thin films. Normalized (to maximum) ToF-SIMS depth profile acquired in the channel area
of the OFET starting from the surface and reaching the SiO; substrate (black curve). The TMTES
signal (red curve) includes the SiC;, SiCH", SiC,H", SiCsH,, SiC;H,™ species; the PS signal (green curve)
includes the CsHs", C4H3', CsHs7, CsHs', C7H3 species; the PBFT signal (light blue curve) includes the F
and S species. d) 3D rendering of the same species of the (c) panel, as the sputter time is
proportional to Z-profiling of the layers. The analysed thickness (40 + 12 nm) was multiplied by a
factor 2.5 10* to better appreciate the multilayer architecture in the 3D rendering. Dashed line and
arrow indicate the TMTES-PS transition region.

Two different TMTES polymorphs are reported in the literature. TMTES films deposited
from solution (i.e., drop casting, spin coating) have been described to crystallise into the same
phase as the previously resolved single crystal structure, here-after named Polymorph | (PI).3637)
This polymorph crystallises forming a slip-stack structure. On the other hand, more recently, TMTES
microcrystals grown from solution and analysed by transmission electron microscopy were found
to exhibit a new structure (i.e., Polymorph Il or Pll), in which the molecules stack in a herringbone
motif.B® X-ray diffraction measurements performed in the here-prepared films reveal that, in all

the cases explored, TMTES crystallises in the Pll phase (Figure 3a and Figure S3). Additionally, the
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observation of only the (00/) reflection peaks confirms that the crystals are oriented with the ab
plane parallel to the substrate, which is the most favourable scenario for charge transport, as
detailed below.

Polymorphism is known to have a strong impact on device performance.®*? In order to
compare the hole transport tendencies of the two TMTES polymorphs, we analysed all independent
pairwise HOMO-HOMO (Highest Occupied Molecular Orbital) intermolecular electronic couplings
(Jromo) in the two crystal structures using Density Functional Theory (DFT) based calculations (Figure
3b and Table 1). For polymorph TMTES-PI, we find a highly anisotropic one dimensional (1D)
electronic structure with only a single dominant Jyomo value of 105 meV along the g-axis. On the
other hand, TMTES-PII exhibits stronger intermolecular intra-stack couplings (Juomo = 172 meV) with
also significant inter-stack electronic couplings. The electronic interactions span hence in Pll along

the whole ab plane, indicative of a 2D electronic isotropy, which is more desirable for charge

transport.[43-43
(a)
001 Polymorph II
= 002 003
5 A A
8 001 TMTES:PS
2 A 002 003
4 A A
g 001 Polymorph I
002

25 50 75 100 125 150 175 20.0
0-20 (degree)

(b)

TMTES -PI TMTES - Pl

Figure 3. a) X-ray diffractogram of a representative TMTES:PS film together with the simulated
diffractograms of the reported polymorphs in the (00/) plane. b) Crystal packing of TMTES

polymorphs Pl and PIl. The arrows indicate pair of dimers.
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Table 1: Transfers integrals calculated for each pair of dimers of the two polymorphs TMTES-PI and

TMTES-PII.
Dimer Juomo (meV)
TMTES PI 1 105
1 172
TMTES PII 2 17
3 17

All the films were electrically characterized as active layers in OFETs under ambient
conditions. Table S1 collect the electrical parameters extracted for all the devices and Figure 4
shows the transfer and output characteristics of representative OFETs based on the two
formulations. All the OFETs based on TMTES (i.e., without PS binding polymer) exhibit an average
mobility of 0.10 + 0.03 cm?Vs? and a high positive threshold voltage (Vrs) of 27 + 9 V. The latter
is indicative of some unintentional doping of the semiconductor, which might be ascribed to the
penetration of water towards the dielectric interface. In contrast, OFETs based on TMTES:PS as
active layer show an improved device performance. The devices operate with a much lower voltage
window (5 V) and exhibit excellent electrical characteristics with lower hysteresis and a much lower
mobility dependence with the gate voltage (Figure S4). The V4 of these devices are closer to 0 V
(in the range -0.5 to -1 V), further proving that the use of PS is beneficial for the processing of the

organic semiconductor in environmental conditions.>202223

' Also, a low density of traps for
majority charge carriers (i.e., holes) of (3.9 + 0.9) 10 eV1lcm™? was estimated from the sub-
threshold slope, which is one order of magnitude lower than the value found for the films without
PS ((6.3 +1.1) 10*? eV1cm™?). This finding is in agreement with previous results and advocates that
the passivation of the dielectric with PS is responsible for the reduction of interfacial traps.
Additionally, the shelf-stability of the TMTES:PS devices showed a mobility decay less than 50%
after 90 days. On the contrary, TMTES OFETs reveal poor time stability, as reflected mainly by a

very high positive threshold voltage shift after the same period of time (Figure S5).
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Figure 4. Electrical performance of the OFET devices. Transfer characteristics in saturation regime
of representative (a) TMTES and (b) TMTES:PS based OFETs. For the blended films, the device
characteristics after 90 days are shown (dashed lines). Output characteristics of representative (c)

TMTES and (d) TMTES:PS based OFETs.

The TMTES:PS based devices showed a high average mobility of 2.6 + 0.6 cm?V?s?
(maximum mobility found: 3.1 cm?Vs). Further, the measured anisotropy ratio, that is the ratio
between the mobility of the films with channel length parallel and perpendicular to the coating
directions (Bl /L), was estimated to be in the range 1.4—1.2 for TMTES films and 1.1-1.3 for the
TMTES:PS ones (Table S1). Such mobility values and electrical characteristics found for the
TMTES:PS films are among the best values reported for this semiconductor (see Table S2).363746-48]
It should be also highlighted that the films previously reported were fabricated by means of lab-
scaled solution deposition techniques (such as spin-coating and drop casting), while in this work
the films are fabricated employing a low-cost high throughput technique compatible with roll-to-
roll processes, a strong added-value forward mass customization.

OFETs based on the parent compound TIPS-pentacene fabricated following the same

methodology (i.e., blended with PS and deposited by BAMS, hereafter TIPS:PS) led to device

mobilities in the range 0.5-1 cm?V* s and a density of traps of (9.2 + 2.8) 10 eV cm2.[1316:2649] |
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comparison, TMTES films show a field-effect mobility between 2 and 4 times higher, that we ascribe
to the more favourable 2D herringbone crystal packing and also to the lower presence of interfacial
hole-traps.

