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RESUME

Cette these explore le comportement synaptique des transistors a grille ionique (IGT) en utilisant
le polymére conducteur poly(3-hexylthiophene) (P3HT) et le trioxyde de tungsténe (WOz) comme
matériaux de canal, en mettant I'accent sur le temps de réponse et le comportement synaptique pour
les applications informatiques neuromorphiques. Les IGT sont essentiels pour imiter les synapses
biologiques en raison de leur capacité a reproduire a la fois la plasticité synaptique a court terme
(STP) et a long terme (LTP) et leur faible consommation de puissance. Les parametres que nous
avons sélectionnés pour I'étude sont le poids moléculaire et I'épaisseur de la couche mince de
P3HT, ainsi que la présence d'ions de lithium (Li*) dans le milieu ionique de la grille d’un IGT a
base de WOz: leur effet a été observé sur le temps de réponse et la fonctionnalité synaptique de

transistors.

La premiere partie de I'étude montre comment contréler le temps de réponse des IGT, qui est un
aspect important de la modulation de la plasticité synaptique dans ces-derniers. La méthodologie
congue pour ce projet de doctorat inclut, entre autres, les effets de I'amplitude, de la durée, de la

fréquence et du nombre d'impulsions appliquées au voltage Vs (voltage grille-source).

La deuxieme partie montre que le P3HT de poids moléculaire plus élevé améliore la plasticité du
dispositif et le comportement synaptique, facilitant la transition du STP au LTP. De plus, les
couches plus minces de P3HT entrainent des temps de réponse plus rapides en raison de chemins
de diffusion ionique plus courts, tandis que les couches plus épaisses facilitent le LTP. Les
comportements synaptiques tels que la facilitation des impulsions appariées (PPF) et la plasticité
dépendante du nombre de pics (SNDP) sont modulés en ajustant Vgs et Vs (voltage drain-source),
révélant lI'influence significative de la morphologie de la couche mince de P3HT sur la dynamique

des ions et la conductivité des canaux de transistors.

Dans la troisieme partie, les IGT a base de WOs3 sont examinés, avec une emphase particuliére sur
I'impact de I'intercalation des ions Li*. Grace a la voltammétrie cyclique (CV) et au profilage force-
distance (FD) par microscopie a force atomique (AFM), nous montrons que l'inclusion de Li*
améliore la pénétration des ions, ce qui conduit a un comportement synaptique LTP amélioré. Des
fonctionnalités synaptiques clés telles que la plasticité dépendante de I'amplitude des pics (SADP),
la plasticité dépendante de la durée des pics (SDDP) et la plasticité dependante de la fréquence
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(FDP) sont explorées, soulignant le potentiel des IGT WO3 dans les systémes neuromorphiques qui
permettent I'apprentissage adaptatif et le traitement des données en temps réel.

Dans leur ensemble, ces résultats soulignent I'importance du milieu ionique et des propriétés des
matériaux dans I'optimisation des performances des transistors synaptiques, ouvrant la voie au
développement de matériels neuromorphiques adaptés aux applications d'intelligence artificielle
(1A).
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ABSTRACT

This dissertation explores the synaptic behavior of ion-gated transistors (IGTs) using the organic
conducting polymer poly(3-hexylthiophene) (P3HT) and the tungsten trioxide (WQO3) as channel
materials, with a focus on response time and synaptic behavior for neuromorphic computing
applications. IGTs are key for mimicking biological synapses due to their ability to replicate both
short-term (STP) and long-term synaptic plasticity (LTP) and low power consumption. The
parameters we selected for the investigation are the molecular weight and film thickness of P3HT,
as well as the presence of lithium-ion (Li*) in the gating medium of WOs-based IGTs: their effect
was observed on response time and synaptic functionality.

The first part of the study demonstrates how to control the IGT response time, which is an important
aspect of synaptic plasticity modulation in IGTs. The methodology conceived for this PhD project
includes, among other factors, the effects of pulse amplitude, duration, frequency, and the number
of applied Vs pulses.

The second part shows that higher molecular weight P3HT improves the device plasticity and
synaptic behavior, facilitating the transition from STP to LTP. Additionally, thinner P3HT films
result in faster response times due to shorter ion diffusion pathways, while thicker films facilitate
LTP. Synaptic behaviors such as paired-pulse facilitation (PPF) and spike number-dependent
plasticity (SNDP) are modulated by adjusting the Vgs and Vs, revealing the significant influence

of P3HT film morphology on ion dynamics and channel conductivity.

In the third part, WOz-based IGTs are examined, with a particular focus on the impact of Li*
intercalation. Through cyclic voltammetry (CV) and atomic force microscopy (AFM) force-
distance (FD) profiling, we show that the inclusion of Li* enhances ion penetration, leading to
improved LTP synaptic behavior. Key synaptic functionalities such as spike amplitude-dependent
plasticity (SADP), spike duration-dependent plasticity (SDDP), and frequency-dependent
plasticity (FDP) are explored, emphasizing the potential of WOz IGTs in neuromorphic systems

that enable adaptive learning and real-time data processing.

Together, these findings underscore the importance of both the ionic medium and material
properties in optimizing the performance of synaptic transistors, paving the way for the
development of neuromorphic hardware tailored for artificial intelligence (Al) applications.
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CHAPTER 1 INTRODUCTION
1.1 Background

The demand for new computing systems has increased due to advancements in artificial
intelligence (Al), big data analytics, and the Internet of Things (loT), requiring greater efficiency,
adaptability, and low power consumption.[1, 2] Based on the von Neumann model, conventional
computing architectures face inherent power efficiency and processing speed limitations due to the
physical separation of memory and processing units. This bottleneck results in significant delays
and increased power consumption, which are critical concerns as we move towards more complex

and autonomous systems. [3]

Neuromorphic computing provides a revolutionary solution to these challenges by emulating the
architecture and functionality of the human brain. In biological systems, neurons and synapses are
closely connected, enabling real-time processing and memory storage within the same network.
This brain-like structure supports parallel processing, adaptive learning, and efficient power use—
key features needed for future computing technologies. [4] The 2024 Nobel Prize in Physics was
awarded to Hopfield and Hinton for their groundbreaking contributions to artificial neural
networks, which have revolutionized machine learning and Al. [5, 6] These pioneering works are
closely related to the field of neuromorphic computing, which aims to emulate the brain’s

architecture and functionality.

One of the most significant advancements in neuromorphic computing is the development of
artificial synaptic devices. These devices emulate the synaptic connections between neurons,
enabling them to store and process information simultaneously, in the same hardware. [7] Among
various types of artificial synapses, ion-gated transistors (IGTs) have emerged as a promising
candidate due to their ability to modulate channel conductance through ionic and electronic

interactions. [8]

IGTs are three-terminal devices that control the flow of ions and electrons in the semiconducting
channel. They closely mimic the behavior of biological synapses, where ions trigger
neurotransmitter release to adjust synaptic strength. In an IGT, applying an electrical bias to the

gate electrode in contact with an ion-gating medium, such as an ionic liquid (IL), causes a change



in charge carrier density in the semiconducting channel, leading to a change in channel
conductance. This process is similar to synaptic potentiation and depression in biological systems.
The strength of the synaptic connection is altered based on the frequency and duration of neuronal

signals. [9]

IGTs are particularly well-suited for neuromorphic applications due to their low operating voltage,
high capacitance, and ability to integrate multiple types of plasticity. By modulating the gate-source
voltage (Vgs) and the drain-source voltage (Vas), IGTs can achieve a wide range of synaptic
behaviors, such as paired-pulse facilitation (PPF), spike-number-dependent plasticity (SNDP), and
short and long-term potentiation (STP and LTP). These behaviors are critical for developing

adaptive and efficient neural networks that can process and learn from real-time data. [10, 11]

The choice of materials for the semiconducting channel and the ionic gating medium plays a crucial
role in determining the performance of IGTs. In recent years, there has been a growing interest in
using organic semiconductors and metal oxides (MO) as channel materials due to their unique
electronic and ionic properties. These materials allow precise control over ion intercalation and
doping mechanisms, which are crucial for adjusting the response time and plasticity of IGTs. [12-
15]

In this dissertation, two key materials have been explored as channel materials for IGTs: Poly(3-
hexylthiophene) (P3HT) and tungsten trioxide (WQO3). [16-18] The materials’ ionic conductivity,
response time, and synaptic plasticity make them excellent candidates for neuromorphic

applications. [19]

P3HT is a well-studied organic semiconductor with a charge carrier mobility of 0.1 cm? V! st
which is relatively high compared to other organic materials. It has an optical band gap of
approximately 1.9 eV and the ability to undergo electrochemical doping via ion intercalation. Its
flexibility in film form and ease of fabrication make it suitable for large-scale device integration,
particularly in applications such as flexible electronics and bioelectronics. In the context of IGTs,
P3HT channels exhibit a combination of electrostatic and electrochemical doping, which allows
for the modulation of short-term and long-term synaptic plasticity. The response time of P3HT-
based IGTs can be finely tuned by controlling Vs pulse frequency, and pulse duration, enabling

the emulation of complex neural behaviors. Unique properties of P3HT such as tunable molecular



weight, flexibility in thin film form, and favorable interface with ionic liquids, make it a promising
material for use in various types of transistor devices, especially those aimed at flexible and

printable electronics. [20, 21]

WOQO3, on the other hand, is a transition metal oxide with a bandgap of approximately 2.5 eV. It is
widely used in electrochromic devices, sensors, and photoelectrochemical applications due to its
high surface area and ion intercalation capabilities. WOsz-based IGTs offer a unique advantage in
neuromorphic computing by enabling both two-dimensional electrostatic and three-dimensional
electrochemical doping mechanisms. This dual-doping behavior, combined with the use of ILs
such as [EMIM][TFSI] with/without Li*, allows for precise control over synaptic plasticity and
response time. The introduction of lithium ions into the WOz channel makes possible ion
intercalation, leading to increased conductivity and slower response times, which are essential for

long-term memory storage in neuromorphic systems. [22, 23]
1.2 Research Motivation

The motivation behind this research arises from the growing demand for power-efficient, adaptive,
and scalable neuromorphic systems capable of emulating the dynamic functions of the human
brain. Neuromorphic computing holds great promise for addressing challenges related to power
consumption, real-time data processing, and learning. However, the successful realization of such
systems depends on the development of artificial synaptic devices that can mimic the intricate

behaviors of biological synapses.

Organic materials like P3HT and metal oxides like WO3 are promising for synaptic transistors,
with potential applications in wearable electronics, sensors, and neuromorphic computers. lon
gating, which employs ionic liquids (ILs), ion gels, or saline solutions, enables low-voltage
operation due to the high capacitance of the electrical double layer (EDL) at the interface between
the semiconductor and the ion-gating medium. However, understanding the modulation of response
times and synaptic behavior in these devices through their materials science and electrical

properties remains a complex challenge.

This dissertation focuses on addressing these challenges by exploring the synaptic behavior of IGTs
based on P3HT and WO3s channels. By studying the working mechanism of the transistors,



considering the morphology of the channel semiconducting materials and the physicochemical
properties of different ion gating media, such as [EMIM][TFSI] with/without Li*, on the response
time and plasticity of these devices, this work aims to contribute to the development of
neuromorphic systems that can perform real-time processing and learning, while maintaining low

power consumption
1.3 Objectives

The primary objective of this research is to explore, optimize, and develop new interdisciplinary
knowledge in IGTs based on advanced materials for neuromorphic computing applications. To

accomplish the main objectives, the following specific objectives have been fulfilled:

1- Fabrication of organic and MO IGTs using P3HT and WOz channel films and exploration
of the doping mechanism.

a) We fabricated P3HT and WO3-based IGTs and characterized their morphological,
structural, and electrical properties, revealing that ion gating allows for lower potential operation
through the formation of EDLs and/or electrochemical doping at the semiconductor/ion-gating
media interface. Electrical characterizations demonstrated that transistor performance is influenced
by the morphology of the channel semiconducting films, as well as the nature of the mobile ions

in the gating media, both of which impact the transistors' working mechanism.

b) By employing ILs with different ions, we can clarify the role of ILs in doping p-type P3HT
and n-type WOz films. The molecular structure, size, and polarizability of the ions are expected to
significantly influence the doping process.

2. Investigate the factors affecting response time and synaptic behavior of IGTs
a- Exploring the effect of input stimulus on response time and synaptic behavior of IGTs

The first article investigates the response time and synaptic behavior of IGTs, focusing on how
input pulses’ amplitude, frequency, and duration influence IGT response time and Synaptic
plasticity. This study provides insights into the tuning of response times for both short-term and
long-term plasticity in IGTs. Different doping mechanisms in IGTs affect their use as

neuromorphic devices. The permeability of the semiconducting channel to ions determines whether



IGTs experience volumetric (three-dimensional) or electrostatic (field-effect, two-dimensional)
doping, resulting in a wide range of response times. The correlation between applied bias, transistor
response time and synaptic behavior, and the advancement of the degree of doping in a synaptic
transistor are like biological action spikes in neurons and can feature the processing rate of the

human brain, for artificial intelligence and neuromorphic computing applications.

b- Demonstrate the potential of IGTs in neuromorphic systems by fine-tuning the synaptic
plasticity and response time using different channel materials and gating media, highlighting the

importance of materials’ selection in developing efficient artificial synapses.

We started this study by exploring the effect of different P3HT molecular weights (MW, low (24
kDa), intermediate (42 kDa), and high (92 kDa)) as a channel material of IGT on morphology,
transistor device characteristics, response time, and synaptic behavior. Low MW P3HT films,
exhibiting a higher degree of order, are expected to have lower ion permeability compared to
intermediate and high MW P3HT films. Moreover, the MW of P3HT has an impact on the structure

and the charge carrier transport properties of the thin films.

We continued the study using WOz metal oxide IGT channel material and investigated the
morphological properties of this channel material and its effect on the response time and synaptic
behavior of IGT. We examined the role of ion intercalation and doping mechanisms in modulating
synaptic behavior. By introducing Li* ions into [EMIM][TFSI] as the gating medium, this work
demonstrates how ion size and io mobility affect the transition from short-term to long-term
plasticity, a critical feature for neuromorphic applications. Electrochemical processes at the ionic
liquid/channel material interface were investigated by using different sizes of ions and their effect
on response time and synaptic behavior of IGTs investigated. The study highlights the importance
of ion-gating medium selection in optimizing synaptic plasticity and response time for

neuromorphic systems.

Research on the relationship between channel and gating medium material is expected to improve
our understanding of how ion-gating affects the performance of a synaptic device and reveal how

different materials affect the response time and synaptic behavior of IGTs.



c- Provide insights into the role of device architecture in contributing to the design of synaptic

devices.

The investigation into the dependence of response time and synaptic behavior on channel film
thickness in P3HT-based IGTs indicated that films deposited at lower spin coating speeds, resulting
in thicker films, significantly increased the response time of the IGTs. Additionally, greater film
thickness led to an improvement in synaptic behavior, facilitating the transition from short-term

plasticity (STP) to long-term plasticity (LTP).

3. Development of new interdisciplinary knowledge by integrating synaptic IGTs with materials

science for neuromorphic applications

Investigate the intersection of materials science and neuromorphic computing by evaluating how
the rational use of materials like P3HT, WOz and ILs enhances the performance of synaptic
devices. Here, we emphasize the development of a deeper understanding of the relationship
between material properties (such as ion intercalation, doping mechanisms, electric double layer
structure, and surface morphology) and the performance of neuromorphic devices through ex-situ,

in situ and in operando tests.
a- Ex situ material characterization for understanding synaptic behavior in IGTs

The integration of synaptic ion-gated transistors (IGTs) with materials science for neuromorphic
applications was realized by employing several key ex situ characterization techniques -namely X-
ray Diffraction (XRD), Atomic Force Microscopy (AFM), and Scanning Electron Microscopy
(SEM)- to analyze the structural and morphological properties of the materials used in IGTs. XRD
was used to identify the crystallographic structure and phase purity of the P3HT and WOs3
employed in the IGTs channel, providing critical insights into how the crystallographic phases
influence ionic conductivity and synaptic behavior. AFM enabled us to study the surface roughness
and topography of the thin films, revealing how surface morphology impacts ion intercalation and,
consequently, the response time and synaptic plasticity. SEM provided detailed imaging of the
microstructure, offering a view into the particles’ size and distribution, which affect the

conductivity and overall synaptic performance of the device. Brunauer—Emmett—Teller (BET)



analysis was used to measure the porosity and surface area of materials, critical for understanding

how much surface is available for reactions or interactions, such as ion intercalation in IGTs.

These ex-situ techniques allowed us to directly link material properties to synaptic behaviors
observed in IGTs. For instance, the particles’ structure and crystallinity identified through SEM
and XRD were correlated with the performance of synaptic functions, such as STP and LTP. BET
analysis was conducted to measure the surface area and porosity of the films, providing a
quantitative assessment of how accessible the surface is to ions during gating. A higher surface
area generally allows for more efficient ion intercalation, which directly impacts the device’s

ability to emulate synaptic functions.
b- Employing in operando advanced characterization techniques for synaptic IGTs

To further understand the dynamic relationship between materials’ properties and synaptic
behaviors in IGTs, we employed cyclic voltammetry (CV) and in operando techniques such as
Atomic Force Microscopy Force-Distance (AFM FD) profiling. AFM FD profiling was used to
analyze the EDL structure at the interface between the IL and the semiconducting channel during
IGT operation. This real-time observation allowed us to track the arrangement and movement of
ions in the channel, providing critical insights into how surface morphology and materials’
structure influence ion intercalation, which is directly tied to the synaptic plasticity of the device.

CV was instrumental in revealing the redox behavior and electrochemical doping mechanisms of
the WOz and P3HT films with different morphologies. By applying different voltage sweeps, we
were able to study the current response of the material in real time, helping us understand how the
materials’ ion storage capacity and charge transfer efficiency impact synaptic behaviors like STP
and LTP.

These tests allowed us to observe the active interplay between material properties -such as surface
area, ion mobility, and crystallinity- and the synaptic behavior of the IGTs. By integrating these
characterization techniques, we established how key material factors influence neuromorphic
performance, further justifying the importance of materials science in optimizing synaptic devices

for neuromorphic computing.



1.4 Organization of the study

This PhD thesis contains 8 chapters. Chapter 1 is the introduction and discusses the background,
motivation, and objectives of this PhD work. Chapter 2 is dedicated to the literature review on
neuromorphic computing, a brief history of transistors, including field-effect transistors, their
working principles and characteristics, as well as ion-gated transistors, detailing their materials,
structures, working principles, time-resolved characteristics, and synaptic behaviors. Chapter 3
discusses the methodology used in this PhD thesis. Chapters 4, 5, and 6 are about the three articles

where | am the first author.

Article 1: Ramin Karimi Azari, Tian Lan, and Clara Santato. "On the factors affecting the response
time of synaptic ion-gated transistors.”" Journal of Materials Chemistry C 11.24 (2023): 8293-8299.
Article 2: Ramin Karimi Azari, Zhaojing Gao, Alexandre Carriére, and Clara Santato. "Exploring
response time and synaptic plasticity in P3HT ion-gated transistors for neuromorphic computing:
impact of P3HT MW and film thickness." RSC Applied Interfaces 1, no. 3 (2024): 564-572.

Article 3: Ramin Karimi Azari, Luan Pereira Camargo, José Ramdn Herrera Garza, Liam F Collins,
Wan-Yu Tsai, Lariel Chagas da Silva Neres, Patrick Dang, Martin Schwellberger Barbosa, Clara
Santato, "Emulation of Synaptic Plasticity in a WOs-Based lon-Gated Synaptic Transistor for
Neuromorphic Computing”, 2024 (Manuscript 1D: aisy.202400883, currently under review in the
journal Advanced Intelligent Systems). Chapter 7 is a general discussion of all the work that I did
during my PhD. Chapter 8 discusses the conclusions from all the work and perspectives for future

work.



CHAPTER 2 LITERATURE REVIEW

2.1 Overview of neuromorphic computing and its significance
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Figure 2.1 a) Truth Table of Boolean AND Gate, b) Von Neumann architecture algorithm, c)
Schematic of the artificial neuron operation, d) The neuromorphic computing architecture. [24]

Most modern computers are based on Alan Turing’s concept of universal computation through
serial instructions. This design, known as the von Neumann architecture, separates information
storage from information processing at a macro level (Figure 2.1a and b). However, these systems,
which depend on transistors operating in a saturation regime with deterministic behavior, are
power-intensive, primarily execute tasks serially, function in a coordinated manner, are susceptible

to physical damage, and require explicit programming for each specific task. [25]

In contrast, biological systems operate through nondeterministic processes, utilizing the large-scale
parallelism of simple processing units, neurons, as illustrated in Figure 2.1c and d. Unlike the static

von Neumann architecture, which is grounded in Boolean logic, neuromorphic systems are built
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on neurons and their dynamically evolving synapses. The term "neuromorphic” was first
introduced by Mead in 1990. [26]

Neuromorphic systems are engineered to replicate the neuron-synapse interactions found in human
neural networks, to optimize performance in deep learning and artificial intelligence (Al) systems
that fed by big data. [27, 28] To achieve this, these systems emphasize critical features of biological
neural networks, such as large-scale parallel processing and extremely low power consumption. In
recent decades, significant research has been dedicated to developing artificial neural network

(ANN) algorithms, which simulate biological neural networks by mathematical perceptron. [29]

Neuromorphic systems achieve powerful and efficient neural computations through the hardware
implementation of ANNSs. [30] The fundamental idea of hardware-based neural networks utilizing
synaptic devices is illustrated in Figure 2.1c. This approach enables the two primary phases of the
ANN algorithm to be executed through read and adjust processes. The ANN model is built around
three key components: an input vector (x), a weight matrix (w), and an output vector f(w-x). [31]

Incorporating synaptic devices into large-scale neuromorphic systems requires addressing several
key performance metrics that correspond to industrial standards. [32] These include: (1) non-
volatile memory, crucial for reliably storing weight values and sustaining network functionality;
(2) high integration density, which allows for the accommodation of extensive neural networks
within a confined space; (3) high operating speed, essential for rapid inference (read) and training
(write) processes in hardware-based ANNs; and (4) low power consumption, which is necessary

for energy-efficient neural network operations, covering both inference and training phases. [33]

Neuromorphic computing replicates the architecture of the brain, which is an efficient, massively
parallel information-processing system. The mammalian brain contains approximately 10
neurons, forming around 10*° synaptic connections, integrating both processing and memory. This
unique structure enables the brain to perform complex tasks in a highly distributed manner, using
only about 20 watts of power. [34, 35] The brain of a fruit fly, another example, with its ability to
perform real-time tasks such as flight control and path planning, consumes only microwatts of
power, demonstrating the extraordinary energy efficiency of biological systems. [36, 37] In
contrast, conventional supercomputers consume megawatts of power and require extended time to

execute complex calculations. [38, 39]
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To implement neuromorphic functionalities in hardware, devices have been developed that can be
broadly classified into two types: conductance-based and capacitance-based, both capable of
mimicking synaptic behaviors. Conductance-based devices, such as memristors, are two-terminal
systems that adjust their resistance based on the applied voltage history. Memristors are highly
compact, power-efficient, and ideal for high-density memory arrays, though they often lack precise
control over switching dynamics due to limited input variables. In contrast, three-terminal devices
like synaptic transistors feature an additional gate terminal that allows fine modulation of channel
conductivity. This extra terminal provides greater control and flexibility, enabling more complex
and tunable synaptic functions, making them suitable for more sophisticated neuromorphic
applications. [40] These devices are designed to emulate the behavior of biological synapses

through gradual conductance changes. [41, 42]

Synaptic array architectures, composed of synaptic device cells, can differ depending on the
operational mechanism and structural design of the devices. Neuromorphic systems are often
impacted by the intrinsic non-ideal properties of synaptic devices. These devices may show
limitations related to materials and fabrication processes, leading to issues such as non-linear and
asymmetric conductance modulation, limited on/off ratios, low precision in device states, poor
reliability, and variations between devices or across different cycles. Such challenges complicate
the realization of reliable and accurate analog computing operations, in comparison to the accuracy

typically achieved in conventional digital computing systems. [43, 44]

To address this issue, along with other challenges such as developing scalable, energy-efficient
devices that can be integrated into larger neuromorphic architectures, various studies have been
undertaken to explore solutions for mitigating hardware non-idealities to mimic key neural

behaviors like learning, memory retention, and adaptive responses to stimuli.

