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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.






Contents

Acronyms vii
Introduction 1
1 Organic Electronics 5
1.1  Brief History of Organic Electronics . . . . . . ... ... ... ...... 5

1.2 Organic Semiconductors . . . . . . . ... ... ... L. 8
1.2.1 Atomic and Molecular Orbitals . . . . . . ... ... ... ..... 9

1.2.2 Hybridization . . . . . . . . ... 10

1.2.3  Electronic Structure of Conjugated Units . . . . . ... ... ... 12

1.2.4 Charge Transport . . . . . . . . . .« . . i 13

1.3 Organic Semiconductor Materials . . . . .. ... ... ... ....... 16
1.3.1 Organic Semiconductor Deposition Techniques . . . . . . ... .. 18

1.4 Doping of Organic Semiconductor . . . . . . .. ... ... .. ...... 20
1.4.1 Mechanismsof Doping . . . . ... ... ... .. ......... 20

1.5 Organic Field-Effect Transistors (OFETs) . . . . . ... ... ... .... 25
1.5.1 OperationPrinciple . . . . ... ... ... ... ... ... .... 27

1.5.2 OFETs in Sensing Applications . . . . . . .. ... ... ..... 33

1.53 Objectives. . . . . . . . o o e e e 37

2 Low Energy Ion Beam Analysis on Thin Film Devices 39
2.1 General Principles . . . . . . . . ... L 39

2.2 Jon-Solid Interaction . . . . . . . . . . ... ... 41
2.2.1 Scattering Cross Section . . . . . . . . .. ... ... 43

2.2.2  Emission Phenomena . . . . . . . ... oo 44

2.2.3 Secondary Ion Formation . . . . . . ... ... ... ........ 45

2.3 Secondary Ions Detection and Analysis . . . . . ... ... ... ..... 47

24 Instrumental Setup . . . . . . ... 47



vi Contents
24.1 Primary IlonBeam Column . . . . . . ... ... ... ....... 49
242 Dual-SourcelonColumn . . . . . .. ... ... .......... 51
243 ElectronFloodGun. . . . . .. ... ... ... ... ... ... . 52
244 Analyzer . . . ... 52
2.5 ToF-SIMS AnalysisMode . . . .. .. ... ... ... ... ....... 54
251 StaticSIMS . . . . . 54
2.5.2 Dynamic SIMS: Depth-Profiling . . . . . ... ... ... ..... 56
2.5.3 ToF-SIMS Analysis of Thin Film Devices . . . . . . ... ... .. 57
3 Molecular Contact Doping Effects in OSCs 61
3.1 Introduction and Objectives . . . . . . . . . . . . . ... ... ... .. 61
3.2 Device Fabrication . . . . .. ... ... ... ... ... .. 65
3.3 Thin Films Characterization . . . . .. .. ... .. ... ......... 66
3.4 Electrical Characterization . . . . . . . . .. ... .. ... ... .. 69
3.5 Chemical Characterization . . . . . . . .. .. ... ... ... ...... 76
3.6 Conclusions: The Impact of Polystyrene in Inhibiting Dopant Diffusion . . 82
4 Evaluation of Blended and Non-Blended Thin Films 85
4.1 Introduction and Objectives . . . . . . . . . . ... ... ... 85
4.2 Device Fabrication . . . . .. ... .. .. ... 86
4.3 Thin Films Characterization . . . . . . ... .. ... ... ........ 87
4.4 Electrical Characterization . . . . . . . . . .. . .. ..., 91
4.5 Chemical Characterization . . . . . . . . . . . . .. ..., 95
4.6 X-RayDetection . . .. ... ... .. ... 97
4.7 Conclusions: Role of Vertical Phase Segregation on Performance and Stability 101

S Optimization of PS Concentration and PS Molecular Weight in Blended Thin

Films 103
5.1 TIonizing Radiation Detectors . . . . . . .. ... .. ... ... ...... 103

5.1.1 Detectors Based on Thin Films Organic Semiconductors . . . . . . 105

5.1.2  Photoconductive Gain Effect . . . . . .. ... ... ... .. ... 107
5.2 Device Fabrication . . .. . . ... ... ... ... 109
5.3 Thin Films Characterization . . . . . . . .. ... ... ... ....... 110
5.4 Electrical Characterization . . . . . . . . . .. .. ... ... ....... 112
5.5 Chemical Characterization . . . . . . . .. ... ... ... ........ 118
5.6 X-ray Detection . . . . . . . . ... 122

5.7 Conclusions: PS Role for High X-Ray Sensitivity . . . . . ... ... ... 123



Contents vii

Conclusions 125

Bibliography 129






Acronyms

AFM Atomic Force Microscopy.
AQOs Atomic Orbitals.

BAMS Bar-Assisted Meniscus Shearing.
BGBC Bottom-Gate Bottom-Contact.
BGTC Bottom-Gate Top-Contact.

BTBT benzothieno[3,2-b][1]benzothiophene.

Cs-BTBT-C; 2,7-dioctyl[1]benzothieno[3,2-b][1]benzothiophene.
CB Conduction Band.
CPX Charge Transfer compleX.

DC Direct Current.

DFT Density Functional Theory.

EA Electron Affinity.
EG-OFET Electrolyte-Gated Organic Field-Effect Transistors.

ETL Electron-Transporting Layer.
F4TCNQ 2,3,5,6-tetrafluoro-7,7,8,8- tetracyanoquinodimethane.

HMWPS High-Molecular-Weight Polystyrene.
HOMO Highest Occupied Molecular Orbital.

HTL Hole-Transporting Layer.

IEs Ionization Energies.

IPA Ion Pair.



Acronyms

LCAOs Linear Combination of Atomic Orbitals.
LMIG Liquid Metal Ion Gun.

LMWPS Low-Molecular-Weight Polystyrene.
LUMO Lowest Unoccupied Molecular Orbital.

MOs Molecular Orbitals.

MOSFETs Metal-Oxide-Semiconductor Field-Effect Transistors.

MVA Multivariate Analysis.

OEs Organic Electronics.
OFETs Organic Field-Effect Transistors.
OLEDs Organic Light-Emitted Diodes.

OSCs Organic Semiconductors.

PCA Principal Component Analysis.
PFBT 2.3,4,5,6-pentafluorothiophenol.
PS Polystyrene.

PVD Physical Vapor Deposition.

R Contact Resistance.

RMS Root Mean Square.

SAMs Self-Assembled Monolayers.
SIMS Secondary Ion Mass Spectrometry.
SS Subthreshold Swing.

TCNQ Tetracyanoquinodimethane.
TGBC Top-Gate Bottom-Contact.
TGTC Top-Gate Top-Contact.

TIPS 6,13-bis(triisopropylsilylethynyl)pentacene.

TMTES 1,4,8,11-Tetramethyl-6,13-triethylsilylethynylpentacene.

TOF Time-of-Flight.
TOF-SIMS Time-of-Flight Secondary Ion Mass Spectrometry.



Acronyms

xi

UHYV Ultra-High Vacuum.

VB Valence Band.
VSEPR Valence-Shell Electron-Pair Repulsion.

XRD X-Ray Diffraction.






Introduction

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

The flexible nature of organic materials used in OFETs offers several advantages when
compared with traditional inorganic semiconductors. This flexibility enables the fabrication
of bendable and foldable electronic devices and opens up new possibilities in the field of
wearable electronics and flexible 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 OFETsS in
specific 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, I 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 five chapters, each chapter addresses a specific scientific

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-film 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 OFETs.

Chapter 2: Low Energy Ion Beam Analysis on Thin Film Devices This chapter ex-
plains the utilization of the Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS)
technique for thin film devices. The significance of TOF-SIMS in characterizing thin films
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 OFETs, 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 films, 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 benefits 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 final chapter extends
the research to the implementation of these devices as detectors for ionizing radiation. This
chapter explores the potential modifications 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, I have had the opportunity to collaborate with esteemed researchers in this
field. Notably, I worked closely with Prof. Marta Mas-Torrent at the Institut de Ciencia 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 field of organic electronics and my future perspective.

A significant part of this research involved a five-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 (OFETs). 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 OFET:s structural design, functional principles, and key electrical properties are
explored. Considering that OFETs are a significant 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 first transistor using germanium as the semiconductor material [1]. This
germanium-based transistor is recognized as a key invention of the 20th century: for their
contributions to the field 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 1954 [2]), attracting 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 technologies [3].



6 Organic Electronics

Additionally, the demand for more flexible 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 field 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 field of Organic Electronics, several significant 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 transfer [S]. In 1973,
Anderson and colleagues noted the presence of metallic conductivity in the organic metal
complex tetrathiafulvalene-tetracyanoquinodimethane (TTF-TCNQ) [6]. A significant 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 (OLEDs) [9], Organic Solar Cells [10], and Organic Field-
Effect Transistors (OFETs) [11].

OLED:s, 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 first OLEDs,
realized by Tang and al. in 1987 [12], had a bilayer structure with an Electron-Transporting
Layer (ETL) and a Hole-Transporting Layer (HTL), as shown in Fig. 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 significant 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 flexible smartphones, Fig. 1.1b, underscores the increasing incorporation and
significance of flexible electronics in our everyday lives, highlighting the ongoing evolution

and the potential of organic electronics in the modern era.

electron and holes form excitons

b Electron blocking (recombination region)
LUMO S
90 / e ‘{3%97
HOST Cathode
HTL
doped itters ETL
HOMO N
>
AR A oo
u=4 Anode Hole blocking
(a) (b)

Figure 1.1 (a) Schematic energy level diagram for OLEDs devices [14]. (b) Flexible OLEDs displays.
The image was taken from the website of Samsung (https://oledera.samsungdisplay.com/eng/
flex-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 five crucial stages, as
depicted in Fig. 1.2a: firstly, 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
finally, the collection of carriers by these electrodes [15].

While organic solar cells have demonstrated promising power conversion efficiency,
currently peaking at around 17% [16], their market presence is yet to be established (a
prototype is shown in Fig. 1.2b). One of the weaknesses of the commercial rollout is the
short operational lifetime. The potential and efficiency 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 significant category of
Organic Electronics devices. Within this device, the current flowing between the source and
drain electrodes is effectively regulated by a third electrode, known as the gate through the
mechanism of field effect; further details will be reported in the next sections. The origin of
the first thiophene polymer-based OFETSs can be traced back to the work of Tsumura et al. in
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8 Organic Electronics

1986 [17]. OFETs permit the integration into flat panel displays employing flexible 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 hv
(lll)_:‘ Nes(®)

(@) muG)

LUMO

Acceptor

(a) (b)
Figure 1.2 (a) Schematic energy level diagram for organic solar cells devices [15]. (b) Flexible
organic solar cells. The image was taken from (https://www.ise.fraunhofer.de/en/business-areas/
photovoltaics/perovskite-and-organic-photovoltaics/organic-solar-cells-and-modules.
html).

Furthermore, OFETs find applications in various domains, including small integrated
circuits, radio frequency identification 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 flexibility
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and adaptability characteristics of organic materials. Serving as a unique class of materials,
OSCs efficiently integrate the electronic advantages found in semiconductors with the
chemical and mechanical benefits 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 modified through chemical synthesis. The
modifications enable the tailoring of their electronic properties, including the adjusting of the
emission wavelengths and the solubility enhancement, facilitating the creation of thin films
that are not only resilient, lightweight, and flexible but also easily tailored to specific 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 Schrodinger
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 function v(7,t), and |1 (7, t)|?
which represents the probability to find the electron at location 7~ at the time ¢. These wave
functions define Atomic Orbitals (AOs), characterized by three quantum numbers: n, [, and
m.

The principal quantum number (n) 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 number (/), also known as the angular momentum quantum number,
defines the shape of the AOs. The value of [ ranges is [0,n — 1]. Each value of [ corresponds
to a particular type of orbital: [ = 0 represents s-orbitals, [ = 1 corresponds to p-orbitals,
and so on. The magnetic quantum number () indicates the orientation of the AOs in space.
It can take integer values in the range [—[,+[|. The different values of m for a given I
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
semiconductors [19]. 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 systems [20]. This
method identifies 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 (E¢). For instance, in hydrogen, the MOs comprises bonding and antibonding orbitals

with energy levels lower and higher than the original AOs, respectively as shown in Fig. 1.3.

¢* (antibonding)

Energy

\ /
| * o (bonding)

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 (i.e. CH4, methane). In 1931, Linus Pauling
introduced orbital hybridization to address this aspect, elucidating the molecular geometry
of carbon compounds [21]. Through hybridization, atomic orbitals combine to form hybrid
orbitals: this perfectly explains the tetrahedral structure of methane (CHy). According to
Valence-Shell Electron-Pair Repulsion (VSEPR) model, carbon can form three different
types of hybrid orbitals: sp, sp?, and sp?, which are the combinations of s and p orbitals
(Fig. 1.4). For example, in sp? hybridization, the 2s orbital combines with two of the
2p orbitals, forming three hybrid sp? orbitals that lie in the XY plane, while the fourth
unhybridized orbital (in this case, 2p,) is orthogonal to the XY plane. The hybridization
model is crucial for understanding the structures of various organic compounds (Fig. 1.4),
such as ethylene (CoHy) and acetylene (CoH»): these compounds show specific bonding and
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electron delocalization characteristics that influence their energy gaps and, consequently,
their electronic and optical properties.

When two sp?-hybridized carbon atoms are in proximity, two different types of chemical
bonds can be made, as shown in Fig. 1.4. The overlap between two sp? orbitals leads to a
covalent bond called a o-bond, formed along the line joining the two carbon atoms’ nuclei.
The partial overlap between the two unhybridized 2p, orbitals forms another type of covalent
bond called a 7-bond. The o-bond is much stronger than the 7-bond due to the bigger
overlapping between the two sp® orbitals compared to the two unhybridized 2p, orbitals.

' Polyacetylene (sp® - hybridized)
‘ —
¢ R b ¢
W\ | |
p-orbital W N sp? C C
(o Py P w2 ' B /n
X y zZ \ \ — H H
VN oy
Y 6 bond
?5 v
= VAN
= A
= I\, Polyacetylene (sp? - hybridized)
I\
!, \ H
// 7\ s > n
/ \ .
S-orbital (s) -
!/ e
4
;f - 7 bond

Figure 1.4 Schematic representation of orbital hybridization structures — sp (linear), sp? (trigonal
planar) and sp? (tetrahedral) — and polymer examples for the sp? and sp> hybrid orbitals. Adapted
from [22].

This aspect has significant implications for the electrical behavior of organic molecules.
The o-electrons, involved in the o-bond, are too localized to be free to move, while the
m-electrons, involved in the 7-bond, are much more delocalized. As a result, the o-electrons
form the skeleton of the molecules, while the 7-electrons 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 double 7-bonds alternate. The length of the w-conjugated
systems determines whether the organic semiconductor is a small molecule or a polymer.
Small molecules have a well-defined 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 polyacetylene ([CoH3],,), as a straightforward example of
a conjugated polymer. In this structure, every carbon atom undergoes sp? hybridization,
bonding with three other atoms as depicted in Fig. 1.5. The carbon atoms’ non-hybridized
p-orbitals are oriented perpendicular to the carbon chain plane, interacting to establish 7-
bonds. Not confined to a specific bond, electrons within these 7m-bonds are free to go along

the carbon chain.

CH CH CH CH

W e

v [

Figure 1.5 Energy diagram of the formation of 7 orbitals 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 the 7 and 7* orbitals. For CoHy, this results in a single 7
and one 7* level; C4Hg has two 7 and two 7* levels, while a polyacetylene chain consisting
of n carbon atoms will have 57 and 57* levels. In polyacetylene structures, all bonding

m-orbitals are electron-filled, leaving the antibonding 7* orbitals vacant. Consequently, the
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highest energy level of the 7 levels aligns with the HOMO, and the LUMO corresponds with
the lowest energy level of the 7* 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 7 electron, a homogeneous distribution of these electrons along the chain would
result in uniform distances between the carbon atoms. In the case of infinitely 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 eV [25]. For exceptionally long
chains, the differences within the 7 levels, and between the 7* levels, become negligible.
This minimal difference allows these levels to be perceived as continuous 7 and 7* bands.
The electron-filled 7 band and the vacant 7* band are identified as the Valence Band (VB)
and Conduction Band (CB), respectively.

1.2.4 Charge Transport

Charge transport mechanisms in OSCs contrast significantly 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 the 7 orbital overlap, intimately
tying charge transport to the structural attributes of the organic film. 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 significant 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 Mott [29] and Conwell [30], and subsequently refined by Miller
and Abrahams [31], 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 (i
T7"0<n<3)

On the contrary, the hopping mechanism is thermally assisted, leading to an increase
in mobility while the temperature rises. Specifically, within the hopping model framework,
mobility is directly proportional to the transition rate W;; between two distinct states, such
as from state ¢ to state j. This relationship is represented by the Miller-Abrahams expression:

€;—€;
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where v represents the phonon vibration frequency, -y represents the wavefunction
overlap between states, I?;; is the distance between the two states, and ¢;, ¢; are the energies

of the initial and final states, respectively.

Small Polaron Model

Introduced by Holstein in 1959 [32], the Small Polaron theory aims to elucidate the nature of

localized states in organic materials. This model suggests that when a charge passes through
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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 energy E7, arises from the

sum of N harmonic oscillators, each vibrating at frequency wp:

By =1 f; (Mw2u2 +p721> (1.2)
_ 2 2,2 4 Pn _
2 = "M

where u,, represents the displacement of the n'" molecule from the equilibrium position,
and M 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 significance 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 semiconductors [33]. 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 al. [34] 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 mobilities (g
and up):

1 1 1
—=—+— (1.3)
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The mobility varies based on the grain size relative to the Debye Length, distinguishing
two distinct regimes for charge transport in polycrystalline semiconductors:

1. For | > 2L p, traps are primarily located at the grain boundaries. The mobility in this

scenario is governed by:
_ 9 (1.4)
8kpT
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where ¢ is the electrical charge, E is the mean velocity of the charge, and Ep
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, for [ < Lp, the traps at grain boundaries are considered to be uniformly
distributed. Mobility in this case is described by:

Ep

froc poe FBT (1.5)

with po being the intrinsic mobility within the grain. This regime is characterized by
thermally activated transport, where mobility increases with increasing temperature.
The energy barrier E'p 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 m-conjugated system, where electrons are delo-
calized over the entire structure. OSCs are classified 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 eV [35]. Conversely, n-type OSCs, being electron acceptors,
display a low LUMO energy around -4.0 eV [36]. In ambipolar OSCs, charge transport of
both holes and electrons is possible, depending on the applied electric field.

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 performances [37, 38]. 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 m — 7 orbitals,
making molecular ordering crucial for high-performance OFETs.

Polymer OSCs, shown in Fig. 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 cm?/V-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 cm?/V-s [40], and donor-acceptor copolymers like
cyclopentadithiophene-benzothiadiazole (CDT-BTZ), with mobilities up to 3.3 cm?/V-s [41].

Small molecule OSCs, shown in Fig. 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 field-effect mobilities, typically around 10 cm?/V-s [37].
Examples include TIPS-pentacene, TMTES-pentacene, rubrene, diF-TES-ADT, C10-DNTT,
DB-TTF, and C8-BTBT.
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Figure 1.7 Molecular structures of small molecule p-type OSCs.
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However, the manufacturing of uniform thin films 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 film 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 vacuum [42]. Typically, the material is placed in an alumina boat inside a vacuum
chamber at pressures ranging from 107 to 10~8 mbar. A schematic representation of an
evaporation chamber is illustrated in Fig. 1.8.
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Figure 1.8 Schematic representation of a thermal evaporation system [42].

The process yields high-quality films with precise control of film thickness. Substrate

temperature control can impact film 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 film 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
film. 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 N») to vaporize the OSCs solution
and deposit it on the substrate. It can cover large areas and it is versatile for different

substrates, but films tend to have higher roughness compared to other techniques.

Zone Casting: it involves continuous deposition from a flat nozzle on a moving
substrate. It’s suitable for large-scale manufacturing but films result highly anisotropic

and the deposition speed is slow.

Blade Coating: an OSCs solution is spread on the substrate using a blade; the film
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 film as the meniscus is dragged horizontally (Fig. 1.9). In
BAMS, the film thickness depends on the solution viscosity, surface tension, substrate
surface energy, and bar/substrate speed [44]. The substrate temperature also influences
film 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 films.
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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 transistor [45]. 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 layers [46]. Nowadays, a pivotal advancement was observed with the
introduction of molecular dopants: these larger dopants provided a similar function without

the significant 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 theory [49], the densities of negative (ng) and
positive charge carriers (pp) in an intrinsic semiconductor can be calculated using Fermi-
Dirac statistics, depending on the positions of the Conduction Band (CB) (£¢) and Valence
Band (VB) (Ey). For intrinsic semiconductors (ng = pg), the Fermi level (E'r) is located
near the gap’s center (Fy = E¢ — Ey) and is given by:

EF—EZ‘(]—I—I{B;jln(]]zZ) (1.6)
where N and Ny are the effective densities of states in the CB and VB, respectively.