The superior transport properties of TMTES:PS films deposited by BAMS have been
exploited to realize organic thin film direct X-ray detectors exhibiting ultrahigh sensitivity to the
radiation. During irradiation the devices have been biased to work in saturation regime (Vps=-15V
and Ves=-20 V) and the current flowing between the source and drain electrodes have been
measured upon multiple on/off beam switching cycles. The real-time current response to
irradiation at different dose rates showed the typical photoconversion dynamic processes found in
organic microcrystalline thin films (see Figure S6). These are ruled by a photoconductive gain effect,
assisted by traps for minority carriers present in the organic semiconducting layer, that allows
effective and highly sensitive detection of high energy photons in tissue equivalent, low absorbing
material systems such as full-organic thin films.*?! According to this detection mechanism, the
photocurrent gain is defined as the ratio between two characteristic times: the lifetime of the
minority charge carriers (i.e., electrons in our case) trapped in the material (7,) and the transit time
of the majority charge carriers (i.e., holes in our case) along the channel (t;). The transit time is
affected by the efficacy to the charge transport within the channel since it is inversely dependent
from the mobility of majority charge carriers (t, = L?/uV, where L is the channel length and V is
the applied bias). The sensitivity of the detector depends linearly on the gain and can be thus
boosted by acting both on the electron trap density (e. g. by tuning the grain boundary density) and
on the optimization of the hole transport in the active layer (e. g. by optimising the OSC
structure/crystallinity and the OSC/dielectric interface by passivating the holes traps).*® The X-ray
sensitivity value has been calculated as the slope of the X-ray induced photocurrent in function of
the impinging dose rate, as reported in Figure 5a. We achieved sensitivity to X-rays up to (4.10
0.05) 10 uC Gy ecm3, which represents not only the highest value reported so far for a full-organic
tissue equivalent active layer, but it is also higher than most perovskite film-based X-ray detectors,
as shown in Figure 5b. Considering that our active layer is composed of very thin films (i.e., a few
tens of nm), we also plotted the corresponding graph of the sensitivity values per unit area in Figure
S7. Further, the here-reported sensitivity value is only slightly lower than that recently reported for
similar photon energies for hybrid organic-perovskite thin film X-ray detectors®® deposited by spin
coating, i.e., not a scalable process. Noteworthy, the employment of lead-halide perovskite in the
active layer limits the tissue-equivalence of the sensing material. Having a human tissue
equivalence absorbance of the ionizing radiation represents a strong added value of the here
reported device, allowing unique perspectives in medical dosimetry application. We ascribe the

accomplishment of such outstanding detection performance of TMTES:PS thin film to their

98



WILEY-VCH

excellent transport properties, achieved thanks to the fabrication of highly crystalline thin films

combined with their high electrical stability due the passivation role of PS.
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Figure 5. X-ray detection of TMTES:PS film-based devices. a) X-ray induced photocurrent as a
function of the dose rate. The sensitivity is estimated as the slope of the linear fit of the
experimental points and resulted in the top value reported in inset. b) Comparison of the sensitivity
values per unit volume achieved in this work (green triangle), with those reported at the state of
the art for thin-film detectors based on perovskite (red triangles), organic-hybrid (blue circles), and
full-organic (black squares) active layers. 41012145061 ¢) | gyout and POM images of the 4 pixels
array BAMS printed TMTES:PS detector. d) OFET transfer characteristics of the 4 pixels of the array.
e) Photograph (right) and corresponding X-ray image by a single pixel device (left) of an aluminium
object.

As a proof of concept of the reliability of our devices as large area detectors for medical
application we realized an array of 4 pixels and tested them at the SYRMEP (Synchrotron Radiation

for Medical Physics) beamline of the ELETTRA light source (Trieste, Italy). SYRMEP was chosen since
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it is designed for research in biomedical imaging with X-ray energy range (8.5 — 35 keV) and dose
rates (0.05 — 35 mGys™?), well suited for diagnostic mammography. The homogeneous coating
achieved by means of BAMS technique is testified by similar morphologies shown by POM images,
and overlapping OFETs transfer characteristics of the 4 pixels, reported in Figure 5c-d and 5d,
respectively. The X-ray projection image of a star-shaped metal object (Figure 5d) shows high
contrast and assesses the good reproducibility of the detector performance over a total of 3,600
expositions at the same experimental conditions, with a lateral resolution of 250 um, limited by the
device dimension and the X-ray beam collimation. It is noteworthy that thanks to the very high X-
ray sensitivity of TMTES, it was possible to employ a sub-millimetre pixel size, in a range very

appealing for large-area portable X-ray panels.!®?

Conclusion

Thin films of the OSC TMTES and TMTES blended with PS were prepared employing a high
throughput printing technique. The thin films crystallise in a herringbone motif that exhibit 2D
electronic interactions. The OFETs fabricated with the blended films exhibited excellent device
performance and stability compared to the OFETs based on the pristine OSC. Accordingly, TMTES:PS
based OFETs exhibited a threshold voltage close to zero, low operation voltage and an average
mobility of 2.6 cm?Vtst. Further, the density of hole traps was significantly reduced when using
the PS due to the vertical phase separation taking place during the crystallisation, that leads to the
passivation of the dielectric.

The OFET devices were then investigated as X-ray detectors. An unprecedented X-ray
sensitivity was achieved for an organic electronic device (up to (4.10 + 0.05) 10* uCGy?tcm3®),
which was even higher than most perovskite film-based X-ray detectors. As a proof of concept, an
array of four pixels was employed for imaging a metallic object in an X-ray beamline designed for
medical radiographies. In conclusion, this work highlights the potential exploitation of high
performing OFETs, fabricated by high throughput solution-based technique and employing human-
tissue equivalent organic materials as active layers, for future innovative large-area and highly

sensitive X-ray detectors for medical dosimetry and diagnostic applications.

Experimental Section

Materials and device fabrication

1,4,8,11-tetramethyl-6,13-triethylsilylethynyl pentacene (TMTES) and polystyrene (PS) of 10000
and 280000 g-mol™* were purchased from Ossila and Sigma-Aldrich, respectively, and used without
further purification. The TMTES and PS solutions were prepared in anhydrous chlorobenzene with

a final concentration of 2.0 % w/w: For the blend solutions, the TMTES and PS solutions were mixed
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in a TMTES:PS volume ratio of 2:1. Before deposition, the solutions were heated at the substrate
temperature used for the coating process.

