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Abstract

In the last few years, the study of Organic Field-Effect Transistors (OFETSs) has become ever
more important. The OFETs characteristics provide the opportunity to create flexible, cost-
effective, and biocompatible electronic devices. This work was focused on the technique of
molecular contact doping and the employment of Organic Semiconductors (OSCs) materials
in X-ray detectors, determining a significant advancement in OFETSs technology.

In the first part of this study, the efficiency of molecular contact doping to reduce the
contact resistance in OFETs, was explored. A dopant layer was inserted between the OSC
and the top gold contacts, to lower the energy barrier for charge injection/release. The main
challenge of molecular contact doping is the proper diffusion of the dopant towards the
OFETs channel over time, which could affect the device’s switching capability. Applying
a solution shearing technique, it was demonstrated that the insertion of a p-dopant layer
significantly improves the device’s performance. It was proven that dopant diffusion can be
controlled by blending the OSC with polymers of different molecular weights. In addition,
studies conducted employing comprehensive electrical characterization and Time-of-Flight
Secondary Ion Mass Spectrometry (ToF-SIMS) confirmed that in films with high-molecular-
weight polymer, the dopant remains confined into the contact areas, providing an enhanced
long-term stability of the devices.

The second part of the research was focused on the application of OSCs materials in X-ray
detectors. The construction of high-performance OFETs was realized by blending OSCs with
a polymer. These films, printed using a low-cost and high-throughput deposition technique,
exhibit remarkable electrical characteristics, including high mobility and a low density of
hole traps. This could be a consequence of the advantageous herringbone packing and the
vertical phase separation of the polymer in the blend films, as demonstrated by ToF-SIMS
depth profiling studies. Remarkably, these devices demonstrate an exceptional sensitivity for
X-ray detection, overtaking most of the existing perovskite film-based detectors. As a proof
of concept, an X-ray image with a sub-millimeter pixel size is recorded using a 4-pixel array,
highlighting the potential of these OFETSs in medical dosimetry and diagnostic imaging.
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Introduction

In recent years, Organic Field-Effect Transistors (OFETSs) have received considerable scien-
ti c attention for their properties and potential applications, making them key elements in
the study of Organic Electronics (OES).

The exible nature of organic materials used in OFETSs offers several advantages when
compared with traditional inorganic semiconductors. This exibility enables the fabrication
of bendable and foldable electronic devices and opens up new possibilities in the eld of
wearable electronics and exible displays. Such advancements are particularly relevant in an
era where the demand for portable and lightweight electronics is continuously rising.

Furthermore, the low-temperature processing of OFETS, typically involving solution-
based techniques, makes them compatible with a wide range of substrates, including plastics.
This compatibility allows for cost-effective and large-scale production, making OFETs an
economically attractive option for a variety of applications.

Moreover, the tunability of Organic Semiconductors (OSCs), at the molecular level, offers
immense opportunities for customization. Researchers can modify the chemical structure of
these materials to tailor the electronic properties, such as charge carrier mobility, threshold
voltage, and stability. This level of control is fundamental for the development of OFETs in
speci c applications.

The environmental aspect is also really important. Organic materials are considered bio-
compatible and eco-sustainable compared to traditional semiconductor materials, which can
contain toxic elements. The potential development of biodegradable or recyclable electronics
using OFETs deals well with the growing environmental concerns and with more sustainable
technology.

The performance of OFETs depends on several factors, such as the choice of organic
semiconductors, dielectric materials, device geometry, and processing conditions. Therefore,
a deep understanding of the underlying physics and chemistry of organic materials and
interfaces is essential for the design and optimization of OFETS.



2 Introduction

In this work, | focused my research on the study of p-type OFETs based on OSCs, with a
particular emphasis on molecular contact doping and on the blending of OSCs with polymers
to achieve stable and working devices over time.

The study is structured across ve chapters, each chapter addresses a speci ¢ scienti ¢
aspect and contributes to the overall understanding of OFETSs technology.

Chapter 1: Organic Electronics This chapter provides a comprehensive introduction to
OEs, with a particular focus on the employment of OSCs. Charge transport mechanisms
and the main deposition techniques, implemented for thin- Im transistors construction, are
discussed. Additionally, the operation characteristics and non-idealities of these devices are
examined, laying the foundation for the understanding of the complexities of OFETSs.

Chapter 2: Low Energy lon Beam Analysis on Thin Film Devices This chapter ex-
plains the utilization of the Time-of-Flight Secondary lon Mass Spectrometry (TOF-SIMS)
technique for thin Im devices. The signi cance of TOF-SIMS in characterizing thin Ims

is explained, highlighting TOF-SIMS role in the progressive understanding of material
properties and device structures.

Chapter 3: Molecular Contact Doping Effects in OSCs The experimental results of

this work, related to molecular contact doping in OFETSs, are presented. Optimization of
molecular doping techniques is explored to enhance the device performance and to address
one of the key challenges in organic electronics.

Chapter 4: Evaluation of Blended and Non-Blended Thin Films Focusing on the
comparison between blended and non-blended Ims, this chapter emphasizes the key role of
PS in the devices. It investigates how the incorporation of PS affects the overall performance
and stability of the OFETS, providing insights into the bene ts of blending OSCs with
polymer materials.

Chapter 5: Optimization of PS Concentration and PS Molecular Weight in Blended

Thin Films  Starting from the outcome of the previous chapter, the nal chapter extends
the research to the implementation of these devices as detectors for ionizing radiation. This
chapter explores the potential modi cations and optimizations required to make OFETs
suitable for high-energy radiation detection, opening new opportunities for the application of
organic electronic devices also as biomedical sensors.
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This research has been conducted primarily at the LASR3 laboratory, part of the Depart-
ment of Physics at Roma Tre University, under the supervision of Dr. Paolo Branchini and
Dr. Luca Tortora, in close cooperation with several international research groups.

In particular, | have had the opportunity to collaborate with esteemed researchers in this
eld. Notably, | worked closely with Prof. Marta Mas-Torrent at the Institut de Ciéncia de
Materials de Barcelona (ICMAB) in Spain, as well as with Prof. Beatrice Fraboni and Dr.
Laura Basirico at the Department of Physics and Astronomy of the University of Bologna.
These collaborations have been crucial in strengthening and broadening my knowledge and
experience in the eld of organic electronics and my future perspective.

A signi cant part of this research involved a ve-month period in Barcelona at the
ICMAB, under the supervision of Dr. Mas-Torrent. This period was particularly formative
and constructive from a professional point of view.






Organic Electronics

This chapter provides an introduction to Organic Electronics (OEs), highlighting fundamental
concepts of Organic Semiconductors (OSCs) with an overview of the principal mechanisms
of Organic Field-Effect Transistors (OFETSs). A brief review of Organic Electronics and
Organic Semiconductors is included, outlining the improvement and development of OEs,
analyzing the electrical architecture and charge transport dynamics inherent to OSCs, and
detailing the materials constituting OSCs as well as the methodologies employed in their
solution-based processing.

Then OFETSs structural design, functional principles, and key electrical properties are
explored. Considering that OFETSs are a signi cant promise as innovative sensing platforms,
at the end of the chapter a brief account of the status of art and the application in the realm of
sensors is provided, introducing the objectives that this work wants to achieve.

1.1 Brief History of Organic Electronics

In 1947, John Bardeen, Walter H. Brattain, and William Shockley of Bell Laboratories
developed the rst transistor using germanium as the semiconductor matgrialjis
germanium-based transistor is recognized as a key invention of the 20th century: for their
contributions to the eld of semiconductors and the invention of the transistor they received
the Nobel Prize in Physics in 1956. Not long after germanium'’s introduction, silicon replaced
germanium in transistor technology (Morris Tannenbaum in 12p4 dttracting a lot of
interest from both the academic and industrial sectors.

Today, the main semiconductor material for transistors is silicon, serving as the funda-
mental building block for a variety of electronic devices, ranging from simple ones, like
electronic timers, to more complex devices such as computers and mobile phones. However,
the concerns associated with inorganic semiconductor technologies (high production costs
and environmental impact) require the research of alternative materials and technd@pgies [
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Additionally, the demand for more exible and lightweight materials has also limited the
application of traditional silicon technology in conformable electronics [4].

As a consequence, the interest in OSCs and the associated eld of OEs has greatly
increased. Research on semiconductor-based technologies has employed the application
of various organic materials. Organic materials, whether natural or synthetic, primarily
contain carbon atoms bonded with various other elements including hydrogen, nitrogen,
phosphorus, oxygen, sulfur, and occasionally, metals. These materials exhibit a range of
mechanical, electrical, and optical properties, making them suitable for numerous applications
in semiconductor technology.

In the eld of Organic Electronics, several signi cant improvements are worth to be
mentioned. In the 1950s, polycyclic aromatic compounds were discovered; these compounds
form (with halogens) complex salts able to act as semiconducting charge tréjsferl[973,
Anderson and colleagues noted the presence of metallic conductivity in the organic metal
complex tetrathiafulvalene-tetracyanoquinodimethane (TTF-TCHRA signi cant mile-
stone was achieved in 1977 when controlled doping of a synthetic conjugated polymer was
successfully demonstrated by Alan J. Heeger, Alan G. MacDiarmid, and Hideki Shirakawa
[7]. Their innovative work demonstrated that organic semiconductors and conductors could
function as electrically active materials, promoting the development of organic electronics. In
2000, for this innovative work and their pioneering efforts in the development of conductive
polymers, they got the Nobel Prize in Chemistry [8].

The domain of OEs includes devices that employ organic materials as active components.
Organic Semiconductors, in particular, have found applications in various devices, including
Organic Light-Emitted Diodes (OLEDsY], Organic Solar Cells10], and Organic Field-

Effect Transistors (OFETS) [11].

OLEDs, for instance, are diodes designed to convert current directly into visible light.
They are typically constructed with an organic active layer situated between two electrodes,
one of which is transparent to permit light emission. The operational principle of OLEDs
is based on the recombination of injected holes and electrons to produce excitons, which
subsequently decay, emitting light as they revert to the ground states. The rst OLEDSs,
realized by Tang and al. in 19817, had a bilayer structure with an Electron-Transporting
Layer (ETL) and a Hole-Transporting Layer (HTL), as showrkig. 1.1a By selecting
appropriate organic semiconductors, the color of emitted light can be controlled, offering
several options such as red, green, and blue [13].