In n-type semiconductors, impurity atoms create shallow donor states (~p) below the CB
edge, shifting the Fermi level towards the CB. Similarly, in p-type semiconductors, shallow
acceptor states (£ 4) are introduced above the VB edge, shifting the Fermi level towards the

VB. These states are positioned close to the respective band edges:

|Ec — Ep| < kgTn (§2)

(1.7)
By — Ea| < kpTn (§2)

where Np and N4 are the effective densities of states in the donor states and acceptor
states, respectively. The Fermi level for n-type and p-type semiconductors (Fig. 1.10) is thus

given by:
Ep = Ec—kpTln (32)

(1.8)
Ep=FEy+kgTln (%—X)

respectively. This indicates that, by controlling the dopant concentrations (/Np and N,), 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 significantly 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.



22 Organic Electronics

E intrinsic-type E n-type E n-type

Ey Ey Ey

Je® Jr® Jr®

Figure 1.10 Fermi level shift: n-type doping induces an upward shift of E'r towards the CB due to
shallow donor states; p-type doping leads to a downward shift of Er towards the VB with shallow
acceptor states.

For molecular doping of organic semiconductors, two distinct mechanisms are known:
Ion Pair (IPA) formation and ground state Charge Transfer compleX (CPX) formation
(Fig. 1.11) [50]. 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 Affinity (EA) be greater than the host’s Ionization
Energies (IEs) (E Agopant > I Enos) for efficient 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 complex (Eg I/Dg() can be derived via [51]:

HL E}‘lHOtMO—f‘EC{/UMO 1
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where E}fggM O is the energy of the host’'s HOMO, EdLogM O is the energy level of the
dopant’s LUMO, and /3 is the resonance integral describing the interaction. CPX formation
does not require the condition E Agopant > I Ehog to be fulfilled 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].
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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 matrix. (b) 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 iodine (I2),
bromine (Brs), chloride (Clz), 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
unsatisfied aromatic rings, marked a significant advancement. A prototypical example is
Tetracyanoquinodimethane (TCNQ) [54], 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-tetrafluoro-7,7,8,8- tetracyanoquinodimethane (FATCNQ) (Fig. 1.12), a fully
fluorinated version of TCNQ with an EA of 5.2 eV [54], emerged as an effective molecular
p-dopant, capable of successfully doping a wide range of organic semiconductors.
However, it sublimes around 80 °C 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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fluorinated 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].

F4TCNQ F6TCNNQ

Figure 1.12 Chemical 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 instability [52, 51]. The first
molecular n-dopant, BEDT-TTF, despite not being so efficient, 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)g]o, Wy(hpp)4, or Cra(hpp)s, and organometallic sandwich
compounds, like cobaltocene or decamethylcobaltocene [S5]. Some of these dopants were
highly efficient, 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 exemplified 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 EAs > 4.0 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 efficacy 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 eV [58]. 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
efficient 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 efficient 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 (OFETSs) 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 flowing 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
configuration. This arrangement allows, when an electric field 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 OFETs, conduction is primarily confined to
the initial few monolayers of the organic semiconductor, which facilitates charge transport.
This selective conductivity is a key feature of OFETs, influencing their operational efficiency
and potential application.

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

These configurations 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. 1.13a Bottom-Gate Bottom-Contact (BGBC), Fig. 1.13b Bottom-Gate Top-Contact
(BGTCO), Fig. 1.13¢ Top-Gate Bottom-Contact (TGBC), Fig. 1.13d Top-Gate Top-Contact
(TGTC) geometries. The choice of OFETSs architecture significantly influences 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 [61]. On the other hand, in top-contact configurations, the metal electrodes are
often evaporated through a shadow mask as the final 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 first, followed by the source/drain electrodes [62]. This determines
a more uniform and smoother OSCs layer, useful for two-dimensional conduction at the
OSCs/dielectric interface. However, this configuration 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 specific geometry OFETs also determines the processing sequence and the
deposition steps.
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Figure 1.13 Schematic geometries for Organic Field-Effect Transistors: (a) Bottom-Gate Bottom-
Contact, (b) Bottom-Gate Top-Contact, (¢) Top-Gate Bottom-Contact, (d) Top-Gate Top-Contact.

For instance, the BGBC architecture is often preferred for straightforward and rapid
processing, as the semiconductor thin film deposition is the final step. This approach is
particularly beneficial when testing new OSCs materials or optimizing the deposition of
organic layers. Additionally, the bottom electrodes, in BGBC and TGBC, can be modified
using Self-Assembled Monolayers (SAMs) to face the charge injection challenges [63].
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 significantly influenced by the interface properties of the electrodes. Here, SAMs 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 efficient 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 specific 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 fine-tune the monolayer’s properties, make SAMs a

versatile tool in device engineering.

In summary, the modification 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 OFETs is based on the conductivity modulation of the organic
semiconductors via gate voltage application. This concept is elucidated through a simplified
electronic energy level diagram (see Fig. 1.14a), 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 voltage (Vsq), an ideal OFETs would exhibit no mobile
charges and thus no charge transport when a source-drain voltage (Vgp) is applied. For a
p-type semiconductor, applying a negative Vg a hole accumulation at the OSCs/dielectric
interface happens (Fig. 1.14b). This negative Vg causes an upward shift in HOMO and
LUMO energies, bringing the HOMO closer to the source electrode’s Fermi Energy (Er).
With a sufficiently strong gate electric field, the HOMO aligns with the E'r, enabling hole
injection and current flow (/gp) from source to drain with a negative Vgp (Fig. 1.14c).
Conversely, n-type semiconductors exhibit the reverse behavior, with electrons as the primary
charge carriers and LUMO-related conduction. Here, positive Vs and Vgp are required to

achieve charge accumulation and current flow (Figs. 1.14d and 1.14e).
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It’s evident that the alignment between the metal electrodes’ E'r with the OSCs HOMO
or LUMO is crucial to obtain an efficient charge injection and a highly performing device.
However, this is a simplified 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, significantly impact OFETs performance. Additionally,
contact resistance, arising from mismatches between metal and semiconductor energy levels,
can also affect device functionality.
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Figure 1.14 Schematic illustration of the working principle of OFETs: (a) Ideal device in the off-state
with no applied Vsp and Vsg. (b) Shift of the HOMO/LUMO levels due to negative Vs and the
resultant hole accumulation near the OSCs/insulator interface. (¢) Hole transport induced by applying
a negative Vgp. (d) Shift in HOMO/LUMO levels caused by a positive Vg, leading to electron
accumulation near the OSCs/insulator interface. (e) Electron transport occurring due to a positive
Vsp.

To provide a mathematical representation of OFETSs current-voltage characteristics,
Horowitz et al. proposed a model based on the traditional Metal-Oxide-Semiconductor Field-
Effect Transistors (MOSFETSs) theory [65]. This model assumes constant charge carrier
mobility (x) within the operational range, neglects parasitic contact resistance, and applies
the gradual channel approximation, where the gate electrode’s perpendicular electric field is
stronger than the parallel field from the source and drain electrodes.

This model delineates two operational regimes for the OFETs. In the linear regime,
where |Vsp| << |Vsg — Vin|, the source-drain current (/sp) linearly increases with Vsp,
described by the equation:
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Conversely, in the saturation regime, where |Vgp| >> |Vsg — Vip|, Isp reaches a plateau,

becoming independent of Vgp, as described by:
w.C 9
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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. 1.15b. Transfer characteristics, on the other hand, are derived by measuring I/gp as a

function of Vg at constant Vgp, often plotted in a semilogarithmic scale due to the wide
range of OFETs current variations (Fig. 1.15a).
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Figure 1.15 Typical current-voltage characteristics of p-type OFETs: (a) Transfer characteristics, (b)
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 (1) of a material quantifies how readily charge carriers move within the material
under an electric field. At low electric fields F, the average drift velocity v of charge carriers

is directly proportional to £, leading to the mobility equation:
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v
N:|’E|| (1.12)

This relation yields mobility in units of cm?/V-s. However, it’s important to note that this
linear relationship breaks down at high electric fields.

In OFETs, the critical parameter is the field-effect mobility (1 rg). Ideally, ppp extracted
from OFETs characteristics should align with the intrinsic material mobility. Actual devices
often display lower mobility due to defects, contact resistance, and traps, making ;. r more
a device parameter than a material property. Different y g values can be derived for devices
based on the same OSCs but processed differently or using varied device configurations.

In the linear regime, g is determined using:

(1.13)

UFE lin = L . <MSD’M>
WO |VSD| IVsa Vgp=const

Plotting I p 1in versus Vg, the slope of the curve through a linear fit, and then inserting
this slope in the equation provides a mean device mobility in the linear regime. Alternatively,
calculating the derivative of Isp j;,, versus Vsg gives jipg i, versus Vg, 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, j g is extracted using:

2-L [ 0\/|Isp,sat
= : ’ 1.14
UFE, sat WO ( aVSG ( )
Vsgp=const

The plotting /|Isp sqt| versus Vgg allows the calculation of the slope through a linear
fit and then allows the determination of the mean device mobility in the saturation regime, as
depicted in Fig. 1.16.

Threshold Voltage and Switch-on Voltage

For MOSFETs, the threshold voltage (V4) is a key parameter, defined as the onset of strong
inversion. In OFETS, operating mostly in the accumulation regime, Vy, is interpreted as the
gate voltage at which current begins to flow. Extracting 1/}, in the saturation regime involves
plotting \/|/sp sqt| Versus Vse, with the intercept on the V¢ axis indicating Vy, (Fig. 1.16).
However, real devices often deviate from this linearity, making the method empirical.

The switch-on voltage (V,,,) indicates when the transistor activates, or when the accumu-

lation channel is formed. It’s extracted from the point in a semilogarithmic plot of |/sp sat|
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versus Vg where the current starts increasing with gate voltage. Ideally, V,,,, and V}; should
be identical and equal to zero.

On/Off Current Ratio

The on current (/,,) and off current (I,7s) are critical for assessing OFETs. I, is the
maximum current in the on state and should be high, while /s ; should be minimal, reflecting
the active material’s quality. The on/off ratio provides insights into the switching efficiency
and current amplification capability of OFETs. Comparisons should be made under the same
Vsa and Vgp conditions, as illustrated in Fig. 1.16.
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Figure 1.16 OFETs parameters extraction shown in a typical transfer characteristic.

Subthreshold Swing

In the subthreshold region of the transfer characteristics, where the gate voltage Vg is below
the threshold voltage 1}, the Subthreshold Swing (SS) becomes a significant parameter. It
quantifies the sharpness of OFETSs turn-on characteristic, defined as the voltage required to

increase the source-drain current by an order of magnitude:

~ (olog|lsp|\
SS—( IWeac (1.15)

Typically, SS is expressed in V/dec. A smaller SS value indicates efficient 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:
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Here, g is the electron charge, kg is the Boltzmann constant, and 7 is the temperature.

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
OFETs characteristics.

Trapping of Charge Carriers and Hysteresis Effects

Hysteresis in OFETSs characteristics, seen as looping in the /gp during forward and reverse
Vsa 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 (Rc) at the electrodes/OSCs interface can significantly limit the charge in-
Jjection. The width-normalized contact resistance (R¢ - W) in OFETs with solution-processed
semiconductors is considerably higher than that of St MOSFETs. Efficient charge injection
requires alignment of the HOMO/LUMO energies of the semiconductor with the metal
electrodes work-function. The total resistance of a transistor (1) includes both the channel

resistance (R.5) and the contact resistance (R¢):

R=R.+ Rc (1.17)

In staggered devices, the thickness of the semiconductor layer is crucial, influencing both
injecting and extracting electrodes’ contact resistances (Ro source and Re grqin), as well as
the internal resistance at the electrodes/OSCs interface ([/;,;) and the transport through an
OSCs bulk region with low conductivity (Rp,;x)-
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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 flexibility. 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 diagnostics [67, 68]. Organic semiconductors can interact with various analytes
on the OSCs surface, within polycrystalline film crystallites, and at the OSCs/dielectric
or OSCs/electrode interfaces. These interactions can then be transduced into measurable
electronic information through the OFETsSs current-voltage characteristics.

Most OFETs-based chemical sensors measure device response in the presence of specific
gases or chemical vapors [68]. 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 dioxide (NO,), integrated into an OFETs
(Fig. 1.17) [69].
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Figure 1.17 Schematic representation of DNA-based chemical sensor with sensing performance in
the presence of various NO; concentrations. 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 layer for NO,. Compared to
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the OFETs without the DNA layer, the OFETs with the DNA interlayer demonstrated signifi-
cantly improved sensing performance in the presence of various NO, concentrations. The
sensitivity of the DNA-interlayered OFETSs sensor was approximately an order of magnitude
higher than that of the control device as shown in Fig. 1.17.

This enhanced performance is evident by observing the notable shifts in saturation current
and the charge carrier mobility that occur after NO, 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 molecules [70, 71]. To this end, different
device configurations have been developed, including OFETs and Electrolyte-Gated Organic
Field-Effect Transistors (EG-OFET) (Fig. 1.18).
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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 specific
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 samples [72]. Additionally,
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to prevent non-specific 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 shown in Fig. 1.18.
Additionally, the reproducibility across devices was verified, 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 detection [73, 74].

Mechanical-sensing devices, particularly pressure sensors, are being explored for innova-
tive applications like electronic artificial skin and wearable healthcare devices [75, 76, 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 OFETs itself served as the sensor element [78]. To
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 quantified while the devices were

positioned on a balance.
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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 regions; (b) Transfer 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 significant limitation of these devices was their
reliance on non-flexible (glass) substrates, which restricts their potentiality for wearable

applications such as electronic skin.
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In the field 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 films (as shown in Fig. 1.20)
[80].
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Figure 1.20 (a) Schematic representation of the OFETs. (b) Transfer characteristics in the saturation
regime. (¢) X-ray induced photocurrent response of a device upon three on/off switching cycles
employing a dose rate of 53mGys~". (d) Experimental and fitted 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 significantly 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 of 1.3 x 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 35 uGy/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 (OFETSs) 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 influencing the electrical performance of the OFETs.

The specific objectives are:

1. Exploring TOF-SIMS in Thin Film Characterization: Employ Time-of-Flight
Secondary Ion 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 films, as well as evaluate the reproducibility and performance of
OFETs 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 films. 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 films, including flexible electronics and physical input
sensing (like high-energy radiation). The focus is on the morphology-performance
relationship to enhance device response.






Low Energy Ion Beam Analysis on Thin
Film Devices

In this second Chapter, an overview of the Time-of-Flight Secondary Ion Mass Spectrometry
(TOF-SIMS) technique, used for analyzing thin film devices, is provided. The first 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 film. 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-film
devices, illustrating the benefits and advantages of TOF-SIMS for studies similar to the ones
of this work.

2.1 General Principles

Secondary Ion 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 phase (Fig. 2.1). 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 species m in SIMS
is given by [84]:

Iy = Ipymoaqmpt 2.1

where:
* [,, represents the secondary ion current of a specific chemical species m. In the 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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* I, denotes the primary particle flux. In SIMS, a focused beam of primary ions is
directed at the sample surface. I, quantifies the number of these primary ions impacting

the surface per unit time.

* y.,, represents the sputter yield for species m. This is a measure of the efficiency with
which the primary ion beam can eject atoms or molecules of species m from the sample
surface. It indicates the average number of atoms or molecules of m sputtered per
incident primary ion. This yield is influenced by several factors, including the flux
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.

* « 1s the ionization probability. When atoms or molecules are sputtered from the sample
surface, they may or may not be ionized. This probability reflects how likely it is that
a sputtered atom or molecule of species m becomes ionized, and hence detectable in
SIMS.

* qp, is the fractional concentration of species m in the target surface region. It represents
the abundance or concentration of the species m in the area of the sample being

bombarded by the primary ion beam.

* 1 accounts for the transmission yield of the analysis system. It encompasses the
efficiency with which the mass spectrometer system used in SIMS detects and transmits
the ionized species mm to the detector. This factor includes the efficiencies 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 TIon-Solid Interaction

Ion-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 influencing 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 significant phenomenon is the scattering of ions [84]. 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 changes [87].
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 significant implications in applications like microfabrication and
surface texturing.

Sputtering is another fundamental aspect of these interactions [88]. Energetic recoils,
generated near the surface, play a significant 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 influences 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 specific implications in various scientific 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.
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2.2.1 Scattering Cross Section

In TOF-SIMS analysis, a comprehensive understanding of the scattering cross-section is
essential [85]. 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 simplification 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 significant 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 first 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 analysis [86]. It
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 deflection angles and impact parameters. The deflection angle 6 of a
particle, which arrives with an impact parameter p, can be calculated based on the repelling
potential between the two interacting particles. The scattering cross section is defined as
do = 2mpdp.

Beyond the specific trajectories, the statistics of energy transfer during these collisions
are considerably interesting. The cross-section o(FE,T') for energy transfer between 7" and
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 simplifies 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 probability dP and the cross section o(FE,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 yields [88]. The ionization
probability, which determines the likelihood of a sputtered atom becoming ionized, is
influenced 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 influenced 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 films where precise depth profiling 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

Ion-solid interactions, such as those in SIMS, involve a range of emission phenomena when a
target sample is bombarded with particle or ion beams [84]. 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 film 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 sufficient 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 significant phenomenon observed in SIMS is the ejection of atoms, known
as sputtering, which results from collisions that impart sufficient 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 analysis [88, 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 significant role.

In crystalline targets, sputtering is highly influenced 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. It is influenced 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 significantly
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 Ion Formation

Secondary ion formation in SIMS is a complex process significantly influenced by electron (or
cation) exchange between emitted species and the bombarded target surface. Ion 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 briefly outlines the main theoretical approaches to secondary ion
formation.

In most cases, over 99% of the sputtered species are neutral [84]. The 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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Px w (2.2)
Thynv

where €, and € are the energies of the ionized state and the Fermi level respectively, v
is the velocity of the emerging atom, and 1/~ is the distance over which the level width
decreases to a fraction of its bulk value, is also influenced 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-specific 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 Ionization Model, introduced by Cooks and Busch [91], 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,
influenced 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 Ions 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 efficacy of SIMS analysis is conditioned not only by the total amount of material
available and the efficiency 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 first noted by
Benninghoven [92, 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 fluence remains below the static limit of 10'2 ions/cm?. 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 reflects 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 Ion Gun (LMIG): exclusively used for surface analysis, the LMIG is
adept to generate precise monoatomic Bi™™ ion beams. This feature allows for detailed
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surface characterization, providing critical insights into the topmost layers of the

sample with high spatial resolution.

e Cesium ion source: complementing the LMIG, the cesium ion source, Cs™, is par-
ticularly effective for depth profiling. Its etching capability is crucial for uncovering
subsurface layers and analyzing material composition at varying depths.

Figure 2.2 Photograph of TOF.SIMS® equipment installed at Roma Tre University

Additionally, the TOF.SIMS® is equipped with an electron gun, commonly referred to as
a flood gun, which plays a pivotal role in charge compensation during analysis. This feature
is essential for maintaining sample integrity, especially when examining insulating materials.

The instrument’s design is also noteworthy. The ion sources are strategically positioned at
a 45° angle relative to the sample surface, optimizing ion interaction and sputtering efficiency.
The heart of the system is the Time-of-Flight (TOF) analyzer, an advanced component
responsible for the precise separation and detection of ions based on their mass-to-charge
ratio.

Further enhancing its performance, the TOF.SIMS? operates within an ultra-high vacuum
environment. This is achieved and maintained at a pressure level of approximately 10~°

mbar, thanks to a turbo-molecular pump coupled with a titanium sublimation cryogenic
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pump. Such a vacuum condition is essential for minimizing contamination and ensuring the
accuracy of SIMS analysis.

The following sections of this chapter will provide a more comprehensive examination of

these sophisticated components, elucidating their contributions to the TOF.SIMS® overall
functionality and performance.
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Figure 2.3 Schematic representation of the TOF.SIMS® equipment configuration.