Interdigitated gold electrodes were patterned by photolithography on heavily n-doped Si wafer (Si-
Mat) with a 200 nm thick layer of SiO,. 5 nm of Cr (acting as adhesion layer) followed by 40 nm of
Au were thermally evaporated on the Si wafer. The channel lengths (L) varied from 25 to 200 um
and the channel width/length ratio were always set constant to 100 (W/L). The substrates were
then cleaned by sonication with acetone and isopropanol in HPLC grade and then dried under
nitrogen flow.

The surface of the source and drain electrodes were chemically modified with a self-assembled
monolayer of 2,3,4,5,6-pentafluorothiophenol (PFBT, from Sigma-Aldrich). The gold surfaces were
exposed to an ultraviolet ozone cleaner for 25 min and then immersed in a 15 mM solution of PFBT
in isopropanol for 15 min. Finally, the substrates were washed with pure isopropanol to remove the
PFBT excess and dried under nitrogen flow.

The TMTES solutions were then deposited by Bar- Assisted Meniscus Shearing (BAMS) following the

y.1>7171 The BAMS deposition was carried out at a substrate

previously reported methodolog
temperature of 105 2C and with a coating speed of 1 and 10 mm-s™. Note that all the fabrication
process was carried out under ambient conditions and no post-thermal treatments were required.
Thin film characterization

The optical microscopy images were taken using an Olympus BX51 equipped with polarizer and
analyser. Surface topographies of the thin films were examined by a 5500LS Scanning Probe
Microscopy system from Agilent Technologies and subsequent data analysis was performed by
using Gwyddion 2.56 software.

X-ray diffraction measurements were carried out with a PANalytical X'Pert Pro MRD (Materials
Research Diffractometer) diffractometer. The Cu K-alpha radiation 1.54187 A was used.
Time-of-flight secondary ion mass spectrometry (ToF-SIMS) measurements were performed using
a TOF SIMS V instrument (ION-TOF GmbH, Muenster, Germany). The base pressure of the analysis
chamber during the ToF-SIMS data acquisition was ~ 1.3 10° mbar. Bis** primary ions at 30 keV
provided by a liquid metal ion gun (LMIG) were used for surface analysis. For depth profiling in dual-
beam mode, the analysis beam was combined with a sputter ion gun producing Cs* ions at 500 eV.
The analysis area of the surface chemical maps was 500 um x 500 um. Sputtering was carried out
over 300 um x 300 um areas inside the OFET active layer. Depth profiles were acquired over 100
um x 100 um areas within the centre of the sputter crater. The analysis beam (pulse width: 18.4 ns,
current: ~0.3 pA) and the sputtering beam (current: ~ 6 nA) were employed in non-interlaced mode
(1 analysis frame, 1 s sputter and 1 s pause per cycle) for sample charge compensation. Secondary

ions were extracted at 2 kV and detected with a time-of-flight mass analyzer. A cycle time of 100
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us allowed to obtain a mass range from 1 m/z to 900 m/z. The detected secondary ions had negative
and positive polarity. Negative and positive mass spectra were calibrated using CH", Si, Cs, and
Ca2Hs0Siz, and H*, CH*, CHs*, and Cs2Hs0Siz* signal peaks, respectively. The mass resolution (m-Am?)
achieved is better of 6000 for all analysed masses. Mass spectra and depth profile signals were
exported for further analysis by Surfacelab v6.5 software. A list of characteristic secondary ions
was obtained for TMTES, TIPS and PS mass spectra through a multivariate analysis approach.
Device characterization

The OFETs were characterised by measuring their transfer and output characteristics, using an
Agilent B1500A semiconductor device analyser connected to the samples with a Karl SUSS probe
station, at ambient conditions.

The characteristic field-effect mobility (i) and threshold voltage (V1) parameters were extracted

in saturation regime using the following classic MOSFET equation:

2L (0ylpsl ’
“= W(T)

where C is insulator capacitance per unit area (C = 17.26 nFcm™), and W and L are the width and
length of the channel, respectively. For each ink formulation, the devices parameters were
extracted from at least 30 devices from 2 substrates to ensure thin film homogeneity and
reproducibility.

The interfacial trap density for the majority charge carriers (i.e., holes) per unit area (N1) was
extracted directly to subthreshold swing (SS), and has been estimated using the following
equations:

. (a(longs)>‘1

N c [ qSS ]
™ q2 L kg TIn(10)

where g is the electronic charge, kg is the Boltzmann constant, and T is the absolute temperature.
During X-ray irradiation tests, the electrical photoresponse of the devices was measured by using a
Keithley 2614 Source Meter, controlled by a customised Labview software. All measurements were
carried out keeping the device in dark, in a Faraday cage, to reduce electrical noise and avoid light-
induced photogeneration in the organic semiconductor.

X-ray irradiation
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Two different X-ray beam sources are employed for the characterization of the detectors: a)
Hamamatsu L12161 X-ray tube with tungsten target was used at fixed 40 kV operating voltage the
filament current was changed between 100 and 500 pA leading to an incident dose rate on the
samples between 318 and 1665 uGys™. The dose rate calibrations were previously performed
employing the Barracuda radiation detector (RTI Group). The modulation of the beam was obtained
with a mechanical lead shutter placed close to the X-ray tube window. Keithley SMU 2614 was used
in combination with a LabVIEW program for electrical signal acquisition. b) A monochromatic and
aligned synchrotron X-ray beam with energy of 12 keV and dose rate in the range 0.05 — 35 mGy s
! Synchrotron measurements are carried out at ELETTRA - Trieste, in the SYRMEP beamline that is
equipped with an ionization chamber for real-time dose rate monitoring. In addition, precision slits
and a CCD camera allow to focus the beam and to control the irradiated area of the samples.
Theoretical calculations

The electronic couplings (i.e. transfer integrals) between all crystallographically independent pairs
of nearby molecules in both TMTES polymorphs were calculated using DFT based calculations
employing the Gaussian code!®® employing a 6-31(d,p) double zeta polarized basis set and the
B3YLP hybrid functional®. The possible effects of differences in on-site energy for each molecule
in a pair®®! was taken into account using the fragment charge difference approach as

implemented in the e-coupling server.!®”!
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Table S1. Electrical parameters of OFETs based on films of TMTES and TMTES:PS deposited
by BAMS. The parameters are calculated for OFETs with the conducting channel parallel (Il)

and perpendicular (1) to the coating direction.