This technological innovation underwent signi cant improvement, culminating with
the introduction of products like RGB digital displays into the commercial market. These
displays rely on the use of three distinct OLEDs for each pixel to achieve the desired color
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contrast, establishing them as a staple in contemporary technology. Furthermore, the recent
unveiling of exible smartphoned;ig. 1.1b underscores the increasing incorporation and
signi cance of exible electronics in our everyday lives, highlighting the ongoing evolution
and the potential of organic electronics in the modern era.

(@) (b)
Figure 1.1 (a)Schematic energy level diagram for OLEDs devick4.[ (b) Flexible OLEDs displays.
The image was taken from the website of Samsutitps://oledera.samsungdisplay.com/eng/
ex-oled/).

The operating principle of organic solar cells is the opposite of the OLEDs ones: OLEDs
convert electrical energy into light, while OSCs are engineered to transform light into
Direct Current (DC). These devices incorporate an organic active layer nestled between
two electrodes, with at least one transparent layer to allow the passage of visible light. The
operational mechanism of organic solar cells can be delineated into ve crucial stages, as
depicted inFig. 1.2a rstly, the capture of photons and generation of excitons; secondly, the
diffusion of excitons towards the donor/acceptor interface; thirdly, the dissociation of excitons
at this interface; followed by the diffusion of carriers towards the respective electrodes; and
nally, the collection of carriers by these electrodes [15].

While organic solar cells have demonstrated promising power conversion ef ciency,
currently peaking at around 17%¢], their market presence is yet to be established (a
prototype is shown ifrig. 1.2b). One of the weaknesses of the commercial rollout is the
short operational lifetime. The potential and ef ciency observed in organic solar cells need
further exploration and lifetime enhancement to make them potential competitors in the
market of solar energy devices.

Organic Field-Effect Transistors (OFETS) represents another signi cant category of
Organic Electronics devices. Within this device, the current owing between the source and
drain electrodes is effectively regulated by a third electrode, known as the gate through the
mechanism of eld effect; further details will be reported in the next sections. The origin of
the rst thiophene polymer-based OFETs can be traced back to the work of Tsumura et al. in
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1986 [L7]. OFETs permit the integration into at panel displays employing exible matrix
elements and complementary circuits. These aspects are essential when applications have to
cover extensive areas and production cost-effectiveness has to be considered.

(a) (b)
Figure 1.2 (a) Schematic energy level diagram for organic solar cells devit8s [b) Flexible
organic solar cells. The image was taken frdttjps://www.ise.fraunhofer.de/en/business-areas/
photovoltaics/perovskite-and-organic-photovoltaics/organic-solar-cells-and-modules.
html).

Furthermore, OFETs nd applications in various domains, including small integrated
circuits, radio frequency identi cation tags, and devices that detect chemical and pressure
variations. The research landscape in organic electronics also encompasses organic spin
valves and organic lasers. Organic spin valves leverage the prolonged spin relaxation time of
Organic Semiconductors (OSCs) due to their weak spin-orbit interaction, setting them apart
from their inorganic counterparts. On the other hand, organic lasers take advantage of the
high optical gain, intrinsic to the organic materials.

Currently, organic electronics continues to be of great interest within the research com-
munity, with several objectives: the design and synthesis of novel organic materials to
enhance their solubility and electrical properties, the development of innovative deposition
techniques to facilitate large-scale manufacturing, the improvement of device stability, and
the exploration of new geometric and structural designs to promote the development of new
applications.

1.2 Organic Semiconductors

Organic Semiconductors (OSCs) have got a lot of interest due to their complex electronic
attributes and promising applications in a wide array of OEs applications. These compounds,
primarily constructed of carbon-based molecules or polymers, exhibit the inherent exibility
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and adaptability characteristics of organic materials. Serving as a unique class of materials,
OSCs efciently integrate the electronic advantages found in semiconductors with the
chemical and mechanical bene ts typical of organic compounds, such as plastics. This
resulted in a material with the capacity for light absorption, conduction of electricity, and
light emission, with a structure that can be easily modi ed through chemical synthesis. The
modi cations enable the tailoring of their electronic properties, including the adjusting of the
emission wavelengths and the solubility enhancement, facilitating the creation of thin Ims
that are not only resilient, lightweight, and exible but also easily tailored to speci ¢ needs.
With these distinctive characteristics, OSCs are not only versatile but also ideal for crafting
various semiconductor applications, including but not limited to displays, light panels, and
solar cells [18].

1.2.1 Atomic and Molecular Orbitals

Atoms, the fundamental units of matter, have a structure with a positively charged nucleus,
surrounded by a cloud of negatively charged electrons. The solutions of the Schrédinger
equation for an atom give the wave function of the electrons in the atom. So, in accordance
with quantum mechanics, electrons are represented by wave fundtion, andj (+;t)j2

which represents the probability to nd the electron at locatiai the timet. These wave
functions de ne Atomic Orbitals (AOs), characterized by three quantum numbersand

m.

The principal quantum numben) represents the main energy level of an electron within
an atom, essentially determining the electron's energy and the distance from the nucleus.
The azimuthal quantum numbéej,(also known as the angular momentum quantum number,
de nes the shape of the AOs. The valuel sanges i§0;n  1]. Each value of corresponds
to a particular type of orbitalt = 0 represents s-orbitals= 1 corresponds to p-orbitals,
and so on. The magnetic quantum numimej (hdicates the orientation of the AOs in space.

It can take integer values in the rangd; +1]. The different values o for a givenl
correspond to the different orientations that an AOs of a given shape can have. The s and p
orbitals, representing angular momentum values of 0 and 1 respectively, have distinct shapes,
with the s-orbital being spherical and p-orbitals exhibiting a dumbbell shape.

As atoms approach each other, their AOs overlap to form Molecular Orbitals (MOs), the
behavior of electrons within these orbitals can be described using mathematical functions.
The theory of MOs provides a quantitative description of the energetic structure of organic
semiconductors19]. According to this theory, the orbitals of a complex molecule can
be described as a linear combination of the AOs corresponding to the single constituents.
This approach is known as Linear Combination of Atomic Orbitals (LCAOs) and provides
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mathematical calculations regarding the energetic structure of molecular sy2@n&his
method identi es two categories of energy levels: the bonding and anti-bonding that together
form a band-like structure. The occupied levels form the Highest Occupied Molecular Orbital
(HOMO), while the unoccupied levels form the Lowest Unoccupied Molecular Orbital
(LUMO). These represent respectively the outer shell occupied by electrons (analogous to the
Valence Band (VB)) and the lowest energy level unoccupied (corresponding to the Conduction
Band (CB)). The energy difference between the HOMO and LUMO represents the Energy
Gap Eg). For instance, in hydrogen, the MOs comprises bonding and antibonding orbitals
with energy levels lower and higher than the original AOs, respectively as shawg.ifh.3.

Figure 1.3 Formation of bonding and antibonding MOs in hydrogen.

1.2.2 Hybridization

Carbon, the basis of organic chemistry, has a ground state with two unpaired electrons
available for forming bonds. However, traditional valence bond theory fails to predict
even the simplest hydrocarbon compound (iGH4, methane). In 1931, Linus Pauling
introduced orbital hybridization to address this aspect, elucidating the molecular geometry
of carbon compound£[l]. Through hybridization, atomic orbitals combine to form hybrid
orbitals: this perfectly explains the tetrahedral structure of meth@hig)( According to
Valence-Shell Electron-Pair Repulsion (VSEPR) model, carbon can form three different
types of hybrid orbitalssp, sp?, andsp?, which are the combinations sfandp orbitals

(Fig. 1.4). For example, irsp? hybridization, the2s orbital combines with two of the

2p orbitals, forming three hybridp? orbitals that lie in the XY plane, while the fourth
unhybridized orbital (in this cas@p;) is orthogonal to the XY plane. The hybridization
model is crucial for understanding the structures of various organic compakigd4 4),

such as ethylenegH,) and acetylene(;H>): these compounds show speci ¢ bonding and
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electron delocalization characteristics that in uence their energy gaps and, consequently,
their electronic and optical properties.

When twosp?-hybridized carbon atoms are in proximity, two different types of chemical
bonds can be made, as showrFig. 1.4 The overlap between twap? orbitals leads to a
covalent bond called a-bond, formed along the line joining the two carbon atoms' nuclei.
The partial overlap between the two unhybridiZpgd orbitals forms another type of covalent
bond called a -bond. The -bond is much stronger than thebond due to the bigger
overlapping between the tvap? orbitals compared to the two unhybridiz2g, orbitals.

Figure 1.4 Schematic representation of orbital hybridization structurss @inear),sp? (trigonal
planar) andsp® (tetrahedral) — and polymer examples for §pé andsp® hybrid orbitals. Adapted
from [22].

This aspect has signi cant implications for the electrical behavior of organic molecules.

The -electrons, involved in the-bond, are too localized to be free to move, while the

-electrons, involved in the-bond, are much more delocalized. As a result, thedectrons
form the skeleton of the molecules, while theslectrons are free to move across the molecule
and contribute to the electrical properties of the material. OSCs consist of a repetition of
conjugated units where single and doubleonds alternate. The length of theconjugated
systems determines whether the organic semiconductor is a small molecule or a polymer.
Small molecules have a well-de ned molecular weight, while polymers are long-chain
molecules consisting of an indeterminate number of molecular repeating units. Despite this
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difference, these compounds share more similarities than differences, especially in terms of
optical and electrical properties.

1.2.3 Electronic Structure of Conjugated Units

A conjugated molecule is characterized by a chain alternating single and double bonds
between carbon atoms. Take polyacetyl€i@HKi»],), as a straightforward example of

a conjugated polymer. In this structure, every carbon atom undesgdéds/bridization,
bonding with three other atoms as depicte®ig. 1.5 The carbon atoms' non-hybridized
p-orbitals are oriented perpendicular to the carbon chain plane, interacting to establish
bonds. Not con ned to a speci ¢ bond, electrons within theskonds are free to go along

the carbon chain.