2.4.1 Primary Ion Beam Column

The comprehensive assembly of components within the primary ion beam column is illus-
trated in Fig. 2.4. The ion beam’s energy is primarily determined by the emitter’s potential.
Ion emission begins once the field strength at the needle tip exceeds the critical threshold.
This field strength is regulated by the extractor voltage, which, along with the suppressor volt-
age, can be finely adjusted either manually by the user or automatically to sustain a consistent
emission current. Beam alignment is achieved using three X/Y deflection systems. These
systems guide the ions through three apertures in series. Current measurements through
apertures 1 and 2 assist in identifying optimal focusing parameters. Further fine-tuning of
the focusing, particularly through the blanking aperture, is accomplished by monitoring the
current impacting the target, which can be done using a Faraday cup or a conducting sample.
For all types of analysis, the beam must be pulsed. This pulsing occurs at the pre-chopper
and chopper stages. Here, the beam mass filtering also takes place, effectively blocking ions

of differing masses. These ions exhibit varied velocities at the same beam energy, with the
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predominant beam species being Bi™ and Bi;’. The maximum energy achievable by the

beam for single-charged species is 30 keV.
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Figure 2.4 Schematic illustration of the components present in the primary ion beam column of the
TOF.SIMS®. Adapted from the IONTOF help manual.
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2.4.2 Dual-Source Ion Column

The dual-source ion column is equipped with two distinct ion sources: an electron impact
source for generating Cgo ions, and a thermal sputtering ion source for producing Cs™ ions.
A schematic of the dual-source column, highlighting these main components, is presented in
Fig. 2.5.
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Figure 2.5 Schematic illustration of the components present in the dual-source ion column of the
TOF.SIMS®. Adapted from the IONTOF help manual.

Beam selection within this column is facilitated by a 90-degree deflection magnet. The
operations of focusing, bunching, and pulsing in this column are similar to those in the
primary ion beam column. The design and functionality of these components allow for precise
control and manipulation of the ion beams. Typically, these ion sources are predominantly
utilized as etching guns in in-depth profiling modes, as will be discussed in subsequent
sections. However, they also have the flexibility to be employed as primary ion guns for
specific applications. This versatility is essential for the varied analytical requirements

encountered in SIMS.
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The typical energy settings for the Cé“o and Cs™ beams are 1 keV and 3 keV, respectively.
These energy levels are precisely calibrated to suit the specific requirements of the analysis

being conducted, ensuring optimal performance and results accuracy.

2.4.3 Electron Flood Gun

Insulating samples are prone to electrostatic charging during SIMS analysis, mainly due
to primary ion bombardment and subsequent electron emission. This charging effect can
significantly reduce or even eliminate the detection of secondary ions, thereby adversely
affecting the signal quality. Localized positive charging on the sample surface can alter the
energy of the secondary ions and distort their trajectories. This issue arises because insulators
lack sufficient electrical conductivity to redistribute the accumulated charge.

To face this charging effect, samples can be irradiated with low-energy electrons, which
are carefully calibrated to avoid any sample damage. Typically, this irradiation occurs
between the pulses of primary ions. In this regard, our TOF-SIMS instrumentation includes
a low-energy electron gun, adjustable from O to 21 eV. The electron energy is controlled by
modulating the potential of a filament, which is encapsulated within a shielded electrode.

When the electron flood gun is activated for charge compensation on an insulating sample,
adjustments to the analyzer settings are necessary. Specifically, the reflectron voltage must
be adjusted to take in account the shift in the sample surface potential from the ground. The
modification in the surface voltage Vg is compensated by changing the reflectron voltage
Vg by a value AUgycface, Which is non-zero for insulating targets under ion bombardment.
This adjustment ensures accurate analysis correcting the potential shifts induced by surface
charging.

2.4.4 Analyzer

The Time-of-Flight (TOF) analyzer offers unique characteristics, making it an ideal detection
system for SIMS. Its principle lies in separating secondary ions based on their mass-to-charge
ratio (m/z) and determining their masses by the time taken to travel a known distance L in a
field-free flight tube. This time is measured after acceleration by an extractor to a common
energy E (Fig. 2.6).

The relationship between energy I/, flight time ¢, and other parameters is described by

the equation:

E=20=—=— (2.3)
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where z is the ion charge state, U the extractor potential, and v the velocity of the
secondary ion. Consequently, lighter ions, with higher speeds, reach the detector faster than

heavier ions:

m m

The TOF resolution, or the width of a secondary ion packet, is influenced by several
factors, such as the angular spread of ion trajectories and the detector’s effective depth. The
primary source of resolution degradation, however, is the energy spread (A F) of ions with

the same mass.
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Figure 2.6 Schematic representation of TOF analyzer.

The resolution R is determined first-order by the energy spread:

t m FE
2At Am AE
To address resolution issues, the concept of an ion mirror was introduced. Under an

R= (2.5)

appropriately designed quadratic field, the detection time becomes independent of the initial
kinetic energy, minimizing mass resolution degradation. However, the practical realization
of such ion mirrors faces challenges like reduced ion transmission, leading to the adoption
of single and double-stage reflectrons. These designs involve two field-free regions and a
reflectron where ions experience at least one linearly increasing potential U = ax step. This
setup guarantees first-order focusing of the initial energy spread of secondary ions of the
same mass, contributing to improved resolution.

Delayed extraction and post-acceleration voltages are other design strategies implemented
to enhance resolution in TOF-SIMS.
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2.5 ToF-SIMS Analysis Mode

The TOF-SIMS instrumentation at our laboratory boasts advanced raster scanning capabilities.
It can precisely adjust the primary ion beam over a maximum area of 500 x 500 um?. During
the scanning process, the sample surface is effectively divided into numerous pixels.

In all analysis modes (Fig. 2.7), a comprehensive mass spectrum is collected and recorded
for each pixel. This detailed data acquisition forms a raster pattern across the scanned area.
Additionally, the instrumentation allows for the post-reconstruction of the collected data sets.
This feature is particularly useful for generating detailed spatial distributions and for in-depth

analysis of the sample surface.
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Figure 2.7 Analysis modes with TOF-SIMS. (a) Surface Spectrometry (static SIMS), (b) Surface
Imaging (static SIMS), (c¢) Depth profiling in-plane (2D), (d) Depth-profiling in-depth (3D) TOF-
SIMS data set reconstruction.

2.5.1 Static SIMS

In surface spectrometry experiments using TOF-SIMS the primary interest often lies in

obtaining a representative mass spectrum of the surface under analysis, rather than in detailed
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spatial distribution mapping of secondary ions. To minimize sample damage, the primary ion
beam is raster scanned over small areas, with the spectra from all pixels combined into one
aggregate mass spectrum.

An important consideration in these experiments is the ion dose limit, which must be
carefully managed to avoid significant alteration of the sample’s structure or chemistry. In
Static SIMS mode, considered quasi-non-destructive, the primary ion dose is kept below a
threshold of 10'2 ions/cm?. This limit dictates the endpoint for analysis using metal cluster
beams.

The duty cycle, defined as the ratio of beam-on time to real-time in a pulsed ion beam, is
a critical factor in these experiments. It is determined by the duration of the ion beam pulses
and the repetition rate of pulsing. For example, a continuous 1 nA beam scanning an area of
100 x 100 um? would reach the static limit in just over 0.001 seconds. However, if the same
beam is pulsed at 10 kHz with 10 ns pulses, the beam is on for only 10~* seconds of each
second of real-time, extending the time to reach the static limit to over 100 seconds.

The time 7' to reach the static limit can be calculated using the formula:

_A><q><1030

==t (2.6)

where ¢ is the electronic charge (1.602 x 10~1? C), A the analysis area in cm?, I the
current of singly charged ions in nA, ¢ the pulse length in ns, and f the repetition rate in Hz.

Short primary ion pulses (less than 1 ns) are essential for achieving high mass resolution.
In the LMIG operational modes, the high current (Bunched) mode is ideal for this purpose.
The buncher unit in the LMIG column consists of two plates, which are grounded when the
pulse enters between them. As the pulsed beam passes between the buncher plates, the rear
plate is set to a positive voltage, accelerating the ions.

Each pixel of the scanned sample area contains a spectrum, allowing for lateral chemical
mapping. In TOF instruments, spatial resolution as low as 0.1 um is routinely achievable.
The spatial resolution is determined by the ion-optical column’s lenses, apertures, pulsing
unit, and electrical supply. Surface imaging TOF-SIMS measurements provide mass-resolved
secondary ion images from the topmost atomic layers under the static limit.

The best-suited imaging mode depends on specific analytical requirements, such as lateral
or mass resolution, acquisition time, and the dimensional scale of the investigated system.
TOF-SIMS analysis encompasses various modes, each tailored to specific analytical needs,
balancing between mass resolution, lateral resolution, and acquisition time. This adaptability
allows for comprehensive analysis of sample surfaces, providing valuable insights into their

chemical composition and structure.
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2.5.2 Dynamic SIMS: Depth-Profiling

In-depth analysis using TOF-SIMS techniques is crucial for investigating sub-surface sample
regions and characterizing the chemical composition of materials at a detailed level. This
method employs a focused ion beam, typically in the keV range, which is rastered over an area
larger than the beam size [84]. This rastering technique is essential to form a well-defined
sputter crater for analysis. Unlike electron spectroscopy methods, where an independent
probe analyzes the crater bottom, TOF-SIMS utilizes the sputtered particles themselves for
analysis. This approach, known as dynamic SIMS, is different from static SIMS, which
primarily focuses on the analysis of the outermost layer of a solid.

One of the key features of TOF-SIMS sputter depth profiling is the incredibly low
detection limit, often in the sub-parts per million (ppm) range. This sensitivity allows for the
detection of trace elements and really small variations in the composition. The information
depth achievable with TOF-SIMS is typically in the range of 1-2 monolayers, providing
an exceptional level of surface detail. Furthermore, the high speed of analysis inherent
to TOF-SIMS technology facilitates rapid data acquisition, making it an efficient tool for
detailed surface analysis.

The erosion gun and the analysis gun in TOF-SIMS operate in an alternating fashion.
The sputtering phase is designed to remove the previously rastered surface, thereby exposing
a fresh layer for successive analysis in the next cycle. This regular removal and analysis
allow for a systematic examination of the sample’s sub-surface layers.

TOF-SIMS’s dual-beam mode offers several distinct advantages. The ability to perform
parallel detection of all fragments by the pulsed beam is particularly beneficial for Time-of-
Flight Secondary Ion Mass Spectrometry detection. Despite the relatively low currents used
in the pulsed analysis beam, high sputter yields are achieved, enhancing the efficiency of
material removal and analysis. The dual-beam setup allows for the independent adjustment
of analysis and sputter parameters, providing greater control over the analysis process.
Additionally, the capacity to raster different analysis areas with each beam affords a high
degree of flexibility in sample examination.

In the dual-beam setup of TOF-SIMS, two operational modes are commonly employed.
The Interlaced Mode involves the near-simultaneous use of both beams, which is particularly
employed for conducting samples since TOF-SIMS facilitates data acquisition at high rates.
In contrast, the Non-Interlaced Mode separates the operations of the primary ion beam and
analyzer from the sputter gun, making it more suitable for insulating samples. This mode
allows for a longer interval for charge compensation, crucial for samples that are prone to

charging under ion bombardment.
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Depth profiling with TOF-SIMS is an indispensable tool for the three-dimensional
characterization of multilayer systems, interface analysis, and the investigation of atomic
and molecular species migration within the sample. The depth resolution, defined as the
interval between 16% and 84% of the maximum intensity of the signal when crossing a
planar interface, is a critical parameter in these analyses. It’s essential to consider factors like
depth resolution and material-dependent sputtering yields for accurate interpretation of the
data.

Depth profiling in TOF-SIMS is a sophisticated process requiring careful selection of
parameters and conditions. The aim is to minimize the side effects of the profiling process
while preserving the integrity of the sample. The technique has become an essential tool in
materials science for its ability to provide detailed insights into the composition and structure
of materials at the nanoscale. With advancements in TOF-SIMS technology, applications in
surface analysis continue to expand, offering unparalleled depth and clarity in understanding

material properties.

2.5.3 ToF-SIMS Analysis of Thin Film Devices

The Time-of-Flight Secondary Ion Mass Spectrometry technique offers advantages in the
analysis of thin film devices, particularly Organic Field-Effect Transistors [94, 95]. This
analysis method stands out due to the ability to combine high lateral resolution surface
analysis with nanometer-scale sensitivity in-depth profiling [96].

One of the critical aspects of TOF-SIMS in thin-film device analysis is the high lateral
resolution. This feature allows for detailed surface characterization of OFETs, revealing fine
structural details and compositional variations at the microscopic level. Such high-resolution
imaging is essential in identifying surface heterogeneities, which can significantly impact the
performance and reliability of OFETs [97, 98]. Moreover, TOF-SIMS excels in providing
depth profiles with nanometer sensitivity, a crucial factor in analyzing multi-layered thin-film
structures like OFETs. This capability enables the precise determination of layer thicknesses,
interfaces, and compositional gradients within the device [99]. The technique’s sensitivity
allows for the detection of even negligible changes in material composition, which can be
pivotal in understanding charge transport and trapping mechanisms in OFETs.

The combination of surface and depth analysis offered by TOF-SIMS is particularly ben-
eficial in the study of OFETs. The technique can be employed to investigate the distribution
and concentration of dopants, the integrity of organic semiconductor layers, and the presence
of potential contaminants that could affect device performance. Furthermore, TOF-SIMS
can provide insights into the effects of fabrication processes on the molecular structure of the
organic layers, crucial to optimize device design and to improve the performance [99].
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TOF-SIMS is an indispensable tool in the analysis of thin-film devices, especially OFETs.
Its ability to deliver high-resolution surface imaging alongside detailed depth profiling at the
nanometer scale makes it precious in advancing our understanding and development of these

complex devices.

Data-Set Analysis

The complexity of the TOF-SIMS dataset, due to ionization yields, matrix effects, and mass
overlaps, can generate ambiguities in identifying the characteristic molecular fragments from
each layer [100, 101]. Therefore, even when the nominal composition and thickness of
each organic device layer are known, an unequivocal identification of characteristic layer
fragments among hundreds of peaks is challenging. This is the reason why it is advantageous
to develop statistical methods capable of processing data and able to reduce data complexity.
Multivariate Analysis (MVA) has shown the ability to overcome the complexity presented by
TOF-SIMS data-set.

Among the various techniques under the MVA, Principal Component Analysis (PCA)
stands out as particularly effective. PCA is a statistical procedure that transforms a set of
observations of possibly correlated variables into a set of values of linearly uncorrelated
variables called principal components. This transformation is defined in such a way that the
first principal component has the largest possible variance, and each succeeding component,
in turn, has the highest variance possible under the constraint that it is orthogonal to the
preceding components. The resulting orthogonal components represent the directions of
maximum variance in the data, allowing for a dimensionality reduction, while retaining most
of the variability in the dataset.

By applying PCA to TOF-SIMS data, we can efficiently reduce the complexity of the data
by focusing on the most significant variance-contributing factors. This method facilitates
the identification of characteristic molecular fragments and aids in the interpretation of the
layered structure of organic devices.

In 2018, Tortora et al., tested PCA as an innovative method for the identification of
molecular fragments useful for the OFETs multi-layer structure characterization (Fig. 2.8)
[95].

PCA in this context is used to analyze the relationship between variables over sputter
time, which represents the sample depth. Each principal component has a characteristic
profile showing all detected ion signals. Score plots (Fig. 2.8a) illustrate depth profiles
while loading plots (Fig. 2.8b,c) represent related mass spectra. The first three components,
covering about 95% of the total variance, distinguish different layers of the OFETSs studied.

Negative and positive PC1 scores indicate layer composition, with PC2 and PC3 providing
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further layer differentiation, including the OFETSs surface treatment. These results are in

agreement with the depth profile achieved in Tortora et al. work.
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Figure 2.8 PCA model from ToF-SIMS depth profiling data: (a) Overlay of PC1, PC2, and PC3
scores plot; (b) PC1 loading plot; (¢) PC2 loading plot [95].

Inspired by this work’s use of PCA for depth profiling inTOF-SIMS data analysis, all
the data collected during this thesis work were analyzed using firstly PCA. This approach

ensures the most comprehensive extraction of information from the TOF-SIMS datasets,

enhancing the accuracy of our understanding in each study presented in the thesis.






Molecular Contact Doping Effects in OSCs

Molecular contact doping is a highly efficient strategy for reducing Contact Resistance (R¢)
in OFETs. This technique is based on the insertion of a dopant layer between the OSCs
and the top gold contacts. The main objective of this layer is to decrease the energy barrier
necessary for the injection and release of charges, thereby enhancing the device’s overall
performance.

Despite its efficacy, a significant challenge in the implementation of molecular contact
doping is the tendency of the dopant to diffuse towards the OFETSs channel over time. This
diffusion, resulting in an unintentional doping of the OSCs, adversely affects the on/off
switching capability of the device.

To overcome this issue, we applied an innovative approach for the fabrication of OFETs
using 2,7-dioctyl[1]benzothieno[3,2-b][1]benzothiophene (Cg-BTBT-Cg) OSCs. Our method
involves the utilization of a solution shearing technique, which has shown encouraging results
to control the dopant unintended diffusion and to promote the integration of Polystyrene
(PS) into the blend as a dopant diffusion inhibitor, thereby improving device stability and

performance.

3.1 Introduction and Objectives

In the last two decades, small molecule Organic Semiconductors have garnered signifi-
cant interest in organic electronics [36]. Their applications span a range of cutting-edge
technologies, including organic photovoltaics, Organic Light-Emitted Diodes, and Organic
Field-Effect Transistors. These materials have played a central role in the development of
flexible, lightweight, and cost-effective electronic devices.
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Among the OSCs, derivatives of benzothieno[3,2-b][1]benzothiophene (BTBT) have
been identified as benchmark materials, particularly in OFETSs applications [102, 103]. These
derivatives are recognized for their excellent electrical performance and high stability under
ambient conditions. A standout compound in this family is 2,7-dioctyl[1]benzothieno[3,2-
b][1]benzothiophene (Cs-BTBT-Cg), which is highly required due to its combination of
printability with low-cost techniques and high field-effect mobility [104].

Despite the fabrication of high-performance OFETs based on the BTBT derivatives
presents many advantages, also several challenges have to be faced, mainly due to the
high Contact Resistance (R¢) of devices. This resistance results from the energy mismatch
between the gold source/drain contacts and the OSCs highest occupied molecular orbital,
typically around -5.4 eV [105]. This mismatch creates energetic barriers for charge carrier
injection and release, leading to a significant reduction of the device mobility. Consequently,
the identification of effective methods to reduce contact resistance has become a critical
research aspect to optimize the device performance, especially for high-frequency OFETs
applications [106].

Several approaches have been adopted. One methodology foresees the modification of
the metal contacts in bottom-contact devices with molecular self-assembled monolayers
to tune their work function. Chemical doping of the OSCs has also been explored as a
promising opportunity for improving OFETs Contact Resistance [47, 48]. However, it could
be complex to achieve full control over the doping level, and the excess of doping could lead
to over-doped devices with high off-currents, affecting the OSCs crystallinity and transport
properties.

An alternative and widely employed strategy is molecular contact doping, with the
insertion of a dopant layer between the OSCs and the top gold contacts [107]. This method
has been extensively and successfully employed with BTBT derivatives in p-type OFETs.
A common electron acceptor molecule used for this purpose is 2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (F4ATCNQ). However, the limited life stability of contact-doped
devices due to dopant diffusion into the OFETs channel remains a significant concern. This
diffusion hampers the on/off switching capability of the device.

A recent approach, reported in the literature to address this issue, involves the evaporation
of a layer of a “dopant-blockade” molecule on the OFETs channel region to create barriers
against dopant movement [108].

The observed decrease in the Rc in organic semiconductor devices, particularly in those
employing small molecule organic semiconductors such as Cg-BTBT-C, can be attributed
to two main mechanisms. The first mechanism involves doping at the contacts, which

effectively increases the charge density within the depletion region, consequently thinning it,
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as illustrated in Fig. 3.1. This increase in charge density at the contacts facilitates charge

tunneling, thereby reducing the interface Rc (Ry,) [109].
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Figure 3.1 Schematic energy diagrams of the organic semiconductor/metal contact: (a) without
doping, the depletion layer is very thick and hole injection is by thermal activation through a high-
energy barrier, (b) with acceptor doping, so that the depletion thickness decreases, the tunneling
injection becomes predominant, and trap states are occupied. Adapted from [109].

