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Abstract

Carbon based semiconductors such as conjugated polymer or single walled carbon
nanotubes (SWNT) are promising materials for use next generation printable and wearable
electronics. Thin film transistors (TFTs) are often viewed as a building block for more complex
electronic device, however, lack of proper characterization of these devices using these novel
carbon-based materials is preventing their large-scale adoption.

This thesis has two sections; in the first section I explored and improved a novel electrical
model originally developed for organic or polymer-based TFTs called the organic virtual source
emission diffusion model (OVSED). I improved this model by adding a variable contact resistance
parameter and effective gate voltages. I then found better agreement between model and
experimental data using this improved OVSED model against the conventional MOSFET based
models: the SH and Y-function models, for poly{[N,N'-bis(2-octyldodecyl)-naphthalene-1,4,5,8-
bis(dicarboximide)-2,6-diyl]-alt-5,5'-(2,2'-bithiophene)} (P(NDI20OD-T2)) based OTFTs. The
new model proved to be an efficient tool for benchmarking polymer based TFTs and provided an
efficient way to characterize and reduce contact resistance in the devices.

In the second section, I explore the effect of light on a series of conjugated polymer
wrapped SWNT TFTs. A structure property relationship was established between the wrapping
polymer structure and the exposure wavelength intensity. We demonstrated that SWNT TFTs can
act as photodetectors after an initial light soak. Finally, we further characterized the SWNT TFTs
using our OVSED model validating the observed structure property relationship. Overall this thesis
demonstrates steps towards proper characterization of emerging carbon based semiconductors

used in TFTs.
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Résumé

Les semi-conducteurs a base de carbone, tels que les polymeéres conjugués ou les nanotubes
de carbone a paroi simple (SWNT), sont des matériaux prometteurs pour la prochaine génération
d'appareils €lectroniques imprimables et portables. Les transistors a couche mince (TFT) sont
souvent considérés comme un ¢lément de base pour des dispositifs électroniques plus complexes,
mais la caractérisation incorrecte de ces dispositifs utilisant ces nouveaux matériaux a base de

carbone empéche leur adoption a grande échelle.

Cette these comporte deux sections ; dans la premicre, j'ai exploré et amélioré un nouveau
modele électrique développé a 1'origine pour les TFT organiques ou a base de polymeres, appelé
le mode¢le de diffusion d'émission de source virtuelle organique (OVSED). J'ai amélioré ce modéle
en ajoutant un parametre de résistance de contact variable et des tensions de grille effectives. J'ai
ensuite constaté une meilleure concordance entre le modele et les données expérimentales en
utilisant ce modele OVSED amélioré par rapport aux modeles conventionnels basés sur les
MOSFET : les modeles a fonction SH et Y, pour les OTFT & base de poly{[N,N'-bis(2-
octyldodecyl)-naphtaléne-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5'-(2,2'-bithiophene) }
(P(NDI20OD-T2)). Le nouveau modele s'est avéré étre un outil efficace pour comparer les TFT a
base de polymeéres et a fourni un moyen efficace de caractériser et de réduire la résistance de

contact dans les dispositifs.

Dans la deuxieme partie, j'explore l'effet de la lumiere sur une série de TFT a base de
SWNT enveloppés de polymeéres conjugués. Une relation structure-propriété a été établie entre la
structure du polymeére enveloppant et l'intensité de la longueur d'onde d'exposition. Nous avons

démontré que les SWNT TFT peuvent agir comme des photodétecteurs aprés une imprégnation
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initiale de lumiére. Enfin, nous avons caractérisé les SWNT TFT a l'aide de notre modéle OVSED
en validant la relation structure-propriété observée. Dans I'ensemble, cette thése démontre les
étapes vers une caractérisation appropriée des semi-conducteurs émergents a base de carbone

utilisés dans les TFT.
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Chapter 1: Introduction

1.1. Motivation

Carbon-based semiconductors, such as single walled carbon nanotubes (SWNT) and
conjugated polymers have desirable physical and electronic properties while also being solution
processable which can lead to low temperature integration into flexible plastic substrates. These
carbon-based semiconductors have shown great potential in thin film transistors (TFT) and other
electronic devices based on TFT . Synthesis of SWNT leads to metallic and semiconducting
variants which are often separated and purified using selective dispersion using conjugated
polymers. Various conjugated homopolymers and copolymers with different functional groups
have been reported to effectively purify the semiconductive SWNTs, however the effect of these
polymer wrappings are often overlooked. For example, the effect of light on the device
performance as a function of the polymer structure. Secondly, typical carbon based electronics
suffer from inaccurate estimation of performance metrics due to over and underestimation of
factors such a contact resistance. Unfortunately, most benchmarking tools and models typically
used to characterize carbon based TFTs behavior are based off the Metal Oxide Semiconducting
Field Effect Transistors (MOSFET) models. These models are based off inorganic ideal
semiconductors with negligible contact resistance, low charge trap densities and high mobilities.
When applying these models to carbon based TFTs the mobilities are typically overestimated and
their behavior cannot be properly evaluated. This is a root problem many face when trying to solve
other problems such as contact resistance and polymer interference, hence, new models are

required.



1.2. Structure and Scope of Thesis

This thesis focuses on the implementation and improvement of a novel organic thin film
transistor characterization model; used to diagnose and bring potential solutions to transistor
contact resistance and the innerworkings of the conjugated polymer in single walled carbon
nanotube based thin film transistors. This thesis is the culmination of three published papers, two
first authors and many presentations. In the second chapter of this thesis, the relevant theory is
discussed necessary to understand the chapters following. The theory encompasses basic
semiconductor theory, band structure, density of states, charge carrier mobility and photon
absorption. The second portion of the theory discusses inorganic and organic semiconductors,
introducing single walled carbon nanotubes properties, and synthesis. The theory concludes by

introducing transistors with a focus on thin film transistors and transistor models.

Chapter 3 presents a submitted manuscript to Applied Physics Reviews “Benchmarking
contact quality in N-type organic thin film transistors through an improved virtual-source emission-
diffusion model”. The manuscript discusses on contact resistance optimization in organic thin film
transistors using electrode interlayers and the importance of using organic models instead of
inorganic models when characterizing organic thin film transistors. This is followed by the
improvements made to the Organic Virtual-Source Emission-Diffusion model and its validation
as an effective benchmarking tool. The final section of the chapter briefly discusses a second
manuscript “Self-Consistent Extraction of Mobility and Series Resistance: A Hierarchy of Models
for Benchmarking Organic Thin-Film Transistors”, focusing on the continued work on the model

and its limits.

Chapter 4 introduces the third and final manuscript, “Conjugated Wrapping Polymer

Influences on Photoexcitation of Single-Walled Carbon Nanotube-Based Thin Film Transistors”. This

2



manuscript introduces a new problem involving the effects of selective wavelength exposure on
single walled carbon nanotube based thin film transistors, with a focus of separating the effects of
the dispersion polymer compared to the nanotube during illumination. The improved model was

applied to better diagnose the observed behaviors along with traditional models.

Chapter 5 continues upon the works presented in chapters 3 and 4 by comparing the
extracted parameters from the Organic Virtual-Source Emission-Diffusion model from the
modeled devices in chapter 3 to the modeled single walled carbon nanotube devices in chapter
4. The chapter focuses on the major differences between both devices and discusses the model
limits from the second manuscript. This chapter amalgamates the results from all three manuscripts

and brings a conclusion to this work. In this section the raw python code for the model is provided.

Chapter 6 concludes this work. Future work is discussed along with the outcomes of this
thesis. The future of the model is addressed giving further direction for continued experiments and

research.



Chapter 2: Theory and Overview

In the following subchapters I will briefly introduce basic concepts of semiconductor theory

before discussing in depth the theory necessary to understand the following chapters.

2.1. Semiconductors

Crystal structures are defined by their periodic placement of atoms. A single unit of this
periodic structure is named a primitive cell. The characterization of the primitive cell is crucial as
it defines the crystal’s electrical and structural properties. The lattice of a crystal is composed of
lattice points, with each primitive cell containing only one point. These points can contain a single
atom or a group of atoms which repeat at each point, distance between these points is known as
the lattice constant. A position on crystal can be mapped via basis vectors which are valid if the

structure remains invariant through translation and every point can be reached. For instance, given

@, b and  basis vectors, a translation of R = nd + mb + p& would have the same pattern for any
n, m, p € Z. The reciprocal lattice is a lattice formed with each of its vectors normal to the planes
formed in the regular or direct lattice. This new lattice is known as the momentum space or the
Fourier transform of the real lattice. In this space the lattice points represent the number of
wavevectors in units of inverse distance. The primitive cell in reciprocal space is called a Wigner-
Seitz cell or the first Brillouin zone; this zone helps to describe the relationship between the energy

of a system, E, and the momentum, & for the entire crystal.!

The relationships between the energy and momentum are crucial to understand electronic
properties. These relationships are defined by the potential and applied energies, and form bands

of allowed states. For semiconductors, unlike for metals, there exists an energy gap between the



bands as seen in Figure 2.1 for a metallic and semiconducting nanotube. The energy gap, Eg, is
the energy required to bring a charge carrier from the lower valence band, Ey to the upper
conduction band, E.. The bandgap is called a direct bandgap when the lowest point in the
conduction band is aligned with the highest point in the valence band, such as it is in Figure 2.1c.
In an indirect bandgap, they are misaligned, and the charge carrier would require a change in
momentum to cross the gap. The bandgap can also be observed in the density of states (DOS),
which describes the density possible electronic states for a system as a function of energy. The
bandgap would be shown as a location where no electronic states are possible, for instance in the
gap in Figure 2.1a. For metallic structures, there are possible electronic states for every energy

level, Figure 2.1b.
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Figure 2.1) Theoretical simulation of the density of states (DOS) for a semiconducting (6,5) (a) and a metallic (6,6) (b)
nanotube and energy bands for a semiconducting (6,5) (a) and metallic (6,6) (b) nanotube.! (n,m) are the chiral indices which
describe the nanotube chiral vector or “roll-up” vector.

The charge carrier’s movement through a semiconductor can be defined using its mobility,
where for low electric fields is defined as: p = v, /e, where v, is the drift velocity and € is the
electric field. The drift velocity is dependent on the charge carrier and the energy band where it is
located; thus, holes and electrons have each their own mobilities. The mobility is proportional to
the mean free path A; defined as the average distance traveled before the carrier changes its

velocity, often due to collisions.

In field effect electronics, electric fields give charge carriers enough energy to surpass the bang
gap to reach the conduction band, proving a channel to move charges. However, photons,
depending on the absorption coefficient, a, of the semiconductor, can also induce electronic

14
.. . . . h
transitions between different bands. This absorption depends on a few factors, & (—/1 - Eg>
ph

where / is Planck’s constant 6.6261 x 1073 J*s, ¢ is the speed of light 2.9979 x 10® m/s, A is the
photon wavelength in meters and y is a constant depending on the type of transition (direct or
indirect). Excitons, formed through photon absorption, are electron-hole pairs which diffuse

through the lattice and could potentially contribute to the current if separated.’

2.1.1. Inorganic and Organic Semiconductors

Common examples of inorganic semiconductors include silicon, Si, revered for its many years
of study and its tunable bandgap through controlled doping, an introduction of impurities in the
semiconductor to change the concentration of a certain charge carrier. Gallium arsenide, GaAs has

also piqued the interest of many scientists in recent years due to its direct bandgap.? Although



traditional inorganic semiconductors offer exceptional electrical performance, a growing number
of electronic applications require mendable, flexible and solution processable semiconductors,
demands which are unobtainable by traditional inorganic semiconductors. Organic, or carbon-
based semiconductors, are based on small molecule, polymer, or carbon allotrope semiconductors
capable of flexibility and solution processability®>. Common examples of organic semiconductors
include the phthalocyanines with various cores, such as copper phthalocyanine (CuPc)?, or N2200
and other similar polymers which have gained traction for their semi air stability.> However, unlike
their inorganic counterparts, organic semiconductors contain various potentially undesired
properties, such as environmental and temperature sensitivity and larger concentrations of lattice
defects.® In organic semiconductors, since the discussion often centers around the individual
molecules with orbitals rather than the lattice, the conduction band is often replaced by the Lowest
Unoccupied Molecular Orbital (LUMO) and similarly, the valence band is replaced by the Highest
Occupied Molecular Orbital (HOMO). In both, organic and inorganic semiconductors, holes or
electrons can be preferentially transported depending on the semiconductor and the doping. If
electrons are the preferred charge carriers, then the transport occurs at the conduction band and the
semiconductor is called an n-type semiconductor. Inversely, for holes, the transport occurs at the

valence band and the semiconductor is called a p-type semiconductor.

Semiconductor-Metal contact

A metal’s work function is defined as the amount of energy required to bring an electron to
vacuum from the fermi level, which is the electrochemical energy of electrons in a material. For a
semiconductor, the fermi level lies between the conduction and valence band with the fermi level
of n-type semiconductors lying closer to the conduction band and the valence band for p-type

semiconductors . At a metal-semiconductor contact point, due to the difference between the fermi



levels, a depletion region will be created, and charges will flow between both until equilibrium is
reached. Based on the position of the fermi levels, there are two possible outcomes, a Schottky
barrier where the transport of carriers resembles a diode, where transport is supressed in reverse
bias and allowed in forward bias after surpassing the barrier. Alternatively, an Ohmic contact
where transport is possible in both direction with a constant resistance. For an n-type
semiconductor, a Schottky barrier will be formed when the fermi level for the metal is lower than
that of the semiconductor, and an Ohmic barrier will be formed. The reverse happens in p-type
semiconductors. The Ohmic barrier can be reduced by choosing the metal and semiconductor, such

that their fermi levels are close while still keeping the condition for Ohmic contacts.
2.1.2. Single-Walled Carbon Nanotubes

Due to their unique electronic and thermal conductivity’, optical properties®® and mechanical
strength!® Single-Walled Carbon Nanotube (SWNTs) have been thoroughly researched. Because

of these, SWNT have gained popularity for applications in photovoltaics!!, chemical sensors'> ',
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thin-film transistors'>!'®, and many other applications !’.

SWNT are similar to a rolled graphene cylinder, consisting of sp’-hybridized carbon. They
have a diameter of 1 to 2 nm and a length of 1 um to 500 mm'®, indicating that they possess quasi-
one-dimensional properties, as observed by the sharp peaks in the density of states of Figure 2.1ab.
The geometry of the tube can be described using graphene lattice base vectors a; and a, and a

translational vector or chiral vector (Figure 2.2a):

Cp = na; + ma, (2.1)
., (V31
a, = (7:5) a (2'2)



a, = <§ _—1> a (2.3)

where n,m € {0,N}, and a = V3a,_. = 2.46 A the lattice constant with a... the carbon-carbon

distance. The diameter d; and chiral angle 0 < # < 30° of the nanotube can then be calculated:

a
d; = E\/nz +m? + nm (2.4)
V3m
tan® = m (25)

SWNTs with a chiral angle of 0° are called Zig Zag, 30° are Armchair, and in between, are Chiral.

Figure 2.2 depicts a schematic of an unrolled SWNT, and a (6,5) rolled nanotube.'

(a) - (b)

(n,m)=(6,5)

Zig Zag (n,0)

Armchair (n,n)

Figure 2.2) a) Schematic of an unrolled SWNT, displaying its hexagonal lattice. The base vectors (a; and @) are highlighted
in red. The three possible rolling configurations (Zig Zag (n,0), Arm Chair (n,n) and Chiral (n,m)) are shown with dotted blue
arrows. b) A model of a (6,5) carbon nanotube.

The Brillouin zone of the SWNT contains three high symmetry points M, K and /" and two vectors,
K; and K> which describe the circumferential and longitudinal vectors respectively. The
circumferential vector gives rise to discrete vectors describing the electron waveguide, therefore,

the electron wavevector is quantized in the K; direction. At the K symmetry point the conduction



and valence band overlap. If the quantized electron wavevectors intersect the K symmetry point,

E4; = 0 which means the SWNT will have metallic properties such as in Figure 2.1d.

Figure 2.3) (a) A SWNT lattice with the base vectors d;, d, along with the unit cell designated by the dotted lines and the

carbon atoms A4 and B. (b) The reciprocal lattice with its reciprocal base vectors 51, Bz. The Brillouin zone shown in gray with
the high symmetry points M, K and 7. (c) the electron waveguide traveling along the circumferential direction of the SWNT
(the K direction) in the reciprocal lattice. Figure reproduced from Dresselhaus, M. S et al.?°

This also means that the density of states (DOS) will have a non-zero value at the Fermi level (0
eV) (Figure 2.1b). The opposite is also true, if they do not intersect the SWNT will have a bandgap
and will exhibit semiconducting properties. This indicates that the chiral vector and thus the indices
(n,m) indicate if the SWNT will have metallic or semiconducting properties. As a general rule, if
(n-m)mod(3)=0 then the SWNT is metallic, else it is semiconducting, which indicates that 1/3 of
all SWNT are metallic given a random chirality probability during fabrication. The bandgap size
in semiconducting SWNTs is also inversely proportional to the diameter size. This can pose a
problem where one property is preferred for a specific application, such as in thin film transistors
where a semiconducting variant with a smaller bandgap is desired, thus the variants need to be

separated.

Synthesis

Many methods exist to synthesize SWNT, each containing their own diameter and length
range. A common technique uses chemical vapour deposition (CVD). This method uses the

dissociation of hydrocarbon gases, such as high-pressure carbon monoxide, over a transition metal
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catalyst, for instance an iron catalyst followed by a dissolution and saturation of the carbon atoms.
The disassociated carbon then precipitates into tubular form, forming SWNTSs. This method often
referred as HiPco, produces SWNTs with a diameter range of 0.8-1.1 nm.?! Another popular
method involves an arc discharge across carbon anode and cathode. In an enclosed environment
with a noble gas, such as argon or helium, a carbon anode, typically made of graphite with a cobalt
catalyst, is brought near a similar anode without the catalyst. The current passing across the anode
and cathode ignites the He into plasma which forces the carbon atoms to evaporate and then
condense into SWNT. These typically produce SWNT with a diameter range of 1.2-1.7 nm.?>* In
this thesis, the SWNTs were fabricated using a plasma torch method similar to arc discharge, where
evaporation of black carbon is done through the use of radio frequency plasma torch. This method
is used as it has a high production rate ~100 g/h and produces large diameters ranging from 0.9-
1.5 nm.?* Other popular methods with their ranges include laser ablation with 1-1.4 nm and CVD

with a cobalt-molybdenum catalyst produces diameters of 0.7-0.9 nm. 2

SWNT Sorting
As prementioned, the SWNT are required to be separated before they can be integrated into
devices. This separation can be obtained using several separation techniques. Such techniques

28,29 and

include density gradient ultracentrifugation®®, DNA sorting 27, gel chromatography
conjugated polymer extraction’*® . In this work, the semiconducting SWNTs were sorted using

conjugated polymer extraction as it is a simple, scalable, and effective means of producing high

purity (>99.99%%) semiconducting SWNT.