2.2 Introduction to synaptic transistors and their role in neuromorphic
systems
Synaptic transistors, often realized as ion-gated transistors (IGTs), are an essential component in

neuromorphic systems due to their ability to mimic synaptic plasticity at the hardware level. These

transistors modulate ion flow to adjust conductance, like how synaptic connections in the brain are
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strengthened or weakened through neural activity. To understand this part, we need to learn more

about the transistors.
2.2.1 History of transistors

The history of transistors traces back to the late 1940s, [45] with the invention of the transistor that
laid the foundation for modern electronics. In 1947, John Bardeen, William Shockley, and Walter
Brattain at Bell Laboratories successfully developed the first transistor. [46] This groundbreaking
achievement, recognized with a Nobel Prize in Physics in 1956, spurred a flurry of innovations
aimed at improving the efficiency of transistors and miniaturizing them. [47] Early progress saw
the introduction of bipolar junction transistors (BJTs), which were later refined into more efficient

silicon-based transistors, further advancing electronic technologies.

A pivotal moment in transistor history occurred in 1947 when Bardeen and Brattain developed the
point-contact transistor at Bell Labs, followed shortly by Shockley's invention of the bipolar
junction transistor (BJT). Although Julius Lilienfeld first theorized the junction field-effect
transistor (JFET) in the 1920s, it was not successfully built until the 1950s, with contributions from
engineers such as Nishizawa and Watanabe. Shockley's efforts to commercialize transistor
technology played a crucial role in establishing California's Silicon Valley as a global hub for
electronics innovation. The JFET, offering higher input impedance and lower noise compared to
the BJT, became a practical and versatile device that laid the foundation for future advancements

in transistor technology. [48]

In 1959, a significant advancement occurred when Mohamed Atalla and Dawon Kahng at Bell
Labs invented the metal-oxide-semiconductor field-effect transistor (MOSFET). This innovation
marked a major turning point in electronics, as MOSFETSs quickly became the dominant transistor
type used in digital circuits. [49] One of the breakthroughs was the development of two
complementary configurations: n-channel and p-channel MOSFETs. When used together in
circuits, they formed complementary MOS (CMOS) technology, which became the basis for nearly
all modern electronic devices, from memory chips to microprocessors and CPUs. The versatile
CMOS architecture has enabled the mass production of integrated circuits that power everything

from computers and smartphones to cameras. [50]
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The drive for miniaturization and mass production of transistors led to the development of thin-
film transistors (TFTs), which became critical for the production of liquid-crystal displays (LCDs).
These advancements in transistor technology revolutionized the electronics industry, allowing the
creation of smaller, faster, and more energy-efficient devices, such as laptops, mobile phones, and
televisions. In recent decades, transistor development has exploded in new directions, moving
beyond traditional rigid designs to more advanced, lightweight, flexible, and stretchable
electronics. This evolution is paving the way for the next generation of wearable technology,
textile-integrated systems, flexible and rollable displays, and even biocompatible electronics,
including medical implants and artificial skin. MOSFET-based technologies remain at the forefront
of these innovations, shaping the future of electronics and enabling increasingly sophisticated

applications in healthcare, computing, and communication. [51]

From the early transistor pioneers to today's cutting-edge developments in flexible electronics,
transistors have undergone a remarkable transformation, becoming the backbone of modern
technology. Each stage of their evolution has unlocked new possibilities for designing more
complex, efficient, and versatile electronic systems, pushing the boundaries of what is possible in

science and technology.

2.2.2 Thin film transistors (TFTSs)

TFTs were developed based on the work on MOSFETSs by Paul K. Weimer at RCA in 1962. The
terminals in the TFTs are on a significantly thin conducting layer of semiconductor (channel). A
dielectric layer is in between the gate electrode and the semiconductor channel. The potential

applied between the drain and source (Vas) induces the drain-source current (lgs).

The flow of electrons (or holes) from the source to drain is controlled by affecting the size and
shape of a "conductive channel” created and influenced by voltage (or absence of voltage) applied
across the gate and source (grounded) terminals, Vgs. [52, 53]

2.2.3 Field-effect transistor (FETS)

FETSs are fundamental components of modern electronics, utilized for their ability to amplify or
switch electronic signals. They operate based on the electric field effect, where an applied voltage

at the gate terminal modulates the conductivity of a semiconductor channel between the source and
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drain terminals. FETs can be broadly categorized into two main types: MOSFETSs and TFTs, both

of which share fundamental operating principles with distinct structural variations. [54]

FETs is also known as a unipolar transistor since it only uses the majority carriers in the

semiconductor to conduct electricity. [55]

A FET and a TFT share the same basic structure (Figure 2.2). In both, thin films of an active
semiconductor, a dielectric layer, and metallic contacts are applied to a non-conductive substrate.
[56]

(b)
(a) Gate Semiconductor

Source T Drain Source

Figure 2.2 Schematic cross-sections of a) n-type MOSFET, b) TFT structures. [57]

These three terminals can be described as follows:

Source (S), through which the carriers enter the channel. The current entering the channel at S is
indicated by Is. Drain (D), through which the carriers leave the channel. l4 is the current entering
the channel at D. Gate (G), the terminal that modulates the channel conductivity by applying a
voltage to the gate. The gate is placed in very close proximity to the channel so that its electric
charge is able to affect the channel. [58] The channel can be made of various semiconductor
materials such as silicon, metal oxides, or organic semiconductors. The source and drain geometry
in terms of width (W, transistor's extension in the perpendicular direction to the cross-section) and
length (L, distance between source and drain) is required to define a channel (Figure 2.2).
Typically, the width of the channel is much larger than the width of the gate.
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The gate in a FET regulates the current of charge carriers (electrons or holes) between the source
and drain by adjusting the width of the conductive channel. The semiconductor channel can either
be p-type or n-type, leading to the classification of FETs into two types: p-channel and n-channel
(Figure 2.2). [57]

Additionally, FETs can be classified into two more categories based on how the gate voltage affects
the charge carriers in the channel. Increasing the gate voltage can either reduce (deplete) or increase
(enhance) the number of available carriers, resulting in two types: depletion-mode FETs and

enhancement-mode FETS.
2.2.4 Basic Structure and Function of FETs

In FETS, the insulator layer is typically composed of silicon dioxide (SiO2), which separates the
gate from the semiconductor (commonly silicon). The applied gate voltage modifies the electric
field across the dielectric, altering the concentration of charge carriers in the channel and enabling

or preventing current flow between the source and drain.

In MOSFETS, channel formation occurs through inversion, where a positive gate voltage depletes
the p-type substrate of holes and eventually attracts electrons to form an inversion layer. In contrast,
TFTs form the channel through direct operation method, where the gate voltage directly attracts

charge carriers to the interface without requiring depletion or inversion.

FETSs operate in either enhancement or depletion modes, based on their threshold voltage (V) and
the applied Vgs. In enhancement mode, the transistor is normally “off” when Vs is zero because
there is no conductive channel present. A positive Vgs (for an n-channel device) or negative Vgs
(for a p-channel device) must be applied to induce charge carriers at the semiconductor-dielectric
interface, forming a conductive channel and turning the transistor on. In depletion mode, the
transistor is normally “on”” when Vs is zero, as a conductive channel already exists. Applying the
appropriate Vgs reduces the carrier density in the channel, thereby turning the transistor off or
reducing its conductivity. The difference between n-type and p-type devices in FETs is attributed
to the type of charge carriers responsible for channel current. The charge carriers in n-type FET (n-
channel FET) are electrons. When a positive Vs is applied to the transistor, electrons are attracted
to the channel which allows the current to flow between the source and the drain (lgs). The
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conductivity of the channel and lgs increases as more electrons accumulate. Typically, n-type FETs
are faster and more efficient than p-type devices due to the higher mobility of electrons compared

to holes.

In p-type FETSs (p-channel FET) the charge carriers are holes. To induce lgs current flow, a negative
Vs IS applied, attracting holes into the channel. P-type transistors typically have lower carrier
mobility than n-type transistors, meaning they operate at slower speeds, but they are still essential

in complementary circuits (such as CMOS) to provide optimal performance.

2.3 Metrics of FETs
2.3.1 Modes of Operation

FETSs typically operate in three distinct regions:

Cut-off region: In this region, Vs is less than Vi, and no conducting channel is formed between

the source and drain. As a result, only a minimal current flows through the transistor.

Linear or Ohmic Region: When Vg > Vi and the Vs is relatively small (Vgs < Vgs — Vin), a
conducting channel forms, and current flows between the source and drain. The current increases
linearly with the applied Vs, like a resistor. When this condition is not satisfied, the transistor may
enter a non-linear region where it does not exhibit purely linear behavior and has not yet reached

the saturation regime, resulting in a transitional operating state.

Saturation region: As the Vgs increase further, the channel near the drain becomes pinched off,
limiting the current despite further increases in Vgs. In this regime, the transistor behaves like a

constant current source.

The current flowing through the transistor in the linear and saturation regions can be described by

the following equations:

Linear region:

w v,
Las = Cottn - | (s = Ven) = | Vs 21)

Where Co is the dielectric specific capacitance or capacitance per unit area, i, IS the charge carrier

mobility, Vi is threshold voltage, W and L is the channel width and length.
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Saturation region:

w
las = #nCo 57 (Vgs = Vin)” (2.2)
2.3.2 The transfer characteristics

The transfer curve describes the relationship between lgs and Vgs, while Vgs stays constant. The
transfer characteristics of a FET provide critical insight into its switching behavior and current

modulation as a function of V.

These characteristics are divided into different operating regions based on the value of Vgs. When
Vgs < Vi, the FET operates in the cut-off region. In this region, the channel does not form, and as
a result, the lgs is extremely small, often considered negligible, meaning the transistor is effectively
off.

When Vs > Vi, the FET enters the linear (ohmic) or saturation region depending on Vgs. In this

case, the Vs is sufficient to invert the channel. As Vs increases, lgs increases.
2.3.3 Charge Carrier Mobility, Transconductance, ON/OFF ratio

The performance of a FET is highly dependent on the mobility of the charge carriers within the
channel. Mobility represents the velocity at which charge carriers move under an applied electric

field. In the linear region, the mobility can be expressed as:

L dl
L= 2.3
lLlllTl WCOVdS dVgS ( )
In the saturation region, it is given by:
2
_ 2L d\/ Ids,sat (2 4)
Usqt WCO dVgs .

Another key parameter, the transconductance (gm), is the rate at which the lss with respect to the
Vgs, highlighting the sensitivity of the current flowing through the transistor's channel to variations

in the input voltage, reflecting the device’s amplification capability. It is defined as:
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0
=G, (25)
In the linear regime, gm is given by:
G = a7 Vas (26)
While in the saturation regime, it is expressed as:
= Coltn - ( ~ Ven) 2.7

In a MOSFET, the saturation current (lgsat), which is the current when the transistor is in its fully
conducting state (on-state), is referred to as lon. On the other hand, the off current, which occurs
when the MOSFET is below Vi (off-state), is called los. The ratio between these two currents, lon
/ lofr, defines the ON/OFF ratio of the transistor.

A high ON/OFF ratio is a key indicator of good switching properties, making MOSFET suitable
for digital circuit applications. A higher lon ensures strong current conduction during the on-state,

while a lower losf minimizes unwanted current during the off-state, reducing power dissipation.

In practical devices, minimizing lofr is essential to ensure low leakage currents. A low off-state
current reduces unnecessary power consumption when the device is idle, resulting in low standby
power requirements. This feature is particularly important in modern electronics, where energy

efficiency and power savings are crucial.
2.4 lon-Gated Transistors

Due to low gate dielectric specific capacitance (5-10 nF cm2)), traditional TFTs need a high
operating voltage (up to tens of volts for 100-200 nm SiO> thickness).

Employing a high permittivity dielectric material or reducing the gate dielectric thickness are
common and effective methods to lower the operating voltage in TFTs to integrate them in
wearable, printable, and low-power consumption electronics. However, disadvantages, including
decreased charge carrier mobility or high leakage current, occur with the former or latter choice.
[59] In addition to traditional FETS, ion-gated transistors (IGTs) have emerged as an alternative,

particularly for applications requiring low-voltage operation.
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lon-gated transistor (IGT) contains an ionic medium as a gating material. In IGTs ionic medium is
used as the gate dielectric, which forms an EDL at the semiconductor/gating medium interface.
lon-gating is an alternative to conventional dielectrics for obtaining high capacitance (1-10
uF/cm?), because of formation of a thin EDL (a few nanometer-thick) and facilitates novel
applications to a broad range of neuromorphic computing, sensors, and bioelectronic devices. An
ionic medium contains at least one species of mobile ions. A simple example of an ionic medium
is an electrolyte that is a solution of salt in water. lon-gated transistors can have large charge carrier
densities (~10'° cm) in the channel due to their high capacitance, which can be achieved at low
voltages (as low as 2 V).

The ability to store information is another application of IGTs that is a prerequisite for many
applications in organic electronic devices. The physical property of IGTs to undergo hysteresis in
response to an applied electric field is the way to store information. Non-volatile and rewritable
memory devices are the goals of this technology, providing reliable memory performance suitable
for a wide range of synaptic applications. These novel memories are commonly known as
“memristors”. Compared with two-terminal memristive devices such as RRAM and PCM, three-
terminal IGTs provide decoupled write/read operations due to their reverse ion characteristics. [60-
62]

2.4.1 Doping Mechanismin IGTs

The doping mechanism in IGTs is distinct from traditional FETs due to the use of an ionic gating
media instead of a conventional dielectric. This doping process utilizes the formation of an EDL at
the gating media/semiconductor interface, which allows for efficient control of charge carrier
density at low voltages, enabling IGTs to be suitable for low power applications. The EDL acts as
a highly capacitive layer, modulating the density of charge carriers in the semiconductor channel
through the movement of ions in the electrolyte.

Electrostatic and electrochemical doping are two types of doping mechanisms in IGTs (Figure
2.3a).

Electrostatic vs. Electrochemical Doping
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In IGTs, the doping mechanism can occur through two main processes: electrostatic doping and
electrochemical doping. The difference between these two processes depends on the permeability

of the semiconductor channel and how ions interact with it.
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Figure 2.3 a) Different types of doping mechanisms in IGTs, b) Chemical structures of P3HT
polymer [63]

Electrostatic doping: This occurs when the semiconductor material is impermeable to ions from
the gating media. When a Vgs is applied, ions in the ionic media accumulate at the gating
medium/semiconductor interface, forming an EDL. This layer induces mobile charge carriers
(either electrons in n-type or holes in p-type semiconductors) in the channel without the ions
penetrating the semiconductor. As seen in the first regime of Figure 2.3a, this mechanism is purely
electrostatic, similar to conventional FETs, and results in carrier accumulation or depletion without

any chemical change in the channel material.

Electrochemical doping: If the semiconductor is ion-permeable, ions can penetrate the
semiconductor under the influence of the applied Vgs (second and third regimes of Figure 2.3a).

This leads to an actual chemical modification of the transistor channel. In this case, the doping
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process becomes electrochemical. Electrochemical doping plays a significant role in modulating

the conductivity of channel semiconductors and enables longer-term effects in the IGT channel.

Doping in IGTs is not purely electrostatic or purely electrochemical. Instead, both mechanisms
often coexist, with each contributing to varying degrees depending on factors such as the applied
Vs, the permeability of the semiconductor, and the gating media.

2.5 Materials and Structures for lon-Gated Synaptic Transistors

2.5.1 Channel materials used in the fabrication of IGTs

The choice of channel material plays a critical role in determining the performance of IGTs. These
materials not only influence the electrical properties, such as charge carrier mobility and threshold
voltage, but also determine the device's compatibility with various applications, such as

bioelectronics, neuromorphic computing, and flexible electronics.
Organic Semiconductors

Organic semiconductors are widely used as channel materials in IGTs due to their compatibility

with flexible substrates, solution processing, and potential for low-cost, large-area fabrication.

Some of the most studied organic semiconductors include pentacene, poly(3-hexylthiophene)
(P3HT), and poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV). These
materials are known for their ability to undergo electrostatic doping when interfaced with ionic
gating media, providing efficient modulation of charge carrier density at low operating voltages.
For instance, P3HT has been extensively used in IGTs for its semiconducting properties and ability

to form a high-capacitance EDL at the interface with ionic liquids.

Organic semiconductors used in IGTs are primarily divided into two categories: conjugated small
molecules, such as PCBM, and conjugated polymers, such as PCDTBT and P3HT).

The semiconducting behavior of conjugated molecules and polymers arises from the unique
electronic structure of their carbon-based backbone, characterized by sp2 hybridization. This
structure forms a series of alternating single and double bonds, creating t-bonding and antibonding
states that generate the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO). The energy gap between the HOMO and LUMO is known as the band
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gap (Eg). Short-conjugated chains, like ethylene, possess a wide band gap (~7.6 eV), which makes
them insulators. However, as the length of the conjugated polymer increases, the density of © and

n* states grow, narrowing the band gap to a semiconductor range (typically below 4 eV).

At the very long conjugated polymer chains, a small energy gap (band gap) remains, which is due
to a phenomenon called the Peierls distortion. This distortion occurs when carbon atoms in the
polymer chain form pairs (dimerize), causing the system to become more stable. As a result of this
pairing, the energy of HOMO decreases, and the energy of LUMO increases, maintaining a small
energy gap that preserves the semiconducting properties of the polymer. For effective charge
transport and conductivity, these polymers need to be doped to generate mobile charge carriers.
This can be done through either p-type (oxidation) or n-type (reduction) doping. In p-type doping,
the polymer loses electrons (oxidation), while in n-type doping, it gains electrons (reduction). Both
processes result in the formation of charge carriers such as polarons—which are quasiparticles
consisting of a charge and its associated lattice distortion—or bipolarons, which involve two
charges coupled with lattice deformation. These charge carriers facilitate electrical conductivity

through the polymer.

In terms of electronic transport, conjugated polymers exhibit complex mechanisms due to their
inherent disorder and soft material characteristics. Transport within these materials is often
hindered by structural defects and the need for charge hopping across localized states. In
semicrystalline polymers, charge mobility is enhanced by extended conjugation lengths and
stronger intermolecular coupling within ordered regions, whereas in amorphous regions, higher

activation energies are needed to enable charge transport.

In this thesis, we used the organic polymer, polymer poly (3-hexylthiophene) (P3HT) with different

MWs. Figure 2.3b shows the chemical structure of this organic semiconductor.
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Table 2.1 Four well-studied organic channel materials

P3HT [64, 65] PEDOT:PSS [66] Polypyrrole (PPy) | Benzimidazole-
[67] based polymers
(BBL) [68]
Charge  Carrier | ~0.1 0.1t0 10 10 to 102 0.1t00.5
Mobility (cm?/Vs)
ON/OFF ratio 10° to 10* ~ 102 102 to 103 10% to 10°

Poly(3-hexylthiophene) (P3HT)

Among the organic semiconductors, poly(3-hexylthiophene) (P3HT), a conjugated polymer, has
been extensively studied for use in IGTs due to its favorable properties, including solution

processability, good charge carrier mobility, and mechanical flexibility.

P3HT-based IGTs typically operate at low voltages due to the formation of EDLSs at the interface
between the ionic gating medium and the semiconductor channel. This characteristic allows for the
high accumulation of charge carriers, leading to effective transistor operation even under
mechanical stress, making it ideal for flexible applications. P3HT transistors have demonstrated
stability under bending conditions, with high MW P3HT films exhibiting stable mobility after

several bending cycles, confirming their potential for use in stretchable and wearable electronics.

Frisbie et al. developed a P3HT transistor gated with an ion-gel based on [BMIM][PF6]. This
transistor features a hole mobility of 0.6 cm?/V-s and an ON/OFF ratio of 10°. Additionally, it has
a gate capacitance of 40 pF/cm? and a response time of 1 ms at 10 Hz. The mobility of IGT reported
on [EMIM][FAP]-gated P3DTV, P3HT, MEH-PPV and F8BT transistors is of 0.27, 0.86, 0.08 and
0.07 cm?Vv-is?, [69]

Figure 2.4 illustrates the charge transport pathways both within and between polymer chains in
semicrystalline conjugated polymers like P3HT and PBTTT, which often feature edge-on packing
structures. The key directions for charge transport are primarily along the polymer backbone and

through the m-stacks by the alternating single and double bonds in its backbone, which allows for
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Figure 2.4 The three main directions for charge carrier transport in a semicrystalline polymer [70]

electron delocalization. Transport is less efficient when it occurs via hopping across lamellar
stacks. Since hopping transport is significantly slower than delocalized transport, it serves as a

limiting factor for the overall macroscopic conductivity of semiconducting polymers.
Influence of MW of P3HT on IGT transistor parameters

The MW of P3HT is a key factor in its solid-state structure and, consequently, the functional
properties of organic electronic devices, such as IGTs. The relationship between MW and the
performance of P3HT-based transistors has been extensively studied, revealing significant impacts

on carrier mobility, crystallinity, and overall device efficiency.