. Speed Mobilit max (cm? V-
Ink formulation (mFr)n 51 (cm? v :1) V1 (V) On/Off # 1(5_1)
I (1.1+£0.3)-10* (30 +10) 10° 0.19+0.2
1
1 (9 £ 4)-102 (40 + 10) 103 0.11+0.2
TMTES
I (1.0+0.3)-10* (27 +£9) 10° 0.22+0.3
10
1 (74+£1.9)-10? (349 10° 0.10+0.2
[ 1.2+0.2 2+2 104 14+0.2
TMTES:PS 1
1 0.2+0.1 4+3 10* 04+0.2
(4:1)
[ 1.3+0.3 1+1 104 1.6+0.2
PS1ok 10
1 0.7+0.3 -0.1+0.3 10* 0.9+0.2
[ 0.7+0.1 -2+1) 104 0.9+0.2
TMTES:PS 1
1 04+03 -(26+0.7) 104 0.7+0.2
(4:1)
[ 1.7+0.4 -(0.7+£0.2) 10* 23+03
PSa2s0k 10
1 1.0+£0.2 -(0.2£0.6) 104 15+0.2
-(0.53 =
[ 24+04 10° 3.6+04
0.17)
TMTES:PS 1
-(0.45
(2:1) 1 20+0.4 10° 25+0.3
0.15)
PS2g0k
[ 2.6 +0.6 -(1.1+£0.2) 10° 3.1+0.2
10
1 2.1+0.6 -(1.00+0.11) 10° 2.8+0.3
[ 1.1+0.2 -(0.4£0.8) 10* 1.6+0.2
TMTES:PS 1
1 1.0+0.3 -(0.4£0.3) 104 14+03
(1:2)
[ 0.9+0.2 -(1.0£0.2) 10* 14+0.2
PSa2g0k 10
1 0.7+0.3 -(0.9+£0.3) 10* 1.0+£0.2

110



WILEY-VCH

Table S2. Comparison of our results with the electrical transport parameters of solution

processed OFETs based on TMTES reported in literature.

Scalable to Roll-

i to-Roll . pn(cm?V-  VrtH
OSC Formulation (Deposition Binder 1.51) V) Ref
Technique)
YES This
0, 0 -
2.0wt % CB (2:1) PS (Solution Shearing) YES 2.6x£0.6 1 A
YES This
0, =~
2.0wt % CB (Solution Shearing) NO 0.10+0.03 30 work
NO
0,
0.5wt% TL (Drop casting) NO 1.3+0.4 NA 1
1.2 wt % TE (1:2) 4- NO
|PrCN-TA_\A/C8-FIu (Spin coating) YES 4.3+0.3 ~10 2
(70:30)
TE _NO NO 2635  ~40 3
(Spin coating)
Iwt% TE NO . NO 0.3 ~0 4
(Drop casting)
1 wt% TE (1:1) NO _
(iPVN) (Drop casting) YES 0.07 0 4
n.r.- NO NO 1.9 5

(Spin coating)

(CB) chlorobenzene, (TL) toluene, (TE) tetralin, (iPVN) isotactic poly(a-vinyl naphthalene and (4-
iPrCN-TAA/C8-Flu) 4-isopropylcyano triarylamine/n-octyl Fluorene, 70/30 copolymer. n.r.: not

reported.
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Figure S1. Topographic AFM images (top) and depth profiles (bottom) for thickness

estimation of the TMTES and TMTES:PS thin films.
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Figure S2. ToF-SIMS 2D surface chemical maps of TMTES and TMTES:PS thin films deposited
by BAMS at high coating speed. Normalized (to total counts) sum of Si;Ca2Hso™ (m/z =
610.34), Six*3CCaiHse* (m/z = 611.35), Six*3CoCaoHse™ (Mm/z = 612.35), 39SiSit3CCa1Hs0*
(m/z2=613.34), 3°SiSi3C,Ca0Hs0" (Mm/z = 614.35), and 39SiSi'*C3CsoHso* (m/z = 615.35)
secondary ion signals from (a) TMTES and (b) TMTES:PS surface acquired outside the

interdigitated electrodes. 3D surface height profiles maps of c) TMTES and d) TMTES:PS
films with the interdigitated gold electrodes.
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Figure S3. X-ray diffractograms of TMTES and TMTES:PS thin films deposited by BAMS.
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Figure S4. Dependence of charge carrier mobility on the applied gate voltage for OFETs
based on (a) TMTES and (b) TMTES:PS.
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Figure S5. Transfer characteristics in saturation regime of TMTES OFETs measured 90 days

after their fabrication
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Figure S6. X-ray induced photocurrent response of a TMTES:PS BAMS-coated device upon

three on/off switching cycles (green areas correspond to time windows of 60 s) employing

a dose rate of 9.8 mGy s™*.
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Figure S7. Comparison of the sensitivity values per unit area achieved in this work (green
triangle), with those reported at the state of the art for thin-film detectors based on

perovskite (red triangles), organic-hybrid (blue circles), and full-organic (black squares)

active layers.[6-28]
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CHAPTER IV

ELECTROLYTE-GATED ORGANIC FIELD EFFECT TRANSISTORS: MODIFICATION
OF THE ELECTROLYTE/GATE INTERFACE

4.1 TUNING OF THE GATE ELECTRODE/ELECTROLYTE INTERFACE IN EGOFET DEVICES

Nowadays, the design and development of biosensors have taken a centre stage in a wide
range of applications, such as health care and disease diagnosis, environmental monitoring,
water and food quality monitoring, and drug delivery.! In the recent decade, the field of
diagnostics by a biosensor based on OFET devices is raising great interest in the scientific
community.?”’

Electrolyte-Gated Organic Field-Effect Transistors (EGOFETs) were first reported by Kergoat
et al.® EGOFETs are a special configuration of OFET, in which instead of using a conventional
dielectric, an electrolyte media is employed and the gate contact is immersed into it.
EGOFETs are excellent platforms for the development of biosensors because they operate
in agueous environment, at low voltages and can transduce and amplify surface
phenomena into electronic signals.”®~*? EGOFETs work in accumulation mode, where the
gate voltage induces the charging of the electrolyte-semiconductor interface, and it relies
on the capacitive coupling between the gate electrode and the organic semiconductor
(OSC) layer thought the electrolyte (Figure 4.1a).'® The capacitance of the EGOFET is
determined by two electrical double layers (EDLs),®** which are formed by an array of
charged particles and oriented dipoles at the gate electrode/electrolyte and
electrolyte/OSC interfaces. The value of capacitance in the EDL is the storge charge at the
surface of the interfaces for each unit of voltage, which is expressed by the following
relationship:

C= (4.1)

SIES)

where Cis the capacitance, Q is the total charge stored at the surfaces and V is the electrical
potential.*

In EGOFETSs, the potential drop between the gate electrode and the channel interfaces
occurs at the EDLs, while in OFETs occurs linearly along the dielectric material (Figure 4.1b).
This makes EGOFETs highly sensitive to changes taking place at the interfaces and, hence,
they can be applied to design sensors, where small modifications of the gate/electrolyte or
electrolyte/OSC interfaces would produce important changes in the potential drop
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distribution. Further, the low thickness of EDLs (i.e., sub-nano scale) results in a large

capacity value in the order of 1-40 puF-cm™, which yields devices with low-voltage operation
(< 1V), crucial for biosensing applications. 1016718
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Figure 4.1. (a) Schematic simplified representation of the operation mechanism of a p-type
EGOFET device in off-state and on-state. (b) Schematic diagram of the potential drop

between the gate electrode interface and the channel interface in an OFET and EGOFET
device.