The procedure for polymer sorting of SWNT is simple. Raw un-sorted SWNT are
combined with selected polymers in a solvent. The mixture is then sonicated in a cooled sonication

bath. During sonication, the polymers selectively wrap around semiconducting SWNT while the
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metallic variants remain bundled possibly since they are significantly more polarizable than their
semiconducting variants.*>-¢ Using a short-term, typically 15-30 mins, centrifugation, the metallic
SWNT separate from the supernatant which now mostly consist of excess polymer and polymer
wrapped semiconducting SWNT. A filtration can then be used to remove any excess polymer. The
resulting solution is verified for metallic SWNT and impurities using UV-Vis-NIR and Raman
spectroscopy, by calculating the difference in metallic SWNT peak height from raw SWNT to the

purified solution.®’

The polymers used can be tuned to selectively wrap around specific diameter sized
semiconducting SWNT. Although the specific mechanisms behind the selectivity have yet to be
discovered, certain researchers have discovered that the selectivity is dependent on the polymer

molecular weight, backbone and alkyl side chains.

The larger the molecular weight, the larger the polymer. Thus, when wrapping around
SWNT, if the polymer is too light consequently too short, it cannot fully wrap around the SWNTs.
In contrast, if the polymer molecular weight is too large, the solution viscosity will increase, which
could decrease the purity by inhibiting the bundling of metallic SWNT. Works from Rice et al.

discovered that the optimal weight ranges from 30 — 90 kg/mol.*

The polymer backbone can also
be used to tune the selectivity. The conjugated polymers used typically have an aromatic backbone
of fluoride or carbazole derivatives. 3*** Depending on the rigidity of the polymer, they will
preferentially wrap around larger or smaller SWNT, with smaller diameter SWNT requiring a
more flexible polymer backbone. The alkyl chains, similar to both the molecular weight and the

backbone, contain an optimal length for the desired diameter. Larger chains promote the selectivity

for larger diameters with smaller selecting smaller ones, however if the chains are too long, the
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purity decreases, similar to the polymer weights. Optimal ranges seem to be between 10 to 18

carbon atoms.*3*

Absorption Spectra

Optical spectroscopy of SWNT can be used to evaluate the purity of semiconducting
SWNTs. For large diameter SWNT, four peaks can be observed from 400 — 1800 nm, the first
semiconducting transition, Si1, located between 1400 and 1700 nm, the second semiconducting
transition S located between 800 and 1100 nm, the first metallic transition, Mi; located between
600 and 800 nm and finally the third semiconducting transition S33 located between 425 and 550
nm. Figure 2.4 shows the absorption spectra for semiconducting SWNTs dispersed using PFO-
BPy, the lack of a metallic transition peak indicates a good purity.*> Due to their quasi one-
dimensionality, these peaks arise from the transition energies from the Van Hove Singularities in

the DOS in Figure 2.1ab.
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Figure 2.4): Normalized absorption profile of PFO-BPy dispersed semiconducting SWNTS.

2.2. Transistors

Transistors are a three-terminal device, the first sources or emits the current, the second collects
or drains the current and the third controls the flow of current through a semiconductor across the
first two, often called the base or gate depending on the type of transistor. Transistors are an
integral part of any modern electronic device, they the base unit for all logic gates, memory
systems, and power systems. Metal Oxide Semiconducting Field Effect Transistors (MOSFET)
are currently the leading transistor type capable of high voltage, high current density with low
channel resistance.** MOSFETs works by employing an electric field between the source and drain
electrodes, using capacitance between at the gate and source electrodes which allows the passage
of current through the semiconductor between the source and drain. There exist two main types of
MOSFETs, the n-type, which requires a positive drain-source voltage (Vps) and a positive gate-
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source voltage (Vss) and the p-type which requires a negative Vps and Vs to function. For p-type
MOSFETs, the substrate contains excess electrons while the semiconductor connected to the
source and drain electrodes contain excess holes, with the reverse for n-type MOSFETs. This
difference in charges creates a migration of charges and therefore a deletion region is formed. At
the electrode-semiconductor contact, there exists a voltage barrier called the contact resistance.
This resistance is due to the metal-semiconductor contact and can be lowered by matching the
work function of the electrode to the conduction level band of the semiconductor for n-type or the
valence band for p-type. To measure the performance of MOSFETs many parameters are
considered. Some include the threshold voltage representing the minimum voltage required at the
gate to pass a current across the channel and the depletion region, V7, the mobility, related to the
current density, describes the ease of charge carrier displacement, u. In addition, there’s the ON
current density /oy which describes the current once saturated and the current leakage or OFF
current /orr, describing the parasitic current which passes through without a gate voltage. All are
typically monitored as benchmarking values. Although less common in Si MOSFETs, there are
some imperfections which may undesirably affect the performance, which would require
additional parameters. For instance, defects or unwanted doping can cause charge trapping and can

lower the Ion through charge recombination in the channel.
2.2.1. Thin Film Transistors

Although traditional inorganic MOSFETs have mobilities upwards of 5000 cm?/Vs and are
highly efficient,*” recent interest has turned towards flexible electronics. Thin Film transistors have
the capacity to be flexible, scalable and solution processable, perfect for dispensing in printing

solutions.'® Thin Film Transistors (TFT) and Organic TFTs (OTFT), use the same mechanisms as
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MOSFETs. Their components include the source and drain electrode, the gate, the semiconductor

and finally the dielectric to form the capacitance between the source and the gate (Figure 2.5).

Drain 2
Semiconductor

Dielectric

Figure 2.5) Components of an Organic Thin Film Transistor.

Recently, OTFTs have shown significant interest for unique applications such as RFID detectors*,

chemical and biological sensors.*’

2.2.2. Models and Characterisation

Multiple models and model types exists to characterize and evaluate semiconductor devices,
Figure 2.6 displays the hierarchy of transport model types. In these works, I have used the
Shichman-Hodges*® model (SH) model also known as the common MOSFET model, the Y-
function method’!, and the novel Organic Virtual Source Emission Diffusion (OVSED) model
which is an adaption of the virtual source model for organic transistors®>>. The first two of these
models are considered compact models, they are very easy to implement but suffer from
inaccuracies. The OVSED model is also compact model but allows for better fitting on organic

field effect transistors.
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Figure 2.6) Illustration depicting the hierarchy of transport models, reproduced from the Handbook of Optoelectronic Device
Modeling and Simulation’..

To characterize OTFTs using any of these three models, two IV curves are typically analysed. The

first, the output curve, consists of a sweeping source-drain voltage (Vps = Vp — Vs) at a set Vs

(Figure 2.7b), the second is the transfer curve, which consists of a sweeping gate voltage (Vs =

— Vs) at set Vps (Figure 2.7a).

Ips (MA)

— Ves=5V

(c)
— Ves=10V 1
— Ves=30V R A
|
= ?
£ Linear
8

5 10 15 20 25
Vbs (V)

30 35 40

Figure 2.7) Simulated plots depicting the transfer (a) and output curves (b) obtained using the SH model without contact

resistance, with ¥V,=7 V, u=5 cm?*/Vs, W=1 mm, L=20 pm and Ci= 1.06 x 10-® F/cm? for an n-type device. A 3D plot,

combining both the output and transfer curves with the different SH model regimes labeled.

17



Shichman-Hodges Model

The SH model separates the performance of the field effect transistor in three sections (Figure
2.7¢). The cut-off regime where |V;s| < |Vy| and the current is I = 0. The linear regime where
[Ves| > |Vr| and |Vgp| > |Vr|, which indicates that |Vpg| < |Vgg — V| for Vop = Vs - Vs and
the current is g, . In this regime, as the gate voltage increases, the charges keep accumulating at the gate

which increases the current flow, and as the Vps increases, the field effect across the depletion region

increases, further increasing the current in a linear fashion. And finally, the saturation regime
where|Vig| > |Vr| and |Vgp| < |Vr|, which indicates that |Vpg| > Vg — V| and the current is
Ips,,,- In this regime, the drain is pinched and approaches a limit |Vps| = |V — Vr|, where at the

end of the channel the inversion layer thins down, decreasing the charge density. In this regime
the current becomes independent of Vpsas a result of this limit. The general equation for the

conventional current in one direction across the channel is
IDS:_W‘Q'V (26)

where Q [C/m?] is the charge density, W [m] is the width of the channel and v [m/s] is the charge
velocity. The velocity can be linked to the electric field € by assuming a linear relation and a

constant called the mobility p:

av
V=—pe=po (2.7)

where x is the distance across the channel path. The charge density across the channel can be

described using a charge control relation at a location on the channel:

Q=—C(Vos —Vr —V(x)) (2.8)
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This assumes a constant threshold voltage and Vg — V(x) > V. At the source x = 0,V (0) = 0,

at the drain x = L and V(x) = Vps. By putting it all together, we obtain:

av
Ips =W - Ci(VGS —Vr— V(x)) ) Ha (2.9)
L Vps
f Ipsdx = W - C;(Vgs — Ve = V(x)) - pdV (2.10)
0 0
WpsWC; v,
o5 = 2 (Vs = V=22 (211)

And finally in the saturation regime, as previously mentioned Vyg = Vg — Ve

I —%(V —Vr)? (2.12)
DSsat — 21 GS T .

Where Ips is the drain source current, L is the channel length and C; is the capacitance density
in F/m?. Using the parallel plate model, Ci= ka - Eo/t:, with ks the dielectric constant, E, the
permittivity in vacuum in F/m, and # the thickness in m. To extract the mobility and threshold

voltage, Equations 2.11 and 2.12 can be rearranged to the following forms

Z_L(@)z_

= 2.13
:usat WCL aVGS ( )
Vi = Ves(x — axis intercept) (2.14)
olps L
in == 2.15
Hiin aVGS WVDSCi ( )
Vr,, = Ves(x — axis intercept) — Vpg/2 (2.16)

To better compare the SH model to the OVSED model, I included a modified version which

included contact resistance at the source and drain electrode each with a value of R /2.
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Vos (Vos — Ve —225)

= 2.17
DSLL‘n R (L + V _ @ _ V ) ( )
c\Roy T Ves =2 T
_ =2RcVp +4x " + 2VgsRe — X 1 (RcVgs + X1 — RcVr)
Ipse,, = (2.18)

R.?

Where y = ud!

and both return to the regular SH model in the limit where Rc¢ tends to 0. From

these, a corrected value of mobility can be extracted, in the presence of contact resistance, using

the transconductance g,,:

L [2Vpsgm™ (1 —v1- 2VD_Slgma) — 2«

= 2.19
Wiin WCi 0(2 ( )
dlps
= 2.2
gm aVGs ( 0)
a = R-(2AVg — Vps) (2.21)

Where 4V 1s a small voltage difference to compensate for the nonlinearity of the slope due to the

contact resistance. For the saturation regime the mobility is:

2
d,/Ips,, L (2n+4—-4Vvn+1)(n+1)
Hsat = < t) ( ) (2.22)

Wes ) WC (Va¥i-1)°

Where n = AV Rcx.

Y-Function Method
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The Y-function method is a method unrelated to the SH model, used exclusively to extract the
contact resistance, Rc, using the linear region of the transfer curves. The model is described as

follows:

_ oS ( ay )_IV (2.23)
€T oves\aves) DS '
Y = IpsS (2.24)
1
S=——0 (2.25)

Virtual Source Model

Unfortunately, the SH model often fails to provide proper parameter extraction when the
charge transport becomes ballistic in small channel devices (~100 nm) and overestimates the
magnitude of the channel’s charge as a function of voltage. Additionally, it also does not account
for the Drain Induced Barrier Lowering (DIBL), which is often seen though an increase in current

I°° is a recent, compact semi-

for larger Vps in transfer curves. The Virtual Source (VS) mode
empirical model which addresses these faults using a non piecewise function, combining all three
regimes, and reduces to the SH model at the limits. The VS model, named after the virtual source,
a critical point on the channel marking the beginning of the channel and is located at the top of the
electronic barrier. Although, it is important to note that the virtual source is not always at the
physical start of the channel as the barrier is modulated by transport. Multiple iterations of the VS

model exist, a simple version of the VS model above threshold (Vs> V1) can be described using

the following equations:
Ips =W - Qn " Fsar * Vsat (2.26)

o= Vbs
S Vpsar[l + (Vps/Vpsar)P1Y/8

(2.27)
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Qn=—C(Vgs —¥) (2.28)

Y= VT - SVDS (2.29)

Vpsar = . (2.30)

Fu 1s an empirical function that facilitates a smooth transition from the linear, where the charge

velocity is dominated by uVps/L, to the saturation regime, where the charge velocity is dominated
by high-field bulk saturation velocity, vg,; = 2—‘2 (Vgs — V) . The B is a fitting parameter, typically
between 1.4 and 1.8 for Si MOSFETs and the voltage at the intersection of the two regimes is
Vpsar. The charge function, Q,, contains a modified threshold voltage, ¥ which accounts for DIBL

using a linear reduction constant 8. To obtain the full curve, from bellow to above the threshold

the charge function becomes:
Qn = —MeCViomp In[1 + eVes™H/mcViem | (2.31)

Where C; = (C;71 + Cs)™1 is the gate capacitance which approaches the smallest capacitance

between the oxide capacitance, C;, and the semiconductor’s capacitance, Cs, and m = 1 + C5/C;

. Finally, the thermal voltage Vienp can be expressed in terms of the temperature 7, the Boltzmann

constant kp and the elementary charge q, Vzemp = kaT/q.

This model has had many adaptions, for instance for low temperature applications>® and in
small channel carbon nanotube transistors®’ among others, each showing good fittings on the fitted
measurements. More recently, an organic version of the VS model was adapted for organic

transistors.>>

Organic Virtual Source Emission Diffusion model
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The OVSED model was first developed by Blawid, Lima®? as an adaption to the VS model
to account for the differences between the inorganic and organic semiconductors, such as higher
density of charge traps. An improved OVSED model was developed by Blawid and myself in our
joint papers°>*%. The complete model can be summarized by the following equations where Jps
and Qj.e are the one-dimensional drain current density and the density of total charge of the free

charges in C/cm?.

Jps = Ips/W = vsathreerat (2.32)
Q l
Qyree = 40v- (L) (233)
Y —Ves
Qtot = CiViemp In |1 + exp (2.34)
NMViemp

The density of valence charge carriers and traps are denoted by oy and o7, both in cm™. Equation
2.35 is a variable threshold voltage dependant on the source drain voltage (¥ ps). This accounts for
DIBL similarly to the standard VS model, however, in OTFTs the strong accumulation is shifted
to a higher electric field for larger Vps, thus § becomes a drain induced barrier increase variable.
The [ variable is a unitless value describing the exponential tail of the density of trap states in
equation 2.33. The n is a gate coupling factor or non-ideality factor which determines the
effectiveness of the gate bias to control the semiconductor charge. The high-field bulk saturation
velocity vsat= paVtemp/As 1s dependant on the drift mobility pq and the mean free path 4. This along
with the density of valence charge carriers and traps is included in the linear current density Jr =
qov(CinViemp/qor)! to simplify fitting the model to measurements using the method of least

squares. The transitional function Fi. takes a different form in this adaption:
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1—e _VDS/Vtemp

sat = 14+ 2t+ e_VDS/Vtemp (236)
2\
_ (1
L= m[(l —mn)e ™A — 1 + m] (2.37)
V,
n=1- tanh( DS ) (2.38)
m temp
Ver [V,
’ZV
1 + GT
Vgcrit
Ver = Qrot/Ci (2.40)

where ¢ is a unitless unit describing the critical length for diffusion, Ve is the critical voltage for

Vsqe and A = L¢ /As with Lg being the gate length. Recently, it has been discovered that in OTFTs

the contact resistance is dependent on the drain voltage causing an s-shape in the output curve®’.
To compensate for the s-shape originating from devices a voltage dependence resistance replaces
the typical contact resistance:

Ry — R Vi — V.,
Ry = 2R, + 2 0. [1 — tanh (Mﬂ (2.41)
2 Viun

The values Ro and Rua describe the minimum and maximum resistance values while the
hyperbolic tangent function allows the swift change from the maximum to the minimum. The
parameter V) is the source-drain voltage when the switch happens and V., describes the smoothing
of the transition in volts, a bigger Vu, describes a slow transition and a smaller V. describes a
quick transition. The model contains a total of 11 model parameters, Jz, J, [, n, Veerit, Viun, Ro, Rimax
Vrand A since Vps, Vs, T and W were controlled and the parasitic leakage current Ipzcax was added

to the final current value.
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Chapter 3: Benchmarking Contact Quality in N-type Organic Thin
Film Transistors through an Improved Virtual-Source
Emission-Diffusion Model

Context

After completing my Bachelor’s, I decided to continue my work on the organic virtual-source
emission diffusion (OVSED) model and use it to benchmark N2200 based OTFTs with various
electrode interlayers. Traditionally, due to its air stability and optimal electrical conduction, gold
was used as an electrode material in our group. However, it was hypothesized that the use of
interlaying metals, between the electrode and the semiconductor, with work functions closer to the
LUMO level for n-type semiconductors and HOMO level for p-type semiconductors, could be
used to lower the contact resistance by lowering the energy gap. For this study, devices with three
different interlayer types of various thicknesses, none, chromium, and manganese were fabricated.
I characterised them using the SH model and the Y-function method to extract the mobility,
threshold voltage and the contact resistance. I then fitted the curves using the OVSED model. The
extracted parameters matched those extracted from the classically used, SH and Y-function
methods but with a better fitting. The work concluded by finding an optimal interlayer type and
thickness. This work was published in Applied Physics Reviews on the 22"¢ of February 2022 and

served as proof of the viability of the improved OVSED model.

Contributions

In this work, I performed all the device characterization via the SH model and the Y
function method. I fitted the OVSED model to the curves using a MATLAB code I improved from
Dr Blawid. I measured the performance of most of the devices. I derived the SH model with contact

resistance, along with the mobility extraction with contact resistance. I ensured the stability of the
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fit parameters while using the least squares algorithm via repeated runs with different starting
values. I authored the manuscript with other co-authors providing editorial contributions. This
work was supervised by Karin Hinzer and Benoit Lessard. The following chapter contains minor

changes compared to the published version.