The crystallinity of P3HT varies with MW. Ballantyne et al. showed that films made from low MW
polymers exhibited relatively large crystalline nanorods, which generated a sharp XRD peak,
indicative of the well-established lamellar n-stacking structure in crystalline P3HT. On the other
hand, higher MW P3HT films displayed broader XRD peaks, suggesting a more disordered
structure with smaller crystalline domains. [71] This enhanced crystallinity is beneficial for the
performance of IGT transistors, as it reduces the resistance to charge flow and improves the device's
electrical characteristics. Charge carrier mobility in P3HT is highly dependent on its MW. Shaheen
et al. demonstrated that at higher MWs, the entanglement density increases, resulting in a larger
proportion of amorphous regions. These disordered molecular domains exhibit reduced interchain
and intrachain transport, along with higher trap densities, which hinder inter-lamellar transport and
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decrease mobility. [65, 72] This transition is crucial for improving the performance of IGTs, as

higher mobility facilitates faster switching speeds and overall device performance. [73, 74]

The efficiency of P3HT-based IGTs is directly influenced by the MW of the polymer. Studies have
shown that devices fabricated with higher MW P3HT (e.g., 60 kDa and above) exhibit superior
performance, largely due to an improved ON/OFF ratio associated with higher MWs. [73]
Additionally, the increased MW leads to better film formation and stability, which are essential for

the long-term reliability of the transistors. [75]

As MW increases, the viscosity of the semiconducting solution also rises, influencing both the
thickness and morphology of the resulting thin films. Park et al. by using time-controlled spin-
coating methods and AFM) revealed that the root mean square surface (RMS) roughness of the
three MWs P3HT films (36 kDa, 69 kDa, and 90 kDa) increased as the MW decreased. However,
with the increase of the MW, the thickness of the films increased (Figure 2.5a,b). [76]
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Figure 2.5 a) P3HT film thickness as a function of MW b) The RMS roughness of the P3HT film
varies depending on MW and spin-coating duration. [76]

Higher MWs lead to more entangled polymer chains, which can increase the amorphous content
of the material and affect its morphology. These structural variations influence the ion permeability

and consequently, the doping efficiency when interfaced with an IL in IGTs. [16, 65, 71, 72]

Metal oxide (MO) semiconductors
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Differently from organic semiconductors, metal oxides typically require quite high temperatures
of thermal treatment. [77] Despite this processing challenge, metal oxides are highly valued in
transistor technology for use as electrodes, semiconductors, and insulators. The semiconductor
material in the transistor channel plays a crucial role in determining the overall performance of the
device. Metal oxides, especially amorphous ones with post-transition metal cations, exhibit
degenerate band conduction and high mobility (>10 cm?/Vs), making them excellent candidates
for flexible and transparent thin-film IGTs. [78] Their combined electrical and optical properties,
along with their impressive reliability, make them particularly well-suited for such applications.
Moreover, amorphous metal oxides offer superior mechanical properties, performance and
durability compared to their polycrystalline counterparts, thanks to their uniformity and lower

processing temperatures. [79]

Tungsten Trioxide WO3

WO3 exhibits a temperature-dependent crystal structure, transitioning through various phases as
the temperature changes. This unique characteristic makes WO3 a subject of considerable interest
in materials science and various technological applications. At temperatures above 740 °C, it
adopts a tetragonal structure, while between 330 and 740 °C, it becomes orthorhombic. From 17
to 330 °C, the structure is monoclinic, shifting to triclinic between —50 and 17 °C, and reverting to

monoclinic below —50 °C.

The most common form of WOz is monoclinic. [80] This phase is particularly important because
it is the most stable at room temperature, making it the most relevant for practical applications.
One of the remarkable properties of tungsten trioxide is its electrical behavior. The pure compound
is an electrical insulator, which means it does not conduct electricity under normal conditions.
However, when WOs is oxygen-deficient, it can conduct electricity. Oxygen vacancies in the
crystal lattice create free electrons, which enhance the material’s conductivity. Figure 2.6 shows

X-ray diffraction pattern of WOs thin film (after treatment at 500 °C).

WO:3 has a band gap of around 2.6-2.8 eV. [81] Gillet et al. studied how WO3 conductivity changes

with temperature under varying oxygen pressures. Additionally, factors such as dopants, microstructure
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(including grain size, grain boundaries, and crystalline phase), and film thickness significantly impact
conductivity. The electrical properties of WO3 are highly influenced by the synthesis techniques and
growth conditions. [82] The structure and size of nanocrystalline WO3 films affect their electrical
properties. WO3 films at room temperature are amorphous and have lower conductivity. As the
substrate temperature increases, the films become more crystalline leading to an improvement in

conductivity. [83]

WOs is widely studied for its electrochemical properties, particularly its ability to undergo
reversible redox reactions. When WO:s is exposed to a potential in an IGT, it can intercalate ions
such as H*, Li*, or Na*, depending on the gating material used. This intercalation process results in

the formation of
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Figure 2.6 WO3 thin film XRD diffraction pattern after treatment at 500 °C [84]

tungsten bronzes (HxWOs, LixWOs), which exhibit distinct colors and differences in electrical
properties. The electrochemical intercalation of protons into WOs has been extensively explored in
applications like electrochromic windows, where a reversible color change occurs due to changes

in the tungsten oxidation state. The process can be described by the reaction:
W05 +xM* +xe~ - M, W0, (2.8)

This reaction demonstrates how WOs can act as host material for ions (M), with the extent of proton

intercalation affecting both the optical and electrical properties of the material. The intercalation
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of ions is relevant in the context of transistors and energy storage devices such as batteries and

supercapacitors.

The cyclic voltammetry (CV) technique is commonly employed to investigate the electrochemical
behavior of WOs. The CV profile of WOs typically shows distinct redox peaks corresponding to
the injection/extraction of electrons (intercalation/deintercalation of cations). The shape of the
peaks are usually indicate the reversible nature of the redox process. [84] In this thesis we

synthesize our WO3 film to have nanostructure and mesoporous properties

Nanostructured WO3 exhibits unique properties, absent in bulk WO3. When crystal size is below
approximately 3 nm (e.g. nanostructures are quantum dots), the increased surface-to-volume ratio
is paralleled by effects on electronic band structure, optical properties, and charge transport. [85]
Furthermore, mesoporous WOs films possess a pore structure with diameters ranging from 2 to 50

nm [86] that facilitates the accessibility of the gating media ions in IGTs.

In the context of IGTs, WOs serves as channel material: when a positive Vs is applied, ions such
as H* or Li" enter the WOs channel, increasing the charge carrier density and thus enhancing the
channel conductivity. This effect is reversible, as removing the gate voltage leads to the
deintercalation of ions and a corresponding decrease in conductivity. This dynamic doping
mechanism allows WOs-based IGTs to function as effective switches or modulators in low-power
electronic applications. Morphological features, such as porosity and grain size, affect the
conductivity and ion diffusion in WOg3 films in contact with gating media. Mesoporous WOs films,
for instance, provide increased surface area for ion intercalation, enhancing the material's

electrochemical response. [87]
2.6 The gating media in ion-gated transistors

The performance of IGTs is largely shaped by the physical and chemical properties of the ion-
gating medium, which in turn determines the most appropriate applications for these devices. For
example, IGTs used in chemical and biological sensing typically require a liquid gating medium,
either aqueous electrolytes or ILs. However, polymer-based electrolytes offer different properties,
such as a broader electrochemical potential window, adjustable viscosity, and ease of printability.
Inorganic oxide electrolytes stand out for their superior thermal stability and wide potential stability
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window, making them ideal for high-temperature applications. In this section, we provide an
overview of the various ion-gating media used in IGTs, highlighting their key features and
suitability for different uses. [88] Table 2.2 summarizes the properties of the ion-gating media
utilized in IGTs, offering a comparison of their advantages across different application contexts.

In this thesis, we employ the ILs for fabricating our IGTs.

Table 2.2 lon-gating medium for the IGTs [88]

Gating medium Capacitance Thickness \I/Evli(;:]c(:jtcr)\(l)\;:hemlcal Yé/r(:]rlg rnaq[ e
(F cm~2) (nm) P
V) (°C)
lonic liquids 2-2000 NA ~3 <400
lon gels 1-200 0.05-400 ~3 <300
Aqueous 1-10000 NA ~1 <100
electrolytes
Polymer 1-100 0.1-500 ~3 <300
electrolytes
Polyelectrolytes | 0.2-3000 0.05-100 ~3 <300
Oxide 0.5-1.6 0.02-1 Canbe>5V <700
electrolytes

2.6.1 lonic liquids

A salt in liquid form at ambient temperature is known as an ionic liquid (IL). Ordinary liquids like

water and gasoline are mostly made up of electrically neutral molecules, whereas ionic liquids are
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made up of ions. [89] ILs are composed of mobile ions such as asymmetric bulky organic cations
and inorganic or organic anions. They are often referred to as environmentally friendly because of
their non-volatility. As a result, they can be used as an alternative to traditional organic solvents.
[90] The value of conductivity of ionic liquids at room temperature and ambient conditions is ca
0.1 Scm™. ILs have specific advantages for using as gating medium in IGTs. Wide electrochemical
stability window (~ 3 V), high boiling point (> 400 °C) and low melting point (<20 °C) are specific
advantages. [91] ILs form high-capacitance EDLSs, allowing for efficient charge doping of channel
materials. As a result, ILs bring about low threshold voltages (Vth) and fast switching in IGTs. are
Some of the disadvantages of using ILs in IGTs are sensitivity to moisture, which leads to reactions
that reduce the electrochemical stability window, and incompatibility with some solution-
processed organic semiconductors as a channel material, since ILs can act as solvents for

semiconducting polymers.

Figure 2.7 shows an example of IL that has been used to gate IGTSs in this thesis, [EMIM][TFSI], 1-
ethyl-3-methylimidazolium-bis (trifluoro methyl-sulfonyl) imide. [59]

2.7 Models to describe the electrical characteristics of IGTs
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Figure 2.7 Chemical structure of 1-ethyl-3-methylimidazolium-bis(trifluoromethyl-sulfonyl)
imide, [EMIM][TFSI].

In recent years, a growing number of semiconductors have been incorporated into IGTs. Despite
this increasing diversity, the most widely recognized models explaining IGT device physics still
predominantly focuses on depletion mode operation with p-type materials. These models can also

be adapted to describe accumulation mode devices and n-type channel materials, allowing for the
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extraction of key material-specific parameters. One of the most notable models, the Bernards-
Malliaras model (Figure 2.8), explains the behavior of depletion mode OECTs. This model
conceptualizes the OECT as consisting of two circuits: an electronic circuit that accounts for hole
transport in the channel and describes steady-state characteristics, and an ionic circuit that
represents ion transport, where ions move in the ion-gating medium and within the transistor
channel material, influencing the transient characteristics This dual-circuit approach provides a
comprehensive framework for understanding the complex interactions between ions and charge
carriers in these devices. The model allows us to predict the device’s dynamic behavior, providing
insights into how quickly it can respond to applied voltages. [92]

2.7.1 Steady-state characteristics

G 1
Ce
lonic Liquid Ric
S Channel D —— Cch

;. lonic circuit

Electronic circuit

Figure 2.8 Scheme of ionic and electronic circuits of IGTs. The electronic circuit, depicted below
the device, is represented as a resistor of the transistor channel whose resistance changes upon
gating. The ionic circuit, shown on the right, consists of capacitors representing the channel (CCH)
and gate (CG), along with a resistor representing the ionic medium (RIL). [93]

In the steady state, the characteristics of an IGT are typically described when the lgs reaches
saturation. In this saturation region, the lgs is constant and independent of the Vgs. This happens
after Vi is exceeded and the channel in the transistor is fully turned on. lgs saturates because the
electric field within the channel is strong enough to deplete or accumulate charge carriers,
depending on whether the device operates in depletion or accumulation mode. The steady-state

characteristics in IGTs can be modeled similarly to conventional transistors but with consideration
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of ion-electronic interactions. The behavior of the electronic component in this regime in IGTs can
be characterized using Ohm’s law, while the ionic component is modeled as an ideal polarizable
electrode, behaving similarly to a charging capacitor. The mathematical description of lgs in the
saturation region is similar to a FET except that the transistor channel is described as a volumetric
capacitor. This approach provides an accurate representation of the charge carrier dynamics within
the IGT channel, where ionic penetration affects the entire volume of the material, rather than being

limited to the surface.
2.7.2 Transient characteristics

Transient characteristics or response time (l¢s versus time) are described as the time it takes for an

applied change to a control system from an external source to reach a steady state.

The dynamic behavior of lIgs in IGTs upon applying/removing of a constant Vgs arises from two
key processes within the device. First is the charging of the ionic circuit, reflected in the Igs, and
second is the injection or extraction of charge carriers (holes or electrons) in the channel, which
modulates its electronic conductivity. In IGTs, especially those based on conjugated polymer
channel materials, ionic conductivity through the ionic circuit is often more dominant than
electronic conductivity in determining the dynamic behavior, particularly the response time. The
transient lgs response can be described by Equation 2-9, following the Bernards model. [92] This
equation captures the dynamic interplay between ionic motion and channel conductance, which

governs the device’s time-dependent behavior.

Ids(t) = Iss(Vgs) + AIss [1 - f:__e] et (2 - 9)

where Iss is the steady state Igs at saturation regime, A/ss is the total change in the Igs after changing
Vgs from zero to a certain bias, f is a weighting factor, te is the electronic transit time, and 7; is the
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Figure 2.9 Two current decaying regimes in measuring response time of IGTs.

time constant, related to the electrostatic and electrochemical channel doping leading to the lgs(t)

decay rate (which means the transistor response time).

Related to the transient response time, there are two types of current decaying regimes after
removing constant Vgs. (Figure 2.9). The first, fast response reflects two distinct ionic mobility
pathways: (i) ions move quickly over short distances at the interfaces, removing the EDL, and (ii)
ions penetrate the semiconductor interface and redistribute rapidly. For the slower response, two
possibilities exist: (i) the diffusion of ions over longer distances within the bulk of the channel
material, leading to slower redistribution, and (ii) electrochemical doping of the semiconductor,
where ions enter the channel layer to compensate for the charge carriers in that region, with
electrochemical de-doping taking more time (Figure 2.9). [94] Fully turning off the transistor using
this method would require the diffusion of anions out of the channel and into the gel or liquid,

which may be a slow process.
2.8 Synaptic behaviors of a transistor

In biological neural networks, communication between two neurons occurs at synapses, which
facilitate the transfer of chemical signals. The synaptic system consists of presynaptic and
postsynaptic terminals, along with the synaptic cleft. Information transmission is regulated by the
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release of neurotransmitters from the presynaptic terminal into the synaptic cleft, which are then
received by receptors on the postsynaptic terminal of the next neuron. This process generates a
postsynaptic potential (PSP), which can be excitatory (EPSP) or inhibitory (IPSP), and plays a
crucial role in information processing, learning, and memory in the brain (Figure 2.10a). [95]

Recently, many synaptic devices have been developed that can emulate key synaptic functions,
such as excitatory postsynaptic current (EPSC) and inhibitory postsynaptic current (IPSC), which
are analogous to EPSP and IPSP, respectively. Another crucial synaptic function is synaptic
plasticity, which involves the modulation of signal transmission strength or efficacy between
neurons at the synapse. [96] Significant efforts have been made in the design and fabrication of
synaptic devices aimed at emulating the plasticity of biological synapses. However, achieving the

dynamic behavior of these artificial devices remains a challenge, and this is crucial for replicating
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Figure 2.10 a) Schematic view of the biological synapse, b) Liquid electrolyte-based PEDOT:PSS
OECT, c) PPF index of an IGT (A1 and A are the amplitudes of the first and second consecutive
Ids pulses), d) SNDP index of an IGT. [95]

the complex neuromorphic functions observed in living organisms. Due to limitations in current
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technology, and the low plasticity and adaptability of existing systems, artificial neural networks

are still behind biological ones in terms of scale and complexity in processing information.

The basic concept involves applying an electrical signal to the gate electrode of artificial neurons,
such as IGTs, which changes the current in the synaptic material through mechanisms like charge
injection or ion movement. To replicate the functionality of biological neural circuits, artificial
synapses need to exhibit neural functions such as STP and LTP. In IGTs, electrochemical doping
occurs upon the application of Vgs. If ion movement modulates the conductivity of the channel for
a short time, it is referred to as STP. If the modulation lasts for a longer period, it is known as LTP.
[97, 98] As highlighted in the introduction, IGTs, such as OECTs and metal oxide-based IGTs, are
among the best devices for emulating ion-dynamics-based biological synapses with low power
consumption. These transistors, with their ion-induced capacitive behavior due to EDL formation,
are widely studied for mimicking human synaptic functions. IGTs employing an electrostatic
doping mechanism, specifically EDLTSs, were among the first to be employed in emulating artificial
synapses. Zhu et al. developed a laterally coupled IGT featuring a co-planar structure, incorporating
a proton-conducting solid electrolyte and an indium zinc oxide channel.[99] The rapid reversibility
of EDLTs to their (de)doped state enables effective replication of short-term plasticity in synapses,
facilitating dynamic filtering and information processing. In addition to the electrostatic doping
mechanism, the electrochemical doping mechanism such as OECT has garnered significant interest
for its nonvolatile characteristics, making it suitable for emulating long-term plasticity. Malliaras
et al. developed an OECT-based synaptic transistor using a liquid electrolyte and a PEDOT:PSS
channel (Fig. 6a), which successfully exhibited synaptic behaviors like short-term plasticity STP
and LTP (Figure 2.10b). [100]

It is essential for achieving both short-term and long-term potentiation within the same synaptic
device for neuromorphic application. The capability of an IGT to exhibit STP or LTP relies on both
the efficiency of ion transport and the time required for the device to reach a new equilibrium state
after an electrical stimulus. The response time of a transistor is an important factor in plasticity
measurement. Fast response times facilitate quicker changes in conductivity, allowing for dynamic
adaptations in STP. Conversely, for LTP, sustained ion motion and retention of states over longer
periods is required, which can be influenced by the overall response time of the device.
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Anrtificial synaptic devices are also designed to mimic biological synapses by incorporating
functions such as PPF, a common form of STP, as well as input voltages amplitude and duration

dependent plasticity, SNDP, and frequency-dependent plasticity (FDP).

PPF occurs when two identical Vgs pulses are applied at the gate in short intervals. This results in
two consecutive peaks in the postsynaptic current, as illustrated in Figure 2.10cError! Reference s
ource not found.. [101] The facilitation effect is quantified by the ratio (A2 - A1) / A1, where A;
and A represent the magnitudes of the first and second current peaks, respectively. This ratio

characterizes the level of PPF observed in the device. [11]

When a series of pulsed Vs signals is applied at the gate, the excitatory EPSC shows an oscillating
increase in lgs (as shown in Figure 2.10). This gradual adjustment in electrical conductance or
synaptic weight due to the cumulative effect of repeated stimuli is referred to as SNDP. The SNDP
index for IGTs is defined by the equation (An — A1)/A1 X 100%, where n > 1 represents the number
of Vgs pulses. SNDP is essential for simulating the learning and memory processes in artificial
neural networks. [102, 103]

FDP is a form of synaptic plasticity where the changes in synaptic strength are influenced by the
frequency of action potentials (Vgs). This type of plasticity is distinct from spike-timing-dependent
plasticity (STDP), which relies on the exact timing of spikes. [104]

FDP can play a crucial role in neural coding and information processing by modulating synaptic
strength based on the rate at which neurons fire. This mechanism allows neurons to adapt to
different patterns of activity and can be important for various neural processes, including learning
and memory. [105]. Plasticity can depend on the amplitude and duration of the input voltage. This
type of plasticity involves changes in synaptic strength based on the amplitude and duration of the
input Vgs applied to the synapse. [106] In this thesis, we will employ these synaptic behaviors to
achieve the transition between STP to LTP realizing both processing and memory functions in the

single device which is one of the main requirements of neuromorphic applications.
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CHAPTER 3 METHODOLOGY

This chapter discusses several methods, including substrate preparation, gold patterning on
substrates through microfabrication, fabrication of transistor channel materials using solution
processing, the preparation of the ion-gating medium, the fabrication of the gate electrode, and the
overall IGT device fabrication. Additionally, it covers the characterization of the device through

ex situ and in operando methods.

3.1 The transistor fabrication

3.1.1 Substrate preparation

The substrate serves as the base for our top-gate, bottom-contact IGTs. We used a rigid SiO/Si
substrate (WaferPro, USA), which consists of a wet thermal oxide layer (~200 nm) grown on the
front side of polished single-crystal B-doped silicon (with a crystal orientation of <100>). This
heavily doped p-type silicon has a thickness of approximately 500 pum and an electrical
conductivity of about 650 S/cm. We selected this substrate for its smoothness, uniformity, and

high-temperature tolerance.

Before deposition, we thoroughly cleaned the substrates using deionized (DI) water, isopropanol,
acetone, and isopropanol, in that order, for 10 minutes each in an ultrasonic bath. After cleaning,
we treated the substrate surfaces with UV-Ozone for 20 minutes to remove organic contaminants
and improve the adhesion of the channel material films. The UV-Ozone cleaner (Jelight, Model
30) utilizes a low-pressure mercury vapor lamp with an intensity of approximately 30 m\W/cm? and
emits a wavelength of around 254 nm. To further enhance the surface properties and mitigate the
potential negative effects of these trap states, an additional modification such as the application of
a self-assembled monolayer (SAM) is recommended. Passivating the SiO2 surface with a SAM
can neutralize reactive sites, reduce trap density, and improve the interface's electrical
characteristics. This next-level modification not only stabilizes the surface but also provides a
tailored chemical environment that enhances the overall performance and longevity of the

transistor.

In our work, we ensured that the substrate of the IGTs was properly grounded during all
measurements to avoid any unintended effects from the back gate (the conductive substrate beneath
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the channel that can influence its electrostatic potential). This step was taken to stabilize the silicon
potential and eliminate its influence on the transistor's output, ensuring that the performance was
solely governed by the ion-gating mechanism. By grounding the back gate, we successfully

mitigated potential drifts or instabilities in the transistor's behavior over time.
3.1.2 Microfabrication Process

We begin the transistor fabrication by patterning the golden source and drain electrodes via
photolithography on SiO./Si substrates in the Microfabrication Laboratory (LMF) at Polytechnique
Montreal. Photolithography is a process used to transfer geometric patterns onto a substrate from
a photomask. It involves applying a positive photoresist, AZ 900 MIR, a photosensitive material,
to the substrate. The photomask contains the desired pattern, which is exposed to UV light (365
nm). When the light passes through the mask, it alters the chemical structure of the photoresist in
the exposed areas. This enables selective etching or deposition processes to create intricate patterns

and structures on the substrate.