The second mechanism involves the reduction in the density of traps at the organic
semiconductor/metal interface. This reduction in trap density effectively decreases the
bulk Rc (Ryu). As indicated in Fig. 3.2, considering the Lowest Unoccupied Molecular
Orbital and the Highest Occupied Molecular Orbital levels of FATCNQ and Cg-BTBT-Cy
respectively, it is plausible that most in-gap trap levels of the organic semiconductor are
filled through a charge transfer process [105]. This charge transfer facilitates significantly
the charge transport through the bulk region. Moreover, the low energy of the Cg-BTBT-Cy
HOMO prevents the generation of additional mobile charges in the semiconductor; in other
words, the semiconductor does not undergo significant oxidation. This aspect is particularly
noteworthy as it enables the enhancement of injection efficiency without increasing the
off-current which is a challenge often encountered with other OSCs with higher HOMO
energies, such as pentacene (~ -4.8 eV) [105].

A critical aspect of the doping of Organic Semiconductors is the distinction between
selective and bulk doping. Selective doping refers to the scenario where the semiconductor

film is doped only at specific areas, such as the OSCs/electrode interface, while bulk doping
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Figure 3.2 Energy diagram showing the charge-transfer between C4-BTBT-Cy and FATCNQ, thus
filling the in-gap traps levels at the interface of the OSCs. Adapted from [105].

implies homogeneous doping throughout the semiconductor film. The choice between these
two types of doping largely depends on the doping methodology employed [110].

The methodologies for doping Organic Semiconductors can be broadly categorized into
three types: thermal evaporation, solution-based, and physisorption processes. Each of these
methods presents advantages as well as limitations, impacting the doping uniformity and
effectiveness. Understanding the mechanisms behind the decrease in R in OSCs devices is
a crucial aspect of optimizing their performance. The ability to control the doping process,
whether selective or bulk, plays a significant role in the overall efficiency and stability of
these devices. These insights are fundamental for the advancing of Organic Electronics,
particularly for the development of high-performance Organic Field-Effect Transistors and
other Organic Semiconductors-based devices [111].

In our research, we aim to develop an innovative and straightforward method to sig-
nificantly inhibit dopant diffusion towards the OSCs channel in OFETs that are based on
Cs-BTBT-C; and contact doped with FATCNQ. Our approach involves blending the OSCs
with PS of various molecular weights ( M,,). This strategy was deemed able to allow precise
control of the dopant distribution on the surface as well as in-depth.

Through our planned investigations using TOF-SIMS, we expected to discover that in
thin films of OSCs blends with High-Molecular-Weight Polystyrene, the dopant remained
significantly confined to the contact areas. In such case, an enhanced long-term stability of
the devices was hypothesized. This could represent a breakthrough in OFETSs technology,
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offering an efficient solution to one of the key challenges in OEs: the diffusion of dopants

and the dopant impact on device performance and lifetime.

3.2 Device Fabrication

Cs-BTBT-C; and Polystyrene polymer with different molecular weights, specifically PS;x (
M,, = 10,000 g/mol), PS;ox ( M,, = 100,000 g/mol), and PSys0x ( M, = 280,000 g/mol), were
procured from Sigma-Aldrich. Furthermore, FATCNQ was sourced from TCI Chemistry. All
materials were utilized as received, without any additional purification.

The molecular structures of Cg-BTBT-Cy, the dopant FATCNQ, and the binder polymer
PS are shown in Fig. 3.3a together with the device structure. OFETs with a bottom-gate
top-contact architecture with constant channel width (W = 4000 pm) and different channel
lengths (L = 35, 80, and 175 pm) were fabricated.
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Figure 3.3 (a) Chemical structures of Cg-BTBT-Cg, FATCNQ, and PS and scheme of the OFETs
layout.(b) UV-vis of a Csg-BTBT-C:PS,k film, a FATCNQ film, and a C3-BTBT-Cy:PS ok after the
evaporation on top of 10 nm of FATCNQ [82].

Solutions were prepared with either pristine Cg-BTBT-Cy or a blend of Cs-BTBT-Cg and
PS in varying molecular weights. The weight ratio of Cs-BTBT-C; to PS was maintained at
4:1 in a 2 wt% chlorobenzene solution. Before the deposition of the OSCs solution, substrates
underwent a cleaning process with acetone and isopropanol, three times each, followed by
drying under a nitrogen flow.

The fabrication of the OSCs thin films was carried out using the Bar-Assisted Meniscus
Shearing technique [80]. This was executed using a home-designed setup under ambient
conditions on Si/Si0, substrates (provided by Si-Mat, with SiO, thickness of 200 nm and
capacitance C = 17.26 x 10 F- cm™). As reported in previous studies, 35 pL of the heated
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OSC:s solution (at 105 °C) was placed between a hot substrate (also at 105 °C) and a steel
bar positioned 500 pm above the stage to form a meniscus [112]. Subsequently, the substrate
was moved parallel to the bar at a constant speed of 10 mm/s, leading to the formation of a
dry film behind the moving meniscus.

For the deposition of F4ATCNQ (10 nm) and gold contacts (25 nm), thermal evaporation
was employed. The evaporation rates were set at 0.02 nm/s for FATCNQ and 0.05 nm/s for
Au, using a shadow mask to define channel widths (W =4 mm) and lengths (L = 50, 100,
and 200 um). Post contact evaporation, samples devoid of FATCNQ were stored in dark
conditions in air for 7 days. In contrast, samples containing F4ATCNQ were subjected to
immediate measurements. It was previously reported that FATCNQ can effectively dope
Cs-BTBT-C; films [113]. This was confirmed by recording the UV—vis absorption spectra
(measured with a UV-visible spectrometer V-780) of a FATCNQ film, a Cg-BTBT-Cy:PS
blend film, and the same blend film with a 10 nm layer of FATCNQ evaporated on top
(Fig. 3.3b). The presence in the latter film of the absorption bands corresponding to the
radical FATCNQ (centered at around 650 and 930 nm) confirmed that the charge transfer
between FATCNQ and Cg-BTBT-Cg occurred and, hence, the Cs-BTBT-Cy doping was
successful [113].

3.3 Thin Films Characterization

The morphological characteristics of the pristine Cg-BTBT-Cg, (b) Cs-BTBT-Cy:PS ok, (€)
Cs-BTBT-Cy:PS ok, and (d) Cg-BTBT-Cy:PSy5k thin films were investigated using various

imaging techniques. These thin films polarized optical microscope images are depicted in
Fig. 3.4.

(a) = M (« _ (@

Figure 3.4 Optical microscopy (top) and polarized optical microscopy (bottom) images: (a) pristine
Cs-BTBT-Cg, (b) Cs-BTBT-Cy:PS gk, (¢) Cs-BTBT-Cy:PS g0k, and (d) Cg-BTBT-Cy:PSyg0x [82].
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The images reveal that all blended formulations have a similar morphology, characterized
by plate-like crystal domains. These domains span several hundreds of microns, indicating a
significant degree of uniformity and consistency in crystalline structure across all types of
blended films.

To gain further data into the surface morphology of these thin films, Atomic Force Mi-
croscopy (AFM) was employed, with the results presented in Fig. 3.5. The AFM topography
images reveal that Cg-BTBT-Cy:PS films exhibit a remarkably uniform and smooth surface.
This is quantified by the Root Mean Square (RMS) roughness values, which were found to
be in the range of 1-6 nm (Table 3.1). These RMS values are indicative of the high-quality
surface achieved in these films, which is a critical factor for their potential application in
electronic devices.
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Figure 3.5 Topographic AFM images of the pristine and blended films. Inset: height profiles of the
terraces performed along the green lines in the images [82].

In addition to the smoothness, terraces with step heights of approximately 3 nm were

observed consistently across all films. This terrace height aligns closely with the length of the
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Cs-BTBT-Cs molecule, implying that the OSCs crystalline layer is predominantly situated at
the top part of the film. It also suggests that the molecules are oriented with their long axis
perpendicular to the substrate, confirming the literature result [114].

The film thickness was another critical parameter measured during our study. The pristine
films displayed an estimated thickness of around 20 nm, whereas the blended films showed a
slightly increased thickness of about 30 nm (Table 3.1). This thickness increase of blended
films can be attributed to the incorporation of additional material, altering the overall film
structure.

Step RMS Thickness
Pristine 3.27+£0.36 3.424+0.89 20.3+1.3
PS;ox 3.04+0.30 2.79£0.68 32.444.3
PSipox  3.22+£0.24 1.254+0.26 29.618.7

PS,s0x 3.32+0.46 6.37+£1.54 29.3£29
Table 3.1 AFM analysis results for Pristine and PS blend films.

Despite the difference in molecular weight of the polystyrene used, the resulting films
demonstrate consistent morphological characteristics. This suggests that the processing
conditions and the intrinsic properties of Cg-BTBT-Cy:PS blends are robust and are not
significantly influenced by the variations in the molecular weight of the polymer component.
The uniformity and smoothness of these films are particularly advantageous for applications
in organic electronics, where surface morphology can significantly influence the device’s
performance.

The high degree of crystallinity was confirmed by the X-Ray Diffraction (XRD) in
Fig. 3.6. All thin films exhibited identical diffraction patterns in agreement with the mono-
clinic phase previously reported for this material [112], which presents a herringbone packing.
In addition, only (00]) type reflections were observed, indicating that crystallites are highly
oriented along the ab plane and that the PS is not affecting the thin film crystal structure.

In summary, the detailed morphological analysis of Cs-BTBT-Cs:PS thin films, encom-
passing both optical microscopy and AFM studies, provides a comprehensive understanding
of the structural characteristics. These results offer valuable insights into the material prop-
erties, crucial for optimizing the fabrication processes and enhancing the performance of
electronic devices based on these materials.
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Figure 3.6 XRD of the films: pristine Cg-BTBT-C; (black curve), Cs-BTBT-Cy:PS ik (red curve),
Cs-BTBT-Cs:PS ok (blue curve), and Cg-BTBT-Cq:PSy50x (green curve) [82].

Experimental Methods

The optical microscopy images were taken using an Olympus BX51 equipped with a polarizer
and analyzer. Surface topographies of the thin films were examined by a S500LS Scanning
Probe Microscopy system from Agilent Technologies and subsequent data analysis was
performed by using Gwyddion 2.56 software. X-ray characterization by X-ray specular

diffractograms in the 26 range 2.5-13° were collected on a Siemens D-5000 diffractometer.

3.4 Electrical Characterization

In our investigation into the electrical behavior of Organic Field-Effect Transistors, we
explored the properties of devices with and without contact doping. Fig. 3.7 presents the
output and transfer characteristics of a representative blend film, highlighting the stark
differences brought upon by the doping process.

In Fig. 3.8, the histogram representation summarizes the performance of four different
device configurations, each of one with and without the contact doping layer of FATCNQ.
The devices under study are variations of the Cg-BTBT-Cy organic semiconductor, with and
without PS at different molecular weights. Particularly Fig. 3.8a focuses on the saturation
mobility of these devices, while Fig. 3.8b focuses on the threshold voltages. Additionally,

the devices with three different lengths are compared in this figure. This comparison is
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particularly important because shows that the channel length can significantly affect the
performance characteristics of OFETS, particularly in relation to charge carrier mobility and
to the influence of contact resistance.

The output characteristics of the undoped OFETs delineate a non-ideal S-curve pattern at
lower source-drain voltage (Vp), as shown in Fig. 3.7b and Fig. 3.9. This S-curve shape, often
observed in devices with high Contact Resistance (Rc), indicates an inherent inefficiency
in charge carrier injection at the contacts [115]. Indeed, the S-curve suggests that at lower
voltages, the injection of charge carriers is not sufficient to overcome the contact resistance.
Only when a certain threshold voltage is reached, does the injection become efficient enough,
leading to a rapid increase in current, which contributes to the S-shaped curve in the IV plot
[115].
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Figure 3.7 Saturation transfer curves of OFETs devices based on Cs-BTBT-Cy:PSox with different
channel lengths and measured at Vp =-30 V (a,c) and output curves of the corresponding device with
L =175 um (b,d). OFETs without (a,b) and with a FATCNQ contact doping layer (c,d) [82].
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Figure 3.8 (a) Saturation mobility and (b) V;, histograms for the four studied devices with and without
the contact doping FATCNQ layer: pristine Cg-BTBT-Cg, Cg-BTBT-Cy:PS o, Cs-BTBT-Cs:PS gk
and Cg-BTBT-Cy:PSog0x. Devices with three different lengths are compared. In these plots, C8 stands
for Cg-BTBT-C; [82].

Moreover, the transfer plots reveal a pronounced negative switch-on voltage, falling
within the range of —4 to —6 V for blended films and approximately —1 to —2 V for the
pristine film, as depicted in Fig. 3.7a and Fig. 3.8b. Such high switch-on voltages are

symptomatic of substantial energy barriers that impede charge carrier mobility.
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Figure 3.9 Output curves of undoped (top) and contact doped (bottom) devices: (a) pristine Cg-BTBT-
Cg, (b) Cg-BTBT—CgZPSlOK, (C) Cg-BTBT—CgZPSlOOK, and (d) Cg-BTBT—CgZPSngK [82]

In stark contrast, devices with contact doping exhibited linear /p/Vp output curves and
appreciably lower switch-on voltages. Notably, in the blended films, this voltage is shifted to

fall between 0 and —2 V, while in pristine films, it becomes positive, around 3 V, as shown in
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Fig. 3.7¢,d and Fig. 3.8b. The dopant’s impact is thus evident, substantially reducing the
energy injection barrier and facilitating enhanced charge transport.

The impact of FATCNQ contact doping on the electrical characteristics of OFETs was
deeply examined by modifying the channel lengths (L). The observed behaviors in undoped
devices exhibit transfer curves where the source-drain current intensity (/p) is visibly not
inversely scaling with L (see Fig. 3.7a and Fig. 3.10).

In accordance, the device mobility of these devices exhibits a considerably strong depen-
dence on L, as shown in Fig. 3.8a. Such a trend is indicative of the overarching influence of
the contact injection barriers, which become increasingly significant in devices with shorter
L, where Contact Resistance values are more comparable to the channel resistance.

Conversely, upon doping with F4ATCNQ, the transfer plots align more closely with
the variations in L, as depicted in Fig. 3.7c and Fig. 3.11. The corresponding mobility
values not only increase but also demonstrate less sensitivity to L, inferring a mitigation of
contact-related limitations.
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Figure 3.10 Saturation transfer curves of undoped devices with different channel lengths measured
at Vp =-30V: ( (a) pristine Cg-BTBT-Cg, (b) Cs-BTBT-Cq:PS ok, (¢) Cs-BTBT-Cy:PS ok, and (d)
Cg-BTBT-ng:PSngK [82]
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Figure 3.11 Saturation transfer curves of contact doped devices with different lengths measured
at Vp = -30V: (a) pristine Cs-BTBT-C;, (b) Cs-BTBT-C;:PS,k, (¢) Cs-BTBT-Cs:PS/ ok, and (d)
Cg—BTBT—Cg:PSZSOK [82]

Remarkably, the incorporation of PS of different molecular weights into the OFETs
structure does not notably impact the mobility or the doping efficiency. This observation
suggests that the intrinsic properties of PS do not directly influence the operational mechanics

of the device or the doping efficiency.

Time Stability

Despite the marked advancements in device performance through contact doping, the persist-
ing challenge lies in the stability of the OFETSs over time. The temporal evolution of the satu-
ration transfer characteristics, observed over 3 weeks and plotted on a semi-logarithmic scale,
clarifies this issue (refer to Fig. 3.12). Devices based on pristine Cyg-BTBT-Cg demonstrated
significant shifts in both the off-current (/) and the switch-on voltage (V5y,), indicative of

dopant migration towards the channel.
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Figure 3.12 Time evolution of the saturation transfer curves of devices with different lengths measured
at Vp =-30V: (a) pristine Cg-BTBT-Cy, (b) Cs-BTBT-Cy:PS ok, (¢) Cs-BTBT-Cq:PS g0k, and (d) Cs-
BTBT-Cyg:PSysx. (€) Scheme of FATCNQ molecule diffusion toward the channel: in the pristine-based
device significant dopant diffusion is taking place, while the dopant diffusion is much less pronounced
in the blended films [82].

On the other hand, blended films with PS;ox showcased a marked improvement in stability.
However, it is within High-Molecular-Weight Polystyrene blends, such as PSyx and PS,g,
that we observed a strikingly stable performance, with negligible variations in V, and
over time.

These results are confirmed by the saturation regime data obtained through standard
fitting procedures, compiled in Fig. 3.13 and Fig. 3.14. The data collectively suggest that the
presence of PS, particularly HMWPS, serves as an effective barrier, inhibiting the migration
of dopant molecules from the contact regions into the channel, as conceptually illustrated in
Fig. 3.12e.
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Figure 3.13 V,, evolution with time of FATCNQ contact doped devices: pristine Cg-BTBT-Cy (black),

C8- BTBT-C8:PSk (red), Cs-BTBT-Cy:PS ok (blue) and Cg-BTBT-Cy:PSy50x (green) [82].
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Figure 3.14 I, evolution with time of FATCNQ contact doped devices: (a) pristine Cs-BTBT-Cs,
(b) C3-BTBT-C4:PS ok, (¢) Cs-BTBT-C5:PS gk, and (d) Cs-BTBT-Cs:PS,50x. Data was collected from
different 12 devices in each case [82].

In summary, our study underlines the essential role of molecular weight of PS blends in
determining the OFETS stability post-contact doping.
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Experimental Methods

Electrical measurements were performed in ambient conditions employing a two-channel
Keithley 2612 SourceMeter. Transfer characteristics were measured in the saturation regime,
swept forward, and reverse. The mobility and V};, values were extracted from the saturation
regime according to the mentioned equation Eq. (1.14). For each ink formulation, the device
parameters were measured from at least 30 devices from two substrates to ensure thin film

homogeneity and reproducibility.

3.5 Chemical Characterization

TOF-SIMS experiments were conducted to elucidate the dopant, OSCs, and polymer dis-
tribution within our organic electronic structures. This spectroscopy technique has been
largely employed for the aptitude to explain the complexity of diffusion and segregation
in multilayered systems [95, 116]. The surface chemical maps obtained from TOF-SIMS
both immediately post-fabrication and after three weeks offer visual evidence of the dopant’s
behavior (Fig. 3.15). Utilizing the molecular fragment ion of C,,F,N,~ at m/z = 276.00 to
trace the FATCNQ dopant presence, a discernible inhomogeneity in the distribution across
the channel area is evident. In freshly prepared Cg-BTBT-Cg samples, the dopant exhibited a
pattern of linear, micrometric pathways, potentially guided by the underlying grainy, poly-
crystalline surface morphology of the active layer (Fig. 3.15a). In three weeks, a profound
modification occurred, showing the channel area entirely covered by the dopant (Fig. 3.15e).
Such a progression underscores an unrestrained diffusion, inevitably impinging upon the
operational efficacy of the device.

The introduction of PS as a binding polymer to the Cs-BTBT-Cy semiconductor matrix
determines a morphological evolution of the surface, which, in turn, influences the diffusion
behavior of FATCNQ. This effect is intensely captured in the chemical mappings illustrated
in Fig. 3.15b-d, where the C,,F,N,” molecular fragment ion delineates the dopant distri-
bution for freshly prepared Cs-BTBT-CgPS,x, Cs-BTBT-CsPS ok, and Cg-BTBT-CgPS 50k
samples. The dopant’s localization along the gold contacts suggests a diffusion gradient
that significantly reduces moving towards the central channel, an exponential attenuation
reminiscent of Fick’s law diffusion.

Going deeper into the influence of the polymer’s molecular weight on dopant distribution,
we observe that the increment from 10 kDa (LMWPS) to 100 and 280 kDa (HMWPS)
induces pronounced confinement of the diffusion process in the surrounding area of the
gold electrodes. The freshly cast Cg-BTBT-C4PS,(k film showcases a vibrant dopant signal

adjacent to the gold contacts, which tapers off exponentially across a span of approximately
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C8-BTBT-C8 C8-BTBT-C8:PS; ¢k C8-BTBT-C8:PS g0k C8-BTBT-C8:PS 280«

Figure 3.15 TOF-SIMS surface chemical maps of fresh and 3 weeks aged samples (a) fresh prlstlne
Cs-BTBT-Cg, (b) fresh Cg-BTBT-Cy:Cg-BTBT-CsPS ok, (€) fresh Cs-BTBT-Cy:Cg-BTBT-CgPS gk, (d)
fresh Cg-BTBT-Cy:Cg-BTBT-CgPS,5, (€) aged pristine Cg-BTBT-Cg, (f) aged Cs-BTBT-Cy:Cy-BTBT-
CsPS ok, (g) aged Cy-BTBT-Cy:Cs-BTBT-CsPS ok, and (h) aged Cg-BTBT-Cy:Cg-BTBT-CgPS g0k
Scale bar: 40 pm. Color scale bars from black to red and from black to bright yellow indicate the
amplitude in number of ion counts for C,F,N,™ and Au~, respectively. Color scale bar from black
to red for C;,F,N,~ was normalized for total counts to account for variations in the experimental
conditions. Intensity line profile along the solid line (x-axis also represents the line scan) in C;,F,N,~
maps for aged Cg-BTBT-Cy:Cg-BTBT-CgPS ok (inset in figure 6g) and aged Cg-BTBT-Cy:Cs-BTBT-
CsPSag0x (inset in figure 6h) [82].