3.1. Abstract

Due to nonideal behavior, current organic thin film transistor technologies lack the proper models
for essential characterization and thus suffer from a poorly estimated parameter extraction critical
for circuit design and integration. Organic thin film transistors are often plagued by contact
resistance which is often less problematic in inorganic transistors; consequently, common models
used for describing inorganic devices do not properly work with organic thin film transistors. In
this work we fabricate poly{[N,N’-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-
2,6-diyl]-alt-5,5'-(2,2'bithiophene)} based organic thin film transistors with reduced contact
resistance through the introduction of metallic interlayers between the semiconductor and gold
contacts. The addition of 10 nm thick manganese interlayer provides optimal OTFT device
performance with the lowest level of contact resistance. Improved organic thin film transistors
were characterized using an improved organic virtual source emission diffusion model, which
provides a simple and effective method to extract the critical device parameters. The organic
virtual-source emission diffusion model led to nearly perfect prediction using effective gate
voltages and a gate dependent contact resistance, providing a significant improvement over
common metal-oxide—semiconductor field-effect transistor models such as the Shichman-Hodges

model.
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3.2. Introduction

Organic thin film transistors (OTFT) are solid state switches based on organic semiconductors
such as conjugated polymers, which can be manufactured at a low cost using roll-to-roll printing
techniques on flexible substrates.! Unlike conventional metal-oxide—semiconductor field-effect
transistors (MOSFETs), OTFTs often suffer from non-ideal device performance due to limited
charge injection into the device channel*; which often leads to high contact resistance (Rc) and
poor estimation of charge mobility (u) or threshold voltage (Vr).>° The gradual channel
approximation (GCA)!° employed in the Shichman Hodges (SH) model'!, is widely used to
characterize MOSFETs however they are inefficient in characterizing OTFTs. This inefficiency
stems from the assumptions in the SH model which are often false in OTFTs. Such assumptions
include a zero-channel thickness, the u is independent of the gate or source-drain voltage and there
is negligible Rc.>!'? Therefore, we require a new model that accounts for Rc that is directly related
to the energy gap. This gap is between the electrode work function and the semiconductor’s highest
occupied molecular orbital (HOMO), for hole transport materials, or the lowest unoccupied

molecular orbital (LUMO), for electron transport materials.*!3-14

Poly {[N,N’-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5'-
(2,2'bithiophene)} (P(NDI2OD-T2)) also known as N2200, has found application in air stable
solution processed n-type OTFTs.!? The addition of an electrode interlayer with a more favourable
work function can reduce the Rc and improve apparent values of V7 and u.'” In this study, we
employ the use of chromium (Cr) and manganese (Mn) as electrode interlayers to reduce the Rc of
P(NDI2OD-T2)-based OTFTs as their conductivity is too low to be used by themselves as
electrode materials.'®!® Finally, we characterize the resulting devices using an improved and

superior OVSED model compared to the classic SH model. This model is applied to P(NDI20OD-
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T2) but could equally be applied to naphthalenetetracarboxylic diimide (NDI)**?!,

22,23 24,25

phthalocyanines~>*°, oligoacene or even carbon nanotube devices?*?’.

3.3. Results and Discussion

3.3.1. Choice of Interlayer

We investigated the effect of different contact interlayers in P(NDI20OD-T2)-based OTFTs in

a bottom gate top contact configuration (Figure 3.1).

a) c) A
P(NDI20OD-T2) Au Cr Mn
>
© -3.9
P(NDIZOD-T2) % HUMO -4.1
b) 2 — -
S [ & ——
P(NDI2OD-T2) Semiconductor HOMO s
Si0, Dielectric 54
Si Gate

>

Figure 3.1) a) A diagram of the P(NDI2OD-T2) molecule. b) A side-view schematic of the organic thin film transistors
(OTFT) with the Si gate, SiO: dielectric, the P(NDI2OD-T2) semiconductor and source (S) and drain (D) contacts with the
interlayer in gray. ¢) A visual representation of the energy levels for the lowest unoccupied molecular orbital (LUMO), the

highest occupied molecular orbital (HOMO) levels of the semiconductor and the work functions levels of the contact metals.
The source and drain contacts, including the interlayers, were deposited through sequential
physical vapour deposition steps where the final layer was gold to increase the electrode
conductivity. It has been reported that the addition of the interlayer increases the effective work
function of the electrode as a whole, reducing the barrier for charge injection into the LUMO level
of the semiconductor, leading to a drop in Rc and improvement in overall device performance.'”

1928 The LUMO energy level of P(NDI2OD-T2), has been reported to be -3.9 V.2’ Therefore, we
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selected Cr and Mn interlayers with known work functions of -4.5 eV and -4.1 eV respectively

compared to Au with a work function of -5.1 eV (Figure 3.1¢)."

To elucidate the effect of the interlayer on the OTFT performance we report characteristic
output curves and transfer curves (Figure 3.2) in addition, we tabulate the extracted electron
mobility (u.) in saturation regime, threshold voltage (¥7) and Rc, in Table 3.1. A summary of the
parameters is also displayed in box plots in Figure 3.3. As seen in all the transfer curves, the
transistors experienced an ambipolarity, not uncommon for P(NDI20D-T2) semiconductor'® and
have rather small hysteresis. The u. was extracted between 0.001 to 0.015 ¢cm?2/Vs, similar to
previous reports of OTFTs fabricated using P(NDI2OD-T)?** and found to seldomly significantly
vary between device configuration and predominantly stay within the associated error. This is to
be expected, as it is well known that the intrinsic u. is primarily determined by the semiconductor
microstructure and its morphology and not by Rc.>' However, the extracted apparent u. is
influenced by Rc, this influence is discussed in the supporting information and in Figure 3.S1 and
is negligible for optimized contacts. For the u. extracted in the linear regime the influence has been
discussed in detail and is in general not small*?. The V7, which is a function of the ease of turning
on the device, extracted using the SH model, decreased from 19 V to as low as 9.8 V with the
addition of a 10 nm interlayer of Cr or Mn (Table 3.1), with the latter having less variability in
their V'7s (Figure 3.3). In addition, the devices with the Mn interlayers display more ideal IV curves
with a clear saturating current and less ambipolarity. We then extracted the device’s total Rc using
the Y-function method,* and found that the use of both interlayers led to devices with decreased
Rc, which is consistent with the reduced energetic barrier between the LUMO of P(NDI2OD-T2)
and the work function of the contact electrodes.!* 2> Moreover, the variability in Rc for Mn/Au

based devices was significantly reduced compared to the use of bare Au or when using Cr/Au
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contacts (Figure 3.3). In addition to the 10 nm interlayer parameters, a comparison for a 4 nm
interlayer of Cr or Mn is presented in Figure 3.S2 and Table 3.S1 with similar results to 10 nm
but to less of an extent given the lowered thickness. These results suggest Mn as a promising

candidate for the improvement of performance of P(NDI2OD-T2)-based OTFT devices.
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Figure 3.2) Characteristic output curves of Drain-Source current (Ips) versus Drain-Source voltage (Vps) at a set gate voltage
(top) and transfer curves of Drain-Source current (Ips) versus Gate-Source voltage (Vas) with Vps= 50 V (bottom) for

P(NDI20OD-T2) bottom gate top contact OTFT devices with gold electrodes and a) no interlayers, b) 10nm of chromium
interlayer, c) 10nm of manganese interlayer as the top contacts. All measurements performed in a Nz environment.
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Figure 3.3) Electrical properties for the saturation region of P(NDI2ZOD-T2) bottom gate top contact OTFT devices with no
interlayers (Au), 10 nm of chromium (Au/Cr(10nm)) and 10 nm of manganese (Au/Mn(10nm)). The graphs display a) the
corresponding electron mobility (ue), b) the threshold voltages (V1), ¢) the contact resistance (Rc). Data is shown in box plots,
where the box indicates the interquartile range, the horizontal line (within the box) is the median, vertical lines indicate the
difference between the 5th and 95th percentile, with empty circles indicating outliers. All measurements were performed in a
N:> environment.

Contact? Ue b Vi (V) Reo (kQ)
(cm2/Vs)

Au (4.6+0.8)x 10-3 19 +1 (1340.3)x 104

Au/Cr(10nm) (13403)x 102 | 11.0 + 0.9 (2.240.6)x 103

Auw/Mn(10nm) (6.7+0.7)x 102 9.8+ 0.3 (2.340.9)x 102

Table 3.1) a) N2200 based bottom gate top contact OTFT with thermally evaporated electrodes with interlayers:
where Au/X(Ynm), where Au = are the gold contacts, X is the type of interlayer and Y is the thickness of that
interlayer. All measurements performed in a N2 environment. b) Electron mobility, u. and threshold voltage, Vr
obtained from saturation region of the transfer curve based on the Shichman-Hodges model. c)Contact resistance,
RC extracted from the Y-function method* and the linear transfer curves.

3.3.2. Effect of Thickness

Since the devices with a Mn interlayer exhibited smaller parameter variability, we further
characterized this system by optimizing the thicknesses of the Mn interlayer. The corresponding
device performance parameters are displayed in box plot in Figure 3.4 and their averages with
associated error are found in Table 3.2. The Rc decreases by almost one order of magnitude for an
interlayer >10 nm when compared to 4 nm and two orders of magnitude when compared to no
interlayers (Table 3.2). There is also a clear trend, which seems to saturate, where a thicker Mn

interlayer leads to the lowest Rc. However, there is a minimum V7 of 9.8 V at 10 nm of Mn, which
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increases for 25 nm of Mn (Table 3.2). The devices containing 0 nm, 4 nm and 10 nm of Mn
interlayer have similar u. values, however, when the thickness reached 25 nm the u. increased by
roughly an order of magnitude but with significantly more variability (Table 3.2). Part of this
increase should be caused by the reduced Rc, since the apparent u. is reduced from its intrinsic
values due to the Rc. However, one should note that for non-ideal electrical characteristics, the SH
equations no longer hold and the u.s are poorly estimated.®!®> Nonetheless, the simple addition of
the Mn interlayer significantly improves the device performance. However, the benefit of a
reduced Rc at 25 nm of Mn comes at the cost of a greater V'7 when compared to 10 nm. This

compromise could stem from the heightened conductivity of gold compared to manganese.!”-"”
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Figure 3.4) Electrical properties for the saturation region of P(NDI2OD-T2) bottom gate top contact OTFT devices with no
interlayers (0 nm) with 4 nm, 10 nm, and 25 nm of manganese. The graphs display the corresponding electron mobility (ue),
b) threshold voltages (V1), and c) contact resistances (Rc) . Data is shown in box plots, where the box indicates the
interquartile range, the horizontal line (within the box) is the median, vertical lines indicate the difference between the 5th and
95th percentile, with empty circles indicating outliers. All measurements performed in a N2 environment.

Table 3.2) Electrical Characterization of N2200 based OTFTs with varying interlayer

thickness.
Contact? Hev) V) Contact Resistance
(cm?/Vs) V) (kQ)?
AwMn(Onm) | (4.61+0.8)x 10-3 19 +1 (1.3£0.3)x 104
Au/Mn(4nm) (1.2 £ 0.1)x 10.0 £ 0.6 (9+2)x 102
10-2
AwMn(10nm)| (6.7£0.7)x 10-3 9.8+ 0.3 (2.3+0.9)x 102
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(3.09440.006)x 15.3 + 0.4 (1.140.5)x 102
10-2
Table 3.2) a) N2200 based bottom gate top contact OTFT with thermally evaporated electrodes with
interlayers: where Au/X(Ynm), where Au = are the contacts, Mn is manganese interlayer and Y is the
thickness of that interlayer. All measurements performed in a N2 environment. b) Electron mobility, ue.
and threshold voltage, Vr obtained from saturation region of the transfer curve based on the Shichman-
Hodges model. c¢)Contact resistance, RC extracted from the Y-function method* and the linear transfer
curves.

Au/Mn(25nm)

3.3.3. Improved OVSED Model

Although the SH model equations are often used to characterize OTFTs, as it was observed in the
previous section, these equations often fail to fully describe their behavior causing poor estimation
of the device’s u. and V'7.>"° Since OTFTs exhibit lower u.s and a lower charge concentration
compared to inorganic semiconductors, it has been theorized that charges are being injected into
the channel through the electrodes instead of by polarization, thus the choice of electrodes highly
influences the device’s performance.®® Lima et al. proposed the organic virtual source emission
diffusion model (OVSED) that utilizes the virtual source concept to describe the IV behavior of
the OTFT as a continuous curve rather than two equations for the linear and saturation regime.**
Originally, the restricted rate of charge injection from the top of the energetic barrier was used in
short-channel MOSFETs??, but since the current at the virtual source is diffusive, the charge
injection can be calculated using emission-diffusion (ED) theory and can be also applied to long-
channel devices.*>*” The OVSED model describes the device using 8 intrinsic parameters: V7,
current density (Jr), a model parameter influencing the V7 (d), a unitless value describing the
exponential tail of the density of trap states (/), a gate coupling factor (n), the critical voltage for
velocity saturation of charge carriers (Vecrir), the R. and the ratio between the channel length and
the mean free path (4). The other parameters Vps, Vs, temperature (7)) and channel width (W) are
controlled and the drain leakage (/pieax), 1s treated as a constant and is manually fitted. The model
is described in detail in the experimental section. In this study the OVSED model proposed by
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Lima et al.** was used to model and characterize P(NDI2OD-T2) OTFTs. The black circles
represent the experimental points while the solid red line (Top of Figure 3.5) and solid blue line
(Top of Figure 3.6) represent the model fitting of characteristic output curves and the transfer
curves, respectively. Under certain conditions the model performed quite well and represented the
experimental data accurately (Figure 3.5b) however in other instances (Figure 3.5 a and ¢) we

observe a drop in fitting accuracy for large Vs values.

The OVSED model by Lima et al. can not properly represent OTFT devices that displayed
an S-curve in the IV characteristics (Figure 3.5a), which is often a result of high or non-ohmic
Rc.'*3 It has been previously experimentally observed that Rc is in fact not constant and depends
on the source-drain voltage.®® An empirical adaption was employed to change the Rc from a
maximum value to a minimum value. Therefore, we modified the OVSED model to include Rc

which is dependent on Vps as depicted in Equation 3.1.

Riax — R Vps — V,
Ry = 2R, + &0, [1 — tanh (Mﬂ (3.1)
2 Viun
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Figure 3.5) Comparison between model fittings of Lima et al. 20193 (Top) to our current model (bottom) with the model output
curves in red and the experimental measurements of P(NDI2OD-T2) bottom gate top contact OTFT devices in black for
different interlayer types of a) Au (no interlayer), b) Au/Cr (10nm) and c) Au/Mn (10nm). The effective gate-source voltages
used for the model are indicated in brackets.

The values R, and Ruax describe the minimum and maximum resistance values, the
hyperbolic tangent function facilitates the swift change from the maximum to the minimum. The
parameter Vy describes the source-drain voltage when the switch happens and Vi, describes the
smoothing of the transition in volts, a greater V., describes a slow transition and a smaller Vi,
describes a quick transition. The drain resistance (Rp) is set constant to the minimum. Since the
model considers that the resistances are in series, the Rp and Rs can be interchanged. This
modification of the OVSED model can now be described using 11 intrinsic parameters, while

providing an improved characterization of experimental data with a clear s-curve (Figure 3.5 and

3.6).

Second, the experimental drain source current was different between output and transfer
curves at the same Vps and Vs, which is problematic for modeling. The OVSED model creates a

3D surface (Figure S3) of the currents for all Vps and Vs then assumes that this current output is
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independent whether Vps or Vis is constant or swept and independent on the sweeping speed.
These assumptions do not always hold and a difference in current between the output and transfer
curves could stem from the gate-source or gate-drain capacitance charging or discharging latency*
or charge trapping. Multiple output curves were obtained at the same gate-source voltage in
attempt to fill the charge traps but the discrepancy in experimental and effective voltage persisted.
Therefore, we modified the OVSED model with the use of effective Vgss in the output curves
instead of the experimentally applied Vgss. These modifications to the OVSED model led to

improved fitting of the experimental values (Figure 3.5 and 3.6) with the extracted parameters

reported on Table 3.3.
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104 F © Measurement 4 104F © Measurement 3 10*F © Measurement 3
—Model OVSED i = \lodel OVSED = Nodel OVSED
Vg = 60V
Limaet - < 105k
al. 2019 % Vos = 60V
= W5
10
. s . \ 3 107" . \ .
10 20 30 40 50 0 10 20 30 40 50
Vos / V Vs [V
T T T T T T
10%F © Measurement 4 104F © Measurement 4 10¢f © Measurement 5
=== Model OVSED === Model OVSED === Model OVSED B esiact
< 10%F = 10%F - 10%
This work = z 9
~ & Yo r b‘b_“
108 Vbg = 60V 10°® Vs = 60V 4 10® Vog = 60V 4
101 & . 3 10" . . . ‘ 3 107" s . . .
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50

Vas / V Vos /V Ves / V

Figure 3.6) Comparison between model fittings of Lima et al. 2019 (Top) to our current model (bottom) with the model transfer
curves in blue and the experimental measurements of P(NDI2OD-T2) bottom gate top contact OTFT devices in black for
different interlayer types of a) Au (no interlayer), b) Au/Cr (10nm) and c) Au/Mn (10nm).

When applying the modified OVSED model to the experimental data we observe that the
OTFTs with Au electrodes displayed a clear s-curve and lower current resulting in a very large
Rumax which differs significantly from R, when compared to those with electrodes of Au/Cr(10 nm)
and Au/Mn(10 nm) (Figure 3.5). In addition, the V) values are greater for Au/Mn(10 nm) and

even greater for Au/Cr(10 nm) electrodes when comparing to OTFTs with Au electrodes, this
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indicates a slower transition from the R..ax to R, and for a very large Vy we have Rc= Ryax (Table
3.3). Similarly, to what is observed with the SH model with Rc, Ruax is larger for the device with
Au electrodes and smaller for the device with Au/Mn(10 nm) contacts. As a result, Ry is a viable
and more sensitive benchmark parameter for contact engineering. An estimated u. is given by e
= VsatL/V temp) using the extracted value of A, a reported carrier velocity of v, =1940 m/s*, the
channel length L =30 pm and the thermal voltage Viemp=25.7 mV; such that we obtain mobilities
of 1.04 x10™! cm?/Vs, 7.47 x10°2 cm?/Vs and 9.26 x1072 cm?/ Vs for the devices with Au, Au/Cr(10
nm) and Au/Mn(10 nm) contacts respectively. The values demonstrate that the u. is largely
independent of the contact details as expected.>! We observe that the / parameter approaches 1 for
close to ideal contact (Table 3.3). An exponent / = 1 indicates that the effective number of free
charge carriers available for current flow increases proportional to the total charges accumulated
in the semiconductor layer. Contact optimization should reduce the potential barrier for charge
injection and thus eliminate charges trapped in the interface and channel access region. Thus, it is
plausible that better contacts lead to lower values of / as observed. Overall, the s-curve was strictly
observed in the OTFTs with Au contacts, which were also the ones that displayed the greatest
resistance range. In addition, OTFTs with Au/Mn(10 nm) contacts have a smaller difference
between experimental Vs and their effective Vs when compared devices with Au or Au/Cr
electrodes. These results further demonstrate how Mn is a desirable interlayer for n-type OTFTs

and that the OVSED model can help in predicting the resulting device behaviour.