To form the metal contacts, the substrate with the patterned photoresist is covered with 5 nm of Ti
to promote Au adhesion, followed by 40 nm of Au, which is deposited using e-beam evaporation
at a rate of 0.5 A/s. After the metal contact deposition, the excess metal is removed using a lift-off

process, leaving the Ti/Au adhered to the silicon substrate in the desired geometry.

The electrodes consist of 40 nm-thick Au and typically feature an interelectrode distance (L) of 10

pm and an electrode width (W) of 4 mm.
3.1.3 Channel material preparation

To deposit highly uniform thin films (a few nanometers to several micrometers thick) at low cost,
solution processing is the ideal method. In this PhD work, we used spin-coating as a common

solution processing technique.

To prepare the solutions of the semiconducting materials, we identified optimized experimental

parameters from the literature.

For P3HT solutions, we magnetically stirred 10 mg regioregular P3HT (RIEKE Metals) with
different MWs, low (24 kDa), intermediate (50-70 and 42 kDa), and high (92 kDa), in 1 ml
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chloroform overnight in an N2 glove box (O2 <5 ppm, H20 < 5 ppm). Different MW can influence
on morphology, solubility, and charge carrier mobility of semiconductor film. P3HT films were
deposited by 30 seconds spin coating at 1000 rpm on the SiO2/Si substrates. To control the
thickness of the films, P3HT with MW 50-70 kDa were spin coated for 30 sec at various rotation
speeds: 500, 1000, 2000, and 4000 rpm. The films were thermally treated with a hot plate at 100
°C for 2 h, always in the N2 glove box. [107, 108]

The WOs precursor solution was synthesized using an aqueous sol-gel method. [131 Xiang].
Tungstic acid (H2WO4) was prepared by passing 20 mL of a 0.5 mol L, Na;WO4 aqueous solution
through a proton-exchange resin (Dowex 50WX2, 100-200 mesh), all sourced from Sigma Aldrich.
The reaction in this step is as follows: Na2WO4 + 2H* — H2WO4 + 2Na*. Prior to use, the resin
was preconditioned in 50 mL of 1 mol L™ H2SO4 for 30 minutes and thoroughly rinsed with
deionized water (DIW) until the pH reached 7.0.

The eluted solution was then collected in 16 mL of ethanol under continuous magnetic stirring to
slow down the condensation process. To concentrate the solution, it was reduced under low
pressure and heating to reach a concentration of approximately 0.5 mol dm. As an organic
stabilizer, 4 mL of PEG-300 (sourced from Fluka Analytical) was added to the freshly evaporated
solution, maintaining a WO3/PEG-300 ratio of approximately 0.5 w/w. The resulting viscous, pale
yellow precursor solution was kept under continuous stirring and stored in dark conditions. It was
used to fabricate WOz films within three days to prevent precipitation. For film deposition, the
precursor was spin-coated onto the device surface. This involved drop-casting 40 pL of the solution
and spinning it at 4000 RPM for 40 seconds. The deposited layer was first dried at room
temperature for 10 minutes, followed by annealing in a tubular furnace at 550 °C for 30 minutes

under flowing oxygen. [14, 18, 109]
3.1.4 lonic liquids purification

When used as gating materials for IGTs, ILs are highly susceptible to contamination by water,
which is the main impurity affecting their performance. [110] For this reason, it is crucial to purify
ILs before use. In this study, we used [EMIM][TFSI] IL, obtained from loLiTec with a purity
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greater than 99%. To ensure removal of impurities, the ILs were subjected to vacuum purification

(approximately 10 Torr) at 80°C overnight before application. [111]

The [EMIM][TFSI] ILs have a melting point of -3 °C, a density of 1.52 g/cm3 (at 20°C), an ionic
conductivity of 6.63 mS/cm (at 20°C), and a viscosity of 39.4 mPa-s (at 20 °C). Their
electrochemical stability window, defined by anodic and cathodic limits, ranges from 2.6 to -2.1
V. [87, 111, 112] The molecular structures of [EMIM][TFSI] are illustrated Figure 2.7.

We drop-cast the IL onto a 4 mm X 9 mm polyvinylidene fluoride (PVDF) membrane (125 pm
thick) with a pore size of 220 nm, then placed it on top of the device. The hydrophobic nature of
the PVDF membrane ensures that, upon immersion in the IL, it becomes fully permeated by the IL
itself. [113, 114]

3.1.5 Gate electrode preparation

Carbon paper pieces (6 mm x 3 mm, Spectracarb 2050A) were coated with 6 uL of high surface
area carbon ink. The ink was prepared by mixing activated carbon powder (PICACTIF
SUPERCAP BP10, Pica, 28 mg/mL) with a polyvinylidene fluoride (PVDF, KYNAR HSV900,
1.4 mg/mL) binder in N-methyl pyrrolidone (NMP, Fluka, > 99.0%) solvent. After coating, the
carbon paper was dried under vacuum at 60 °C for 5 hours and subsequently stored in a N2 glovebox
(H20 and O2 < 5 ppm). [115]

3.2 IGT materials characterization

3.2.1 Exsitu characterizations

Atomic force microscopy (AFM)

AFM is a powerful technique used to analyze the surface topography of films at the nanoscale. It
operates by scanning a flexible cantilever across the surface in three dimensions, with the cantilever
deflecting upon encountering surface features. The size of these features alters the reflection of a
laser beam onto detectors, which measures the change in laser position relative to the height of the
cantilever. AFM can be performed in three modes: (i) contact mode, (ii) non-contact mode, and
(iii) tapping mode. In contact mode, the cantilever is repelled by the sample surface, while in non-
contact mode, it is attracted to the surface. In tapping mode, the cantilever oscillates near or at its
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resonance frequency as it interacts with the surface. This technique provides valuable information
about surface characteristics such as roughness, cracks, and grain boundaries. In this PhD research,
tapping mode AFM was used to examine the topographical features of P3HT and WOz metal oxide
films under ambient conditions. The AFM images were taken using a Digital Instruments

Dimension 3100 system with aluminum-coated silicon cantilevers.
X-ray diffraction (XRD)

XRD is a powerful technique used to characterize the structural properties of thin films, providing
insights into crystallinity, crystal orientation, phases, composition, internal lattice strain, and
particle size of crystalline materials. The principle of XRD is based on Bragg’s law (n\ = 2dsin0),
which states that diffraction occurs when specific conditions are met as X-rays impinge on the
planes of a crystal. In this PhD research, the crystal structure of the P3HT films and WOz metal

oxide films were analyzed using Bruker D8 diffractometer with Cu Ko radiation (A = 1.54 A).
Stylus Profilometry

The thickness of thin films is measured using a stylus profilometer. In this method, the tip of the
stylus is brought into contact with the sample's surface. As the stylus traverses the surface, it
deflects according to the sample's height, and this deflection is detected by sensors. The average
surface height, which is the difference between the thin-film side and the substrate side, is recorded
in relation to the sample's lateral position. In this PhD research, we utilized the Dektak 150 stylus
profilometer (Veeco, USA), equipped with a tip radius of 12.5 pm and applying a force of 10 mg,
to accurately measure the thickness of the metal oxide films.

Scanning Electron Microscopy (SEM)

SEM is a widely used technique for investigating the morphology of samples by scanning their
surfaces with a focused electron beam. This method produces different signals depending on the
interaction points between the electron beam and the atoms in the sample. Secondary electrons,
which are emitted from the sample's surface, provide detailed information about the sample's
morphology, while backscattered electrons, originating from deeper within the sample, reveal the
distribution of various elements. Additionally, characteristic X-rays are emitted when the electron

beam displaces an inner shell electron from the sample, enabling quantitative analysis of its
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chemical composition. In this study, SEM images were acquired using a Hitachi SU-8230 Cold
Field Emission Scanning Electron Microscope (CFE-SEM), which features a 5 nm electron source

size, and an energy spread of 0.2-0.3 eV.
3.2.2 In operando characterization

Cyclic Voltammetry

Cyclic voltammetry (CV) is a highly versatile technique used to extract various types of
information, including analytical data (e.g., concentration), thermodynamic properties (e.g., redox
potentials, equilibrium constants), kinetic parameters (e.g., reaction rate constants for
electrogenerated species), and mechanistic insights into electrochemical reactions. [116, 117] In a
typical CV experiment, a three-electrode setup is employed, consisting of a working electrode
(WE), a reference electrode (RE), and a counter electrode (CE). During the experiment, the
potential is scanned linearly in a triangular waveform while measuring the current between the WE

and CE. This process can be repeated in single or multiple cycles at a fixed scan rate. [118]

For the CV characterization in this PhD thesis, we used in operando a two-electrode configuration.
The channel layer situated between the source and drain electrodes served as the WE, while
activated carbon paper functioned as both the CE and a quasi-reference electrode, short circuited.
The electrolyte in these experiments was IL. The electrochemical measurements were carried out
using a VersaSTAT4 multichannel potentiostat at three different scan rates: 10, 50, and 100 mV s
1.

In cyclic voltammetry, a reference electrode, such as Ag/AgCl, is critical for providing a stable and
well-defined potential against which the working electrode's potential is measured. However, in a
two-electrode configuration, the reference and counter electrodes are combined into a single
electrode, often referred to as a "pseudo-reference” electrode. This setup simplifies the
electrochemical cell but results in a pseudo-reference electrode whose potential may not be as

stable or well-defined as a true reference electrode.

To mitigate this limitation, activated carbon can be employed as a reference electrode in the two-
electrode IGT configuration. Activated carbon offers several advantages, including a broad
potential window, good conductivity, and chemical stability. While it may not provide the same
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level of potential stability as conventional reference electrodes, it is a practical choice for certain
applications such as IGTs configuration. [119, 120]

Atomic Force Microscopy Force-Distance (AFM FD)

AFM FD profiling is a technique used to study the mechanical properties and surface characteristics
and interactions at the surface of a sample at the nanoscale. AFM FD profiling is widely used to
investigate soft materials, thin films, and biological samples. In AFM FD measurements, the
cantilever tip of the AFM approaches and retracts from the surface in a controlled manner, while
the force exerted on the tip is measured as a function of the distance between the tip and the sample.
Unlike typical AFM measurements that scan horizontally across the sample surface, FD profiling
focuses on the vertical movement of the probe. As the tip approaches the surface, attractive or
repulsive forces cause deflection of the cantilever, which is recorded to generate a force-distance
curve. These curves provide insights into various surface properties, including adhesion forces,

stiffness, elasticity, and surface energy. [18]

In this dissertation, AFM-FD profiling was employed to investigate the structure of the EDL in
WOs-based IGTs using either [EMIM][TFSI] or a solution of 0.1 mol L LiTFSI in
[EMIM][TFSI]. Force-distance profiles were acquired with a Cypher AFM (Asylum Research,
Oxford Instruments, UK) and an SP-300 two-channel potentiostat (Biologic) at Oak Ridge National
Laboratory (ORNL), USA. This technique allowed us to study the ionic organization at the
interface between the IL and MO films in operando conditions during transistor operation. By
analyzing the force-distance profiles, we could observe the ionic layering at various points on the
channel surface and examine the patterns formed in the force-distance diagrams based on the

vertical movements of the AFM probe tip.

3.3 Electrical characteristics

By connecting an Agilent B1500A semiconductor parameter analyzer to a house-made
micromanipulated electrical probe station located in the N2 glove box or vacuum (10-* Torr), we
carried out the characterization of the IGTs. There are two primary sets of current-voltage curves
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to be acquired for the electric characterization of transistors: transfer curves that show lgs versus
Vs at constant Vgs and output curves that show lgs versus Vgs with a constant Vgs. We used the
same semiconductor parameter analyze using the EasyEXPERT software to record pulse base

parameters like response time synaptic behaviors.
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4.2 Abstract

lon-Gated Transistors (IGTs) feature the processing rate of the human brain for neuromorphic
computing. Further, they require low power for training and deployment of neural network
algorithms. Neuromorphic computing requires both long-term and short-term potentiation, within
the same device. The nature of the doping mechanism in IGTs affects their time-resolved
properties, key for their use as neuromorphic devices. Depending on the permeability of the
semiconducting channel to ions, IGTs undergo electrochemical (three-dimensional) or electrostatic
(field-effect, two-dimensional) doping, which leads to a wide range of IGT response times. Here,
we propose a methodology to control the response time of IGTs made up of films of poly(3-
hexylthiophene (P3HT) as the semiconducting channel and the ionic liquid 1-Ethyl-3-
methylimidazolium Bis(trifluoromethanesulfonyl)imide [EMIM][TFSI] as the gating medium. The
methodology includes the effect of the pulse frequency of the applied gate-source voltage (Vgs),
the number of applied Vgs pulses, and the Vgs pulse duration. It also considers the effect of the
values of the applied Vgs and drain-source (Vgs) voltages. Last but not least, the methodology
includes the effect of the Vg sampling time. Our results contribute to understand how to achieve

plasticity in IGTs.
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4.3 Introduction

lon-Gated Transistors (IGTs) make use of ionic compounds as the gating media. IGTs play a crucial
role in the development of neuromorphic computing devices, due to their low operating voltages
(sub-1 V), viable functionalization of the semiconducting channel for chemo and biosensing
purposes, and possible fabrication into large device arrays. [121, 122] Due to combined electronic
and ionic transport, [123-125] IGTs are relevant for future computation, bioelectronics, and
electrochemical energy storage. [7, 92, 126-129]

Since the electrical double layer (EDL) at the interface between the semiconducting transistor
channel and the ion gating medium is thin (3-4 nm), the specific capacitance observed in IGTs can
be as high as 10 pFem2, bringing about a large density of charge carriers (about 3x10° cm), at
low Vs biases. [130-132]

Several working mechanisms are possible for IGTs based on organic semiconducting channel
materials, depending on the degree of permeability of the channel to ions. lon-impermeable
channels are electrostatically doped (as in conventional field-effect transistors, where the doping
is bidimensional) whereas ion-permeable channels can be electrochemically doped (in this case the

doping is three-dimensional). [133]

Certainly, IGTs can feature a combination of these two working mechanisms, where the weight of
each contribution depends on the specific semiconductor and gating medium, the quality of their
interface, and the electrical biasing conditions. For instance, in organic single crystal channels
poorly permeable to ions, upon application of a gate-source voltage (Vgs), ions accumulate at the

ionic medium-organic semiconductor interface, bringing about electrostatic doping. [132, 134-137]

The nature of the ionic medium (e.g., solid, gel, or liquid) influences the movement of the ions in
the gating media of IGTs, in turn affecting the transistor performance and response time. [92, 138-
142]

Room-temperature ionic liquids (ILs) are ideal gating media for IGTs since they feature high
conductivity (0.1-20 mS cm™), a wide range of viscosity (10-1000 mPa s), and minimal volatility.
[143, 144] Further, their electrochemical stability window can be as high as 5 V. [134, 145, 146]
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We can establish a correspondence between the working principle of IGTs and fundamental
processes taking place in the brain (Figure 4.1a). In the human brain, a neuronal network of around
10! neurons is linked by approximately 10'° synapses. Synapses are a passageway for conveying
action potentials from presynaptic to postsynaptic neurons. They carry out parallel information
computing (processing and memorizing information) by adjusting the synaptic weight, i.e. the
strength of a synaptic connection [147] (with the term synaptic strength referring to the amount of
current generated in the postsynaptic neuron as a result of an action potential in the presynaptic

neuron).

The rate of enhancement in the current amplitude after the second of two repetitive excitatory
postsynaptic potentials (EPSPs) with an interval At is an index of the increase of the synaptic
strength in a synaptic transistor, measured as paired pulse facilitation (PPF), defined as

(A-A1)/A1x100% (Figure 4.1c). [148]

The three-terminal IGT closely resembles the biological synapse (Figure 4.1a-b) since the gate
electrode acts as a neuron that applies the presynaptic spike (Vgs) and generates a postsynaptic
current (PSC) spike in the semiconducting channel (acting as a postsynaptic neuron), between

source and drain electrodes (drain-source current, Igs).

Inan IGT artificial synapse, the synaptic plasticity can be described as the alteration of the synaptic
weight, the IGT channel conductivity. [7] The synaptic weight is modulated independently via the
gate terminal, in an IGT. [60] Short-term plasticity (STP) and long-term plasticity (LTP) are two
categories of synaptic plasticity. A persistent modification of synaptic weight, LTP, supports
memory and learning and lasts longer than a transient modification, STP. STP is necessary for data

processing, encoding and filtering. [149, 150]

An important aspect of synaptic plasticity modulation in IGTs is its response time, e.g., the time it

takes for the PSC of a transistor to reach a steady state after removal of the Vs bias.

Response time can vary depending on the specific device structure, materials, and operating

conditions.

We can consider two contributions to the lgs decay in IGTs. The former is a fast current decay due

to the removal of electrical double layers and/or ions located within a thin depth in the channel.
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The latter is a slow current decay related to the removal of the ions located deep in the channel
and/or trapped. [92, 142, 151, 152]

According to Bernards[92], in IGTs, the response time of Igs with respect to a change in Vgs can be

fit by exponential functions. lgs(t) for the case of a square Vs step follows a time dependence given

by:
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Figure 4.1 a) Bio-inspired synaptic IGT transistor. b) Device scheme and possible doping regimes
(1 to 111) upon application of a negative Vgs to a P3HT-based IGT; molecular structures of the ions
constituting the ionic liquid employed as gating medium in this study. ¢) A pair of successive Vs
inputs (-1 V) for 5 s with a pulse interval At=5 s applied to an IGT. Az and A are the amplitudes
of the drain-source current (lgs).

where Igs(t) is lgs at time t, 1ss(Vgs) is drain current at Vgs, Alss is the difference between the initial
and final (steady state) drain currents, fis a weighting factor, e is the electronic transit time along
the channel, and 7; is the time constant related to the lqgs(t) decay rate, i.e. the transistor response

time.

The majority of organic synaptic devices can only partially mimic synaptic plasticity, either LTP
or STP, depending on the doping mechanism. One of the most significant challenges in IGTs is to

transition plasticity from STP to LTP and vice versa in a single device and control the response
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time for various applications. [153-155] To tackle this challenge, aspects pertaining to the chemical
nature and structure of the channel material and ionic medium, device structure and electrical bias

input stimuli, should be all considered. [147]

In this study, we control the synaptic plasticity and response time of IGTs by controlling input Vgs
and Vs stimuli to modulate STP and LTP. We employed Poly(3-hexylthiophene) (P3HT) as the
organic transistor channel material, gated with the ionic liquid (1-Ethyl-3-methylimidazolium
Bis(trifluoromethanesulfonyl)imide) ([EMIM][TFSI]) (Figure 4.1b). We studied various aspects
of bio-inspired synaptic transmission in [EMIM][TFSI]-gated P3HT transistors, such as spike
frequency-dependent plasticity (SFDP) (defined as (As—A1)/A1x100% for different frequencies of
Vgs for a train of five pulses) and spike number-dependent plasticity (SNDP) (defined as
(An—A1)/A1x100% where n>1 is the number of Vgs pulse). Furthermore, we investigated the

influence of the sampling time of applied Vgs on the measured response time.

4.4 Results and discussion

4.4.1 Film morphology

AFM images show that the spin-coated P3TH films are continuous, with a root mean square (rms)
roughness of ca. 3.77 £ 1.04 nm in a 10 um x 10 um-sized area (Figures Ala-c). The XRD patterns
of the P3HT films show a peak related to the lamellar structure located at 26=5.1° (Figure Ald).
[156]

4.4.2 Transfer and output characteristics of [EMIM][TFSI]-gated P3HT

transistors

The IGT transfer and output characteristics show a typical p-type behavior of transistors working
in accumulation mode. We observed that the hysteresis decreases with the Vgs. scan rate from 100
to 5 mVs™due to the increased time available to accommodate ion movement (Figures 42a and
A2a-c). We deduced a threshold voltage of ca. -0.4 V, ON/OFF of ca. 10?, mobility of 0.1 cm?V-
st and charge carrier density of 3.0x10™ cm, at 100 mVs™? (values obtained at 50, 25, and 5

mVs? are reported in Table Al).

4.4.3 Influence of the value of Vg on the response time
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We performed a typical Igs transient response characterization (Figure 4.2b, c) using a 200 ms-long
square Vgs pulse with amplitudes -0.5 and -1 V, at Vg =-0.2, -0.6, -0.8, and -1 V. Low amplitude

Vs (pre-synaptic spike) pulses are expected to induce the formation of electrical double layers and
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Figure 4.2 Characteristics of [EMIM][TFSI]-gated P3HT transistors. a) Transfer characteristics in
the linear regime (Vas = -0.2 V, (3 cycles)) at Vgs 100 mVs™ scan rate (inset: output characteristic
with Vgs= 0, -0.2, -0.4, -0.6, -0.8, -1 V and Vgs 100 mVs™ scan rate). lgs response to b) Vgs= -1V,
) Vgs=-0.5 V, at different Vgs. The duration time of the Vs bias is 200 ms. d) Transient response
of an [EMIM][TFSI]-gated P3HT transistor versus Vds in different values of Vs square step.

dope regions in P3HT close to the interface and/or amorphous. These regions can rapidly de-dope
and PSC rapidly decays; this response is analogous to STP. We observed that the response time
increased with the increase of Vgs. For instance, increasing Vgs from -0.5 Vt0 -1 V (Vgs = -1 V)
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increases the response time from 7.31 to 9.33 ms, i.e. by 27%. Higher values of Vs induce a deeper
anion penetration in the film, possibly including crystalline regions. This implies longer times for

ions removal prior reaching the steady state, after the removal of Vgs (Figure 4.2d).
4.4.4 Influence of the value of Vgs on the response time

We observed that the response time halves in a quasi-linear trend, in the region of Vgs. Included
between -0.5 V and -1 V (Figure 4.2d). According to Bernards' model (Equation 1), the ratio te/ti
is determined by te/ti ~ dL?/uVas where d is the ionic gating medium thickness, L is the channel
length and other symbols have been already introduced. In agreement with the model, the increase
of Vs is expected to cause the decrease in the response time; this is actually what we observed.