Fresh

70 pm towards the channel’s heart. In stark contrast, the Cg-BTBT-CsPS, ok film reveals a
precipitous diminution of dopant signal mere 10-20 pm from the contacts, capturing the
dopant within a markedly narrow region.

The progression of time enhance this spatial distribution; after three weeks, the Cs-BTBT-
CsPS ok (Fig. 3.15g) and Cg-BTBT-CPSy50x (Fig. 3.15h) samples steadfastly preserve
the dopant within the initial 10-20 um boundary, as supported by the intensity profiles
embedded within Fig. 3.15g,h. This persistence of the polymer’s impediment to dopant
migration contrasts with the behavior observed in the LMWPS-blended film (Fig. 3.15f),
where the polymer’s retentive effect is clearly reduced.

Essentially, our results reveal a substantial delay of FATCNQ diffusion in the presence
of higher molecular weight PS, highlighting the polymer’s role as an inhibitor of dopant
diffusion and, consequently, the electrochemical stability of the OFETs.

The characterization of the surface distribution of PS was accurately conducted by
mapping the signal intensity of the C;H;" ion (m/z = 91.07). Through the analytical power of
TOF-SIMS, we observed in Fig. 3.16 that the C,;H,5S,* (m/z = 365.21) molecular fragment
ion, indicative of the OSCs Cs-BTBT-C, is prevalent across the samples. Remarkably, total
ion imaging disclosed that films incorporating HMWPS are more resilient against craze-
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induced fractures. The C,H;" signal, very low in intensity in the channel area, primarily
collocates with these fractures, corroborating literature assertions of reduced crazing stress
in HMWPS films [117]. No substantial influence of the polymer on the surface distribution
of the OSCs was detected, underscored by the consistent C,3H,5S,* chemical maps. These
observations provide a foundation for the subsequent in-depth profiling experiments, aimed
at elucidating the vertical distribution of FATCNQ, Cs-BTBT-Cg, and PS within the channel.

a) Cy-BTBT-Cy: PS,q,

Figure 3.16 TOF-SIMS surface chemical maps in positive polarity. The total ion C;H;*, and C,3H,3S,*
signals are reported: (a) Cs-BTBT-Cs:PS(k, (b) Cs-BTBT-Cq:PS gk, and (¢) Cg-BTBT-Cy: PSpgok.
Scale bar 25 um [82].
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Moving beyond surface analysis, we performed the study of the chemical vertical distri-
bution. Depth profiling experiments, conducted 10 pm from the gold electrode, provided
a detailed cross-section of the material layers. The resulting depth profiles, depicted in
Fig. 3.17, span pristine Cg-BTBT-C; (Fig. 3.17a), and blend samples with PSox (Fig. 3.17b),

PS]OOK (Fig. 3.17C), and PSzg()K (Fig. 3.17d)
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Figure 3.17 TOF-SIMS depth profiles of: (a) pristine Cs-BTBT-Cg, (b) Cs-BTBT-Cs:PS,k, (¢)
Cs-BTBT-Cy:PS ok, and (d) Cg-BTBT-Cg:PS,50x. The depth profiling experiments were performed in
the channel between the two gold electrodes, 10 pm away from the gold electrode, approximatively.
CN™ at m/z 26.00 (FATCNQ) and SiO,™ at m/z 59.97 (substrate) profiles were normalized to total
counts. Normalized secondary ion intensities of CN™ and SiO,~ are plotted vs depth. The ion signal
intensity of the FATCNQ dopant is reported for the fresh sample (dashed black line) and the 3-week
aged sample (solid black line). The normalized ion signal intensity of the FATCNQ dopant (black
lines) and substrate (blue line) are reported on the left and right y-axis, respectively [82].
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The CN™ (m/z = 26.00) ion was selected as a representative signal for FATCNQ in fresh
(black solid lines) and aged sample (black dashed lines), while the SiO,™ (m/z = 59.97) for
the substrate (blue curves). The depth profile of CN~ shows that in the pristine Cg-BTBT-Cy
the dopant is highly present on the surface, sub-surface (2-10 nm), and the bulk (10-20 nm)
of the OSCs layer (Fig. 3.17a).

This distribution was consistent even in aged samples, with a noticeable increase in
dopant concentration over time. In contrast, samples blended with PS; exhibited a halved
intensity of the FATCNQ signal, both before and after aging, when compared to the pristine
samples.

However, a marked difference was observed in Cg-BTBT-C; samples blended with
PSiox and PSysx. Here, the dopant signal intensity significantly dropped and showed a
more uniform distribution throughout the active layer. This uniformity can be attributed to
the effective confinement of the dopant by the presence of HMWPS, leading to a general
reduction in diffusion phenomena.

TOF-SIMS depth profiles of OSCs and PS in (a) C8-BTBT-CS8, (b) Cs-BTBT-Cs:PS k.,
(¢) C3-BTBT-Cy:PS ok, and (d) Cg-BTBT-Cg: PS50k are shown in Fig. 3.18 to evaluate the
presence of the vertical phase segregation, phenomenon that will be discussed in Chapter 4
of this work.

The MCs,* adducts were employed to attenuate matrix effects. SCs;* at m/z 430.65,
and Si0,Cs;* at m/z 458 were selected to represent Cs-BTBT-Cg and substrate, respectively.
For the PS polymer, several characteristic ion signals were aggregated to amplify signal
intensity: C,Cs;* (m/z 422.68), C,HCs;* (m/z 423.68), C;Cs;* (m/z 434.68), C;HCs;* (m/z
435.68), C,Cs;™ (m/z 446.68), C,HCs;* (m/z 447.68), C¢Cs;* (m/z 470.68), and C;HgCs;*
(m/z 490.68). The vertical distribution of OSCs and PS remained consistent in both fresh
and aged samples. Furthermore, while the upper part of the active layer is mostly constituted
by the OSCs, the lower part is characterized by the segregation of the polymer, which is in
agreement with the AFM data. In conclusion, we observed two effects due to the presence of

the polymer in the blend formulation:

* When the OSCs is blended with PS, a general decrease of the diffusion phenomena
of the dopant is revealed. This is more evident when HMWPS is used in the blend

formulation.

* In the OSCs/PS blend films, the upper part of the active layer is mostly constituted by
the OSCs, while the lower part is characterized by the segregation of PS. Consequently,
the in-depth dopant diffusion can be efficiently limited in the lower part of the active
layer by the higher presence of the polymer. However, this effect can be observed even

in the upper part where the PS is less present.
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Figure 3.18 TOF-SIMS depth profiles of: (a) pristine Czg-BTBT-Cg, (b) Cs-BTBT-Cy:PSk, (¢)
Cs-BTBT-Cy:PS gk, and (d) Cg-BTBT-Cy:PSyg0x. To mitigate matrix effects and prevent detector
saturation, MCs,* adducts were employed. The ion signals SCs;* at m/z 430.65, and SiO,Cs;* at m/z
458.77 were chosen to represent Cg-BTBT-C; and the substrate, respectively. For the PS polymer,
several characteristic ion signals were aggregated to amplify signal intensity: C,Cs;* (m/z 422.68),
C,HCs;" (m/z 423.68), C;Cs;* (m/z 434.68), C;HCs;* (m/z 435.68), C,Cs;* (m/z 446.68), C,HCs;*
(m/z 447.68), C¢Cs;* (m/z 470.68), and C;HzCs;™ (m/z 490.68). The MCs,* profiles were normalized
to their maximum values and plotted against depth to elucidate the distribution characteristics of the
materials within the channel [82].
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Experimental Methods

TOF-SIMS measurements were performed using a TOE.SIMS5 (ION-TOF GmbH, Miinster,
Germany) secondary ion mass spectrometer. A low-energy electron flood gun (20 V) was
used for charge compensation. Surface analysis data were acquired in high lateral resolution
mode using Biz™ (30 keV) with a pulse width of 18.4 ns and a current emission of 0.4 pA.
The lateral resolution of the surface chemical maps was estimated to be ~150 nm. The
analyzed area is equal to 250 x 250 zm?. Depth profiling measurements were performed in
dual-beam mode using Biz** as the primary ion gun and low energy Cs* (250 eV, current:
1.6 nA) gun as sputtering beam. The area of analysis (50 x 50 pm?) was selected in the
middle of the sputtering region according to a ratio of 1/3 with the sputtering area of 200 x
200 zzm?. The chemical maps were collected at a resolution of 256 x 256 pixels. Secondary
ions were extracted at 2 kV and detected with a ToF mass analyzer with a cycle time of 100
us [(1 <+ 800) m/z mass range]. Mass spectra, with a mass resolution higher than 5000 m/Am
for all masses, were calibrated using CN~, S™, and C{,F4N4~. Five measurements were
collected in different areas for each. Data were exported for further analysis by Surfacel.ab
v6.5 software (IONTOF GmbH, Miinster, Germany).

3.6 Conclusions: The Impact of Polystyrene in Inhibiting
Dopant Diffusion

This study explores Organic Field-Effect Transistors, focusing on the innovative strategy
of molecular contact doping to enhance device performance. A significant highlight of this
research is the incorporation of a dopant layer between the Organic Semiconductors and the
top gold contacts. This strategic position of the dopant layer crucially reduces the energy
barriers associated with charge injection and release, thereby markedly boosting the overall
efficiency of OFETs.

However, the implementation of molecular contact doping is not free from challenges. A
primary concern is the tendency of the dopant to diffuse into the OFETs channel over time,
leading to an unintentional doping of the OSCs. This diffusion process poses a significant
threat to the device’s functionality, particularly affecting on/off switching capabilities. To
address this issue, our study explores several devices where Polystyrene is utilized as a
diffusion-blocking agent. The introduction of PS in various molecular weights into the
OFETs structure has been fundamental to inhibiting the dopant diffusion. This strategy
was significantly effective in maintaining the dopant within the intended layers, thereby

preserving the device’s integrity and performance.
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Time-of-Flight Secondary Ion Mass Spectrometry studies provide critical insights into
the surface and in-depth distribution of the dopant, further confirming the effectiveness of
our approach. We have been able to demonstrate that in thin films of OSCs blends with High-
Molecular-Weight Polystyrene PS, the dopant remains drastically confined to the contact
areas. This confinement is reflected in the enhanced long-term stability and capability of the
devices.

The results of this work represent a significant advancement in the development of OFETs.
By successfully mitigating the issue of dopant diffusion, we have opened up new paths for
the development of more stable and efficient organic electronic devices. This breakthrough in
molecular contact doping, not only enhances the mobility of OFETs, but also sets a precedent
for future research and development of organic semiconductors.

In addition, our results suggest that the method of doping and the choice of dopant
material are critical parameters that influence the performance and stability of OFETs. The
use of PS as a dopant-blocking layer offers a novel way to fine-tune these devices, potentially
leading to more precise control of electrical properties. This could pave the way for the
development of OFETSs with customizable performance characteristics, tailored for specific
applications in flexible electronics, display technology, and beyond.

Furthermore, our research opens up possibilities for exploring other polymer materials as
potential diffusion-blocking agents. The effectiveness of PS in this role encourages a broader
investigation into polymers with varying properties, which could lead to the discovery of
even more efficient materials for enhancing OFETs performance. This investigation stream
could significantly contribute to organic electronics, providing a deeper understanding and
novel solutions to the challenges faced in device fabrication and optimization.

In conclusion, the insights gained from this study not only address a critical challenge in
OFETs technology but also provide a foundation for future innovations in organic electronics.
The role of PS in inhibiting dopant diffusion is a key discovery that has implications for the
design and development of next-generation electronic devices, marking a significant step

forward in the evolution of organic semiconductor technology.






Evaluation of Blended and Non-Blended
Thin Films

The blending of semiconductor and polymer materials has proven to be a good approach for
enhancing the performance of Organic Field-Effect Transistors [80]. This technique requires
combining an OSCs with a polymer to improve the overall characteristics of the OFETs. The
primary goal of this blend is to optimize the interface between the semiconductor and the
dielectric layer, which is a crucial factor for an efficient charge transport [118, 119, 120].
This optimization leads to a reduction in the threshold voltage and an increase in the charge
carrier mobility, therefore significantly boosting the performance of the devices [80].
However, a lot of challenges arise to achieve an ideal blend, primarily related to the
compatibility and to the distribution of the semiconductor and polymer materials. To over-
come these challenges, we have adopted an innovative approach in our OFETs fabrication
process using advanced OSCs. Our method incorporates a precise blending technique, which
was successful in achieving uniform semiconductor-polymer blends, as well as ensuring

consistent device performance and enhanced operational stability.

4.1 Introduction and Objectives

Solution-based deposition techniques for small molecule Organic Semiconductors are increas-
ingly attractive, requiring a low cost for manufacturing of Organic Field-Effect Transistors
[121]. These methods are particularly compatible with high-throughput processes and flexi-
ble substrates, offering a promising opportunity for scalable production. However, challenges
such as dewetting, along with limited control over nucleation and growth of molecular
crystallites, do not always assure the reproducibility and homogeneity of the crystalline
films [122, 123]. Such inconsistencies can lead to significant performance variability among
different devices.

To overcome these issues, a novel approach was developed, involving the blending of

small semiconducting molecules with amorphous insulating polymers [80, 124]. This strategy
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synergizes the high carrier mobility of crystalline OSCs with the enhanced processability
provided by the polymer. Notably, this blending technique has determined a substantial
improvement in charge carrier mobility, device reproducibility, and stability. The enhanced
performance of OSCs blend OFETs is largely attributed to the vertical phase separation of
the two material components [124]. This results in a stratified structure, with a polymeric
layer underlying the OSCs/dielectric interface, which effectively passivates the interface
and ensures a low density of traps. Such stratification has been confirmed by various
ex-situ measurements, including transmission electron microscopy, Secondary Ion Mass
Spectrometry, neutron reflectivity, and variable angle spectroscopic ellipsometry [125, 126,
127].

The OSCs family of acenes, like 6,13-bis(triisopropylsilylethynyl)pentacene (TIPS)
and 1,4,8,11-Tetramethyl-6,13-triethylsilylethynylpentacene (TMTES), has demonstrated
exceptional performing devices, becoming one of the most promising small semiconducting
molecules due to high hole mobility [122]. Blends utilizing TMTES and Polystyrene
(PS) have shown enhanced film reproducibility, homogeneity, and remarkable field-effect
mobilities [80, 124].

Despite these advancements, a comprehensive understanding of the detailed vertical
structure of these films at the nanometer scale remains not clearly understood. To address this
knowledge gap, Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS) techniques
have been employed and have been recognized as a powerful tool. TOF-SIMS provides the
needed precision to analyze the nanoscale structure of these blended films and therefore
contributed significantly to the optimization of solution-based deposition techniques for
OFETs [95].

The main aim of this chapter is to conduct an in-depth nanoscale analysis of the vertical
distribution of TMTES and PS within blended thin films. This examination is crucial for
the comprehension of the variability in the macroscopic electrical performance observed
when these materials are utilized as active layers in Organic Field-Effect Transistors devices.
Moreover, the chapter focuses on the electrical characterization of thin films, which were
prepared using solutions with varying TMTES:PS weight ratios (specifically, 1:0 and 2:1)
and deposited viaBar-Assisted Meniscus Shearing (BAMS) method [128, 129, 112].

4.2 Device Fabrication

1,4,8,11-Tetramethyl-6,13-triethylsilylethynylpentacene (TMTES) and Polystyrene (PS) with
a molecular weight of 280,000 g/mol were acquired from Ossila and Sigma—Aldrich re-
spectively (chemical formula in Fig. 4.1a). Solutions of TMTES and PS were prepared in
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anhydrous chlorobenzene at a concentration of 2.0% w/w. For blending, the TMTES and
PS solutions were combined in 2:1 volume ratios of TMTES to PS. Before deposition, these
solutions were heated to the substrate temperature designated for the coating process.

Interdigitated gold electrodes were fabricated on heavily n-doped Si wafers (Si-Mat)
covered with a 200 nm thick SiO, layer, using photolithography. The electrodes comprised
a 5 nm chromium layer for adhesion, topped with a 40 nm layer of gold, both thermally
evaporated onto the Si wafer. The channel lengths (L) of the electrodes varied between
25 and 200 pm, maintaining a constant width-to-length ratio of 100 (W/L). The substrates
were subsequently cleaned through sonication in acetone and isopropanol of HPLC grade,
followed by drying under a nitrogen flow.

To modify the electrode surfaces, a self-assembled monolayer of 2,3,4,5,6-
pentafluorothiophenol (PFBT) was applied. The gold surfaces underwent a 25-minute
exposure to ultraviolet ozone cleaning, followed by a 15-minute immersion in a 15 x 1073
M PFBT solution in isopropanol. The substrates were then washed with pure isopropanol to
eliminate excess PFBT and dried under nitrogen.

The deposition of the TMTES solutions onto these substrates was executed using Bar-
Assisted Meniscus Shearing (BAMS) (Fig. 4.1b) at a substrate temperature of 105 °C and
with coating speeds of 10 mm/s. It’s noteworthy that the entire fabrication procedure was

performed under ambient conditions, and no post-thermal treatments were necessary.
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Figure 4.1 (a) Chemical structures of TMTES and PS. (b) Scheme of the BAMS technique for the
deposition of the active layer [116].

4.3 Thin Films Characterization

To understand the influence of the vertical phase separation in each film and the related
effect on the electrical properties of the devices, a morphological characterization has been

performed. The polarized optical microscopy images, displayed in Fig. 4.2, reveal that all
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the films exhibit polycrystalline spherulitic domains. These domains do not show any clear
preferential orientation of the crystals, a morphology that is in alignment with what has been
previously observed in TIPS films, as referenced in studies [112, 130]. Notably, the grain
size within the channel area appears smaller compared to the SiO, regions distant from the
electrodes. This difference in grain size can likely be attributed to the gold PFBT treatment,
which is known to promote nucleation [131, 132, 133].

(a) TMTES (b) TMTES:PS

&

Scale Bar 200 pm

Figure 4.2 Optical microscope images (left) and cross-polarized optical microscope images (right)
of (a) TMTES and (b) TMTES:PS thin films deposited by BAMS on a Si/SiO, substrate with pre-
patterned interdigitated gold electrodes [116].

Further characterization of TMTES and TMTES:PS thin films was conducted using
Atomic Force Microscopy, the results of which are presented in Fig. 4.3.
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Figure 4.3 AFM topography images of TMTES (a) and TMTES:PS (b) thin films. The inset in (a)
corresponds to the height profile along the black line in the figure [116].



4.3 Thin Films Characterization 89

The films consistently exhibited step edges with an approximate height of 1.7 £ 0.1 nm,
well correlated with the length of an extended molecule, as depicted in the inset of Fig. 4.3a.
The surface roughness was measured and resulted relatively low, with values of 6.5 £ 1.2 nm
for TMTES films and 7.0 £ 3.8 nm for TMTES:PS films. Additionally, the thicknesses of the
TMTES and TMTES:PS films were determined to be 22 + 6 nm and 32 + 7 nm, respectively.

In literature, two distinct TMTES polymorphs have been identified [134, 135, 136].
TMTES films created from solutions such as drop casting or spin coating are observed to
crystallize in the same phase as the previously resolved single crystal structure, referred to
as Polymorph I (PI) [134, 135]. This polymorph crystallizes forming a slip-stack structure.
More recently, TMTES microcrystals grown from solutions and examined using transmission
electron microscopy revealed a novel structure, known as Polymorph II (PII), characterized
by a herringbone molecular stacking pattern [136]. X-ray diffraction analysis of the films
prepared here indicates that TMTES and also TMTES:PS blend films consistently crystallize
in the PII phase (Fig. 4.4, Fig. 4.5).
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Figure 4.4 X-ray diffractograms of TMTES and TMTES:PS thin films deposited by BAMS [116].