Parameters Auy) Au/Cr(10nm) Au/Mn(10nm) ®
Vi (V) 19.6 8.99 1.1
0 8.04 x10-3 1.00 x10-° 5.07 x10-7
n 26.3 40.8 52.5
1 2.25 1.47 1.00
A 2.19 x105 3.04 x105 2.45x105
VoerdV) | 39.0 421 777
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Jr(mA/em) | 0.00203 0.709 7.83
Ve (V) 5.48 7.69 9.93
Vo (V) 0.158 24.6 20.3
Ro (kQ) 0.418 116 9.93
Rmax (kQ) | 1.33x105 216 20.9

Ipsear (NA) | 0.540 0.300 0.774

Table 3.3) Extracted improved OVSED model parameters for N2200 based OTFTs. Vr is
the threshold voltage, 0 is a unitless parameter that modifies the variable threshold, n is a
unitless gate coupling factor, | is a unitless value describing the exponential tail of the
density of trap states, ) is the ratio between the channel length and mean free path,
Veree is the critical voltage for carrier velocity saturation, Jr is the current density, Vo is the
turning point for the contact resistance, Vun is the smoothing factor for the contact
resistance, Ro is the minimum contact resistance, Rmax is the maximum contact resistance
and Ipsteak is the drain source current leakage. Fitted parameters of OVSED model for
N2200 based bottom gate top contact OTFT with thermally evaporated electrodes with
interlayers: where Au/X(Ynm), where Au = are the gold contacts, X is the interlayer and is
either Mn as manganese or Cr as chromium, and Y is the thickness of that interlayer. Data

extracted from Figure 3.5 and 3.6.
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Figure 3.7) Comparison between model fittings of Shichman-Hodges (SH) modell 1 (dashed line) to our current OVSED model
(solid line) and the experimental measurements are black open circles for P(NDI2OD-T2) bottom gate top contact OTFT
devices with 25 nm of Mn interlayer Au/Mn (25 nm). A), B) and C) represent 3 different devices with identical architecture.

The fitting is tabulated in Table 3.4.

Device 1 (Figure 3.7a) Device 2 (Figure 3.7b) Device 3 (Figure 3.7¢)
Models OVSED SH OVSED SH OVSED SH
Vi (V) 17.9 13.2 19.0 12.0 15.6 15.1
Rc (kQ)© 0.75 to 149.5 100.9 0.1t0 89.4 68.5 9.69 to 129 97.4
e (cm2/VS)a) 5.00 x1072 3.96 x102 | 7.03 x10? | 3.41 x107? 5.89 x1072 4.02 x107
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Table 3.4) Electrical Characterization of three Au/Mn(25 nm) a) P(NDI2OD-T2) bottom gate top contact OTFT devices with
25 nm of Mn interlayer Au/Mn (25 nm)using 2 different models. a) N2200 based bottom gate top contact OTFT with thermally
evaporated electrodes with interlayers: where Au/Mn(Ynm), where Au = are the gold contacts, Mn is manganese interlayer
and Y is the thickness of that interlayer. b) Threshold voltage, Vrobtained from saturation region of the transfer curve (SH
model) and the extracted values (OVSED model). c) Contact resistance extracted from the linear transfer curves using the Y-
function method* (SH model) and extracted values (OVSED model). d) Electron mobility, u. extracted using the extracted
value of A (Table 3.81) and the reported carrier velocity Vsa=1940 m/s* (OVSED model) and the saturation region of the
transfer curve (SH model).

The improved OVSED model was then applied to three different OTFTs fabricated with
Au/Mn(25 nm) electrodes and plotted along side the SH model with Rc (Equations 3.9 & 3.10)
and effective Vgss (Figure 3.7). The full modeling parameters and the modeled transfer curves are
displayed in Figure 3.S4 and Table 3.S2. This direct comparison between the models
demonstrates that the OVSED model better predicts the behavior of the OTFTs and thus provides
a better extraction of the device parameters. When comparing the parameters (Figure 3.7 and
Table 3.4), the SH always evaluated the V7 smaller than what the OVSED model predicted.
However, in all the devices, the SH’s R¢ fell within the bounds of the OVSED’s Rc¢ and the
calculated u. values have the same magnitude as the ones calculated via the SH model. This
demonstrates that the SH model can be accurate for ideal devices. Additionally, V7 and Ry are
smaller for Au/Mn(10 nm) than for Au/Mn(25 nm) suggesting that, similarly to the conclusion
from the SH model, the Au/Mn(10 nm) offers the best behavior. The OVSED model suggest that
the variability of the Au/Mn(25 nm) devices stems from the Vs parameter, specifically by the

onset of velocity saturation. Overall, the improved OVSED model provides a better fit over the

device’s output and transfer curves compared to the classic SH model.

3.4. Conclusion

We demonstrated that the addition of a metal interlayer between the Au electrode and the
semiconductor, with a work function closer to the LUMO levels of the P(NDI20D-T2)

semiconductor, provided smaller Rc by up to two order of magnitude and with improved Vrs. A
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compromise between Rc and conductivity as the thickness of the Mn interlayer increases led to the
optimal thickness of 10 nm of Mn which provided the lowest V7 with predictable u.. We improved
the OVSED model** with the addition of a variable Rc to solve the drain-source-voltage dependent,
non-ohmic contact resistance, and enabled the fitting of the s-curves found in devices with high
Rc; and the use of effective voltages enable the experimental inconsistencies between output
curves and transfer curves. The improved OVSED model was found to outperform the Shichman-
Hodges model, commonly used for MOSFETs, by providing better fit to experimental data and
thus extract more accurate parameters from the experimental OTFTs. Overall, the devices with Mn
provided the most ideal behaviors and the best overall performance. Since n-type OTFTs are often
plagued by high Rc, this study demonstrates and effective experimental route to improve device
performance, with the use of Mn interlayers, while providing an accurate model for extraction of
the contact resistance and the / parameter, both of which are viable benchmark quality parameters
to test ideal device performance. Finally, models such as our improved OVSED model are critical
for the proper characterization of OTFTs needed for their integration into complex circuitry and

next generation flexible electronics.

3.5. Experimental

3.5.1. Device Fabrication

Diced Si/S10; wafer chips with 220 nm oxide thickness were sonicated sequentially in water,
acetone, and methanol for cleaning. These substrates were then plasma-treated for 15 minutes,
rinsed with water and isopropanol, and dried. The treated substrates were then submerged in a

solution of 1% (v/v) octyltrichlorosilane (OTS) in toluene for 1 hour at 70 °C. Following the OTS
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treatment, the substrates were rinsed with toluene and isopropanol, then dried at 70 °C under

vacuum for 1 hour.

A solution of 10 mg/mL P(NDI20OD-T2) (1-Materail Inc., Mw = 160,000 g/mol and dispersity
~ 3.0, determined using poly(styrene) standards, Lot #YY15042CH) in 1,2-dichlorobenzene was
prepared, stirring at 500 rpm at 50 °C for 20 minutes. The solution was spin-cast onto the OTS-
treated substrates at 4000 rpm for 90 seconds. The films were then dried under vacuum for 1 hour

at 150 °C.

Finally, electrodes were deposited using shadow masks during physical vapour deposition of
the required metals. The interlayer metal (Cr or Mn) was deposited first, at a rate of 0.5 A/s until
desired thickness. The Au electrodes were deposited immediately after deposition of the interlayer
without moving the substrates or shadow masks, at a rate of 1 A /s until reaching 50 nm. The
shadow masks were designed to provide an OTFT channel length of 30 um and a width of 1000

pm.
3.5.2. OTFT Characterization

The characterization of the OTFTs was done by analyzing the transistor’s IV curves,
more specifically the transfer and the output curves. The output curves were measured by
sweeping the drain-source voltage (Vps) at constant gate-source voltages (Ves) and the
transfer curves are measured by sweeping Ves at constant Vps. Each chip, containing 20
individual OTFT, were placed in a testing apparatus developed by Ossila. The devices were
tested in an atmosphere of nitrogen gas (glovebox) at ambient temperature and measured
using a LabVIEW program interfacing with voltage regulators (Keithley 2614B) used to

measure output current and control voltage. The saturation and linear transfer curves were
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obtained by setting the Vps to S0V and 3V respectively while sweeping Vgs from 0-60V.
Output curves were generated by varying the source-drain voltage (Vps) from 0 to 50 V,
while the gate-source voltage (Vgs) was varied from 0 to 60V in steps of 15V. The following
equations from the Shichman-Hodges (SH) model'! were used to calculate the mobility and

threshold voltage from the transfer curves in the saturation region:

LAY 2
Inseae = 57— Ves = Vr) (3.2)

_ WpsWG; Vps\?
DSiin — T Ves —

(3.3)
Where Isp is the source-drain current,  is the channel width, L is the channel length,

Vr is the threshold voltage, u is the mobility, and C; is the capacitance density of SiO2 in

F/m?. Using Ci= ka - Eo/t, where kq is dielectric constant, E, is the permittivity in vacuum

in F/m, and t; is thickness in m we obtain C; = 1.57 x 10 F/m?. Equation (3.3) can be

rearranged to the following form, where the mobility is linearly related to the slope of the

Viso vs. Vs squared.

u

2_L<0_JE)2_ 34

“we,\ Vs

And V7 1s the x-intercept of the linear fit used to calculate the mobility. Although there
are other methods to calculate mobility*!, we opted to calculate the apparent saturation
mobility. To allow stabilization of these parameters, multiple transfer curves were done and
all, but the first curve were used. The contact resistance was obtained via the Y-function

method* and the linear transfer curves:

_ oS <ay )_11/ 3.5)
€7 Vg \aVg) DS '
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1
S=— (3.7)
VIm
= — 3.8
where g5, is the transconductance. Applying this to the SH model gives us the SH model
with contact resistance which was used to compare with the OVESD model:
—2RcVp +4x™ Y + 2V4sRe — 4 x Y(RcVss + x~1 — ViRe)
IDSSat = R2 (39)
c
V
Vs (Ves — Vi — 255)
(3.10)

EsLin I |/
DS
RC (_)(+ VG.S‘ — D5 VT)

with ¥ = (WuC;)/L.

3.5.3. OVSED model

The OVSED model was developed by Blawid and Lima** and can be summarized by the following
equations where Jp, Ip, W, vsa, Ofee and Fyu are the drain current density, the drain current, the
channel width, the high-field bulk saturation velocity, the total charge of the free charges and a

function.

Jp=1p/W = 17sathreerat (3.11)
Qtot)l
= . 3.12
eree qoy <qO_T ( )
Qtor = Cinemp In|1+exp (3.13)
NViemp

The capacitance of the insulator, Ci= kad - Eo/t, where kq is dielectric constant, E, is the permittivity

in vacuum, and t; is thickness. The density of valence charge carriers and traps are denoted by oy
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and or . The thermal voltage Vienp can be expressed in terms of the temperature 7, the Boltzmann
constant kg and the elementary charge q, Vtemp = ksT/q. Equation (3.14) is a variable threshold
voltage dependent on the source drain voltage (¥ps) multiplied by a model parameter o. Therefore,
V7 1s the threshold voltage when no voltage is applied across the source and drain. The / variable
is a unitless value describing the exponential tail of the density of trap states in equation (3.12).
The n is a gate coupling factor or non-ideality factor which determines the effectiveness of the gate
bias to control the semiconductor charge. The high-field bulk saturation velocity vsat = PV temp/Ar
is dependent on the drift mobility p and the mean free path A. This along with the density of
valence charge carriers and traps is included in the current density /7 = qov(CinVtemp/qor)! to
simplify the model. The last value in eq (11) is a function that describes the draining of

accumulated charge carriers:

1—e _VDS/Vtemp

Sat = 112t + e Vos/Veem (3.15)
21 o
L= m[(l —mn)e ™1 — 1 + m] (3.16)
v
n=1- tanh( = ) (3.17)
m temp
Ver/V,
m = Vor/Viemp 3.18)
14 |2Ver
Vcrit
Ver = Qrot/Ci (3.19)

where ¢ is a unitless unit describing the critical length for diffusion, Ve 1s the critical voltage for
velocity saturation vgsq; and A = Lg /As with L being the gate length. With this the model can be
described using only 7 intrinsic model parameters, Jr, J, [, n, Veerir, V7 and 4 since Vps, Ves, T and
W were controlled. The parasitic values such as the leakage current /pzear was added to the final

current value. And the source and drain electrode resistances (Rsand Rp) were accounted for by

48



subtracting Ip(Rs + Rp) from Vps. Additions and changes to the model were the following. To
compensate for the s-shape originating from devices with a high contact resistance, a voltage
dependence resistance replaced the contact resistances (Equation 3.1). The values Ro and Ryux
describe the minimum and maximum resistance values while the hyperbolic tangent function
allows the swift change from the maximum to the minimum. The parameter V) is the source-drain
voltage when the switch happens and V. describes the smoothing of the transition in volts, a
bigger Vun describes a slow transition and a smaller Vs, describes a quick transition. The drain
resistance (Rp) is set constant to the minimum value since, even though the device is symmetric,
the electric field’s distribution is not. This adds an additional 4 parameters but replaces Rp and Rs.
Now the model can be described using 11 model parameters, Jr, J, I, n, Vecrit, Viun, Ro, Rmax Vrand
A. The final model modification is the use of effective gate source voltages. Since the current values
of the output curves did not perfectly correspond to the current values of the transfer curves for
the same Vps and Vs values, the Vs values in the output curves were replaced by the Vs at the

same current level from the transfer curve of the same device.
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3.8. Supplementary Information

Note that we used in the SH model the apparent values of the mobility obtained from Eq. (4) and did not
try to de-embed the contact resistance. However, the SH model only depends weakly on Rc for the
technology considered here as shown in Figure 3.S1. Thus, the use of the apparent instead of the de-

embedded values will not change the conclusion that the SH model only poorly describes the measured.
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Figure 3.51) A graphical representation of the difference between the SH model with contact resistance (straight line) and
without contact resistance (dotted lines), using the parameters of the Au/Mn(25nm) devices from Figure 3.54.
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Figure 3.52) Properties for the saturation region of the devices with no interlayers, 4 nm of chromium and 4 nm of manganese. The graphs

display a) the mobility, b) the threshold voltages, c) the contact resistance in a box plot with the red line indicating the median and empty circles
indicating outliers.

Contact? ue® v RO
(cm?/Vs) V) (k)

Au (4.6+0.8)x 1073 19 4+1 (1.340.3)x 10*

Au/Cr(4nm) (1.240.2)x 1072 8.14+0.2 (7+1)x 103

Au/Mn(4nm) (1.240.1)x 1072 10.7 £ 0.6 (942)x 102

Table 3.S1) Electrical Characterization of N2200 based OTFTs with varying interlayer composition. a) N2200 based bottom gate
top contact OTFT with thermally evaporated electrodes with interlayers: where Au/X(Ynm), where Au = are the gold contacts, X
is the type of interlayer and Y is the thickness of that interlayer. b) Electron mobility, pe and threshold voltage, VT obtained from
saturation region of the transfer curve. ¢) Contact resistance extracted from the Y-function method>® and the linear transfer curves.
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] 20 40 60 V|)_L; / \% 0 o0 ’(:H / \%
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Figure 3.83) A 3D characteristic plot of the drain source current at different drain source voltages and different gate source
voltages for a bottom gate top contact device with a P(NDI2OD-T2) semiconductor and Au electrodes and 25nm of Mn as an
interlayer between the Au and the P(NDI2OD-T2). The output curve a) and transfer curve b) view which form the 3D plot c).
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Figure 3.84) The improved OVSED model fittings after the modification with the modeled output curves in red, modeled forward
transfer curves in blue, the measurements in black and the effective gate-source voltage indicated in brackets for three different
N2200-based OTFT devices with Au/Mn(25nm) electrodes. Fitting is tabulated in Table 3.52.

Device 1 Device 2 Device 3
(Figure 3.8a) | (Figure 3.8b) (Figure 3.8¢)
Vr (V) 17.9 19.0 15.6
5 1.02x107% | 1.30x10°8 1.00 x10~8
n 55.5 56.1 53.3
1 1.00 1.01 1.00
A 4.54 x10° 3.23 x10° 3.87 x10°
Voerie(V) | 234 2.23 204
Jr (mA/ecm) | 915 12.2 431
Viun (V) 16.7 1.97 60
Vo (V) 15.3 12.2 59.9
R, (kQ) 0.750 0.1 9.69
Rmax (kQ) | 149.5 89.4 129
Ipsieax (NA) | 0.774 55.7 0.0339

Table 3.82) Extracted improved OVSED model parameters for three characteristic N2200 based OTFTs with
Au/Mn(25nm) electrodes. a) Vr is the threshold voltage, ¢ is a unitless parameter that modifies the variable threshold,
n is a unitless gate coupling factor, I is a unitless value describing the exponential tail of the density of trap states,

Alis the ratio between the channel length and mean free path, Vy it is the critical voltage, Jr is the current density, Vo
is the turning point for the contact resistance, Vun is the smoothing factor for the contact resistance, Ro is the minimum
contact resistance, Rmax is the maximum contact resistance and Ipsieak is the drain source current leakage. b) Fitted
parameters of OVSED model for N2200 based bottom gate top contact OTFT with thermally evaporated electrodes
with interlayers: where Au/Mn(25nm), where Au = are the gold contacts, the interlayer is Mn; and 25nm is the
thickness of that interlayer. Data extracted from Figure 3.54.
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The OVSED model was also applied to three different OTFTs fabricated with Au/Mn(25nm)
electrodes (Figure 3.S4) to characterize the consistency of the parameters and to further apply the
model against top performing devices. Unlike the earlier devices, the bipolarity was less common
in these devices and only appeared in sample Figure 3.S4c¢). The [ parameter is very close to 1
with a maximum at 1.01 and a minimum at 1 (Table 3.S4), indicating that these devices expressed
a linear increase in free charge carrier density (Equation 3.12). According to the modified OVSED
model, the drain current density of all the devices were very similar, with the last device (c)
experiencing a slightly lower value. This can be clearly observed in Figure 3.S4. All the devices
experienced similar resistance minimums from 7.5 kQ to 10 kQ. and maximums from 68 kQ to
100 kQ. The Vyerir parameter contains a large variability for the Au/Mn(25nm), this may indicate
a device dependent internal electric field which hinders performance reproducibility. As
previously stated A is the ratio between the channel length and the mean free path, thus a large A,
as reported in Table 3.3 and Table 3.S2, indicates that devices operate in the diffusive and not the
ballistic limit. It is important to note that the devices with Au/Cr and Au/Mn contacts can also be
modeled with good accuracy by the OVSED model with a bias independent series resistance when

using effective voltages.