4.45 Effect of the number of Vg pulses on the response time

To explore the synaptic properties of [EMIM][TFSI]-gated P3HT transistors, we applied an
increasing number of Vg pulses (5, 10, and 25). As the number of pulses increased, so did the
response time. Upon application of a Vgs pulse, ions move towards/into the channel materials
(Figure 4.3). With increasing the number of pulses, the time needed for the anions to redistribute
in the p-type P3HT increases, since they penetrate deeper into the film, which can include ion traps.
This result can be exploited to drive the device transition from STP to LTP. In other words, the

repetition of the stimuli leads to a learning process, in our synaptic IGTSs.

We observed that SNDP1.5 (where SNDP1.n=(An—A1)/A1%X100%) is 13%, SNDP1.10 is 15%, and
SNDP1.25 is 17%. These values quantitatively describe the evolution of the SNDP index for our

synaptic IGTs.
4.4.6 Impact of the pulse duration time on response time

Increasing the pulse duration time brings about more time for the ions to penetrate the channel.
This leads to an increase in the de-doping time and, in turn, an increase in the response time upon
removal of the Vs bias. According to Figures 4.4a and 4.4b, increasing the pre-synaptic spike pulse
duration time from 10 msto 95, at Vgs = -1V, induces an increase of the amplitude of the excitatory
postsynaptic drain-source current (EPSC), suggesting a more important synaptic weight change.

Literature on IL-gated P3HT transistors reports response times depending on the specific device
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pulses. The duration and interval of each Vgs pulse is 200 ms; exponential fits used to estimate the

response time are in red. structure and operating conditions. [12, 147, 157] Frisbie et al., observed
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Figure 4.3 Transient Igs response of [EMIM][TFSI]-gated P3HT transistors in response to different
numbers of Vgs square step train pulses. Vgs =-1 V at Vgs= -0.6 V a) 5 pulses, b) 10 pulses, ¢) 25

a response time of about 1 ms for ion-gel-gated P3HT transistors with V4s =-3 V and pulse duration
of 0.5 ms. [147]

4.4.7 Impact of the frequency of the Vg pulses on the response time

Given the inverse relationship between frequency and pulse duration time, response time is

expected to decrease as the frequency of the Vgs increases (Figures 4.4c-f). This observation is
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explained by considering that the decrease in the duration time of the Vg pulses brings about a

shorter time for ion penetration in the channel (and therefore a shorter depth of penetration of the
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Figure 4.4 a, b) Transient lgs characteristics response of an [EMIM][TFSI]-gated P3HT transistor
versus different duration times. Transient response of transistor in response to Vgs pulses with a
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different frequency c) 1 Hz, d) 5 Hz, e) 10 Hz. f) response time versus frequency of Vs pulses.
(Vgs =-1 V, at Vds =-0.6 V)

ions in the P3HT film). This finding reminds of the spike frequency-dependent plasticity (SFDP)
of the biological synapses. The SFDP index after six consecutive spikes at frequencies included
between 1 Hz and 25 Hz increased from 12% to 15%.

4.4.8 Importance of the Vg sampling time on the measurement of the response
time

We investigated the impact of the sampling time of square Vgs pulses (with a constant duration
time) on the response time. The sampling time is the time difference between two Vs readings
taken at two consecutive instants, during the measurement; it permits to convert a continuous-time
signal into a discrete-time one. By decreasing the sampling time during transient responses, it is
possible to obtain more accurate l¢s measurements and, in turn, more accurate evaluation of the

time response (Figure 4.5 and Figure A3).
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Figure 4.5 Transient response of an [EMIM][TFSI]-gated P3HT transistor at different Vgs pulse
sampling times: a) 500 ms, b) 25 ms; the duration of Vg pulse is 5 s. ¢) Response time versus
different Vg sampling times (10, 25, 50, 100, 200, 500, 1000 ms) at V¢s=-0.8 V.

4.5 Experimental

Films of P3HT with regioregular intermediate molecular weight (50-70 kDa, RIEKE metals),

deposited on bare SiO/Si substrates, were employed as channel materials of our [EMIM][TFSI]-
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gated IGTs. SiO2/Si substrates were photolithographically patterned with source and drain
electrodes (40 nm-thick Au on 5 nm-thick Ti adhesion layer) with interelectrode distance, L, of
10 um and width, W, of 4 mm. Prior to the deposition of the P3HT films, the substrates were
cleaned with sequential steps of 10 min in isopropyl alcohol, 10 min in acetone and 10 min in
isopropyl mg P3HT in 1 ml chlorobenzene were stirred overnight in an N2 glove box (<5 ppm Oz,
H-0).

P3HT films were deposited by spin-coating on the pre-patterned SiO2/Si substrate and placed on a
hot plate at 140 °C for 2 hours in the N2 glove box. [EMIM][TFSI] (loLiTec, >99%)) was purified
under vacuum conditions (ca 10 Torr) for 24 hours at 60 °C before use. The ionic liquid was
dropped on a DuraporeR membrane (typically 4 mm x 9 mm-sized and 125 um-thick) located in
correspondence of the transistor channel. The gate electrode was a high surface area of carbon
paper (Spectracarb 2050), 6 mmx3 mm-sized, 170 um-thick, coated with an ink made of activated
carbon (PICACTIF SUPERCAP BP10, Pica, 28 mg ml-1) and polyvinylidene fluoride (PVDF,
KYNAR HSV900, 1.4 mg ml-1) binder in N-methyl pyrrolidone (NMP, Fluka).

4.5.1 Characterization of the films

Atomic Force Microscopy (AFM) images were taken in the air, at room temperature, on a Digital
Instruments Dimension 3100, in tapping mode, with Al-coated silicon cantilevers. X-ray
diffraction (XRD) spectra of the P3HT films were taken using a Bruker D8 diffractometer with a
wavelength (CuKa) of 1.54 A. 1100 nm).

4.5.2 Electrical characterization of the devices

Transistor characteristics were obtained using an Agilent B1500A semiconductor parameter
analyzer connected to a house-made micromanipulated electrical probe station located in the N>

glove box.

4.6 Conclusions

We studied P3HT-based lon-Gated Transistors (IGTs) as bio-inspired synapses for applications in

neuromorphic systems. We investigated the response time and synaptic plasticity of P3HT IGTs
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by engineering input stimuli such as values of Vg and Vgs, number of pulses of Vs, Vgs pulse

duration time and frequency.

Response time and plasticity increased with the value of the applied Vg¢s and Vgs pulse duration.
We were also able to emulate synaptic functions such as short-term plasticity (STP) and long-term
plasticity (LTP), and the transition between the two.

We achieved an increased response time via repeated Vgs presynaptic stimuli (spike number-
dependent plasticity (SNDP)) and by decreasing pulse frequency (spike frequency-dependent
plasticity (SFDP)), all at low driving voltages (about 1 V).

The relevance of our study is that we demonstrate that IGTs can be employed as neuromorphic
devices integrating memory (LTP) and processing functions (STP) in the same device, as a function

of the electrical biasing conditions.

Work is in progress to address the effect of the structure of the transistor channel material on the
correlation between applied bias conditions and response time, by extending our study to films of

P3HT at different molecular weights, other organic semiconductors, and printable metal oxides.
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5.2 Abstract

Neuromorphic computers, inspired by the brain's neural networks, hold promise for efficient
computation. lon-gated transistors (IGTs), which employ ionic gating media, are particularly
attractive for use in neuromorphic computing with remarkably low power consumption. This study
focuses on IGTs utilizing organic polymer films of poly (3-hexylthiophene) (P3HT) as synaptic
elements. The impact of P3HT molecular weight (MW, i.e. 24 kDa, 42 kDa, 92 kDa) and p3HT film
thickness on IGT response time and synaptic behavior is investigated. Various synaptic behaviors
are emulated, including paired-pulse facilitation (PPF) and spike number-dependent plasticity
(SNDP). Additionally, the transition from short-term plasticity (STP) to long-term plasticity (LTP)
is achieved by tuning MW, channel thickness, and gate-source voltage (Vgs) pulse parameters.
These findings pave the way for P3HT-based IGTs as advanced artificial synaptic elements for

neuromorphic computing.

5.3 Introduction
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Transistors serve as fundamental components in von Neumann computers, acting as versatile
electronic building blocks. Transistors primarily operate as switches, while also possessing the
amplification capability for electric currents. This functionality enables them to either facilitate or
impede the flow of current, thereby establishing a binary state for each transistor-akin to the
representation of 1 or 0. In our brain, electrical signals exhibit more complexity than a simple
binary code since synaptic connections embody various "weights" or strengths. [158, 159] Several
synaptic devices have been built to imitate this, which has spurred the emergence of neuromorphic
computers. These computers employ chip architectures that combine memory and processing
within a single unit. This solution addresses the von Neumann architecture bottleneck and enables
these systems to execute computations efficiently while consuming minimal power. Neuromorphic
computers pave the way for novel approaches to computation that align with the parallel and

distributed nature of biological neural networks. [160, 161]

Synaptic elements in neuromorphic structures have not yet fully harnessed the extensive
functionality and dynamic nature observed in biological synapses. [162-164] This functionality,
known as "synaptic plasticity"”, plays a critical role in neurons transmitting signals, memory,
filtering, learning, and various other brain functions.[165-167] Therefore, it is crucial to create and
produce biorealistic synaptic components that demonstrate strong functionality and display
complex temporal and spatial dynamics. [168] The quest for a biorealistic artificial synapse that
possesses excellent linearity, symmetry, collocated processing and memory capabilities, and low

power requirements remains unresolved. [98]

To replicate these functions within a neuromorphic computer, extensive efforts have been directed
toward the development of various devices. Among these devices, synaptic transistors based on
organic films stand out as transistors functional for this purpose. [101, 169, 170] The structural
properties of the organic films significantly influence its conductance and consequently, the output
signal. [171]

By applying a voltage across the transistor, the organic film undergoes modifications that give rise
to either depression or potentiation of the electric signal. This phenomenon closely resembles the
activity spikes observed in the brain. Consequently, these changes can trigger a form of plasticity,

wherein numerical information becomes encoded within the spikes. Parameters such as spike
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frequency, timing, magnitude, and shape contribute to this encoding process. The conversion
between binary values and spikes, and vice versa, remains an ongoing and dynamic field of
research, with active investigations aimed at refining the precise methodologies involved in this

conversion process. [172]

Synaptic lon-Gated Transistors (IGTs) use ionic media to induce high carrier concentrations in the
channel material, at low voltages. IGTs can emulate short-term and long-term plasticity, with low

power consumption.

The ion gating effect is due to the redistribution of ions in the proximity of/within the channel.
When a gate-source voltage (Vgs) is applied, initially ions from the ionic medium accumulate at the
surface of the semiconducting channel, resulting in electrostatic doping (two-dimensional, 2D,
doping). [93, 134-136] The possibility of ion penetration in the semiconducting channel material
of IGTs is key to three-dimensional (3D) electrochemical doping. When ions can easily diffuse
back into the ionic medium upon removal of Vs, short-term plasticity (STP) occurs. Conversely,
when ions are deeply intercalated within the channel material, they are not easily released after
removing Vgs, leading to the emergence of long-term plasticity (LTP). In other words, the time
scale of the synaptic activity is determined by the quality of ion incorporation, two or three-
dimensional.[173, 174]

By changing the input Vgs pulse parameters, such as duration, number, amplitude, and frequency,
in addition to the structure and thickness of the transistor channel material, it is possible to modulate
several synaptic functions through a two-step ion gating process and subsequent ion diffusive

dynamics.

Synaptic IGTs exhibit advanced functionalities such as paired-pulse facilitation (PPF), spiking
rate-dependent plasticity (SRDP), and dynamic filtering. These functionalities have highlighted the
synaptic transistors' potential for the development of neuromorphic systems. [175]

In IGTs, the application of a Vgs pulse leads to an initial increase in lgs (drain-source current), which
then gradually returns to its original state. This decay time, known as the response time (1), is an
important factor in the modulation of synaptic plasticity in IGTs. Indeed, T shares similarities with

the decay of the excitatory postsynaptic current (EPSC) observed in biological synapses. [176, 177]
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The value of T can be determined by calculating the time constant of the fitted exponential to the

decay of Igs with time, following the removal of the Vs pulse. [178]

Regioregular Poly-3-hexylthiophene (RR P3HT) is a well-studied semiconducting polymer in
organic electronics due to its high charge carrier mobility ranging from 10° to 10! cm?/Vs and
commercial availability. [179-185]

The molecular weight (MW) of P3HT affects the morphology and structure of corresponding films.
Atomic Force Microscopy (AFM) and X-Ray Diffraction (XRD) have been employed to shed light
on such effect. AFM images show that films of P3HT with very low MW (ca. 5 kDa) have a rod-
like structure whereas films of P3HT with intermediate MW (ca. 50 kDa) feature less ordered,
isotropic nodule structure.[185] Complex chain entanglement in high MW P3HT leads to extended
amorphous regions in corresponding films. [70, 72, 186, 187] This notion has been further validated
by XRD measurements.[185, 188] Researchers have also explored structural and orientational
changes in P3HT films along the film thickness using high-resolution Grazing Incidence X-ray
Scattering (GIXS).

For P3HT films grown on SiO> substrates, small crystallite size and less oriented crystallites were
observed at the P3HT/SiO- interface, with the overall degree of crystallinity found to increase with
the increase of the film thickness (i.e. distance from the substrate surface). [189-192]

A detailed study of P3HT films with different MWs and thicknesses is crucial to establish
structure/response relationships for their application in neuromorphic computing. Different MWs
and thicknesses are expected to modify the molecular packing, orientation of the thiophene rings,
degree of order, and nanoscale morphology of P3HT thin film. These factors are intimately tied to
the ion permeability and charge carrier transport properties, thereby modulating the P3HT-based

IGTSs response time and synaptic behaviors.

Previous research on IGTs has reported t ranging from microseconds to a few tens of milliseconds,
depending on the specific device structure and operating conditions. [12, 147, 157] In this work,
we report on the response time and synaptic behavior of IGTs based on spin-coated P3HT films as
channel material with different MWs, i.e. low (24 kDa), intermediate (42 kDa), and high (92 kDa),
and thickness (obtained by changing the spin coating speed from 500 rpm to 4000 rpm). The ionic
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medium was the ionic liquid 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl) imide,
[EMIM][TFSI] (Figure 5.1a). After conducting transistor electrical characterizations, we studied

various synaptic behaviors of bio-inspired synaptic [EMIM][TFSI]-gated P3HT transistors, such
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Figure 5.1 P3HT-based IGT device structure. Thickness of P3HT films deposited with: b) different
MWs at five spin coating times (20, 25, 30, 35, and 40 s, at 1000 rpm), c) different spin coating
speeds (lines are fittings) at 30 s and with MW 50-70 kDa. AFM images of P3HT films, spin coated
during 30 s on SiO2/Si, at 1000 rpm, d) low MW e) intermediate MW f) high MW. Image size is 5
pmx35 pm.

as response time, STP-to-L TP transition, spike number-dependent plasticity (SNDP) and pair-pulse
facilitation (PPF) as a function of the MW, thickness, Vgs pulses parameters, and drain-source

voltage (Vs).
5.4 Results and discussion

To study the effect of MW and thickness of P3HT thin films on the response time and synaptic
behavior of IGTs, we spin coated P3HT films on SiO./Si using different P3HT MWs (namely low
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(24 kDa), intermediate (42 kDa), and high (92 kDa)), different spin coating times from 20 to 40 s
and different rotation speeds (500 rpm, 1000 rpm, 2000 rpm, 4000 rpm). We observe a difference
in thickness among various MWs P3HT films and spin coating times (Figure 5.1b).

(’a)

T
=
1S

Transconductance (mS)

Transconductance (mS)
lgs (MA)
Transconductance (mS)
lgs (MA)

T T T T T
5} N IS e @
T T T T T
5} N IS = @

= =0. =0. = O‘.O —(;2 —64 —66 —68 —1‘0
Vgs (V) Vs (V)
Fg
' s
% --dk-- Low MW
2 —@— Intermediate MW

- M- High MW

™
@

r
=

o

Response time © (mMs)

= ®
’

Figure 5.2 Transfer characteristics (black line) in the linear regime (V4 =-0.2 V, (3 cycles)) at V
scan rate 50 m V' s™ (inset: output characteristic with Vi =0,-02,-04,-06,-08,-1VatVy 50

mV s scan rate) and transconductance curve (red line) for [EMIM][TFSI]-gated transistors based
on a) High MW b) Intermediate MW c¢) Low MW P3HT deposited at 1000 rpm during 30 s. d)
Transient response of an [EMIM] [TFSI]-gated P3HT transistor with high, intermediate, and low
MW for V= -1, -0.8, and -0.5 V at different V. The duration time of the V bias is 200 ms.

Increasing the spin-coating speed, we observe a decrease of the P3HT film thickness (Figure 5.1c).
AFM images of P3HT films (Figure 5.1d, e, f) reveal that the root mean square (rms) roughness of
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the surface decreases with an increase in the molecular weight (MW) of P3HT, i.e. 2.2 £ 0.6 nm
for low MW, 0.8 £ 0.1 nm for intermediate MW, and 0.60 + 0.03 nm for high MW P3HT, for a
spin-coating time of 30 s at 1000 rpm. In other words, the increase in the P3HT molecular weight
is associated with an increase in the smoothness of the film surface, most likely due to an increase
in the short-range order within the molecular weight. [70, 72, 186, 187]

5.4.1 Effect of different PSHT MW:s on response time and synaptic behavior of
P3HT IGTs

Transfer and output characteristics of [EMIM][TFSI]-gated P3HT IGTs

Transfer and output characteristics show a typical p-type behavior of devices working in
accumulation mode. Igs increases with the decrease of Vgs scan rate from 100 to 25 m V s due to
the increased time available to accommodate the redistribution of the ions (Figure B.1 and B.2).
Further, lgs increases with the decrease of MW (Figure 5.2a-c) and the increase of the channel

thickness (as determined by the spin coating conditions) (Figure 5.4a-d and 1c).

Devices fabricated using high MW P3HT exhibit a higher transconductance (gm = 8145/8Vys, @
transistor parameter that describes how lgs responds to variations in Vgs [93, 193]) than for low
MW counterparts, attributable to higher ionic permeability. [72, 194, 195] The increased
transconductance implies that even a slight change in Vgs can result in a substantial variation in lgs,
rendering high-MW P3HT IGTs more sensitive to changes in Vg compared to lower MWs

counterparts.
Effect of Vgs and Vas amplitudes on P3HT IGT response time, for different PSHT MWs

We studied the excitatory postsynaptic current (EPSC) response upon applying a 200 ms square
step Vgs pulse with amplitudes of -0.5, -0.8, and -1 V, at Vg = -0.2, -0.6, -0.8, and -1 V (Figure
5.2d). Low amplitude Vgs pre-synaptic pulses are expected to dope regions in the P3HT films close
to the film’s surface and/or featuring short-range order (amorphous). [186] These regions can
rapidly de-dope, resulting in the rapid decay of the postsynaptic current (PSC). This response is
analogous to STP. We notice that t increases with the increase of Vs for all P3HT MWs considered.
Higher values of Vgs are expected to induce a deeper ion penetration in the films. This implies

longer times for ions’ removal prior to reaching the steady state, after the removal of Vgs (LTP).
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Further, in agreement with Bernards” model, [193] we observed that the increase of Vgs causes the

decrease of t.
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Figure 5.3 Synaptic behavior of artificial synapses based on P3HT IGTs for different P3HT MWs.
a) Iy triggered by a pair of successive presynaptic V (-1 V) pulses with a pulse interval At. Al

and A2 are the amplitudes of 1. b) PPF index as a function of pulse interval of two consecutive
Vs pulses, At =10 ms to 2 s. Response time of second I pulses after applying two consecutive
Vs pulses versus time interval of pulses, At. d) Response time of P3HT IGT versus different
numbers of V¢ square step train pulses, from 5 to 120 pulses. V =-1V and V= -0.6 V. e) SNDP
index as a function of the number of V pulses. f) Response time of IGT versus V pulse duration
for low and high MW P3HT.

The response time increases with decreasing MW of P3HT, for Vg = -0.5, -0.8, and -1 V (Figure
5.2d). For instance, for pre-synaptic spikes with 200 ms pulse width, Vgs = -1 V and Vgs = -0.2, ©
increases from 22.3 to 39.5 ms, i.e. by 77%, with decreasing MW. The increase of MW brings
about an increase in the entanglement of the P3HT chains, paralleled by an increase in the short-
range ordered portion of the films. [70, 72, 196] This is expected to promote ion permeability, i.e.,
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facilitate P3HT doping/de-doping.
Impact of different MWSs on IGT synaptic behaviors

Paired pulse facilitation (PPF) is the rate of enhancement in the EPSC amplitude after the second
of two repetitive excitatory postsynaptic potentials (EPSPs). In PPF, two EPSC peaks (A1 and A)
are triggered, with the latter larger than the former, with PPF = (A2 — A1) / A1 X 100%. In our
experiments, we used Vgs = -1V, Vgs = -0.6 V, with an interval At (Figure 5.3a). Figure 5.3b shows
PPF as a function of At and P3HT MW. The highest PPF value is observed at At = 10 ms. With At
increasing gradually, the PPF index value decreases rapidly. The mechanism governing the PPF
process can be explained as follows. During the first Vgs spike, TFSI anions move towards the
surface of the P3HT films; a fraction of these anions move beneath the film surface, within film
depth. When the second Vs spike is applied, shortly after the first one (At < 100 ms), the movement
of the anions triggered by the first Vgs spike is still partially present such that the effects of A1 and
Az sum up. Consequently, the magnitude of A2 EPSC is larger than that of Ai. For At > 100 ms,
anions have the time to reach the equilibrium state to the extent that the summation effect

disappears.