Figure 1.5Energy diagram of the formation oforbitals of polyacetylene of different length. Adapted
from [23].

When you double the count of carbon atoms in a polyacetylene molecule, there's a
splitting of energy levels between theand  orbitals. FOrCyHyg, this results in a single
and one level;C4Hg hastwo andtwo levels, while a polyacetylene chain consisting
of n carbon atoms will hav§ and% levels. In polyacetylene structures, all bonding
-orbitals are electron- lled, leaving the antibonding orbitals vacant. Consequently, the
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highest energy level of the levels aligns with the HOMO, and the LUMO corresponds with
the lowest energy level of the levels [24].

As the carbon chain lengthens, the distance between the HOMO and LUMO is reduced,
leading to a reduction in the band gap. With each carbon atom in the chain contributing
to one electron, a homogeneous distribution of these electrons along the chain would
result in uniform distances between the carbon atoms. In the case of in nitely extended
chains, this would theoretically eliminate the band gap, yielding a metallic conductivity type.
However, Peierls' theorem asserts that a chain with an alternating pattern of single and double
bonds maintains greater stability compared to a chain where atoms are equally spaced. This
enduring band gap ensures that polyacetylene retains its semiconductor properties. Typically,
conducting polymers exhibit band gaps ranging from 1 to 4 2. [For exceptionally long
chains, the differences within thelevels, and between the levels, become negligible.

This minimal difference allows these levels to be perceived as continuand  bands.
The electron- lled band and the vacant band are identi ed as the Valence Band (VB)
and Conduction Band (CB), respectively.

1.2.4 Charge Transport

Charge transport mechanisms in OSCs contrast signi cantly with those in inorganic semi-
conductors. While inorganic semiconductors facilitate charge transport through delocalized
states according to band transport theory, OSCs operate differently. In these materials,
molecular units are interconnected via weak Van der Waals forces, leading to transport across
localized states. This localization is highly contingent on trebital overlap, intimately

tying charge transport to the structural attributes of the organic Im. Consequently, the
transport model varies with the degree of molecular order: band transport theory governs
transport in long-range ordered systems, such as organic single crystals, whereas the hopping
model is more appropriate for amorphous or polycrystalline systems.

Despite the ongoing progress, a complete comprehension of the transport model for these
materials was not yet achieved. In the last decades, several models, with the aim to elucidate
charge transport in amorphous or disordered OSCs, were developed and extensively reviewed
in literature [26, 27, 28].

Some of the most prevalent models will be detailed in the following sections.

Band Transport Model

In high-quality organic crystals, classical band-like transport is typically observed, attributed
to the signi cant delocalization of charge carriers. These carriers pass through the crystal
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in extended Bloch waves, moving seamlessly through the periodic lattice structure. The
band transport model suggests an inverse relationship between mobility and temperature;
as temperature decreases, mobility is expected to increase. This increase is primarily due
to a reduction in charge scattering processes, which are commonly determined by lattice
phonons.

The applicability of the band transport model is feasible if the crystal structure presents
the two following conditions: a high degree of periodicity and a robust intermolecular
interaction. However, these ideal conditions are not always prevalent in organic crystalline
materials. Often, such materials are characterized by considerable structural and chemical
defects, which coupled with pronounced lattice vibrations, determine a non-ideal scenario
required for pure band-like transport.

Hopping Transport Model

Originating from the works of Mott39] and Conwell BO], and subsequently re ned by Miller
and Abrahamsdl], the hopping transport model provides a framework for understanding
charge transport in disordered or amorphous OSCs. Different from ordered systems, where
electrons freely pass through the delocalized states, in disordered systems, charges navigate
by hopping between localized states. The suitability of this model can be evaluated by
analyzing the temperature dependence of electrical mobility. In band-like transport, elevated
temperatures increase the charge-phonon scattering, thereby reducing the mobility (
T "0<n< 3

On the contrary, the hopping mechanism is thermally assisted, leading to an increase
in mobility while the temperature rises. Speci cally, within the hopping model framework,
mobility is directly proportional to the transition reif; between two distinct states, such
as from state to statg . This relationship is represented by the Miller-Abrahams expression:
8
2 e 1iBiTI; 8j>

>
-1 else

Wi = oe 2 iR | (1.1)

where ¢ represents the phonon vibration frequencyiepresents the wavefunction
overlap between stateRjj is the distance between the two states, and are the energies
of the initial and nal states, respectively.

Small Polaron Model

Introduced by Holstein in 19538p], the Small Polaron theory aims to elucidate the nature of
localized states in organic materials. This model suggests that when a charge passes through



1.2 Organic Semiconductors 15

the conjugated chain of an organic material, the charge's long-range interaction induces
polarization and deformation of the molecular system, resulting in the polaron formation.
This polaron effect leads to the self-trapping of the charge.

The Holstein model, a one-dimensional, single-electron framework, calculates the total
energy of the system by summing three components. The lattice elBergsises from the
sum ofN harmonic oscillators, each vibrating at frequehgy

|
5!
EL = ;il M1 22 + I%” (1.2)
whereup, represents the displacement of tiift molecule from the equilibrium position,
andM is the reduced mass of the molecular site.

The model further incorporates the electron energy, computed under the tight-binding
approximation, and the electron-lattice coupling. The signi cance of the polaron binding
energy is highlighted, denoting the energy gain of an extremely slow-moving carrier due
to lattice polarization. The mobility of the small polaron is then determined by solving the
time-dependent Schrodinger equation.

Multiple Trapping and Release Model

The Multiple Trapping and Release model is suitable for describing the charge transport in
polycrystalline semiconductor83]. In such materials, crystalline domains are interspersed
with amorphous grain boundaries. Within each microcrystal, charge transport adheres to the
band-like model, but charges become trapped at grain boundaries, resulting in a mobility
decrease.

Starting from this concept, Horowitz et aB4] proposed to consider the polycrystalline
system as a series of resistors, representing both the grains and their boundaries, connected
in series. Mobility in this context is a function of both the grain and boundary mobilitigs (
and g):

= e (1.3)
G B

The mobility varies based on the grain size relative to the Debye Length, distinguishing
two distinct regimes for charge transport in polycrystalline semiconductors:

1. Forl> 2Lp, traps are primarily located at the grain boundaries. The mobility in this

scenario is governed by:
LI (1.4)
~ 8kgT '
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whereq is the electrical chargés is the mean velocity of the charge, aBg
represents the height of the energy barrier at the grain boundaries. In this regime,
mobility is directly proportional to the grain dimensions. Interestingly, at lower
temperatures, charge transport is dominated by tunneling through energy barriers,
making mobility largely temperature-independent.

2. Conversely, fot <L p, the traps at grain boundaries are considered to be uniformly
distributed. Mobility in this case is described by:

Ep

| oe fBT (1.5)

with o being the intrinsic mobility within the grain. This regime is characterized by
thermally activated transport, where mobility increases with increasing temperature.
The energy barrieEg due to trapped charges at grain boundaries is ascertainable by
analyzing the temperature dependency of mobility.

1.3 Organic Semiconductor Materials

As mentioned, Organic Semiconductors are typically electroactive, small conjugated
molecules or polymers with a strongly-conjugated system, where electrons are delo-
calized over the entire structure. OSCs are classi ed based on polarity as p-type, n-type, and
ambipolar. p-type OSCs are electron donor molecules, easily oxidized with a high HOMO
energy, usually around -5.0 e\29]. Conversely, n-type OSCs, being electron acceptors,
display a low LUMO energy around -4.0 eg4]. In ambipolar OSCs, charge transport of
both holes and electrons is possible, depending on the applied electric eld.

The HOMO and LUMO energies determine the semiconductor's stability in ambient
conditions, with n-type OSCs generally showing lower intrinsic stability due to the complexity
for molecules synthesis with low LUMO energy. In contrast, p-type OSCs, which have been
more extensively studied, exhibit better performan&3s38]. This work focuses on p-type
organic semiconductors.

A distinction can be made between conjugated polymers and small conjugated molecules.
In both cases, conductivity is largely determined by the relative position of orbitals,
making molecular ordering crucial for high-performance OFETS.

Polymer OSCs, shown iRig. 1.6, comprising long chains of interconnected electroactive
and aromatic groups, cannot be evaporated due to their high molecular weight.

However, they are compatible with solution processing techniques, often forming mi-
crocrystalline structures embedded in an amorphous polymer matrix. A notable example
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Figure 1.6 Chemical structures of conjugated polymer OSCs.

is poly(3-hexylthiophene) (P3HT), exhibiting mobility of 0.1 & -s [39]. Strategies to
increase structural order and thus performance include the use of liquid crystal polymers like
PBTTT, achieving mobilities up to 0.72 &#V s [40], and donor-acceptor copolymers like
cyclopentadithiophene-benzothiadiazole (CDT-BTZ), with mobilities up to 33\¢m [41].

Small molecule OSCs, shown kig. 1.7, on the other hand, can be thermally evaporated
or deposited using solution-based techniques. Their higher structural order compared to
polymer OSCs results in higher eld-effect mobilities, typically around 1G&frs [37).
Examples include TIPS-pentacene, TMTES-pentacene, rubrene, diF-TES-ADT, C10-DNTT,
DB-TTF, and C8-BTBT.

Figure 1.7 Molecular structures of small molecule p-type OSCs.
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However, the manufacturing of uniform thin Ims using solutions is a challenging process
due to the low viscosity of these solutions. A promising approach involves blending small
semiconducting molecules with an insulating polymer binder to enhance the process method
and Im uniformity; this new approach will be one of the key aspects of this thesis.

1.3.1 Organic Semiconductor Deposition Techniques

The deposition of OSCs is a crucial step in the fabrication of organic electronic devices. These
processing techniques are broadly categorized into vapor-phase deposition and solution-based
deposition.

Vapor-Phase Deposition Techniques

Physical Vapor Deposition (PVD) involves the thermic evaporation of the organic material
in high vacuum42]. Typically, the material is placed in an alumina boat inside a vacuum
chamber at pressures ranging fra® © to 10 8 mbar. A schematic representation of an
evaporation chamber is illustratedfig. 1.8

Figure 1.8 Schematic representation of a thermal evaporation system [42].