3.9. Continued Work and Additional Literature Contributions

After the publication of the paper in Applied Physics Reviews, our collaborator in Brazil,
Stefan Blawid, who derived the first implementation of the OVSED model in his paper “Modeling
organic thin-film transistors based on the virtual source concept: A case study” by Lima A. and
Blawid S. in 2019, thought that the work on the model deserved to be in its own paper. Therefore,
instead of putting an additional chapter in the paper submitted in Applied Physics, a new

manuscript was written by Stefan which illuminated the progress made on the model. The
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manuscript discussed a roadmap for device characterization, leading from the OVSED model to
the SH model. The manuscript’s OVSED model did not include the bias dependent contact
resistance, but instead incorporated the Y-function method to extract the contact resistance. The
paper included my N2200 device fittings and discussed our conclusions about the model. It was
published in March of 2022 in IEEE Journal on Flexible Electronics under the title “Self-
Consistent Extraction of Mobility and Series Resistance: A Hierarchy of Models for

Benchmarking Organic Thin-Film Transistors”.
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Chapter 4: Conjugated Wrapping Polymer Influences
Photoexcitation of Single-Walled Carbon Nanotube-based Thin
Film Transistors

Context

The previous work showed promising results with the improved OVSED model. The model fitted
the data quite well, and therefore I felt it would be well suited to help solve a different issue with
single walled carbon nanotube (SWNT) based TFTs. In our group, the separation of
semiconducting and metallic carbon nanotubes for our TFTs is done using selective polymer
dispersion. I found that very little work has been done on the effect of the dispersion polymer when
using the SWNT for photodetection in TFTs. I decided to isolate the SWNT and polymer effects
by illuminating them at their individual absorption peaks. Our collaborators (Dr. Fong and Prof.
Adronov) synthesized novel copolymers, which have previously been reported as viable dispersion
polymers for SWNT in TFT. Using two of these polymers along with PFO-BPy, I could investigate
if the effects I observed were polymer dependent. I could subsequently use the OVSED model to
pin-point which parameter is affected by the exposure. This manuscript was published in Materials
Chemistry C in 2023. The following chapter contains minor changes compared to the published

version.

Contributions

For this work, I prepared the semiconducting SWNT dispersions using the three different
polymers. I performed UV-Vis-NIR spectroscopy of the dispersions. I fabricated all of the devices
and carried out all of the device characterization and analysis. I assembled the optical setup and

wrote the manuscript with input from the co-authors.
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4.1. Abstract
The fabrication of high-purity semiconducting single-walled carbon nanotubes (sc-SWNTs)

often utilizes conjugated polymers to isolate the semiconducting from the metallic species. These
polymers preferentially sort and disperse certain sc-SWNT chiralities and often remain wrapped
around sc-SWNTs during device integration. In this study, we expose three different SWNT
based thin film transistors (TFT), each with a different dispersion polymer Poly(carbazole-co-
fluorene) (PCF), poly(fluorene-co-dimethoxybenzene) (PFMB), or poly(fluorene-co-bipyridine)
(PFO-BPy), to three different laser wavelengths. The wavelengths were selected to overlap both
the optical transitions of the polymer-wrapped sc-SWNTs and the polymer absorption maxima.
We report fundamental TFT metrics to monitor changes after light exposure, such as the current
profile, the threshold voltage, and the mobility. We show that two phases emerge. An initial
soak, where the devices change after an initial exposure which permanently increases the
mobility. The second phase, the photo cycling, produces repeatable device performance between
exposures “On Cycling” and post exposures “Off Cycling”, such as consistent threshold voltage
shifts with an overall average shift of 3.6+0.6 V, highly dependant on the wavelength and
polymer, thus providing greater motivation for tunable SWNT-based TFT photodetectors.
Although the general behavior is shared among most TFT types and wavelengths, discrepancies
in intensity emerge, especially when exciting the polymer. Hence, we show the importance of
polymer choice when considering desirable parameters, in addition to their selected SWNT

chirality.

Keywords
High-purity semiconducting single-walled carbon nanotubes (sc-SWNTs); Thin film transistors
(TFT); Photodetector; Conjugated polymer wrapping; Photoexcitation.
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4.2. Introduction
High-performing flexible semiconductors are essential for developing wearable sensors.

Single-walled carbon nanotubes (SWNTSs) combine desirable optical and electronic properties
with outstanding mechanical strength,! making them uniquely suited for flexible photosensors
integrated with textiles.” Recent photonic applications of SWNTs include single-photon
emitters,>* SWNT electroluminescence,’ room temperature lasing®, infrared detectors’, and even
diodes®. Many SWNT photonic applications require semiconductor purity. SWNT synthesis
produces a mixture of chiralities and diameters; this results in a mixture of metallic and
semiconducting SWNTs, with about one-third being metallic.” For semiconducting applications,
it is essential that semiconducting SWNTs (sc-SWNTs) are extracted from the mixture and
separated from metallic SWNTs (m-SWNTs). Selective dispersion using conjugated polymers is
fast, inexpensive, scalable, and facilitates reliable isolation of sc-SWNTs.!%1* Several conjugated
homo- and co-polymers with different functional groups have been reported to sort and disperse
sc-SWNTs with purities over 99 %,'4!7 and even purities as high as 99.99 %.'* To date, SWNTs
have been incorporated into electronic and sensing applications including thin-film transistors

27.28 and other applications.?’

(TFT),!>1323 pressure detectors,>** pH sensors,?® chemical sensors,
SWNT-based TFTs with photosensitive semiconductor materials can be used as phototransistors,
key components of optoelectronic circuits,*® enabling the detection of light, and bolometric effect
based photodetectors.>*!

Reported examples of SWNT TFT-based photodetectors include light polarity detectors,
near-infra-red detectors,*® and flexible photodetectors.? However, the photogating effect of the
conjugated polymer conjugated wrapping polymer on transistor properties have yet to be

investigated and are sometimes assumed to have negligible impact on device performance due to

the non-covalent interaction between the polymer and sc-SWNTs. Although, SWNTs have been
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shown to work in conjunction with wrapping and non wrapping polymers such as poly(3-
hexylthiophene) (P3HT) to improve photocurrent through exciton splitting®*>". In addition, the
electronic nature of the polymer backbone can affect the efficacy of sc-SWNT extraction. Adronov
and coworkers showed that tuning the conjugated polymer backbone to be more electron-rich
biased selectivity towards electron-poor sc-SWNTs, and inversely for m-SWNTs.*®* The
wrapping polymer can also affect polymer-SWNT film morphology,*’ which can make it difficult
to determine whether the polymer effect is due to differences in film morphology (e.g., SWNT
bundling) or to an electronic interaction between the polymer and SWNT. Ferguson and co-
workers studied the effect of wrapping polymer on exciton transport in monochiral (6,5) and (7,5)
sc-SWNT networks.*! The authors demonstrated that removal of the wrapping polymer resulted in
increased SWNT bundling which had two effects: excitons could move between SWNTs in
neighbouring bundles, and the downhill energy transfer of excitons resulted in increased exciton
trapping within bundles. Zaumseil and co-workers showed direct evidence of photoinduced charge
transfer from (6,5) SWNTs to the wrapping polymer, PFO-BPy, via the S33 and Sz energetic
transitions.’” Additionally, Xiaohui and co-authors have investigated photoconductivity in
semiconducting carbon nanotubes and have concluded that their devices experienced an increased
photocurrent when illuminating at the second van Hove transition with most of the generated
current consisting of split excitons.*

In this study, we provide insight into the development and engineering of high-performing
SWNT TFT-based photodetectors. We used three different conjugated co-polymers with different
chromophores to prepare sc-SWNT dispersions for incorporation into TFTs. Fluorene and

3

carbazole moieties have been shown to have applications in light emission,* organic

photovoltaics,* and electrochromic devices.* Poly(carbazole-co-fluorene) (PCF), poly(fluorene-
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co-dimethoxybenzene) (PFMB), and poly(fluorene-co-bipyridine) (PFO-BPy) (Figure 4.1) have
been reported to produce ultra-pure sc-SWNTs and corresponding high-performing TFTs.!6:40:46
However, the unique structures of the conjugated polymers caused different optical absorption
which could affect device performance under irradiation. We evaluated essential transistor metrics
to investigate the effect of polymer structure on device performance, including charge carrier
mobility, threshold voltage, and current characteristics as a function of light exposure (intensity
and wavelength). To comprehensively assess the effect of each polymer and generate more

excitons we utilized laser sources with wavelengths matching the absorption transition of each

copolymer and the SWNTs (Figure 4.1 and 4.E1).

4.3. Results and Discussion
Given the quasi-one-dimensionality of the nanotubes, the optical absorption peaks of

SWNTs can be described using the Van Hove singularities. This gives rise to energy optical
transition peaks S11, S22 and S33 for semiconducting tubes and M1 for metallic tubes. The transition
energies for the optical peaks are dependent on the chirality of the nanotubes, thus the polymer
used during extraction will affect the positions of these peaks based on the polymer’s selected
chiralities.!! For our nanotube dispersions, the selected chiralities are of similar diameters since
the positions of the optical transition peaks are in proximity of each other. The dispersions show
multiple peaks for each unique chirality’s optical transition peak, indicating the range in the
polymer’s selected chiralities. Three excitation wavelengths were chosen near the absorption peaks
of all three dispersions, each with their own polymer (Figure 4.1 and 4.E1). The first wavelength,
405 nm, corresponds to the absorption peak of the polymers, while the other two, 532 nm and 980
nm, correspond to the S33 and S;» SWNT energetic transitions, respectively. The Si; transition is

also visible on the absorption plot, around 1600 nm, but was not chosen as an absorption
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wavelength. This is because the position and intensity of the S11 peaks are unstable due to its small
bandgap and closeness to the Fermi level which increases its susceptibility to doping effects. It is
important to note that the absorption profile was taken before the removal of excess polymers via
rinsing, although our lab has shown, using Raman spectroscopy, that rinsing the polymer-SWNT
film removes most of the unbound polymer, leaving only the polymer-wrapped SWNTs.** After
excess polymer removal via solvent rinsing, we expect lower, but still present, polymer absorption.
Thus the 405 nm laser would mainly excite the polymer on the nanotube, rather than excess
unbounded polymer remnants. This would allow us to better examine charge interactions and

transistor properties during polymer excitation.
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Figure 4.1): Absorption profiles of the sc-SWNTs for all three dispersions, each using a different polymer whose structure is displayed
over each corresponding absorption spectrum.

62



The SWNT TFT-based devices were fabricated using a bottom gate top contact

morphology. The base consists of a dielectric SiO> layer followed by a Si gating layer. Atop the

base, a single layered, randomly aligned sc-SWNT film lay within a 20 um channel, deposited via

machine drop casting, provides the semiconductor function of the TFT. Au electrodes with a Mn

interlayer were used, with the Mn providing better adhesion to the wafer. Contact to the electrodes

was facilitated via probe pins.

Two main phases were evaluated from the measurements. The first compares the device

performance before exposure to that after its first exposure: this section is referred to as the Soaking

phase and marks an irreversible change. The second phase, after the Soak, compares the

performance of repeated exposures with performance after all exposures. This is called the Photo

Cycling phase and marks reversible and reproducible behavior (Figure 4.2).

Soaking Photo Cycling
dkd e Skd ik
—I> > @
Pre_-éS_oak Sj;k Off_Cé_ycIe On_é_ycle
. J \ J

Figure 4.2): A procedural schematic of the Soaking and Photo Cycling processes along with a circuit diagram containing
the device gate (G), drain (D), source (S), and power connections to measure I-V curve characteristics.
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During both processes the off current (/orr), threshold voltage (Vr) and charge carrier
mobility (1) were analysed. To elucidate the impact of the different states, such as “Pre-Soak’ and
“Soak”, the difference between both were taken for each device, and then normalized using the
pre-exposure value for the current and the mobility. The V7 was not normalized to illustrate the

absolute shift rather than a percentage change, this was calculated as follows:

illuminated ~ VTNon—illuminated
For both phases “illuminated” represents the Soak or On Cycling and “Non-illuminated”
represents the Pre-Soak or the Off Cycling, depending on the phase being evaluated. For each

condition, nine to eighteen devices were tested, each in air as p-type transistors.

4.3.1. Soaking
The Soaking is the first phase, where we compare the pre-exposure devices to their performance

after the first exposure. During this phase we observe a large change in performance, especially in
the current profile and V7. The wrapping polymer not only influences the dispersed semiconducting
chiralities, but also the performance of the SWNT TFTs after light exposure. In all cases the Vr
shifts to more positive voltages during the soak (Figure 4.3c). This represents a decrease in
threshold voltage once the device is illuminated. This could be because the presence of additional
charge carriers, due to addition of photocurrent charges generated from split excitons, requires a
weaker field effect to surpass the activation energy. The photoexcitation is displacing charge
carriers from the valence bands to the conduction bands; thus, a weaker gate voltage is required to
activate the TFT and the mobility saturates at a lower gate voltage. This photogating effect is well

known and has previously been studied.**
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Figure 4.3): The difference in performance between Pre-Soak and Soak at 4 W/cm?’. (a) A procedural schematic of the
Soaking process. (b) Characteristic transfer curves of a PEMB-SWNT device illuminated at 405 nm, linear curve (solid line)
and the logarithmic (dashed line) with Vps= -3 V. (c) Box plot of the average AVr.

When the exposure excites the polymer at 405 nm, the AVr varies depending on the
dispersion polymer. For PCF, the shift was highly variable compared to the other two polymers.
For PCF and PFO-BPy, a decrease in V7 shift is observed when the wavelength is increased; this
could be a result of lowering the photon energy. However, for the PFMB the shift is comparatively
stable for each wavelength. The mobility tends to increase after exposure, with PFO-BPy at 532
nm nearly reaching an increase of 100 %. This is shown as an increase in the linear transfer curve’s
slope going from positive to negative. Once again, the PCF-SWNT devices had a highly variable
shift when illuminating the polymer’s absorption compared to illuminating at the nanotube’s
absorption (Figure 4.E2). The lorr decreases slightly after exposure for each condition and the
Ion increases, which results in a higher On/Off current ratio during illumination. Overall, once a
device is exposed, the V7 decreases, the i increases and the lorr decreases for most devices and
wavelengths. The magnitude of each shift varies depending on the wavelength and polymer used.
It is worth noting that SWNTs participate in an electrochemical redox reaction involving adsorbed

oxygen and moisture which is likely occurring alongside this process. At low and neutral pH levels,
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the O2/H>0 redox reaction extracts electrons from the SWNT valence band causing hole doping.
Although unintentional, this may explain the change in mobility, as p-doping has been found to
slightly change the I-V curve.**® Another possible explanation for the soaking effect could be a
laser annealing process discussed by Mucklich and co-workers.*” While these authors used a
significantly stronger laser, they report a decrease in channel resistance through removal of
defects; such changes would permanently increase mobility such as in our case. Thus a possible

semi-permanent annealing process maybe occurring.

4.3.2. Photo Cycling
In the second (Photo Cycling) phase, the devices have already been exposed and have

passed through the Soaking phase. We compare the performance during re-exposures and after
those exposures. After the Soaking phase, the devices behaved differently but consistently during

and after subsequent exposures.

The mobility scarcely changes when comparing re-exposures during the cycling phase. The
normalized differences in u remain near zero, although at the polymer’s absorption, 405 nm, u
seems to decrease slightly, hinting at differences between polymer absorption and nanotube
absorption. Since the i of sc-SWNTs depend on the density, number of junctions or contacts, and
channel resistance, the addition of photo-induced excitons should not change x.>° The Vr continues
to decrease when illuminated with an overall AVr average of 3.4+0.5 V, but does not return to its
pre-exposed level. The shift is larger when exposing the devices to 405 nm, the polymer’s peak,
compared to exposure at the nanotube’s absorption peaks. In all cases except for the PFO-BPy
devices at 980 nm, the /orr decreased during exposure. The /orr can also be defined as dark current
as it is the current that passes while reverse biased, thus it can be said that the light seems to

suppress the dark current in the TFTs. The dark current is large when there is a large trap density
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which allows charge carriers to pass even in reverse bias.’! This could indicate that there is a
creation of unbound excitons via wavelength-dependent light exposure, which fills the charge traps
through charge separation, which in turn suppress the dark current>>>*. It is important to mention
the repeatability between multiple re-illuminations with the laser ON and after illuminations with
the laser OFF. This reproducibility can be observed in Figure 4.4b where the inset shows the eight

lines present that almost completely superimpose each other.
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Figure 4.4): Difference in performance between Off Cycle and On Cycle at 4 W/em?. (a) A procedural schematic of the Photo
Cycling process. (b) Characteristic transfer curves of a PEMB-SWNT device illuminated at 405 nm, linear curve (solid line)
and logarithmic (dashed line) with Vps= -3 V. (c¢) Box plot of the average AVT.

Atomic force microscopy (AFM) of the devices was performed, and although each polymer
dispersion seems to extract similar nanotube diameters and was prepared identically, there are
differences in the AFM images (Figure 4.ES). The nanotube density was highest for PCF and
lowest for PFMB. Additionally, the AFM images give an insight into the leftover polymer or
unbounded polymer that was not fully washed away. These are the white dots among the
nanotubes. From this, we can tell that the PFO-BPy had the most leftover polymer, and the PCF
had the least. These differences between samples may help explain certain changes between

devices. For instance, the dark current is not only dependent on charge traps, but also on carbon
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nanotube densities, with higher densities having higher dark currents.’! Thus, this may explain

why the off current in PCF is higher than in other devices.

Because of their higher nanotube density and decreased unbounded polymer,
measurements of varying intensity and wavelengths were conducted on new PCF devices (Figure
4.E4). From these, regardless of the laser intensity, similar trends were extracted. Light exposure
decreases V' semi-permanently, increases mobility, and reduces the dark current. In addition, most
of the device variability arose from the polymer’s absorption, 405 nm, further displaying that the

polymer interacts differently than the rest of the nanotube.

The overall effect of illumination is a rise in mobility, without significant change after the
Soaking, a decrease in the threshold voltage and a lowered off current. The intensity of each greatly
depends on the wavelength and the type of polymer. The changes in the ON current and the
ON/OFF current ratio were recorded, but these were not significant as the results often remained
near zero. These results show a potential for semiconducting SWNTs to be used as photodetectors,
and the use of conjugated polymer dispersions and their chiral selection as a way to tune the desired
response intensity. For instance, if the threshold voltage is the detection mechanism around 405
nm, then PCF might be a preferred polymer due to its larger shift. Alternatively, the chiralities

dispersed using the PFO-BPy would be preferred for 532 nm detection via threshold voltage.
4.3.3. OVSED Modeling

In the previous section, the characterizations were determined using the Shichman-Hodges
model® as it is classically used and sometimes called the Metal Oxide Semiconducting Field Effect
Transistor (MOSFET) model. However, recent works have discussed its potential pitfalls and the

benefits of using the MOSFET model in collaboration with more advanced models. *-*° Thus, for
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better completeness, 4-6 devices for each wavelength and polymer type were analysed using the
Organic Virtual Source Emission Diffusion model (OVSED) .°*2 The model provides the

extraction of more parameters and better curve fitting.