Changes in the capacitance of the EDLs result in changes in the slope of the transfer
characteristics of the EGOFETs. On the other hand, EGOFETs respond also to changes of
the electrochemical potential at the OSCs/electrolyte and gate/electrolyte interfaces,
which typically give rise to threshold voltage shifts in the devices.”® The modification of the
electrochemical gate potential also leads to changes in the flat-band potential.

The threshold voltage describes the voltage required to create a conducting channel, while
the flat-band voltage (Vrs) corresponds to the voltage in which there is no electrical charge
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in the OSC and, therefore, no voltage drop across it. Kergoat et al. proved a clear linear
dependence between the threshold voltage and the flat-band potential.?

The flat-band potential can be described by the following equation:

(4.2)

_Wn—Ws Q
VFB_—_E

where Wy and Ws are the gate and semiconductor work functions, respectively, g is the
charge of the electron, Q is the interface charge density, and C is the capacitance of the
insulator layer (per unit area).

Therefore, surface engineering of the gate electrode, that is, the type of electrode material
as well as its surface modification, has a direct impact on the EGOFET response since the
electrode work function and the capacitance of the EDLs formed can be significantly
modified.?%21

In this chapter, we investigated the impact of the gate surface modification by means of
self-assembled monolayers (SAMs) of different chemical nature on the device response. In
addition, in the second part of the chapter, we substituted the conventional gold gate
electrode by home-made carbon composite electrodes to explore the potential of these
electrodes in EGOFETs. Finally, the physical adsorption of surfactant molecules at the
gate/electrolyte and electrolyte/OSC was explored. We found that EGOFETs can be an
excellent tool to monitor the formation of monolayers at the electrode surface and, at the
same time, that the use of high concentration of surfactants can be exploited to
encapsulate the OSC and achieve long-term stabilization of the EGOFETs. All these
experiments were performed on EGOFETs fabricated on flexible substrates.

4.2. MODIFICATION OF THE GOLD GATE ELECTRODE WITH SELF-ASSEMBLED
MONOLAYERS

Article 10: Modification of the gate electrode by self-assembled monolayers in flexible
electrolyte-gated organic field effect transistors: work function vs. capacitance effects.

In this paper, we reported a systematic research of the impact of the chemical
functionalization of a coplanar gold gate electrode on the electrical performance of a
flexible EGOFET based on dibenzotetrathiafulvalene:polystyrene blends (DB-TTF:PS).
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Additionally, a new strategy to fabricate EGOFETs with coplanar gate electrodes was carried
out.

Self-assembled monolayers provide an excellent approach for tuning the interfacial
properties of metals and semiconductors and have been exploited for a wide range of
applications. In organic transistors, SAMs have been applied to reduce the charge trapping
at the Si0,/0SC interface, to improve the crystallization of OSCs,?>7%4 tune the surface
wettability for patterning,?> and to modify the work function of source and drain electrodes
to improve charge injection/release.?! However, the modification of the gate contact work
function with SAMs in EGOFET devices was never explored before.

For this purpose, devices with coplanar gate electrodes were designed using Kapton as
substrate. The coplanar configuration demanded the need to pattern the OSC to cover only
the interdigitated source/drain area and to leave free the gate electrode. This was achieved
by using a sacrificial layer to cover the gate electrode previously to the OSC deposition. The
gate electrode was hence protected with a water-soluble polymer (i.e., Dextran). After the
printing of the active layer using the bar-assisted meniscus shearing (BAMS) technique, the
dextran layer was removed with water (Figueres 4.2a). The EGOFET based on a coplanar
gate electrode displayed an electrical performance comparable with the classic top-gated
configuration.

Dextran solution

(b) SAM solution & %% 1

PDM

Gate funtionalization
PDMS - Assisted

Figure 4.2. (a) Schematic representation of the semiconductor patterning process using the
sacrificial layer approach. (b) PDMS- assisted printing for the gate functionalisation.
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The functionalization of the gate electrode was carried out by poly(dimethylsiloxane)
(PDMS)-assisted printing (Figure 4.2b). The thiolated molecules for SAM formation selected
were: 2H,2H-perfluorodecanethiol (PFDT), 1-dodecanethiol (1DT), 4-methylthiophenol
(MeTP), 4-aminothiophenol (ATP), 16-mercaptohexadecanoic acid (MHD), 4-
fluorothiophenol (FTP) and 11-amino-1-undecanol (AUT). These molecules differ in their
backbone length and their dipole moment.

The shift of the work function by the SAMs formation was investigated by Kelvin Probe
Microscopy. The SAMs with non-polar or amide head group such as 1DT, MeTP, AUT, ATP
exhibited a positive work function shift, while a negative work function shift was observed
by FTP, PFDT and MHD, which were molecules with fluorinated or carboxylic terminal
groups. As expected, the nature of the head group directly affected the change in the work
function electrode. However, it is important to note that the MHD was a molecule with a
strange behaviour since, although it is composed by a carboxylic terminal group, the long
backbone chain makes it behave similar to an alkane molecule.

The EGOFETs with the gate functionalised displayed a clear change in the threshold voltage.
However, the representation of the threshold voltage shift with respect to the work
function shift did not show an obvious trend. In addition, the threshold voltage was also
extracted in devices measured using a functionalised gold electrode immersed in the
electrolyte instead of the coplanar electrode. In these gate electrodes the molecular
density in the SAMs is much larger since they were prepared by incubation instead of by
PDMS-printing. We observed that the threshold voltage shifts were significantly affected
by the degree of functionalisation.