The process yields high-quality Ims with precise control of Im thickness. Substrate
temperature control can impact Im morphology and crystallinity. This method also allows
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for multilayer deposition and co-deposition; generally, it is not suitable for large-area and
low-cost fabrication due to the cost of the equipment.

Solution-Based Deposition Techniques

These techniques are preferred for organic semiconductor thin Im deposition due to low
cost and suitability for large-area deposition [43]:

Drop Casting: a drop of OSCs solution is put on the substrate, letting the solvent evap-
orate; often the evaporation is followed by thermal annealing to improve crystallinity.
Drop-casting is a simple technique, but control and reproducibility are lacking, and the
process is not scalable.

Spin Coating: it is widely used for laboratory-scale deposition. The OSCs solution

is dropped on the substrate and spun at high speed to uniformly spread and dry the
Im. Film thickness depends on the solution concentration, viscosity, and spinner
parameters. However, this technique is not suitable for large-area applications.

Dip Coating: it involves the immersion of the substrate in an OSCs solution and then
the substrate is withdrawn vertically at a controlled speed. The technique is suitable
for covering large areas and can be upscaled, but it requires large volumes of solution.

Spray Coating: it uses high-pressure gas (usually)Xb vaporize the OSCs solution
and deposit it on the substrate. It can cover large areas and it is versatile for different
substrates, but Ims tend to have higher roughness compared to other techniques.

Zone Casting it involves continuous deposition from a at nozzle on a moving
substrate. It's suitable for large-scale manufacturing but Ims result highly anisotropic
and the deposition speed is slow.

Blade Coating an OSCs solution is spread on the substrate using a blade; the Im
thickness is dependent on the blade-substrate distance. This technique is adaptable to
roll-to-roll processes and can achieve high coating speeds.

Bar-Assisted Meniscus Shearing (BAMS)it is a variant of blade coating, forming a
liquid meniscus between the substrate and a rounded bar. The solution is dispensed into
the gap, forming a uniform Im as the meniscus is dragged horizonté&iky. (1.9. In

BAMS, the Im thickness depends on the solution viscosity, surface tension, substrate
surface energy, and bar/substrate spddfl [The substrate temperature also in uences

Im formation, and crystallization is controlled by OSCs concentration, and solvent
evaporation rate. This technique was widely employed in this work for depositing
organic semiconducting thin Ims.
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Figure 1.9 Schematic representation of the BAMS technique [44].

1.4 Doping of Organic Semiconductor

Doping techniques transformed the semiconductors, enabling precise manipulation of their
transport properties and facilitating the creation of p-n junctions. This innovation not only
enhanced existing semiconductor technologies but also encouraged the invention of novel
devices, such as the bipolar transist®$][ The advent of organic semiconductors saw
the extension of doping techniques, originally developed for the inorganic ones. Early
experiments in doping organic materials utilized highly reactive gases, and subsequently,
minute atoms or molecules, to reach high levels of conductivity. However, the stability
of devices was compromised due to the propensity of these diminutive dopants to migrate
within the organic layers4e]. Nowadays, a pivotal advancement was observed with the
introduction of molecular dopants: these larger dopants provided a similar function without
the signi cant risk of diffusion associated with atomic-sized dopants [47, 48].

1.4.1 Mechanisms of Doping

The doping of inorganic semiconductors, like silicon, is achieved by incorporating impurity
atoms into the crystalline structure of the semiconductor host material. In silicon, which
has four valence electrons, the incorporation of pentavalent impurities (e.g., phosphorous)
introduces one extra electron per each impurity atom added, increasing the density of
mobile negative charge carriers and rendering the semiconductor n-type. Similarly, trivalent
impurities (e.g., boron) introduce holes, leading to an increase in positive charge carriers,
resulting in a p-type semiconductor.
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According to classical semiconductor theodg], the densities of negativend) and
positive charge carriergd) in an intrinsic semiconductor can be calculated using Fermi-
Dirac statistics, depending on the positions of the Conduction Band EB) &nd Valence
Band (VB) Ev). For intrinsic semiconductorsl§ po), the Fermi level Eg) is located
near the gap's centeEg = Ec  Ey) and is given by:

Er = E+ kB—Tln Nv (1.6)
2 2 Nc
whereN¢ andNy are the effective densities of states in the CB and VB, respectively.

In n-type semiconductors, impurity atoms create shallow donor stageslielow the CB
edge, shifting the Fermi level towards the CB. Similarly, in p-type semiconductors, shallow
acceptor state€(y ) are introduced above the VB edge, shifting the Fermi level towards the
VB. These states are positioned close to the respective band edges:

8
2jEc Epj<kgTin Ne

. _ W (1.7)
. jEV EAj<kBT|n ﬁ

whereNp andNp are the effective densities of states in the donor states and acceptor
states, respectively. The Fermi level for n-type and p-type semicondukigrs (10 is thus

given by: 8
2 Er = E¢ kBTIn “fg (1 8)
->E|::Ev+kBT|n Nv. .

Na
respectively. This indicates that, by controlling the dopant concentratigsadN »), the
number of charge carriers and hence the conductivity can be accurately controlled.

The doping of organic semiconductors follows different processes. Small atoms, like
halides or alkali metals, when used as dopants in organic layers lead to device instabilities
due to their diffusion tendency. This issue was resolved using small donor or acceptor
molecules as molecular dopants, which, due to their size, have a smaller tendency to diffuse
[46]. Utilizing small molecules as dopants, the conductivity of organic semiconductors can
be increased signi cantly which can enable the development of high-performance devices.

Similar to inorganic semiconductors, the doping of organic semiconductors leads to a
shift of the Fermi level towards the respective transport level (p-type to the HOMO, n-type
to the LUMO) when increasing dopant concentration. However, differently from inorganic
semiconductors, the increase in conductivity and the shift in Fermi level saturate at dopant
concentrations of a few mole percent.
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Figure 1.10Fermi level shift: n-type doping induces an upward shifEgf towards the CB due to
shallow donor states; p-type doping leads to a downward shiftafowards the VB with shallow
acceptor states.

For molecular doping of organic semiconductors, two distinct mechanisms are known:
lon Pair (IPA) formation and ground state Charge Transfer compleX (CPX) formation
(Fig. 1.17) [5Q]. Both mechanisms can be spectroscopically evidenced by observing diagnos-
tic absorption features of the molecular ions.

In the case of IPA formation, an electron is transferred from the HOMO of the host to the
LUMO of the dopant, resulting in the formation of an ion pair (host cation and dopant anion).
This requires that the dopant's Electron Af nity (EA) be greater than the host's lonization
Energies (IES)EA gopant™> | E host) for ef cient charge transfer.

In the case of CPX formation, the frontier orbitals of the dopant and host hybridize in
a supramolecular complex, forming new HOMO/LUMO states. The energy of the frontier
levels of the formed compleE@ELx) can be derived via [51]:

_ EHOMO + ELUMO 19
H=L _ "“~host dop
Eghx = > > ERROERIORaz 9

whereE{SMC is the energy of the host's HOM@&g,"© is the energy level of the
dopant's LUMO, and is the resonance integral describing the interaction. CPX formation
does not require the conditidBA gopant™> |E hostto be ful lled and can occur even when IPA
formation is not possible.
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Recent studies have demonstrated that both IPA and CPX formation can occur within
the same material pair under special processing conditions, expanding our understanding of
doping mechanisms in organic semiconductors [52].

Figure 1.11 (a)lon Pair (IPA) formation involves electron transfer from the host HOMO to the dopant
LUMO, creating a mobile hole charge carrier in the host matb).Charge Transfer compleX (CPX)
formation results from the overlap of host and dopant frontier orbitals. Adapted from [52].

p-Type Doping

In the early stages of doping organic semiconductors, oxidizing gases such as iggine (I
bromine (Bp), chloride (C}), or even oxygen were used to p-dope organic semiconductors
[53]. However, these atomic dopants were prone to diffusion, leading to device instabilities.
The emergence of molecular p-dopants, particularly those with quinone structures and
unsatis ed aromatic rings, marked a signi cant advancement. A prototypical example is
Tetracyanoquinodimethane (TCN@4], known for forming charge-transfer salts with
small donor molecules. Despite the low EA of 4.2 eV, limiting the ability to dope organic
semiconductors with IEs in the 5-6 eV range, it paved the way for the development of
molecular dopants with higher EAs. These dopants typically have an electron-poor core and
are decorated with electron-withdrawing groups to increase the EA.

2,3,5,6-tetra uoro-7,7,8,8- tetracyanoquinodimethane (FATCN&). (1.12, a fully
uorinated version of TCNQ with an EA of 5.2 e\5H], emerged as an effective molecular
p-dopant, capable of successfully doping a wide range of organic semiconductors.

However, it sublimes around 8T in Ultra-High Vacuum (UHV) and could contaminate
the vacuum chambers, leading to unintentional doping of other samples. To address these
issues, larger molecular dopants such as quinodimethane-based TCNQ and F6TCNNQ, or
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uorinated fullerenes like C60F36, with EAs of 4.7 eV, 5.6 eV, and 5.4 eV respectively, have
been developed. These larger molecules exhibit higher sublimation temperatures and the
diffusion effect is reduced due to their larger size [51].

Figure 1.12Chemical structures of typical p-type dopants.

n-Type Doping

While various stable molecular p-dopants have been developed and used in devices over the
past decade, molecular n-doping poses more manufacturing challenges [52].

Historically, n-doping was dominated by alkali metals like sodium (Na), potassium (K),
lithium (Li), or cesium (Cs), but these led to the device's instabilig, [51]. The rst
molecular n-dopant, BEDT-TTF, despite not being so ef cient, lets to understand that the use
of molecular dopants for n-doping is feasible. Subsequently, further developments have taken
place employing one-electron reductants, like Tetrathianaphthacene (TTN), organometallic
compounds, like [Ru(terpy)®, Wa(hppl, or Cr(hppk, and organometallic sandwich
compounds, like cobaltocene or decamethylcobaltoc&slie $ome of these dopants were
highly ef cient, but their low ionization energy made them unstable in air and complex to
handle and use. Additionally, compounds like cobaltocene had high vapor pressures and
could be deposited only in vacuum conditions.