Table 4.1 shows the average differences for each parameter from the model during both
phases, averaged over all wavelengths and dispersion types. All parameters except for the V7 are
normalized using their pre-soaked values. From this model, there are 2 parameters of interest, V'r
and 4, both will help validate the previously observed trends, since V7 has a similar definition as

the voltage-independent threshold voltage and 4 is directly related to u. and the mean free path A

A=Lg/A (4.2)
f

== Ar (4.3)
ZVtemp

Where Lg is the gate length, vris the carrier velocity and Viemy is the thermal voltage. Table 4.E2

and E3 show these two parameters for each wavelength and each polymer.

Model Soaking Photo Cycling
Parameter

Differences

Vr(V) 7.9£0.9 3.6:0.6

A -0.13+0.06 0.07+0.03

Table 4.1) Average difference in extracted OVSED model parameters for all three
SWNT based TFTs. Vr is the threshold voltage, ) is the ratio between the channel
length and mean free path. The ). parameter is normalized using the pre-soaked value.
Data extracted from 4-6 devices for each wavelength and polymer, totalling 46
devices, all were illuminated using an intensity of 4W/cm?.

From these results we can conclude that the model is in good agreement with the results using the
SH model. The threshold voltage drastically increases during the initial exposure, the Soaking, and
again during repeated exposures, the Photo Cycling, but to less of an extent. The A decreases by

13 % during the soaking, this is equivalent to an increase in mobility of 13 % with other parameters
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staying constant. Since the gate length stays constant, this indicates that the mean free path
increases after being exposed. During the Photo Cycling, A doesn’t change as much, similarly to
the mobility calculated via the SH model. It has been reported that annealing multiwalled carbon
nanotubes, decreases the number of defects and improves crystallinity, thus increasing the mean
free path.5>% This further drives the concept that the laser is potentially simulating a semi-

permanent annealing.
4.4. Conclusion

In conclusion, we measured critical transistor metrics for several polymer-dispersed SWNT
TFTs pre- and post-exposure to repeated selective wavelengths and have demonstrated that choice
of wrapping polymer and SWNT chirality both matter. After an initial exposure, the Soaking, the
devices reported higher mobilities, lower V7, and lower off-current or reversed bias/dark currents.
The exposure to light in combination with a gate voltage releases unbound excitons, which in turn
may reduce the activation energy required to activate the device, thus V7 decreases after exposure.
This was observed whenever the devices were exposed. In addition, the decreased dark currents
could be attributed to excitons, which can fill charge traps in the channel through charge
separation.’! >4 The drastic shift in mobility during the soaking process could be attributed to minor
laser annealing which has been reported to reduce the channel resistance.*’ After the Soaking, the
devices continued to behave similarly when the laser was On (On Cycling) with reduced V7 and
dark current. The mobilities did not significantly change during the post-exposure periods.
Although most devices performed similarly, the three different types of polymer-sc-SWNTs were
influenced to different degrees of intensity due to slight differences in dispersed SWNT chirality,
depending on the laser’s wavelength. This was observed when the laser’s wavelength was closer

to the polymer’s excitation, implying that choice of wrapping polymer, in addition to SWNT
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chirality, matters when considering TFT performance. Further research should compare results
from SWNT-based TFTs with a different separation technique and control for possible air dopants.
A note should also be made in terms of the reproducibility of the behavior after the soak. Each
repeated exposure measurement followed the same exposure /-V curve and post-exposure
continued to show the same post-exposure curve. This gives great motivation for SWNT based

TFT photodetectors for integration in textiles or flexible electronics.

4.5. Materials and Methods

4.5.1. Wafer Preparation

Pre-diced Si/SiO» wafers with 300 nm oxide (purchased from Ossila) were sonicated for five
minutes each in a solution of Alconex detergent and water, deionized water, acetone, and methanol
using a 2.8 L VWR Ultrasonic Cleaner Bath Sonicator. The substrates were subsequently dried
using N2 gas and treated in air plasma for fifteen minutes. Next, the wafers were rinsed with
deionized water and isopropanol and dried with N>. The wafers were immersed in a solution of
1% (v/v) octyltrichlorosilane (OTS) in anhydrous toluene, both purchased from Sigma-Aldrich,

and heated at 70°C for 12 hrs before rinsing with toluene and drying under vacuum for an hour.

4.5.2. Single-Walled Carbon Nanotube Dispersion Preparation

Raw plasma-torch synthesized single-walled carbon nanotubes (SWNTSs) were purchased from
Raymor Nanointegris (Batch: RNB738-120, diameter: 0.9 — 1.5 nm, length: 0.3 — 4 um). PCF and
PFMB were synthesized using previously reported procedures.®® Poly[(9,9-dioctylfluorenyl-2,7-

diyl)-alt-co-(6,6'-{2,2'-bipyridine} )] (PFO-BPy) was purchased from American Dye Source. The
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polymers’ molecular weights and dispersities are 65 kg/mol and 2.7 for PCF, 89 kg/mol and 1.9

for PFMB, and 43 kg/mol and 1.9 for PFO-BPy.

Raw SWNTs and polymer were combined in a vial with 20 mL of toluene at a specific polymer:
SWNT weight ratio (0.8: 1 for PCF, 1.2: 1 for PFMB, and 0.8: 1 for PFO-BPy).'? The samples
were sonicated for 90 minutes (chilled with ice) and centrifuged for 15 minutes at 15,000 g and
10°C (Thermo Scientific Sorvall ST 16R centrifuge, equipped with a Fiberlite F15 Fixed Angle
rotor). The supernatant was removed, which consisted of polymer-wrapped sc-SWNTs and excess
unbound wrapping polymer was dissolved in toluene. A silica gel treatment was incorporated as a
further purification step.®® 20-25 mg of silica gel was added to each sc-SWNT dispersion. The
dispersions were sonicated for 45 minutes (chilled), left on the lab bench for three hours in ambient
conditions, and centrifuged (15,000 g, 15 minutes, 10°C). Raman spectroscopy was used to
confirm sc-SWNT purity (Renishaw InVia Laser Raman Spectrometer) with 514, 633, and 785
nm laser excitation wavelengths.!>® Samples for Raman spectroscopy were prepared by drop-
casting sc-SWNT dispersion onto a cleaned SiO; wafer until a dense mat of SWNTs was observed.
Raw SWNT samples were prepared by sonicating in chloroform and drop-casting onto SiO>

wafers.

Prior to TFT fabrication, the SWNT concentration was adjusted by adding toluene and
measuring the UV-vis-NIR absorption spectra (Cary 5000 spectrometer in dual-beam mode, 10
mm quartz cuvette) until the Sz peak intensity at ~937 nm reached 2.0 a.u. The dispersion was
sonicated for 10 minutes. SWNT dispersion was drop-casted onto OTS-treated wafers in 0.5 uL
drops using a Musashi SHOT Mini 200Sx equipped with a Nano Master SMP-III dispenser (one
drop per TFT, 20 TFTs per wafer). After drop-casting, each wafer was blown dry with a steady
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stream of N> and rinsed with toluene four times in 1 mL increments at a ~45° angle, blowing dry
with N> between each rinse. Previous work from our group showed that a toluene rinse was
sufficient to remove most of the excess, unbound wrapping polymer from the sc-SWNT film.”
The sc-SWNT films were annealed in air at 200°C for one hour. Source-drain contacts were
deposited on top of the sc-SWNT films via physical vapour deposition (Angstrom Engineering
EvoVac Thermal Evaporator) with shadow masks (L = 30 um, W = 1000 um, purchased from
Ossila). 10 nm of Mn was deposited to improve adhesion followed by 50 nm of Au (99.99 %,
Angstrom Engineering, Inc.)'’ at a rate of 1 A/s for both metals. All solvents were purchased from

commercial suppliers and used as received, unless otherwise specified.

4.5.3. Sample Characterization and Exposure
Atomic Force Microscopy scans of each device type were taken using a ScanAsyst Air tip

in Bruker ScanAsyst mode using a Dimension Icon Atomic Force Microscope at a rate of 1 Hz
with a resolution of 512 scans per line. The scan area is 5 x 5 pm with a maximum height of 7.5

nm (Figure 4.E6).

The optical setup is composed of three continuous-wave lasers: the first laser (4 =405 nm)
has a maximum power of 200 mW and a beam diameter of 2.5 mm; the second (4 = 532 nm) is
400 mW and 0.7 mm; and the third (4 = 980 nm) is 2 W and 5 mm x 8 mm. A beam expander
consisting of a Galilean telescope, a variable neutral density (ND) filter, and a photodiode were
used to maintain a consistent beam size and intensity. The laser intensity on the sample was 0.04-

4 W/cm? with 0.04 and 0.4 W/cm? only being displayed in the SI.

Current-voltage (/-V) output and transfer characteristics were measured for each device using a
Keithley 2614B Sourcemeter with a custom LabVIEW program. Four transfer curves were

collected for each device. Output curves were measured by sweeping the drain-source voltage
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(Vps) from 10 V to -30 V at a constant gate-source (Vgs) voltage, and repeating the Vps sweep for
an incremental increase in Vgs (Vgs range: 10 V to -30 V in 10 V increments). Transfer curves
were measured in the linear regime by sweeping the Vs from 60 V to -60 V (Vps=-3 V). Baseline
p-type characteristics for each device were measured in air at room temperature, without laser
exposure. After the baselines were measured, the first TFT was exposed to a laser at a chosen
wavelength and intensity, then measured during exposure with the same /-V parameters as the
baseline. After the /-V curves were measured under the exposed conditions, the beam was blocked,
and the device’s I-V profile was measured again. Each exposure lasted only as long as the
measurement time, approximately 1 minute. The process was repeated until three exposure profiles
and two post-exposure profiles were recorded. To calculate the mobility and the threshold voltage,

the well-established Shichman-Hodges>® model (SH) model was used.

I =% Veg — Vip)? 4.4
DSsat (Vgs T) (4.4)
2L
pWCiVps Vps
DSyin = Tl< s —Vr— T) (4.5)
Ci = kd . so/tt (46)

Ips 1s the source-drain current, L is the channel length, /7 is the channel width, V7 is the threshold
voltage, u is the charge carrier mobility, and C; is the capacitance density, ks is the dielectric
constant, &, 1s the vacuum permittivity, and # is the dielectric thickness. The mobility was extracted
from the slope of the transfer curve at high Vs (01ps/0 Vs, Equation 4.5) with corrected channel
lengths and widths measured via optical microscope. The threshold voltage was calculated from

the x-intercept of the extrapolated linear fit.
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The OVSED model was applied using least squares fit programmed in python code using the

equations as described in the manuscripts by Dallaire et al. and Blawid et al.®%¢!

405nm 532nm 980nm
laser laser laser

[ —

>

Flip mounted Mirrors Variable ND
[— filter

Sample

;e
\ \ Flip mounted photodiode

Beam expander
Motorized Travel
Translation Stage
with probes

Figure 4.5: a) Top-view schematic of the optical setup used in this work. The motorized travel translation state with probes is
attached to a Keithley and a computer to measure the performance and control the movement. b) An image of a single walled
carbon nanotube device being irradiated with the 532 nm laser.
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4.7. Supporting Information
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Figure 4.E1): Absorption Profile of each polymer. The polymer’s structure is displayed over each corresponding absorption
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Figure 4.E2): Difference in performance between Off Cycling and On Cycling at 4W/cm?. Characteristic output curves with
gate voltages (10, 0, -10, -20 and -30 V) (a). Characteristic transfer curves of a PFMB-SWNT device illuminated at 405 nm,
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linear curve (solid line) and logarithmic (dashed line) with Vps= -3 V. (b). A procedural schematic of the Soaking process (c).
Box plots of the average AV (d), average normalized Ax (e) and the average normalized OFF current (f).
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Figure 4.E3): Difference in performance between Pre-Soak and Soak at 4W/cm?. Characteristic output curves with gate
voltages (10, 0, -10, -20 and -30 V) (a). Characteristic transfer curves of a PFMB-SWNT device illuminated at 405 nm, linear
curve (solid line) and logarithmic (dashed line) with Vps=-3 V. (b). A procedural schematic of the Soaking process (c). Box

plots of the average AVr (d), average normalized Au (e) and the average normalized OFF current (f).
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Figure 4.E4): Difference in performance between Pre-Soak and during Soak (a) and the difference in performance between
Off and On exposure cycling at different intensities (b). (0) The procedural schematics of both processes. (1) The average
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difference between the threshold voltage (2). The normalized difference for the mobility and (3) the average OFF current. All
tests performed on SWNT OTFT using the PCF dispersion.

1.0 ym . 1.0 um

Figure 4.E5): Atomic force microscopy images of the SWNT devices, PCF (a), PFMB (b) and PFO-BPy (c), on Si wafers.
The scans were performed using a ScanAsyst Air tip in Bruker ScanAsyst mode using a Dimension Icon Atomic Force
Microscope at a rate of 1 Hz with a resolution of 512 scans per line. The scan area is 5 X 5 pm with a maximum height of 7.5
nm.
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Figure 4.E6): Characteristic output and transfer curves of a PFO-BPy+SWNT device with exposure at 405 nm and 4W/cm?
(a) The output curves during the Soaking phase with gate voltages (10, 0, -10, -20 and -30 V) (b) . The transfer curves with
during the Soaking phase Vps=-3 V . (c) The output curves during the Cycling phase with gate voltages (10, 0, -10, -20 and -
30 V). (d) The transfer curves with during the Cycling phase Vps=-3 V .
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Figure 4.E7): Characteristic output and transfer curves of a PCF+SWNT device with exposure at 980 nm and 4W/cm? (a)

0
]
G
-1 =
= A
E 8
8 £
-3 = Pre-Soak
m— S0ak
-30 =20 -10 0
Vps (V)
0
1 4
- >
< o]
S
w0 o
Q9 2 Off Cycle 1
- On Cycle 1
-3 Off Cycle 2
= On Cycle 2
-30 —-20 -10 0
Vps (V)

m———
0.6 S=sy
S
Sa
AR
—_ AR
“éo.4— - A\
8 M ‘\\
= p ~ \
021§ “u_ X
1 \\ ~ 4
:\\ ']
0.0
—-20 0 20
Vs (V)
9 S —
0.61 -
\\
\
— \\ —_—
< 0.4/ A
£ \
- \
0.2 1N )
NU \‘
.\\\ \
0.0{ +—">"N
-20 0 20
Vs (V)

10°

The output curves during the Soaking phase with gate voltages (10, 0, -10, -20 and -30 V) (b) . The transfer curves with during
the Soaking phase Vps=-3 V . (c) The output curves during the Cycling phase with gate voltages (10, 0, -10, -20 and -30 V).

(d) The transfer curves with during the Cycling phase Vps=-3 V .

Model Soaking Photo Cycling
Parameter

Differences

Vr (V) 7.9+0.9 3.6+0.6

1) 543 x 107 E+07 3+2 x 107
n 0.05+0.06 -0.09+£0.07
| 0.02+0.04 0.01+0.02
A -0.134+0.06 0.07+0.03
V gerit 130+70 30+40

Jr 443 -2+1

Vtun 4:|:3 - 1:|:1

Vo 3000+3000 -300+200
Ro 60+40 -304+30
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| Rinax

| 0.06+0.09

| 0.05+0.05

Table 4.E1) Average Difference in extracted OVSED model parameters for all three
SWNT based TFTs. Vr is the threshold voltage, 6 a variable threshold constant, nis a
gate coupling factor, | is a constant dependent on the density of trap states, A is the
ratio between the channel length and mean free path, Vecricis the critical voltage for
carrier velocity saturation, Jr is the current density, Vo is the turning point for the
contact resistance, Vun is the smoothing factor for the contact resistance, Ry is the
minimum contact resistance, Rmax is the maximum contact resistance. All values except
Jfor Vrwere normalized using their respective pre-soaked values. Data extracted from
4-6 devices for each wavelength and polymer, totalling 46 devices, all were
illuminated using an intensity of 4W/cm?.

Model Soaking phase 405nm Soaking phase 532nm Soaking phase 980nm
parameter
differences
PCF PFMB | PFO-BPy PCF PFMB |[PFO-BPy| PCF | PFMB | PFO-BPy
Vi(V) 17+7 5+3 10+3 5+1 7+2 | 89409 | 59406 | 8+3 8+2
A 0.1402 [ -0.28+0.6 | -0.06£0.04 | -0.07+0.06 |-0.13+0.04| -0.6£0.2 | 0.3+0.1 | 0.2£0.1 | -0.05£0.04

Table 4.E2) Average difference in extracted OVSED model parameters for all three SWNT based TFTs during the Soaking phase.
Vris the threshold voltage, A is the ratio between the channel length and mean free path. The A parameter is normalized using the
pre-soaked value. Data extracted from 4-6 devices for each wavelength and polymer, totalling 46 devices, all were illuminated
using an intensity of 4W/cm?.

Model Photo Cycling phase Photo Cycling phase Photo Cycling phase
parameter 405nm 532nm 980nm
differences

PCF PFMB | PFO-BPy | PCF PFMB | PFO-BPy | PCF PFMB | PFO-BPy

Vi(V) 11+3 41 4+2 241 34406 | 1.0£02 | 3.5£0.9 | 2.6+0.7 | 2.6+0.8

A -0.17+0.09 [-0.03+0.02 | 0.03+0.02 | 0.02:0.06 | 0.00£0.03 [-0.01£0.02| 0.3+0.2 [-0.03+0.06-0.01%0.05

Table 4.E3) Average difference in extracted OVSED model parameters for all three SWNT based TFTs during the Photo Cycling
phase. Vris the threshold voltage, A is the ratio between the channel length and mean free path. The A parameter is normalized
using the pre-soaked value. Data extracted from 4-6 devices for each wavelength and polymer, totalling 46 devices, all were
illuminated using an intensity of 4W/cm?.
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Figure 4.E8) Characteristic output and transfer curve for a PFMB+SWNT pre-Soak device with the OVSED model fitting.
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Chapter S: OVSED Modeling of SWNT TFTs

5.1. Context

From the previous three works, the OVSED model has shown promising outcomes by
providing better curve fittings compared to the SH model, along with extracting new parameters
giving further insight on the innerworkings of TFTs. This section provides a connection between
the two thesis chapters by applying the OVSED to SWNT TFT data, comparing it to N2200 based

TFTs and included improved user interface through more accessible Python code.

5.2. Introduction

In this work I applied the organic virtual source emission diffusion (OVSED) model to SWNTs
TFT with three different dispersion polymers and compared the result to the N2200 from the
previous study in chapter 3. Although the SWNT TFTs were tested as a p-type and the N2200
based OTFTs as an n-type, therefore, the charge carriers are holes in one and electrons in the other,
the parameters can still be compared by characterizing common factors such as current density,
the density of trapped states and the voltage dependent contact resistance. The Virtual Source
model, a sub-model incorporated in the OVSED model, has previously been used on SWNT based
TFTs with promising results.'> Modeling the SWNT based TFT using the OVSED model enables
benchmarking these materials to other organic semiconductors who cannot be modeled simply

using the Virtual Source sub-model, while still containing the Virtual Source limit embedded in
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the OVSED model. Four different samples were compared using the OVSED model: three SWNT

TFTs using different types of polymer wrappings, PCF, PFMB and PFO-BPy, were compared to

a N2200 based TFT.