This is demonstrated by the exclusive observation of the (00I) reflection peaks, confirming
that the crystals align with the ab plane parallel to the substrate. This orientation is particularly
advantageous for charge transport. Indeed, polymorphism significantly influences device
performance [137, 138, 139]. To compare the hole transport characteristics of the two
TMTES polymorphs, we analyzed all independent pairwise HOMO-HOMO intermolecular
electronic couplings (Jyomo) in both crystal structures using Density Functional Theory (DFT)
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based calculations (Fig. 4.5b and Table 4.1). For the TMTES-PI polymorph, our results
revealed a highly anisotropic one-dimensional electronic structure, characterized by a single
dominant Jyono value of 105 meV along the a-axis. In contrast, TMTES-PII demonstrates
stronger intermolecular intra-stack couplings (Jyomo = 172 meV), coupled with significant
inter-stack electronic interactions. The electronic couplings in PII are distributed across the
entire ab plane, indicative of a two-dimensional electronic isotropy, which is more desirable
for charge transport [140, 141].
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Figure 4.5 (a) X-ray diffractogram of a representative TMTES:PS film together with the simulated
diffractograms of the reported polymorphs in the (00l) plane. (b) Crystal packing of TMTES
polymorphs PI and PII. The arrows of each color indicate non-equivalent interactions between pairs
of molecules in each polymorph respectively [116].
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TMTES Dimer interaction Jyomo [meV]

PI 1 105

PII 1 172
2 17
3 17

Table 4.1 Transfers integrals calculated for non-equivalent dimer interactions in the two polymorphs
TMTES-PI and TMTES-PII. The color-coding of the dimer interaction numbers corresponds to the
colored arrows in Fig. 4.5, indicating different interactions between pairs of molecules

Experimental Methods

The optical microscopy images were taken using an Olympus BX51 equipped with a polarizer
and an analyzer. Surface topographies of the thin films were examined by a S500LS Scanning
Probe Microscopy system from Agilent Technologies and subsequent data analysis was
performed by using Gwyddion 2.56 software. X-ray diffraction measurements were carried
out with a PANalytical X’Pert Pro MRD (Materials Research Diffractometer) diffractometer.
The Cu K-alpha radiation 1.54187 A was used.

4.4 Electrical Characterization

In our investigation into the electrical behavior of Organic Field-Effect Transistors, we
explored the properties of devices with and without PS under ambient conditions. Table 4.2
collects the electrical parameters extracted for all the devices. In Fig. 4.6, transfer and output
characteristics of representative OFETs based on both formulations.

TMTES-based OFETs, without the PS binding polymer, show an average mobility of 0.10
+0.03 cm?/Vs and a high positive threshold voltage (V;;,) of 27 + 9 V. This high V};, suggests
possible unintentional doping of the semiconductor, most likely due to water infiltration at
the dielectric interface. Conversely, OFETs using TMTES:PS as the active layer exhibited
enhanced performance, operating within a reduced voltage window (5 V) and displaying
superior electrical characteristics with less hysteresis and minimal gate voltage-dependent
mobility. The threshold voltages for these devices were near 0 V, ranging from -0.5 to -1 V,
which supports the beneficial effects of PS in semiconductor processing under environmental

conditions.
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The TMTES:PS devices showed a high average mobility of 2.6 0.6 cm?/Vs (maximum
mobility found: 3.1 cm?/Vs). Anisotropy in mobility, defined as the ratio between mobilities
parallel and perpendicular to the coating direction, ranged from 1.4 to 1.2 for TMTES films
and 1.1 to 1.3 for TMTES:PS films.
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Figure 4.6 Electrical performance of the OFETSs devices. Transfer characteristics in saturation regime
of representative (a) TMTES and (b) TMTES:PS based OFETs. For the blended films, the device
characteristics after 90 days are shown (dashed lines). Output characteristics of representative (c)
TMTES and (d) TMTES:PS based OFETs [116].

Furthermore, the majority of charge carrier traps, specifically for holes, estimated from
the sub-threshold slope, were one order of magnitude lower in TMTES:PS films (3.9 + 0.9)
x 101 eVl cm?2, compared to TMTES films without PS (6.3 £ 1.1) x 102 eV-lem™2. This
result confirms that the passivation of the dielectric with PS is responsible for the reduction
of interfacial traps. The shelf-stability tests also indicated that TMTES:PS devices retained
over 50% mobility after 90 days, while the TMTES OFETs exhibited a substantial positive

shift in V};, over the same period as shown in Fig. 4.7.
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Ink Formulation Mobility (cm?> V'1s1)  V, (V)  On/Off iy (em? V1sl)

TMTES || (1.0 £0.3)-107! 27+9 103 0.2+0.3
TMTES:PS || 2.6+0.6 -1.1+£02 100 3.1+0.2
TMTES L (7.4 +1.9)-102 34+9 10° 0.1+0.2
TMTES:PS L 2.1+06 -1.0£0.1 100 2.8+0.3

Table 4.2 Electrical parameters of OFETs based on films of TMTES and TMTES:PS. The parameters
are calculated for OFETs with the conducting channel parallel (||) and perpendicular (L) to the coating

direction.
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Figure 4.7 Transfer characteristics in saturation regime of TMTES devices measured 90 days after

their fabrication [116].

In addition, bias stress measurements under ambient conditions for TMTES:PS OFETs

showed only a 1.4 V shift in V};, after 5 hours, with saturation mobility decreasing by just

15% (Fig. 4.8).

Based on these values, TMTES:PS films can be evaluated as top-performing semiconduc-

tors, especially considering the fact that they are produced using a low-cost method that is

scalable for commercial manufacturing processes (Table 4.3).
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Figure 4.8 Consecutive transfer characteristics of the films TMTES:PS under bias stress (Vgg=-10V
and Vpg=-1V) [116].

Scalable to
OSC Formulation Binder 1 (cm?V1isl) V (V) Ref
Roll-to-Roll
2.0 wt % CB (2:1) PS YES YES 2.6 £ 0.6 -1 This work
2.0 wt % CB YES NO 0.10 £ 0.03 ~30  This work
0.5 wt % TL NO NO 1.34+04 NA [142]
1.2 wt % TE (1:2)
NO YES 43403 ~10 [143]
4-iPrCN-TAA/CS8-Flu (70:30)
TE NO NO 2.6 3.5 ~40 [144]
1wt % TE NO NO 0.3 ~0 [145]
1 wt% TE (1:1) (iPVN) NO YES 0.07 ~0 [145]
n.r. NO NO 1.9 [146]

Table 4.3 Comparison of our results with the electrical transport parameters of solution-processed
OFETs based on TMTES reported in literature. Specifically, for OSC Formulation: (CB) chloroben-
zene, (TL) toluene, (TE) tetralin, (iPVN) isotactic poly(a-vinyl naphthalene, (4- iPrCN-TAA/CS8-Flu)
4-isopropylcyano triarylamine/n-octyl Fluorene, 70/30 copolymer, and n.r. not reported.
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For comparison, TIPS OFETs processed with the same PS blending and deposition
technique achieved mobilities between 0.5-1 cm?/Vs and trap densities of (9.2 +2.8) x 10'!
eVl cm™? [80]. TMTES films, however, exhibited greater mobilities (from two to four),
attributable to the favorable 2D herringbone crystal packing and the reduced interfacial hole
traps.

Experimental Methods

These measurements were performed using an Agilent BISO0A semiconductor device ana-
lyzer connected to the samples with a Karl SUSS probe station, at ambient conditions. The
characteristic field-effect mobility (1) and threshold voltage (V4,) parameters were obtained
in saturation regime using the mentioned equation Eq. (1.14). For each ink formulation, the
device parameters were extracted from at least 30 devices from two substrates to ensure thin
film homogeneity and reproducibility.

The interfacial trap density for the majority charge carriers (i.e., holes) per unit area
(N7) was extracted directly to Subthreshold Swing (SS), and has been estimated using the
mentioned equations: Eq. (1.15) and Eq. (1.16).

4.5 Chemical Characterization

The surface chemical compositions of TMTES and TMTES:PS films were analyzed using
Time-of-Flight Secondary Ion Mass Spectrometry, with the results presented in Fig. 4.9.
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Figure 4.9 TOF-SIMS 2D surface chemical maps of TMTES and TMTES:PS thin films deposited by
BAMS at coating speed of of 10 mm/s. Normalized (to total counts) sum of SioC4,Hsp™ (m/z = 610.34),
Sip 1BCC41Hso™ (m/z = 611.35), Sip 13CyCaoHso™ (m/z = 612.35), 3°SiSi'3CC4 Hso* (m/z=613.34),
308iSi13C,CaoHso* (m/z = 614.35), and °SiSi'3C3Ci9Hsot (m/z = 615.35) secondary ion signals
from (a) TMTES and (b) TMTES:PS surface acquired outside the interdigitated electrodes [116].
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The molecular ion fragment characteristic of TMTES (SiC3Ho" m/z = 73.05) was em-
ployed to trace the semiconductor distribution over a 500um x 500um area. For the blended
TMTES:PS film, the TMTES ion signal was found to be uniformly distributed across the
surface, indicating an absence of horizontal phase segregation.

To study the vertical distribution of the insulating polymer, TOF-SIMS depth profiling
was conducted on the TMTES:PS film (Fig. 4.10).

T T ! T
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Figure 4.10 TOF-SIMS study of the TMTES:PS thin films. Normalized (to maximum) TOF-SIMS
depth profile acquired in the channel area of the OFET starting from the surface and reaching the
Si0; substrate (black curve). The TMTES signal (red curve) includes the SiC~, SiCH™, SiC,H™,
SiCsH; ™, SiC7H; ™ species; the PS signal (green curve) includes the CsH3~, C4H3~, CsH3z~, C¢H3z ™,
C;H; ™ species; the PFBT signal (light blue curve) includes the F~ and S~ species. On the right, 3D
rendering of the same species just mentioned, as the sputter time is proportional to the Z-profiling
of the layers. The analyzed thickness (40 + 12 nm) was multiplied by a factor of 2.5-10% to better
appreciate the multilayer architecture in the 3D rendering. The dashed line and arrow indicate the
TMTES-PS transition region [116].

Four representative profiles were taken, corresponding to TMTES, PS, PFBT, and the
SiO, substrate, by averaging the signal intensities of characteristic secondary ions from
each stratified material in the OFETs channel area. Analysis of the characteristic fragments
from TMTES and PS confirmed the simultaneous presence of the OSCs and of the insulator.

Progressing deeper into the film towards the substrate, the PS ion signals diverged from those
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of the OSCs, delineating a well-defined TMTES-PS transition region. Here, the TMTES
signal reduced significantly, whereas the PS signal increased. Additionally, the PFBT signal
profile revealed an intermediate layer between the PS and the Si/SiO; substrate, confirming
the effectiveness of electrode functionalization which was applied to enhance charge injection
and semiconductor crystallization [132, 133]. The 3D TOF-SIMS map reconstruction of the
overlaid signals from the thin film profile is depicted in Fig. 4.10. These results, consistent

with the previous studies [80, 142], confirm that PS serves as a dielectric passivating layer.

Experimental Methods

TOF-SIMS measurements were performed using a TOF SIMS V instrument (ION-TOF
GmbH, Muenster, Germany). The base pressure of the analysis chamber during the TOF-
SIMS data acquisition was equal to 1.3 x 10 mbar. Bi3** primary ions at 30 keV provided
by a liquid metal ion gun (LMIG) were used for surface analysis. For depth profiling in
dual-beam mode, the analysis beam was combined with a sputter ion gun producing Cs* ions
at 500 eV. The analysis area of the surface chemical maps was 500 ym x 500 pm. Sputtering
was carried out over 300 ym x 300 pm areas inside the OFET active layer. Depth profiles
were acquired over 100 um x 100 pum areas within the center of the sputter crater. The
analysis beam (pulse width: 18.4 ns, current: 0.3 pA) and the sputtering beam (current: 6 nA)
were employed in non-interlaced mode (1 analysis frame, 1 s sputter, and 1 s pause per cycle)
for sample charge compensation. Secondary ions were extracted at 2 kV and detected with a
time-of-flight mass analyzer. A cycle time of 100 us allowed to obtain a mass range from 1
to 900 m/z. The detected secondary ions had negative and positive polarity. Negative and
positive mass spectra were calibrated using CH™, Si~, Cs~, and C4pHs(Si» ~, and H, CHY,
CH3", and C4,Hs0Si,* signal peaks, respectively. The mass resolution achieved was more
than 6000 m/Am for all the analyzed masses. Mass spectra and depth profile signals were
exported for further analysis by SurfacelLab v6.5 software. A list of characteristic secondary

ions was obtained for TMTES and PS mass spectra through a multivariate analysis approach.

4.6 X-Ray Detection

In this section, the application of Organic Field-Effect Transistors as X-ray detectors will be
briefly discussed. This aspect will be explored in depth in Chapter S of this thesis where
a work-in-progress study related to the optimization of OFETs as X-ray detectors will be
shown.

The enhanced transport characteristics of TMTES:PS films, suggested the use of this

organic thin film as X-ray detectors. These devices, when irradiated and operating in the
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saturation regime (Vpg =-15 V and V55 =-20 V), displayed measurable currents between the
source and drain during successive beam on/off cycles. Real-time current responses to varying
radiation dose rates revealed photoconversion dynamics typical of organic microcrystalline
thin films, influenced by a photoconductive gain attributed to minority carrier traps within the
semiconducting layer (Fig. 4.11) [147]. This facilitates the detection of high-energy photons

using low-absorbing, tissue-equivalent materials like full-organic thin films.
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Figure 4.11 X-ray induced photocurrent response of a TMTES:PS BAMS-coated device upon three
on/off switching cycles (green areas correspond to time windows of 60 s) employing a dose rate of
9.8 mGys™! [116].

The photocurrent gain, a critical factor for sensitivity, is the ratio of the minority charge
carriers’ lifetime (7,), trapped within the material, to the majority charge carriers’ transit
time across the channel (7). The transit time depends on the charge transport efficacy and
it is inversely proportional to the mobility of the majority carriers (; = L?/uV, where L is
the channel length and V the applied bias). Sensitivity can thus be amplified by modulating
electron trap density, such as by adjusting grain boundary density, and by refining hole
transport in the active layer through structural and interfacial enhancements [80].

Sensitivity to X-rays was quantified by the photocurrent’s dose rate-dependent slope,
reaching (4.10 = 0.05) x 10'° 4C Gy cm™ as shown in Fig. 4.12a. This is better than
previous benchmarks for fully organic, tissue-equivalent active layers and also exceeds the
sensitivity of many perovskite-based detectors (Fig. 4.12b).
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Figure 4.12 X-ray detection of TMTES:PS film-based devices. (a) X-ray induced photocurrent as a
function of the dose rate. The sensitivity is estimated as the slope of the linear fit of the experimental
points and results in the top value reported in the inset. (b) Comparison of the sensitivity values per
unit volume achieved in this work (green triangle), with those reported at the state of the art for thin
film detectors based on perovskite (red triangles), organic-hybrid (blue circles), and full-organic (black
squares) active layers. (c) Layout and POM images of the 4 pixels array BAMS printed TMTES:PS
detector. (d) OFETs transfer characteristics of the 4 pixels of the array. (e) Photograph (right) and
corresponding X-ray image by a single pixel device (left) of an aluminum star [116].

Despite the ultra-thin profile of our films, the sensitivity per unit area remains remarkable.
Notably, the sensitivity is comparable to that of hybrid organic-perovskite thin film detectors,
traditionally deposited via non-scalable spin coating processes [148]. Moreover, the exclusion
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of lead-halide perovskite from the active layer maintains the tissue equivalence of the detector,
a significant advantage for medical dosimetry applications.

The high detection capabilities of the TMTES:PS thin films are attributed to their excellent
transport properties, resulting from the production of highly crystalline films, and their
electrical stability, enhanced by the passivating effect of PS, experimentally demonstrated
from TOF-SIMS depth-profiling measurements.

Demonstrating the practical application and reliability of our devices as large-area de-
tectors for medical purposes, we constructed a 4-pixel array and conducted tests at the
Synchrotron Radiation for Medical Physics (SYRMEP) beamline of the ELETTRA light
source in Trieste, Italy. SYRMEP was an ideal test for its capabilities in biomedical imaging
research, offering an X-ray energy range of 8.5-35 keV and dose rates suitable for diagnostic
mammography (0.05-35 mGy/s).

The uniformity of the coating, resulting from the employment Bar-Assisted Meniscus
Shearing technique, was evident in the consistent morphologies captured in Polarized Optical
Microscopy (POM) images. Furthermore, the congruent OFETsS transfer characteristics of
the 4 pixels, as illustrated inFig. 4.12¢ and Fig. 4.12d, corroborate the uniformity.

The X-ray projection image of a star-shaped metal object, displayed in Fig. 4.12e, reveals
sharp contrast and confirms the detector’s consistent performance across 3600 exposures
under identical experimental conditions. The achieved lateral resolution of 250 pm, limited
by the device’s dimensions and the collimation of the X-ray beam, is notable. Remarkably,
the high X-ray sensitivity of the TMTES-based detectors allowed to use sub-millimeter pixel

sizes, which is highly advantageous for the development of portable, large-area X-ray panels.

Experimental methods

Two different X-ray beam sources were employed for the characterization of the detectors:

* Hamamatsu L.12161 X-ray tube with tungsten target was used at fixed 40 kV operating
voltage the filament current was changed between 100 and 500 pA leading to an

incident dose rate on the samples between 318 and 1665 ;Gy s!.

The dose rate
calibrations were previously performed employing the Barracuda radiation detector.
The modulation of the beam was obtained with a mechanical lead shutter placed
close to the X-ray tube window. Keithley SMU 2614 was used in combination with a

LabVIEW program for electrical signal acquisition.

* A monochromatic and aligned synchrotron X-ray beam with energy of 12 keV and
dose rate in the range 0.05-35 mGy s™!. Synchrotron measurements were carried out at
ELETTRA (Trieste), in the SYRMEP beamline equipped with an ionization chamber
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for real-time dose rate monitoring. In addition, precision slits and a CCD camera allow

to focus the beam and to control the irradiated area of the samples.

4.7 Conclusions: Role of Vertical Phase Segregation on

Performance and Stability

In this work, we explored the fabrication and application of thin films made from OSCs
TMTES and TMTES blended with PS, using an advanced high-throughput printing technique.
These thin films demonstrate a unique herringbone crystallization pattern, fostering two-
dimensional electronic interactions. A central aspect of our investigation is the role of PS in
these blended films. Notably, OFETSs incorporating these blended films outperformed those
made from unblended OSCs in terms of device performance and stability. The TMTES:PS
based OFETs particularly excelled, showing almost zero threshold voltage, low operation
voltage, and an impressive average mobility of 2.6 cm? V! s”!. Additionally, the inclusion
of PS significantly reduced the density of hole traps, attributed to vertical phase separation
during crystallization, which effectively passivates the dielectric surface.

A pioneering aspect of this research involved the application of these OFETSs devices
as X-ray detectors. They exhibited extraordinary X-ray sensitivity, reaching (4.10 + 0.05)
x 1019 4,C Gy! cm™, surpassing most perovskite film-based detectors in this domain. To
illustrate the potentiality of the X-ray detector, we designed an array of four pixels to image
a metallic object in an X-ray beamline, simulating a medical radiography scenario. This
research underscores the vast potential of using high-performance, cost-effective OFETs
with human-tissue equivalent organic materials as active layers. Such devices promise
revolutionary advancements in large-area, highly sensitive X-ray detectors, opening new

horizons in medical dosimetry and diagnostic imaging applications.






Optimization of PS Concentration and PS
Molecular Weight in Blended Thin Films

Building upon the investigations presented previously (Chapter 4), in this chapter, ionizing
radiation detectors, key elements for the application for the Organic Field-Effect Transistors
(OFETs) are examined. In particular, the effect of Polystyrene (PS) concentration and
molecular weight variations on the different TMTES:PS ratios, on the influence of the
efficacy of OFETsS in detecting ionizing radiation will be studied.

The study is focused on three specific ratios (4:1, 2:1, and 1:2) each of one combined
with PS of different molecular weights (M,,): 280,000 g/mol, 100,000 g/mol, and 10,000
g/mol. This approach allows us to investigate how the concentration and molecular weight of
PS affect the electrical properties and stability of OFETSs devices.

The purpose is to determine the optimal conditions for PS incorporation that enhance
OFETs performance, particularly in applications involving X-ray detection. This research is
pivotal in advancing our understanding of the interplay between semiconductor materials
and polymer additives, potentially leading to a significant improvement in the functionality
and efficiency of organic electronic devices.

5.1 Ionizing Radiation Detectors

The detection of ionizing radiation, encompassing high-energy photons like X- and gamma-
rays and particles such as neutrons or electrons, is a critical process with widespread appli-
cations in various industrial and socially significant fields. This includes microelectronics,
quality control, nuclear waste monitoring, and medical imaging [149]. Effective radiation
detection systems are important to ensure safety, accuracy, and innovative solutions.
Historically, inorganic semiconductor materials, such as silicon, have been at the forefront
of radiation detection technologies [150]. Due to the properties in charge, the inorganic semi-
conductor materials have been chosen and they showed remarkable detecting performances.