Increasing the degree of order (i.e. increasing the roughness) in the semiconducting channel by
decreasing the P3HT MW brings about limited ion permeability over an extended lapse of time. A
higher quantity of ions contributes to an elevated PPF index (Figure 5.3b). The summation effect

causes an increase in the IGT response time (Figure 5.3c).
IGT response time as influenced by the number of Vgs pulses and P3HT MW

In order to investigate the synaptic properties of [EMIM][TFSI]-gated P3HT transistors, we applied
a series of Vgs pulses (5, 10, 20, 40, 60, 80, 100, 120 pulses). We observed a transition in the device
behavior from short-term plasticity (STP) to long-term plasticity (LTP) with increasing number of
pulses. Such transition is commonly regarded as the foundation for learning and memory in the
human brain. We replicate LTP in P3HT IGTs by applying a series of consecutive Vgs pulses (-1
V, 200 ms) with a 200 ms interval while maintaining Vgs = -0.6. This sequence of Vgs pulses
effectively facilitates the permeation of ions in the P3HT films bringing about an increase in lgs

associated with the modulation of the channel conductivity. Factors such as the increase of the
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P3HT MW, with an associated increase of the amorphous portion of the channel material and
channel permeability, play a role. SNDP1.4 = (An - A1) / A1 x 100% (SNDP index) increases as the
number of pulses increases (ranging from 5 to 120, Figure 5.3e). For Low MW P3HT, the SNDP
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Figure 5.4 Transfer characteristics in the linear regime (V4 =-0.2 V (3 cycles)) at V,, 50 m V st
scan rate (inset: output characteristic with V; =0, -0.2, -0.4, -0.6, -0.8, -1 V and V; 50 m V s

scan rate) and transconductance curve for [EMIM][TFSI]-gated P3HT transistors prepared with
spin coating rate a) 500 rpm b) 1000 rpm c) 2000 rpm d) 4000 rpm, on 30 seconds with intermediate
MW. e) Transient response of [EMIM][TFSI]-gated P3HT transistors with intermediate MW with
Vg =-1.2,-1,-0.8,and -0.5 V, at different V.. The duration of the V bias is 200 ms.

index for n = 120 is about 30% while for high MW P3HT, it is 15%. This finding indicates that the
transition from STP to LTP in low MW P3HT-IGTs is twice that of high MW P3HT-IGTSs.
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With the increase of n, there is an increase in ion redistribution time, paralleled by an increase of
T. We observed a significant impact of P3HT MW on the IGT response time when a low number
of pulses was applied. However, as the number of pulses increased, t of different P3HT MWs

became nearly identical (Figure 5.3d).
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Figure 5.5 Synaptic behavior of artificial synapses based on P3HT IGTs for films spin coated at
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Impact of MW and pulse duration on IGT response time

A longer pulse duration provides more time for ions to penetrate the channel, resulting in an

extended de-doping time. Consequently, upon Vgs removal, T increases. For pulse durations lower

4000 rpm
2000 rpm
1000 rpm
500 rpm
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than 1 s, decreasing the MW of P3HT causes higher values of t; for durations longer than 1 s, T iS

similar for high and low MW P3HT IGTs (Figure 5.3f).

5.4.2 Impact of film thickness (as controlled by spin coating conditions) on

response time and synaptic behavior in P3HT IGTs

IGT transfer (Vgs scan rate 100, 50 and 25 m V s, and Vgs = -0.2 V) and output characteristics
(Vs scan rate 100, 50 and 25 m V s%, and Vgs = 0 to -1 V) show that lgs decreases with the increase
of the spin coating speed (thinner P3HT film) (Figures 5.4a-d, Figures B.2a-l and Figure 5.1c). The
higher permeability of thinner P3HT channels due to the lower degree of order brings about higher
transconductance, i.e. an enhanced IGT sensitivity to changes in Vgs. [16, 185, 189, 196]

We investigated the response time of P3HT IGTs by employing a square Vgs pulse with a width of
200 ms and varied amplitudes of -0.5, -0.8, -1, and -1.2 V. The measurements were performed at
different Vgs of -0.2, -0.6, -8, and -1 V (Figure 5.4e). Additionally, we examined the impact of
different channel thicknesses (as determined by the spin coating rates used for P3HT films’
deposition) on t. The increase of t with the increase of Vgs and the decrease of t with the increase
of Vs are clear for all spin coating speeds. Further, T increases with the decrease of the spin coating
speed from 4000 to 500 rpm (Figure 5.4e). The increased order of P3HT obtained by decreasing
spin coating speed decreases the permeability of ions into the channel and increases the ion
redistribution time or IGT response time. We can also explain the observed result through the
Bernards’ model. [178]

Figure 5.5a shows increasing film thickness can enhance the pair pulse facilitation. Slow ion
diffusion in a thick channel affects pair pulse facilitation, possibly leading to longer facilitation
times (Figure 5.5b). With thick films, the channel can store more charge upon the first pulse,

leading to more pronounced facilitation during the second pulse.

Figure 5.5¢c and 5.5d show that the increase of the Vgs pulse duration time and number of pulses
can have the same effect on the synaptic behavior of P3HT IGTs with different channel thicknesses
(obtained by controlling the spin coating conditions as detailed in Figure 5.1c). By increasing the

number of pulses and Vgs pulse duration, we can increase T, wWhich can be interpreted as the
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redistribution time of the ions, upon Vgs removal. Increasing the thickness (going from a spin
coating speed of 4000 rpm to 500 rpm, Figure 5.1c¢) results in an increase in T for all Vgs pulse

duration times and pulse numbers (Figures 5.5¢c and 5.5d).

Further, we can observe a stronger transition from STP to LTP, in a thicker P3HT film. We
observed that SNDP1-120 (Wwhere SNDP1-n = (An—A1)/A1x100%) is 48% for thick channel films (500
rpm) and 11% for thin films (4000 rpm). These values quantitatively describe the evolution of the
SNDP index with the thickness of the P3HT films (Figure 5.5¢ and 5.1¢).

5.5 Experimental

5.5.1 Microfabrication

Photolithography for electrode patterning was performed on 20010 nm-thick SiO2 on
525+25 pum-thick doped silicon wafer purchased from WaferPro, San Jose, California.
AU/Ti electrodes (40 nm/5 nm) had a width (W) of 4 mm and an interelectrode distance (L)
of 10 um. The patterned substrates were cleaned with a sequential ultrasonic bath in
isopropanol alcohol (IPA) for 10 min, acetone for 10 min and IPA for 10 min, prior to the
deposition of the P3HT thin films.

5.5.2 P3HT films deposition

P3HT solutions consisting of 10 mg regioregular P3HT (RIEKE Metals) with different molecular
weights, low (24 kDa), intermediate (42 kDa), and high (92 kDa), in 1 ml chlorobenzene were
stirred overnight in an N2 glove box (O2 < 5 ppm, H20 <5 ppm). P3HT films were deposited by
30 seconds spin coating at 1000 rpm on the SiO»/Si substrates. In order to control the thickness of
the films, P3HT with MW 50-70 kDa were spin coated for 30 seconds at various rotation speeds:
500, 1000, 2000, and 4000 rpm. All devices were thermally treated on a hotplate at 100 °C for 2 h
in the N2 glovebox. The ionic liquid used as the gating medium, [EMIM][TFSI], purchased from
loLiTec (> 99%), was purified under vacuum (ca. 10° Torr) for 24 h at 60 °C before use.
[EMIM][TFSI] was dropped onto the DuraporeR membrane (4 mmx9 mm-sized, 125 um-thick).
The membrane was positioned in correspondence with the transistor channel. Large surface area
carbon paper (Spectracarb 2050, 170 um-thick), coated with an ink comprising activated carbon
(PICACTIF SUPERCAP BP10, Pica, 28 mg ml™*) and polyvinylidene fluoride (PVDF, KYNAR
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HSV900, 1.4 mg ml) binder in N-methyl pyrrolidone (NMP, Fluka) was utilized as the gate

electrode (6 mmx3 mm-sized).

5.5.3 Characterization of the channel material

The thickness of P3HT thin films were measured by Dektak 150 Profilometer. To obtain the thin
film height, the probe physically moved along the surface during the measurement. The topography
of the samples was probed by atomic force microscopy (AFM), in ambient conditions, with an NT-
MDT NTEGRA Il microscope. The images were acquired in semi-contact (tapping) mode with an
NSG10 cantilever (a length of 95 um, a width of 30 um, resonant frequency of 240 kHz and force
constant of 11.8 N/m).

5.5.4 Electrical characterization of the devices

Transistor characterization was conducted using a semiconductor parameter analyzer, Agilent

B1500A, and a house-made micromanipulated electrical probe station inside the N2 glove box.
5.6 Conclusions

In conclusion, we conducted a comprehensive study of the properties and performance of synaptic
P3HT ion-gated transistors (IGTs). We examined the effect of P3HT molecular weight (MW) on
morphology, transistor device characteristics, response time, and synaptic behavior of IGTs
fabricated with low (24 kDa), intermediate (42 kDa), and high (92 kDa) MW. Low MW P3HT
films, exhibiting a higher degree of order, expected to be associated to lower ion permeability with
respect to intermediate and high MW P3HT films, bringing about corresponding devices with lower
transconductance. Further, low MW P3HT IGTs exhibit longer response times upon application of
Vgs pulses concerning counterparts making use of intermediate and high MW.

We emulated several essential synaptic functions, including PPF and SNDP, and realized a
transition from STP to LTP by tuning Vs pulses’ parameters, such as amplitude, duration, and
pulses’ number, in low, intermediate, and high MW P3HT-IGTs. In all cases, devices with low
MW P3HT have more effective STP-to-L TP transition than medium and high MW counterparts.
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The study of the dependence of response time and synaptic behavior on film thickness in P3HT-
based IGTs revealed that films deposited with lower spin coating speeds (thicker films, more
ordered films) feature lower transconductance. Our study demonstrates a significant increase in the
response time of IGTs with an increasing thickness of the P3HT film. Moreover, increasing film
thickness brings about an improvement in synaptic behavior, encompassing PPF and SNDP. The
transition from STP to LTP is achieved by controlling the thickness of the films. Thicker P3HT
films bring about higher levels of LTP.

In perspective, we plan to explore the development of organic synaptic phototransistors exposed to
light pulses, to finely tune and modulate synaptic behaviors.
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Cyclic voltammetry (CV), transistor characteristics, and atomic force microscopy (AFM) force-
distance (FD) profiling analyses reveal that Li* brings about ion intercalation, together with higher
mobility and conductance, and slower response time (t). WOz IGTs exhibit spike amplitude-
dependent plasticity (SADP), spike number-dependent plasticity (SNDP), spike duration-
dependent plasticity (SDDP), frequency-dependent plasticity (FDP) and paired-pulse facilitation
(PPF), which are all crucial for mimicking biological synaptic functions and understanding how to

achieve different types of plasticity in the same IGT.

Our findings underscore the importance of selecting the appropriate ionic medium to optimize the
performance of synaptic transistors, enabling the development of neuromorphic systems capable
of adaptive learning and real-time processing, which are essential for applications in artificial

intelligence (Al).

6.4 Introduction

Neuromorphic computation, inspired by the human brain’s parallel processing, integrates both data
handling and decision-making in a single location, in contrast to von Neumann architecture’s
separate memory and processor setup. This integration aims to enable more efficient, real-time

processing and learning, marking a significant step forward in computing technology. [197-199]

Neuromorphic computation not only streamlines processing but also consumes far less power than
conventional systems for data transmission and processing. This is due to its brain-like architecture,
which naturally consumes less power (the human brain is incredibly power-efficient, using roughly
20 watts), making it a more sustainable alternative in the computing world compared to modern
supercomputers, which require around 28 megawatts.[200-203] Biomimetic architectures, such as
neuromorphic systems, are essential for advancing artificial intelligence by adopting spiking neural
networks (SNNs), enabling them to learn and process information in a manner similar to the human
brain.[204] They enhance Al performance and capability, supporting complex tasks like pattern
recognition and sensory data interpretation while enabling simultaneous storage and processing in
a single device. [201, 205, 206]

Over the past few years, there has been considerable progress in developing synaptic devices that

imitate brain functions, specifically in learning and memory. These devices aim to replicate the
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fundamental ability of synapses to adjust the strength of neural connections (i.e., synaptic
plasticity)—a key mechanism in memory formation—and significant progress has been made in

studying artificial synapses and simulating biological neurons.[201]

There are mainly two types of devices that can replicate the idea of connecting two neurons through
a synapse: two-terminal devices, known as memristors, and three-terminal devices, known as
transistors. [207-209] These devices can control output current based on their design and the
material used, functioning as either a digital switch, abruptly altering the conductance of the

channel, or as an analog switch, gradually adjusting the channel’s conductance.[210]

One of the synaptic devices capable of demonstrating both memory and processing simultaneously
is the ion-gated transistor. [175] Synaptic IGTs with three terminals and ionic liquid (IL) gating
have been suggested as a promising method to mimic biological synapses. Recently, a variety of
materials, including organic compounds, metal oxides (MO), carbon-based nanomaterials, single
crystals, and two-dimensional materials have been investigated for their potential use in these
synaptic IGTs. [98] Through this design, the modulation of channel conductance can be achieved
with greater efficiency. [209-213]

Inan IGT artificial synapse, the channel conductance represents the synaptic weight of a biological
synapse. Channel conductance or plasticity can vary based on several factors, including input pulse
amplitude (spike amplitude-dependent plasticity, SADP), duration (spike duration-dependent
plasticity, SDDP), interval (frequency-dependent plasticity, FDP), number of spikes (spike
number-dependent plasticity, SNDP), and paired-pulse facilitation (PPF). This behavior is
analogous to how the excitatory postsynaptic current (EPSC) in biological synapses changes in
response to variations in presynaptic pulse activity.[214] This property allows the artificial synapse
to mimic both short-term (STP) and long-term plasticity (LTP), along with learning and forgetting
mechanisms of biological synapses. [213, 215]

Tungsten trioxide (WO3), an n-type metal oxide with a band gap of approximately 2.5 eV, is
recognized by its applications in electrochromism, sensing, photocatalysis, and
photoelectrochemistry. These applications typically benefit from high surface area mesoporous
nanostructures, which facilitate the permeation of ionic media.[216, 217] Extensive research is
being conducted on metal-oxide thin film-based IGTs, which have broad application in areas such
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as energy conversion and storage devices, low-power wearable electronics and bioelectronics,

light-emitting diodes, and neuromorphic computing.[87, 218-220]

The high surface area of the channel in IGTs that employ mesoporous nanostructured WO3 thin
films is expected to enhance the degree of doping. The doping mechanism may include not only
two-dimensional electrostatic and conventional three-dimensional electrochemical faradaic
doping, which involves the insertion and de-insertion of ions in the oxide lattice, but also a
nonconventional form of electrochemical doping. This latter form, confined at the interface
between the IL and the metal oxide, is especially relevant for ILs composed of relatively large ions
that may not be able to insert into the oxide lattice.[193]

The diffusion barrier encountered by Li* in WOs is notably low, attributable to the diminutive size
of the Li*. This characteristic makes Li* a promising dopant for WO3 IGTs. The intercalation and
deintercalation of Li* in a mixed conductor channel could improve WOz IGT plasticity
performance.[221, 222]

Among the diverse range of synaptic devices, IGT transistors based on WO3 have emerged as a
promising candidate for the development of hardware neural networks specifically designed for

analog computing in neuromorphic applications.[223-225]

However, certain fundamental attributes observed in biological synapses, such as spontaneous
decay indicative of forgetting behavior, SADP, SNDP, SDDP, FDP, PPF and the transition from
STP to LTP have not yet been reported in a WOs-based IGT.[226]

The structure of the electric double layer (EDL) at the interface between the IL and the IGT channel
can be studied by AFM FD profiling. This technique measures the force between the AFM probe
tip and the ionic layering of the interface, as the tip moves vertically. The ionic layering at various
spots on the channel film surface can be measured in operando (in transistor operation) by

observing the patterns created on FD curves.

In this work, we report on mesoporous nanostructured WO3 thin film-based 1GTs using different
ion gating media, specifically ILs [EMIM][TFSI] and 0.1 mol L LiTFSI in [EMIM][TFSI].
Following WOs film fabrication and device assembly, we conducted electrochemical

characterization of the WOs films through cyclic voltammetry, complemented by in operando AFM
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FD characterization of the EDL at the interface between the ion gating medium and WOs film. This
comprehensive approach allowed us to effectively evaluate the synaptic performance of the WO3-
based IGTs. Our findings indicate the potential of doping WO3 channels with various cations for

the hardware implementation of artificial synapses in analog computing and memory applications.

6.5 Results and discussion

6.5.1 Material Characterizations

WOg3 films with a thickness of 200 nm were deposited on SiO; substrates using spin coating. AFM
topography images of WO3 films deposited on SiO> substrates (Figure 6.1a-d) reveal a surface
composed of small particles. The root mean square (rms) roughness is estimated to be

approximately 3.0 £ 0.4 nm, as depicted in the height profile.
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Figure 6.1 AFM height images of WO, films with size: a) 5 um x 5 um, b) 1 pm x 1 um, c) 500
nm x 500 nm, d) 100 nm x 100 nm. 2D force-separation histogram from IL/WO, interface for WO,

IGT based on e) [EMIM][TFSI] f) 0.1 mol L' LiTFSI in [EMIM][TFSI]. Separation histogram
with Gaussian fitting g) for the peaks of five different spots in a WO, IGT with [EMIM][TFSI] h)

for the peaks of 5 different spots in a WO, IGT with 0.1 mol L LiTFSI in [EMIM][TFSI] gating
material.
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The scanning electron microscopy (SEM) images (Figure 6.2a, b) of the spin-coated WO3 film
display a homogeneous granular surface morphology, characterized by closely packed
nanoparticles. This uniformity in film morphology is essential for achieving consistent and reliable
transistor performance. The images reveal some degree of porosity in the film, with particles sizes
ranging approximately from 20 to 50 nm, consistent with AFM measurements.

We investigated the surface area and porosity of the WOs3 films by Brunauer-Emmett-Teller (BET)
analysis, critical for studying intercalation processes and ion mobility within the film. The
mesoporous structure revealed by BET analysis indicates a high surface area (277 m2/g), essential
for efficient ion gating, particularly. The film’s porosity (pore volume = 0.36 cm?3/g and pore size
= 4.4 nm) plays a key role in facilitating ionic mobility within the transistor channel, improving
ion gating performance by enhancing ions accessibility, into the WO3 lattice. This, in turn,
influences the device’s channel current and response time (sizes of EMIM®* and Li* measuring
approximately 0.7 nm and 0.07 nm)[227, 228].

The structural properties of the WOs thin films were investigated using X-ray diffraction (XRD)
(Figure 6.2b-inset). The diffraction pattern confirms the formation of a monoclinic WO3 phase,
with prominent peaks observed at 26 values of approximately 23°, 34°, and 49°, corresponding to
the (002), (200), and (020) reflections, and a high degree of crystallinity of monoclinic WO3 film
(indexed to Joint Committee on Powder Diffraction Standards file #JCPDS 43-1035).

6.5.2 Cyclic voltammetry measurements of WOz-based IGT

We analyzed the CVs of WO3 thin films gated by two systems: pure [EMIM][TFSI] and a mixture
of 0.1 mol L LiTFSI in [EMIM][TFSI] at different scan rates (10, 50, and 100 mV/s) (Figure 6.2c,
e). The CV of the WO3 thin films gated with pure [EMIM][TFSI] shows distinct redox signals.
However, in the presence of Li*, the CV traces display broader signals with a higher voltametric

current.
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Figure 6.2 SEM images of a nanostructured WOs thin film obtained at a) 300000%, b) 150000%
(inset: XRD patterns of the WO3 film). CV results for spin-coated WOs-IGTs with at c)
[EMIM][TFSI]-gated, €) 0.1 mol L™ LiTFSI in [EMIM][TFSI]-gated, illustrating different scan
rates (blue line: 100 mV s, red line: 50 mV s, black line: 10 mV s). d) Schematic diagram
depicting the preparation of the monoclinic WOs3 porous film via a solution-based method and its
deposition onto gold-silicon patterned devices.

In previous works, we discussed that WO3 IGTs gated by [EMIM][TFSI] undergo an interface-
confined, unconventional chemical doping process, where large [EMIM] cations accumulate at the
interface to compensate for the charge of the injected electrons. Conversely, in the presence of
small cations such as Li*, WO3 undergoes an electrochemical doping process, where the cations

are intercalated during the faradaic reduction via a double injection mechanism. [219]

In the absence of Li*, the unconventional chemical doping mechanism dominates, with large
[EMIM] cations accumulating at the interface to compensate for injected electrons, resulting in a
sharper voltametric peak. Conversely, the presence of Li* enables a dual doping process, combining
a conventional faradaic Li*/e~ double injection with the interface-limited unconventional [EMIM]*
doping. In the pure [EMIM][TFSI] system, redox reactions primarily involve the transfer of
electrons in the WOs structure. When Li* is introduced, both electron and Li* injection must be
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considered (W03 + ye™ + yLi* < Li,WO05). The additional charge injected via the Li*/e” double

injection mechanism results in higher voltammetric currents in the CV.

6.5.3 Study of EDL at the interface of gating/channel material via AFM FD
profiling

To gain a better understanding of the gating mechanisms and their relationship to the neuromorphic
response, we studied in operando the structure of the electrical double layer (EDL) formed at the
ion gating medium/WOs interface. The structure of the ion layering was characterized by AFM FD
profiling in devices gated with both pure [EMIM][TFSI] and 0.1 mol L™t LiTFSI in [EMIM][TFSI].
The devices were studied under a Vgs = 1 V to investigate the structure of the EDL associated to
an advanced degree of doping. With the AFM tip was positioned in the middle of the channel, 50-
100 individual force-distance curves were collected and the results were statistically analyzed using
histograms to reveal the structural characteristics of the ionic layers at the WOs/IL interface.
Typical two-dimensional histograms from the FD curves collected in pure [EMIM][TFSI] revealed
distinguishable humps related to the first four-five ion layers (Figure 6.1€), consistent with our
previous study of this type of device.[18] Interestingly, the 2D histograms collected in 0.1 mol L~
L LiTFSI in [EMIM][TFSI] exhibited less well-resolved patterns, with clear separation observed
only in the first ionic layer (Figure 6.1f).