5.3. Results and Discussion

Figure 5.1 shows a characteristic plot of the SWNT device fittings and he summary of the

results from this study is displayed in Table 5.1 with the average value for each parameter along

with their standard error. Although, the SWNT devices were tested as p-type, the V7 is heavily

shifted in the positive regime. From the o values, we can see that SWNT’s variable V7 has higher

dependence on the source drain voltage than the N2200.

Model PCF+SWNT | PFMB+SWNT | PFO-BPy+SWNT N2200
Parameters
Vr(V) 18.6+0.8 19+1 17+1 17.5+0.8
) 0.021+0.009 0.0160.006 0.002140.0009 1.11+0.08 x 10°®
n 138+9 100+10 68+2 55+0.7
1 2.4+0.1 2.1+0.1 2.3+0.2 1.003+0.003
A 10+1 x 10° 4043 x 10° 943 x 10° 3.9+0.3 x 10°
Vgerie(V) 2249 x 10° 5+8 x 10* 8+3 x 10° 80+50
Jr (A/cm) 0.37+0.09 0.23+0.06 0.07+0.03 0.009+0.002
Vi (V) -13+3 -15+£2 -8+2 30+10
Vo (V) -14+5 -39+3 -19+4 30+10
Ry (kQ) 1.1£0.3 2.840.6 2.0+0.5 443
Rinax (kQ) 1243 60+£10 30£10 120£10

. Table 5.1) Average extracted OVSED model parameters for all three SWNT based TFTs and a N2200
based OTFT, all with Au/Mn contacts. Vr is the threshold voltage, 6 a variable threshold constant, n is a gate
coupling factor, | density of trap states constant, A is the ratio between the gate length and mean free path,
Verie is the critical voltage for carrier velocity saturation, Jr is the current density, Vo is the turning point for the
contact resistance, Vun is the smoothing factor for the contact resistance, Ry is the minimum contact resistance,
Ruax is the maximum contact resistance. Data extracted from 15-16 devices for each polymer and 3 N2200,
totalling 49 devices.

The n and / elucidate the charge trap condition, with both having 1 indicating a negligible

density of charge traps. From this we surmise that the SWNT have more charge traps which could
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be a result of excess conjugated polymer, absorbed oxygen, absorbed moisture or other defects
leading to charge trapping, with the PCF wrapped SWNT containing the most traps. Unlike the
SWNT films, N2200 would make a solid polymer film which could be more resistant to moisture

and oxygen permeation. The 4 is directly related to mobility, u, and the mean free path Ar.

A= Lg/As (5.1)
\Y
p==—1—2 (5.2)
2Vtemp

Where Lg is the gate length (~20 pm), which stays constant, vr is the carrier velocity and Vienp 1s
the thermal voltage. Thus, the model suggests SWNT TFTs have a larger carrier mean free path
and greater u compared to the N2200 TFTs, which is consistent with reports on these two
semiconductors®S. The V; o is a lot larger for SWNT, suggesting it may tend towards infinity,
which indicates they are not plagued by a limited drift velocity in the channel’ compared to the
N2200. The current density, Jr, is considerably larger for SWNT, with PCF having the largest
density, this is also expected, as SWNT have larger u s. The Vi, designates how fast the change
from Ruax to Ruin takes place, and ¥y determines where along the Vps the middle of the change
happens. Since the absolute value Vy is above zero, there is a change in contact resistance and the
resistance in all the devices are dependent on the source drain voltage. Vi is negative with the
SWNT devices, indicating that rather than decreasing the contact resistance as a function of Vps,
the Rc increases. R, is surprisingly similar for all types, although Ruax is larger for N2200

suggesting a faster current saturation and a larger contact resistance.
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Figure 5.1) Characteristic output and transfer curve for a PEMB+SWNT device with the OVSED model fitting.

When comparing the SWNT devices, they all had similar V7, Vg i and contact resistance
characteristics, Vzun, Ro, Vo and Ryuax, although, Vy was larger for PFMB devices, indicating that
the change in contact resistance occurs further along the Vps. The PCF wrapped SWNT TFT has
a larger source drain voltage dependent V7, indicated by the larger 0. Similarly, the model seems
to suggest a larger charge trap density for PCF, when comparing the n and / parameters. The model
also shows a larger charge density for PCF and PFMB. This concurs with the nanotube diameters
as PFO-BPy is well known for dispersing smaller diameter semiconducting SWNT with a
preference towards the (6,5) chirality®’, and polymers with larger alkyl groups, such as PCF and
PFMB, preferentially disperse larger diameter nanotubes '°. Overall these results demonstrate that
the OVSED is a powerful tool for comparing different semiconductors and their resulting TFT

performance.
5.4. Conclusion

In conclusion, the OVSED model provides good fits and provides further insight into TFT

performance. In particular, the model gives a better understanding on carrier mean free path, source
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drain voltage dependent contact resistance and V7, charge carrier velocity saturation and density
of charge traps, all of which are very important when benchmarking novel TFT and OTFTs. When
comparing the SWNT based devices to the N2200 devices, the model suggests that the SWNT
TFTs contain a larger charge trap density, which could indicate more defects and impurities. The
model also shows that they have a larger current density, mean free path and u, all of which agree
with current reports. When comparing the SWNT devices, the PCF dispersed devices seem to offer
better current density but contain a larger concentration of defects and charge traps. In addition to
being a great benchmarking tool, the model provides a method to diagnose OTFTs and TFTs alike

and paves a path for OTFT researchers to helps improve their designs.

5.5. Methods

The fabrication of the SWNT TFT has been described in the methodology section of Chapter
4, while the equations for the OVSED model is included in the methodology section of Chapter

3. The model code in python has been included below for convenience.

5.5.1. Model Code

The code was originally written in MATLAB, but as an effort of adopting more open-source
software, the code was re-written in python using the numpy, scipy, pandas and matplotlib.pyplot

libraries. The entire python code has been inserted bellow.

#%% Import
import pandas as pd
import numpy as np
import matplotlib.pyplot as plt
from scipy import optimize as sci_op
#%% functions
def Extract O Data(file):
"Extracts the x and y data from a txt file"'
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data_og=pd.read_csv(file, sep="\t', lineterminator="\n")
data=data_og.to_numpy()

Vds=data[:,0]
Vgs=(np.array(data_og.columns,dtype='str'))[ 1:]
Ids=np.transpose(data[:,1:])
Vgs=np.char.replace(Vgs,\r',")
Vgs=np.char.replace(Vgs,'V',")
Vgs=np.array(Vgs,dtype="float")

return Vds, Ids, Vgs

def Extract T Data(file):
"Extracts the x and y data from a txt file"
data_og=pd.read csv(file, sep="\t', lineterminator="n',header=None,encoding = "cp1252")
data_og=data_og[~data og[0].isnull()]# get rid of nan
#separate info
MainInfo=np.array(data_og.iloc[::6, 0:11],dtype="str")
ForwardInfo=np.array(data_og.iloc[1::6, 0:5],dtype="str")
BackwardInfo=np.array(data_og.iloc[2::6, 0:5],dtype="str")
Vgs=np.array(data_og.iloc[3::6,1:-1],dtype="float")
Vgs=Vgs[:,Vgs[0]==Vgs[0]]
Ids=np.array(data_og.iloc[4::6,1:-1],dtype="float")
Ids=Ids][:,Ids[0]==Ids[0]]
Igs=np.array(data_og.iloc[5::6,1:-1],dtype="float")
Tgs=Igs|[:,Igs[0]==Igs[0]]
return MainInfo, ForwardInfo, BackwardInfo, Vgs, Ids, Igs
def Sep(Vgs,Ids,typ):
"Seperates forward/backwards
if typ==1:
index=(np.where(Vgs[0][1:]-Vgs[0][:-1]<=0))[0][1] #forwards to backwards
else:
index=(np.where(Vgs[0][1:]-Vgs[0][:-1]>=0))[0][1]
VgsF=np.transpose(Vgs[:,:index])
VgsB=np.transpose(Vgs[:,index:])
IdsF=np.transpose(Ids[:,:index]) #Forward currents
IdsB=np.transpose(Ids[:,index:]) #Backwards currents
Forward=[VgsF,IdsF]
Backward=[VgsB,IdsB]
return Forward, Backward

"

def Output_config(Vds,Ids,typ):

"separates the data to only get FET range based off type

min_index=np.where(Vds==(Vds[np.abs(Vds)==np.min(np.abs(Vds))][0]))[0][0]

if typ==-1 and Vds[min_index]>0: #make sure the start is in the range if the min isnt
min_index+=1

elif typ==1 and Vds[min_index]<0:
min_index-=1

new_Vds=Vds[min_index :]*typ

new_Ids=Ids.T[min_index :]*typ

return new_Vds, new_Ids.T

def effec_Volt(Vds_T, Vgs T, Vds_O, Ids_O, Ids_T):
""Calculates the effective gate voltages"
Diff=abs(Vds_O-Vds_T)
index=np.where(Diff==min(Diff))[0][0] #index where Vds_O=Vds_T
Ids Vds=abs(Ids_O[:,index])
Ids_T mat=np.ones((len(Ids_Vds),len(Ids_T)))*Ids_T #matrix of Ids_T to compare
Ids_Vds_mat=np.outer(Ids_Vds, np.ones(len(Ids_T)))#matrix of Ids_Vds values
Diff2=abs(Ids_T mat-Ids_Vds mat) #difference
mins=np.outer(np.min(Diff2,1), np.ones(len(Ids_T))) #find the row minimums and make a matrix
indicies=np.where(Diff2==mins)[1] #find all the indicies, one per row
effec_volt=Vgs T[indicies]+1 #get the effective voltages from Vgs T and round up
N=len(effec_volt)
eff Volt label=[]
for z in range(N): #to check if they're actually over what I can see
if indicies[z]==len(Vgs_T)-1 or indicies[z]==0:
eff Volt label.append("over")
else:
eff Volt label.append(str(np.round(effec_volt[z],decimals=1)))
return effec_volt



def OVSED _fit(Vv, Vtho,delta,n,l,lam,Vgcrit,Jth,Rso,Vtun,V0,Rmax):
for i in range(5):

if i<2:
Vds = Vdsp[i] #simulate transfer
Vgs = Vv[i]

else:
Vds = Vv[i] #simulate output
Vgs = Vgsp[i-2]

#Drain impact
Vtp=Vtho+Vds*delta
#Total charge (normalized)
nphit=n*phit
theta=(Vgs-Vtp)/(nphit)
qtot = np.log(1+np.exp(theta))
#Fsat calculation - Long channel device
Vgt = nphit*qtot
Vegn = 2*Vgt/(1+np.sqrt(2*Vgt/Vgcrit))
x = Vds/Vgn
eta = l-np.tanh(2*x)
y = Vgn/phit
if type(Vds)==np.ndarray:
if Vds[0] == 0: #fix a devide by 0 error
11 = 2*lam/(y[L:T*y[1:]*(1-eta[ 1:]*eta[1:])))*(np.exp(y[1:]*(eta[1:]-1))*(1-y[1:]*eta[ 1:])-(1-y[1:]))
11 = np.append(lam,1l)
else:
11 = (2*lam/(y*y*(1-eta*eta)))*(np.exp(y*(eta-1))*(1-y*eta)-(1-y))
else:
11 = (2*lam/(y*y*(1-eta*eta)))*(np.exp(y*(eta-1))*(1-y*eta)-(1-y))
tau = 1/(1+11)
at = tau/(2-tau)
#1/(1+2%*11)
Fsat = at*(1 - np.exp(-Vds/phit))/(1 + at*np.exp(-Vds/phit))

try:
Fsat[np.isnan(Fsat)]=0
except TypeError:
continue
#Current calculation
Jfree = Jth*qtot**1
#Final
Idx = Idleak + W*Jfree*Fsat
Idxx=Idleak
Rs = Rso + 0.5*(Rmax-Rso)*(1-np.tanh((Vds-V0)/Vtun))
Rd =Rso
dvg=Idx*Rs
dvd=Idx*Rd
count=1
while np.max(np.abs((Idx-Idxx)/Idx))<le-10:#error condition
count=count+1
if count>500:
break
Idxx=Idx
#dvg=(Idx*Rs+dvg)/2
#dvd=(Idx*Rd+dvd)/2; CHANGE
#dvds=dvg+dvd;
dvg=0.2*Idx*Rs+0.8*dvg
dvd=0.2*Idx*Rd+0.8*dvd
dvds=dvg+dvd
Vdsi=np.maximum(Vds-dvds,0) #n-type solution
Vgsi=np.maximum(Vgs-dvg,0)
#Drain impact
Vtp=Vtho+Vdsi*delta

#Total charge (normalized)
nphit=n*phit



theta=(Vgsi-Vtp)/(nphit)
qtot = np.log(1+np.exp(theta))
#Fsat calculation - Long channel device
Vgt = nphit*qtot
Vgn = 2*Vet/(1+np.sqrt(2*Vgt/Vgcrit))
x = Vdsi/Vgn
eta = 1-np.tanh(2*x)
y = Vgn/phit
if type(Vds)==np.ndarray and type(y)==np.ndarray and type(eta)==np.ndarray:
if Vds[0] == 0: #fix a devide by 0 error
11 = (2*lam/(y[1:]*y[1:]*(1-eta[1:]*eta[1:])))*(np.exp(y[1:]*(eta[1:]-1))*(1-y[L:]*eta[ 1:])-(1-y[1:]))
11 = np.append(lam,1I)
else:
11 = (2*lam/(y*y*(1-eta*eta)))*(np.exp(y*(eta-1))*(1-y*eta)-(1-y))
else:
11 = (2*lam/(y*y*(1-eta*eta)))*(np.exp(y*(eta-1))*(1-y*eta)-(1-y))
tau = 1./(1+1I)
at = tau/(2-tau)
#1/(1+2%11)
Fsat = at*(1 - np.exp(-Vdsi/phit))/(1 + at*np.exp(-Vdsi/phit))
try:
Fsat[np.isnan(Fsat)]=0
except TypeError:
pass

#Current calculation
Jfree = Jth*qtot**]
#Final
Idx = Idleak + W*Jfree*Fsat
#Wrapping up
if i<2:
#1d[i] = np.log10(Idx)
Id[i] = Idx
else:
Id[i] = Idx
Id_array=np.array([])
for i in range(5):
Id_array=np.append(Id_array,Id[i])
return Id_array
def OVSED fit_plot(Vv, Vtho,delta,n,l,lam,Vgcrit,Jth,Rso,Vtun,V0,Rmax):
1d=[0,0,0,0,0] #transfer x2, output x3
for i in range(5):
if i<2:
Vd = Vdsp[i] #simulate transfer
Vg =Vv[i]
Vs=0 #change if Vs isn't ground
direc=np.sign(Vd-Vs)
Vds=np.abs(Vd-Vs)

Vgs=np.maximum((Vg-Vs),(Vg-Vd))
else:

Vd=Vv[i] #simulate output

Vg = Vgsp[i-2]

Vs=0 #change if Vs isn't ground

direc=np.sign(Vd-Vs)

Vds=np.abs(Vd-Vs)

Vgs=np.maximum((Vg-Vs),(Vg-Vd))
#Drain impact
Vtp=Vtho+Vds*delta
#Total charge (normalized)
nphit=n*phit
theta=(Vgs-Vtp)/(nphit)
qtot = np.log(1+np.exp(theta))
#Fsat calculation - Long channel device
Vgt = nphit*qtot
Ven =2*¥Vgt/(1+np.sqrt(2*Vgt/Vgcrit))
x = Vds/Vgn
eta = -np.tanh(2*x)



y = Vgn/phit
if type(Vds)==np.ndarray:
if Vds[0] == 0: #fix a devide by 0 error
11 = 2*lam/(y[1:]*y[1:]*(1-eta[1:]*eta[1:])))*(np.exp(y[1:]*(eta[1:]-1))*(1-y[ L:]*eta[ 1:])-(1-y[1:]))
11 = np.append(lam, 1)
else:
11 = (2*lam/(y*y*(1-eta*eta)))*(np.exp(y*(eta-1))*(1-y*eta)-(1-y))
else:
11 = (2*lam/(y*y*(1-eta*eta)))*(np.exp(y*(eta-1))*(1-y*eta)-(1-y))

tau = 1/(1+11)
at = tau/(2-tau)
#1/(1+2*11)
Fsat = at*(1 - np.exp(-Vds/phit))/(1 + at*np.exp(-Vds/phit))
try:
Fsat[np.isnan(Fsat)]=0
except TypeError:
print(‘error')
pass
#Current calculation
Jfree = Jth*qtot**]
#Final
Idx = Idleak + W*Jfree*Fsat

Idxx=Idleak
Rs = Rso + 0.5*(Rmax-Rso)*(1-np.tanh((Vds-V0)/Vtun))
Rd =Rso
dvg=Idx*Rs
dvd=Idx*Rd
count=1
while np.max(np.abs((Idx-Idxx)/Idx))<le-10:#error condition <le-10
count=count+1
if count>500:
print(‘break")
print(i)
break
Idxx=Idx
#dvg=(Idx*Rs+dvg)/2
#dvd=(Idx*Rd+dvd)/2; CHANGE
#dvds=dvg+dvd;
dvg=0.2*Idx*Rs+0.8*dvg
dvd=0.2*Idx*Rd+0.8*dvd
dvds=dvg+dvd
Vdsi=np.maximum(Vds-dvds,le-9) #n-type solution
Vgsi=np.maximum(Vgs-dvg,le-9)
#Drain impact
Vtp=Vtho+Vdsi*delta
#Total charge (normalized)
nphit=n*phit
theta=(Vgsi-Vtp)/(nphit)
qtot = np.log(1+np.exp(theta))
#Fsat calculation - Long channel device
Vgt = nphit*qtot
Vgn = 2*¥Vet/(1+np.sqrt(2*Vgt/Vgcrit))
x = Vdsi/Vgn
eta = 1-np.tanh(2*x)
y = Vgn/phit
if type(Vds)==np.ndarray and type(y)==np.ndarray and type(eta)==np.ndarray:
if Vds[0] == 0: #fix a devide by 0 error
11 = (2*lam/(y[1:]*y[1:]*(1-eta[1:]*eta[1:])))*(np.exp(y[ 1 :]*(eta[ 1:]-1))*(1-y[1:]*eta[1:])-(1-y[1:]))
11 = np.append(lam,Il)
else:
1 = (2*lam/(y*y*(1-eta*eta)))*(np.exp(y*(eta-1))*(1-y*eta)-(1-y))
else:

11 = (2*lam/(y*y*(1-eta*eta)))*(np.exp(y*(eta-1))*(1-y*eta)-(1-y))
tau = 1./(1+11)
at = tau/(2-tau)
#1/(1+2*11)
Fsat = at*(1 - np.exp(-Vdsi/phit))/(1 + at*np.exp(-Vdsi/phit))
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try:
Fsat[np.isnan(Fsat)]=0
except TypeError:
pass
#Current calculation
Jfree = Jth*qtot**1
#Final
Idx = Idleak + W*Jfree*Fsat

#Wrapping up

1d[i] = Idx*direc
return Id

#%% parameters
Sample=40
Device=20
phase="L'

path=FILE PATH HERE
FolderT="transfer"
FolderO="output"
endT="transfer"
endO="output"

fileT1=path+"\{}\\{}\\30L_{} {}.{}".format(FolderT,Sample,Device,phase,endT)
fileT2=path+"\{}\\{}\\30L_{} {}.{}".format(FolderT,Sample,Device,phase,endT)
fileO=path-+"\\{}\\{}\30L_{} {}.{}".format(FolderO,Sample,Device,phase,endO)

Curves=[1,2,3] #which output curves do you want, count starts at 0
typ=-1 #type of transistor. nFET type=1; pFET type=-1

bounds="yes" #did you want bounds?