Additionally, the slope of the transfer characteristics (i.e., the plot Isp vs Ves in the linear
regime) was affected by the gate functionalization in all these devices, which is indicative
of a change in the device capacitance. The device capacitance was extracted directly from
the transfer characteristics assuming that the value of the mobility of the semiconductor
was constant. In general, the devices exhibited a drop of capacitance in the coplanar
configuration. However, with the fluorinated PFDT and FTP SAMs the EGOFETSs exhibited a
gain of capacitance. This could be ascribed to a lower molecular coverage permitting an
enhanced diffusion of ions through the SAM. On the other hand, the EGOFETs with the
gate immersed exhibited a drop of capacitance for all the SAMs. Thus, again it was observed
that the functionalization process played a role in the compactness of the SAM, which had
a critical impact on the capacitance of the device. In general, the formation of the SAMs on
the gate electrode led to a decrease on the device capacitance. However, other factors
such as the packing of the SAMs and their polarizability were also crucial in order to
understand the final device response.

Hence, it was concluded that the functionalization of the gate electrode with SAMs was a
good strategy to modify the EGOFET response. The SAMs produced both a potentiometric
and capacitive effects in the EGOFET, having the latter a stronger influence. This result is

123



interesting for the development of EGOFET sensors and points out the need of
understanding the capacitive and potentiometric contributions in order to gain insights into
the mechanisms involved.

4.3. CARBON PASTE ELECTRODES AS GATE CONTACTS IN EGOFETSs

Article 11: Electronic performance of polymer carbon-paste nanoallotropes from 0D to 3D
as novel gate electrodes in water-gated organic field-effect transistors.

In this paper, we reported the use of carbon composite electrodes (CPE) as gate contacts
in EGOFETs. We explored the influence of the carbon filler, using carbon nanohorns (0D),
carbon nanotubes (1D), reduced graphene oxide (2D) and graphite (3D), on the device
electrical characteristics. As active layer, films of 2,8-difluoro-5,11-bis(triethylsilylethynyl)
anthradithiophene:polystyrene (diF-TES-ADT:PS) deposited by BAMS were employed.

The CPEs were based on a nanocomposite of a conductor carbon nanoallotrope within an
insulator polymer matrix. This type of electrodes have previously been used in analytical
electrochemistry to develop biosensors.?®=?® The CPEs are non-toxic and environmentally
friendly and, in addition, offer a series of desirable benefits, such as: i) robustness, ii)
convenient electrical conductivity, iii) stable response in water media, iv) high specific
surface area, v) facile tunability with a wide range of recognition elements and vi) the active
surface of the electrode can be reset by simply polishing it.

The CPEs were hence prepared by dispersing the carbon materials in the insulation matrix
(epoxy resin) (Figure 4.3). It is known that the properties of the electrode are strongly
dependent on the nature, quantity and distribution of the conductor material.?>:3°

Previously, in our group it was reported the influence of the electrode electroactive area
on the EGOFET electrical response using CPEs based on carbon nanotubes.?® The
electroactive area was tuned by the modification of the carbon nanotubes load, which
exhibited a linear trend with the threshold voltage. In this work, we fixed the same
electroactive area of the CPE to obtain the maximum conductivity and guarantee the
mechanical properties of the nanocomposite. In this way, the electroactive device area
dependence could be discarded and all the electrical changes could be attributed to the
nature of the carbon filler.
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Figure 4.3. Methodology followed for the construction of a carbon paste electrode and
schematic representation of the EGOFET configuration used with a carbon paste gate
electrode.

The CPEs were characterised by electrochemical measurements to determine the electrical
properties of the electrodes. The cyclic voltammetry revealed similar electrochemical
performance and similar values of electroactive area as expected. However, it is important
to note that the reduced graphene oxide exhibited a capacitive behaviour in the cyclic
voltammogram. By electrochemical impedance spectroscopy (EIS) a relationship between
the ohmic resistance of the system and the dimensionality of the electrodes was observed.
Indeed, a significant resistance decrease with increasing the nanostructured dimension
from 0D to 3D of the carbon material was observed. This trend was explained taking into
account that the CPEs with higher dimensionality (3D) also had a higher load of conductive
material (i.e., 16 % of 3D active material in front of 6% of OD active material). In addition, a
higher resistance to charge transfer was observed for CPEs based on reduced graphene
oxide, which was an unequivocal sign of a more capacitive behaviour.

The final step was focused on the electrical measurements of the EGOFETs with the CPEs
as gate contacts. The transfer characteristics of the EGOFETs displayed a good modulation
of the source-drain current (Ips), and the leakage current (lgs) was low verifying that no
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Faraday processes were taking place. The slope of the transfer characteristics showed
similar values for all CPE gates and were similar to EGOFETs measured with the
conventional gold electrodes. This indicated similar values of EDL capacitance. However,
the transfer characteristics displayed a remarkable threshold voltage shift depending on
the nature of the carbon filler or the load of conductive material in the paste. It should be
noticed that the use of gate electrodes based on carbon materials with low dimensionality
allowed to operate in a more positive voltage window than CPEs based on graphite.

The work function of the electrodes was evaluated by Kelvin Force Probe Microscopy in
order to attempt to correlate the threshold voltage values with their work function.
However, in our measurements conditions (25°C and in air) no evident differences were
observed in the work function of the materials. Therefore, the modulation of the threshold
voltage was attributed to by the topological differences in the carbon materials, being an
evident signal the different ohmic resistance observed in the electrochemical
measurements.

Summarising, four different composite carbon-based electrodes were tested as non-
conventional gate electrodes in EGOFETs. The performance of the electrodes were
comparable to the one achieved with a conventional immersed gold gate electrode. In
addition, we demonstrated that the electrical properties of the transistors can be
customized by the choice of the carbon filler. The dimensionality or topography of the CPE
was found to influence the threshold voltage and, thus, it is a useful tool to modulate the
device properties.

4.4, EGOFET AS A TOOL TO MONITOR THE SURFACTANT MONOLAYER FORMATION ON A
METAL ELECTRODE

Article 12: Interplay between electrolyte-gated organic field-effect transistors and
surfactants: a surface aggregation tool and protecting semiconducting layer.

In this paper (Article 12), we investigated the modification of the EGOFET interfaces by the
formation of self-assembled monolayers of surfactants. We demonstrated that EGOFETs
can be exploited as a tool to monitor the surfactant monolayer formation on a polarised
metal contact (i.e., the gate). Further, at higher surfactant concentrations it was found that
surfactants assemble on the OSC surface protecting it.
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(a) Self-assembled monolayer on top of the gate electrode

Surfactants

{ |

Anionic Cationic

Figure 4.4. Schematic representation of the physical adsorption mechanism of surfactants on a p-
type EGOFET. (a) Below the monolayer concentration, a cationic surfactant forms a self-assembled
monolayer on the gate electrode. (b) Above the micelle concentration, anionic surfactants can be
used to protect the OSC.