A general strategy to overcome these issues is to use air-stable precursors that could be
released as strong reducing agents during or after insertion into the organic host or could
react through electron transfer followed by bond cleavage and/or formation. This approach
has been exempli ed by cationic dyes and benzoimidazole derivatives like 0-MeO-DMBI-I.
These compounds sublimate from the precursor material when heated in UHV, and have
been used to effectively dope materials with EA4.0 eV [56].

Another approach involves materials like hydride-reduction products of stable organic
cations, tetraalkylammonium salts of inorganic ions, or dimers formed by certain 19-electron
organometallic sandwich compounds. These molecules have been shown to effectively n-
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dope fullerene derivatives and polymers like P(NDIOD-T?2), but their ef cacy can be variable
depending on the host material's EA [57].

Organometallic dimers, which can dissociate into highly reducing monomers during or
after deposition, have been used to dope various organic materials, including those with EAs
ranging from 3.9 eV down to 2.8 e\b§]. These dimers consist of metallocene monomers
with a group 9 or 8 metal sandwiched between cyclopentadiene or an arene group. The
doping process of these dimers involves reversible endergonic cleavage followed by the
rapid exergonic electron transfer or a reversible endergonic electron transfer followed by
irreversible dissociation and a second electron-transfer reaction [59].

Recent studies have demonstrated that photo-activation of these dimers can result in
ef cient n-doping of low EA host semiconductors, expanding the range of materials that
can be effectively doped. This approach, combining cleavable dimers with photo-activation,
represents a promising opportunity for ef cient n-doping of materials with very low EAs, a
domain previously limited to alkali metals [59].

1.5 Organic Field-Effect Transistors (OFETS)

An Organic Field-Effect Transistors (OFETS) is a three-terminal (source, gate, and drain)
device designed to modulate the density of charge carriers within the organic semiconductor
layer [37]. This modulation alters the current owing between the source and drain electrodes,
controlled by the voltage applied at the gate electrode. In this structure, the gate electrode
is separated from the OSCs by a dielectric layer, forming a metal/insulator/semiconductor
con guration. This arrangement allows, when an electric eld is generated at the gate, to
induce an accumulation of charge carriers at the OSCs/dielectric interface, thereby creating a
conductive channel. It's critical to note that in OFETSs, conduction is primarily con ned to
the initial few monolayers of the organic semiconductor, which facilitates charge transport.
This selective conductivity is a key feature of OFETS, in uencing their operational ef ciency
and potential application.

OFETs are versatile in their assembly, capable of being structured into four distinct
geometries, as illustrated Kig. 1.13[60].

These con gurations are categorized based on the placement of the source/drain con-
tacts and the gate electrode relative to the organic semiconductor layer. They include
Fig. 1.13aBottom-Gate Bottom-Contact (BGBOjjg. 1.13bBottom-Gate Top-Contact
(BGTC), Fig. 1.13cTop-Gate Bottom-Contact (TGBCJjg. 1.13dTop-Gate Top-Contact
(TGTC) geometries. The choice of OFETSs architecture signi cantly in uences device perfor-
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mance: an understanding of the pros and cons of each architecture is critical for the choice of
fabrication method.

In BGTC and TGTC designs, there's typically higher contact resistance, attributed
to the reduced contact area between the organic semiconductor channel and the source
electrode §1]. On the other hand, in top-contact con gurations, the metal electrodes are
often evaporated through a shadow mask as the nal manufacturing step. This process can
decrease the contact resistance due to enhanced metal/OSCs interface contact, promoting
better charge injection. For example, BGTC architecture involves depositing the OSCs
on the dielectric layer rst, followed by the source/drain electrod®. [This determines
a more uniform and smoother OSCs layer, useful for two-dimensional conduction at the
OSCsl/dielectric interface. However, this con guration could determine potential damage to
the sensitive OSCs layer during top contact evaporation phase.

Furthermore, top-gate designs offer an added advantage by encapsulating the device,
thereby enhancing the stability of the organic semiconductor in the presence of atmospheric
agents. The speci c geometry OFETSs also determines the processing sequence and the
deposition steps.

(a) (b) (c) (d)
Figure 1.13Schematic geometries for Organic Field-Effect Transist@sBottom-Gate Bottom-
Contact,(b) Bottom-Gate Top-Contacfc) Top-Gate Bottom-Contacfg) Top-Gate Top-Contact.

For instance, the BGBC architecture is often preferred for straightforward and rapid
processing, as the semiconductor thin Im deposition is the nal step. This approach is
particularly bene cial when testing new OSCs materials or optimizing the deposition of
organic layers. Additionally, the bottom electrodes, in BGBC and TGBC, can be modi ed
using Self-Assembled Monolayers (SAMSs) to face the charge injection challe@ges [
SAMs are molecular assemblies that spontaneously form on surfaces through the adsorption
of an active compound from a solution or vapor phase. The quality of charge injection and
transport is crucial for device performance. Charge injection, the process of introducing
charge carriers (electrons or holes) into the semiconductor layer from the electrodes, can
be signi cantly in uenced by the interface properties of the electrodes. Here, SAMSs play a
critical role:

* Reduction of contact resistance SAMs can be engineered to modify the work
function of the electrode material, making it more compatible with the semiconductor's
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energy levels. This alignment can reduce the energy barrier for charge carriers, leading
to lower contact resistance and more ef cient charge injection.

» Improved interface quality: SAMs can form highly ordered and stable interfaces,
which can improve the consistency and reliability of the charge injection process. This
improved interface quality can enhance the overall performance and stability of the
device.

» Control over interfacial chemistry: by choosing speci ¢ molecules for the SAMs,
it's possible to tailor the chemical and physical properties of the electrode surface. This
customization can be used to optimize the interaction between the electrode and the
semiconductor, further improving charge injection and transport.

 Versatility and scalability: the process of forming SAMs is relatively simple and
can be integrated into existing fabrication protocols. The integration characteristics,
combined with the ability to ne-tune the monolayer's properties, make SAMs a
versatile tool in device engineering.

In summary, the modi cation of bottom electrodes using SAMs is a sophisticated strategy
to enhance charge injection. Indeed, the potential impact of crystallization sensitivity of
the organic material to the underlying surfaces (like electrodes or dielectrics) has to be
considered, since this can lead to variable OSCs morphologies across the device [64].

1.5.1 Operation Principle

The operation principle of OFETSs is based on the conductivity modulation of the organic
semiconductors via gate voltage application. This concept is elucidated through a simpli ed
electronic energy level diagram (sé&. 1.149, depicting the HOMO and LUMO of

an organic semiconductor relative to the source/drain electrodes Fermi levels, which are
dependent on the metals work-function [60].

In the absence of a source-gate voltaged), an ideal OFETs would exhibit no mobile
charges and thus no charge transport when a source-drain volkagei¢ applied. For a
p-type semiconductor, applying a negatitgs a hole accumulation at the OSCs/dielectric
interface happend={g. 1.14h. This negativeé/sg causes an upward shift in HOMO and
LUMO energies, bringing the HOMO closer to the source electrode's Fermi Engggy (

With a suf ciently strong gate electric eld, the HOMO aligns with tlg-, enabling hole
injection and current ow [sp) from source to drain with a negativgp (Fig. 1.149.
Conversely, n-type semiconductors exhibit the reverse behavior, with electrons as the primary
charge carriers and LUMO-related conduction. Here, positite andVsp are required to
achieve charge accumulation and current dwigs. 1.14d and 1.14e
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It's evident that the alignment between the metal electroBesivith the OSCs HOMO
or LUMO is crucial to obtain an ef cient charge injection and a highly performing device.
However, this is a simpli ed description of the OFETs operation and charge transport
mechanisms. Factors like charge trapping, due to chemical or structural defects in the OSCs
or at the OSCs/dielectric interface, signi cantly impact OFETs performance. Additionally,
contact resistance, arising from mismatches between metal and semiconductor energy levels,
can also affect device functionality.

(@)

(b) (c)

(d) (e)
Figure 1.14Schematic illustration of the working principle of OFET&) Ideal device in the off-state
with no appliedVsp andVsg. (b) Shift of the HOMO/LUMO levels due to negatig;c and the
resultant hole accumulation near the OSCs/insulator inter{aelole transport induced by applying
a negativeVsp . (d) Shift in HOMO/LUMO levels caused by a positigg, leading to electron
accumulation near the OSCs/insulator interfaeg Electron transport occurring due to a positive
VSD-

To provide a mathematical representation of OFETs current-voltage characteristics,
Horowitz et al. proposed a model based on the traditional Metal-Oxide-Semiconductor Field-
Effect Transistors (MOSFETS) theorgq]. This model assumes constant charge carrier
mobility ( ) within the operational range, neglects parasitic contact resistance, and applies
the gradual channel approximation, where the gate electrode’s perpendicular electric eld is
stronger than the parallel eld from the source and drain electrodes.

This model delineates two operational regimes for the OFETs. In the linear regime,
wherejVspj << jVsg Vinj, the source-drain currentdp) linearly increases witVsp,
described by the equation:
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#
W V2
I'spilin = lin T C (Vsc Vin) Vsp % (1.10)

Conversely, in the saturation regime, whg¥epj >> jVsg  Vinj, | sp reaches a plateau,

becoming independent &p, as described by:
W C
|SD;sat = sat oL (Vsc Vth)2 (1.11)

OFETs are characterized through two primary measurements. Output characteristics
are determined by sweeping the source-drain voltage at constant gate voltages, as shown in
Fig. 1.15h Transfer characteristics, on the other hand, are derived by measygrag a
function of Vs at constan¥sp, often plotted in a semilogarithmic scale due to the wide
range of OFETSs current variationsig. 1.159.

(a) (b)
Figure 1.15Typical current-voltage characteristics of p-type OFE(Eg:Transfer characteristicé))
Output characteristics.