Effective_V="yes"

guess="yes'

Eff trans=1 #what transfer curve to base the effective volatges (0 or 1)
Tran_run=-1 #last =-1

#First guess

Vtho=18.50686279

delta=1.80568E-08

n=68.23064188

1=1.499152193

lam=3535929.22

Vgerit=88718.90268

Jth=0.522018976

Rs0=5968.512004

Vtun=-16.28353495

V0=-25.35274402

Rmax=27669.46106

Idleak=7e-8

W=0.09 #transistor width (cm)

kB=8.617e-5 # Boltzmann constant [eV/K]

Tjun=293 #Junction temperature [K].

phit = kB*Tjun

shift="max' #max if you just want to shift the whole thing, a number if if want to be spacific
#err=1

#i1i=0

# resnormImin = 1

# resnorm2min = 1

#[ Vtho, delta, n, 1, lam, Vgcrit, Jth, Rso, Vtun, VO, Rmax]

Ib=[15.00, le-10, 1lel, 1, 1el, 0.000, 1e-6, 0.0,-60.0,-60, 6.2e31# lower bound constraints
ub = [45.00, 1.00, 2.0e2, 5, 3e7, 4e7, 1.00, 6.2¢3, 0.00, 0., 5e5]# upper bound constraints
const=[Idleak,W,phit]

Value names=['Vtho', 'delta’, 'n','T', 'lam','Vgcrit','Jth','Rso','Vtun','V0','Rmax']
First_guess=np.array([Vtho,delta,n,l,lam,Vgcrit,Jth,Rso,Vtun,V0,Rmax])

#Graph param



top=0.82
bottom=0.101
left=0.1
right=0.91
hspace=0.27
wspace=0.225
#%% bound test
for i in range(len(First_guess)):
if First_guess[i]<Ib[i] or First_guess[i]>ubli]:
print(‘invalid {}'.format(Value names[i]))
#%% data setup
#output
Vds O og,Ids_ O og, Vgs O=Extract O_Data(fileO)
Vds O, Ids O=Output config(Vds O og,Ids O og,typ)
#transfer

Mainlnfo 1, ForwardInfo 1, BackwardInfo 1, Vgs T1,1Ids T1, Igs T1=Extract T Data(fileT1)
MainInfo 2, ForwardInfo 2, BackwardInfo 2, Vgs T2, Ids_T2, Igs_T2=Extract T Data(fileT2)

Vds_Tl=int(Mainlnfo 1[0,6][4:-1])*typ
Vds_T2=int(MainInfo_2[0,6][4:-1])*typ
Runl_F, Runl B=Sep(Vgs Tl.,Ids_Tl1,typ) #sep forward and backwards
Vgs_T1F=Runl_F[0]
Ids T1F=Runl F[1]
Run2 F, Run2 B=Sep(Vgs T2.Ids_T2,typ) #sep forward and backwards
Vgs_T2F=Run2_F[0]
Ids T2F=Run2 F[1]
#implementing the shift
if shift=="max":
shift=np.max(Vgs_T1F*typ*-1)*typ*-1 #gets the opposite voltage maximum for each type

Vgs T1F=(Vgs TIF-shift)*typ
Vgs T2F=(Vgs_T2F-shift)*typ #flips it ifit's n-type

1b[0]=(Ib[0]-shift)
ub[0]=(ub[0]-shift)

1b[8],ub[8]=ub[8]*typ,(Ib[8]*typ)
First_guess[8]=First_guess[8]*typ
1b[9],ub[9]=ub[9]*typ,(Ib[9]*typ)
First_guess[9]=First_guess[9]*typ

if typ==-1:
ub[0],1b[0]=(Ib[0])*-1,ub[0]*-1 #shift and switch

First_guess[0] = (First_guess[0]-shift)*typ

Vv=[0,0,0,0,0] #list of all the sweeping voltages, transfer Vgs 1 & 2 then output Vds 1-3
1d=[0,0,0,0,0] #both transfer and last 3 output curves

num_transfer_pts= 60

num_output_pts=60
Vv[0]=np.linspace(np.min(Vgs_T1F),np.max(Vgs_TI1F),num_transfer pts)
1d[0]=np.interp(VVv[0],Vgs_T1F[:,Tran_run],Ids T1F[:, Tran_run])
#1d[0]=np.log10(np.interp(Vv([0],Vgs T1F[:,Tran_run],Ids T1F[:,Tran_run]))
Vv[1]=np.linspace(np.min(Vgs_T2F),np.max(Vgs_T2F),num_transfer_pts)
Id[1]=np.interp(VV[1],Vgs_T2F[:,Tran_run],Ids T2F[:,Tran_run])
#1d[1]=np.loglO(np.interp(Vv[1],Vgs T2F[:,Tran run],Ids T2F[:, Tran run]))

Vv[2]=VV[3]=Vv[4]=np.linspace(np.min(Vds_O),np.max(Vds_O),num_output_pts)
Id[2]=np.interp(VV[2],Vds_O,Ids_O[Curves[0]])
1d[3]=np.interp(VV[3],Vds_O,Ids_O[Curves[1]])
1d[4]=np.interp(Vv[4],Vds_O,Ids_O[Curves[2]])
for i in range(2,5):
if Vv[i][0]==0:
1d[i][0]=0



if ("y" in Effective_V) or ("Y" in Effective V): #implement the effective voltages
Vds T Ist=[Vds T1,Vds T2]
Vgs T Ist=[Vgs T1F,Vgs T2F]
Ids_T_Ist=[Ids_TIF,Ids_T2F]
Vgs O=effec_Volt(Vds T Ist[Eff trans], np.transpose(Vgs T Ist[Eff trans])[Tran run], Vds_O, Ids_O,
np.transpose(Ids_T Ist[Eff trans])[Tran_run])
else:
Vgs O=(Vgs_O-shift)*typ #using effective voltages shitches it automatically
Vdsp=[abs(Vds_T1), abs(Vds_T2)]
Vgsp=[abs(Vgs_O[Curves[0]]), abs(Vgs_O[Curves[1]]), abs(Vgs_O[Curves[2]])] #list of the set voltages, transfer then output
Id_array=np.array([])
for i in range(5):
Id_array=np.append(Id_array,Id[i]) #put them all in one (will split latter)
Id_arrayPreModel=Id_array.copy()
#%% now curve fit
Verbose=2 #display steps, 0 none, 1 final only, 2 each step
Ftol=1e-7# function tolerances min=2.22¢-16
Xtol=1e-7# step tolerances min=2.22e-16 defult 1e-9
max_Eval=1000 #maximum number of evaluations if tolerances aren't reached
Gtol=le-7

if ("y" in guess) or ("Y" in guess): #implement the first guess or not

if ("y" in bounds) or ("Y" in bounds): #implement the bounds
popt,pcov=sci_op.curve fit(OVSED fit, Vv, Id_arrayPreModel,max_nfev=max_Eval,
pO=First_guess, verbose=2, ftol=Ftol, xtol=Xtol, gtol=Gtol, bounds=(Ib, ub))
else:
popt,pcov=sci_op.curve fit(OVSED fit, Vv, Id_arrayPreModel,
pO=First_guess, ftol=Ftol, xtol=Xtol, gtol=Gtol)

else:
if ("y" in bounds) or ("Y" in bounds): #implement the bounds
popt,pcov=sci_op.curve_{it(OVSED_fit, Vv, Id_arrayPreModel,max_nfev=max_Eval,
p0=None, verbose=2, ftol=Ftol, xtol=Xtol, gtol=Gtol, bounds=(Ib, ub))
else:
popt,pcov=sci_op.curve fit(OVSED fit, Vv, Id_arrayPreModel,
p0=None, ftol=Ftol, xtol=Xtol, gtol=Gtol)
Error=np.sqrt(np.diag(pcov)) #standard deviation error
#%%plot

LabelSize=30
TickSize=25
linewidth=5

Vtho = popt[0]
delta = popt[1]
n = popt[2]

1 = popt[3]

lam = popt[4]
Vgecrit = popt[5]
Jth = popt[6]
Rso = popt[7]
Vtun = popt[8]
VO = popt[9]
Rmax = popt[10]

Vv_plot=[0,0,0,0,0]

Vv_plot[0]=Vv_plot[1]=np.arange(np.min(Vgs_T1F.T[0]),np.max(Vgs_T1F.T[0]),0.1)
#Vv_plot[0]=Vv_plot[1]=np.arange(20,90.5,0.1)
Vv_plot[2]=Vv_plot[3]=Vv_plot[4]=np.arange(np.min(Vds_O),np.max(Vds_0),0.1)

print("'Vtho={} \ndelta={} \nn={} \nl={} \nlam={} \nVgcrit={} \nJth={} \nRso={}

Vtun={} \nV0={} \nRmax={}"".format(Vtho*typ+shift,delta,n,l,lam,Vgcrit,Jth,Rso, Vtun*typ, VO*typ,Rmax))

print("\n\n\n{} \n{} \n{} \n{} \n{} \n{} \n{} \n{}

100



{} \n{} \n{}".format(Vtho*typ+shift,delta,n,l,lam,Vgcrit,Jth,Rso, Vtun*typ,VO*typ,Rmax))

Id_plot=OVSED fit plot(Vv_plot,Vtho,delta,n,l,lam,Vgcrit,Jth,Rso,Vtun,V0,Rmax)

Id_plot_Ol=np.array(Id_plot[2]).T*1000

Id_plot O2=np.array(Id_plot[3]).T*1000

Id_plot O3=np.array(Id_plot[4]).T*1000

Id plot T1=np.array(Id plot[0]).T

Id_plot T2=np.array(Id_plot[1]).T

figl, ax = plt.subplots(1,2)

plt.subplots_adjust(left=left, bottom=bottom, right=right, top=top, wspace=wspace, hspace=hspace)

ax[0].plot(Vds_O%*typ, Ids_O[Curves[0]]*typ*1000, '0', label=r"Measurment $V_{GS}$="+"{:.1f} V" format(Vgs_O[Curves[0]]*typ+shift))
ax[0].plot(Vds_O*typ, Ids_O[Curves[1]]*typ*1000, '0', label=r"Measurment $V_{GS}$="+"{:.1f} V".format(Vgs_O[Curves[1]]*typ+shift))
ax[0].plot(Vds_O*typ, Ids_O[Curves[2]]*typ*1000, '0', label=r"Measurment $V_{GS}$="+"{:.1f} V".format(Vgs_O[Curves[2]]*typ+shift))
ax[0].plot(Vv_plot[2]*typ, Id_plot_O1*typ, '-', label="OVSED", color="black’, linewidth=linewidth)

ax[0].plot(Vv_plot[2]*typ, Id_plot_O2*typ, '-', color="black’, linewidth=linewidth)

ax[0].plot(Vv_plot[2]*typ, Id_plot_O3*typ, '-', color="black’, linewidth=linewidth)

ax[0].set_ylabel(r"$I_{DS}$ (mA)",fontsize=LabelSize)

ax[0].set_xlabel(r"$V_{DS}$ (V)" ,fontsize=LabelSize)

ax[0].tick_params(axis="y', labelcolor="black" labelsize=TickSize) #label colour

ax[0].tick params(axis='x', labelcolor="black",labelsize=TickSize) #label colour

ax[0].legend(fontsize=LabelSize-10, framealpha=0)

ax[0].xaxis.set_tick params(width=3,length=8)

ax[0].yaxis.set_tick params(width=3,length=8)
ax[0].set_ylim(typ*max(Ids_O[Curves[2]]*1000)*1.3,typ*min(Ids_O[Curves[0]]*1000)*1.1)
#ax[0].set_ylim(typ*max(Ids_O[Curves[2]])*1.3,0)

t = ax[0].yaxis.get offset text()

t.set_size(LabelSize-5)

ax[1].plot(Vgs T1F.T[0]*typ+shift, Ids_ TIF.T[0]*1000, '0', label=r"Measurment $V_{DS}$="+"{:.1f} V".format(Vds_T1*typ))
#ax[1].plot(Vgs_T2F.T[0]*typ+shift, Ids_ T2F.T[0]*1000, '0', label=r"Measurment $V_{DS}$="+"{:.1f} V".format(Vds_T2*typ))
ax[1].plot(Vv_plot[0]*typ+shift, Id_plot T1*1000,-'label="OVSED", color="black’, linewidth=linewidth)
ax[1].plot(Vv_plot[0]*typ+shift, Id_plot_T2*1000,'-',color="black’, linewidth=linewidth)

ax[1].set_ylabel(r"$I_{DS}$ (mA)",fontsize=LabelSize)

ax[1].set_xlabel(r"$V_{GS}$ (V)" fontsize=LabelSize)

ax[1].tick_params(axis="y', labelcolor="black" labelsize=TickSize) #label colour

ax[1].tick params(axis='x', labelcolor="black" labelsize=TickSize) #label colour

ax[1].xaxis.set_tick params(width=3,length=8)
ax[1].yaxis.set_tick params(width=3,length=8)
ax[1].set_xlim(min(Vv_plot[0]*typ+shift)-10,max(Vv_plot[0]*typ+shift))

ax2 = ax[1].twinx()

#ax2.plot(Vgs_TI1F.T[0]*typtshift, Ids_T1F.T[0], '0', label=r"Measurment $V_{DS}$="+"{:.1f} V".format(Vds_T1*typ))
ax2.plot(Vgs_T2F.T[0]*typ+shift, Ids_ T2F.T[0], '0', label=r"Measurment $V_{DS}$="+"{:.1f} V".format(Vds_T2*typ))
ax2.plot(Vv_plot[0]*typ+shift, Id_plot T1,'-',label="OVSED", color='black', linewidth=4)

ax2.plot(Vv_plot[0]*typ+shift, Id_plot T2,'-',color="black’, linewidth=4)

ax2.set_ylabel(r"$I_{DS}$ (A)",fontsize=LabelSize)

ax2.tick params(axis='y', labelcolor="black",labelsize=TickSize) #label colour
ax2.yaxis.set_tick_params(width=3,length=8)

ax2.set_yscale('log')

ax2.legend(fontsize=LabelSize-10, framealpha=0)
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Chapter 6: Conclusion
6.1. Conclusion

Thin film transistors are in an ideal position to address the demand for flexible printable
electronics. Paired with carbon-based semiconductors such as N2200 or single walled carbon
nanotubes, TFTs have the opportunity to be used as sensors, photoreceptors, and in logic circuitry.
This combination could enable roll-to-roll printing of electronics using solution processable
materials, lowering fabrication barriers, and enabling high throughput fabrication'"
Unfortunately, diagnosing problems within carbon-based TFTs can be challenging given the
current utilised models are based off inorganic semiconductor physics and apply approximations

which are unreasonable to assume for organic carbon-based semiconductors*”’.

In Chapter 3, I elaborated on a project which involved the optimization of electrode interlayer
type and thickness to lower contact resistance in N2200 based TFTs. In addition, to improving the
organic virtual-source emission-diffusion model, the model was equipped with a voltage
dependent contact resistance and voltages corrections. These resulted in obtaining better curve fits
when comparing to the traditionally used, inorganic models. In tandem with traditional models,
the OVSED model was applied to analyse the contact resistance of the N2200 based TFTs with
different electrodes materials using various interlayers. The optimal interlayer was found to be 10
nm of Mn. The project also served as validation for the model as a benchmarking tool to surpass
classical models. This work was published in Applied Physics Reviews. The chapter concluded by
introducing a second manuscript discussing in depth the limits of the model and establishing a

hierarchy of models from the traditional models to the more complex OVSED model.
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In the 4™ chapter, I applied the traditional models once again with the now improved OVSED
model to diagnose the optoelectrical effects on three conjugated polymer wrapped single walled
carbon nanotube TFTs. The TFTs were exposed to light with selectively chosen wavelengths
corresponding to two semiconducting single walled carbon nanotube absorption peaks, S>> and
S33, and the polymer’s absorption peak. The work revealed two phases when exposed, a “Soaking”
phase which compares the pre-exposure state to the initial exposure. For all wavelengths and
polymers, the threshold voltage decreased, the leakage current decreased and the mobility
increased, although the degree varied upon the polymer and the exposed absorption peak type. The
second phase, the “Photo-Cycling” describes the differences between exposures and post-
exposures. Once again the threshold and leakage current decreased during illumination, however
the mobility scarcely changed. The degree once more depends on the polymer and wavelength.
The OVSED model allowed better diagnosis and provided a quantitative position on the
innerworkings of the TFTs. The model ultimately concluded that the mean free path was extended
during illumination, which could potentially stem from charge trap filling using separated photon-

released excitons. This work was also summarized in a published manuscript.

The chapter 5 is the combination of both chapters and all three manuscripts. The chapter
discusses the differences between the characterized N2200 devices from chapter 3 and the
SWNT devices from chapter 4. The work details the differences in the extracted parameters and
discusses potential reasons for the differences, citing current research which agrees with the
potential reasons. The chapter concludes stating that the model suggests that although the SWNT
devices have a larger mean free path and charge density, they typically contain more charge traps
than the N2200 devices. In conclusion, the improved OVSED model is a useful benchmarking

tool, optimal to diagnose carbon-based TFT. The new model has helped the optimization of
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contact resistance using interlayers and has helped established innerworkings of SWNT

photodetectors.

6.2. Future Research

The model holds great promise to optimize TFT research by enabling better characterisation.
The application of an accessible version of the OVSED model on more TFTs would enable a better
understanding of device performance and allow a better widespread implementation.
Improvements to the model could be made to include photon interactions. A final potential project
would be the continuation of chapter 4, although it was clear that the type of polymer influenced
the degree of change. Comparing two single walled carbon nanotube TFT of same chirality, one
wrapped in a conjugated polymer, the other with different extraction process, both exposed to light
similarly to what was described in chapter 4 would allow better differentiation between the

polymer’s optoelectronic properties, particularly when using the improved OVSED model.
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