Surfactants are amphiphilic molecules with a hydrophilic polar head and a long
hydrophobic backbone chain. The most exceptional property of surfactants is the capacity
to form self-assembled structures at the interfaces and supramolecular structures in
solution.3! Here we investigated the monolayer formation of surfactants on top of the gate
electrode (at the electrode/electrolyte interface). We selected devices based on blends of
PS and the p-type OSC diF-TES-ADT and the n-type OSC N,N'-bis(n-octyl)-dicyano-perylene-
3,4:9,10-bis-(dicarboximide) (PDISCN2). As cationic and anionic surfactant molecules, we
chose cetyltrimethylammonium bromide (CTAB) and sodium dodecyl sulfate (SDS),
respectively.

The EGOFETs were measured at different concentrations of surfactants, cationic for the p-
type EGOFET (i.e., gate negatively polarised) and anionic for the n-type one (i.e., gate
positively polarised) (Figure 4.4a, for a p-type EGOFET). The EGOFET devices based on diF-
TES-ADT:PS were tested introducing CTAB solutions from 1 nM to 1 mM in the electrolyte
media. It was observed that the concentration of surfactant affected the EGOFET response.
The increment of CTAB in the solution media produced a negative threshold voltage shift,
while the slope of the transfer characteristics kept constant during the test. In addition, we
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observed three different regimes. In the first regime from 1 nM to 100 nM the EGOFET
devices did not exhibit any change since the low surfactant concentration did not cover a
significant part of the surface of the gate electrode. The formation of a self-assembled
monolayer on top of the gate electrode was observed between 100 nM to 10 uM, where
the formation of the monolayer reduced the effective gate voltage on the OSC producing
a threshold voltage shift towards more negative voltage values. A higher concentration of
surfactant (> 10 uM) produced micelles in the solution, which did not affect the electrical
performance of the EGOFET.

The monolayer formation was also confirmed by electrochemical and AFM measurements,
Sub-microstructures were observed by AFM imaging and the electrochemical
measurements using a redox probe revealed a drop of the peak current and an increase of
the potential difference between the oxidation and reduction peak when the concentration
of the surfactant increased in agreement with the passivation of the electrode.

The experiment was repeated employing the n-type EGOFET based on PDISCN2:PS with
the anionic surfactant. The results displayed the same three regimes. In this case, the
monolayer formation was observed in the concentration range from 1 um to 1 mM leading
to a threshold voltage shift towards higher positive voltages. As in the previous case, the
electrochemical and AFM measurements confirmed the presence of the monolayer on top
of the gate electrode. Thus, EGOFETs represent a promising approach to detect the
formation of monolayers on the electrode/electrolyte interface.

The second part of the work involved the formation of a protecting surfactant layer on the
electrolyte/OSC interface. The growth of the surfactant layer consisted of releasing a drop
of surfactant solution above its micellar concentration for 20 min followed by rinsing and
drying with a nitrogen flow. As in the previous part, the formal charge of the head group
played a role. In order to form a stable protecting layer during device operation, the charge
of the carriers of the OSC had to be opposite to the formal charge of the surfactant head

group.

The p-type EGOFETs based on diF-TES-ADT:PS were stabilized with a 50 mM solution of
SDS. The protected films were electrically characterised by current monitoring exhibiting
only a 10% current decrease after 10 hours of operation, while the non-treated EGOFETs
exhibited more than 30 % of current drop.

Further, the n-type EGOFETs were stabilized using a 10 mM solution of CTAB. The devices
revealed an enhanced stability in the current monitoring experiments comparable to what
it was observed with the p-type EGOFETs passivated with SDS. The treated n-type EGOFETs
exhibited a fast current increase in the first 30 minutes and then a constant current for 3
hours, while the non-treated n-type EGOFETs displayed an important drop of 90% of the
current in the same period of time. It is important to note that the ultra-high stability
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observed for the n-type EGOFETs is a great advance, since it is known that n-type EGOFETs
suffer of much faster deterioration in water.3?

The low operational stability of EGOFETs due to permeability of ions into the OSCs is one
of the main limitations for long-term operability and their practical implementation. Here,
EGOFETs with an extraordinary long-term stability in water environment was achieved by
a simple and versatile approach using a surfactant encapsulation layer.
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4.5 SUMMARY

In conclusion, we fabricated EGOFETs and studied the impact of modification of the gate
electrode/electrolyte interface on the device electrical characteristics.

The functionalization of the gate electrode with a series of SAMs of different chemical
nature was tested using a PDMS-assisted printed coplanar gate electrode and a
conventional top gate functionalised by the incubation method. Our results showed that
the functionalization of the gate produced threshold voltage shifts and capacitance
changes. We observed that the capacitance effect had a more pronounced impact than the
potentiometric one. We demonstrated that the device electrical properties can be tuned
by surface engineering of the gate electrodes with SAMs, although the interplay between
capacitive and potentiometric effects is complex and also dependent on the degree of the
SAM functionalisation. Additionally, the development of a new strategy to fabricate flexible
coplanar EGOFET with a patterned OSC was accomplished successfully.

Secondly, home-made carbon paste electrodes with excellent electronic properties were
implemented as gate electrodes in EGOFETSs as alternative to conventional Au electrodes.
The carbon paste electrodes exhibited different potentiometric behaviour depending on
the nature of the carbon nanomaterials, which was reflected by a threshold voltage shift in
the EGOFET characteristics.

The previous works demonstrated hence that the modification of the gate electrode
surface with SAMs or the modification of the nature of the gate using carbon paste
electrodes are promising strategies to tune the EGOFET electrical characteristics.

Finally, EGOFETs were used to monitor the surfactant monolayer formation at the polarised
gate electrode/electrolyte interface by registering the shift of the threshold voltage in the
monolayer formation concentration range. This work proves the potential of using
EGOFETs to investigate events occurring at the electrode surface. In addition, the
treatment of the OSCs with higher surfactant concentrations led to the long-term
stabilization of the EGOFETs due to the encapsulation of the OSC reducing the migration of
ions inside the OSC.

The modification of the electrolyte/gate interface is a powerful tool to modify the electrical
properties of EGOFETs, which can be used to improve the electrical characteristics, tune
the operation voltage window of the EFOGET or follow adsorption processes at the
electrode/electrolyte interface.
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CHAPTER V

CONCLUSIONS

In this thesis, we studied fundamental aspects in the fabrication of crystalline organic
semiconductor (OSC) layers by solution shearing for their implementation in organic field-
effect transistors (OFETs). Special attention has been paid to the use of blends of OSCs and
insulating polymers and on establishing correlations morphology/structure-performance.
The application of OFETs as X-rays detector were investigated and their response
optimised. Finally, development of high-performance electrolyte-gated OFETs (EGOFETSs)
has been pursued with the aim at understanding the interfaces in this more complex
architecture.