OFET Parameters

The electrical performance of Organic Field-Effect Transistors is characterized by several
key parameters, essential for assessing and comparing device quality and performance [37].
The most crucial OFETs parameters and their extraction methods are outlined below.

Field-Effect Mobility

The mobility ( ) of a material quanti es how readily charge carriers move within the material
under an electric eld. At low electric eld$, the average drift velocity of charge carriers
is directly proportional tde, leading to the mobility equation:
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_
= iE] (1.12)
This relation yields mobility in units of cAiV-s. However, it's important to note that this

linear relationship breaks down at high electric elds.

In OFETS, the critical parameter is the eld-effect mobility<g ). Ideally, g extracted
from OFETs characteristics should align with the intrinsic material mobility. Actual devices
often display lower mobility due to defects, contact resistance, and traps, makingore
a device parameter than a material property. Differernt values can be derived for devices
based on the same OSCs but processed differently or using varied device con gurations.

In the linear regime, g is determined using:

|
— L. . @!ED;Iin -
' W C jVsp] @Y g, =const

Plottingl sp.in VersusVsg, the slope of the curve through a linear t, and then inserting
this slope in the equation provides a mean device mobility in the linear regime. Alternatively,
calculating the derivative dfsp.jin versusVsg gives gg:in VersusVsg, which provides
some additional information of the gate voltage dependence of the mobility. In an ideal case,
the mobility should be independent of the gate voltage.

In the saturation regime gg is extracted using:

(1.13)
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Vsp = const

q —
The plotting ]l sp:satj versusVsg allows the calculation of the slope through a linear
t and then allows the determination of the mean device mobility in the saturation regime, as
depicted inFig. 1.16

Threshold Voltage and Switch-on Voltage

For MOSFETS, the threshold voltagéy) is a key parameter, de ned as the onset of strong
inversion. In OFETSs, operating mostly in the accumulation regWheis interpreted as the
gate volaage at which current begins to ow. Extractivig in the saturation regime involves
plotting jlsp:sat] versusVsg, with the intercept on th¥sg axis indicatingvy, (Fig. 1.16.
However, real devices often deviate from this linearity, making the method empirical.

The switch-on voltage\(yn) indicates when the transistor activates, or when the accumu-
lation channel is formed. It's extracted from the point in a semilogarithmic plftgdf-sat



1.5 Organic Field-Effect Transistors (OFETS) 31

versusVsg Where the current starts increasing with gate voltage. ldéajlyandVy, should
be identical and equal to zero.

On/Off Current Ratio

The on currentl@pn) and off current Kos; ) are critical for assessing OFET$g,, is the
maximum current in the on state and should be high, whie should be minimal, re ecting

the active material's quality. The on/off ratio provides insights into the switching ef ciency
and current ampli cation capability of OFETs. Comparisons should be made under the same
Vsc andVsp conditions, as illustrated iRig. 1.16

Figure 1.16 OFETSs parameters extraction shown in a typical transfer characteristic.

Subthreshold Swing

In the subthreshold region of the transfer characteristics, where the gate Wiagebelow

the threshold voltag¥y, , the Subthreshold Swing (SS) becomes a signi cant parameter. It
guanti es the sharpness of OFETSs turn-on characteristic, de ned as the voltage required to
increase the source-drain current by an order of magnitude:

|
@ogjl spj
@Yc
Typically, SS is expressed in V/dec. A smaller SS value indicates ef cient device turn-on
at a lower voltage, reducing power consumption. It also suggests a low density of charge
carrier traps and high OSCs/dielectric interface quality, as indicated by:

SS= (1.15)
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C gss
? kg T In(10)

Here,qis the electron chargé&g is the Boltzmann constant, afidis the temperature.

Nt (1.16)

Detrimental Effects on Device Performance

To optimize device performance, it has to be carefully considered the OSCs crystallization,
dielectric and electrode materials, and their interfaces. However, defects in these aspects
could lead to issues such as charge trapping and injection problems, negatively impacting
OFETSs characteristics.

Trapping of Charge Carriers and Hysteresis Effects

Hysteresis in OFETs characteristics, seen as looping ihdhealuring forward and reverse

Vs sweeps, is often caused by charge trapping. Structural defects and chemical impurities
in even the purest organic single crystals, along with the instability of organic materials under
ambient conditions (where moisture and oxygen act as dopants), contribute to this hysteresis
effect. Consequently, parameter extraction in the presence of hysteresis phenomenon should
be approached with caution.

Contact Resistance

Contact Resistance (Rat the electrodes/OSCs interface can signi cantly limit the charge in-
jection. The width-normalized contact resistanRe (W) in OFETs with solution-processed
semiconductors is considerably higher than that of Si MOSFETSs. Ef cient charge injection
requires alignment of the HOMO/LUMO energies of the semiconductor with the metal
electrodes work-function. The total resistance of a transi&pimcludes both the channel
resistanceR ) and the contact resistanded):

R = Reh+ Re (1.17)

In staggered devices, the thickness of the semiconductor layer is crucial, in uencing both
injecting and extracting electrodes' contact resistances¢fRce andRc:grain ), as well as
the internal resistance at the electrodes/OSCs interge) @nd the transport through an
OSCs bulk region with low conductivityRyik)-
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1.5.2 OFETs in Sensing Applications

As previously mentioned, the processing characteristics of organic semiconductors, including
low-temperature requirements and compatibility with solution-based techniques, make them
ideal for electronic applications that require low-cost, lightweight, large-area coverage, and
structural exibility. Organic Field-Effect Transistors, in particular, are being extensively
researched for their potential in new chemical and physical sensing devices [66].

Chemical and Bio-chemical Sensing

OFETs ability to detect analytes at low concentrations with stability, reproducibility, and
selectivity is highly valuable for applications in food processing, environmental analysis,
and medical diagnostic§7, 68]. Organic semiconductors can interact with various analytes

on the OSCs surface, within polycrystalline Im crystallites, and at the OSCs/dielectric

or OSCs/electrode interfaces. These interactions can then be transduced into measurable
electronic information through the OFETSs current-voltage characteristics.

Most OFETs-based chemical sensors measure device response in the presence of speci ¢
gases or chemical vaporgg). Advances in bio-recognition capabilities are also underway,
involving functionalization with DNA strands, antibodies, or enzymes. Yu et al. fabricated a
DNA-based chemical sensor for detecting nitrogen dioxii@4), integrated into an OFETs
(Fig. 1.17 [69].

Figure 1.17Schematic representation of DNA-based chemical sensor with sensing performance in
the presence of various N@oncentrations. Adapted from [69].

In this sensor design, DNA is applied between the gate dielectric and the organic semi-
conductor layer using spray-coating, serving as the detection layBidar Compared to
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the OFETs without the DNA layer, the OFETs with the DNA interlayer demonstrated signi -
cantly improved sensing performance in the presence of vaNQisconcentrations. The
sensitivity of the DNA-interlayered OFETSs sensor was approximately an order of magnitude
higher than that of the control device as showirig. 1.17.

This enhanced performance is evident by observing the notable shifts in saturation current
and the charge carrier mobility that occur afiD, exposure. This enhancement is attributed
to the negatively charged phosphate groups in the DNA molecules, which interact with
the NO, analytes, thereby improving the sensing performance of the DNA-incorporated
OFETs. Moreover, OFETs-based liquid sensors have been used for the detection of various
biomaterials, health-related molecules, and chiral molecilg</[l]. To this end, different
device con gurations have been developed, including OFETs and Electrolyte-Gated Organic
Field-Effect Transistors (EG-OFETIFig. 1.18.

Figure 1.18 (a)Device structure of developed EG-OFET immunosensor for C-Reaction Protein
detection(b) CRP calibration curve obtained for EG-OFET immunosensor (square symbols) [72].

EG-OFET are emerging as innovative platforms for detecting high molecular weight
biomolecules. This technology enables stable and reliable label-free sensing of specic
analytes through the appropriate functionalization of Organic Semiconductors layers or
receptor layers. Magliulo et al. successfully attached the anti-C-Reaction Protein (anti-CRP)
to a poly-3-hexyl thiophene (P3HT) OSCs surface via physical adsorption, achieving ultra-
sensitive label-free detection of CRP in clinically relevant serum sampgsAdditionally,
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to prevent non-speci ¢ absorption of the analyte CRP, a non-ionic hydrophilic polymer
(pPTHMMAA) was employed to cover the surface of P3HT not covered with the anti-CRP
monoclonal antibody. They reported a detection limit as low as 2 pM, as shokig.ith.18
Additionally, the reproducibility across devices was veri ed, with measurements from three
different immunosensors on separate chips showing variability within the range of 1% to
14%.

Physical Sensing

OFETs are widely employed for the development of new sensors for physical phenomena,
with applications in mechanical force detection and electromagnetic energy det@&iad][
Mechanical-sensing devices, particularly pressure sensors, are being explored for innova-
tive applications like electronic arti cial skin and wearable healthcare devices'p, 77].
These sensors operate by inducing changes in the active layer structure or dielectric capac-
itance under applied pressure, leading to variations in current. Their sensitivity depends
on factors like the semiconductor and microstructure of the layer. In 2005, Darlinski et al.
explored a novel application where the OFETSs itself served as the sensor elégeho|
apply mechanical force on the OFETSs, they used a motor-controlled microneedle, as depicted
in Fig. 1.19 The pressures exerted on the OFETs were quanti ed while the devices were
positioned on a balance.

Figure 1.19 (a)Schematic cross-section of the experiment when pressure is applied to the entire device,
including the pentacene channel and the source/drain contact re@ipAsansfer characteristic
showing the pressure and no-pressure states [78].

They explained that the observed changes in the drain current as a function of the
applied force resulted from alterations in the distribution of trap states near the insula-
tor/semiconductor interface. However, a signi cant limitation of these devices was their
reliance on non- exible (glass) substrates, which restricts their potentiality for wearable
applications such as electronic skin.
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In the eld of electromagnetic signal detection, which spans visible light to X-rays,
applications in biomedical imaging/sensing and optical communications are being pursued
[79]. In 2020, Temifio et al. studied the mechanisms of X-ray photoconversion using 6,13-
bis(triisopropylsilylethynyl)pentacene (TIPS) as OSCs thin Ims (as showrign1.20
[80].