The results were further analyzed using histograms of separations, providing clearer visualization
of the peak positions and statistical distribution of the ionic layers at the selected spots. Results
obtained with [EMIM][TFSI] in five different spots at the IGT channel, under Vg = 1 V bias
(Figure 6.19), indeed exhibited discernible peaks attributed to the first four ionic layers, with the
position of the first ion layer at 0.54 + 0.09 nm. In the case of 0.1 mol L LiTFSI in [EMIM][TFSI],
only the peak related to the first ionic layer could be resolved, positioned at 0.73 + 0.07 nm (Figure
6.1h). These results indicate that the first layer at the WO3/IL interface without Li* is relatively
closer to the surface compared to when Li" is present. Another significant difference related to the
characteristics of the first layer peak was the value observed for the full width at half maximum

(FWHM), a parameter related to the degree of ion
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Figure 6.3. Transfer characteristics of WOz-based IGT in the linear regime ( Vas= 1.2 V, (3 cycles))
at Vgs scan rates 100, 50, 10 mVs™ at a, b, ¢) [EMIM][TFSI]-gated, d, e, f) 0.1 mol L™ LiTFSI in
[EMIM][TFSI]-gated (inset: output characteristics of WO3 based IGT with Vgs=[0:0.2:2] V at Vs
scan rates 100, 50, 10 mVvs? at a, b, ¢) [EMIM][TFSI]-gated, d, e, f) 0.1 mol L LiTFSI in
[EMIM][TFSI]-gated)

ordering. [229] For the IL without Li*, an FWHM value of 0.53 + 0.01 nm was observed, whereas
with Li* it is 0.85 + 0.07 nm. Therefore, the sharper peaks observed in the IL without Li* suggest
that the first [EMIM]" layer is much more ordered and compact compared to the layering of both
[EMIM]" and Li*. The absence of peaks related to subsequent layers in the presence of Li* further

indicates the disordered nature of the ionic arrangement in the Li*-rich ionic media.
6.5.4 Transistor Characterization

Transfer and output characterization of WOzs-based IGT with [EMIM][TFSI] (Figure 6.3a-c) and
0.1 mol L LiTFSI in [EMIM][TFSI] (Figure 6.3d-f) as gating media shows n-type semiconductor
behavior. In the transfer characteristics, we observe that the lgs increases as Vgs scan rate decreases

from 100 to 10 mVs™ in both ionic media, due to the increased time available to accommodate ion
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Figure 6.4 a) Spike amplitude-dependent plasticity (SADP) of WO3 IGTs, showing EPSC (lgs
pulses) responses to Vgs pulses with varying amplitudes (Vg = 0.8, 1, 1.5, and 2 V), all with a
duration of 4 sand Vs = 1.2 V, gated by a) [EMIM][TFSI] b) 0.1 mol L1 LiTFSI in [EMIM][TFSI].
Response time ¢) [EMIM][TFSI]-gated WO3 based IGT d) 0.1 mol L1 LiTFSI in [EMIM][TFSI]-
gated WO3 based IGT in response to different Vgs pulses (0.8, 1, 1.5, and 2 V) and Vs values (0.2,
0.7, 1, and 1.2 V), with a pulse duration of 4 s.

movement. The approximately threefold increase in lgs modulation observed for the WO3 IGT
gated with 0.1 mol L™ LiTFSI in [EMIM][TFSI] is attributed to the additional charge injection via
the electrochemical doping process through the Li*/e” double injection mechanism.

6.5.5 Synaptic behaviors and response time of WO3-based IGTs

Synaptic IGT responses to input voltage pulses are essential properties for mimicking various types

of plasticity observed in neural synapses. We examined changes in response time and lgs current
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amplitude under the application of Vg pulses with varied pulse amplitudes, pulse frequencies,

number of pulses, and pulse durations.
Spike amplitude-dependent plasticity (SADP) influenced by the gating medium

An increase in lgs replicates the EPSC observed in biological neurons, enabling the implementation
of artificial synapses. Figures 6.4a, b demonstrate SADP, illustrating the tuning of synaptic

plasticity through Vgs spike amplitude. We recorded lgs peaks induced by various

Vgs amplitudes (0.8, 1, 1.5, and 2 V), all maintained at a duration of 4 s and a Vgs of 1.2 V. We
observe lgs peak increases with Vgs pulse amplitude in both [EMIM][TFSI] and 0.1 mol L™ LiTFSI
in [EMIM][TFSI]-gated WOs-based IGTs. The variation in lgs is significantly greater in the
presence of Li*, with the lgs peak in 0.1 mol L LiTFSI in [EMIM][TFSI]-gated WOs-based IGTs
being 3 to 30 times higher than that in [EMIM][TFSI]-gated WOz-based IGTs under applied Vgs
values ranging from 0.8 to 2 V. This transition STP to LTP, achieved through careful selection of
the gating medium, results from the augmented electrochemical doping of the channel due to the
intercalation of Li* within the WOs film lattice. After Vgs pulses are removed, lgs start to decay,
exhibiting varying response times. Both types of transistors exhibit an increase in response time

with higher Vgs and lower Vgs (Figure 6.4c, d).

The 0.1 mol L™t LiTFSI in [EMIM][TFSI]-gated WO3-based IGT exhibits a slower response time
and maintains higher lg¢s peaks compared to the [EMIM][TFSI]-gated device, mimicking the long-

term synaptic weight modulation seen in biological synapses (long-term plasticity, LTP).

This slower response time is achieved by introducing Li* from the ionic medium into the WOs3
channel of the IGT. Li* can penetrate the WOs lattice more deeply than the larger [EMIM]*. When
positive Vs is removed, Li* diffuse back from the WOs lattice to the ionic medium over a longer
duration than [EMIM]™, leading to a slower response time (Figure 6.4c, d). The errors observed in

the results, derived from experiments conducted on three WO3-based transistors.
Spike number-dependent plasticity (SNDP) influenced by the gating medium

To investigate the impact of incorporating Li* on LTP in WOs-based IGTs, we applied Vgs pulse
trains. Successive stimuli contribute to the gradual modulation of electrical conductance or synaptic

weight, a phenomenon known as SNDP, calculated as (lash — last) / last X 100%, where n represents
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Figure 6.5 Synaptic behavior of artificial synapses for 0.1 mol L™ LiTFSI in [EMIM][TFSI] and

[EMIM][TFSI] gated WO3 IGT. a) Response time of WO3s IGT versus different numbers of square
step train Vgs pulses, from 5 to 120 pulses. Vgs and Vgs = 1 V. b) SNDP index as a function of the
number of Vgs pulses, Vgs and Vs = 1 V. ¢) Response time of WO3 IGT versus Vgs pulse duration.
d) SDDP index as a function

the number of Vgs pulses. Figure 6.5b shows the SNDP index behavior in both [EMIM][TFSI]-
gated and 0.1 mol L LiTFSI in [EMIM][TFSI]-gated WO3-based IGTs, where we applied 5, 10,
20, 40, 60, 80, 100, and 120 consecutive Vgs = 1 V pulses with a constant Vgs = 1 V, a pulse duration

and interval of 3 s.
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Two major differences were observed between the two types of transistors. First, the
[EMIM][TFSI]-gated transistor exhibited a faster response time than the other type following Vs
pulse trains, as shown in Figure 6.5a. The increasing number of pulses leads to deeper insertion of

Li* into the WOs lattice, resulting in a prolonged de-doping process and a slower

response time. Second, the SNDP index of the [EMIM][TFSI]-gated IGT, as shown in Figure 6.5b,
exhibited saturation with an increasing number of Vgs pulses; this saturation was not of the Vgs

pulses duration.

observed in the presence of Li+, thus indicating the difference in the change of channel conductance
between the two different gating media of WOz3-based IGTs. These differences in

conductance changes became more pronounced after 100 to 120 consecutive pulses. Therefore, it
can be concluded from Figure 6.5a, b that the transition from STP to LTP in the artificial synapse

is highly dependent on the number of Vs pulses, especially in the presence of Li*.
Spike duration-dependent plasticity (SDDP)influenced by the gating medium

When Vs pulses with pulse durations of 10 s or shorter were applied, both [EMIM][TFSI]-gated
and 0.1 mol L™ LiTFSI in [EMIM][TFSI]-gated WO3 based IGTs exhibited STP behavior, as
shown in Figure 6.5c. However, if the pulse duration is applied for more than 50 s, IGTs start to
show LTP.

Figure 6.5d shows the SDDP diagrams in the WOs artificial synapse exclusively in dependence on
two input parameters: gating medium and pulse duration. During the SDDP index measurement
shown in Figure 6.5d, we increase the pulse duration from 0.5 s to 120 s. We varied the gating
medium from [EMIM][TFSI]-gated IGT to 0.1 mol L LiTFSI in [EMIM][TFSI]-gated IGT are
measured under Vgs = 1 and Vgs=1. With increasing pulse duration in both 1GTs, the response time
increases, although we can see a much slower response time in the presence of Li*. Lithiation can

cause a delay in de-doping time and increase t.
Frequency-Dependent Plasticity (FDP) influenced by the gating medium

The FDP synaptic behavior we study here refers to a characteristic of the IGT artificial synapse,

where the synaptic weight (conductance state) changes not only with the duration of the applied
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Figure 6.6. a) Response time versus Vs pulse frequency for 0.1 mol L™t LiTFSI in [EMIM][TFSI]
and [EMIM][TFSI] gated WO3 IGT. b) FDP index as a function of the frequency of Vs pulses. c)
PPF index after applying two consecutive Vgs = 1 V pulses versus At, the time interval of pulses.

Vgs pulse but is also strongly related to the variation of Vgs time interval within each spike cycle of
presynaptic spike trains. To measure the effect of FDP we apply the train of 10 Vgs pulses with an
amplitude of 1 V, same duration time 2 s, and frequency of 0.14, 0.16, 0.2, 0.25, 0.33, 0.4 Hz to
[EMIM][TFSI]-gated and 0.1 mol L™ LiTFSI in [EMIM][TFSI]-gated WO3 IGT. The FDP index
demonstrates that as the frequency of the presynaptic spike (Vgs) train increases, lqs gradually
increases for both types of IGTs with different gating media. Figure 6.6b illustrates the frequency-
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dependent lgs gain, which is calculated as FDP = (lgsi0 — ldsi)/lasz X 100%, where lgsio and lgs:
represent the 10" and 1% I¢s values, respectively. The FDP gain increases from 53% to 101% as the
frequency rises from 0.14 to 0.4 Hz for the [EMIM][TFSI]-gated WOs-IGT. In comparison, the
presence of Li* in the gating medium leads to a more pronounced enhancement of the FDP index,
increasing from 104% to 253% over the same frequency range. Figure 6.6a shows the response
time of WO3-IGT as a function of Vs frequency, where an increase in response time with rising
frequency is observed. At higher Vgs frequencies (with the same number of spikes), more ions
penetrate the channel, leading to longer redistribution times and slower response. The presence of
Li* in the gating medium further extends the redistribution time, making it longer than that of the
[EMIM][TFSI]-gated IGT (Figure 6.6a).

Paired-pulse facilitation (PPF)

Paired-pulse facilitation (PPF) is known for decoding temporal information in auditory and visual
signals. We investigated PPF behavior and compared them between [EMIM][TFSI]-gated and 0.1
mol L™t LiTFSI in [EMIM][TFSI]-gated WOs-IGT. PPF behavior was induced by applying a pair
of identical Vgs pulses (1 V, 4 s), with varying interval time (At), (1, 2, 4, 10, 20, 40, 80, 120 s) as
shown in Figure 6.6¢ (PPF = Algs/lgs1 X 100%). We observed that the lgs change induced by the
second pulse is greater than that caused by the first. This increase in conductance (facilitation) is
attributed to ion insertion into the channel during the first pulse, while the second pulse was applied
before the ions had fully diffused back into the ionic medium. As a result, lgs increased after the
second pulse due to higher ion concentration in the channel. In the presence of Li™, the lgs increase
induced by the second pulse is greater than that observed in IGTs without Li* in the system. In this
case, the delithiation of WOs3 takes more time after the removal of the first Vgs pulse, allowing las
to experience a greater increase with the application of the second Vs pulse. The highest PPF index
of 72% was achieved in the 0.1 mol L™ LiTFSI in [EMIM][TFSI]-gated IGT, while the PPF index
for the [EMIM][TFSI]-gated IGT was 32%. The PPF index was found to decrease as the interval
time increased. This decrease occurs because longer intervals between pulses allow ions to relax

back into the ionic medium, thereby diminishing the effect.

6.6 Conclusion
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In conclusion, this study successfully demonstrates the fabrication and detailed characterization of
a WOs-based ion-gated synaptic transistor tailored for neuromorphic computing applications. By
using [EMIM][TFSI] and 0.1 mol L LiTFSI in [EMIM][TFSI] as gating media, we systematically
investigate the material and transistor characteristics, revealing significant insights into their

behavior and performance.

AFM FD profiling and CV analyses provide a comprehensive understanding of the EDL structure
and electrochemical properties. The combined experiments suggest that the less ordered and less
compact EDL at the IL/MO interface layer in 0.1 mol L™t LiTFSI in [EMIM][TFSI] results from
Li* being present inside the channel bringing about electrochemical doping. On the other hand, in
WO3 IGT gated with pure [EMIM][TFSI], there is evidence that the interface-confined
unconventional doping and electrostatic effect leads to a higher degree of organization of the EDL
and clearly-defined voltammetric peaks. The differences between the dominance of faster
electrostatic/interface-confined and slower electrochemical doping processes (which include ionic
transport) significantly impact conductance modulation and time response to different bias signals
in the neuromorphic devices using the two gating media. Notably, the presence of Li" in the gating
medium enhances the device performance, as evidenced by a threefold increase in lgsin the transfer
curves. This enhancement is attributed to Li* intercalation, which enhances conductivity while

affecting the device's response time.

The synaptic behavior observed in the WOs-based IGTs, including STP, LTP, SADP, SNDP,
SDDP, FDP, and PPF, demonstrate that these devices can effectively mimic key neural synapse
functions, highlighting their potential in neuromorphic systems. These findings underscore the
importance of ionic medium selection in optimizing the synaptic transistor response time, current
amplifying, and transition between STP and LTP, paving the way for the development of energy-
efficient and high-performance neuromorphic systems capable of adaptive learning and real-time

processing.

Overall, our study highlights the promise of WOz-based IGTs in advancing intelligent systems,
emphasizing their potential to replicate the dynamic and adaptive functionalities of biological

synapses, thereby contributing to the future of neuromorphic computing. Future work will focus
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on further optimizing the material properties and exploring other ionic compositions to enhance

the synaptic behavior and overall performance of these promising devices.

6.7 Experimental Section/Methods
6.7.1 Preparation of WO3 Films

We used a solution-based method to prepare the WOs3 thin films (Figure 6.2d). [1] Specifically,
tungstic acid (H2WO4) was prepared by passing 20 mL of a 0.5 mol L™* Na,WO4 aqueous solution
through proton-exchange resin (Dowex 50WX2, 100-200 mesh). The resin was previously
preconditioned in 50 mL of 1 mol L™ H,SO4 for 30 min and washed several times with deionized
water (DIW) to achieve a pH of 7. The eluted solution was collected in 16 mL of ethanol under
continuous magnetic stirring to slow down the condensation. Subsequently, the solution’s volume
was reduced under low pressure and heating to achieve a concentration of approximately
0.5 mol dm™3. As an organic stabilizer, 4 mL of PEG-300 was added to the freshly evaporated
stirred solution (WO3/PEG-300 ratio of ~0.5 w/w). A viscous, pale yellowish precursor solution
(under continuous stirring) was stored in dark conditions before precipitation and used to fabricate
WOs3 films for no more than three days. The precursor was spin-coated onto the device surface.
The deposition involved drop-casting 40 puL and spinning at 4000 rpm for 40 seconds. The
deposited layer was dried at room temperature for 10 minutes and subsequently annealed in a

tubular furnace (under flowing oxygen) at 550 °C for 30 minutes.

6.7.2 Fabrication of the IGT device

We used WOs films on SiO2/Si substrates as [EMIM][TFSI]-gated IGT channels, with
photolithographically patterned source and drain electrodes (40 nm Au on 5 nm Ti) spaced L = 10
pm apart and W = 4 mm wide. Before WO3 film deposition, substrates were sequentially
ultrasonically cleaned with isopropyl alcohol, acetone, and isopropyl alcohol (10 min each), then
exposed to UV-Ozone for 15 minutes. Before use, the ionic liquid [EMIM][TFSI] (from loLiTec,
with a purity of over 99%) was purified under vacuum conditions of approximately 10 Torr for
24 hours at 60 °C and then was dropped on a DuraporeR membrane, typically 4 mm x 9 mm in
size and 125 um thick, positioned in alignment with the transistor channel. To prepare an alternative

gating medium, 0.1 mol L LIiTFSI in [EMIM][TFSI] for applying on the membrane,
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bis(trifluoromethane)-sulfonimide lithium salt (LiTFSI, Sigma-Aldrich, 99.95%) was dissolved in
purified [EMIM][TFSI] until Li* concentration of 0.1 mol L™ was achieved. The gate, along with
the reference/counter electrode, was composed of a high surface area carbon paper (Spectracarb
2050), measuring 6 mm % 3 mm and 170 um in thickness. This was coated with an ink formulated
from activated carbon (PICACTIF SUPERCAP BP10, Pica, at a concentration of 28 mg ml™) and
a polyvinylidene fluoride (PVDF, KYNAR HSV900, at a concentration of 1.4 mg mI%) binder, all
in N-methyl pyrrolidone (NMP, sourced from Fluka).

6.7.3 Materials characterization

AFM, SEM and XRD were employed to investigate the WO3 film under ambient conditions. The
AFM images were acquired in semi-contact (tapping) mode using an NSG10 cantilever with
specific dimensions (length: 95 pm, width: 30 um, resonant frequency: 240 kHz, and force
constant: 11.8 N/m) utilizing an NT-MDT NTEGRA 1l microscope. Additionally, the structure of
WOs films was analyzed via XRD using a Bruker D8 instrument with a Cu-Ka source (wavelength:
1.54 A). The film thickness was determined using a profilometer (Dektak 150). SEM images were
obtained using a Hitachi SU-8230 Cold Field Emission Scanning Electron Microscope (CFE-
SEM), which has an electron source size of 5 nm, and an energy spread ranging from 0.2 to 0.3
eVv.

6.7.4 Electrical and electrochemical characterizations of WO3-1IGT

In an N2 glovebox with H.O and O. concentrations below 3 ppm, electrical and electrochemical
characterizations were conducted. Transistor characteristics were analyzed using an Agilent
B1500A semiconductor parameter analyzer in a custom electrical probe station. Cyclic
voltammetry measurements were taken with a VersaSTAT4 potentiostat.

AFM FD profiles were collected using a Cypher AFM from Asylum Research (Oxford Instruments,
UK) using the Cypher droplet holder and TR800PB (Olympus) probes with a nominal spring
constant of 0.61 N/m. A droplet of purified [EMIM][TFSI] or 0.1 mol L™t LiTFSI in [EMIM][TFSI]
was added to the devices. The FD curves were collected with a ramp distance of 30 nm and a ramp
rate of 0.5 Hz. To control the drain-source and gate-source electrical bias (electrical

measurements), an SP-300 two-channel potentiostat (Biologic) was used.
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CHAPTER 7 GENERAL DISCUSSION

In this PhD thesis, our focus was on IGTs as bio-inspired synaptic devices for neuromorphic
applications. Neuromorphic computing, inspired by the human brain’s capability to process and
store information simultaneously, represents a major step forward in computing technology. Across
the three papers presented in this dissertation, we explored various aspects of synaptic IGTs,
focusing on different materials, configurations, and factors affecting their synaptic behavior,
especially in the context of spike-amplitude and width dependent plasticity, SNDP and FDP. This
work contributes to the understanding of how IGTs, particularly those using P3HT organic
semiconductors and WOz metal oxides as channel materials, can replicate synaptic plasticity, a key
requirement for neuromorphic systems. We utilized IL as gating media to replace conventional
dielectrics such as SiO». The channel materials we used can take up ions when interfaced with the
ionic medium, leading to electrostatic and/or electrochemical doping. Using ILs as the gating media
takes advantage of their excellent thermal stability and wide electrochemical window. This enables
the formation of EDLs at the interface between the ion gating medium and the semiconductor
channel, resulting in high capacitance (10-40 uF cm) and charge carrier density (~10*° cm), and
low operating voltages (less than 2 V). We used different ions in the gating media to evaluate the
performance of the IGTs. The diffusion barrier for Li ions in our IGTs is quite low due to their
small size. This makes the channel material more easily (de)doped by Li* ions. The intercalation
and deintercalation of Li* ions into the mixed (ionic and electronic) conductor channel enhance the
plasticity performance. The doping mechanism of an IGT can be precisely adjusted by engineering
materials and operation parameters, enabling fine-tuning for specific applications, such as

processing and memory functions in neuromorphic systems.

In Article 1 (Chapter 4) we fabricated an [EMIM][TFSI]-gated IGT based on regioregular P3HT
organic semiconductor channel. This article begins by exploring the doping mechanism of our
P3HT-based IGTs. We investigated this mechanism by fabricating P3HT channel materials (50-70
kDa MW), considering the semiconducting polymer transistor channel morphologies. Applying
Vgs pulses (pre-synaptic spike) induces the formation of an EDL, doping regions in the P3HT near
the interface and/or in the (preferentially) amorphous areas of channel. We used AFM and XRD

techniques to investigate the topography and structure of the films. Different sweep rates of 100,
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50, 25, and 1 mV/s were used to study the ion-gating behavior. ON/OFF ratios of 1.7x103,
2x2.6x10%, 3.1x10% and 5.8x10% along with charge carrier densities of 1.3x10'°, 1.7x10%,
2.1x10%, and 5.7x10%°, were obtained at these sweep rates. The results showed that both the
ON/OFF ratio and charge carrier density increased as the sweep rate decreased. We demonstrated
how the response time (t) of P3HT-based IGTs could be controlled by varying the input Vgs and
Vs amplitude, pulse duration, pulse frequency, and number of pulses. The results revealed that
increasing the Vgs pulse amplitude and number of pulses brings about longer response times, with
deep ion penetration into the P3HT channel being one of the critical factors modulating the
transition from STP to LTP. This transition mirrors the biological processes observed in synaptic

connections, where repeated stimuli lead to memory formation.

Article 2 (Chapter 5) focused on the influence of the molecular weight (MW) and film thickness
of channel material on P3HT IGT response time and synaptic behavior.

We investigated the p-type organic semiconductor P3HT with low, intermediate, and high MWs
(i.e. 24 kDa, 42 kDa, 92 kDa) as the channel material of [EMIM][TFSI] gated IGTs. At a sweep
rate of 25 mV/s, ON/OFF ratios of 0.8 x 10% 2.1 x 103, and 3.5 x 10° were obtained for low,
intermediate, and high MW P3HT, respectively. Corresponding charge carrier densities of 1.6 x
10%, 2 x 10%°, and 2.3 x 10™ cm2 were observed. The study revealed that films with higher MWs
exhibit higher transconductance. We observed increasing the MW leads to greater entanglement of
P3HT chains, along with an increase in the short-range ordered regions of the films, expected to

enhance ion permeability, thereby facilitating the (de)doping of P3HT.

We observed that t increases as Vs increases for all PSHT MWs. Higher Vs likely leads to deeper
ion penetration into the films, which explains the longer ion removal times and the steady state of
lgs after Vgs is removed (LTP). Additionally, we found that increasing Vs leads to a decrease in ©
that is in line with Bernards' model. [92] Based on the decreasing ion permeability in low MWs,
the t was longer for P3HT with lower MWs.

We evaluated the effect of MW on the synaptic behavior of IGTs. By studying SNDP in synaptic
P3HT IGTs with different MWs, we observed a transition from STP to LTP as the number of Vs
pulses increased. The increase in P3HT MW, accompanied by a corresponding increase in the
amorphous regions of the channel material, paralleled by enhanced channel permeability,
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contributes to a two-fold faster transition from STP to LTP in low MW compared to their high MW

counterparts. We identified the same trend in PPF and pulse duration-dependent plasticity.