However, despite this significant performance, some challenges have to be faced, particularly
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in maintaining the purity and uniformity of the material, which often determines significant
costs. In light of cost reduction, materials like amorphous silicon (a-Si), amorphous selenium
(a-Se), and polycrystalline Cadmium Zinc Telluride (poly-CZT) have been employed for the
realization of large-area detectors, achieving a good balance between performance and costs
[151].

Solid-state ionizing radiation detectors, pivotal in numerous applications ranging from
medical imaging to security, are broadly classified into two categories, indirect detection, and
direct detection (see Fig. 5.1) [151]. The first category, indirect detection, employs a two-step
process. Initially, high-energy radiation is converted into visible photons by scintillating
materials [151]. These photons are then detected by a photodetector, which converts them
into an electrical output signal. Scintillators, such as sodium iodide (Nal) doped with thallium
or bismuth germinate (BGO), are chosen for the high photon yield and compatibility with
the spectral response of the photodetector, typically a photomultiplier tube or a solid-state
photodiode. This indirect method is particularly advantageous in applications requiring high
sensitivity and large-area coverage, as in medical imaging modalities like Positron Emission

Tomography (PET) and Computed Tomography (CT) scans [152].

(a) INDIRECT DETECTION (b) DIRECT DETECTION

X ray beam X ray beam

Scintillators
(X - to VIS)
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Photodiode charge carriers
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charge carriers)

Figure 5.1 Schematic illustration of the (a) indirect and (b) direct radiation detection mechanisms

Direct detectors, as the name suggests, directly transduce high-energy radiation into an
electrical output signal through a single-step process. In this mechanism, semiconducting
materials, such as silicon, germanium, or Cadmium Zinc Telluride (CZT), absorb the ionizing
radiation and generate electron-hole pairs [151]. The quantity of these pairs is proportional
to the energy of the incident radiation, thereby providing a direct measure of the intensity.

This direct conversion provides advantages in terms of energy resolution and response time,
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and therefore it is highly suitable for applications requiring high precision and real-time
detection, such as gamma-ray spectroscopy and high-resolution radiography [147].

Each detection method has specific advantages and limitations. Indirect detectors, while
beneficial for the high efficiency in photon conversion and suitability for large-area ap-
plications, often have limitations in spatial resolution and response speed. On the other
hand, direct detectors, showing superior energy resolution and faster response times, are
limited by factors like material cost, complexity in high-purity semiconductor fabrication,
and challenges in scaling up for large-area coverage [153, 150].

Further advancements in material science, particularly developing new scintillators,
with improved light yield, and semiconductors, with higher charge mobility, will enhance
the performance of both indirect and direct radiation detectors. Additionally, emerging
technologies such as hybrid detection systems, which combine the strengths of both indirect
and direct methods, are being explored to overcome specific limitations and to provide more
versatile and efficient detection solutions [154].

When high-energy radiation hits the sensor, it generates primary excitons. Then, these
primary excitons interact with the active volume of the sensor, typically a semiconductor,
producing a substantial number of secondary products, namely electron/hole pairs. In
semiconductor detectors, an electric field is applied to separate these induced charges,
enabling the measurement of a photocurrent proving the evidence of the absorbed high-
energy radiation.

Several criteria have to be met to allow a semiconductor can act as an active material
in radiation detection. The most critical one is a high atomic number (Z-number) and a
substantial density to maximize the radiation absorption. Additionally, the semiconductor’s
energy gap should be ideally greater than 1.5 eV to reduce the intrinsic carrier concentration
and thus lower the dark current, remaining below 5 eV to minimize the energy required
for electron-hole pair generation [149]. The charge transport properties are important as
well, particularly a high product of charge carrier mobility and lifetime, to ensure efficient
collection of photogenerated charges.

This chapter will analyze the direct detection of radiation using organic semiconductor
materials, a method characterized by rapid response and superior signal-to-noise ratio. The
efficiency and effectiveness of this approach are highlighted by the fundamental interactions

between high-energy radiation and the semiconductor sensor.

5.1.1 Detectors Based on Thin Films Organic Semiconductors

In recent years, an innovative approach has emerged with the employment of organic semicon-
ductors as active materials in radiation detection systems [155, 156]. Organic semiconductors
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offer the possibility to employ solution-based processing techniques, which are pivotal in
fabricating large-area, low-cost, and flexible organic devices. This marks a significant depar-
ture from traditional inorganic semiconductor devices, which are typically characterized by
rigidity, heaviness, high power consumption, and small active detection area. The intrinsic
properties of organic materials, such as flexibility and the potential for large-scale production
at a lower cost, pave the way to innovative applications. These span across various fields,
including medical diagnostics, public safety, space exploration, cultural heritage preservation,
and environmental monitoring.

The concept of using organic semiconductor materials for the indirect detection of
ionizing radiation was first introduced in the early 1960s [152]. Initially, these materials
were mainly considered for their scintillating properties. As illustrated in Fig. S.1a, the
indirect detection mechanism involves a two-step process where incoming ionizing radiation
is first converted into visible photons by a scintillator and then transformed into an electrical
signal by a photodiode. This process, although effective, has certain limitations in terms of
efficiency and response time.

Conversely, the direct detection mechanism, as shown in Fig. 5.1b, offers a more stream-
lined approach by transducing ionizing radiation into an electrical signal within the same
device. Actually, this method is largely employed in research due to the ability to enhance the
signal-to-noise ratio and reduce the response time of the detection system. The integration of
organic semiconductors in direct detection mechanisms represents a significant advancement,
combining the benefits of organic materials with improved detection efficacy [147, 155].

Primarily, the need to mitigate the energy loss, due to charge recombination, needs a
high charge carrier mobility for efficient charge collection. This is particularly critical in the
context of organic semiconductor materials, where intrinsic properties, such as crystallinity,
influence significantly the dynamics of charge transport. The enhancement of crystallinity
facilitates charge transport and also optimizes the X-ray detection capabilities. For instance,
a photodetector built on micro-crystalline 6,13-bis(triisopropylsilylethynyl)pentacene (TIPS)
and deployed on flexible poly(ethyleneterephthalate) (PET) substrates demonstrated a note-
worthy X-ray sensitivity of 200 nC/Gy [147]. Additionally, the integration of an OFETs
architecture allowed for tunable detection capabilities under varying biasing conditions,
leading to a significant sensitivity enhancement up to 1200 nC/Gy [157].

Furthermore, the challenge of low radiation absorption in organic materials, determined
by the low atomic number (Z), requires innovative strategies to enhance the detection efficacy.
Despite the use of thicker films that can increase active volume, these films adversely
impact the device’s bendability and require higher operating voltages. Therefore, alternative

approaches, such as incorporating high-Z nanoparticles or quantum dots, or embedding
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carbon nanotubes within the organic matrix, are needed. A notable advancement has been
the molecular modification of TIPS to include heavier atoms (e.g., substituting Si with Ge
to create TIPGe-pentacene), substantially enhancing sensitivity to a value of 4460 nC/Gy,
rivaling even some advanced inorganic materials [158]. This represents a remarkable value
for organic thin-film X-ray detectors and it is competitive with the performance of some state-
of-the-art inorganic materials currently employed in the creation of large-area detectorsm
[159].

Furthermore, the exploration of physical processes governing high-energy photon detec-
tion in low-Z molecular systems is crucial. Traditional understanding, based on electron-hole
pair generation in inorganic semiconductors, needs to be reevaluated in the context of or-
ganic systems. A pioneering study by L. Basirico et al. revealed that the photocurrent in
micro-crystalline TIPS films was significantly higher than expected considering only the
photogenerated charge collection [147]. This led to the hypothesis of a photoconductive
gain effect: trapped electrons in deep states within the organic material induce a continuous
emission of holes from the injecting electrode, thereby amplifying the photocurrent.

The possibility of obtaining a fine-tuning of electron trap density within the active
material, to further enhance X-ray sensitivity in organic detectors, presents an interesting
research perspective. Additionally, the impact of thin film morphology on X-ray sensi-
tivity remains underexplored due to limitations in controlling morphological features in
solution-based techniques. Innovative deposition techniques such as Bar-Assisted Meniscus
Shearing (BAMS) have shown promise in achieving uniform, highly crystalline thin films,
beneficial for OFETs with high field-effect mobility. Moreover, manipulating deposition
parameters and ink formulations in BAMS can influence film morphology, while the use
of blends comprising an organic semiconductor and an insulating polymer can improve the
processability, homogeneity, and environmental stability of the thin films.

5.1.2 Photoconductive Gain Effect

In highly ordered crystalline semiconductors and polycrystalline film-based photodiodes,
the detection mechanism of high-energy photons predominantly involves charge collection
dynamics, as illustrated in Fig. 5.2a. On the contrary, a distinct phenomenon known as
photoconductive gain, referenced in the literature as [123], plays a pivotal role in thin film-
based semiconductor radiation detectors. Fig. 5.2b depicts this process: the generation of
electron-hole pairs by absorbed radiation leads to the trapping of minority carriers, thereby
amplifying the collected photo-charges by a factor GG. To preserve charge neutrality, majority

carriers are continually re-injected from the ohmic contacts into the conductive channel,
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contributing repeatedly to the total photocurrent. This mechanism allows the internal quantum

efficiency of the detector to surpass 100%, resulting in exceptionally high sensitivity values.
The internal amplification process can be quantitatively described by the gain factor G,

defined as the ratio of the recombination time 7, to the transit time 7;, as shown below:

G=1 (5.1)
Tt
1—y
=2 [ln (”Oﬂ (5.2)
v \px
L2
Ny (5.3)

Here, a, v, and pg are material-specific constants describing the characteristic timescale
and the dispersion of trap states, along with a reference carrier density, respectively. px
represents the photogenerated carrier concentration, L the channel length, u the electrical
mobility, and V' the applied bias voltage.

The recombination and transit times are crucial to describe the dynamics of minority

carrier recombination and the transit of majority carriers through the conductive channel,

respectively.
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Figure 5.2 Schematics of the direct X-ray detection processes. (a) Charge collection in photodiode
architecture. (b) Photoconductive gain in photoconductor architecture. (c¢) Photoconductive gain in
phototransistor architecture [160].

In 2016, Basirico et al. introduced a model to describe the photoconductive gain effect in
organic thin film photoconductors based on TIPS-pentacene and derivatives, as referenced in
[147]. Despite the minimal X-ray absorption (approximately 0.0015% for a 100 nm thick
TIPS-pentacene polycrystalline film) attributable to low-Z elements in the absorbing material

and the thin active layer, the model demonstrated the possibility of recording significantly
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high photocurrents, resulting in high sensitivity values (S = 7.7 x 10* uC Gy_lcm_?’). The
authors further elucidated the slow recombination dynamics using stretched exponential
curves and calculated gain values up to 4.7 x 104 [147].

A primary strategy, to maximize the photoconductive gain mechanism, involves the use
of a phototransistor architecture. As shown in Fig. 5.2¢, the application of gate polarization
enhances the charge density in the OFETSs channel (i.e., pg), promoting both minority carrier
trapping as well as majority carrier conduction. Moreover, in the over-threshold condition,
7+ decreases. Utilizing these phenomena, Lai et al. in 2017 reported a higher gain factor
(G = 3 x 10°) and increased sensitivity (4.8 x10° uC Gy~ 'cm™?) compared to the coplanar

architecture, as referenced in [158].

5.2 Device Fabrication

1,4,8,11-Tetramethyl-6,13-triethylsilylethynylpentacene (TMTES) and Polystyrene (PS) with
molecular weights of 280,000 g/mol, 100,000 g/mol, and 10,000 g/mol were acquired from
Ossila and Sigma—Aldrich respectively (chemical formula in Fig. 4.1a). Solutions of TMTES
and PS were prepared in anhydrous chlorobenzene at a concentration of 2.0% w/w. For
blending, the TMTES and PS solutions were combined in different volume ratios of TMTES
to PS, specifically 1:0, 4:1, 1:2, 2:1. Before the coating, these solutions were heated to reach
the appropriate substrate temperature for the coating process.

The device fabrication is the same as reported in Section 4.2. For completeness, the
chemical structures and the scheme of the device are reported in Fig. 5.3.

TMTES
(a) ( (b)

\_Si_\ Steel Bar

| | PS Organic Au (Drain)
Semiconductor :
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CC e

\_II

Si
) N Au (Source)

Figure 5.3 (a) Chemical structures of TMTES and PS. (b) Scheme of the BAMS technique for the
deposition of the active layer [116].

Moreover, in this chapter, the experimental methods employed will not be detailed, as

they are the same as those extensively described in the previous Chapter 4.
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5.3 Thin Films Characterization

A morphological characterization has been performed to understand the role of the PS amount
in each film and the related effect on the electrical properties of the devices. The optical
microscopy and the polarized optical images are shown in Fig. 5.4, Fig. 5.5, and Fig. 5.6,
following the order of the films from the lowest to the highest PS amount.

All the films exhibit polycrystalline spherulitic domains. These domains do not show any
clear preferential orientation of the crystals, a morphology that aligns with what has been
previously observed in Section 4.3. As previously observed, the grain size within the channel
area appears smaller compared to the one observed in the regions far from the electrodes,
due to the already mentioned nucleation phenomenon [131, 132, 133].

Figure 5.4 Optical (top) and polarized optical (bottom) microscopy of: (a) TMTES:PSys; (b)
TMTES:PSgox; () TMTES:PS . Scale bar 200 um. Solutions were combined in 4:1 volume ratios.

The samples with a 4:1 ratio (Fig. 5.4) exhibit plate-like crystals, and the surface appears
smoother compared to the others. This observation needs further investigation through
Atomic Force Microscopy (AFM) measurements. Additionally, variations in the molecular
weight of PS within the same ratio did not result in significant morphological differences in

the channel area.
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L. B 1 A P L
Figure 5.5 Optical (top) and polarized optical (bottom) microscopy of: (a) TMTES:PSyk; (b)

TMTES:PS yk; (¢) TMTES:PS,o. Scale bar 200 ym. Solutions were combined in 2:1 volume ratios.

)

§ e
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Figure 5.6 Optical (top) and polarized optical (bottom) microsopy of: (a TMTES:PSys0x; (b)
TMTES:PSgk; (¢) TMTES:PS,(. Scale bar 200 pm. Solutions were combined in 1:2 volume ratios.

X-ray diffraction analysis (Fig. 5.7) of the realized films shows that all ratios of
TMTES:PS blend films, with all PS molecular weights, consistently with our previous
study (Section 4.3), crystallize in the Polymorph II phase, characterized by a herringbone
molecular stacking pattern which is advantageous for charge transport (Fig. 4.4, Fig. 4.5).
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Figure 5.7 X-ray diffraction analysis of the films with all the volume ratios: (a) 4:1; (b) 2:1; (c¢) 1:2.

5.4 Electrical Characterization

In our study, related to the electrical behavior of OFETSs, we explored the properties of
devices under ambient conditions. Transfer and output characteristics of representative
OFETs based on ratios 4:1, 2:1, and 1:2 are reported respectively in Fig. 5.8, Fig. 5.9, and
Fig. 5.10. Table 5.1, Table 5.2, and Table 5.3 collect the electrical parameters for all the
devices based on ratios 4:1, 2:1, and 1:2 respectively.

We cannot directly compare the results obtained in this ongoing work (TMTES:PS,g,
ratio 1:2) with the results from the previous Chapter 4. This is primarily due to the fact that
environmental factors, such as humidity, play a significant role in the fabrication process and
can greatly influence the results.

The electrical characterization results of these studied devices reveal a correlation between

the PS amount/PS molecular weight on device performance. For devices with a lower
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concentration of PS (ratio 4:1), there is a marked performance improvement when the PS
molecular weight is equal to 280,000 g/mol. A reduction in molecular weight is correlated
with a decrease in the device’s performance, indicating the critical role of molecular weight
in the device’s electrical properties.
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Figure 5.8 Electrical performance of the OFETSs devices with solution combined in 4:1 volume ratio.
Transfer characteristics in saturation regime of representative (a) TMTES: PS50k, (b) TMTES:PS ook,
and (¢) TMTES:PS,ok based OFETs. Output characteristics of representative (¢) TMTES:PS,5k, (d)
TMTES:PS, ok, and (¢) TMTES:PS,x based OFETSs.

Table 5.1 Electrical parameters of OFETs based on films of TMTES:PS with a volume ratio equal to
4:1

Ink Formulation Mobility (cm? V1g1 Va (V) On/Off
TMTES: PS50k 25+0.2 0.37 +0.01 1.2-10*
TMTES:PS ok 1.7+0.3 0.50 £0.01 1.0-10%
TMTES:PS, ok 204+0.2 0.55+0.01 1.1-10*

Interestingly, this correlation is not linear and it exhibits a reverse trend when the PS
concentration is increased, particularly in the ratios of 2:1 and, more notably, 1:2. In these
scenarios, the PS molecular weight decrease enhances the electrical characteristics and charge

mobility of the device. This suggests that an excessive presence of PS has a negative impact
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on the device functionality. It is reasonable that a threshold exists beyond which PS acts as a
passivating agent (as previously reported in Chapter 4), and PS does not interfere with the
electrical transport properties of the semiconductor’s charge carriers.

(a) TMTES:PS 40 (b) TMTES:PS, gk (©) TMTES:PS,

10* 0.008 104 0.008 104 0.008

Vps= -5V

4 0.006

2
)

llsol (A)
(A
llsol (A)

<
- 0.004 o

lsol (A)

Isol

sol

4 0.002 10%

0.000
5

0.000

0.0 |

00 — 00
50y
10,04 — 5.0 -5.0p -

< < | <
_3-15.0p— gJOOu- 87100p-
-20.0p | V, - V, - V,
—%ov 80 — — Sov 800 — Sov
-25.0p 4 . .
—— 25V 2000 »/,,,/ 25V 20001 25V
30.0p 4 — 00V — 00V — 00V
—— 25V 25001 — 25V —— 25V
as0n] 0u 2500 -
50V —— 50V - —— 50V
-40.0p T T T T T -30.0p T T T T T -30.0p T T T T
-5 -4 -3 2 -1 0 -5 -4 -3 2 -1 o -5 4 -3 2 -1 0
Vsp (V) Vep (V) Vep (V)

Figure 5.9 Electrical performance of the OFETs devices with solution combined in 2:1 volume ratio.
Transfer characteristics in saturation regime of representative (a) TMTES:PS,5k, (b) TMTES:PS gk,
and (c) TMTES:PS,o based OFETs. Output characteristics of representative (¢) TMTES:PSyg0k, (d)
TMTES:PS, ok, and (¢) TMTES:PS,x based OFETs.

Table 5.2 collects the electrical parameters extracted for all the devices with a volume

ratio equal to 2:1.

Table 5.2 Electrical parameters of OFETs based on films of TMTES:PS with a volume ratio equal to
2:1

Ink Formulation Mobility (cm? V'1s1) V4 (V)  On/Off

TMTES:PS 50k 0.8+0.3 0.10+0.02 5.0-103
TMTES:PS, ook 0.8+0.2 0.33+0.02 6.0-103
TMTES:PS, ok 1.0+02 037 +£0.02 8.0-103

This observation is aligned with the trend showing that when PS molecular weight is
lower, PS is more fragmented within the semiconductor matrix because chain lengths are
shorter; nevertheless, this does not block the charge mobility, leading to higher mobility
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values. These data highlight the complex interaction between the quantity and molecular
structure of PS within semiconductor devices; higher material amount and molecular size
can inversely affect the electronic properties. Further research related to the threshold and
the interaction mechanisms between PS and charge carriers could open new perspectives to

optimize the composition of semiconductor materials and enhance the device’s performance.
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Figure 5.10 Electrical performance of the OFETs devices with solution combined in 1:2 volume ratio.
Transfer characteristics in saturation regime of representative (a) TMTES:PS,sk, (b) TMTES:PS ook,
and (¢) TMTES:PS, ik based OFETs. Output characteristics of representative (¢) TMTES:PS,5k, (d)
TMTES:PS yk, and (e) TMTES:PS,k based OFETs.

Table 5.3 collects the electrical parameters extracted for all the devices with a volume

ratio equal to 1:2.