Figure 1.20 (a)Schematic representation of the OFE(s. Transfer characteristics in the saturation
regime. (c) X-ray induced photocurrent response of a device upon three on/off switching cycles
employing a dose rate &BmGys . (d) Experimental and tted curves of the response of the same
device for three different dose rates of radiation [80].

They found that decreasing the grain size and increasing the number of grain boundaries
in the semiconductor material, increases the density of electron trap states. This enhancement
in electron trap density signi cantly boosts the photoconductive gain for X-ray-induced
photocurrents. Additionally, the incorporation of Polystyrene (PS) into the semiconductor
solution mitigates the density of hole traps at the interface, resulting in improved charge
carrier mobility and, subsequently, elevated device sensitivity. Indeed, the detectors developed
through Bar-Assisted Meniscus Shearing (BAMS) technique have achieved a very high
sensitivity 0f1:3  10* C=Gy cm? thanks to the morphology of the active layer and enhance
OFETs mobility. Additionally, these detectors demonstrate an exceptionally low minimum
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detectable dose rate of 36y=s. The results of this work open up the possibility of
employing organic large-area direct detectors for X-ray radiation in practical applications.

1.5.3 Objectives

This work was focused on the development of high-performance Organic Field-Effect Tran-
sistors (OFETS) using blends of p-type small molecule Organic Semiconductors (OSCs) and
insulating polymer binders. These are processed through a solution-based deposition tech-
nique known as Bar-Assisted Meniscus Shearing (BAMS). The primary aim is to understand
how various fabrication parameters impact the morphological and structural aspects of the
active layer, consequently in uencing the electrical performance of the OFETS.

The speci c objectives are:

1. Exploring TOF-SIMS in Thin Film Characterization: Employ Time-of-Flight
Secondary lon Mass Spectrometry (TOF-SIMS) to analyze organic active layers com-
prising diverse small molecule OSCs. The focus is to assess the morphology and
structure of thin Ims, as well as evaluate the reproducibility and performance of
OFETSs through this advanced analytical technique.

2. Molecular Contact Doping: Address OFETs with high contact resistance, exploring
the molecular contact doping method to reasonably boost the electrical performance.
This involves the optimization of doping and the assessment of the stability of devices
with doped OSCs.

3. Vertical Structure Investigation: Explore the nanoscale vertical structure of OSCs-
insulating polymer thin Ims. The goal is to understand the enhanced performance
offered by such blends and the role of the binding polymer. This includes correlating
different ink formulations (OSCs:polymer weight ratio) with macroscopic electrical
characteristics in OFETs devices.

4. New Application Exploration: Identify challenging applications of low-cost solution-
processed OSCs:polymer thin Ims, including exible electronics and physical input
sensing (like high-energy radiation). The focus is on the morphology-performance
relationship to enhance device response.






Low Energy lon Beam Analysis on Thin
Film Devices

In this second Chapter, an overview of the Time-of-Flight Secondary lon Mass Spectrometry
(TOF-SIMS) technique, used for analyzing thin Im devices, is provided. The rst part is
focused on the sources used for producing secondary ions, with particular attention to the
sputtering process, which generates ionized particles from the thin Im. Subsequently, the
main mechanisms of interaction between the sputtered ions and the TOF-SIMS detector,
as well as the most crucial physical quantities related to these interactions, are described.
The chapter concludes by highlighting the practical applications of TOF-SIMS on thin- Im
devices, illustrating the bene ts and advantages of TOF-SIMS for studies similar to the ones
of this work.

2.1 General Principles

Secondary lon Mass Spectrometry (SIMS) is a powerful technique capable of characterizing
the molecular composition of hybrid stacked materials with extreme surface sensitivity (1
nm sampling depth) and achieving a lateral resolution down to a few hundred nanometers. In
the last decade, SIMS, due to the ability to reveal contaminations and diffusion phenomena
[81, 82], has been widely used to characterize organic devices. This technique primarily
involves the detection of charged atoms and molecular fragments ejected from a solid-phase
sample's surface when bombarded with heavy particles. Typically, the energy range of these
projectile particles is in the order of a few keV [83].

During heavy particle bombardment, various phenomena occur. Particles from the surface
are sputtered while the bombarding entities, referred to as the primary species, are either
back-scattered or implanted into the target's condensed pRage2(l). This process of
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surface particle sputtering is one of the multiple events taking place during the surface
bombardment; other events include the emission of photons and electrons [83].

Figure 2.1 Schematic representation of the bombardment process. This illustration depicts the process
initiated by the bombardment of 'primary' ions, leading to the desorption of atoms and molecules
from the target surface.

The principal aim of SIMS, like any surface analytical technique, is to gather valuable
information regarding the structural and compositional state of the sample surface. In the
case of SIMS, this information is derived from the emission of secondary ions, which are
mass (energy) separated through different combinations of instrumental setups and analyzers.

For accurate interpretation of secondary ion mass spectra, it is fundamental to understand
the processes that lead to the emission of charged particles from an ion-bombarded solid.
Primary particles impacting on a target, not only transfer energy and momentum at the
impact point but also induce changes in the lattice structure of the sample resulting in surface
material loss.

The fundamental equation for the secondary ion current of a chemical spe@ieSIMS
is given by [84]:

I'm = lpYm O m (2.1)

where:
* |y represents the secondary ion current of a speci ¢c chemical spacigsthe context

of SIMS, this is the measured current due to ions of a particular element or molecule
sputtered from the surface of the sample being analyzed.
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* |p denotes the primary particle ux. In SIMS, a focused beam of primary ions is
directed at the sample surfadg.quanti es the number of these primary ions impacting
the surface per unit time.

* Y represents the sputter yield for speaiesThis is a measure of the ef ciency with
which the primary ion beam can eject atoms or molecules of specfesn the sample
surface. It indicates the average number of atoms or moleculesspiuttered per
incident primary ion. This yield is in uenced by several factors, including the ux
of primary ions, which affects the yield linearly, and the mass, charge, and energy of
the primary particles, which affect it nonlinearly. Additionally, the crystallinity and
topography of the sample, as well as the angle of incidence of the ion beam relative to
the surface normal, are crucial in determining the sputter yield.

» istheionization probability. When atoms or molecules are sputtered from the sample
surface, they may or may not be ionized. This probability re ects how likely it is that
a sputtered atom or molecule of speaie®ecomes ionized, and hence detectable in
SIMS.

* O is the fractional concentration of speciedn the target surface region. It represents
the abundance or concentration of the speniem the area of the sample being
bombarded by the primary ion beam.

» accounts for the transmission yield of the analysis system. It encompasses the
ef ciency with which the mass spectrometer system used in SIMS detects and transmits
the ionized species mm to the detector. This factor includes the ef ciencies of ion
extraction, focusing, and detection in the SIMS instrument.

This relationship is essential for quantitative analysis in SIMS, allowing researchers to
infer the concentration of various elements or compounds on the surface or within thin layers
of the sample based on the detected secondary ion currents.

2.2 lon-Solid Interaction

lon-solid interactions involve a series of complex processes triggered when ions collide
upon a surface. These interactions initiate a dynamic energy transfer to the target atoms,
characterized by a multifaceted set of phenomena [85, 86].

One of the primary phenomena in this interaction is the collision cascade. This occurs
when incoming ions engage multiple collisions upon striking the target surface. Each collision
has the potential to generate further collisions, creating a cascade effect. This cascade is a
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pivotal factor in determining the number of recoils initiated in the target by the ion probe,
thereby in uencing key aspects such as the distribution of damage within the target, atomic
transfer processes, and mixing in compound targets. The collision cascade is a critical
mechanism, as it shapes the outcome of the ion bombardment, affecting the physical and
chemical properties of the surface.

Another signi cant phenomenon is the scattering of i084][ As ions interact with
the target, a portion of them may be scattered back from the surface (back-scattering) or
pushed forward deeper into the material (forward-scattering). While some ions scatter, the
majority of the ions lose their energy gradually and come to rest within the bombarded
sample. This process of ion implantation can alter the material's properties and this effect has
to be carefully considered in applications such as doping in semiconductor manufacturing.

The interaction of ions with the solid surface also leads to topographical cha¥es [
The energy imparted by the ions can modify the surface at various scales, ranging from
the creation of atomic-scale vacancies to the formation of large-scale structures like craters.
These topographical changes are not only indicative of the energy and nature of the ion
bombardment but also have signi cant implications in applications like microfabrication and
surface texturing.

Sputtering is another fundamental aspect of these interac®&sHnergetic recoils,
generated near the surface, play a signi cant role in the sputtering process of the target
material. This process involves the ejection of atoms or molecules from the surface, a
phenomenon that is central for the operation of techniques like SIMS. Sputtering can provide
valuable information about the composition and structure of the target material.

In addition to these primary processes, ion-solid interactions involve numerous other
subsidiary interactions that modify the target during irradiation. These include the generation
of secondary electrons, photon emission, and radiation-induced chemical changes. The
understanding of all these process aspects is crucial for the proper interpretation of the effects
and outcomes of ion-solid interactions. This is particularly important in applications such as
SIMS, where the nature of ion-solid interactions directly in uences the analytical results.

Overall, the study of ion-solid interactions encompasses a wide range of physical and
chemical phenomena. Each of these plays a crucial role in determining the outcome of the
interaction and has speci ¢ implications in various scienti ¢ and industrial applications. The
ability to control these interactions is a key factor for further potential development in areas
ranging from material analysis to surface engineering.



2.2 lon-Solid Interaction 43

2.2.1 Scattering Cross Section

In TOF-SIMS analysis, a comprehensive understanding of the scattering cross-section is
essential35]. In such analysis, by approximation, the target is considered as consisting of
free atoms at rest, particularly when the energy of primary particles far exceeds the binding
and kinetic energies of the target atoms. This approximation allows the simpli cation of
target-probe collisions to binary interactions between two particles, which can be adequately
described by classical mechanics.

Usually, in collisions, especially those involving heavy particles, a signi cant transfer
between translational and electronic energy occurs. Such interactions are not entirely elastic
as the energy transferred to electronic states must be considered. However, in a rst approx-
imation, electronic and nuclear interactions are often treated as independent due to their
different energy scales.