We examined the effect of varying channel thicknesses, determined by spin coating rates (500,
1000, 2000, 4000 rpm), on t. Thinner P3HT channels, with lower degrees of order (as supported
by AFM and XRD data), exhibited higher permeability, resulting in faster t. Our study
demonstrates a significant increase in response time as the thickness of the P3HT film increases.
Additionally, thicker films led to improved synaptic behavior, including PPF and SNDP, both
crucial for mimicking the adaptive learning capabilities of biological systems. The transition from
STP to LTP was controlled by adjusting the film thickness, with thicker P3HT films achieving
higher levels of LTP.

In manuscript 3 (Chapter 6), we expanded our study of IGTs to include n-type WOs-based
transistors with two room-temperature IL gating media, [EMIM][TFSI] and 0.1 mol L™ LiTFSI in
[EMIM][TFSI]. WOs films were synthesized using the sol-gel solution process and deposited by
spin-coating. AFM and SEM images revealed that WOz films exhibit a mesoporous and
homogeneous granular structure, characterized by closely packed nanoparticles with sizes ranging
from 20 to 50 nm. BET analysis shows a pore volume of 0.36 cm®/g and a pore size of 4.4 nm. This
porosity is crucial for facilitating ionic transport within the channel and improving ion gating
performance by enhancing the accessibility of ions such as [EMIM]* and Li*, which are definitively
smaller than the pore size, though their effective sizes vary depending on the measurement
technique and their interaction with the surrounding environment. We observed two types of
mechanisms contributing to the doping process in the nanostructured WO3 channel: electrostatic
and electrochemical (faradic) doping. This finding was supported by in operando and AFM Force
Distance profiling. The operating voltages of WO3-1GTs are approximately 1 V, and the ON/OFF
ratios reach values as high as 102 - 10°.

This contribution presents key insights from the design, fabrication, characterization, and
investigation of the synaptic behavior of WOs-IGTs for applications in neuromorphic computing.
These insights are discussed in relation to the nature of different ion gating media, nanostructured
WO:s films, EDL creation at the IL/WO3 interface, and the effect of these parameters on response

time and synaptic behaviors of IGT. The incorporation of Li* into the gating medium significantly
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boosts device performance, reflected by a threefold rise in lgs within the transfer curve. This
improvement is linked to Li* intercalation, which leads to the increase of the transistor current and
impacts the device response time. Both [EMIM][TFSI] and 0.1 mol L™ LiTFSI gated WOs-1GTs
exhibited synaptic behaviors such as STP, LTP, SADP, SNDP, SDDP, FDP, and PPF, indicating
their ability to replicate essential neural synapse functions and underscoring their potential in
neuromorphic applications. The findings also revealed that incorporating Li* ions into the IL gating
medium significantly slows response time, enhancing the transition from STP to LTP. WOz-based
IGTs feature memory retention and synaptic weight modulation relevant for analog computing,

where efficient, low-power learning mechanisms are essential.

While this research has made significant strides in understanding and optimizing IGT performance,
several challenges remain. One limitation is the relatively slow response times observed in some
configurations, particularly in WOgs-based devices. While slower response times can be
advantageous for long-term memory retention, they may limit the applicability of these devices in
real-time computing scenarios where rapid information processing is critical. Future research
should focus on balancing speed and memory retention by optimizing the composition of the gating
medium and refining the channel materials. Another limitation lies in the scalability of these
devices. While P3HT and WOs offer promising results, the fabrication processes for these materials
are complex and may hinder large-scale implementation. Developing simpler, more cost-effective
fabrication techniques will be crucial for the widespread adoption of neuromorphic systems.
Additionally, current studies focused primarily on electrical characteristics such as response time,
transconductance, and plasticity modulation. However, the integration of these IGTs into fully
functional neuromorphic networks remains an area for further exploration. Future work should
investigate how these devices perform in more complex, interconnected systems, evaluating their
robustness and efficiency in larger networks that more closely mimic the structure of biological
brains. Lastly, the environmental stability of these materials, particularly organic semiconductors
like P3HT, poses a concern for long-term applications. Research aimed at improving the durability
of these materials under varying environmental conditions, such as humidity and temperature
fluctuations, or by encapsulating devices, will be crucial for their implementation in real-world

applications.
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In general, the findings presented in this dissertation highlight several critical factors that influence
the performance of synaptic IGTs, paving the way for more efficient neuromorphic systems. The
ability to transition between STP and LTP is particularly significant, as it mimics the learning and
memory formation mechanisms of biological synapses. The fine-tuning of response times through
the manipulation of materials, device structure, and gating conditions opens opportunities for

creating more energy-efficient, adaptive computing systems.

Neuromorphic computing seeks to overcome the limitations of traditional von Neumann
architecture, which separates memory and processing units, by integrating both in the same
hardware. The IGTs discussed in this work align well with this goal, as they offer a platform for
collocated memory and processing. Additionally, the low power consumption of these devices
makes them suitable for applications in large-scale neural networks, where energy efficiency is
paramount. The different material systems investigated -P3HT for its organic flexibility and WO3
for its robust ionic conduction properties- offer unique advantages. P3HT-based IGTs exhibit faster
response times, making them ideal for applications requiring quick, short-term memory functions.
In contrast, WOs-based devices, especially when doped with Li ions, demonstrate stronger long-
term memory retention, positioning them as suitable candidates for tasks that require durable

learning mechanisms.
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CHAPTER 8 CONCLUSION AND RECOMMENDATIONS

This dissertation has demonstrated the versatility of synaptic ion-gated transistors as neuromorphic
devices capable of mimicking key aspects of biological synapses. By exploring the effects of
material composition, device architecture, and gating conditions, we have made significant
progress in understanding how to optimize IGT performance for neuromorphic computing
applications. The results from these studies contribute to the ongoing development of more
efficient, adaptive computing systems that could one day rival the processing power and energy

efficiency of the human brain.

We fabricated IGTs with solution-processed channels, incorporating different materials for both
the channel (organic polymer and WO3) and gating. These transistors operate at threshold voltages
around 1 V, using a rigid SiO2/Si substrate, gold source and drain electrodes, a high surface area
activated carbon gate electrode, and ionic liquids (ILs) as the gating medium. We propose a
correlation between ex situ analyses like XRD, AFM, SEM, and BET, and in operando tones, such
as AFM FD and CV. This correlation includes channel material morphology, structural changes of
the EDL at the interface of the channel material and ILs under the application of Vgs, as well as the
transistor transfer and output characteristics. We investigated the doping mechanism of IGTs by
varying the channel material, thickness, and ion size in the ion-gating medium. Our observations
revealed that the operation of IGTs relies on a combination of electrostatic and electrochemical doping.
The significance of this study is that we demonstrate the potential of IGTs to function as neuromorphic
devices, integrating both memory (LTP) and processing (STP) functions within the same device,

depending on the applied electrical biasing conditions.

First, we fabricated 1GTs based on spin-coated organic P3HT films, designed as bio-inspired
artificial synapses. The response time and synaptic plasticity of P3HT IGTs were investigated by
manipulating input stimuli, including Vgs and Vgs amplitudes, as well as the number, duration, and
frequency of Vgs pulses. Results indicated that both response time and plasticity improved with
higher VVgs values, increased pulse durations (SDDP), and repetitions (SNDP), along with reduced

pulse frequency (FDP). Additionally, we successfully emulated synaptic functions, demonstrating
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short-term plasticity (STP), long-term plasticity (LTP), and their transition, all maintained at low

driving voltages (~1 V).

Second, we investigated how the structure of the transistor channel material, as associated to
different P3HT MWs and film thicknesses, affects how the applied bias conditions affect response
time. We fabricated P3HT IGTs with low (24 kDa), intermediate (42 kDa), and high (92 kDa)
MWs. The low MW P3HT films exhibited a higher degree of order, correlating with lower ion
permeability compared to intermediate and high MW P3HT films, which resulted in devices with
low transconductance and longer response times, when subjected to Vgs pulses. We mimicked
synaptic behaviors, such as PPF and SNDP, STP, LTP, and transition between them, by adjusting
Vgs pulses parameters. 1GTs with low MW P3HT consistently demonstrated a more efficient
transition from STP to LTP than those with high MW P3HT.

We also found that, in P3HT-based IGTs, thicker P3HT films, deposited at lower spin coating
speeds and resulting in more ordered structures, exhibit lower transconductance and significantly
higher response time. Additionally, increasing the thickness of the P3HT films shifts synaptic
behaviors, including PPF, SNDP, and the transition from STP to LTP.

Lastly, studying artificial synapses in metal oxide ion-gated transistors is of significant interest.
This research can broaden our understanding of synaptic devices by systematically investigating
material and transistor characteristics, leading to valuable insights into their behavior and
performance. We conducted the fabrication and detailed characterization of a WO3-1GTs by
utilizing [EMIM][TFSI] and 0.1 mol L™ LiTFSI in [EMIM][TFSI] as gating media, designed for

neuromorphic computing applications.

We conducted CV AFM and FD profiling analyses to investigate the EDL structure and
electrochemical properties. In WO3 IGTs gated with pure [EMIM][TFSI], we observed a higher
degree of organization in the EDL due to the relatively large size of [EMIM]*, which brings about
interface-confined unconventional doping and electrostatic doping mechanisms. Conversely, the
presence of Li* ions in the gating medium resulted in a less ordered and less compact EDL at the
ionic medium/metal oxide interface, paralleled by electrochemical doping. Including Li ions in the
gating medium of WOs-IGTs leads to increased channel conductance (a threefold increase in lgs)

and time response, at various Vs biases.
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The synaptic behavior observed in the WOs-based IGTs, including STP, LTP, SADP, SNDP,
SDDP, FDP, and PPF, demonstrate that these devices effectively mimic key neural synapse
functions, highlighting their potential in neuromorphic systems. These findings emphasize the
importance of the ionic medium selection for optimizing the synaptic transistor response time,
current amplification, and transition between STP and LTP, paving the way for the development
of energy-efficient, high-performance neuromorphic systems capable of adaptive learning and real-

time processing.

In conclusion, this dissertation successfully achieved its objectives by fabricating and
characterizing P3HT and WOgz-based IGTs, elucidating the effects of the device operating
conditions, ion gating medium and channel morphology on transistor performance. We explored
the role of room temperature ionic liquids in doping processes, investigated the factors affecting
response time and synaptic behavior, and examined the influence of transistor channel thickness
on device performance. Additionally, we integrated materials science with neuromorphic
applications through ex situ and in operando characterization techniques, establishing critical
relationships between materials’ properties and synaptic functions. Our study underscores the
considerable potential of IGTs in advancing intelligent systems, particularly their ability to
replicate the dynamic and adaptive functionalities of biological synapses. Such capabilities are
essential for the progress of neuromorphic computing, which aims to develop systems that process

information similarly to the human brain.

Future research will concentrate on optimizing the materials’ properties of these devices and
exploring various compositions for the ion gating media to further enhance their synaptic behavior
and overall performance. Additionally, we propose that research should focus on improving the
scalability, speed, and robustness of IGTs while investigating their integration into larger, more
complex neural networks. With ongoing advancements in materials science and device

engineering, the realization of brain-like computing systems may soon be within reach.
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Morphology and structure of the P3HT films
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Figure A.1 AFM height images of P3HT films with size: @) 5 pmx5 pm, b) 10 pumx10 um, c¢) 20
umx20 um and d) XRD patterns of the P3HT films.
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Transfer and output characteristics of IGTs at different Vgs scan rates
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Figure A.2 Transfer characteristics of [EMIM][TFSI]-gated P3HT transistors in the linear regime
(Vgs= -0.2 V (3 cycles)) at Vs scan rates of: a) 50 mVs?, b) 25 mVs?and ¢) 5 mVvs™. Output
characteristics with Vg= 0, -0.2, -0.4, -0.6, -0.8, -1 V with Vs scan rates of: d) 50 mVs?, e) 25
mVs?, f) 5mvst.

We calculated the charge carrier density (p, cm?) and mobility (m, cm?V-1s™) in our P3HT channels
from the transfer characteristics with Vgs sweeping rates of 5, 25, 50, and 100 mVs™ and Vgs = -0.2
V (Table Al).

. . . . d
We obtained the charge carrier density from the equation: p = % = %, where Q represents

the amount of charge accumulated during the forward scan in the transfer curve (resulting from the
integration of Igs with Vgs), € is the elementary charge, A is the interfaced area of the P3HT film,
and the ionic media (4 mmx9 mm), and ry is the scan rate of Vgs. [230]
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The charge carrier mobility, u, is obtained by u = %QI% [136]
ds

The ON/OFF ratio, calculated from the transfer curves, is the ratio between lgs in the ON state and
lgs in the OFF state (lon/loff), calculated for a fixed Vgs. The threshold voltage, Vi, was calculated

using a linear extrapolation of the lss - Vigs curve, in the linear regime. [231]

Table A.1 The values of threshold voltage and ON/OFF ratios of [EMIM][TFSI]-gated P3HT
transistors (Vas= -0.2 V) at different Vgs scan rates:100, 50, 25, and 5 mVs™.

Vs Scan rate ON/OFF Threshold Mobility Charge carrier
(mvs?) ratios voltage (V) (cm2v-is?) density (cm™)
100 1.7x103 -0.47 £0.03 0.26 £ 0.08 1.3x10% + 0.5x10%
50 2.6x10° -0.46 £ 0.03 0.19+0.06 1.7x10% £ 0.5x10%
25 3.1x108 -0.45 +0.03 0.14 £0.04 2.1x10% £+ 0.5x10%
5 5.8x10% -0.44 £ 0.03 0.06 +0.01 5.7x10%% + 0.8x10%
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Importance of the Vg sampling time on the measurement of the response time
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Figure A.3 Transient Ids characteristics of [EMIM][TFSI]-gated P3HT transistors at different \Vgs.
pulse sampling times: a) 1s, b) 250 ms, ¢) 100 ms, d) 50 ms, e) 10 ms in response to a single Vgs
= -1V pulse, with Vds=-0.8 V; the duration of the \VVgs. pulse is 5 s.

Time (s)

Fitting parameters for exponential fitting curves

R-square, also known as the coefficient of determination, measures a model’s goodness of fit. The

closer the fit is to the data points, the closer R-square will be to the value of 1.

We report fitting parameters for figures 4.3-4.5 in the tables below.

Table A.2 R-square parameter values related to exponential fits used to estimate the response time
of different numbers of Vgs pulses.

Number of Vgs pulses | 5 pulses | 10 pulses | 25 pulses

R-square 0.92 0.91 0.91
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Table A.3 R-square parameter values related to exponential fits used to estimate the response time

of different duration time of pulse.

Duration time of Vs pulse

10 ms

100 ms

500 ms

1s

5s

9s

R-square

0.99

0.94

0.92

0.91

0.92

0.93

Table A.4 R-square parameter values related to exponential fits used to estimate the response time

of different frequencies of Vgs pulses.

Frequency of Vg pulses | 1 Hz

5Hz

10 Hz

R-square

0.92

0.94

0.96

Table A.5 R-square parameter related to exponential fits used to estimate the response time of

different Vgs pulse sampling times.

Vs pulse sampling times 10 ms 25 ms 50 ms 100 ms 250 ms 500 ms ls
R-square (Vgs=-0.6) 0.95 0.94 0.99 0.99 1 1 1
R-square (Vgs=-0.8) 0.94 0.96 0.98 0.99 1 1 1

All R-square parameters are close to 1 and it shows a good fit between the exponential model and

the associated decay curves.
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APPENDIX B SUPPORTING INFORMATION ARTICLE 2

EXPLORING RESPONSE TIME AND SYNAPTIC PLASTICITY IN P3HT ION-GATED
TRANSISTORS FOR NEUROMORPHIC COMPUTING: IMPACT OF P3HT
MOLECULAR WEIGHT AND FILM THICKNESS

Ramin Karimi Azari,*? Zhaojing Gao? Alexandre Carriére? and Clara Santato

Table B.1 Figures of merit for different MWs [EMIM][TFSI]-gated P3HT transistors at different
Vs scan rates (100, 50, and 25 m V s1).

MW Vs Scan rate ON/OFF Vin Mobility (cm? Charge carrier
mV st Vist density (cm

( ) V) ) y (cm™)

25 (0.8 +£1.6) x 10° -0.32+£0.03 0.20£0.03 (1.6 £0.2) x 10%

Low 3 15
50 (21+£0.1)x 10 -0.34 £0.03 0.26 £ 0.09 (1.2+£0.1) x 10

100 (1.6 £0.2) x 103 -0.34 £0.05 0.33£0.02 (0.9 £0.3) x 10%

25 (2.1+0.7) x 103 -0.44 £0.02 0.16 £0.02 (2.0+£0.8) x 10%

Intermediate 50 (3.0+05)x10° | -0.44+0.04 0.19+005 | (L6 +0.5)x 10

100 (2.0+0.3) x 10° -0.44 +0.01 0.25+0.04 | (1.2+0.2) x 10

25 (3.5%0.5) x 10° -0.45+£0.2 0.13+0.09 (2.3 £0.09) x 10%°

High 3 15
50 (3.0+0.1) x 10 -0.45 +0.01 0.16+0.06 | (1.9+0.3)x10

100 (1.9+0.3) x 10° -0.45 +0.01 0224001 | (1.4+0.2)x 10

The threshold voltage, Vi, was determined by linearly extrapolating the l4s-Vgs curve within the

linear regime. The ON/OFF ratio, derived from the transfer curves, represents the ratio of Igs at a

constant Vs in the ON and OFF states (lon/lof). [69]
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We calculated the charge carrier density (p, cm?), and then the mobility (u, cm?V-1s?), from the
transfer characteristics with Vgs sweeping rates of 25, 50, and 100 mVs* at Vgs = -0.2 V (Table
B.2). [140]

Q _ [lgdVgs

The charge carrier density was calculated from the equation: p = ” v

Q signifies the

quantity of charge accumulated during the forward scan in the transfer curve (derived from the
integration of lgs with Vgs), A is the area of the P3HT film interfaced with the ionic liquid (4 mmx9

mm), e is the elementary charge, and ry is the scan rate of Vgs. [136, 232]

The charge carrier mobility, and x, was obtained by u = %QI% [231]
ds

Table B.2 Figures of merit for different spin coating speeds [EMIM][TFSI]-gated P3HT transistors

at different Vg, scan rates (100, 50, and 25 m V s,

Spin coating Vs scan rate (m ON/OFF Vin Mobility (cm? Charge carrier
speed (rpm) Vs?) V) Visgh density (cm)
25 (3.1+£1.6) % -0.43 +£0.02 0.10£0.03 (3.4+1.2) x 10%
3
500 10
50 (20+£1.1) % -0.44 £ 0.02 0.12+0.04 (2.8 £0.9) x 10%°
103
100 (1.2+0.8) x -0.45+0.03 0.16 £ 0.04 (2.1 £0.5) x 10%°
103
25 (1.5+£0.3) x -0.48 £ 0.06 0.25 +0.07 (1.9 £0.5) x 10%
3
1000 10
50 (2.6 £1.5) x -0.49 + 0.06 0.33+0.08 (1.4 £0.3) x 10%°
103
100 (22+£1.2) x -0.50 £ 0.07 0.52 £ 0.08 (8.2 £0.6) x 10%
103
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25 20+10)x | -046+002 | 020006 | (1.5%0.1)x 10%

3

2000 10
50 27+03)x | -047+002 | 026%007 | (1.2+0.1)x 10

10°
100 (17402)x | -045%003 | 034010 | (8.1+0.7)x10%

10°
25 (10+10)x | -044+003 | 034011 | (8.2+0.8)x 10

4

4000 10
50 (86+62)x | -044+002 | 045+011 | (6.3+0.6)x 10%

10°
100 (51+30)x | -044+002 | 061017 | (4.6+0.3)x10%

103
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Figure B.1 Transfer characteristics in the linear regime (Vgs = -0.2 V, (3 cycles)) at Vgs scan rate
100, 50, and 25 m V s (inset: output characteristic with Vg = 0, -0.2, -0.4, -0.6, -0.8, -1 V and Vs
100, 50, and 25 m V st scan rate) for [EMIM][TFSI]-gated transistors based on a, b, ¢) low MW
d, e, f) intermediate MW g, h, i) high MW P3HT.
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Figure B.2 Transfer characteristics in the linear regime (Vgs = -0.2 V, (3 cycles)) at Vgs scan rate
100, 50, and 25 m V s (inset: output characteristic with Vg = 0, -0.2, -0.4, -0.6, -0.8, -1 V and Vs
100, 50, and 25 m V s scan rate) for [EMIM][TFSI]-gated transistors P3HT transistors prepared
with spin coating speed a, b, ¢) 500 rpm d, e, f) 1000 rpm g, h, i) 2000 rpm j, k, 1) 4000 rpm.
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Figure B.3 Transconductance curve for [EMIM][TFSI]-gated transistors based on P3HT deposited
at a) high MW (blue line), intermediate MW (red line), and low MW (black line) at 1000 rpm
during 30 s b) spin coating rate 500 rpm (black line), 1000 rpm, (red line), 2000 rpm (blue line),
and 4000 rpm (green line), on 30 seconds with intermediate MW. Ids level (V¢s = -0.2 V) at Vgs 50
m V s scan rate for [EMIM][TFSI]-gated transistors based on P3HT deposited at ¢) high MW
(blue line), intermediate MW (red line), and low MW (black line ) d) spin coating rate 500 rpm
(black line), 1000 rpm (red line), 2000 rpm (blue line), and 4000 rpm (green line), on 30 seconds
with intermediate MW e) intermediate MW and 1000 rpm at Vgs 25 (black line), 50 (red line), and

100 (blue line) m V's™ scan rate.

(C)-

o)

nm

Figure B.4 AFM height images of (a) low MW, (b) intermediate MW and (c) high MW with a

same height scale of 0 to 8 nm.
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Figure B.5 Transient response of an [EMIM] [TFSI]-gated P3HT transistor with high, intermediate,
and low MW for Vg = a) -0.5 V, b) -0.8 V, and c) -1 V at different V. The duration time of the
Vgs bias is 200 ms. Transient response of [EMIM][TFSI]-gated P3HT transistors prepared with
spin coating rate 500, 1000, 2000, arnd 4000 rpm, on 30 seconds with intermediate MW with Vgs =
d)-05V,e)-08V,f)-1V,andqg)-1.2V at different Vgs. The duration of the Vg bias is 200 ms.