The research conducted and presented in this thesis has led to the following conclusions:

i) The control of polymorphism and morphology of the OSC films can be carried out by
tuning the ink formulation and deposition parameters. In general, the deposition of the
OSC using the Bar-Assisted Meniscus Shearing (BAMS) leads to kinetic polymorphs.
However, at low coating speeds the thermodynamic polymorph can be formed. It should
also be highlighted that one polymorph can be obtained in different morphologies. The
polymorphism and morphology have a great impact on the OFET performance.

i) The blending of the OSC with an insulating polymer has a beneficial impact on the
processability and electrical performance of the polycrystalline OSC layer. During the
deposition, a vertical phase separation takes places in which the OSC crystallises on top of
a PS layer. This process enhances the OSC crystallisation and the PS bottom layer reduces
the interfacial charge traps.

iii) In particular, the p-type OSC DB-TTF blended with polystyrene (PS) has been studied.
This OSC displays a rich polymorphism. In general, in all the employed deposition conditions
the kinetic y phase was formed, which exhibited an excellent device performance with a
maximum mobility in the range 0.1-0.3 cm?-V-1:s when the morphology of the DB-TTF:PS
film was optimised. In addition, the thermodynamic a phase was formed when using a low
shearing speed. This was the first time that this polymorph was obtained as thin film. The
devices based on this polymorph exhibited a mobility of 0.05 cm?-V1-s%, lower than the y
phase.

iv) OFETs based on Ph-BTBT-Ci0, which is a promising asymmetric p-type OSC, have been
successfully fabricated. The devices based on films of Ph-BTBT-Ci0:PS exhibited an
enhanced performance compared with the devices based on only the OSC. The films
deposited at high coating speeds showed an isotropic mobility of 0.2 cm?-V-1-s? for the
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pristine films and 1.3 cm?V'1-s for the Ph-BTBT-C10:PS films. On the other hand, OFETs
prepared at low coating speed based on Ph-BTBT-C10:PS and Ph-BTBT-Cio displayed lower
mobilities (0.04 cm?-V-1-s1) with a high anisotropic character.

X-ray diffraction measurements showed that the OSC crystallises following the bulk bilayer
structure instead of the thin film layer structure typically obtained by spin coating on
surface without performing an annealing step. However, the prepared films showed some
molecular disorder that could be detrimental to the device mobility.

v) The addition of a small percentage of fluorinated PS (i.e., PFS) for processing OSC:PS
blends has been shown to be a promising tool to enhance the device bias stress and shelf
stability. Thanks to the high hydrophobicity of PFS, the water penetration towards the OSC
films is reduced. In particular, in blended films of TIPS-pentacene:PS 4:1, it was found that
the replacing of 20% of PS with PFS provided devices with a time stability increase of up to
250 % and enhanced bias stress stability, without compromising significantly the device
mobility (i.e., mobility of 0.5 cm?-V-1s1),

vi) OFET devices represent a promising platform to be applied as direct X-ray detectors
since they can be fabricated at low cost and on flexible substrates. Our studies employing
solution-sheared OSC films shed light on the main parameters affecting the X-ray
photoresponse. The sensitivity values were affected by the morphological characteristics
of the OSC films and electrical characteristics of the OSC. In p-type films, it was observed
that a higher grain density resulted in an increment in the electron charge traps (i.e.,
minority charges) which was beneficial to the photosensitivity since promoted the hole-
electron dissociation. Additionally, the reduced hole traps (i.e., majority charges) at the
OSC/SiOx interface produced by the vertical stratification of the OSC blends, led to an
improvement in the device mobility, and, in turn, in the X-ray sensitivity.

The OFET devices based on TIPS-pentacene:PS and TMTES-pentacene:PS blends exhibited
ultra-high sensitivity values 3-10° and 4-10%° uC-Gy*-cm3, respectively. This is the highest
sensitivity achieved for OFETs and surpasses the performance of commercial detectors
based on inorganic semiconductors.

vii) Electrolyte gated organic field-effect transistors (EGOFETs) are devices raising a lot of
interest in sensing applications since they operate in water environment. Remarkably, the
modification of the gate electrode/electrolyte interface has a strong impact on the device
performance. Changes at this interface can lead to potentiometric changes that are
translated into threshold voltage shifts, or/and capacitance changes.

viii) The functionalisation of metals with self-assembled monolayers (SAMs) is a well-known
approach to modify the metal work function. The functionalization of the gold gate
electrode with SAMs in EGOFETSs resulted in a significant shift in the threshold voltage but
also in a capacitance change of the electrical double layers. It was found that both the
chemical nature of the SAM (i.e., dipole) and also the packing density were influencing on
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the device response. A poor layer compactness SAM caused a smaller drop in capacitance.
Due to the interplay between these effects, clear correlations between the metal work
function and the device response was not possible to carry out.

ix) Carbon paste electrodes based on carbon nanohorns, nanotubes, reduced graphene
oxide and graphite, were exploited as new non-toxic reusable gate electrodes in EGOFETSs.
The devices exhibited mobilities comparable to the ones found with conventional gold gate
contacts. The nature of the carbon material directly affected the threshold voltage of the
EGOFET and, thus, it could be used as a tool to adjust the device window voltage.
Considering that the electrode work functions were not significantly different between the
different carbon electrodes, the changes observed were ascribed to changes in the intrinsic
ohmic resistance of the carbon paste electrodes.

The best electrical performances were found using carbon paste electrodes based on
reduced graphene oxide. These EGOFETs displayed a high reproducibility and negligible
hysteresis.

x) It was demonstrated that EGOFETs can be exploited for monitoring events happening at
the gate electrode/electrolyte interface. In particular, the adsorption of cationic (anionic)
surfactants at the gold gate electrode of p-type (n-type) EGOFETs was investigated. A shift
of the threshold voltage was observed by the shielding produced by the surfactant
adsorption at the gate electrode. Hence, the EGOFET devices permit to determine the
surfactant concentration required for a monolayer formation.

xi) In addition, the formation of cationic (anionic) surfactant layers on top of n-type (p-type)
OSCs was found to lead to EGOFET devices that showed an increased long-term stability.
This passivation of the OSCs prevented the migration of ions inside the OSC that causes
deterioration of the device electrical properties.
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