Table 5.3 Electrical parameters of OFETSs based on films of TMTES:PS with a volume ratio equal to
1:2

Ink Formulation Mobility (cm? V-1 s1) Va (V) On/Off

TMTES: PS50k 0.7+0.2 0.13+0.01 5.3-103
TMTES:PS ook 1.4+0.2 0.14 +0.01 7.8-103

TMTES:PS, ok 1.9+0.2 0.11 +0.01 1.1-10%
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Our investigation has discovered that the interaction between PS concentration and PS
molecular weight critically determines the mobility of charge carriers within the semiconduc-
tor matrix. For blends with a lower proportion of PS, particularly with a 4:1 semiconductor-
to-PS ratio, an enhanced device performance is observed when the molecular weight of PS is
at 280,000 g/mol. This can be attributed to the longer PS chains forming a more efficient
passivation layer over the semiconductor surface. The extended chains have a low capacity
to blend into the semiconductor matrix, maintaining a distinct interface that can passivate the
charge carriers effectively.

On the other side, PS chains of lower molecular weights such as 100,000 g/mol or 10,000
g/mol, tend to combine easily with the semiconductor matrix due to their shorter length. This
determines a less distinct passivation layer, which could adversely affect the mobility of
charge carriers due to the presence of trapping centers.

When the concentration of PS in the blend is increased, particularly in ratios of 2:1
and 1:2, the situation changes significantly. In these cases, a higher PS content inherently
creates a more substantial passivation layer. However, longer PS chains at these higher
concentrations are likely to phase-separate due to their bulkiness, leading to the formation of
PS-rich domains [161]. These domains could act as traps for majority charge carriers, thus
negatively impacting the charge mobility within the device.

Conversely, shorter PS chains, have an increased tendency to blend with the semicon-
ductor, avoiding the formation of PS-rich domains which can act as majority charge traps.
Therefore, at higher PS concentrations, shorter chains contribute to a more homogeneous
TMTES:PS blend. This homogeneity is advantageous as it prevents the formation of large,
discrete PS domains that can block charge transport. Thus, the blend with a lower molecular
weight PS enhances the charge mobility by minimizing the disruptive PS accumulations
[161].

Our results suggest that low PS content and higher molecular weight of PS are useful to
form a distinct passivation layer that does not interfere with the semiconductor’s charge carrier
mobility. However, as the PS content increases, lower molecular weights PS are favored
since they integrate more uniformly into the blend, avoiding the formation of charge-trapping
PS accumulations and thereby maintaining or enhancing the mobility of the device.

This understanding of the interaction between PS concentration and PS molecular weight
has significant implications for the design and optimization of TMTES:PS blends. It un-
derlines the importance of tailoring the concentration of the polymer to achieve the desired
balance between passivation and homogeneity, to optimize the charge transport properties of

semiconductor devices.
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In addition, bias stress measurements under ambient conditions for ratios 4:1, 2:1, and
1:2 are shown in Fig. 5.11,Fig. 5.12, and Fig. 5.13 respectively. The interplay between the
PS concentration and PS molecular weight within the semiconductor matrix has proven to be
a critical factor of both initial charge mobility and long-term stability under bias stress.
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Figure 5.11 Biass-stress of the OFETs devices with solution combined in 4:1 volume ratio. Transfer
characteristics in saturation regime of representative (a) TMTES:PSyg0k, (b) TMTES:PS 4k, and (c)

TMTES:PS,ox based OFETs.
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Figure 5.12 Biass-stress of the OFETs devices with solution combined in 2:1 volume ratio. Transfer
characteristics in saturation regime of representative (a) TMTES:PSy0k, (b) TMTES:PS ok, and (c)

TMTES:PS,x based OFETs.
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Figure 5.13 Biass-stress of the OFETs devices with solution combined in 1:2 volume ratio. Transfer
characteristics in saturation regime of representative (a) TMTES:PSygk, (b) TMTES:PS,k, and (c)
TMTES:PS,x based OFETs.
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OFETs devices with the ratio of 1:2 show a decrease in the molecular weight of PS
leading to enhanced initial charge mobility. This is most likely due to the better uniform
blending of shorter PS chains with the semiconductor, facilitating a smoother pathway for
charge transport. However, when subjected to bias stress, an inverse trend is evident. Shorter
PS chains (Fig. 5.13c), while beneficial for charge mobility under short-term operating
conditions, may determine a greater vulnerability of the device over prolonged periods of
bias. This increased susceptibility can be attributed to the fact that lower molecular weight
PS chains may realize a passivation layer on the semiconductor surface less effective than
one obtained with higher molecular weight PS; this could let the device degradation under
long-term operating conditions. Indeed, higher molecular weight PS, ensured a long stability
period due to an enhanced continuity of the PS-rich bottom layer in the vertically phase-
separated films [161]. Thus, while facilitating greater initial charge mobility, shorter PS
chains might also lead to worse performance over time.

It is noteworthy to mention that for OFETs devices with ratios of 4:1 and 2:1 (Fig. 5.11,
Fig. 5.12), the bias stress performance remains stable across all molecular weights tested.
This indicates that the bias stress is not significantly impacted by the PS molecular weight.
This stability is indicative of an optimal balance between the PS passivation layer and
the semiconductor interface, which appears to be less sensitive to the variations in PS
molecular weight. The stability across different molecular weights for the 4:1 and 2:1 ratios
could be due to a more robust passivation effect at these concentrations, which protects the
semiconductor from bias-induced degradation. It seems that the passivation layer formed by
the PS, regardless of its molecular weight, is sufficient to stabilize the interface and to prevent
the formation of deep trap states that can significantly affect the OFETSs’s performance over

time.

5.5 Chemical Characterization

Chemical TOF-SIMS maps of the TMTES:PS film were conducted to know the composition
and the spatial distribution of compounds within the OFETs devices (Fig. 5.14). There is a
decrease in homogeneity as the PS amount in the film increases. This trend is aligned with
earlier observations, including those made using polarized optical microscopy, which also
indicated that the most homogeneous film corresponds to the 4:1 TMTES:PS ratio.

The increased homogeneity in the 4:1 ratio film suggests a more uniform distribution of
PS within the semiconductor matrix, which is a desirable characteristic for efficient charge
transport and overall device performance. Conversely, as the PS concentration increases, the

resulting film appears less homogeneous. This lack of uniformity can lead to the formation
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of defects within the semiconductor layer, potentially creating barriers or traps for charge
carriers, thereby adversely affecting the mobility of the device. To further support these
results, AFM analysis will be performed.

TMTES:PSyp TMTES:PS, ok  TMTES:PS;x

Ratio 2:1 Ratio 4:1

Ratio 1:2

Figure 5.14 TOF-SIMS 2D surface chemical maps of TMTES:PS thin films deposited by BAMS at
coating speed of of 10 mm/s. Totaly secondary ion signals from TMTES:PS surface acquired outside
the interdigitated electrodes. Scale bar 20 ym

To study the vertical distribution of the insulating polymer, TOF-SIMS depth profiling
was conducted on the TMTES:PS film (Fig. 5.15). Three representative profiles were
taken, corresponding to TMTES, PS, and SiO; substrate, by averaging the signal intensities
of characteristic secondary ions from each stratified material in the OFETs channel area.
Analysis, of the characteristic fragments from TMTES and PS, confirmed the simultaneous
presence of the OSCs and of the polymer. Progressing deeper into the film towards the
substrate, the PS ion signals diverged from those of the OSCs, delineating a well-defined
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TMTES-PS transition region. Here, the TMTES signal reduced significantly, whereas the PS
signal increased. These results, consistent with our previous studies (Section 4.5), confirm

that PS serves as a dielectric passivating layer.
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Figure 5.15 TOF-SIMS study of the TMTES:PS thin films. Normalized (to maximum) TOF-SIMS
depth profile acquired in the channel area of the OFET starting from the surface and reaching the
Si0; substrate (black curve). The TMTES signal (red curve) includes the SiC~, SiCH™, SiC,H™,
SiCsH; ™, SiC7H; ™ species; the PS signal (green curve) includes the Cs3Hz~, C4H3~, CsH3 =, CgH3z ™,
C7H3 ™ species.

However, it’s important to note that TOF-SIMS, while providing valuable insights into
the distribution of components, is limited to providing precise quantitative analysis, due to
the matrix effects (Section 2.2.3), especially in this context where the ratio of TMTES to PS
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varies across samples. This variability affects the possibility to compare directly different
samples, although comparisons within the same ratio with different molecular weights remain
valid.

For the 4:1 TMTES:PS ratio, TOF-SIMS analysis revealed a clear phenomenon of PS
segregation across all molecular weights, with the effect being slightly less pronounced at
10,000 g/mol. This result is aligned with the earlier observation of lower mobility at this
molecular weight, suggesting a correlation between the segregation layer and the charge
carrier mobility.

In the 2:1 ratio, the TOF-SIMS profiles indicated the presence of PS segregation, but no
significant differences were observed across the different molecular weights.

The analysis of the 1:2 seems to exhibit the most pronounced phase segregation. A
deeper evaluation shows that this conclusion is not completely accurate: the heightened
intensity in the green signal, which was thought to be solely indicative of PS, in reality was
due to a combination of signals from both PS and TMTES, and because the 22723 C;Hjs
fragmentations could be obtained both from TMTES and PS. In the 1:2 ratio, there is a
higher concentration of PS compared to TMTES, resulting in a more intense signal in the
segregated area where the intensity depends only on the PS contribution. Therefore, the
apparent enhanced segregation is a direct consequence of the higher presence of PS in these
samples in comparison with the TMTES semiconductor.

In conclusion, the chemical characterization reveals that phase segregation is a consistent
phenomenon across all samples studied, indicating the presence of a passivation layer at the
interface in the OFETSs devices. Due to the technical limitations of this technique, we can
state, with a good/high degree of confidence, that phase segregation occurs and impacts on
interface passivation, while it is not yet completely clear how this segregation varies when
ratios and molecular weights are modified.

To verify the effective passivation of the semiconductor/dielectric interface, the number
of interfacial trap states was calculated. The interfacial trap density for the majority charge
carriers (i.e., holes) per unit area (N7) was extracted directly to Subthreshold Swing (SS),
and has been estimated using the mentioned equations: Eq. (1.15) and Eq. (1.16).

The results clearly show that the addition of PS leads to a consistent reduction in trap
density, confirming the passivation effect (Fig. 5.16). This reduction is significant and compa-
rable across various TMTES:PS ratios (and PS molecular weights) thereby demonstrating that
the segregated PS effectively passivates the interface in all the samples confirming TOF-SIMS
study: there aren’t substantial differences between the different conditions presented.
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Figure 5.16 Interfacial trap states density for different TMTES:PS ratios and PS molecular weights.

5.6 X-ray Detection

Finally, X-ray measurements were conducted on the samples obtained by employing the
above-mentioned ratios and molecular weights of PS. These devices were irradiated in the
saturation regime with Vpg =-2.5 V and V55 =-10 V. The sensitivity achieved for all devices
is shown in Fig. 5.17, calculated using the methodologies outlined in Section 4.6.

It’s important to note that X-ray detection was not possible for the devices with a
semiconductor:PS ratio of 1:2 at 10,000 g/mol and 100,000 g/mol molecular weights. This
absence of X-ray detection in these specific devices correlates with the bias stress performance
observed in them, as reported in Fig. 5.13. This parallelism suggests that the film in these
devices may not be enough stable to facilitate effective X-ray detection. The instability could
arise from morphological inhomogeneity at the semiconductor interface, which is crucial for
the efficient absorption and subsequent conversion of X-ray energy into an electrical signal.

The highest sensitivity achieved in our study was observed in the OFETs devices with
a ratio of 4:1 at a molecular weight of 280,000 g/mol. This result is well aligned with the
other results obtained in this study, notably the best mobility and a more homogeneous film
structure as indicated by the TOF-SIMS surface analysis.

This combination of high sensitivity and excellent mobility demonstrates the significant
potentiality of carefully engineered OFETs devices for advanced applications, particularly
in fields requiring precise and efficient detection capabilities, such as X-ray imaging. The
results emphasize the importance of fine-tuning material properties, such as the molecular
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weight of polymer additives and their concentration within the semiconductor matrix, to

achieve optimal device performance.
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Figure 5.17 X-ray detection of TMTES:PS film-based device at different ratio and different PS

molecular weight: 280,000 g/mol black marker, 100,000 g/mol red marker, and 10,000 g/mol blue
marker.

5.7 Conclusions: PS Role for High X-Ray Sensitivity

In conclusion, our results underline the importance of a careful balance between molecular
weight and concentration of PS within the semiconductor blend to achieve both high charge
mobility, operational stability, and high X-ray sensitivity in OFETs devices. We have explored
the properties and functionalities of TMTES:PS-based organic field-effect transistors across
a range of TMTES:PS ratios (4:1, 2:1, and 1:2) and PS molecular weights (280,000 g/mol,
100,000 g/mol, and 10,000 g/mol).

Our study encompassed several key areas: film characterization, electrical characteriza-
tion including bias stress analysis, chemical analysis, and a focused examination of X-ray

detection capabilities, particularly relevant for potential medical applications.

Film and Electrical Characterization:
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* The study revealed a consistent phase separation of PS at the semiconductor-dielectric
interface in all samples, which served as an effective passivation layer, improving the
charge mobility within the OFETSs devices.

* Electrical performance results demonstrated that devices with a 4:1 TMTES:PS ratio
exhibited the highest mobility. Following this, the 1:2 ratio samples at 100,000 and

10,000 g/mol also showed promising mobility levels.

* Significantly, the electrical characterization also involved bias stress tests, where the
1:2 ratio samples at 100,000 and 10,000 g/mol displayed suboptimal characteristics.
This observation suggests potential limitations in their long-term stability and reliability
in electronic applications.

X-ray Detection Analysis:

* The 4:1 ratio samples at 280,000 g/mol not only showed the best mobility but also the
highest sensitivity to X-rays. This correlation highlighted the importance of achieving

an optimal balance of material properties for effective X-ray detection.

* Interestingly, the devices that demonstrated poor bias stress performance (1:2 ratio at
100,000 and 10,000 g/mol) also failed to detect X-rays effectively. This result suggests
that the factors contributing to bias stress susceptibility are potentially related to the
structural and electronic integrity of the film, which also adversely impacts the device’s
ability to operate in X-ray detection applications.

In conclusion, this study of the TMTES:PS OFETs has revealed a relationship between
material composition, electrical stability, and functional capabilities. The identification of
an optimal blend that offers high charge mobility, bias stress resilience, and effective X-ray
detection marks a significant step in developing OFETs for advanced medical applications.
This research not only increases our understanding of organic electronics but also lays the

base for innovative and reliable medical devices, particularly in diagnostic imaging.



Conclusions

The aim of this research was to enhance the performance of Organic Field-Effect Tran-
sistors (OFETSs) in order to develop highly efficient devices. For this purpose, 1,4,8,11-
Tetramethyl-6,13-triethylsilylethynylpentacene (TMTES) and 2,7-dioctyl[1]benzothieno[3,2-
b][1]benzothiophene (C3z-BTBT-Cg) were blended with Polystyrene (PS): the materials
chosen were strategic, and significant advancements in OFETs technology were achieved.
The study, executed to enhance OFETs performance, particularly for applications in medical
fields, has produced significant results regarding the role played by PS in the optimization of
the device.

The innovative strategy of molecular contact doping, applied in this work, was the
incorporation of a molecular contact dopant layer between the Organic Semiconductors
(OSCs) and the top gold contacts. The position of the dopant layer crucially reduced the
energy barriers associated with charge injection and release: the overall efficiency of OFETSs
was markedly boosted. It has to be underlined that the implementation of molecular contact
doping presents several challenges, since, over time, the dopant tends to diffuse into the
OFETs channel and an unintentional doping of the OSCs could occur. This diffusion process
poses a significant threat to the device’s functionality, particularly affecting the device’s
on/off switching capabilities.

To address this issue, our study explored several devices where PS was utilized as a
diffusion-blocking agent. The introduction of PS with different molecular weights into the
OFETs structure has been fundamental to inhibiting the diffusion of the dopant. Time-of-
Flight Secondary Ion Mass Spectrometry (TOF-SIMS) studies provided critical insights into
the surface and in-depth distribution of the dopant, further confirming the effectiveness of
our approach. We have been able to demonstrate that in thin films of OSCs blends with
high-molecular-weight PS, the dopant remains drastically confined to the contact areas,
leading to an enhanced long-term stability and capability of the devices.

The results of this work represent a significant advancement in the field of OFETs. By
successfully mitigating the dopant diffusion, we have opened up new paths for developing
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more stable and efficient organic electronic devices. The molecular contact doping not
only enhances the practical mobility of OFETs but also sets a milestone for future research
and development of organic semiconductors. In addition, the obtained results suggest
that the method of doping and the choice of dopant material are critical parameters that
influence the performance and the stability of OFETs. The use of PS as a dopant-blocking
layer offers a novel way to fine-tune these devices, potentially leading to more precise
control of the electrical properties. This could pave the way for the development of OFETs
with customizable performance characteristics, tailored for specific applications in flexible
electronics, display technology, and beyond.

Furthermore, this research opens new possibilities for exploring other polymer materials
as potential diffusion-blocking agents. The effectiveness of PS in this role encourages a
broader investigation into polymers with varying properties, which could lead to the discovery
of even more efficient materials for enhancing OFETs performance. This work stream could
significantly contribute to the field of organic electronics, providing deeper understanding
and novel solutions to the challenges faced in device fabrication and optimization.

In the second part of the study, we explored the fabrication and application of thin films
made from TMTES and TMTES blended with PS, using Bar-Assisted Meniscus Shearing
(BAMS), an advanced high-throughput printing technique. These thin films demonstrate a
unique herringbone crystallization pattern, fostering two-dimensional electronic interactions.
Notably, OFETs incorporating these blended films have higher performance when compared
to those made from unblended OSCs, not only in terms of performance but also in stability.
The TMTES:PS-based OFETs particularly excelled, showing almost zero threshold voltage,
low operation voltage, and an impressive average mobility. The inclusion of PS significantly
reduced the density of hole traps, most likely due to the vertical phase separation during
crystallization, passivating effectively the dielectric surface.

A pioneering aspect of this research was the application of these OFETs devices as X-ray
detectors. They exhibited extraordinary X-ray sensitivity, greater than the one shown by most
of the perovskite film-based detectors. To illustrate the potentiality of the X-ray detector, we
designed an array of four pixels to image a metallic object in an X-ray beamline, simulating a
medical radiography scenario. This underscores the vast potential of using high-performance,
cost-effective OFETs with human-tissue equivalent organic materials as active layers. Such
devices promise revolutionary advancements in large-area, highly sensitive X-ray detectors,
opening new horizons in medical dosimetry and diagnostic imaging applications.

In conclusion, it has become evident that the balance between the molecular weight and
the PS concentration within the semiconductor blend is crucial for the optimization of OFETs.

This balance is the key to ensuring high charge mobility, operational stability, and enhanced
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X-ray sensitivity in OFETs devices. This investigation has spanned an extensive range of
TMTES:PS ratios and PS molecular weights, examining their impact on OFETSs performance
and functionality.

Focusing on film characterization, we observed consistent phase separation of PS at
the semiconductor-dielectric interface across all samples. This separation played a pivotal
role in an effective passivation layer, which substantially improved the charge mobility
within the OFETs devices. The achieved results were particularly important for the electrical
performance understanding. Devices with a 4:1 TMTES:PS ratio showcased the highest
mobility, a finding that underscores the importance of the materials proportion. We also
explored bias stress analysis, revealing that the 1:2 ratio samples at 100,000 and 10,000 g/mol
exhibited less optimal characteristics. This observation raises questions about the long-term
stability and reliability, which are crucial for electronic applications.

Furthermore, this work extended into a detailed examination of X-ray detection capabili-
ties, an area significantly relevant for medical applications. Here, we found that the 4:1 ratio
samples at 280,000 g/mol not only excelled in mobility but also demonstrated the highest
sensitivity to X-rays, highlighting the critical importance of optimal material balance for
effective X-ray detection. Conversely, the samples that showed poor bias stress performance,
specifically the 1:2 ratio samples at lower molecular weights, were less effective in detecting
X-rays. This result suggests a potential link between the factors contributing to bias stress
susceptibility and the structural and electronic integrity of the film, which in turn impacts the
OFET’s ability to function in X-ray detection applications.

In summary, the study of TMTES:PS-based OFETs has shown a relationship between
material composition, electrical stability, and functional capabilities. Identifying the optimal
blend that offers high charge mobility, bias stress resilience, and effective X-ray detection
marks a significant advancement in the development of OFETs for advanced medical appli-
cations. This research not only enhances our understanding of organic electronics but also
lays the groundwork for innovative and reliable medical devices, especially in the field of

diagnostic imaging.
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