The collision cascade model is fundamental in understanding SIMS anagkidt]
posits that a target atom, when hit by an incoming particle such as an ion, is propelled with
a certain velocity, initiating a series of collisions - a cascade. A critical aspect of these
interactions is the de ection angles and impact parameters. The de ection amjla
particle, which arrives with an impact paramegpecan be calculated based on the repelling
potential between the two interacting particles. The scattering cross section is de ned as
d =2 pdp.

Beyond the speci c trajectories, the statistics of energy transfer during these collisions
are considerably interesting. The cross-sectit; T) for energy transfer betwednand
T + dT can be deduced from the interaction potential of the colliding particles.

From the power-law potential approximation, the scattering cross-section can be esti-
mated. This approximation assumes that the interaction potential between the particles
follows a simple power law with respect to their separation distance. It simpli es the complex
interatomic forces into a more manageable form, making it possible to derive useful expres-
sions that describe the behavior of colliding particles. This estimation leads to expressions
involving constants that are related to the mass and atomic charge of the colliding atoms.
The collision probabilitydP and the cross section(E; T) can be estimated from these
considerations, enabling a quantitative understanding of collision processes in SIMS.

In addition to elastic and inelastic collisions, secondary ion mass spectrometry also
involves considerations of ionization probability and sputtering yied@ [The ionization
probability, which determines the likelihood of a sputtered atom becoming ionized, is
in uenced by several factors, including the atom's ionization energy and the energy imparted
by the collision. The sputtering yield, which indicates the number of atoms or molecules
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ejected from the surface per incident ion, depends on the incident ion's energy and the
material properties of the target.

The interaction of primary ions with the target surface in SIMS leads to the emission
of secondary ions, which carry valuable information about the surface's composition. The
process of ion emission and the subsequent mass spectrometric analysis are in uenced by the
scattering cross-section, as it determines the energy distribution and trajectories of ejected
particles. This understanding is crucial for optimizing SIMS conditions and interpreting
accurately the spectra, particularly in applications involving delicate surface structures or
thin Ims where precise depth pro ling is required [84].

Scattering cross section in TOF-SIMS is a fundamental aspect that underpins the accuracy
and reliability of the analysis. A thorough understanding of the collision mechanics, energy
transfer, and subsequent ionization and sputtering processes is decisive for the effective
application of SIMS in material analysis.

2.2.2 Emission Phenomena

lon-solid interactions, such as those in SIMS, involve a range of emission phenomena when a
target sample is bombarded with particle or ion beaBds [One of the primary observations

is the scattering phenomenon, where ions either scatter directly from the surface or after
partially penetrating the target. In the case of thin Im targets, a fraction of these ions may
also transmit through the material.

Electron emission is another key phenomenon, especially prevalent at low ion energies.
This process occurs through Auger processes, leading to potential emission at the surface, or
by kinetic emission, which happens if the ion's kinetic energy is suf cient for inner-shell
ionization of atoms in the solid.

Furthermore, the target or exiting particles in excited states can emit electromagnetic
radiation, which spans a broad range from infrared to X-ray regions. This radiation emission
is a critical aspect of the interaction, providing valuable insights into the energy states of the
particles involved [89].

A particularly signi cant phenomenon observed in SIMS is the ejection of atoms, known
as sputtering, which results from collisions that impart suf cient energy to atoms. The
sputtered particles can be elemental atoms, molecules, clusters, or charged ions, and they
may exist in either ground or excited states.

Sputtering, especially if involving the emission of secondary ions, is a fundamental
process in SIMS analysi88, 89]. The mechanisms of sputtering, triggered by particles with
energies ranging from a few electron volts (eV) to several mega-electron volts (MeV), are
predominantly understood. In the energy range of 100 eV to keV, sputtering is typically the
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result of atomic collisions initiating a collision cascade. When dealing with ion beams of
MeV energies, the exchange of energy with electrons plays a signi cant role.

In crystalline targets, sputtering is highly in uenced by the lattice structure. The genera-
tion of charged species, or secondary ions, is central to the operation of SIMS. The yield of
these secondary ions from a sputtered surface species is determined by both the sputter yield
and the probability of ionization. Although these processes occur almost simultaneously,
they are often considered separately for empirical modeling purposes.

The sputter yield is a critical parameter in SIMS, indicative of the amount of sample ero-
sion. Itis in uenced by a variety of factors, including the atomic mass of the projectiles, the
chemistry of the target, and the energy of the bombardment. The yield can vary signi cantly
based on the collision regime, which might be a single knock-on, linear cascade, or spike
regime. In crystalline materials, factors like surface roughness and the crystallinity of the
target affect the angular distribution of the sputter yield.

A deep understanding of these emission phenomena is essential to interpret accurately
TOF-SIMS analysis results. The interplay between sputtering and ionization processes,
along with the effects of various collision regimes and the properties of the target materials,
provides a comprehensive understanding of the characteristics of material surfaces under ion
bombardment.

2.2.3 Secondary lon Formation

Secondary ion formation in SIMS is a complex process signi cantly in uenced by electron (or
cation) exchange between emitted species and the bombarded target surface. lon formation,
fundamental for SIMS working principle, is a complex phenomenon. The ionization process,
less tractable from a theoretical perspective than sputtering, involves the dynamic emission of
atoms and multi-atomic clusters from the bombarded surface, and their subsequent ionization
mechanisms. This section brie y outlines the main theoretical approaches to secondary ion
formation.

In most cases, over 99% of the sputtered species are ne@ffalhe probability of a
sputtered particle escaping the surface as an ion is determined by the relative probabilities of
ionization and de-excitation crossing the near-surface region. This ion yield is dependent on
the electronic properties of the matrix, the so-called matrix effect. In metals, for instance,
electronic transitions are rapid, with de-excitation being a high-probability event during the
brief time it takes for a sputtered particle to travel through the near-surface region.

The ionization probability, approximated by the equation:
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P M (2.2)
}onv

where 5 and g are the energies of the ionized state and the Fermi level respectively,
is the velocity of the emerging atom, afd y is the distance over which the level width
decreases to a fraction of its bulk value, is also in uenced by molecular covalent bonding in
more complex samples.

Singly charged atomic ions, small cluster ions, and various structural ions are generated
by the bombardment of an inorganic solid with low doses of keV primary ions. These
structural ions, of particular interest for molecular speciation in mass spectra, include atomic
ions (ionized elements), cluster ions (small polyatomic secondary ions), and molecular ions
(corresponding to intact molecules after the removal of one electron). Adduct ions involve
the attachment of atomic or stable cluster ions to one or several neutral molecules, forming
monomeric or polymeric adducts. Fragment ions are generated from molecular or adduct
ions through structure-speci ¢ fragmentation mechanisms, providing supportive information
for direct speciation.

Despite numerous studies, the exact mechanism leading to the detection of ions from
the impact of a keV projectile remains not entirely clear. The interaction of a primary ion
with the solid introduces complex processes involving energy deposition, dissipation, recoil,
sputtering, and ion formation. From an experimental point of view, the separation of a single
step in this sequence is challenging, as altering one parameter tends to affect all the others.

Two qualitative models provide frameworks for understanding secondary ion generation
from molecular species. The Nascent lon-Molecule Model, developed by Gerhard and Plog
[90], focuses on cluster ion formation, primarily from oxide surfaces, and suggests that rapid
electronic transitions in the surface region neutralize all the ions before they can escape. This
model has evolved into the Valence Model, which acknowledges partial charges on cations
and anions that deviate from pure ionic values.

The Desorption lonization Model, introduced by Cooks and Bu8d&h Emphasizes
the importance of vibrational excitation in emitting clusters or molecular ions from organic
materials. It theorizes that a variety of ion emission processes are plausible in complex,
non-elemental targets.

In summary, secondary ion formation in SIMS is a multi-faceted and complex process,
in uenced by the electronic state of the surface, the chemical state of the sample, and complex
theoretical models. Understanding these processes is crucial for interpreting the large amount
of detailed data obtained from SIMS analysis.
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2.3 Secondary lons Detection and Analysis

SIMS, as extensively discussed, relies on the analysis of atomic and molecular secondary
ions emitted from a surface under primary bombardment. The analysis of charge-to-mass
ratios of these secondary ions provides direct insights into the chemical composition of the
uppermost monolayer of the bombarded surface [84].

The ef cacy of SIMS analysis is conditioned not only by the total amount of material
available and the ef ciency of the ionization process during sputtering but also by the mass
spectrometer employed. The performance of the mass analyzer is a function of several key
parameters: transmission capability, mass resolution, and accessible mass range. Continuous
instrument improvement has been really important for advancements in SIMS analytical
applications and fundamental research. Presently, SIMS is regarded as one of the most
potent techniques for surface and low-dimensional system analysis. It offers features like the
detection of all elements (including hydrogen), isotope sensitivity, molecular information,
and a low detection limit.

Initially, SIMS faced limitations due to the performance of available instrumentation.
The fact that low-dose SIMS could serve as a surface-sensitive technique was rst noted by
Benninghoven92, 93]. His results demonstrated that many components in the uppermost
monolayer of samples could be sputtered with high enough yields to generate useful spectra.
This low-current density analysis mode, known as static SIMS, is considered non-destructive
as long as the primary ion uence remains below the static limi@# ions/cnt. At this
limit, the probability of a target atom being bombarded twice is extremely low, ensuring that
the surface remains undamaged and the SIMS characterization re ects the pristine surface.

2.4 Instrumental Setup

The TOF.SIMS instrument, commercialized by IONTOF GmbH (Muenster, Germany),
is a leading product in the SIMS line and is currently operational at Roma Tre University
(Fig. 2.2. In Fig. 2.3 a schematic representation of the principal components of TOF-SIMS
is reported.

The TOF.SIMS instrument at Roma Tre University stands out for sophisticated ion
generation and analysis capabilities. Central for the functionality are two versatile ion
sources:

* Liquid Metal lon Gun (LMIG): exclusively used for surface analysis, the LMIG is
adept to generate precise monoatomit™Bion beams. This feature allows for detailed
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